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Sommario  
Noi siamo costantemente esposti a una miriade di potenziali patogeni, principalmente 

attraverso il contatto, l’ingestione e l’inalazione. Il sistema immunitario innato è di importanza 

cruciale nel prevenire la colonizzazione e la proliferazione dei patogeni che possono causare 

infezioni pericolose per la sopravvivenza. Tra i diversi meccanismi del sistema immunitario 

innato coinvolti in questa azione protettiva si contano diversi tipi di peptidi antimicrobici di 

natura cationica (AMP), anche noti come peptidi di difesa dell’ospite (HDP).  

Le β-defensine sono un’importante classe di peptidi antimicrobici presenti anche nell’uomo 

che hanno dimostrato di possedere in vitro un’azione battericida diretta sensibile alla 

concentrazione salina nei confronti di un largo spettro di batteri e funghi. Inoltre è stato 

dimostrato che esse giocano un ruolo significativo nell’allertare e potenziare altri componenti 

dell’immunità innata e adattativa, esercitando così anche un’azione indiretta nella difesa contro i 

patogeni. Le β-defensine umane vengono indotte in vivo nei siti dove si verifica un’invasione 

batterica, formando così una barriera battericida e creando un gradiente chemiotattico che 

contribuisce a reclutare cellule immunitarie nel sito d’infezione. La loro interazione con le 

membrane biologiche, sia dei microbi che delle cellule dell’ospite, sembra essere centrale in 

entrambe le attività. 

In questa tesi l’interesse principale è caratterizzare il ruolo della β-defensina hBD2 nel 

modulare l’attività di importanti cellule immunitarie, quali monociti, macrofagi e cellule 

dendritiche immature, e la sua abilità di legarsi a tali cellule e/o di essere internalizzata da esse. 

Inizialmente, tra le β-defensine umane è stata scelta hBD2 e il peptide naturale è stato 

sintetizzato, “foldato” e caratterizzato per l’attività antimicrobica e la citotossicità. Un coniugato 

fluorescente e molti analoghi strutturali sono stati inoltre progettati e sintetizzati e sono stati 

utilizzati, rispettivamente, per indagare l’eventuale internalizzazione e per fare studi di relazione 

fra struttura e attività.  

Successivamente è stato analizzato il potenziale immunomodulatorio di hBD2, considerando i 

suoi possibili effetti nel regolare importanti processi delle cellule immunitarie con cui il peptide 

viene in contatto, quali ad esempio la chemiotassi, la degranulazione, la fagocitosi e la 

produzione di specie reattive dell’ossigeno (ROS). Da questa analisi è emerso che hBD2 esercita 

diverse azioni a seconda del tipo cellulare con cui viene a contatto e del tempo di esposizione 

delle cellule alla defensina. In particolare, è stata confermata l’abilità di hBD2 a indurre la 
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chemiotassi di cellule dendritiche immature (iDC), contribuendo a reclutare tali cellule al sito 

d’infezione. Negli studi condotti è però emerso che il meccanismo d’azione potrebbe essere più 

complesso di quanto proposto fino ad ora; tuttavia le osservazioni proposte in questa tesi 

appaiono in grado di conciliare i dati contrastanti riportati in letteratura. Sono inoltre emerse 

alcune nuove proprietà per hBD2. In particolare, un breve tempo di esposizione delle iDC alla 

defensina causa un processo di degranulazione che risulta dipendente dal tipo cellulare e che 

potrebbe essere coinvolto nel ruolo immunogenico/tolerogenico di queste cellule, supportando un 

ruolo immunomodulatorio per hBD2. Un’esposizione per tempi più lunghi a hBD2 sembra 

incrementare l’abilità delle iDC di riconoscere i batteri e interagire con loro, probabilmente 

aumentando la loro capacità di presentare gli antigeni e attivare le risposte immunitarie. Un 

trattamento equivalente sui macrofagi risulta invece in un aumento significativo della loro attività 

fagocitaria e della produzione di ROS, permettendo così a queste cellule di rispondere meglio ad 

un’invasione batterica. 

Tutte queste attività sono state evidenziate in vitro a concentrazioni relativamente basse 

(micromolari) e sub-citotossiche, compatibili con quelle che hBD2 raggiunge ai siti d’infezione. 

Inoltre, contrariamente all’attività battericida diretta, l’attività immunomodulatoria non è risultata 

sensibile alla concentrazione salina, ma si esplica in condizioni simili a quelle fisiologiche. 

L’attività di hBD2 è stata anche paragonata a quella di analoghi strutturali per studiare quali 

siano le caratteristiche di questa defensina che sono richieste per le attività sulle cellule 

immunitarie. I risultati sono per certi versi inspiegabili in quanto la struttura evolutivamente 

conservata delle defensine sembra essere importante per alcune attività biologiche, come l’attività 

antimicrobica diretta o la fagocitosi, mentre non lo è in altre, come la chemiotassi. Questa 

osservazione e la dipendenza dell’attività da tempo di esposizione e dal tipo cellulare considerato 

potrebbero indicare che esistono diversi meccanismi d’azione. 

Nell’ultima parte della tesi vengono descritti gli studi effettuati con il coniugato fluorescente 

di hBD2 con l’obiettivo di determinare se l’internalizzazione del peptide può giocare un ruolo 

nella sua attività biologica nei confronti delle cellule immunitarie. È emerso che hBD2 è capace 

di interagire in modo specifico già dopo una breve esposizione con i diversi tipi di cellule 

immunitarie considerati in questa tesi. Si è evidenziata una diversa capacità di legame e di 

internalizzazione a seconda del tipo cellulare, ma il processo è risultato sempre non 

accompagnato da effetti citotossici o permeabilizzazione delle cellule. In particolare, i macrofagi 

sono risultati i più efficienti nell’internalizzare del peptide, mentre le iDC sembrano più avide nel 
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legare il peptide sulla superficie che nell’internalizzazione. Il meccanismo attraverso cui 

avvengono legame e internalizzazione è ancora ignoto, ma i nostri dati al citofluorimetro 

indicano che l’uptake della defensina è un processo che dipendente dall’energia e dalla 

temperatura, che è legato alla polimerizzazione delle fibre di actina e probabilmente coinvolge un 

processo di endocitosi mediata dai lipid rafts e/o dalla clatrina. Inoltre, la microscopia confocale 

di macrofagi trattati con il peptide fluorescente ha mostrato che esso interagisce con specifiche 

zone della membrana e, dopo il legame, si localizza rapidamente nel citoplasma della cellula con 

una caratteristica distribuzione puntata. Nell’insieme, questi dati suggeriscono che il peptide si 

leghi selettivamente a zone specifiche della membrana, come ad esempio i lipid rafts, e che 

l’endocitosi potrebbe essere un meccanismo generale per l’internalizzazione di hBD2. 

Tutti queste osservazioni suggeriscono quindi che hBD2 è capace di modulare le attività delle 

cellule dell’ospite non solo interagendo con le membrane o i recettori di superficie, ma anche con 

target citoplasmatici. 
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Abstract 
 

We are exposed daily to a myriad of potential pathogens, mainly through dermal contact, 

ingestion and inhalation. The innate immune system is of crucial importance in preventing 

pathogens from colonizing and growing to a point where they can cause life-threatening 

infections. Different types of cationic antimicrobial peptides (AMP), also known as host defense 

peptides (HDP), are among the innate immune mechanisms involved in this protective activity.  

β-defensins are an important class of antimicrobial peptides that are present in human beings 

and have been widely reported to display a direct, salt and medium sensitive bactericidal activity, 

in vitro, against a broad spectrum of bacteria and fungi. Moreover, there is increasing evidence 

that they may play a significant role in alerting and enhancing other components of innate and 

adaptive immunity, thus also playing an indirect role in defense against microbes. Human β-

defensins are induced in vivo at the sites of microbial invasion, where they are thought to provide 

a bactericidal barrier, and to form chemotactic gradients that contribute to the recruitment of 

immune cells to the site of infection. Their interaction with the biological membranes of both 

microbial and host cells, appears to play a central role in both these types of activities. 

In this thesis, I was interested in characterizing the role of β-defensin hBD2 in modulating 

activities of important immune host cells, such as monocytes, macrophages and immature 

dendritic cells, and its ability to bind to and/or be internalized within those cells, in relation to a 

possible immunomodulatory role. 

Initially, hBD2 was chosen amongst the human β-defensins, and the native peptide 

synthesized, folded and characterized for antimicrobial activity and cytotoxicity. A fluorescent 

conjugate, as well as several structural analogues were also designed and prepared, and were 

respectively used to probe internalization and structure/activity relationships for this defensin. 

Subsequently, the immunomodulatory potential of hBD2 was probed, considering its possible 

effects in modulating important processes such as chemotaxis, degranulation, phagocytosis and 

reactive oxygen species (ROS) production of immune cells it comes into contact with. From this 

investigation, it emerged that hBD2 displays different effects depending on the cell type which 

comes into contact with it, and the exposure time.  In particular, we confirmed the ability of 

hBD2 to induced chemotaxis of myeloid derived immature dendritic cells (iDC), contributing to 

recruitment of these cells to site of infection, although, from our studies, the mechanism of action 
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turned out to be rather more complex than that which had been previously been proposed, and our 

observations may help reconcile apparently conflicting literature reports. Some novel additional 

properties of hBD2 were then described. In particular, a short exposure of iDC to hBD2 causes a 

cell type-dependent degranulation process, which could be involved in the 

tolerogenic/immunogenic roles of these cells, supporting a further immunomodulatory role for 

the defensin. A longer term exposure to hBD2 seems to augment the ability iDC to recognize 

bacteria and interact with them, possibly improving their ability to present antigens and activate 

adaptive immune responses. An equivalent treatment of macrophages resulted in a significant 

increase in their phagocytic activity and release of ROS, thus allowing these immune cells to 

better respond against a bacterial invasion. 

All these activities were evidenced in vitro at relatively low (micromolar) and sub-cytotoxic 

concentrations, which are compatible with the likely hBD2 concentration at sites of infection. 

Moreover, contrary to the direct bactericidal activity, these activities were not found to be salt or 

medium sensitive, but occur in conditions closely resembling the physiological ones. 

The activities of hBD2 were also compared to those of the structural analogues to study 

whether specific structural features of this defensin are required for its activity on immune cells. 

Results were somewhat puzzling because the evolutionarily conserved defensin scaffold seems to 

be quite important for exerting some biological function, such as the antimicrobial activity and 

phagocytosis, but not others, such as chemotaxis. This observation and the time and cell-type 

dependent activity may point to the concurrent existence of multiple modes of action. 

In the last part of this thesis, I describe the interaction of fluorescently labelled hBD2 with 

immune cells, with the aim of determining whether a cellular internalization could play a part for 

its biological effects. hBD2 was able to interact in a cell specific manner with different types of 

immune cells, upon short term exposure, leading to differentiated binding and cellular uptake, in 

a process devoid of cytotoxic or permeabilizing consequences. Macrophages were the most 

efficient in peptide internalization, whereas iDC seemed to be more avid for peptide surface 

binding than peptide internalization. The mechanism by which this occurs is as yet unknown, but 

our preliminary flow-cytometric data indicated that uptake of the defensin was an energy-

dependent and temperature-sensitive process, which depends on actin fibers and can reasonably 

be supposed to involve lipid rafts, and/or clathrin-mediated endocytosis. Moreover, confocal 

microscopy of macrophages treated with labelled peptide showed that it may interact with 

specific patches on the membrane and, on binding, the peptide rapidly re-localized in the 
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cytoplasm of cells with a characteristic punctate distribution. Taken together, these data could 

suggest that the peptide selectively binds to specific sites on membrane, such as lipid rafts, and 

that endocytosis could be a general mechanism of hBD2 internalization.  

These observations may thus indicate that hBD2 is capable of modulating activities of host 

cells not only by interacting with the membrane and surface receptors, but also with cytoplasmic 

targets. 
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1. General introduction 
We are constantly exposed to a myriad of infectious agents but, in most cases, we are able to 

resist infection thanks to our immune system, which is composed of two major subdivisions: 

 the innate or non-specific immune system  

 the adaptive or specific immune system 

Although they both have a protective function, they differ in a number of ways. In particular, 

the adaptive immune system requires some time to react to an invading organism, whereas the 

innate immune system includes defensive features that, for the most part, are constitutively 

present and ready to be rapidly mobilized upon infection. The innate immune system is therefore 

the first line of defense while the adaptive immune system acts subsequently and also affords 

protection against re-exposure to the same pathogen (memory). Moreover, the innate system is 

relatively nonspecific and reacts equally well to a variety of organisms, while the adaptive 

immune system is antigen specific and reacts only when these are present to induce the response. 

Finally, only adaptive immune system, demonstrates immunological memory, i.e. it “remembers” 

that it has encountered an invading organism and reacts more rapidly on subsequent exposure to 

the same.  

Although these two arms of the immune system have distinct functions, there is a constant 

interaction between them, i.e., components of the innate immune system interface with the 

adaptive immune system, influencing it, and vice versa [Clark 2005].  

1.1 Innate immunity  

The innate immune system provides rapid, nonspecific and generalized defense mechanisms 

that are active against a wide range of potential pathogenic microorganisms, and protect us from 

the development of pathogen-based diseases. The innate immune system responds by recognizing 

conserved motifs in pathogens, as well as a number of other indicators of cell stress or death. It 

encompasses a collection of host defense features that range from the non-specific barrier 

function of epithelia to the highly selective recognition of pathogens through the use of germline-

encoded receptors. A common feature of these diverse elements is a rapid and blunt response to 

infection or tissue destruction [Janeway 2002].  

The elements of the innate immune system are: 
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 Anatomical barriers to infections: these prevent the entry and colonization of many 

microbes. Examples include bony encasements, such as the skull and the thoracic cage, 

the skin, the mucous membranes and secreted mucus, the movement due to cilia or 

peristalsis, the flushing action of tears and saliva, the cough and sneeze reflexes. 

 Humoral components: these consist of the complement system, the coagulation system, 

lactoferrin, transferrin, interferons, lysozyme, cytokines, lactic and fatty acids and 

antimicrobial host defence peptides. 

 Cellular components: these include dendritic cells, monocytes, macrophages, 

granulocytes, and natural killer cells, as well as the skin, pulmonary, and gut epithelial 

cells that form the interface between an organism and its environment.  

The innate system targets, recognizes and rapidly responds to specific pathogen-related 

molecules, termed “Pathogen-Associated Molecular Patterns” (PAMPs), which include certain 

polysaccharides, polynucleotides, polypeptides and complex lipids that are highly conserved and 

shared by many pathogens but are not produced by the animal host. Examples of PAMPs are 

bacterial flagella, single and double-stranded RNA, aldehyde-derivatized proteins, mannans, 

teichoic acids and lipopolysaccharide (LPS) [Medzhitov 2002]. 

The innate immune system recognizes PAMPs through a group of highly conserved molecular 

pattern recognition receptors (PPRs). These are either surface located or intracellular proteins that 

many steps involved in response to inflammation, including phagocytosis, activation of 

inflammatory signaling pathways, activation of complement or coagulation cascades and 

induction of cell death [Janeway 2002; Beutler 2003; Goldstein 2004]. The Toll-like Receptors 

(TLRs) are an important group of such pathogens receptors that are expressed on immune 

system-related cells, e.g., monocytes, macrophages and dendritic cells, but also endothelial cells, 

epithelial cells, and fibroblasts [Schnare 2001; Janeway 2002; Medzhitov 2002]. Binding of 

cognate microbial ligands to TLR variously leads to activation of phagocytes and direct killing of 

pathogens, as well as to the production and/or release of pro-inflammatory cytokines, 

chemokines, cell surface markers and anti-microbial peptides by the stimulated host cell [Aderem 

2000; Takeda 2003]. To date, ten TLRs have been identified with a range of ligand specificities 

comprising bacterial, fungal and yeast targets [Aderem 2000; Opal 2002]. For example, TLR4 is 

the LPS receptor, TLR2 is predominantly responsible for recognition of Gram-positive cell-wall 

structures [Takeuchi 1999], TLR5 binds to bacterial flagella [Hayashi 2001], TLR3, TLR7/TLR8 
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and TLR9 are activated by viral double stranded RNA (dsRNA), viral single stranded RNA 

(ssRNA), and CpG elements in bacterial DNA, respectively [Hemmi 2000, Alexopoulou 2001; 

Diebold 2004]. 

1.1.1 The cells of the monocyte lineage 

Cells of the monocyte lineage are important elements of immune defense because they can 

phagocytose foreign material, present antigens to T cells and produce cytokines [Gordon 2005]. 

They include monocytes, macrophages and dendritic cells, with the monocytes being the 

established circulating precursors for tissue macrophages and dendritic cells (DC). Monocyte-

derived macrophages and myeloid DC fulfill critical roles in innate and adaptive immunity during 

inflammation, and it is believed that monocytes also maintain these populations in peripheral 

tissues during homeostasis [Tacke 2006].          

Monocytes are circulating blood leukocytes that play important roles in inflammatory process, 

essential for the innate response to pathogens. They are members of the human mononuclear 

phagocyte system [Grage-Griebenow 2001] and represent about 5-10% of peripheral blood 

leukocytes in humans. Two major subsets can be distinguished: classical CD14+/CD16- 

monocytes, representing 95% of the monocytes in healthy individual and non-classical 

CD14low/CD16+ monocytes, comprising the remaining fraction [Van Hemert 2009].  

Monocytes originate from a myeloid precursor in the bone marrow [Fogg 2006] and, 

following recruitment to tissue, can differentiate into macrophages or myeloid dendritic cells. 

They are therefore generally considered to be immature macrophages or dendritic cells, but 

already possess migratory, chemotactic, pinocytic and phagocytic activities, as well as receptors 

for IgG Fc-domains and iC3b complement. Moreover, monocytes can have important effects on 

the polarization and expansion of lymphocytes and may contribute to shaping primary and 

memory T-cell responses in humans and mice. However, their precise contribution in terms of 

cellular subsets and the molecular mechanisms involved remains to be determined [Geissmann 

2008]. 

Macrophages derive from blood monocytes by maturation upon migration from the capillary 

bed to tissue sites of inflammation, where they are exposed to environmental signals. Functional 

competence and phenotype heterogeneity is the result of both differentiation-inducing and -

activating events. In vitro, monocyte to macrophage maturation is induced by serum factors, can 

be followed by the expression of specific maturation-associated antigens, and is accompanied by 



1. General introduction 

 - 4 -

a characteristic change in the secretory repertoire of macrophages in comparison to monocytes. 

Macrophages can respond to bacterial components or to endogenous stimuli that are quickly 

generated following infection or injury. These early stimuli are typically produced by innate 

immune cells and can exert a marked, though usually transient, effect on the physiology of 

macrophages, activating them. They can also respond to signals that are produced by antigen-

specific immune cells. These signals are more focused and prolonged than innate immune stimuli 

and generally give rise to longer-term alterations in macrophages. To complicate matters, 

macrophages themselves can produce several factors that influence their own physiology 

[Gordon 2007].  

We can therefore describe three principal populations of activated macrophages as [Mosser 

2008]: 

 Classically activated macrophages: these are the products of a cell-mediated immune 

response and can also be transiently generated in response to innate stimuli following 

stress or viral infections. They are vital components of host defence, but their 

activation must be tightly controlled because the cytokines and mediators that they 

produce can lead to host-tissue damage. 

 Wound-healing macrophages: these can develop in response to innate or adaptive 

signals, in particular IL-4 and IL-13, which rapidly convert resident macrophages into 

a population of cells that are programmed to promote wound healing, by secreting 

components of the extracellular matrix. They do not present antigen to T cells, produce 

minimal amounts of pro-inflammatory cytokines and are less efficient than classically 

activated macrophages at producing toxic oxygen and nitrogen radicals, and at killing 

intracellular pathogens.  

 Regulatory macrophages: these are potent inhibitors of inflammation, which are 

generated in response to certain signals, including prostaglandins, apoptotic cells, some 

ligands for G-protein-coupled receptors (GPcRs), glucocorticoids and the presence of 

IgG immune complexes. This population of macrophages produces a large amount of 

IL-10 and they thus reduce the immune response and limit inflammation to prevent 

tissue damage.   
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In this thesis I have considered principally the classical activated macrophages because of 

their importance for the host to efficiently control and remove invading pathogens. During this 

process, macrophages orchestrate the innate and adaptive immunity in response to a wide range 

of bacterial, viral, and fungal infections. In addition, they also play a key role in stimulating the 

subsequent clonal response of adaptive immunity [Hoffmann 1999]. 

The classical macrophage activation proceeds from an interaction of macrophages with 

necrotic cell material and endogenous priming cytokines such as interferon-gamma (INF-γ) or 

inflammatory agents like bacterial LPS, which is known as one of the most effective inducers of 

classical macrophage activation [Adams 1989; Ma 2003; Krutzik 2005]. Such activated 

macrophages produce a multiplicity of proinflammatory cytokines, reactive oxygen and nitrogen 

species, proteases, etc., which maintain and further perpetuate the inflammatory process. They 

recognize pathogens by cell-surface receptors that can discriminate between the surface 

molecules displayed by pathogens and those of the host. Binding of pathogens to macrophages 

receptors, such as the mannose receptor, scavenger receptors, CD14, TLRs and many others, 

leads to phagocytosis (see Ch.6), followed by death and degradation of the pathogens inside the 

macrophages [Janeway 2002; Greenberg 2002]. Suitable antigens are then processed and loaded 

onto MHC class II molecules in late endocytic compartments and the antigen/MHCII complexes, 

as well as co-stimulatory B7 family members, are then presented to T cells [Harding 2003]. 

Therefore, macrophages are also considered antigen-presenting cells (APC), although their 

principal role remains the elimination of invading pathogens. 

Dendritic cells (DC) are the most effective professional APC in the immune system and 

represent key components for induction of adaptive immune responses [Hart 1997; Banchereau 

2000]. 

Like macrophages, DC also recognize and phagocytose microbes, but upon contact with a 

microbe, they undergo a maturation process which leads to enhanced expression of cell surface 

adhesion molecules, production of cytokines, and a reduced capacity to endocytose foreign 

particles. These mature DC (mDC) leave the peripheral tissues, migrate to local lymph nodes, and 

present antigens to naive T cells, thus initiating the development of adaptive immune responses 

[Lehtonen 2007]. 
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Figure 1.1 The cells of the monocyte lineage.  

 

Recognition of a danger signal leads to the attraction of circulating iDC to the site of danger 

(see Ch. 4) and to a transient increases in antigen (Ag) uptake capabilities. Captured antigens are 

able to induce full maturation and mobilization of DC to lymphoid tissues [Banchereau 1998]. On 

the other hand, the proteolytic enzymes of DC process antigens to generate enough distinct 

peptides from a particular Ag to allow its recognition by the repertoire of T cells. Peptides from 

processed Ag bind to MHC class II molecules and, in the lymph nodes, mature DC present 

pathogen-derived Ags, in combination with other costimulatory molecules, to B- and T-

lymphocytes, initiating an adaptive immune response [Clark 2000]. 

Dendritic cells can be generated in vitro from either CD34+ haemopoietic progenitor cells or 

CD14+ peripheral blood monocytes in the presence of specific cytokine combinations, resulting 

in a population of cells with different subsets of membrane markers (see Ch. 4). In this thesis I 

have considered principally monocyte derived immature dendritic cells, generated in the presence 

of Granulocyte macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4). 
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1.1.2 Host defense peptides 

Antimicrobial peptides (AMPs) are evolutionarily ancient components of the innate immune 

system. Molecules with microbicidal properties are in fact found in all forms of life including 

ameboid protozoa, prokaryotes, fungi, plants and are also widespread in invertebrates, including 

the primitive living fossils, the horseshoe crabs, and in vertebrates [Bulet 2004; Brown 2006]. 

The number of described peptides has rapidly increased over the last few years, and 

approximately 1000 AMPs have been isolated and/or characterized at the level of their primary 

structure [http://www.bbcm.univ.trieste.it/~tossi/search.htm]. 

In animals, AMPs are particularly abundant in tissues that are likely to come into contact with 

microorganisms, such as at mucosal surfaces and within immune cells and tissues [Bals 2000]. 

Recent works suggests that several antimicrobial peptides play a multiple role in the innate 

immune response, both directly inactivating pathogens and acting as signaling molecules for 

cellular effectors of both innate and adaptive immunity (alarmins). The multifunctional role of 

these peptides, and the possibility that indirect forms of antimicrobial action may in some case be 

as relevant, if not more, than their direct antibiotic activity, are now commonly accepted, so that 

the more generic term “Host Defense Peptide” (HDP) is starting to replace AMP, which has a 

narrower meaning [Tossi 2005]. 

Although remarkably diverse by size and sequence, most HDP are generally small, cationic 

peptides, of 12–50 amino acids, with a broad-spectrum microbicidal activity against a range of 

Gram-positive and Gram-negative bacteria and in some cases also fungi and viruses [Tossi 2002; 

Schneider 2005]. The overall net positive charge and a substantial proportion (≥30%) of 

hydrophobic residues permit the peptide to fold into amphiphilic structures, often only upon 

contact with biological membranes, so they form separate surfaces rich in either polar/ charged or 

hydrophobic amino acids [Zasloff 2002; Hancock 2006]. This property is considered as a 

prerequisite for their ability to interact with biological membranes. 

 While cationic peptides share some common functional features and sites of production, they 

can be structurally quite diverse. Based on their peptide structure, amino acid composition, and 

number of disulfide bonds, they have been classified into four broad structural groups [Hancock 

1998]:  

 linear peptides, which assume an amphipathic α-helical structure: these adopt an α-

helical conformation, in which one face of the helical cylinder contains a large 

proportion of polar amino acids, while the opposite face contains a majority of 
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hydrophobic residues. Members of the α-helical class of compounds include the frog 

skin secretion peptide, magainin, the honeybee venom, mellitin, and some mammal 

antimicrobial peptides belonging to the cathelicidin family, such as human LL-37 

[Tossi 2000; Zanetti 2004]. 

 β-sheet peptides stabilized by the presence of three or four disulphide bonds, such as 

hepcidins and fungal, plant, invertebrate and  vertebrate defensins [Tossi 2002] 

 extended structures that are particularly rich in particular amino acids, but free of 

cysteine residues, such as for example histatins (see below), proline-rich peptides such 

as the Bac-5 and Bac-7 cathelicidins from bovine neutrophils, or tryptophan-rich 

peptides such as indolicidin. 

 loop structures with one or two disulphide bond, such as bovine dodecapeptide or pig 

protegrins [Romeo 1988; Tossi 2002]. 

In humans antimicrobial peptides belonging to the first three structural classes have been 

identified:  

 LL-37 is the only cathelicidin present in humans. It is composed of 37 amino acid 

residues and has a linear structure because it does not contain cysteine. The peptide 

adopts a α-helical structure which is accentuated in the presence of biological 

membranes [Zelezetsky 2006]. LL-37 is expressed in leukocytes such as neutrophils, 

monocytes, NK cells, T cells and B cells, and in epithelial cells of the testis, skin, and 

the gastrointestinal and respiratory tracts and is induced by inflammatory or infectious 

stimuli. Besides its antimicrobial activity against both Gram-positive and Gram-

negative bacteria, the peptide binds and neutralizes LPS, is chemotactic for 

neutrophils, monocytes, mast cells and T cells, induces degranulation of mast cells, 

alters transcriptional responses in macrophages, stimulates wound vascularization and 

re-epithelialization of healing skin and fibroblast proliferation and has antitumor 

activity [Zanetti 2004 and 2005; De Smet 2005; Dürr 2006, Tomasinsig 2009]. 

 α- and β-defensins, which are extensively described below; 

 histatins, which is a family of small, cationic, histidine-rich peptides of 3-4 kDa, 

present in human saliva and constitutively produced and secreted by the 

submandibular, sublingual and parotid glands. These peptides play an important role in 

maintaining oral health by limiting infections in the oral cavity. The histatin family 

consists of several members, of which histatin 1, 3 and 5 are the most important. 
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Besides their antimicrobial activity against a broad spectrum of bacteria and fungi,  

histatins also possess other properties, such as ability to bind to hydroxyapatite and 

tannins, to inhibit inflammatory cytokine induction from human fibroblasts, to inhibits 

host and bacterial enzymes implicated in periodontal disease, to exhibit 

metallopeptide-like properties and to neutralize lipopolysaccharides by binding to lipid 

A [Castagnola 2004; De Smet 2005] 

1.2 Defensins 

The term defensin relates to different families of HDPs that have in common both function 

(host defence) and structure (a compact triple-stranded beta-sheet structure). Defensins were 

initially isolated from rabbit and human neutrophils in an effort to characterize phagocyte-derived 

oxygen-independent antimicrobial activities [Lehrer 1992]. Subsequently, similar defensin 

molecules were characterized from plants, invertebrates, moulds and many other vertebrate 

species. All defensins are cationic, microbicidal and contain six to eight highly conserved 

cysteine residues which form three or four intramolecular disulfide bonds. They have a quite 

variable primary structure because only the cysteine residues involved in disulfide bonding, and 

few other residues, are conserved, while the remainder show different degrees of variability, as 

does the number of the residue separating cysteines, and the cysteine pairing [Yang 2001; 

Antcheva 2006]. On the basis of their origin and pattern of disulfide bonding, defensins are thus 

classified into three broad families: 

 Plant defensins: these have four disulfide bridges, which are paired C1 to C8, C2 to 

C5, C3 to C6 and C4 to C7. They inhibit the growth of a broad range of pathogens but 

seem nontoxic to either mammalian or plant cells. They exhibit principally a potent 

antifungal activity against a broad spectrum of filamentous fungi [Lay 2005; Carvalho 

2009]. 

 Invertebrate defensins: these are characterized by six cysteine residues linked C1–C4, 

C2–C5, C3–C6 and are principally selective for Gram-positive bacteria and fungi 

[Dimarcq 1998; Ferrandon 2004]. Insect, arachnid and gastropod defensins have a 

similar structure and disulphide pairing as those from moulds [Antcheva 2006]. 

 Vertebrate defensins: these are divided into further three sub-families on the basis of 

their structure and/or connectivities, which are C1–C6, C2–C4, C3–C5 for α-defensins, 

C1–C5, C2–C4, C3–C6 for β-defensins and C1–C6, C2–C5, C3–C4 for θ-defensins. α- 
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and β-defensins are present in humans, while the cyclic backbone θ-defensins have so 

far only been identified in and active form in primate phagocytes [Tossi 2002; Torres 

2004]. 

Despite the differences in sequence and connectivities, peptides from different defensin 

families fold into quite similar tertiary structures. This involves a core formed by a twisted 

antiparallel β-sheet, formed normally by three strands linked to each other and to the rest of the 

molecule by the disulfide bridges. In insect and plant defensins, the presence of a helical segment 

gives rise to the cysteine-stabilized α/β fold. Vertebrate α- and β-defensins share an overall quite 

similar fold, although only some β-defensins have an N-terminal α-helical segment. Thus, 

defensins have in common a conserved scaffold that is insensitive to sequence variations 

[Antcheva 2006]. 

In humans, two classes of defensins can be found: α- and β-defensins.  

The α-defensins are 29-35 amino acids long with three disulfide bridges, resulting in peptides 

forming a triple-stranded β-sheet structure with a β-hairpin loop, rich in cationic residues. In 

humans, four α-defensins have been isolated from azurophilic granules of neutrophil granulocytes 

and are referred as human neutrophil peptides (HNP) 1, 2, 3 and 4. Another two human defensins 

(HD-5 and -6) are expressed in intestinal Paneth cells, and probably contribute to innate defence 

of the GI mucosal surface. The genes for all six α-defensins are found in the same region of 

chromosome 8. They are expressed as prepropeptides that have no antimicrobial activity. The C-

terminal part of the propeptide is responsible for their antimicrobial activity against a broad range 

of bacteria, fungi, and enveloped viruses [Yang 2004; De Smet 2005]. Beyond the direct 

antimicrobial activity, human α-defensins also possess immunomodulatory properties: they are 

able to enhance phagocytosis by macrophages, to induce degranulation and activation of mast 

cells, resulting in the release of prostaglandin D2 and histamine, to stimulate bronchial epithelial 

cells to augment IL-8 production, to regulate the activation of the classical pathway of 

complement by binding to complement C1q and to chemoattract naive resting T cells, CD8 T 

cells, immature dendritic cells [Yang 2001; Yang 2002; Oppenheim 2003]. 

The β-defensins are extensively described in next section. 
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1.2.1 β-defensins 

1.2.1.1 Expression and distribution 

The first reported β-defensin, the bovine tracheal antimicrobial peptide (TAP), was a peptide 

with antimicrobial properties isolated from cow tongue [Diamond 1991]. Since then, several 

other β-defensins have been isolated, and numerous coding nucleotide sequences for putative 

β−defensins have been identified by genome analysis, in different mammals (primates, rodents 

and ungulates) as well as avian species. This identifies them as an evolutionarily ancient class of 

antimicrobial peptides derived from genes that existed before the diversification of the avian and 

mammalian line [Sugiarto 2004; Klüver 2006]. 

As regard humans, the first three human beta defensins were discovered via the identification 

of antimicrobial substances in large amounts of biological material. In particular, human β-

defensin1 (hBD1) was identified in 1995 and purified from the plasma of patients with renal 

disease [Bensch 1995]; human β-defensin 2 (hBD2) was originally isolated from psoriatic skin 

lesions [Harder 1997], whereas hBD3 was simultaneously purified from psoriatic scales [Garcia 

2001a; Harder 2001] and predicted using bioinformatics [Jia 2001]. The original reports on hBD4 

through hBD6 were based solely on genome analyses [Garcia 2001b; Yamaguchi 2002]. 

Recently, comprehensive searches of the human genome have revealed almost 40 potential 

coding regions for β-defensins (DEFBs).  

The first gene cluster coding for β-defensins is located within chromosomal region 8p21-p23, 

and contains the genes DEFB1, DEFB4 and DEFB103 coding for hBD1, hBD2 and hBD3, 

respectively, as well as several others and also all the genes coding for α-defensins. This 

observation suggested the presence of a common ancestral progenitor for both types of defensin 

gene. Subsequently, three other DEFB gene clusters were identified within chromosomes 6p12, 

20q11.1 and 20p13 [Pazgier 2006]. 

With respect to primate gene orthologues to DEFB1, the rates of synonymous and non-

synonymous (amino acid altering) nucleotide substitutions indicate that the gene evolved in 

primates with a pattern of random nucleotide substitutions, as predicted by the neutral theory of 

molecular evolution. Therefore the primate beta-defensin 1 gene seems to have not diversified in 

response to changes in the microbial species to which a given host is exposed [Del Pero 2002].  

In contrast to DEFB1, there is evidence for positive selection in the evolution of the DEFB4 

gene orthologues (encoding for hBD2 in humans) at least at two points on the phylogenetic tree 
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relating this gene in primates [Boniotto 2003b]. Furthermore, sequence variation is considerably 

higher in the region coding for the mature peptide than in the signal sequence. This positive 

selection may possibly be due to co-evolution of the peptide with its microbial targets that are 

also undergoing variation [Crovella 2005].  

The DEFB103 gene orthologues in primates shows yet a different pattern of variation; the 

gene is in fact quite highly conserved for all the primates. It would thus appear that the gene 

product fixed a function(s) quite early in mammalian evolution that is less tolerant of sequence 

variations, placing the gene under strong purifying selection [Crovella 2005].  

The pattern of variations in the orthologues for the DEFB104 gene is more similar to that of 

the DEFB1 gene than to the other two, and indicates that evolution is neutral rather than affected 

by positive or purifying selection [Crovella 2005]. This gene appears to be primate specific, and 

has been subject to duplication giving rise to a cluster of other genes, that have a specific tissue 

distribution (they are predominantly expressed in male reproductive tract) and properties (e.g. 

low cationicity) which may imply novel functions [Morrison 2003]. 

The pattern of human β-defensin genes shows a common organization. Their genes consist of 

two exons and one intron each, except for DEFB105, which contains three exons and two introns. 

In all but the DEFB1 gene, the first exon encodes the signal peptide and the second carries 

information about the sequence of mature peptide preceded by a short anionic pro-peptide. In the 

DEFB1 gene, the first exon encodes the signal peptide and pro-peptide segment [Pazgier 2006]. 

Post-translational modifications include the proteolytic cleavage of the signal sequence and, 

subsequently, of the N-terminal pro-piece. A mature peptide is often additionally truncated at the 

N-terminus, yielding multiple forms released into designated compartments. In vivo, after 

processed via an as yet unknown mechanism, β-pro-defensins are principally secreted into the 

immediate surroundings of epithelial cells [Chen 2006]. 

hBD1 is expressed constitutively in the urinary and respiratory tracts, in mammary gland, 

salivary gland, kidney and pancreas [Bensch 1995]. Furthermore, expression of hBD-1 can be 

upregulated by lipopolysaccharides, heat-inactivated Pseudomonas aeruginosa and interferon 

gamma (IFN- γ) [Pazgier 2006].  

hBD2, first characterized in psoriatic skin, is widely expressed in epithelia (lung, gut, 

urogenital system, pancreas and skin), leukocytes and the bone marrow. In contrast to the 

constitutive expression of hBD1, hBD2 expression is principally inducible by exposure of 
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epithelia to LPS or pro-inflammatory agents (TNF-α or interleukin-1α and β) [Harder 1997; De 

Smet 2005]. 

hBD3 was isolated from human lesional psoriatic scales and cloned from keratinocytes. Like 

hBD2, hBD3 is also induced by inflammatory stimuli, such as TNF- α, IL-1β, IFN-γ, and contact 

with various bacteria and yeast. Skin and tonsils were found to be the major tissues expressing 

the hBD3 mRNA [Harder 2001]. 

hBD4 is primarily expressed in the testis, epididymis and in the gastric antrum. A low level of 

constitutive hBD4 expression was observed in neutrophils and in the epithelia of the thyroid 

gland, the lung, the uterus, and the kidney. This basal expression could be up-regulated, as in the 

case of hBD2 and hBD3 [Garcia 2001a]. 

1.2.1.2 Structure 

The most noticeable feature of the primary structure of β-defensins is the considerable 

diversity in the amino acid sequence and composition. While, in general, β-defensins are cationic 

peptides with a length of 35 to 50 amino acid residues, only few of these residues can be 

considered as significantly conserved. Among these, the six cysteine residues forming the 

characteristic intramolecular disulfide bonds are strictly conserved throughout. Aside from these, 

the only other residues which are conserved to most β-defensins are, using the hBD1 numbering, 

Gly10, a cationic residue at position 13; Glu21 and hydrophobic residues 24 and 36. The four 

most-studied hBDs (hBD1 through hBD4) have a conserved motif G-x-C before the fourth 

cysteine residue and a high content of cationic residues (Lysine- K, Arginine- R), clustered 

primarily near the carboxyl termini of the peptides (Tab. 1.1). Aggregation of these positive 

charges seems to be important for antimicrobial activity [Crovella 2005; Pazgier 2006; Klüver 

2006]. 

Despite variability in the primary structure, a common three-dimensional structure of the β-

defensins is maintained. The core of the molecules consists of three β-strands arranged in an 

antiparallel sheet, which is flanked by a α-helical segment of variable stability and length, formed 

by the N-terminal stretch (fig.1.2). The α-helical N-terminal stretch seems more stable in hBD1 

and hBD2 molecules than in hBD3 (fig. 1.2), where the N-terminal stretch has the characteristics 

of an amphipathic helix that forms only on membrane interaction [Morgera 2008]. The 

orientation of the α-helix in relation to the β-sheet is determined by the presence of a disulfide 
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bridge. The three disulfide bonds are necessary to stabilize the characteristic three-dimensional 

structure of the β-defensins [Pazgier 2006].  

To date, the structures of only three human β-defensins have been determined using both X-

ray and NMR (hBD1 and hBD2) or NMR alone (hBD3). Although the high variability in primary 

sequence is supported by the conserved structural scaffold, it results in the three β-defensins 

having quite different surfaces and oligomerization patterns, forming various protein-specific 

dimeric or oligomeric structures. Therefore, diverse quaternary structures may play a significant 

role or influence the biological activities and functions of these molecules [Sahl 2005].  

Dimerization of hBD1, observed in the crystal structure, occurs longitudinally, involving two 

salt bridges between the side chains of Asp1 from one monomer and Arg29 from the other 

(fig.1.3A). Formation of this slightly curved dimer with a hydrophobic convex surface could lead 

to interaction with adjacent dimers forming oligomers [Hoover 2000]. 

In contrast, in hBD2 dimerization, again only observed in the crystal structure, occurs by 

interactions between the first β-strand of each monomer resulting in an extended, six-stranded β-

sheet in the crystal structure (fig.1.3B). Four dimers could also associate by non-covalent 

bondings, forming octameric assemblies. The N-terminal α-helix plays an important role in the 

stabilization of the hBD2 octamers [Hoover 2000].  However, NMR indicated that hBD2 did not 

oligomerize in solution at concentrations up to 3 mM. It was postulated, however, that oligomers 

of hBD2 similar to those found in crystals could occur on the surface of bacterial membranes 

[Bauer 2001; Hoover 2001]. 

 The highly cationic hBD3 (+11), instead surprisingly forms stable dimers or oligomers in 

solution, which appear to require by the presence of both intermolecular and intramolecular salt 

bridges and hydrogen-bonds between Glu-28 and Lys-32 (fig.1.3C) [Schibli 2002]. The capacity 

to create stable dimers in solution, at low concentrations, has been suggested as a possible reason 

for the high and salt-independent antibacterial activity of hBD3 [Harder 2001; Boniotto 2003a; 

Crovella 2005]. 
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      0         10        20        30  

 -----|----:----|----:----|----:----|----:----  

hBD1 ------DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK (36aa) 
hBD2 GIGDPV---TCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP (41aa) 
hBD3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK (45aa) 
hBD4 -----ELDRICGYGTARCRKK-CRSQEYRIGRCPNTYA-CCLRKWD (37aa) 

 
Tab. 1.1 Sequences of human β-defensins. Cysteine residues are reported in yellow; the motif G-x-C is 
underlined and conserved residues are evidenced in blue.   
 

 
Fig. 1.2 Structures of human β-defensins. For hBD1 (A) and hBB2 is reported the structure identified 
by x-ray and for hBD3 (C) by NMR analysis. The disulfide bonds are plotted in yellow; secondary 
structural elements are in green (β-strands) and red (α-helix). N and C termini are indicated by capital 
letters [Kluver 2006].  
 

 
 

 
Fig.1.3 Structures of human β-defensin dimers. hBD1 (A) and hBD2 (B) dimers are shown as present 
in the crystal structures; the proposed dimeric structure of hBD3 (C)  is reported according to NMR 
analysis   [Crovella 2005]. 

A B C 

A B C 
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1.2.1.3 Antimicrobial activity of β-defensins 

β-defensins have a direct, potent and broad-spectrum antimicrobial activity. In particular, 

hBD1 and hBD2 show microbicidal activity predominantly against Gram-negative bacteria and 

yeasts (see also Ch. 2), while hBD3 is a broad spectrum peptide antibiotic that kills many 

potential pathogenic bacteria and the opportunistic pathogenic yeast, Candida albicans. hBD4 

inhibited the growth of Gram-positive and Gram-negative bacteria and of the yeast, 

Saccharomyces cerevisiae [Tab 1.2]. Excluding hBD3, β-defensins generally have a reduced 

antimicrobial activity in the presence of physiological salt concentrations of salt, so that the direct 

antimicrobial effect of defensins in vivo is likely to be relevant mainly in the phagocytic vacuoles 

of phagocytes and on the surface of skin and mucosal epithelia, where there is a lower ionic 

strength [Yang 2002]. In fact, the Minimum inhibitory concentrations (MIC) determined for β-

defensins in vitro, under hypotonic conditions, are 5-10 μM; whereas concentration in vivo at 

sites of production and secretion can be quite higher (5 μg/106 human granulocytes). 

 

Defensin Antimicrobial spectrum Peptide Concentration High salt concentration 

hBD1 E.coli G- 31 μg/mL (MIC) sensitive 

hBD2 

E.coli 
P.aeruginosa 

C.albicans 
S.aureus 

G- 
G- 

Yeast 
G+ 

10 μg/mL (LD90) 
10 μg/mL (LD90) 
25 μg/mL (LD90) 

100 μg/mL  

sensitive 

hBD3 

S.aureus 
S.pyogenes 

P.aeruginosa 
E.coli 

C.albicans 
E.faecium 

multiresistant S.aureus  

G+ 
G+ 
G- 
G- 

Yeast 
G+ 
G+ 

12,5 μg/mL 
 
 

6 μg/mL 
 

12 μg/mL 
25 μg/mL 

less sensitive 

hBD4 

E.coli BL21 
B.cepacia 

S.cerevisiae 
S.aureus 

S.pneumoniae 
S.carnosus TM300 
S.aeruginosa PAO1 

G- 
G- 

Yeast 
G+ 
G+ 
G+ 
G- 

> 100 μg/mL (MIC) 
 
 
 
 

4,5 μg/mL (MIC) 
4,1 μg/mL (MIC) 

sensitive 

 

Tab 1.2 Antimicrobial spectrum of some human β-defensins.  G+ indicates Gram-positive bacteria, G- 
Gram-negative bacteria; LD90 is the dose that achieves 90% reduction of colony forming units and MIC 
the minimum concentration for growth inhibition. [Chen 2006] 
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Although some doubts have been cast on the physiological relevance of the direct 

antimicrobial activity of HDPs, there are some in vivo observations that corroborate such a role 

for these peptides. One is the fact that defensin expression is upregulated in several diseases, such 

as inflammatory lung, bowel and skin diseases [Froy 2005]. For example, in psoriasis hBD2 is 

overexpressed and skin infections are rather rare, and polymorphonuclear cells and dendritic cells 

showed enhanced phagocytosis [Musclow 1991; Buentke 2000; Zhu 2006], while in contrast, 

skin affected by atopic dermatitis is notoriously susceptible to infections with Gram-positive 

bacteria and has also been found to lack expression of the important antimicrobial proteins 

cathelicidin and the defensin hBD2 [Ong 2002]. Moreover, Crohn's colitis is typically associated 

with an impaired induction of the beta-defensins hBD2 and hBD3 caused by fewer gene copy 

numbers in the gene locus of the beta-defensins on chromosome 8 [Gersemann 2008].  

The selectivity of β-defensins for microorganisms may depend on their membrane 

composition; in the case of bacteria by the abundance of negatively charged phospholipids and 

the lack of cholesterol. However, the mechanism by which the bacteria are inactivated by human 

β-defensins has not yet been clearly defined. It has been proposed that their characteristic 

cationic/amphipathic nature allows binding to and electrostatic interaction with the lipid bilayer 

of cell membrane. According to the “pore model”, β-defensins might form channel-like 

oligomeric pores spanning the membranes. In the “carpet model”, a carpet-like layer of β-

defensin molecules forms on the surface of the microbial membrane, neutralizing negatively 

charged lipid headgroups and destroys membrane integrity, so the molecule acts like a classic 

detergent. Support for the first model is provided by the amphiphilic character of the β-defensin 

molecules and by their ability to oligomerize, although the specific oligomerization needed for 

channel formation as yet has not been directly observed for any defensin. In contrast, specific 

oligomerization is not required for the second model. Most likely, however, neither of these two 

“pure” models correctly describes the mechanism of microbial killing, and multiple combined 

‘flavors’ may describe the interactions of different β-defensins with different microbes [Pazgier 

2006]. 
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1.2.1.4 Immonumodulatory activities 

In addition to exerting direct antimicrobial effects, β-defensins show additional 

immunomodulatory properties and seem to alert and enhance the activities of cellular 

components of both the innate and adaptive immune systems [Chertov 1996; Yang 1999a; Yang 

2001; Niyonsaba 2004]. Recent studies revealed that β-defensins also play a role in cell 

differentiation, tissue remodeling, and sperm maturation [Abiko 2003; Varoga 2005; Yudin 

2005]. 

In particular, hBD1 possesses chemotactic activities for immature DCs and memory T cells 

[Yang 1999a; Yang 2001; Pazgier 2007]. hBD1 is moreover thought to contribute to mucosal 

defence in the urinary tract due to the large amount that is produced in the kidney [Hiratsuka 

2000].  It induces a weak production of cytokines from PBMC [Boniotto 2006] . 

hBD2 possesses chemotactic activities for memory T cells, immature dendritic cells (see also 

Ch. 4), TNF-alpha activated neutrophils and colonic epithelial cells [Yang 1999a; Biragyn 2001; 

Zlotnik 2000; Niyonsaba 2004; Vongsa 2009]. Moreover, it activates mast cells to induce 

chemotaxis, histamine release and prostaglandin D2 (PGD2) production, suggesting the 

involvement of hBD2 in allergic reactions and favouring recruitment of neutrophils to the 

inflammatory site [Niyonsaba 2001; Niyonsaba 2002]. hBD2 induces a robust production of 

cytokines from PBMC, including IL-1β, IL-10, IL-6, IL-8 [Boniotto 2006]; it inhibits the 

classical pathway of the complement system, suggesting a protective role against its uncontrolled 

activation [Bhat 2007]. hBD2 has a potential role in the biosynthetic and tissue remodeling 

responses of conjunctival fibroblasts [Li 2006] and in the processes of neo-vascularization 

[Baroni 2009]. Moreover, inducibility of hBD2 is reduced in peripheral blood cells from septic 

patients and this may contribute to the complex immunological dysfunction in patients with 

severe sepsis [Book 2007]. 

hBD3 and hBD4 elicit monocyte chemotaxis [Garcia 2001a; Garcia 2001b], but they are not 

chemotactic for neutrophils and eosinophils. both hBD3 and hBD4 induced mast cell 

degranulation, prostaglandin D2 production, intracellular Ca2+ mobilization and chemotaxis, 

through the induction of phosphorylation of MAPK p38 and ERK1/2. Moreover hBD3 and hBD4 

increased vascular permeability in the skin [Chen 2007]. 
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1.3 Aim of this thesis 

The overall picture that is emerging on the role of β-defensins suggests that these molecules 

may act both by directly contrasting invading microorganisms and by exerting an indirect 

antimicrobial activity, through recruiting of immune cells to the site of infection and regulating 

their activities.  

Therefore, the purpose of the studies reported in this thesis was to define how hBD2 acts at the 

interface between pathogens and the cells of immunity, and as a part of the cross-talk between 

different immune systems, as has been extensively suggested by the literature. In particular, I was 

interested in characterizing the role of hBD2 in modulating activities of the immune host cells of 

the monocyte lineage, such as monocytes, macrophages and iDC, in order to contribute to a better 

understanding of its role in innate immunity.  

To begin with, I have evaluated the cytotoxic activity (see Ch.3) of hBD2 on these host cells 

so as to determine appropriate sub-toxic concentrations, as well as the most appropriate medium 

salinity ranges with which to carry out further functional studies. 

I then analyzed whether hBD2 could in some way modulate the activities of the immune cells 

it comes into contact with, considering important processes such as chemotaxis (see Ch. 4), 

degranulation (see Ch. 5), phagocytosis (see Ch. 6) and ROS production (see Ch. 6). Alongside 

functional assays, I have also studied some aspects of the mechanism of action of hBD2, starting 

from its differential effect on prokaryotic and eukaryotic cells. In particular, a series of studies 

has been carried out to probe the interactions of fluorescently labelled hBD2 (see Ch. 7) with 

cells, with the aim of determining whether a cellular internalization was necessary for its 

biological effects. This could increase our understanding of the mechanisms of peptide-cell 

interaction and their functional implications in mediating its diverse roles in immunity. 

Moreover, I have also determined whether analogues of hBD2, with altered structural 

stabilities and features, have a different activity as compared to the native peptide, in order to 

study whether specific structural features of this defensin are required for its activity on immune 

cells. 
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2. Preparation and characterization of hBD2 and its 
analogues 

2.1 Aim of this study 

We intend to synthesize the native defensin hBD2 and a fluorescent conjugate to study its role 

in interacting with and modulating activities of the immune host cells.  

Moreover we synthesize some rationally projected structural analogues in order to probe 

whether specific structural features of hBD2 are required for its activity. Before using peptides on 

immune cells, the effects of structural variation were evaluated on serum stability and on 

antimicrobial activity. 

2.2 Synthesis of hBD2 and its analogues 

Solid phase peptide syntheses were performed on a PE Biosystems Pioneer™ peptide 

synthesis system with columns thermostated to 50°C and loaded with 2-Chlorotrityl chloride 

resin, (substitution 0.20−0.25 meq/g). For all peptides, loading of the first amino acid was carried 

out manually. A four-fold excess of 1:1:1.7 Fmoc-amino acid/TBTU/DIPEA was used for each 

subsequent coupling step. Double coupling with HATU or PyBOP instead of TBTU was carried 

at positions predicted to be difficult, also with the aid of the PeptideCompanion Software 

(CoshiSoft). A version of the anti-aggregation magic mixture (DMF/NMP 3:1, 1% triton X-100, 

1M ethylene carbonate) was used as solvent throughout. The synthesis was interrupted regularly 

to check the mass of the growing peptides using ESI-MS (Sciex API I). Peptides were cleaved 

from the resin and deprotected with a trifluoroacetic acid, water, thioanisole, phenol, 

ethanedithiol, triisopropylsilane mixture (82.5:5:5:2.5:2.5:2.5) for 2-4 hours at room temperature. 

Crude peptides were treated with a 10 fold excess of Tris (2-Carboxyethyl)-Phosphine 

Hydrochloride (TCEP.HCl) in 6M Gun.HCl in 0.1M Na-citrate buffer pH 3.0 for 60 min at 60°C, 

and desalted immediately on a preparative C18 RP-HPLC column (Waters Delta-Pak™ C18, 

15 µm, 300 Å, 25×100 mm, 0-100% CH3CN in 30 min), using N2-saturated solvents. The 

fraction containing the reduced peptide, determined by mass spectrum analysis (API I 

electrospray mass spectrometer, Perkin Elmer SCIEX) was added directly to a large volume of 

N2-saturated aqueous buffer (0.1 M NH4OAc, 2 mM EDTA, pH 8.5, containing 1M guanidine. 
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HCl), in which cysteine (1mM) and cystine (0.1 mM) are dissolved immediately before use, so as 

to obtain a final peptide concentration of about 10 μM, and the pH is adjusted to 8.5 with aqueous 

ammonia solution. The oxidative folding reaction was carried out at room temperature for 24h 

and monitored to completion by analytical RP-HPLC. The pH was then adjusted to pH 2, the 

filtered solution purified by preparative RP-HPLC, and lyophilised.  The complete oxidation of 

the peptides was verified using ES-MS. Correct folding was partly confirmed by ES-MS analysis 

(Bruker Daltonics) of Tryptic digests. Peptide concentrations were determined based on the molar 

extinction coefficients (ε280) of Trp, Tyr and Cys, using the ProtParam tool on the ExPASy 

server (http://www.expasy.ch/tools/protparam.html). Peptide stock solutions (~ 100 mM in MQ 

water) were determined to be LPS-free by the LAL assay (Bio-Whittaker U.S.A). 

2.2.1 Characteristics of hBD2 analogues 

In this thesis we analyze the role of defensin structure and sequence variations in modulating 

the activity of immune cells, by comparing the activity of hBD2 with several analogues, 

including: 

 its rhesus macaque fascicularis orthologue (mfaBD2); 

 a point deletion mutant [(-D)hBD2] lacking the key Asp4 residue from the N-terminal 

DX3CL motif; 

 an N-terminally truncated version (5-41)hBD2, which lacks the first 4 residues including 

Asp4 and cannot form the typical N-terminal helix; 

 a shortened analogue containing only the N- and C-terminal stretches and devoid of the 

central β-sheet scaffold (brevihBD2); 

 a chimeric analogue (hBD2/3), in which the N-terminal stretch of hBD2 was grafted onto 

the β-sheet scaffold of hBD3;  

 an artificial defensin (tBD), which was designed based on a sequence template for beta-

defensins. This template was obtained by analyzing the positional frequency of specific 

amino acids or amino acid types (charged, uncharged polar or hydrophobic) in 84 natural 

sequences belonging to human, primate, bovid, porcine, rodent and avian species, aligned 

by using the conserved cysteine residues. This peptide has a very stable defensin scaffold. 

 a truncated peptide [tBD(10-38)] that was derived by simply removing N-terminal 

stretches from the tBD sequence to eliminate first one N-terminal cysteines. The 

corresponding paired cysteine was converted to Ser. 
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The sequences of the peptides investigated are shown in Table 2.1. 

Peptide Sequence Charge

(calc) (obs)

hBD2          GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP  +6 4328.2 4329.0

(-D)hBD2              GIGPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP    +7 4213.2 4213.0

(5-41)hBD2                       PVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP  +7 3985.8 3985.7

(brevi) hBD2           GIGDPVTCLKS            GLPGTKCARRKKP    +5 2480.9 2480.0

mfaBD2             DIRNPVTCVRSGAICLPGFCPRRYKHIGVCGVSAIKCCKKP  +7 4441.4 4442.0

tBD                      EGVSCLRNGGFCIPIRCPGHTRQIGTCFGPRVKCCRKW  +6 4212.1 4212.0

tBD(10-38)                                             GFCIPIRCPGHTRQIGTCFGPRVKSCRKW  +6 3300.9 3300.0

hBD3         GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK  +11 5155.2 5156.0

hBD2/3           GIGDPVTCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK  +10 4600.5 4601.5

Mw (Da) 

 
Table 2.1 Sequence and characteristics of the investigated peptides. 
 

2.3 Fluorescent labeling of hBD2 

2.3.1 Conjugation of folded hBD2 with BODIPY 

The fluorescent dye BODIPY (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene) - 

active ester [SE, succinimidyl ester or STP, (4-sulfo-2,3,5,6-tetrafluorophenyl ester), 2mg in 2ml 

AcCN (dissolved prior to use)] was added drop-wise to 20 ml 30%-50% of AcCN in SPB (10 

mM Na-phosphate buffer, pH 7.4) containing 0.1 mg/ml of folded hBD2 peptide under nitrogen 

bubbling in the dark. It is not possible to add BODIPY to resin-bound, fully side-chain protected 

peptide, as it is not stable to the subsequent cleavage conditions (high trifluoroacetic acid 

concentration).  After 3h of incubation with continuous stirring, a new aliquot (2 mg) of peptide 

was added. After 2h the solution was left overnight at 4°C with stirring in the dark. The reaction 

was monitored periodically with analytical RP-HPLC (Waters Symmetry 300Å, C18, 5 µm, 4.6 x 

50 mm) and ESI-MS (ESQUIRE 4000, Brucker Daltonics).  

Upon completion (about 24h), freshly prepared hydroxylamine (0.15 M final concentration) 

was added to scavenge the excess of amine-reactive reagent. After 1h of incubation at room 

temperature, the pH was adjusted to 2.5, and the solution was filtered and purified with semi-

preparative RP-HPLC (Delta-Pak TM C18, 15 μM, 10 x 100 mm) and analyzed by ESI-MS. The 

fraction containing the labelled peptide (BODIPY-hBD2) was lyophilized. The concentration of 
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BODIPY-conjugated peptide was determined by measuring the absorbance at 502 nm and at 280 

nm, using the molar extinction coefficient of BODIPY (ε502=82000 M-1 cm-1) according to the 

manufacturer and the molar extinction coefficient of hBD2 (ε280=1280 M-1 cm-1) calculated by 

ε280 of tyrosine and cystine residues [ProtParam tools on the ExPASy server 

(http://www.expasy.ch/tools/protparam.html)]. Absorbance at 280 nm was corrected for the 

contribution of the dye at this wavelength (Apeptide = A280 – A502 x correction factor). 

2.3.2 Solid-phase labeling of hBD2 with 5(6)-carboxyfluorescein 

Incorporation of the 5(6)-carboxyfluorescein label (CF) at the free N-terminal position of the 

resin-bound, fully side-chain protected hBD2 peptide effected by an improved synthetic protocol, 

using 2.5 equiv of 5(6)-carboxyfluorescein, preactivated with 2.5 equiv of PyBOP, 2.5 equiv of 

HOAt and 5 equiv of DIPEA in an anti-aggregation solvent known as the “magic mixture” 

[DMF/DCM/NMP (1:1:1), 1% Triton X-100, 0.5 M ethylene carbonate] for 10 min and then 

added to the peptide-resin and left overnight at room temperature with gentle shaking. The 

reaction was monitored by the Kaiser test and double-coupling was performed at the same 

conditions for 4h. After completion, the resin bound peptide was washed extensively with DMF 

and DCM. The CF-hBD2 peptide was cleaved from the resin and deprotected with a mixture of 

trifluoroacetic acid, thioanisole, phenol, water, DODT, and triisopropylsilane (83:3:2:2:8:2) for 

1.5 h at room temperature. The crude peptide was precipitated and washed 3 times with cold tert-

butyl methyl ether and dried under nitrogen. The quality of the crude peptide was verified by 

ESI-MS and then directly oxidatively folded for 18 h in freshly prepared N2-saturated aqueous 

buffer (0.1 M ammonium acetate buffer, pH 7.8, containing 2 mM EDTA and 0.5 M guanidine-

HCl), in which cysteine (100 fold excess) and cystine (10 fold excess) were dissolved 

immediately prior to use. The final peptide concentration was of 25 μM. The folding reaction was 

monitored using analytical RP-HPLC and ESI-MS. At the end of the reaction, the mixture was 

adjusted to pH 2.5, filtered, and purified using semi-preparative RP-HPLC. The purified CF-

hBD2 was then lyophilized for later use. The peptide concentration was determined by measuring 

the absorbance at 495 and 280 nm. The molar extinction coefficient of 5(6)-carboxyfluorescein at 

495 nm is (ε495=74000 M-1 cm-1).  The molar extinction coefficient of hBD2 at 280 nm 

(ε280=1280 M-1 cm-1) was calculated by ε280 of tyrosine and cystine residues using ProtParam 

tools on the ExPASy server (http://www.expasy.ch/tools/protparam.html). Absorbance at 280 nm 
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was corrected for the contribution of the dye at this wavelength (Apeptide = A280 – A495 x correction 

factor). 

2.3.3 Consideration on the fluorescent labeling of hBD2  

Conjugation of a fluorescent dye to defensins turned out to be more complex than expected 

because of the presence of the six cysteine residues forming three disulfide bonds: it was 

therefore impossible to bind a fluorophore to a sulphidril group. Moreover, lysine residues were 

not utilizable because their importance for the charge determines the activity of the peptide. 

Consequently, we chose to label hBD2 at the N-terminal amino group. There are three major 

classes of commonly used reagents to label amines: active esters (which include succinimidyl 

esters (SE), sulfosuccinimidyl esters (SSE), tetrafluorophenyl esters (TFP) and 

sulfodichlorophenol esters (SDP), isothiocyanates (ITC), and sulfonyl chlorides (SC) (see the 

protocols in Amine-Reactive Probes, Molecular probes, Invitrogen).  

In our study we chose BODIPY as one fluorophore, because it has a considerable stability and 

exhibits less photobleaching than other fluorophores. Synthesis however immediately revealed 

itself to be more complex than expected. First attempts were carried out with BODIPY-SE (a 

succinimidyl ester derivate). According to the manufacturer’s protocol, the reaction was carried 

out in 0.1 M sodium bicarbonate buffer at pH 8.3. Because of its hydrophobicity, the 

succinimidyl derivate was insufficiently soluble and precipitated without reacting with hBD2. In 

order to promote the reaction we used an increased percentage of organic solvent (30%-50% of 

AcCN), a larger excess of dye and a longer time of reaction, but without a great effect. The 

BODIPY-STP dye (STP, 4-sulfo-2,3,5,6-tetrafluorophenyl ester) was then used, which was more 

stable and water soluble. Although we obtained the desired compound (Table 2.2), the reaction 

yield was very low and the product was not sufficient for a systematic study. 

Fluorescein isothiocyanate (FITC) conjugation at basic pH resulted in formation of numerous 

reaction products because FITC reacted both with the N-terminal amino group and the є-amino 

group of lysines. At neutral pH, conjugation was more selective through the amine terminus, but 

we didn’t obtain a satisfying yield. Moreover, despite purification with RP-HPLC, mass 

spectrometry evidenced that the product contained free dye, which could lead to false results in 

studying interaction of fluorescently labeled peptide with cells. 

Problems in conjugation were probably due to the three-dimensional structure of hBD2. NMR 

spectroscopy and analysis of crystal structures showed that N-terminal α-helix can be connected 
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to the central β-strand through a short N-terminal β-structure. This would create a steric 

impediment around the α-amino group. Consequently we opted to carry out conjugation in the 

solid phase using resin-bound, fully side-chain protected, linear hBD2. 

Solid phase conjugation of hBD2 with BODIPY-SE (SE- succinimidyl ester) was successful, 

but the acid environment of required for cleavage (83% of TFA) broke the boron-nitrogen bonds 

of the heterocyclic ring of BODIPY, causing loss of fluorescence.  

5-(6) carboxyfluorescein was instead more stable to cleavage conditions. The high purity of 

the crude CF-hBD2 peptide allowed us to carry out oxidative folding without purification, 

improving yield.  After folding, carboxyfluorescein-hBD2 (CF-hBD2) was purified using RP-

HPLC and the correct mass of obtained product was controlled by ESI-MS. At the end of the 

synthesis reaction, the yield of the folded and purified CF-hBD2 was ≈ 10%, which can be 

considered as rather effective.  

CF-hBD2 was used in most experiments; BY-hBD2 was used in some tests to verify if the 

presence of fluorescent dye could have an influence on observed effects. 
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HN -hBD2

5-(6) carboxyfluorescein (FAM)

Fluorescein isothiocyanate (FITC)

BODIPY sulfo tetrafluoro phenyl ester sodium salt

BODIPY succinimidyl ester

BY-hBD2 

MW = 4601,9

MW = 4686,1

MW = 4717,1MW = 389,4 
NH- C - HN -hBD2

S

FITC-hBD2 

CF-hBD2

MW = 376,32 

MW = 389,16

MW= 542,19 

hBD2 - NH -

Fluorescent dye Product of conjugation with hBD2

+ hBD2

+ h
BD2

+ hBD2

+ hBD2

HN -hBD2HN -hBD2

5-(6) carboxyfluorescein (FAM)

Fluorescein isothiocyanate (FITC)

BODIPY sulfo tetrafluoro phenyl ester sodium salt

BODIPY succinimidyl ester

BY-hBD2 

MW = 4601,9

MW = 4686,1

MW = 4717,1MW = 389,4 
NH- C - HN -hBD2

S

NH- C - HN -hBD2
S

FITC-hBD2 

CF-hBD2

MW = 376,32 

MW = 389,16

MW= 542,19 

hBD2 - NH -hBD2 - NH -

Fluorescent dye Product of conjugation with hBD2

+ hBD2

+ h
BD2

+ hBD2

+ hBD2

 
Table 2.2 Structures of fluorescent dyes used for conjugation with hBD2 and expected products. For 
each dye and product of conjugation the molecular weight is reported. 
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2.4 Antimicrobial activity 

In our laboratories, the bacteriostatic activity of the analogues was determined against 

Escherichia coli ML-35, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus 710A 

and a Candida albicans clinical isolate (c.i.) in terms of the minimum inhibitory concentrations 

(MIC) and compared to that of the natural peptide. MIC determinations were carried out in 5% 

(v/v) TSB or Sabouraud broth in SPB, as defensins are known to be generally quite sensitive to 

salt and medium conditions. Results are reported in Table 2.3. 

hBD2 exhibits a direct antimicrobial activity directed principally towards Gram-negative 

microorganisms [Antcheva 2004; Pazgier 2006]. The presence of Asp4 in the human peptide 

appeared to be important, as (-D)hBD2 [Antcheva 2004] and (5-41)hBD2 were generally less 

active in terms of MIC. The truncated analogue brevihBD2 had a scarce antimicrobial activity 

both towards Gram-negative and Gram-positive microorganisms. The monkey orthologue 

mfaBD2 showed a significantly different behavior from hBD2, being more active towards Gram-

positive bacteria and the yeast [Antcheva 2004]. The artificial defensin tBD shows a robust and 

broad spectrum activity against all tested micro-organisms (MIC = 2-4 μM), while and the 

truncated peptide tBD(10-38) actually showed a more robust antimicrobial activity under these 

conditions [Antcheva, Morgera, Creatti et al. 2009]. The fact that abrogating the canonical 

defensin conformation, as occurs in tBD(10-38), seems to increase the in vitro antimicrobial 

power suggests that the latter peptide may be acting via a different mechanism. To test this 

hypothesis, the susceptibility of MIC values to medium conditions was analyzed. As expected for 

a defensin, the activity of tBD against bacteria and yeast was significantly reduced at higher 

medium concentrations, while that of tBD(10-38) was notably less affected. This is consistent 

with different mechanisms of action [Antcheva, Morgera, Creatti et al. 2009]. The chimeric 

analogue (hBD2/3) showed a good antimicrobial activity towards Gram-negative and Gram-

positive microorganisms, as observed for hBD3. 

Therefore, these data suggests that the β-sheet platform seems to be sufficient for a robust and 

broad-spectrum bacteriostatic activity, and that the presence of an extended N-terminal segment 

or helix does not seem to be essential.  

The effect of the peptides structure on their activities on human cells was also tested in this 

thesis. 
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Peptide S.aureus E.coli P. aeruginosa C.albicans 

710 A ML35 ATCC 27853 c.i

hBD2 8-16 4 4 16

(-D)hBD2     16-32 4 16-32 32

(5-41)hBD2    16-32 8 16 4

(brevi) hBD2  >32 >32 >32 >32

mfaBD2 4 4-8 8 4

tBD   4 2 2-4 2

tBD(10-38)   2 1 4 2

hBD3       1 1 2 2

hBD2/3   1 1 2-4 0.5-1
 

Table 2.3 Comparison of the antimicrobial activity (MIC, μM) of hBD2 with its analogues. MIC 
values were determined in 5 % (v/v) TSB for bacteria or in 5 % (v/v) SAB medium for yeast in SPB using 
105 CFU/ml micro-organisms at logarithmic phase, and are the mean of at least three experiments 
performed in duplicate. 
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Fig. 2.1 Stability of defensins in 25% (v/v) of untreated human serum in PBS. hBD2 ( ); tBD 

( ), hBD3 ( ) and  tBD(10-38) ( ). 
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2.5 Serum stability 

Before assessing the activity of hBD2 and of the other peptide on human immune cells, the 

stability of the investigated peptides to the proteolytic effect of serum, which is present in the 

culture medium of cells, was evaluated in our laboratories. Aliquots of 50 μg of defensin peptides 

were incubated with 250 μl of untreated human serum from healthy donors [25% (v/v) in PBS] at 

37°C for 24h. Aliquots of 25 μl (5 μg of peptide) were added to 65 μl of cold 0.5% (v/v) of TFA 

in H2O at different time intervals: 0, 0.5, 1, 2, 4, 6 and 24h, kept on ice for 5 min and than 

centrifuged at 13000 rpm for another 5 min. The supernatants were injected into an LC-ESI/MS 

instrument [Amersham Pharmacia Biotech (Sweden) HPLC coupled to an ESQIRE 4000 

spectrometer, Bruker Daltonics (Germany)]. Components were separated using a Jupiter C18, 5 

μm, 300 Å, 2 X 150 mm micro-analytical column (Phenomenex, USA) with a linear gradient of 

25% to 45% of acetonitrile in acidified water (0.05% TFA) in 30 min. The percentage of the 

intact peptide was calculated from the area of the corresponding peak in the chromatogram (% of 

intact peptide =At/A0 x 100), where At is the peak area of the peptide at any given time and A0 is 

the peak area at time zero. 

The presence of a stable β-sheet scaffold in aqueous solution was found to be important for 

serum stability in vitro. Thus, hBD2 was quite stable (98% intact even after 24 h of incubation). 

tBD, which has all the hallmark features of natural peptides but lacks the DX3CL motif, showed a 

comparable stability to serum degradation (100% intact peptide after 24 h incubation, see Fig. 

2.1) to hBD2. The looser structure in aqueous solution of hBD3, which has more disordered N- 

and C-termini, correlates with an increased susceptibility to degradation in serum (Fig. 2.1, only 

60% integrity after 4 h incubation) [Antcheva, Morgera; Creatti et al. 2009]. 

2.6 Conclusions 

This preliminary study confirmed that our synthesized hBD2 exhibited a direct antimicrobial 

activity directed principally towards Gram-negative microorganisms and was stable in medium 

containing serum. The analogues, with altered structural stabilities and features, demonstrated a 

different antimicrobial activity and stability in serum as compared to the native peptide. Then, we 

intend to test them on human immune cells in order to characterize their interaction with 

eukaryotic cells.  
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3. Preliminary studies on human immune cells 

3.1 Aim of this study 

At first, we have phenotypically and morphologically characterized cells of the monocytic lineage 

used in this thesis.  

Then we have evaluated the cytotoxic activity of hBD2 and its variants on those immune cells so as 

to determine appropriate sub-toxic concentrations, as well as the most appropriate medium salinity 

ranges with which to carry out further functional studies.  

We moreover evaluated the effect of hBD2 on morphological and phenotypical characteristics of 

cells.  

3.2 Characterization of immune cells used in this thesis 

3.2.1 Cell cultures 

Monocytes were prepared from buffy coat obtained from informed, healthy donors and isolated by 

Histopaque® density gradient centrifugation. Plastic adherent cells (monocytes) were maintained at 

37°C in a humidified atmosphere of 5% CO2 in RPMI-1640 supplemented with 10% human serum 

(NHS), 2 mM L-glutamine, 25 mM HEPES, 100 U/ml penicillin, and 100 μg/ml streptomycin 

(complete medium). Monocytes were used for experiments within 48 h from isolation, avoiding their 

differentiation into macrophages, as verified by lack of CD29 expression. 

CD14+ myeloid derived immature dendritic cells (iDC) were then induced by treating monocytes 

with GM-CSF (25 ng/ml) and IL-4 (44 ng/ml) for 7 days. A further aliquot of GM-CSF and IL-4 (2x) 

were added on the third day. These cells were then phenotypically characterized using appropriate 

antibodies for HLA-DR, CD11c, DC-SIGN and CCR6 as markers to confirm differentiation. While 

HLA-DR, CD11c, DC-SIGN were persistently highly expressed (80-90% positive cells in all cell 

preparations), the percentage of cells positive for membrane CCR6 was quite variable in different 

preparations (0-70%; see also Ch. 4), despite the fact that cytosolic CCR6 was persistently highly 

expressed (> 90% positive cells in all cases). This considerable variability in surface exposed receptor 

derives from the use of monocytes from different donors which can respond in a quite variable way to 

in vitro differentiation [Conti 2008]. 
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Monocyte derived macrophages (MDM) were induced by treating monocytes with LPS 10 ng/ml for 

5 days and replacing NHS with fetal bovine serum (FBS). A further aliquot of LPS was added to the 

cultures on the third day.  

THP1 and U937 human monocytic cells (kindly given by Dr. Margherita Zanetti) were cultured in 

suspension in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 

100 μg/ml streptomycin.  

PMA-derived macrophages were obtained from the human monocytic THP1 and U937 cell lines 

(PMA-THP1 and PMA-U937, respectively) by incubating monocytes at 1x 106/ml with PMA 50 ng/ml. 

After 3 days, almost all cells adhered to the dish bottom and had the morphological characteristics of 

macrophages. Correct differentiation was demonstrated by changes of cell adherence, cell cycle arrest, 

and expression of differentiation markers including CD11c. 

3.2.2 Morphological features of cells 

Besides phenotypical characterization, all cells were analyzed by flow cytometry to provided 

information on morphological features. For both macrophages and iDC, the side and forward scatter 

parameters (respectively SS on the y axis, and FS on the x axis of biparametric histograms) clearly 

indicated the presence in primary cell cultures of two sub-populations, named R1 and R2 in figure 3.1, 

which are respectively 70%±10 and 30%±10 of the total. R1 gated cells were morphologically more 

heterogeneous, with higher SS and FS values, suggesting that this population consisted of larger cells 

with a higher content of cytoplasmic organelles and vesicles. Conversely, cells gated in R2 were 

smaller and with less intracellular complexity. Although they were viable and undamaged, these cells 

had a heterochromatic nucleus, did not express macrophages or dendritic markers and they were not 

metabolically active, phagocytic or endocytic and also did not produce ROS. Therefore all indications 

are that they have not completely differentiated, not having responded to differentiation stimuli. In this 

thesis we have principally analyzed the effects of hBD2 on cells gated in R1. 
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Figure 3.1 Dot plots representing morphological parameters and expression of markers for the two 
populations of monocyte derived immune cell. (A, B) The morphological dot plots show that there are two 
populations for both macrophages (panel A) and immature dendritic cells (panel B), divided into R1 (red 
regions) and R2 (light blue region). The latter correspond to cells that have not responded to differentiation 
stimuli, as indicated in panel (C), where red points correspond to cells from panel B gated in R1, which express 
both the markers CD11c and HLA-DR and light blue points represents cells gated in R2, which are instead 
negative for both markers. 
 

3.3 Cytotoxicity of hBD2 and its analogues 

3.3.1 Data acquisition and analysis 

All assays with hBD2 and its analogues of this thesis were carried out in triplicate and repeated at 

least three times. Flow cytometric measurements were performed with a Cytomics FC 500 (Beckman 

Coulter). At least 10000 events were acquired for each sample and data were analyzed with the 

WinMDI (J. Trotter, Scripps Research Institute, La Jolla, CA, U.S.A.) or Multicycle software. Data 

were subjected to computer-assisted ANOVA (Instat software, GraphPad Inc., San Diego, CA) 

followed by the Student–Newman–Keuls post test. 

3.3.2 PI permeabilization 

At first, membrane permeabilization of monocytes to propidium iodide (PI), induced by treatment 

with hBD2 at increasing concentration (1, 4 and 16 μM) and varying salinity (phosphate buffer with 50 

and 150 mM NaCl or complete medium), was monitored by flow cytometry by adding propidium 

iodide to washed cells immediately prior to analysis, at a final concentration of 10 µg/ml. PI positive 

cells represent those with a permeabilized cytoplasmic membranes, as this molecule is excluded from 

cells with intact cytoplasmic membranes, while it enters cells through damaged or otherwise 

permeabilized membranes, and binds DNA. Fluorescence data from damaged cells showing 

A B C 



3. Preliminary studies on human immune cells 

 - 34 -

permeability to PI were acquired in a monoparametric histogram at the emission wavelength of 612 

nm. Data are reported in Figure 3.2A as % of unpermeabilized cells in the peptide-treated sample vs the 

relative control. Under hypotonic conditions (50 mM NaCl) hBD2 caused a significant damage at 4 or 

16 μM already after 30 min of treatment, but it was not cytotoxic at 1 μM. Under more physiological 

salt concentrations (i.e. 10 mM phosphate buffer with 150mM NaCl, or in complete medium), 

challenge with hBD2 up to 16 μM did not induce any cell permeabilization at all tested periods of time 

(0.5-24 h).  

3.3.3 MTT reduction 

Cellular viability was also analyzed by following the mitochondrial reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT test). Cells were seeded in a 96-well 

plate at a density of 2x105cells/well, incubated for 0.5-24 h with 1-16 μM hBD2 in complete medium 

or in phosphate buffer with increasing salinity, and then extensively washed with PBS before adding 

MTT. In some cases, after a 30-60 min challenge of monocytes with hBD2, cells were incubated in 

complete medium for 24 h before the MTT assay. After addition of MTT (1 mg/ml), cells were 

incubated for 4 hours at 37ºC before stopping the reaction by removing medium and adding 100 µl of 

Igepal solution (100 mg/ml in HCl 0.01 N) to dissolve crystals. The absorbance was then measured at 

570 nm in a BIOTEK instruments plate autoreader (CELBIO). Data are reported as a percentage with 

respect to untreated cells. 

At physiological salt concentrations, hBD2 did not modify the cell vitality under all tested 

concentrations regardless of exposure time, in accordance with data obtained with PI permeabilization. 

Under hypotonic conditions (50 mM NaCl) 1 or 4 μM hBD2 caused a significant (p<0.05) activation of 

oxidative metabolism (+20% and +10%, respectively), as observed by the MTT test performed 24 

hours after treatment of 30 min (Figure 3.2B). On the contrary, 16 μM hBD2 decreased MTT reduction 

by 25% (p<0.001), indicating a toxic activity, in accordance with the permeabilizing activity reported 

in panel A. 

Therefore, we considered that 1 μM hBD2 at physiological salt concentrations represented the most 

suitable condition to work with host defence cells, in accordance also with data previously reported in 

literature [Yang 1999a; Niyonsaba 2002]. Thus, for subsequent experiments, hBD2 as well as its 

analogues, also including fluorescent derivates, were tested at 1 μM in complete medium towards all 

cell types studied in this thesis. Under these conditions, none were found not to cause permeabilization 

or affect cell viability. Figure 3.3 reports some representative results. 
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Fig. 3.2 Cytotoxicity of hBD2 at increasing concentration and varying salinity (A) Percentage of monocytes 
which are not permeable to propidium iodide after treatment with hBD2 for 30 min. (B) Monocyte viability 
measured by the MTT test,  24h after a 30 min challenge with hBD2.  In both panels the red line represents the 
control sample. Data were compared by one-way analysis of variance (ANOVA) followed by the Student-
Newman-Keuls multiple comparison test. (* p<0.05; ** p<0.01; *** p<0.001, values vs untreated control). 
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Fig. 3.3 Cytotoxicity of hBD2 analogues (A) Percentage of PMA-THP1 which were not permeabilized after 1h 
of incubation in complete medium with increasing concentrations of CF-hBD2. There was no correlation 
between permeabilization and concentration of fluorescent peptide (R2 = 0.06045; p=0.5951). (B) MDM 
viability measured by MTT test after 30 min or 24 h of treatment with 1 μM hBD2 analogues in complete 
medium. Red line represents the control sample. Data were compared by one-way analysis of variance 
(ANOVA) followed by the Student-Newman-Keuls multiple comparison test and there were no statistically 
significant differences. 

A B

A B



3. Preliminary studies on human immune cells 

 - 36 -

3.3.4 Apoptotic effects 

Apoptosis was used as another indicator of toxicity. At first it was assessed by analysis of the cell 

cycle, using propidium iodide (PI) staining of DNA in EtOH fixed cells, and subsequently by 

monitoring mitochondrial membrane depolarization, using the potentiometric JC-1 probe.  

For quantitative measurement of DNA using propidium iodide (PI) staining and flow cytometry, 

cells treated with peptides were washed twice with PBS and then were added very slowly to 70% 

ethanol while vortexing to prevent clumping. Cells were held in alcohol at 4°C for at least 2 h, or until 

PI staining. Prior to staining, fixed cells were centrifuged and resuspended in PBS and allowed to 

rehydrate for 1 h at 4°C. Rehydrated cells were resuspended in staining solution (10 μg/ml PI, 0.05 

μg/ml FITC and 4 μg/ml RNase in PBS) overnight at 4°C in the dark before flow cytometric analysis. 

The percentage apoptotic (subG1) cells were determined using the Multicycle software. hBD2 and 

most of its analogues did not seem to interfere with the percentage of sub G1 cells (figures 3.4 and 3.5), 

confirming data obtained with PI permeabilization and MTT test. On the contrary, 30 min of treatment 

of iDC with 1 μM tBD or tBD(10-38) caused a statistically significant increase (p<0.05 and p<0.01, 

respectively) on the percentage of apoptotic cells, which was particularly evident for the truncated 

peptide tBD(10-38) (figure 3.5). Therefore, they were also analyzed for mitochondrial membrane 

depolarization.  

JC-1 is a cationic dye (5,5’,6,6’-tetrachloro-1,1’,3,3’- tetraethylbenzimidazolylcarbocyanine iodide) 

used to signal the loss of mitochondrial membrane potential, a hallmark for apoptosis. In healthy, non-

apoptotic cells, JC-1 stains the mitochondria bright red. This is because the negative charge established 

by the intact mitochondrial membrane potential allows the lipophilic dye, bearing a delocalized positive 

charge, to enter the mitochondrial matrix where it accumulates. When the critical concentration is 

exceeded, JC-1-aggregates form, which become fluorescent red. In apoptotic cells, the mitochondrial 

membrane potential collapses, and JC-1 cannot accumulate within the mitochondria, but remains in the 

cytoplasm in a monomeric, green fluorescent form. Apoptotic cells, showing primarily green 

fluorescence, are thus easily differentiated from healthy cells which show both red and green 

fluorescence. The aggregate red form has absorption/emission maxima at 585/590 nm. The green 

monomeric form has absorption/emission maxima at 510/527 nm. Both apoptotic and healthy cells can 

be visualized simultaneously by cytofluorimetry.  

After treatment with peptides, cell were incubated with 10 μg/ml JC-1 in RPMI supplemented of 

10% serum for 15 min at 37°C and then were washed and analyzed by flow cytometry. In this case 

tBD, as hBD2, had no effect on mitochondrial potential, while the truncated peptide tBD(10-38) caused 
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a very significant mitochondrial depolarization (∆Ψm) (p<0.01) (figure 3.5). This data and the parallel 

increase in the percent of subG1 cells (~ 80%) may indicate an incipient apoptotic damage to the cells 

even at this low concentration, although it does not appear to be due to increased damage to the cellular 

membranes. 
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Fig. 3.4 Effect of hBD2 analogues on apoptotic population of iDC Percent variation of iDC which were in 
subG1 phase of the cell cycle after 30 min of incubation in complete medium with 1 μM peptides. Data 
expressed as percent variation ±SEM vs. untreated sample were compared by one-way analysis of variance 
(ANOVA) followed by the Student-Newman-Keuls multiple comparison test. There were no statistically 
significant differences between treated cells and control sample.  
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Fig. 3.5 Effect of hBD2, tBD and tBD(10-38) on iDC. Percent apoptotic (subG1) cells (red histogram) and 
mitochondrial membrane depolarisation (ΔΨm) (green histogram) for iDC treated with 1 μM peptide for 30 min 
in complete medium. Data expressed as mean value ±SEM were compared by one-way analysis of variance 
(ANOVA) followed by the Student-Newman-Keuls multiple comparison test (* p <0.05, ** p< 0.01, values vs. 
untreated control). 
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3.4 Other effects on host cells 

3.4.1 Markers 

Surface expression of specific markers such as CD11c, HLA-DR, DC-SIGN, CD1b and CCR6 on 

cells considered in this thesis was measured after incubation with 1 μM hBD2 in order to verify 

whether this treatment was able to induce differentiation or specialization.  

Both direct and indirect techniques of antibody staining were used. Briefly, after treatment cells 

were centrifuged and washed three times with PBS containing 0.5% bovine serum albumin (BSA) and 

0.1% NaN3 (PBS-BSA-NaN3) 10 μl of a specific antibody (FITC-labelled antibody for HLA-DR and 

Phycoerythrin-conjugated antibody for CD11c; unlabelled antibody for DC-SIGN, CD1b and CCR6) 

was then added to each cell resuspended pellet and samples were incubated for 30 min at 4°C. 

Subsequently, the cells were washed twice with PBS-BSA-NaN3 and analyzed using cytofluorimetry 

directly for HLA-DR and CD11c, or after staining with FITC-conjugated goat anti-mouse IgG, at 2 

µg/105cells, in the dark for 30 min at 4°C for DC-SIGN, CD1b and CCR6.  

Treatment with 1 μM hBD2 for 24 h was able to induce in MDM macrophages a statistically 

significant enhancement (+18%; p<0.05) in expression of the membrane integrin CD11c, which is 

involved in phagocytosis, cell migration, and cytokine production [Sadhu 2007]. This marker was 

instead not enhanced in iDC, whereas in these cells we have observed an enhanced expression of HLA-

DR (+19%; p<0.05), whose primary function is to present potentially foreign peptide antigens to the 

immune system. These responses to hBD2 treatment could be correlated to the immune functions of the 

respective cell types. For iDC, which are specialized in linking innate and adaptive immune responses, 

the effect of defensin on the expression of DC-SIGN, CD1b and CCR6 was also evaluated, but there 

was no observed variation. 

3.4.2 Activation of P2X7 receptor 

The P2X7 receptor (P2X7R) is a member of the P2X family of nucleotide-gated channels, which is 

predominantly expressed by monocytic cells such as monocytes, macrophages, and dendritic cells 

[Collo 1997]. A hallmark of the P2X7R is its ability to facilitate translocation of large organic 

molecules in response to ATP activation [Steinberg 1987; Buisman 1988; Hickman 1994; Michel 1998; 

Virginio 1999; Michel 2000]. YO-PRO-1 is a fluorescent nucleic acid dye, which is actively 

accumulated in live cells through P2X7R in the presence of extracellular ATP, and exhibits significant 

fluorescence enhancements upon binding to RNA and DNA. Therefore we used this dye to verify 
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whether hBD2 was able to induce in an extracellular release of ATP in iDC, an event which is 

connected to many processes, such as cytokine release or dendritic cell maturation [Solle 2001; La Sala 

2001]. 

Experimentally, iDC (106cells/ml) were treated with 1 μM hBD2 in complete medium for 30 min or 

24 h at 37°C and YO-PRO-1 (2 μM final concentration) was added to the respective samples 

immediately or in the last 30 min of incubation. Cells were then extensively washed in PBS and flow 

cytometry was used to detect the uptake of YO-PRO-1 by measuring the shift in mean fluorescence 

intensity (MFI) using 488-nm excitation and 530-nm emission filters. Cells treated with 3mM ATP for 

30 min were used as positive control for P2X7R activation. Permeabilized cells were excluded from 

analysis by gating cells that internalized PI, which was added to cells immediately before 

cytofluorimetric analysis. 

As shown in figure 3.6, extracellular ATP was able to cause a statistically significant increase in 

fluorescence intensity (p<0.01), which is due to internalization of YO-PRO-1 through the P2X7R 

channels of live cells [Michel 1998; Michel 2000; Solle 2001]. On the contrary, when iDC were 

activated with 1 μM hBD2, variation in fluorescence intensity was observed neither for 30 min nor for 

24 h treatment.   
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Fig. 3.6 Effect of hBD2 on activation of P2X7R. Internalization of YO-PRO-1 through P2X7R was measured in 
iDC treated with hBD2 for 30 min or 24 h. Incubation with 3mM ATP for 30 min was used as positive control. 
Data expressed as mean fluorescence intensity ±SEM were compared by one-way analysis of variance 
(ANOVA) followed by the Student-Newman-Keuls multiple comparison test (* p <0.05, ** p< 0.01, values vs. 
untreated control). 
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3.5 Conclusions and future perspectives 

In this chapter we have reported that hBD2 was no cytotoxic towards immune host cells, such as 

monocytes, macrophages and iDC, under conditions resembling physiological ones.  

These preliminary results have encouraged us to study the proposed effects of hBD2 in modulating 

the activities of immune host cells. In particular, we were interested in analyzing whether this could 

somehow indirectly enhance its antimicrobial activity, considering its role in important processes such 

as chemotaxis (see Ch.4), degranulation (see Ch.5), phagocytosis (see Ch.6) and ROS production (see 

Ch.6). Alongside the functional assays, we programmed to study some aspects of the mechanism of 

action of hBD2, starting from its differential effect on prokaryotic and eukaryotic cells. In particular, a 

series of studies has been carried out to probe the interactions of fluorescently labelled hBD2 (see 

Ch.7) with different kinds of cells, with the aim of determining whether a cellular internalization was 

necessary for observed biological effects. 

Moreover, we have determined that. hBD2 and most of its analogues were generally non toxic to 

host immune cells at low micromolar concentration. Therefore, it was possible to compare the activities 

of hBD2 to those of its structural analogues, and study whether specific structural features of this 

defensin are required for its activity on immune cells. 
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4. hBD2 and host cell chemotaxis  

4.1 Introduction 

4.1.1 General principles of chemotaxis 

Chemotaxis is the fundamental process by which cells migrate directionally when they are 

exposed to external chemical gradients. In multicellular eukaryotes, it is thought to be a key 

component in a multitude of biological processes: in fact, it plays an important role in 

determining the migration of cells in immune responses, development, embryogenesis, wound 

healing, angiogenesis and many others [Devreotes 2003]. Chemotaxis is exhibited by a wide 

variety of cell types and involves distinct strategies that depend on the environmental conditions. 

For example, the migration of fibroblasts or keratinocytes within tissues is relatively slow as it 

relies on strong adhesion forces to the extracellular matrix. Conversely, fast moving and highly 

deformable leukocytes navigate to sites of inflammation using minimal adhesion forces and 

dynamic actin remodeling [Bagorda 2008]. 

Eukaryotic chemotaxis can be divided into three distinct steps, each representing a different 

temporal stage of this process: 

• directional sensing: the first stage of the cellular response occurs on a time scale of < 10 s, 

often much less, after a gradient change or after binding of the ligand(s) to the receptor(s). 

This process is characterized by subcellular localization of several key signaling 

components, but does not involve the reorganization of the cytoskeleton. 

• formation of a stable leading edge and cell polarity: these processes occur on longer 

timescales (10–45 s) and lead to a more asymmetrical configuration of the cell’s internal 

components, including the cytoskeleton, so that the cell as a whole assumes an asymmetric 

shape with a defined anterior and posterior. In polarized cells the anterior surface is more 

sensitive to chemoattractants than other regions. 

• motility: the step that occurs after the polarity is established and which includes the actual 

movement of the cell (time scale > 1 min) [Rappel 2008] 

The spatial chemical signals that initiate and maintain cell polarization during cell migration 

are known as chemoattractants. Two large chemoattractant groups have been defined for 

eukaryotic cells.  
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The first consists of molecules, mainly growth factors, which act through receptors displaying 

intrinsic tyrosine kinase activity. These mostly induce chemotaxis in epithelial and mesenchymal 

cells [Gomez-Mouton 2007]. 

The second group contains molecules that bind to G protein coupled seven transmembrane 

helix receptors (GPCR). It gathers ‘‘classical’’ chemoattractants, such as formyl peptides (e.g., 

cleavage products of bacterial and mitochondrial proteins such as fMLP), products of host 

complement activation (e.g., C5a and C3a), and lipid molecules (e.g., leukotriene B4 and platelet 

activating factor), which are all activators of leukocytes [Murdoch 2000]. The chemokines are the 

most extensive family of chemotactic molecules that act through GPCR and are involved 

principally in mobilization of immune system cells [Mellado 2001]. 

Chemokines are a group of structurally related polypeptides, most of which contain two or 

four conserved cysteine residues, forming disulphide bridges, in their primary amino acid 

sequence and are in the 8- to 17-kd molecular mass range [Rollins 1997]. This family currently 

consists of over 50 members which can be divided into 4 classes (CXC, CX3C, CC, and C) 

according to the positioning of the first 2 closely paired and highly conserved cysteines of the 

amino acid sequence [Murdoch 2000]. 

Currently, 18 chemokine receptors have been identified, among which 6 are specific for CXC 

chemokines (CXCR1–6) and ten specific for CC chemokines (CCR1–10) [Zlotnik 2006]. The 

binding of a chemokine to its receptor transduces a signal via G proteins, phospholipase C, and 

the production of inositol triphosphate. Although CC and CXC chemokines have been initially 

described as attracting monocytes/macrophages and neutrophils, respectively [Rollins 1997], 

accumulating data show that there is really no simple correlation between the primary structure of 

a chemokine and a specific cellular target [Dieu-Nosjean 1999]. 

The binding of chemokines to and the activation of their cognate receptors cause an increase 

in integrin adhesiveness on the cells expressing the receptors, a stable arrest, and a migration of 

the cells along the chemokine gradient [Campbell 1998]. Beyond this primary function of 

chemotaxis, chemokines are also involved in many other processes, such as 

angiogenesis/angiostasis, hematopoiesis, wound healing, metastasis, and lymphatic 

organogenesis [Rossi 2000], and some of them are also reported to display antimicrobial activity 

[Yang 2003]. 
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4.1.2 Chemotaxis of dendritic cells 

Migration of circulating dendritic cells (DC) to a site of inflammation or infection will occur 

as an initial response to recognition of a danger signal. Although this process is complex and 

regulated by many mediators, the capacity of DC to migrate is predominantly dependent on the 

expression of particular chemotactic receptors on their surface that enables them to move along 

chemotactic gradients formed by the corresponding “classical” chemoattractants and/or 

chemokines [Clark 2000; Yang 2000b]. Among the “classical” chemoattractants, immature 

dendritic cells (iDC) respond to fMLP, C5a and platelet activating factor. Moreover, iDC respond 

to a large spectrum of chemokines, such as MIP-1α, MIP-1β, MIP-3α, MIP-5, MCP-3, MCP-4, 

RANTES and MDC [Dieu-Nosjean 1999]. The reason that iDC are able to migrate towards all 

these different chemotactic factors is because that they express several different sets of 

chemotactic receptors. In fact, human iDC have been shown to express CXCR1, CXCR2, 

CXCR3, CXCR4, CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, CCR8 and CCR9 [Sato 1999; 

Yang 2000b; Cravens 2002], although the expression of each receptor can vary between the 

different populations of iDC. For example, the most powerful chemokine in inducing migration 

of CD34+ derived iDC appears to be MIP-3α, which acts through its highly specific receptor 

CCR6 [Dieu-Nosjean  1999]. CD14+ myeloid derived iDC instead variably express the CCR6 

receptor on their surface and respond differently to MIP-3α. 

Following chemoattraction to areas of inflammation and antigen acquisition/processing, DC 

migrate to T cell-rich areas within lymphoid organs via blood or lymph. At these sites, they 

present the processed antigens to naive T cells and promote T cell activation and response. 

During their migration from peripheral tissues to lymphoid organs, DC undergo a maturation 

process which alters both their chemokine and chemokine receptor expression profiles. The 

change in expression levels of the chemokine receptors in fact contributes to the functional shifts 

observed during DC maturation. For example, they down-regulate CCR6 and up-regulate CCR7, 

acquiring a sustained responsiveness to another chemokine, MIP-3β, which has a determining 

role in the accumulation of the antigen-loaded mature DC in T cell-rich areas of the lymph node 

[Caux 2002]. 
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4.1.3 Host defense peptides and chemotaxis 

In addition to their antibacterial role, several antimicrobial peptides have recently been shown 

to display a chemotactic activity for selected leukocytes. For example, defensins HNP-1 and 

HNP-2 were found to be potent neutrophil-derived chemoattractants for T-cells, immature 

dendritic cells and monocytes [Chertov 1996; Grutkoski 2003]. A porcine cathelicidin, the Pro-

rich AMP PR-39 induces human neutrophil chemotaxis [Djanani 2006], while the human helical 

cathelicidin LL-37 is capable of recruiting human neutrophils, eosinophils, monocytes, T cells, 

and mast cells [Chertov 1996; Yang 2000a; Niyonsaba 2002; Tjabringa 2006], but not dendritic 

cells. β-defensins have been demonstrated to contribute to the adaptive immune response by 

exhibiting differential chemotactic activity on immature dendritic cells, T-cells, monocytes, 

macrophages, mast cells and intestinal epithelial cells [Yang 1999a; Yang 2002; Garcia 2001; 

Niyonsaba 2002; Vongsa 2009]. 

As regards hBD2, it has been reported to chemoattract iDC, T-cells and intestinal epithelial 

cells via the CC chemokine receptor-6 (CCR6) [Yang 1999a; Oppenheim 2003; Vongsa 2009], of 

which the known chemokine ligand is MIP-3α, but at much higher concentrations, and the 

molecular mechanisms by which this occurs remain unknown. hBD2 and MIP-3α have no 

apparent sequence similarity, but it was suggested that hBD2 might act by virtue of certain 

structural similarities with the chemokine, as they both have similar topological motifs. In 

particular the Asp4-Leu9 motif in hBD2 (DX3CL), which resembles the Asp5-Leu8 motif (DCCL 

motif) of MIP-3α, was suggested to be responsible for the specific interaction with CCR6 

[Hoover 2002].  

However, other β-defensins devoid of this motif have also been indicated as chemotactic, the 

relevance of the CCR6 receptor itself to this activity has been called into question [Soruri 2007] 

and there are mounting evidence that support this uncertainty. In fact, although many chemokines 

and chemokine receptors are promiscuous in their interactions, CCR6 displays an unusually low 

promiscuity, with only one known chemokine ligand, MIP-3α [Power 1997; Liao 1997].  

That several different defensins (human hBD-1 and -3 and mouse mBD-1, -2 and -14) with 

quite dissimilar residue distributions and cationicities, as well as linearized analogues and 

fragments, should all display this activity [Yang 1999a; Biragyn 2001; Wu 2003; Pazgier 2007; 

Rohrl 2007; Taylor 2008] suggests that the mechanism(s) leading to chemotaxis by  may not be 

so straightforward.  
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A puzzling aspect of iDC chemotaxis by beta-defensins is, furthermore, that, while it is 

reported to depend significantly on specific residue arrangements, there seems to be little 

dependence on the overall structure [Pazgier 2007; Taylor 2008], although data are sometimes 

contrasting [Soruri 2007]. This suggests that either the active molecules contain specific short 

“epitopes” required to activate G protein-coupled receptors in a structure-independent manner, or 

that this occurs in a non-canonical way. The DCCL motif required in MIP-3α for CCR6 

activation [Hoover 2002], displayed by hBD2 at its N-terminus could be one such epitope, but is 

not present in other defensins that induce chemotaxis. Moreover, in the studies on the evolution 

of hBD2 in primates [Boniotto 2003; Antcheva 2004; Crovella 2005], it was surmised that the 

stretch containing this motif is under positive selection for variation, and only present as such in 

the great apes and human. 

Furthermore, other activities have been reported for these molecules, including 

chemoattraction, degranulation or activation of other cell types, which do not necessarily express 

the CCR6 receptor.  

 

4.2 Aim of the study 

In this study we have analyzed the role of defensin structure and sequence variations in 

modulating the chemotaxis of immature dendritic cells, by comparing the activity of hBD2 with 

several analogues. Our intention was to probe: 

 whether specific structural features of hBD2 are required for its chemotactic activity on 

iDC; 

 the role played by the CCR6 receptor; 

 the role of the cellular model used to determine the chemotactic activity. 

In this respect, we have chosen to use primary cultures of myeloid derived iDC, collected from 

numerous different donors, variously expressing the surface CCR6 receptor. Other workers have 

instead chosen to use CCR6-transfected cells. While this may provide a more controllable 

receptor expression, we felt that it would not help define the biological significance, if any, of 

iDC chemotaxis by the defensins. 
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4.3 Materials and methods 

4.3.1 Analysis of cytosolic and membrane CCR6 

Before the chemotaxis assays, each preparation of CD14+ myeloid derived iDC was 

characterized for surface or cytoplasmic CCR6. 

An indirect technique of antibody staining was used to measure membrane exposition of 

CCR6: cells were incubated at first with the unconjugated primary antibody for CCR6 and then 

with a FITC conjugated secondary antibody, which recognizes and binds only to the primary 

antibody molecule to provide a fluorescent reporter for the primary antibodies bound to the cell 

surface. 

Cells were first washed three times with PBS containing 0.5% bovine serum albumin (BSA) 

and 0.1% NaN3 (PBS-BSA-NaN3). Then anti-CCR6 antibody was added at 2 µg/105cells to each 

cell pellet and samples were incubated for 30 min at 4°C. Subsequently, the cells were washed 

twice with PBS-BSA-NaN3 and stained with FITC-conjugated goat anti-mouse IgG, at 2 

µg/105cells, in the dark for 30 min at 4°C. Samples were then extensively washed and 

resuspended in PBS-BSA-NaN3 for cytofluorimetric analysis. Control samples were incubated 

only with the secondary antibody and, run in parallel, were used to set the gates in the 

monoparametric histogram to include less than 2% unspecific fluorescence events.  

To measure total amount of CCR6 (both cytosolic and membrane-exposed), cells were first 

fixed in 1% paraformaldehyde for 15 min at 4°C, and then permeabilized with methanol for 15 

min at 4°C and PBS-BSA-NaN3 containing 0.1% saponin for 30 min at room temperature. After 

this treatment, cells were stained with antibody as described above. 

All flow cytometric analyses were performed with a Cytomics FC 500 instrument (Beckman 

Coulter). At least 10000 events were acquired for each sample. Histograms were analysed with 

the WinMDI software (Dr. J. Trotter, Scripps Research Institute, La Jolla, CA, USA). 



4. hBD2 and host cell chemotaxis 

 - 47 -

4.3.2 Chemotaxis assays  

iDC migration was assessed in vitro using a Transwell cell culture chamber with 8 µm pore 

polycarbonate filters (Corning-Costar). Cells (107/ml) were stained with 50 µM FastDil, a vital 

fluorescence dye, for 20 min at 37°C. The coloured cells were washed three times with RPMI-

1640, once in RPMI-1640 containing 1% BSA (chemotaxis medium, CM) and then resuspended 

to 106/ml in the same medium. A solution of peptide (1 µM), or recombinant human MIP-3α 

(12.5 nM) used as positive control, was placed in the lower wells of the chamber. Then 100 µl of 

the stained cell suspension were added to the upper compartment and allowed to incubate for 90 

min at 37°C. At this stage, both migrated (lower compartment) and transmigrating (polycarbonate 

filter entrapped) cells were quantified fluorimetrically at 530 nm on a Packard FluoroCount 

instrument. Results are expressed in percentage respect to spontaneous motility of cells 

(migration + transmigration) in CM without chemokines.  

In some experiments, cells were pretreated with the CCR6 antibody at 0.5 µg/105 cells, for 30 

min to specifically inhibit receptor-mediated chemotaxis; 4 µg/ml neutralizing antibody was then 

also added to each well. 

4.3.3 Statistical analysis 

All experiments were carried out in triplicate and repeated at least three times. Data, expressed 

as mean value ±SEM, were compared by one-way analysis of variance (ANOVA) followed by 

the Student-Newman-Keuls multiple comparison test. The relationship between two variables 

was evaluated calculating correlation and linear regression. All statistical analysis were 

performed using the GraphPad InStat program (GraphPad Software, San Diego, CA). 
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4.4 Results 

4.4.1 Validation of the chemotaxis model 

We have characterized the chemotactic activity of the human β-defensin hBD2 via the Boyden 

chamber method, using immature dendritic cells (iDC) derived from CD14+ myeloid cells 

obtained from numerous different healthy donors. Our study of induced chemotaxis differs from 

others, which either use CD34+ derived iDC [Yang 1999a] or transfected cells stably expressing 

human CCR6 [Yang 1999a; Biragyn 2001; Soruri 2007; Pazgier 2007]. Moreover, in our model, 

quantification of chemotaxis was carried out using a fluorimetric method that is likely more 

accurate than cell counting at the microscope, and which also allows to measure both migrated 

and transmigrating cells. 

The chemokine receptor CCR6 was persistently highly expressed at cytosolic level by about 

90% of iDC used in our model, but its exposure on their surface was highly variable (0-70%), 

apparently because monocytes deriving from different donors can respond in a quite variable way 

to in vitro differentiation [Conti 2008]. Moreover, by reducing the concentration of IL-4 in the 

culture medium it was possible to increase receptor exposure [Carramolino 1999; Yang 1999b; 

Dieu-Nosjean 2001]. In fact, when monocytes from the same healthy donor were differentiated in 

presence of 44, 10 or 0 ng/ml IL-4, CCR6 were exposed on 6%, 23 % and 45 %, respectively, of 

resulting iDC. Even taking this into account, the strong variability between different donors still 

remained.  Therefore each preparation had to be characterized for surface and cytoplasmic CCR6 

before use and, based on the percentage of cells that expose CCR6, iDC used for experiments 

were divided in three groups:  

 iDC/CCR6- (<10% of cells positive for the receptor); 

 iDC/CCR6low (between 10 and 40% of cells positive for surface receptor); 

 iDC/CCR6high (>40% of cells expressing surface CCR6).  

The chemokine MIP-3α was used as positive control, as the known ligand for CCR6, in order 

to verify responsiveness of iDC before studying its involvement in defensin-induced chemotaxis.  

On average, considering all iDC populations, MIP-3α caused an increase of only about 20% in 

chemotaxis. But, as expected, the three population of iDC which variably expressed the CCR6 

receptor on their surface also differentially responded to its endogenous ligand MIP-3α, so that 

cells resulted more or less reactive to the chemokine, depending on the presence of CCR6. In 
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fact, considering results of experiments using iDC from 13 different donors (fig. 4.1), it was 

noted that the chemotactic activity of 12.5 nM MIP-3α had a reasonably linear correlation (R2 = 

0.5001; p<0.01) with the percentage of cells in each population showing surface CCR6 

expression. Although the linear correlation was statistically very significant, a wide variation in 

chemotaxis was in any case observed, which may be ascribable to a normal variability between 

individuals. Recently, it has been reported that the proportions and different biological responses 

of dendritic-like cells recovered from primary monocyte cultures are more dependent on donor 

diversity (e.g GM-CSFRα subunit receptor expression) than the isolation/purification procedure 

[Conti 2008]. 

From the analysis of the average of the experiments which were conducted on each of the 

three groups of cells, it was noted that a significant chemotactic activity (~50% increase; p<0.05) 

was observed for MIP-3α only for the iDC/CCR6high group (fig. 4.2), i.e. in the iDC population 

with a majority of cells expressing surface CCR6. In the other populations, iDC/CCR6- and 

iDC/CCR6low, chemotaxis was not statistically different from spontaneous motility measured in 

absence of the chemokine. 

We thus limited the analysis only to the iDC/CCR6high populations and checked for a 

neutralizing effect of the anti CCR6 antibody (fig. 4.2). As predictable, pre-treatment of cells 

with anti-CCR6 antibody resulted in neutralization of chemotaxis induced by MIP-3α, confirming 

therefore the involvement of CCR6 in MIP-3α activity.  

Therefore, in our model we have confirmed the chemotactic activity of MIP-3α and that this 

activity was correlated to the presence of CCR6 on the cell membrane. This model could then be 

used to study involvement of CCR6 in chemotaxis induced by the defensin hBD2. 
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Figure 4.1 Chemotactic activity of MIP-3α in dependence on percentage of iDC positive for 
membrane CCR6. Chemotaxis assay was carried out with 12.5 nM MIP-3α for 90 min on iDC from 13 
independent experiments, each using cells from a different donor. The graph shows correlation between 
the % increase in chemotaxis in the presence of MIP-3α and % positive cells for CCR6 receptor. The solid 
lines represent the linear regression best fit, whereas the dotted lines represent the confidence limits. Each 
point represents the mean of measurements on a population of cells carried out in triplicate. 
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Figure 4.2 Chemotactic activity of MIP-3α on iDC. Effect of 12.5 nM MIP-3α on the mobility of iDC 
(migrating and transmigrating cells) is reported as % increase with respect to untreated cells. Red bars 
represent the mean ±SEM of experiments carried out on the three cell populations in which iDC are 
subdivided based on the percentage of cells that expose CCR6. Effect on mobility of iDC/CCR6high cells 
pretreated with neutralizing antibodies is shown as hashed bars (* p<0.05 with respect to untreated cells). 
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4.4.2 Chemotaxis of cells in response to hBD2 

The same analysis conducted on the native chemokine MIP-3α was carried out in parallel for 

each iDC preparation using the defensin hBD2. 

Following literature indications [Yang 1999a; Niyonsaba 2002], the peptide was used at 1 µM, 

a concentration ~100 fold higher than that of MIP-3α. Moreover, although salt sensitivity of 

antibacterial activity is a typical feature of defensins, the chemotactic activity of hBD2 was 

measured under physiologic saline conditions in CM. 

Under these conditions and considering all iDC populations, a statistically significant increase 

(p<0.01) in the average cell mobility of about 30% above spontaneous migration was observed, 

in line with results previously reported by other groups. It is interesting to note that at this 

concentration and under these medium conditions, hBD2 is not actively bactericidal against 

bacteria [Antcheva 2004]. 

We then analyzed the correlation between chemotactic activity and the percent of cells 

positive for surface CCR6. As noted for MIP-3α, the chemotactic activity of the defensin varied 

widely in cells derived from 12 different donors. Unlike the endogenous ligand, hBD2 showed no 

linear correlation (R2 =0.0000003401, p = 0.9986) to the presence of surface CCR6 (fig. 4.3). In 

fact, the chemotaxis induced by hBD2 showed an average increase of about 30% for each of the 

three population types (iDC/CCR6-, iDC/CCR6low, iDC/CCR6high) (fig. 4.4). This increase was 

statistically significant in iDC/CCR6- and iDC/CCR6low (p<0.05) and very significant in 

iDC/CCR6high (p<0.01) as compared to spontaneous motility measured in CM alone.  

We then checked for a neutralizing effect of the anti-CCR6 antibody limiting the analysis to 

the iDC/CCR6high populations. The chemotactic effect of hBD2 showed a statistically 

significantly lower cell motility (p<0.01) in antibody pre-treated cells (fig. 4.4), comparable to 

that observed for MIP-3α. 

In conclusion, we have confirmed the chemotactic activity of hBD2 towards iDC. Moreover, 

our observations support the hypothesis that in cells positive for surface CCR6 defensin induced 

chemotaxis is, at least in part, due to activation of this receptor, in agreement with Yang and co-

workers [Yang 1999a]. But, on the other hand, our results also show that other 

receptors/activation mechanisms are also present, in agreement with Soruri et al. [Soruri 2007], 

and that the relevance of each may vary considerably in different cell types and populations. This 

strengthened our view that chemotaxis by defensins was not a straightforward process. 
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Figure 4.3 Chemotactic activity of hBD2 in dependence on percentage of iDC positive for membrane 
CCR6. Chemotaxis assay was carried out with 1μM hBD2 for 90 min on iDC from 12 independent 
experiments, each using cells from a different donor. The graph shows no correlation between the % 
increase in chemotaxis in the presence of hBD2 and % cells positive for CCR6 receptor. The solid lines 
represent the linear regression best fit, whereas the dotted lines represent the confidence limits. Each point 
represents the mean of measurements on a population of cells carried out in triplicate. 
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Figure 4.4 Chemotactic activity of hBD2 on iDC. Effect of 1μM hBD2 on the mobility of iDC 
(migrating and transmigrating cells) is reported as % increase with respect to untreated cells. Blue bars 
represent the mean ±SEM of experiments carried out on the three cell populations in which iDC are 
subdivided based on the percentage of cells that expose CCR6. Effect on mobility of iDC/CCR6high cells 
pretreated with neutralizing antibodies is shown as hashed bars (* p<0.05; ** p<0.01 with respect to 
untreated cells). 
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4.4.3 Stimulation of chemotaxis by hBD2 analogues 

Various hBD2 analogues [(-D)hBD2; (5-41)hBD2; brevihBD2; hBD2/3] and the Macaca 

fascicularis orthologue (mfaBD2) were tested to probe whether specific structural features of 

hBD2 are required for its chemotactic activity. They were used under the same experimental 

conditions initially determined as optimal for hBD2. As reported in Ch. 3, at the chemotaxis 

assay concentration (1 µM), all these peptides were found not to be cytotoxic in CM. In the tested 

series, the first analogue lacks the crucial Asp4 residue from the DX3CL motif; the second lacks 

the first 4 residues including Asp4 and cannot form the typical N-terminal helix; the third 

analogue contains the motif but lacks the central part of the defensin and the last analogue has the 

N-terminal helix, including the motif, grafted on to the part of a different defensin, hBD3. 

Considering the average results from all the tested iDC preparations (irrespectively of the 

percentage of surface CCR6 positive cells), we found that all the tested analogues induced a 

significant increase in chemotaxis [p<0.05 for (-D)hBD2; (5-41)hBD2; hBD2/3; p<0.01 for 

brevihBD2 and mfaBD2], comparable to that caused by hBD2 (fig. 4.5). This could seem 

surprising, but is actually in line with the fact that several different defensins and their linearized 

or truncated analogues have also been reported to show this effect [Yang 1999a; Biragyn 2001; 

Wu 2003; Pazgier 2007; Rohrl 2007; Taylor 2008]. Therefore, compromising the β-defensin 

scaffold structure does not necessarily remove chemotactic activity. 

We then limited the analysis, for selected analogues, to the iDC/CCR6high populations (fig. 

4.6) and checked for a neutralizing effect of the anti-CCR6 antibody. Although anti-CCR6 

antibody had an observable neutralizing effect on chemotaxis induced by hBD2, such a decrease 

was instead not observed for the N-terminally truncated or centrally truncated analogues [(5-

41)hBD2 and brevihBD2, respectively]. Therefore, although these less structured analogues of 

natural defensin were found to be still able to induce chemotaxis, they did not seem to affect this 

process by interacting with CCR6. These results are consistent with the hypothesis that also other 

receptors/activation mechanisms are present. 

A comparison of iDC chemotaxis induced by hBD2, the designed analogue tBD, which also 

has a very stable defensin scaffold and its truncated version tBD(10-38), which doesn’t, was also 

quite revealing [Antcheva, Morgera, Creatti et al. 2009]. tBD, which has all the hall-mark 

features of natural peptides but lacks the DX3CL motif, showed a comparable effect to that 

induced by the human peptide hBD2. Furthermore, while chemotaxis by tBD was partly 

abrogated by anti-CCR6 antibody, tBD(10-38), was chemotactic (fig. 4.6) in a manner 
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independent of the presence of the antibody. Again, this is consistent with the presence of 

alternative chemotaxis mechanisms, which become more evident for destructured analogues.  

0

20

40

60

Ct hBD2 (-D)hBD2 (5- brevihBD2 hBD2/3 mfaBD2

%
 in

cr
ea

se
 in

 c
he

m
ot

ax
is

**

** **

*
* *

(5-41)hBD2  brevi hBD2   
Figure 4.5 Chemotactic activity of defensin analogues on iDC. The bars represent the mean result for 
each analogue over all iDC populations tested. The effect of peptides on the mobility of iDC (migrating 
and transmigrating cells) is reported as % increase with respect to untreated cells (* p<0.05; ** p<0.01). 
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Figure 4.6 Chemotactic activity of defensin analogues on iDC/ CCR6high populations. The graph 
represents the mean result for each analogue on only iDC/CCR6high populations, in the absence (solid bars) 
and presence (hashed bars) of neutralizing antibody. All the solid bars are statistically different from 
control cells; hashed bars are compared to respective peptide treated, but not neutralized cells and 
statistically significant difference are reported on the graph (* p<0.05; ** p<0.01). 
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4.5 Conclusions and future perspectives 
In this study, we have analyzed the chemotactic effects of human hBD2, its macaque 

orthologue and an artificial analogue, as well deletion, truncation or chimeric analogs, on 

myeloid derived iDC collected from numerous different donors, and variously expressing the 

surface CCR6 receptor which has been implicated in defensin-induced chemotaxis.  

All these peptides were fund to stimulate chemotaxis in iDC at micromolar concentrations, 

irrespectively of the percentage of surface CCR6 positive cells, unlike the cognate chemokine 

MIP-3α. They did however seem to display somewhat different modes of action. CCR6 was 

likely involved in chemotaxis by hBD2 as well analogues with an intact defensin scaffold, in cell 

populations widely expressing it, as indicated by abrogation with neutralizing antibody. The 

chemotactic effect is however only partly due to the presence of CCR6 receptors, as hBD2 

stimulated cell motility also in cell populations poorly expressing this receptor, in a manner less 

affected by neutralizing antibody. This suggests that alternative mechanisms are acting. 

Moreover, while a stable defensin β-sheet scaffold appears necessary for the CCR6-dependent 

chemotaxis, this does not seem to depend on specific structural features, such as the stable N-

terminal helix in hBD2, displaying the DX3CL motif.   

These observations may help to explain recent reports [Soruri 2007; Taylor 2008] which have 

called the role of CCR6 or defensin structure into question regarding their chemotaxis of iDC.  

They also suggest different possible mechanisms leading to the increased cellular motility, at 

least in iDC. One hypothesis could be that there are several membrane and/or internal receptors, 

each capable of binding sets of diverse peptides, at higher concentrations than their specific 

chemokine ligands, and all initiating chemotactic pathways, which however seems rather 

unlikely. A second hypothesis is that the different peptides might have a common manner of 

activating a few diverse receptors. In this respect, it may be significant that, whether native or 

analogue, all these peptides show a characteristic distribution of hydrophobic and cationic 

residues, deriving from their antimicrobial nature, which favors interaction with biological 

membranes, albeit with different modes, efficiencies and insertion depths [Morgera 2007]. It may 

be that the peptides, by accumulating in membrane regions surrounding receptors, can partially 

activate diverse pathway of G-protein coupled or scavenger receptors involved in chemotaxis, in 

a non-canonical manner [Niyonsaba 2002; Shimaoka 2004; Soruri 2007].  
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The particular conserved structure of native β-defensins may direct them more specifically in 

membrane patches surrounding the CCR6 receptor, which would however also be activated in a 

non-canonical manner. This would explain why quite different β-defensins all seem to act on the 

same, otherwise rather unpromiscuous receptor, but only at concentrations 100-fold higher than 

the cognate ligand. 

Several questions remain open, which are related to the particular receptors involved, apart 

from CCR6, to their cellular location, and to the relative importance for chemotactic stimulation 

by any given defensin. Furthermore, in order to improve our understanding of the specific mode 

of action of hBD2, it is necessary to carry out a series of experiments to probe the interactions of 

fluorescently labelled hBD2 with cells, with the aim of investigating how it binds to the cell 

surface, whether concentration in particular regions of the membrane, and also whether cellular 

internalization of the peptide accompanies its effects. 

Moreover, it still remains to be ascertained if stimulation of chemotaxis in iDC by β-defensins 

in general, and hBD2 in particular, which is now well established in vitro even if a 

disconcertingly complex effect, is really of biological significance in vivo. In fact, although it is 

one of the most studied potential immunomodulatory effects of hBD2, it is certainly not the only, 

nor likely the most important one. For this reason, this activity needs to be placed in context with 

other possible effects on immune cell activities, throughout their role in warding off infection and 

promoting healing. Therefore, we have performed a series of experiments to screen for further 

biological functions of hBD2, as described in the following chapters. 
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5. hBD2 and host cell degranulation 

5.1 Aim of the study 

A detailed investigation was carried out of how treatment of host cells with hBD2 could affect 

cellular parameters, correlating data from flow cytometric, TEM, optical and synchrotron 

radiation FTIR microspectroscopy and X-ray tomography (in collaboration with the SISSI 

beamline, Elettra, Trieste). These analyses were carried out after exposure of cells to the peptides 

under conditions at which they were not cytotoxic (see Ch. 3) nor chemotactic (see Ch.4). The 

aim was to probe how this host defence peptide functions as a modulator of host defence cellular 

activities, as has been extensively suggested by the literature, and by what underlying 

mechanisms, thus confirming its role as part of the cross-talk between different immune systems. 

Flow cytometry and TEM are commonly used to obtain information on biological and 

morphological effects of peptide/cell interactions, whereas the use of Synchrotron Radiation 

FTIR microspectroscopy (SR µ-FTIR) is rather innovative and allowed us to observe biochemical 

changes in cells upon treatment, without staining or the use of dyes. X-ray tomography was used 

to provide a preliminary evaluation of granule content with a spatial resolution of 100 nm or less, 

with particular attention to the presence of those metals that usually are complexed with proteins 

stored in cytoplasmic vesicles (Cu, Zn and Ni). 

In this study we focused in particular on the short-term effects of exposure to hBD2 (30 min) 

on immature dendritic cells, and related observed effects to the known chemotactic activity of the 

peptide on iDC. 

5.2 Materials and methods 

5.2.1 Total protein content analysis 

For quantitative measurement of the total protein content, cells were stained with FITC after 

permeabilization with 70% ethanol and then analyzed by flow cytometry [Crissman 1973]. Cells 

treated with peptides were washed twice with PBS and then were added very slowly to 70% 

ethanol while vortexing to prevent clumping. Cells were held in alcohol at 4°C for at least 2 h or 

until staining. Prior to staining, fixed cells were centrifuged and resuspended in PBS to allow 

them to rehydrate for 1 h at 4°C. Rehydrated cells were then resuspended in staining solution [10 
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μg/ml PI, 0.05 μg/ml FITC and 4 μg/ml RNase in PBS] overnight at 4°C in the dark before flow 

cytometric analysis. PI staining allowed exclusion from analyses of aggregates of two or more 

cells. It is important to note that results were always referred to those for untreated cells, to take 

into account any protein loss due to alcohol permeabilisation. 

Flow cytometric analyses were performed with a Cytomics FC 500 instrument (Beckman 

Coulter). At least 10000 events were acquired for each sample. Histograms were analysed with 

the WinMDI software (Dr. J. Trotter, Scripps Research Institute, La Jolla, CA, USA). All 

experiments were carried out in triplicate and repeated at least three times. Data, expressed as 

mean value ±SEM, were compared by one-way analysis of variance (ANOVA) followed by the 

Student-Newman-Keuls multiple comparison test. Statistical analyses were performed using the 

GraphPad InStat program (GraphPad Software, San Diego, CA). 

5.2.2 TEM analysis of iDC ultrastructure  

The cell suspension was centrifuged and the cell pellet fixed in 3% glutaraldehyde in 0.1 M 

cacodylate buffer (pH = 7.3) at 4°C for 2-3 h. Cells were then post-fixed for 1 h at 4°C with 1% 

osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in an ethanol series, and embedded in 

epoxy resin. Ultrathin sections were examined after post-staining with 5% (w/v) uranyl acetate in 

30% (v/v) ethanol for 20 min and Reynolds lead citrate for 5 min, on a PHILIPS EM 208 

transmission electron microscope (Centro Servizi Polivalente d’Ateneo; Univ. of Trieste, Italy).  

5.2.3 Preparation of samples for SR-FTIR mapping and imaging and for X-ray 
tomography   

hBD2-treated and untreated iDC were initially deposited on IR transparent calcium-fluoride 

(CaF2) slides, and subsequently on customized, 100 nm Si3N4 membrane substrates, in order to 

allow both FTIR and X-ray measurements on the same sample. Cell adhesion to the substrate was 

obtained with 30 min incubation at 37°C; after which cells were washed with PBS and then fixed 

in 4% formalin in PBS for 20 min at room temperature. This type of fixation does not interfere 

significantly with IR absorbance, while ensuring that fundamental biochemical and structural 

cellular aspects are maintained [Gazi 2005]. Samples were then washed with distilled water, dried 

under ambient conditions and stored under vacuum until FTIR and/or X-ray measurements, 

which were carried out by staff of the Elettra Synchrotron Laboratory. The experimental protocol, 

data acquisition and processing are extensively described in the thesis of dr. Francesca Morgera 

(2009). 
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5.3 Results 

5.3.1 Morphological analysis 

As described in Chapter 3, flow cytometric analyses indicated that in monocyte derived 

dendritic cells two sub-populations are present, which we termed R1 and R2 (fig. 5.1A). These 

two sub-populations are evident also after fixation of cells, and differ in dimensions, complexity 

and expression of membrane markers (see Ch.3). TEM images and FTIR cluster analyses both 

confirmed the presence of these two morphologically distinct subsets of cells. Analyses were 

therefore carried out considering the two populations separately, in order to verify their different 

responsiveness to peptide treatment. Following exposure to 1 μM hBD2 or analogues for 

relatively brief periods, under conditions resembling physiological ones, no significant 

morphological changes resulted. Only the shortened and less structured artificial defensin variant 

tBD(10-38) caused a significant decrease (p<0.05) in cell size (flow-cytometric FS value) and 

inner complexity (SS value), that could be correlated with a possible apoptotic damage, as 

revealed by analysis of mitochondrial depolarization and cell cycle (see Ch.3). 

5.3.2 Total protein content analysis 

Naive and hBD2-exposed cells were stained with FITC so as to monitor variations in protein 

content in terms of variations in mean fluorescence intensity (MFI). Cells from the R1 and R2 

sub-populations were very different in total content of protein (fig. 5.1B), which was not 

unexpected given their different size and internal complexity.  

Considering only fully differentiated iDC (the gated R1 subpopulation), 30 min treatment with 

1 μM hBD2 lead to a highly statistically significant decrease in total protein content (10% 

reduction; p<0.001) with respect to untreated control (fig. 5.1C). It is important to note that this 

effect was not accompanied by any evidence of either cellular suffering or maturation, as 

respectively indicated by PI uptake, variations in SS/FS or the presence of maturation markers 

(see Ch.3). Such a decrease was not observed with other cell types, such as monocytes and 

moreover, the R2 population did not change its protein content on exposure to hBD2 (fig. 5.1C).  

Our data therefore suggest that only fully differentiated immature dendritic cells were responsive 

to the short-term exposure to hBD2, in a manner that maintained their immature state while 

apparently activating an exocytotic or degranulation event, without compromising cell vitality. 

The rapid and cell-specific decrease in protein content of iDC induced by hBD2 might be  related 
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with processes involving the tolerogenic/immunogenic roles of these cells.  

  

R1

R2

R1

R2

  
Figure 5.1 Morphology and protein content of 
immature dendritic cells. (A) Morphological dot plot 
shows the two populations: immature dendritic cells are 
in the R1 (red region) and cells that have not responded 
to differentiation stimuli are in the R2 (light blue region). 
(B) the histograms report green fluorescence intensity of 
R1 (full red peak) or R2 (empty light blue curve) gated 
cells after FITC staining to evidence total protein content. 
(C) Total protein content of the two populations of cells 
after treatment with 1 μM hBD2 for 30 min. Data are 
reported as mean fluorescence intensity (MFI). (*** 
p<0.001, values vs untreated control) 
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Figure 5.2 Effect of different hBD2 analogues on total protein content. iDC were incubated with 1 μM 
hBD2 for 30 min before fixation and FITC staining. The graph reports results only for fully differentiated 
cells (R1). Data reported as percent of the untreated control were compared by one-way analysis of 
variance (ANOVA) followed by the Student-Newman-Keuls multiple comparison test (* p<0.05; *** 
p<0.001). 
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5.3.3 Effect of hBD2 analogues on total protein content 

Various hBD2 analogues [(-D)hBD2; (5-41)hBD2; brevihBD2; hBD2/3], the human beta 

defenisin 3 (hBD3), the designed synthetic analogue tBD and its truncated version tBD(10-38) 

were tested to probe whether specific structural features of hBD2 are required in promoting 

release of protein content. They were used under the same conditions determined as optimal for 

hBD2, i.e. 1 µM for 30 min in complete medium. 

Differently from what was observed for the chemotactic effect (see Ch.4), which was rather 

promiscuous with respect to the various analogues, effects were more graded and not always 

comparable to that of hBD2 (fig. 5.2). In particular, analogues that conserved the defensin core 

structure induced a statistically significant decrease in total protein content [p<0.05 for (-

D)hBD2, tBD and hBD3; p<0.001 for hBD2/3] that was comparable to hBD2, whereas truncated 

or less structured peptides displayed a different behaviour. In fact, the N-terminally truncated (5-

41)hBD2 and centrally truncated brevihBD2 had no effect in reducing the total protein content. 

tBD(10-38) instead induced a more massive loss of protein content (25% reduction; p<0.001) but 

this could be ascribed to the apoptotic damage caused by this peptide (see Ch.3). It may be 

significant that the absence of the N-terminal helical stretch in (5-41)hBD2 abrogated the 

capacity to decrease protein content, while its introduction onto the hBD3 core, in for hBD2/3, 

replacing the native hBD3 helical domain, boosted the effect of this peptide. 

The defensin-induced effect under examination thus seems to be more specific than 

chemotaxis. However, the fact that both require a relatively short exposure time may indicate an 

overlap in the respective modes of interaction of defensins with iDC. 

5.3.4 TEM analysis  

Naive and hBD2-treated iDC7 samples were further investigated by transmission electron 

microscopy. In TEM images, unexposed iDC were characterized by the presence of numerous 

cytoplasmic granules, with a dark, electron dense appearance, tightly packed at the level of the 

plasma membrane (fig. 5.3). These were about 200 nm in size and have previously described in 

the literature, in iDC generated by culturing human peripheral blood monocytes in the presence 

of GM-CSF and IL-4 [Ip 2004; Tang 2005]. They have not, however, been characterized for their 

content. Similar electron dense granules are present in monocytes, but these granules are usually 

rich in myeloperoxidase (MPO), which is not present in iDC. We were thus induced to verify, 
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using a myeloperoxidase-histochemical reaction (performed in the laboratory of prof. Zabucchi), 

that these granules were not an artefact of in vitro differentiation. Compared with freshly isolated 

monocytes, the expression of intracellular MPO was greatly reduced in cells cultured in medium 

containing both GM-CSF and IL-4 for 3, 5 or 7 days. Therefore, the observed granules were not 

an artefact, but are specific to iDC. Their electron dense appearance in TEM suggested that they 

might store metalloproteins, such as superoxide dismutase (SOD), an important constituent of 

antioxidant defence, that catalyzes the dismutation of superoxide into oxygen and hydrogen 

peroxide, and which contains copper and zinc ions [Tainer 1983]. 

Upon exposure to hBD2 for only 30 min these granules are seen to release their content 

probably into the cytoplasm (fig. 5.4), while maintaining vesicle membrane integrity. In higher 

resolution images it is evident that in peptide treated cells vesicle membranes present 

discontinuities of about 10-20 nm, which are consistent with the formation of some kind of pore 

or channel (fig. 5.5). This could account for an osmotic swelling [Finkelstein 1986; Jena 1997] 

which would favour expulsion of intra-granules content. It is interesting to note that hBD2 does 

not mobilize cellular calcium [Niyonsaba 2004], further supporting the swelling/expulsion 

mechanism as an alternative to calcium-mediated degranulation mechanism through vesicle 

fusion. 

TEM therefore supports a degranulation event, as proposed after cytofluorimetric analysis, 

although it was not possible to directly observe vesicles exocytosis, as was expected due to the 

diminution of protein content. This apparent inconsistency may however be ascribed to the 

different cell fixation methods used for the two technique of analysis: EtOH used for 

cytofluorimetric analysis permeabilizes cells whereas glutaraldehyde used for TEM sample 

preparation does not.   

Flow cytometric and TEM experiments thus concur in suggesting that hBD2 induces some 

kind of degranulation event. To obtain further information on the chemical changes occurring in 

treated cells, samples were further investigated by µ-FTIR, a novel technique which exploits the 

high resolution accessible to a new-generation Visible-IR microscope using synchrotron 

radiation, allowing to correlate morphological features of the sample with chemical information 

arising from FTIR spectra. Moreover X-ray tomography could be used to evaluate granules 

content in order to implement TEM obtained data. 
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Figure 5.3 TEM images of immature dendritic cells . (A) Monocyte derived immature dendritic cells 
(iDC) at resolution of 1.8 Kx: the dendrites, the typical lobated nucleus and the electron dense granules in 
the cytoplasm are clearly visible. (B) Control iDC cytoplasm at magnification of 11kx. The red bar 
represents 200 nm.  

                    

Figure 5.4 TEM images of iDC treated with 1 μM hBD2 for 30 min. (A, B) The cytoplasm of hBD2 
treated cells is shown at increasing resolution (respectively 2.2 Kx, 11 Kx) highlighting that the electron 
dense vesicles observed in the cytoplasm of control iDC (4.3 A and B) seem to have released their content 
upon peptide treatment (arrow head). The red bar in B represents 200 nm. The images are selected from a 
large set of electron scans showing similar features. 

     

Figure 5.5 TEM images of  electron dense granules. (A, B) Images reports the electron dense granules 
at magnification of 56 kx before (A) and after (B) hBD2 treatment. (C) Granule after hBD2 treatment at 
89 kx. A discontinuity present in the membrane of the granule is evidenced. Red bars represents 100 nm. 

A B 

A B 

A B C 
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5.3.5 SR-FTIR mapping and imaging and X-ray tomography 

FTIR is a non-destructive spectroscopy, able to sensitively detect variations in important 

functional groups present in cellular macromolecules, such as in proteins, lipids, carbohydrates 

and nucleic acids, without requiring the introduction of exogenous probes. This is an innovative 

technique for cell analysis, so that a considerable effort was first spent to define experimental 

conditions in order prepare sample in which cells both maintained their characteristics and 

provided as high as possible signal-to-noise-ratio of IR acquisitions. Best results were obtained 

with spontaneous adhesion of cells to IR-transparents supports, fixation in 4% formalin and 

vacuum storage of dried samples. 

These experiments were carried out in collaboration with the SISSI beamline at Elettra, and 

results are only breifly described here, while a more extensive description is reported in the PhD 

thesis of dr. Francesca Morgera, who carried out most of the experimental work. 

Naïve and hBD2-treated samples were first compared by analyzing whole-cell IR spectra, in 

order to provide comprehensive information on the biological state of a statistically relevant 

number of cells for each sample. Single-cell spectral analysis indicated that exposure to hBD2 

induced significant alterations in the general lipid composition, suggesting a critical role of lipids 

and phospholipids in peptide-induced cellular activation. In particular, the observed shifts in IR 

spectra of treated iDC were consistent with increased membrane fluidity, a relative increase in 

cholesterol and sphyngomyelin enriched regions in the plasma membrane and a corresponding 

relative decrement in phospholipid concentration, but without affecting membrane integrity. 

These changes were observed only in R1 responsive cells. 

Then an attempt was made to follow the peptide-induced variations in iDC at a sub-cellular 

level by high resolution mapping using synchrotron-radiation FTIR microscopy. This method 

enabled us to obtain chemical distribution maps of the main cellular components with a spatial 

resolution of 5 μm. The main differences in the distribution maps of control and treated cells 

emerged for the amide I/amide II ratio and phospholipid carbonyl ester content, which is 

consistent with the proposal that peptide-induced alterations in iDCs occur at the level of protein 

content and lipid composition. In particular, distribution of proteins and phospholipid esters in 

treated cells were consistent with either cellular exocytosis or trafficking of vesicles/granules, 

suggesting a general rearrangement of the endomembrane system upon short exposure to hBD2. 

Moreover, these findings were in agreement with the results from whole-cell IR spectra, which 
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highlighted a change in plasma membrane composition and an increased degree of fluidity in 

treated iDCs. This would lead to changes in cell morphology and promote cell motility in 

response to environmental stimuli, features that might be linked to the reported chemotactic 

effect exerted on iDCs upon short time exposure to hBD2.  

Preliminary X-ray analysis on the same IR samples confirmed the presence of 200 nm 

granules in iDC cytoplasm, which were lost in hBD2-treated cells. These granules appeared to be 

rich in Cu, which could be related to presence of copper-containing enzymes, such as superoxide 

dismutase (SOD). 

5.4 Conclusions and future perspectives 

In conclusion, the analysis of protein content by FITC staining evidenced a significant 

decrease in protein content for iDC treated with hBD2, while this was not affected in monocytes, 

indicating that the effect of exposure to defensin was dependent on cell type.  The rapid and 

specific decrease in iDC protein content on exposure to defensin could be related with processes, 

such as exocytosis or degranulation, involved in the tolerogenic/immunogenic roles of these cells, 

supporting an immunomodulatory role for this peptide. Moreover, this effect seems to require the 

presence of a structured beta-sheet core, and may depend also on the nature of the N-terminal 

helix present in beta-defensins, and thus have more specific structural requirements than 

induction of chemotaxis.   

Both TEM and X-ray analysis indicated the presence of electron-rich, granules about 200 nm 

in size, in the cytoplasm of untreated iDC. Moreover, the presence of Cu in those granules could 

be related to storage enzymes such as superoxide dismutase, important for iDC immune response. 

Both techniques also evidenced that a short exposure to 1 μM hBD2 induced the release of 

granule contents into the cytoplasm of cells, confirming data obtained with flow cytofluorimetry.  

The effects of exposure to hBD2 were also investigated in terms of variations in protein and 

lipid/phospholipid cell distribution by using FTIR-microspectroscopy. This evidenced a general 

alteration in the lipid composition, consistent with increased membrane fluidity, and a change in 

distribution of protein content. Such observations could be consistent both with degranulation 

events as observed with cytofluorimetry, TEM and X-ray analyses, and with induction of 

increased cell motility in response to environmental stimuli, compatible with induction of 

chemotaxis. 
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In this multidisciplinary collaborative study we have therefore highlighted a new 

immunomodulatory effect for hBD2, which has not been previously reported and adds to weight 

to its potentially quite relevant role as a molecule at the interface between different types of 

immune responses.  

Further studies now need to be planned so to investigate the role of the granules that are 

involved in iDC response to hBD2 treatment, including a definition of their contents and their 

subsequent role upon their release.  
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6. hBD2 and host cell phagocytosis  

6.1 Introduction 

6.1.1 General principles of phagocytosis 

Phagocytosis is the process by which cells engulf foreign particles. It is an ancient adaptation, 

and occurs in all living being, from unicellular organisms to higher animals. Lower organisms 

use phagocytosis for the acquisition of nutrients, while in higher organisms it primarily occurs in 

specialized cells (e.g., macrophages, DCs, and neutrophils) and it is required for a wide variety of 

specialized biological functions, such as removing infectious agents and senescent or dying cells, 

triggering host defense and inflammation, or promoting embryonic development and tissue 

remodeling [Aderem 2003].  From an evolutionary perspective, it is probably the first pathway 

that was associated with host defense.  

Phagocytosis, a crucial stage in innate immunity, can be defined as the receptor-mediated 

ingestion of particles or cells greater than about 0.5 µm in diameter [Trombetta 2005; Maderna 

2003] that occurs by an actin-dependent mechanism [Aderem 1999] and that can be broken down 

into a series of defined steps: 

→ receptors on the cell surface recognize and bind to the pathogen or particle;  

→ signals are generated that induce actin polymerization under the membrane at the site of 

contact; actin-rich membrane extensions reach out around the particle; 

→ the membranes fuse around the particle, internalizing it into  the cell;  

→ the phagosome matures via a series of membrane fusion and fission events to become a 

phagolysosome; 

→ in the phagolysosome, an acidic hydrolytic compartment, the ingested cell is killed and 

digested in preparation for antigen presentation. [Aderem 2003]  

This general model is reasonably useful in facilitating the study of phagocytosis. However, the 

precise mechanism of internalization is remarkably heterogeneous, including differences in the 

cytoskeletal elements that mediate ingestion, in vacuole maturation, and in inflammatory 

responses, and depends on the nature of the particle and on the type of receptor or receptors that 

participate in particle recognition [Aderem 1999]. In fact, there are a number of receptors that can 
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recognize either ligands that are free in solution or on the surface of cells contributing to the 

phagocytic process. These include: 

- the mannose receptor, which recognizes conserved motifs on pathogens;  

- complement receptors, which bind to infectious agents after relatively nonspecific 

opsonization with complement;   

- Fc receptors, which detect targets after specific opsonization with antibodies;  

- CD14, the lipopolysaccharide (LPS) receptor;  

- lectins, which identify specific sugar residues on the surface microorganisms;  

- class A macrophage scavenger receptor (SR-A) 

- macrophage receptor with a collagenous structure (MARCO) that contribute to host 

defense by binding polyanionic ligands such as LPS and lipoteichoic acid (LTA) [Aderem 

1999; Garcia-Garcia 2002; Peiser 2000].  

Thus, for example, Fc receptor (FcR)–mediated phagocytosis is initiated by membrane 

protrusions that extend around the particle, whereas particles internalized through the 

complement receptor appear to sink into the cell without significant membrane protrusion [Allen 

1996]. In addition, the inflammatory consequences of particle internalization vary remarkably: 

phagocytosis mediated by the FcR is strongly proinflammatory, whereas complement receptor–

mediated phagocytosis is non-inflammatory [Aderem 1999].  

After receptor engagement and engulfment, the internalized particle is delivered to a 

membrane-encased organelle, the phagosome, which provides an important site for “sampling” of 

cargo and initiation of both innate and adaptive immune signaling. Its presence is necessary to 

carry out numerous functions within the cell (fig. 6.1) [Stuart 2005]. One important role is in the 

killing and degradation of internalized pathogens, which forms the basis of an organism’s innate 

defense against microbes. This function requires maturation of the phagosome by a series of 

sequential fusion events with other vesicles; the endosomes and lysosomes. The resulting 

phagolysosome represents the decisive degradative compartment: its highly hydrolytic 

environment is provided by hydrolytic enzymes, cationic peptides, and a markedly acidic luminal 

fluid [Vieira 2002; Steinberg 2007]. The ability to acidify its contents is fundamental to 

phagosome physiology because, in addition to directly affecting bacterial growth, acidification 

enhances the effectiveness of the other microbicidal components, such as various enzymes that 

require a low pH for optimal activity. In addition to the direct elimination of pathogens, the 

degradative properties of phagolysosome have evolved to contribute significantly to an overall 
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more efficient defense mechanisms: regulation of pH and protease activities, especially in 

dendritic cells, allows the generation of peptide antigens of appropriate length for loading onto 

MHC class II molecules. Presentation of these exogenous antigens at the cell surface stimulates 

clonal expansion of T and B cells, thus triggering an adaptive immune response. 

The phagosome therefore represents a compartment that has evolved to integrate functions of 

the innate and adaptive immune system [Jutras 2005]. 
 

 
Fig. 6.1 Role of phagolysosome in innate and adaptive immunity [Stuart 2005] 

 

6.1.2 Recognition of bacteria 

Innate immunity is designed to recognize molecules shared by groups of related microbes, 

which are essential for the survival of those organisms and which have no equivalents associated 

with mammalian cells. These unique microbial molecules are called pathogen-associated 

molecular patterns (PAMPS) and include LPS, aldehyde-derivatized proteins, mannans, teichoic 

acids, denatured DNA, and bacterial DNA. Most host defense cells have pattern-recognition 

receptors (PRRs) for these common PAMPS and so there is an immediate response against the 

invading microorganism [Medzhitov 2002]. PAMPs can also be recognized by a series of soluble 
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PRPs in the blood that function as opsonins and initiate the complement pathways. Thus, 

normally an array of receptors will interact with a specific pathogen to cooperate in its 

recognition and elimination. The partial redundancy for many phagocytic receptors is due to the 

fact that not all receptors are expressed by all phagocytic cells and, depending on their tissue 

origin and activation state, phagocytes may have only a limited repertoire of potential receptors. 

Moreover, the involvement of a great number of innate immune receptors provides combinatorial 

variations between different phagocytes and contributes to the enormous diversity in host 

response [Stuart 2005]. 

For example, in the case of Gram-negative bacteria the principal PAMP recognized by the 

innate immune system is a constituent of the outer membrane, the glycolipid known as endotoxin 

or lipopolysaccharide (LPS) [Ulevitch 1999], and which may be released from the bacteria when 

they multiply or lyse [Van Amersfoort 2003]. After binding to LPS-binding protein (LBP), the 

complex binds to soluble or membrane-associated CD14 [Wright 1990; Schumann 1990], which 

consecutively delivers the ligand first to MD2 and then TLR4 to trigger a response. Many 

molecules that cooperate in LPS signaling, including CD11b/CD18, CD14, CD16, and CD36, 

exist in close proximity in the cellular membrane [Pfeiffer 2001]. It has also been shown that 

hsp70, hsp90, CXCR4, GDF5 and TLR4 localize to the site of CD14-LPS ligation within lipid 

rafts [Triantafilou 2002], further emphasizing the potential complexity of the phagocytic 

interface. 

Moreover, the rapid opsonization of E.coli entering the bloodstream by complement, including 

C1q, mannose-binding lectin (MBL), C4b, and C3b/iC3b, facilitates the binding of these bacteria 

to the adherence complement receptor 1 (CR1) and the integrin and phagocytosis receptor CR3 

(CD11b/CD18) [Gasque 2004]. CR3, binding bacteria coated with iC3b, is an important receptor 

for opsonic phagocytosis, but through its lectin domain it can also recognize carbohydrates on the 

surface of bacteria, mediating non-opsonic phagocytosis as well [Agramonte-Hevia 2002]. 

CD11c, a member of the leukointegrin family, is not only able to mediate phagocytosis of iC3b-

opsonized pathogens, but it has also been implicated in phagocytosis of bacteria in the absence of 

complement because it binds a diverse array of ligands, such as bacterial cell wall components 

including LPS [Ingalls 1995], cell adhesion molecules (e.g., ICAM-1, ICAM-4) and matrix 

proteins such as fibrinogen and collagen [Sadhu 2007]. Binding of CD11c to some of the protein 

ligands is enhanced upon denaturation of the ligand [Davis 1992]. 
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6.1.3 Regulation of phagocytosis  

Phagocytosis can be modulated by environment and by many endogenous and exogenous 

factors, which can interfere with one or more pathways involved in this complex process. It is a 

temperature dependent process and involves assembly of F-actin: therefore it is strongly reduced 

at low temperatures (4°C), by inhibitors of class I phosphatidylinositol 3-kinase that affect F-

actin organization (such as wortmannin) and by cytochalasin D, a toxin that blocks actin 

polymerization.  

Several lines of evidence indicate that many nutrients regulate phagocytic activity in 

macrophages. For example, ascorbate and some trace elements (zinc, lead and cadmium) 

stimulate their phagocytic capacity. Moreover, amino acid or glucose deprivation of macrophages 

selectively increases the phagocytosis of Gram-positive and Gram-negative bacteria via an SR-A- 

and p38-dependent mechanism. By contrast, a cholesterol-rich diet inhibits macrophage 

phagocytosis by down-regulating plasma membrane fluidity and interference with receptor 

movement [Martinet 2009].  

Numerous TLR ligands, such as LPS and peptidoglican, play a role in modulating the ability 

of macrophages to bind extracellular bacteria; moreover they amplify the percentage of 

phagocytes internalizing bacteria and increase the number of bacteria taken up by each cell 

[Bohmer 1992; Davidson 1998; Utaisincharoen 2003; Doyle 2004; Anand 2007]. For TLR4 this 

is confirmed by studies in vivo [Victor 1998; Anand 2007]. Therefore, in the course of a bacterial 

infection during which bacteria are actively lysed by immune system, bacterial components 

accelerate removal by activating phagocytic cells. By contrast, many bacterial exotoxins decrease 

phagocytic activity because pathogens have devised numerous strategies to avoid phagocytic 

engulfment and killing [Ernst 2000]. 

The uptake of bacteria can be enhanced in the presence of IL-1β, one of the cytokines 

produced by activated macrophages during a bacterial infection, that can up-regulate Fc-receptors 

[Simms 1991]. In contrast, endogenous prostaglandins (for example PGE2) exert an inhibitory 

action that can be blocked by cyclo-oxigenase inhibitors, such as ketoprofene [Davidson 1998], 

or by the prostaglandin synthesis inhibitor meclofenamate [Fernandez-Repollet 1982]. These data 

suggests an important role for PGE2 in the control of immune and inflammatory responses.  The 

ability of fatty acids to influence phagocytic activity is also an important consideration for the 

uptake of bacteria under circumstances in which the levels of fatty acids, either extracellular or 
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intracellular, become elevated, such as in trauma, stress or in the context of bacterial lysis with 

release of fatty acids [Davidson 1998]. 

With regard to antimicrobial drugs, much attention has been given to the encounter between 

phagocytic cells and bacteria after exposure of the latter to these drugs. In general, all 

antimicrobial drugs that inhibit protein synthesis, act on the cell wall, or disorganize the outer 

membrane increase vulnerability of bacteria to the lethal action of phagocytes. For example, pre-

incubation of E.coli in the presence of ampicillin, cefotaxime, gentamicin, streptomicin, 

erythromycin or polymyxin B (at concentrations below the MIC) makes the bacteria more 

susceptible to phagocytosis and killing by granulocytes and macrophages [Van den Broek 1989] 

Fewer studies describe the direct effect on phagocytes, but it has been reported that 

doxycycline, chloramphenicol, nafcillin, some cephalosporins (cefmetazole, cefodizime, 

cefotaxime and cefoxitin), macrolides (erythromycin, clarithromycin and roxithromycin) and 

carbapenem antibiotics (imipenem and meropenem) significantly stimulated phagocytic capacity 

and superoxide anion production [Van den Broek 1989, Labro 1998 and 2000]. Various other 

antibiotics, including some ansamycins, tetracyclines and aminoglycosides, can instead depress 

phagocyte responses, while others still have little or no direct effect on phagocytes [Labro 1998].  

Among antimicrobial peptides, human α-defensins (especially HNP-1) can directly activate 

phagocytes to enhance phagocytosis [Ichinose 1996] and to induce the production of reactive 

oxygen intermediates, which are potent bactericidal species [Porro 2001]. 

6.2 Aim of the study 

Phagocytosis is an important function of host defense due to its central role in linking innate 

and adaptive immunity through the phagocyte’s ability to both directly eliminate pathogens and 

to trigger adaptive immune responses. Analogously, AMPs have a direct antimicrobial activity 

and have been proposed to have a role in immunomodulation of both the innate and adaptive 

immune system. Moreover, both phagocytosis and antimicrobial peptides are ancient adaptations 

of host defense and thus could conceivably have undergone a co-evolutionary process. In making 

these considerations we recall that in psoriasis, unlike other inflammatory skin diseases, skin 

infections are rather rare and this could in part be explained by the fact that in these patients 

hBD2 is over-expressed, while polymorphonuclear cells and dendritic cells also show enhanced 

phagocytosis [Musclow 1991; Zhu 2006]. 
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For these reasons, in the present study we have investigated whether hBD2 in some way 

modulates the phagocytic activity of immune cells it comes into contact with. 

6.3 Materials and Methods 

6.3.1 FITC labeling of fixed E.coli 

Escherichia coli (strain ATCC 25922) were grown overnight in Mueller–Hinton (MH) broth  

at 37°C under aerobic conditions to obtain stationary-phase organisms; a 0,6 ml aliquot of the 

overnight culture was transferred to 30 ml of fresh MH and incubated for 2 h at 37°C (with 

shaking) to obtain mid-logarithmic phase cells. Cells were then centrifuged for 10 min at 1000xg; 

after the supernatant was discarded, the bacterial pellet was washed again in cold, sterile PBS and 

centrifuged at 1000xg for 10 min. The pellet was then resuspended in 10 ml of absolute ethanol 

for 1 h at -20°C. Prior to staining, ethanol-fixed and permeabilized bacteria were washed twice in 

PBS. Bacteria were resuspended in a solution of 5 μg/ml of FITC in PBS and incubated at 37°C 

in the dark, overnight. The bacterial suspensions were then washed three times in PBS in order to 

eliminate free dye which can interfere with the phagocytosis test and finally resuspended in the 

same buffer. FITC-labelled E.coli (FITC-coli) were stored at -20°C in a light-protected 

environment in aliquots spectrophotometrically adjusted to a concentration of 2 x 108 bacteria/ml. 

Preservation of morphology, complete permeabilization and uniformity of FITC staining were 

verified by cytofluorimetry before use of FITC-coli. 

6.3.2 Preparation of GFP-expressing E. coli 

E. coli (strain HB101) were grown overnight in Mueller–Hinton (MH) broth  at 37°C; and the 

culture then diluted 50 times and incubated for 2 h at 37°C (with shaking) in fresh MH 

supplemented with ampicillin (50 μg/ml) to select transformed bacteria containing the plasmid 

with carrying the gene for both antibiotic resistance and green fluorescent protein (GFP). The 

GFP gene can be switched on by arabinose addition to the medium (3 mg/ml for 3 h).  The E. coli 

cells expressing GFP (termed GFP-coli) were then washed and resuspended in PBS at 2 x 108 

bacteria/ml. Expression of GFP was cytofluorimetrically verified and viable bacteria were 

immediately used for phagocytosis experiments. 
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6.3.3 Phagocytosis assay 

Cells which had been pre-incubated with peptides (1 µM) and/or LPS (10 or 100 ng/ml) in 

complete medium for 30 min or 24 h at 37°C, were collected, washed twice in PBS and 

resuspended in RPMI 1640 supplemented with 10% serum at a concentration of 2 x 106 cells/ml. 

Antibiotics weren’t added to medium in order to avoid interference with bacteria. An equal 

volume of fluorescent bacteria (fixed FITC-coli or GFP-coli) in PBS at 2 x 108 bacteria/ml were 

added to cells in order to have a particle:cell ratio of 100:1. Cell and bacteria were co-incubated 

in the dark at 37°C with 5% C02 and 95% humidity.  

Control samples for phagocytosis were pre-incubated in complete medium alone and then the 

phagocytosis test was carried out in the same conditions as for the samples treated with peptides. 

Negative-control samples were instead incubated without bacteria.  

In case of fixed FITC-coli, after incubation for 60 min., samples were washed three times in 

ice-cold PBS to remove excess bacteria and then cytofluorimetrically analyzed. Trypan blue (TB) 

quenching solution 0.1% was also used to discriminate the fluorescence signal from bacteria 

adhering to the extracellular surface and that from bacteria within the cells (phagocytosed). The 

quenching solution was added to samples immediately prior to flow cytofluorimetric analysis. 

Each sample was acquired twice, before and after TB addition. In the first case, we measured 

total fluorescence given by both surface-attached and ingested FITC-coli; in the second case, the 

acquired signal depended only by fully ingested bacteria. The phagocytic efficiency index was 

calculated as the ratio between phagocytosing cells and total fluorescent cells. 

In case of GFP-coli, after 45 min of incubation with bacteria, gentamicin (18 μg/ml) was 

added for 30 min. to selectively kill all remaining extracellular E. coli. Samples were then 

washed in PBS and analyzed in the cytofluorimeter.  

If required, before the phagocytosis test, peptide treated cells were pre-incubated for 30 min at 

4°C or with a phagocytosis inhibitor (Cytochalasin D 1 μg/ml or Wortmannin 10-7 M), which 

were retained throughout the assay. 

6.3.4 Endocytosis assay 

Antigen uptake via endocytosis/macropinocytosis was measured as the cellular uptake of 

FITC-dextran and quantified by flow cytometry. After incubation with peptides (1 µM), cells 

(106/ml) were incubated with 1 mg/ml FITC–dextran (MW 40000; Sigma, Chemical Co.) for 30 
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min at 37°C or at 4°C. Cells were washed twice with cold PBS and then resuspended in PBS for 

cytofluorimetric analysis. 

6.3.5 Measurement of ROS production 

Production of extracellular or intracellular superoxide anion (O2-•) were measured using the 

cytochrome c reduction assay and NBT test respectively. To quantify production of other ROS 

we instead used the fluorescent dye CM-H2DCF-DA. In all these cases, the respiratory burst was 

triggered by phagocytosis of E.coli in cells pre-treated with hBD2. 

6.3.5.1 Cytochrome c reduction assay 

Cytochrome c is a protein that cannot enter cells, so that its reduction can be correlated to 

release of extracellular O2-•. This test was performed in 96 well, flat bottom microplates on cells 

(1 x 105 cells/well) pre-incubated with hBD2 (1 µM) in complete medium. Cells were washed 

and then incubated at 37 °C for 1 h with 50 µl fixed E.coli (ratio 100:1 with cells) and 100 µl of 

an aqueous buffer (Hepes 1M, CaCl2 100 mM, MgCl2 100 mM) containing cytochrome c (0.12 

mM final concentration). The absorbance of the samples was then determined using a 

spectrophotometer. One nanomole of cytochrome c reduced by one nanomole of O2-• corresponds 

to a difference of 0.037 between the absorbance at 540 and 570 nm [Steven 1996; Bartosz 2006]. 

This allows to calculate the number of nanomoles of extracellular O2-• released in each sample.   

6.3.5.2 NBT assay  

Nitro-Blue Tetrazolium (NBT) absorbed by cells is reduced by intracellular O2-• to insoluble 

blue formazan particles, which can be observed under the microscope, or measured 

spectrophotometrically after solubilization. 1 x 105 cells were seeded in 96 well flat bottom 

microplates, pre-incubated with hBD2, then stimulated with E.coli, washed in PBS and finally 

resuspended in 100 µl of complete medium. 100 µl of NBT solution (1 mg/ml) was then added to 

each well and samples were incubated at 37°C for 4 h. Cells were then washed twice with warm 

PBS to completely remove soluble NBT. Formazan particles deposited inside the cells were then 

dissolved, first by adding 100 µl of 2M KOH to solubilize cell membranes and then by adding 

100 µl of DMSO to dissolve blue formazan, with gentle shaking for 10 min at room temperature. 

Absorbance was read on a microplate reader at 630 nm. 
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6.3.5.3 CM-H2DCF-DA 

CM-H2DCFDA is a cell-permeant indicator for intracellular ROS that is non-fluorescent until 

intracellular esterases remove acetate groups and its oxidation occurs. Oxidation of this probe can 

be detected by monitoring the increase in fluorescence with a flow cytometer. 

After treatment with hBD2, 1 x 106 cells were washed and incubated with CM-H2DCF-DA 10 

µM in PBS for 30 min. at room temperature in darkness. After three washes, cells were 

resuspended in 500 µl of RPMI without phenol red and 500 µl of fixed E.coli and incubated for 1 

h. Then samples were analyzed by cytofluorimeter. 

6.3.6 Data collection and analysis 

Flow cytofluorimetric measurements were carried out on a Cytomics FC 500 instrument 

(Beckman Coulter). Aliquots of cells were passed through the flow cytometer using an excitation 

wavelength of 488 nm. The fluorescence parameters from single cells were collected using a 

logarithmic amplifier after selecting the cells by gating the cell population according to their 

forward and side scatter properties. The acquisition threshold was set to exclude debris and 

remaining unbound particles from analysis. At least 10000 events were acquired for each sample, 

and histograms were analyzed with the WinMDI software (J. Trotter, Scripps Research Institute, 

La Jolla, CA, U.S.A.). The fluorescence of each sample was determined and given as the mean 

fluorescence channel intensity (MFI). The percentage of cells that were positive was determined 

in relation to negative-control sample. Moreover, flow cytometry permits comparison of MFI by 

gating only positive cells.  Results can also be expressed in percentage respect to a control group 

to allow comparisons of data from multiple experiments. 

Absorbance was read on BIO-TEK (CELBIO) microplate autoreader instrument. 

All experiments were carried out in triplicate or quadruplicate and repeated at least three 

times. Data, expressed as mean value ±SEM, were compared by computer-assisted ANOVA 

(Instat software, GraphPad Inc., San Diego, CA) followed by the Student-Newman-Keuls 

multiple comparison test. Differences were considered statistically significant at p<0.05, very 

significant at p<0.01 and highly significant at p< 0.001.  
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6.4 Results 

6.4.1 Fluoresceination of fixed E.coli 

Bacteria were at first fixed in 70% ethanol for 1 h at -20°C but, even though bacteria 

maintained their morphology and were homogeneously permeabilized to PI, incubation with 

fluorescent dye resulted in non-homogeneous labelling. Better results were obtained using fixed 

in absolute ethanol and all further experiments were carried out with this type of fixed bacteria. It 

was also found that a brief incubation (30 min) resulted in less homogeneous labelling compared 

with that obtained with longer incubation times, so that fluoresceination was subsequently 

extended overnight. Figure 6.2C shows labelling results obtained with different concentrations of 

FITC. Lower concentrations (0.05-1 μg/ml) resulted in relatively weak staining, which is a 

problem, considering that bacterial fluorescence has to be acquired in a phagocytosis assay. High 

concentrations (> 10 μg/ml) resulted very bright bacteria, but it was difficult to wash away the 

excess of free dye. Experiments were thus performed using 5 μg/ml FITC. The intensity of 

staining was however found to vary somewhat among cultures, so that each new culture was 

checked cytofluorimetrically for FITC fluorescence before use. Moreover it was also necessary to 

verify that fluorescence was stable when suspensions were stored at -20°C in a light-protected 

environment, in order to be sure that in all experiments the bacteria were adequately stained. 

Finally, the quenching effect of Trypan Blue (0.1 % solution) was verified and found to be 

consistently able to quench >98% of the fluorescent signal (data not shown). 

Effects of serum on FITC-coli were also checked in order to verify that bacteria, even though 

fixed in absolute ethanol, were still recognized by immune components of serum which are 

important in the phagocytic process. Figure 6.2B shows that exposure of bacteria to 10% serum 

for a brief period (30 min) produces various effects on the bacterial cell, resulting in 

morphological changes. Moreover, FITC fluorescence was less homogeneous and MFI was 

reduced by about 50% (fig. 6.2D). Heat-inactivated serum has a comparable effect. For the 

phagocytosis assay, it is fundamental that fixed E.coli can be recognized by serum, but it is also 

important that phagocytosed bacteria are still sufficiently bright to be revealed by the 

cytofluorimeter. Therefore we chose to reduce the serum concentration to 5% in order to limit the 

antibacterial effects of serum itself without eliminating them. 
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Fig 6.2 Fluoresceination of fixed E.coli. (A) Morphology of E.coli fixed in absolute ethanol. (B) 
Morphological change of FITC-coli after exposure to 10% of FBS for 30 min. (C) Histograms show the 
mean fluorescence intensity (MFI) of fixed E.coli labeled with FITC 1 μg/ml (red line), 5 μg/ml (green 
shaded histogram) or 10 μg/ml (violet peak) in comparison to unlabeled E.coli (black line). (D) Orange 
line shows change in FITC fluorescence of coli exposed to 10% FBS. 

                     
 
Fig 6.3 GFP expression. (A) Morphology of GFP-coli. (B) Green shaded histogram shows coli correctly 
expressing GFP; green line and black line represent bacteria that failed partially or totally to express GFP. 
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6.4.2 GFP expression in GFP-coli 

E.coli transformed with a plasmid expressing GFP were selected with ampicillin (50 μg/ml) 

and GFP-expression then induced by arabinose (3 mg/ml). Before using GFP-coli in the 

phagocytosis assay, their fluorescence intensity was verified with the cytofluorimeter as cultures 

occasionally failed to correctly express GFP (fig. 6.3B). These were discarded and a new 

bacterial culture was prepared. 

6.4.3 Validation of phagocytosis assay 

For analysis of phagocytosis in human monocytes, macrophages and immature dendritic cells 

(iDC) an assay was used based on the cytofluorimetric measurement of the uptake of 

fluorescence-labeled E. Coli, respectively by the cells of interest. The initial experiments were 

carried out on MDM macrophages to set up the optimal cytofluorimeter conditions for 

measurement of phagocytosis.  

Firstly, cells were incubated with different concentrations of FITC-coli (ratio of cell:bacteria = 

1:1, 1:10 and 1:100) at 37°C for 30 min. to determine the number of bacteria that give an 

acceptable fluorescence signal/noise ratio above the background of autofluorescencing cells. As 

shown in Figure 6.4 A, the best results were obtained using a cell:bacteria ratio of 1:100.  

Extensive washing of cells with PBS after phagocytosis removed unbound bacteria, but this 

was not enough to completely eliminate the signal due to surface-attached FITC-coli. Therefore, 

FITC quenching was required and effected by trypan blue (TB) so as to differentiate between 

adherent and ingested FITC-coli. A TB solution of 0.1% was sufficient to eliminate all surface-

bound E.coli fluorescence (fig. 6.4 B). Higher concentrations of TB did not further reduce this 

contribution. 

Incubation of cells with FITC-coli for various intervals (10, 20, 30, 45, 60, and 90 min) 

resulted in a time dependent increase in both total fluorescence of cells and in fluorescence 

associated with internalized bacteria, i.e. the residual signal in the presence of TB (fig. 6.5). In 

the first 20 min. there was a rapid increase in phagocytosis that further augmented until 60 min. 

Longer periods did not result in any further increase. Therefore, it was decided to use an 

incubation of 60 min to measure the phagocytic activity in cells stimulated with peptides. 
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Fig 6.4 Fluorescence of  phagocytosing macrophages. (A) Total fluorescence intensity of MDM 

infected at a bacteria to cells ratio of 1 (empty pink peak), 10 (empty light blue) or 100 (full blue peak), 

with respect to untreated control (empty black peak, background autofluorescence), after washing and 

trypan blue quenching of surface-bound FITC-coli. (B) Fluorescence intensity of MDM infected at a 

bacteria to cells ratio of 100. The empty red curve represents fluorescence immediately after phagocytosis 

without the washing step. The signal acquired after washing (empty green curve) corresponds to total 

fluorescence given by adherent and ingested FITC-coli. The full blue curve shows the decrease in 

fluorescence intensity after addition of addition of a 0.1% TB quenching solution, to discriminate only 

cells with internalized FITC-coli.  
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Fig 6.5 Time course of phagocytosis. Phagocytosis was monitored after 10, 20, 30, 45, 60 and 90 min 

exposure to FITC-coli. The green plot represents fluorescence of macrophages that have both bound and 

ingested bacteria. The blue plot represents fluorescence acquired after TB quenching, i.e. by only cells that 

have really ingested bacteria. Data are selected from one representative experiment. 
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Effects of serum on phagocytosis by macrophages was also tested. Macrophages were 

incubated for 60 min. in the presence of serum (5% or 10%) or in its absence. It was clear that to 

achieve optimal uptake of E. coli cells the presence of serum was important because in serum free 

medium cells were morphologically altered, numerically reduced and poorly phagocytic. Both 

5% or 10% FBS helped maintain cells morphology in a similar manner, but phagocytosis was 

best in the presence of 5% serum (fig. 6.6), possibly due to an effect of FBS on FITC-coli 

fluorescence. Using heat-inactivated serum (removal of thermolabile serum opsonins), the uptake 

of bacteria was significantly lower (30-50%) than with untreated serum (fig. 6.6). This confirmed 

that phagocytosis of fixed E.coli cells also depends on opsonization of bacteria by serum 

components. 

Based on these preliminary assays, all following experiments were performed at a particle:cell 

ratio of 100:1 and at 37°C for 60 min. in presence of 5% serum.   

It was also verified that the phagocytosis of E. coli by macrophages was temperature- and 

actin-dependent, and increased on LPS treatment, as reported in the literature. 

As shown in Figure 6.7, the number of cells that internalize FITC-coli was markedly reduced 

at 4°C (60% that at RT), in presence of 1 μg/ml cytochalasin D (40% that of non-inhibited cells) 

or 10-7 M wortmannin (20% that of non-inhibited cells). At 4°C, the overall interaction with 

bacteria was reduced; in fact the total fluorescence signal (due to adherent and internalized coli) 

was 40% lower than at 37°C. On the contrary, in presence of inhibitors of actin assembly, total 

fluorescence is not reduced, confirming that cells are still able to recognize and bind bacteria, but 

can’t internalize them.  

Phagocytosis in cells treated with LPS as positive control was estimated in macrophages, 

monocytes, and iDCs. At first, cells were treated with LPS (10 or 100 ng/ml) for either 30 or 60 

min. before exposure to FITC-coli for 1 h. But in all tested cell types, this did not significantly 

alter the uptake of E.coli compared with cells preincubated in medium alone. Subsequently, cells 

were treated with 10 ng/ml LPS for a longer period of time (24h). Pre-incubation of MDM 

(macrophages) with LPS under these conditions resulted in both an increase of phagocytosing 

cells, as well as an increase in MFI, which corresponds to an increased number of ingested 

bacteria per cell. Other macrophage cell lines (e.g. PMA-THP1 and PMA-U937) only responded 

to stimulation with 100 ng/ml of LPS confirming an at least 2-5-fold lower sensitivity to the 

actions of LPS, as reported in the literature. LPS activity was confirmed also by using vital GFP-

coli. In contrast, iDC responded to LPS stimulation by augmenting total fluorescence without a 
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corresponding increase in phagocytosis. For monocytes, no effect was observed on LPS treatment 

for up to 24 hours.  

After this extensive validation of the phagocytosis model, we could test the effect of hBD2. 
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Fig. 6.6 Serum-dependence of phagocytosis. The percentages of phagocytosing cells were measured 
in macrophages in the presence of 10%, 5% or heat-inactivated serum. Results are expressed as mean 
value ± SEM.  
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Fig. 6.7 Temperature- and actin-dependent phagocytosis. This graph shows the effect of 

temperature and actin assembly inhibitors on binding and internalization of bacteria by a macrophage cell 
line. Green bars represent fluorescent cells, i.e. percentage of macrophages that have both bound and 
ingested bacteria. Blue bars show percentage of cells that have ingested bacteria.  Results are expressed as 
mean value ± SEM.  
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6.4.4 Effect of hBD2 on the binding and uptake of FITC-coli into monocytes, 

macrophages and iDC 

Our intent was to verify whether this defensin was able to modulate phagocytic activity of 

monocytes, macrophages and iDC by acting directly on these cells. Therefore, after incubation 

with hBD2 in complete medium, at the same concentration (1 μM) used for the chemotaxis assay 

(see Ch.4), cells were extensively washed in PBS, in order to eliminate free hBD2 that could 

interfere with bacteria and alter the results of the test. 

As previously observed also for LPS, a 30 min. incubation period with hBD2 did not seem to 

affect phagocytosis. This is in contrast with the induction of degranulation in dendritic cells, 

which occurs within a short time of stimulation. Pre-incubation with hBD2 was then prolonged to 

24 h, more in accordance with the time required for observing the effects of defensins on 

cytokines production [Boniotto 2006].  In monocytes, using either primary cells or stabilized cell 

lines, no significant effect was observed even in this case.  

In MDM, pre-treatment with hBD2 at 1 μM was carried out in quadruplicate on cells from five 

different donors. Despite differences in the basal activity of controls, we observed that hBD2 in 

each case caused an increase of phagocytosis. On average, the percentage of phagocytosing cells 

(i.e. those that remained fluorescent after addition of TB) increased by 22% with respect to 

peptide untreated control (fig. 6.8) and this was statistically significant (p=0.020). A small, but 

statistically significant increase (p=0.030) of 6% was also observed in MFI. In particular, if we 

gated only phagocytosing cells, the observed increase of 8% in MFI was highly significant 

(p=0.00024). As MFI is proportional to number of bacteria ingested per cell, this indicates that 

treated cells phagocytose more bacteria than control cells. On the contrary, total fluorescence, 

given by both attached and ingested FITC-coli, didn’t vary between control and treated samples.  

In order to measure the cells’ ability to ingest recognized bacteria, the phagocytic efficiency of 

each sample could be assessed by determining the signal ratio between internal and total 

fluorescence of cells. Compared to control cells, hBD2 treated MDM were more efficient in 

internalizing attached bacteria because their phagocytic efficiency index was 16% higher, this 

datum being statistically very significant (p=0.0033) because the ratio is not subjected to 

variability between different donors. 

It should be underlined that the capacity of hBD2 to promote phagocytosis in macrophages is 

a novel biological effect of this host defense peptide which had not previously been described. 
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Fig. 6.8 Activity of hBD2 on phagocytosing cells. Phagocytosis was evaluated in cells pre-treated with 1 
μM hBD2 for 24 h in complete medium, and then incubated with FITC-coli for 1 h. The effect of hBD2 on 
the number of phagocytosing cells is reported as % increase with respect to untreated cells. (* p<0.05; ** 
p<0.01). 
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Fig. 6.9 Activity of hBD2 on iDC. Cells were treated with 1 μM hBD2 for 24 h in complete medium 
and then incubated with FITC-coli for 1 h. Effect of hBD2 on number of fluorescent cells and on MFI are 
reported as % increase with respect to untreated cells. (* p<0.05; ** p<0.01). 
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Confirming results were also obtained with PMA-derived macrophages from the human 

monocytic THP1 and U937 cell lines (fig. 6.8). For both, hBD2 primed cells were more 

phagocytic than control samples, and respectively increased by 17% (p= 0.002) in PMA-THP1 

and by 22% (p=0.034) in PMA-U937. Using hBD2 at 4 μM, a further increase in phagocytosis 

was obtained, indicating the effect may be concentration dependent. 

With regard to iDC, the effect of hBD2 was instead found to be quite different: pre-treatment 

with hBD2 did not seem to alter phagocytic activity, but it definitely enhanced total fluorescence. 

hBD2 in fact caused a small but statistically significant increase (5%, p=0.027) in the number of 

fluorescent cells, and a striking increase (30%, p=0.002) in MFI (fig. 6.9). Therefore, the effect of 

hBD2 on iDC is to somehow enhance recognition and binding of bacteria, rather than their 

ingestion. 

All these data are comparable to those obtained using endotoxin as control. To exclude the 

possibility that the observed effects on phagocytosis could be caused by contaminating LPS, we 

examined the hBD2 preparations using a commercially available Limulus amebocyte lysate test 

kit. Results showed that endotoxin was present in insignificant quantities (less than 0.00025 

endotoxin units/ml). 

Finally, to exclude that induction of increased internal fluorescence by hBD2 could be due to a 

decreased degradation of internalized FITC-coli in treated cells, rather than increased 

internalization, the change in fluorescence was monitored after phagocytosis. At 4°C there was 

no decrease in the signal, whereas at 37°C, the signal was reduced by 20% within 60 min. after 

engulfment, with or without pre-treatment with hBD2 (fig. 6.10). Therefore, it can be safely 

concluded that the observed effect is really due to an increase of phagocytosis. 

6.4.5 Effect of hBD2 on endocytosis 

hBD2 was also tested in a model of endocytosis to investigate whether its effect was specific 

for bacterial infection, by measuring the uptake of FITC-dextran (MW=40000) in macrophages 

and dendritic cells. In all experimental conditions tested hBD2 was not able to change the basal 

activity of these cells to the labelled particles. This is an important observation, because it means 

that mode of action of hBD2 with respect to the induction of phagocytosis in some host defense 

cells, is specifically tuned to eliminate pathogens, acting both directly and indirectly. 
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Figure 6.10 Degradation of FITC-coli within the cells after phagocytosis. After phagocytosis assay, 
fluorescence of FITC was monitored for 60 min after ingestion. The effect of hBD2 (blue line) was 
compared to control samples at 37°C (azure line) and at 4°C (pink line). The effect is reported as % with 
respect to t=0. 
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Figure 6.11 Effect of hBD2 and LPS on phagocytosing cells. MDM or PMA-THP1 cells were treated 
with 1 μM  hBD2 and/or 10 ng/ml  LPS for 24 h in complete medium and then incubated with FITC-coli 
for 1 h. The effect of hBD2 on the number of phagocytosing cells is reported as % increase with respect to 
untreated cells. Multiple comparison between different stimuli was done by one-way Analysis of Variance 
(ANOVA) followed by the Student-Newman-Keuls Multiple Comparisons Test (* p<0.05; ** p<0.01; *** 
p<0.001). 
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6.4.6 Enhanced phagocytic activity by combined hBD2 and LPS in macrophages 

Some cationic peptides are able to bind LPS and neutralize its pro-inflammatory effects, but 

the resulting complexes can also amplify the respiratory burst response by macrophages 

[Zughaier 2005]. 

As regards to the role of hBD2 in phagocytosis, cells primed simultaneously with endotoxin 

and hBD2 exhibited a further increase in phagocytosing cells (fig. 6.11). MDM co-treated with 

both stimuli, showed a significant increase (30-35%; p<0.05) in phagocytosis compared with 

cells primed with 10 ng/ml LPS or 1 μM hBD2 alone. Thus, LPS and hBD2 acting together 

augmented phagocytic activity of MDM by 65% (p<0.01), whereas hBD2 and LPS alone 

respectively increased it by 22% and 27%. This was also confirmed with PMA-THP1, so that 

hBD2 alone caused an increase of 17%, LPS of 65% but both stimuli of 95% with respect to 

control cells. Co-treatment with LPS and hBD2 resulted in an increase with respect to cells 

primed with LPS 100 ng/ml of about 20% (p<0.01) and with respect to hBD2 alone of 60% 

(p<0.001). Comparable effects were also observed considering the MFI, indicating that co-

treatment with hBD2 and LPS increased both the number of phagocytosing cells and the number 

of ingested bacteria per cell. 

Taken together, these data suggested a synergistic effect between hBD2 and endotoxin in 

priming macrophages for enhanced phagocytic responses. Although several cationic host defense 

peptides are known to be able to bind anionic molecules of LPS by electrostatic and hydrophobic 

interactions and so block inflammatory cytokine release, in case of phagocytosis it is noteworthy 

that hBD2 and LPS did not neutralize each other. On the contrary, they cooperated in augmenting 

the effect, as is described for other cationic peptides in the case of respiratory burst [Zughaier 

2005]. This defense strategy makes sense because host defense peptides and LPS are frequently 

present at the same time at the site of infection. The ability of the HDP to co-opt LPS to stimulate 

phagocytosis or ROS production leads to enhanced direct killing of the invading microbial 

pathogens and improves the innate and adaptive immune response, while at the same time 

showing an anti-synergic (anti-endotoxin) effect in cytokine production, in order to avoid a 

widespread and exaggerated intravascular inflammatory response and sepsis. 
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6.4.7 Effect of hBD2 analogues on phagocytosis 

hBD2 analogues with a reduced structural stability, such as (-D)hBD2, (5-41)hBD2 and 

brevihBD2 were used to probe whether specific structural features of hBD2 are required for its 

phagocytic activity. They were tested under the same experimental conditions initially 

determined as optimal for hBD2. Although these less structured analogues of natural defensin 

were found to be still able to induce chemotaxis (see Ch. 4) and some of them were able to 

decrease protein content (see Ch.5), none of the analogues tested cause any variation in the 

phagocytic ability of macrophages. Therefore stimulation of phagocytosis seems to be the activity 

of this defensin that is more dependent on the integrity of the β-defensin scaffold. 
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Figure 6.12 Effect of different hBD2 analogues on phagocytosing cells. Phagocytosis was evaluated in 
cells pre-treated with 1 μM peptides for 24 h in complete medium, and then incubated with FITC-coli for 
1 h. The effect of peptides on the number of phagocytosing cells is reported as % increase with respect to 
untreated cells. (** p<0.01). 
 

6.4.8 Effect of hBD2 on other processes related to phagocytosis: induction of ROS 

production by macrophages  

Some AMPs and/or cationic polymers enhance a respiratory burst in phagocytes and increase 

reactive oxygen species (ROS) release [Ginsburg 1985; Ginsburg, 1989; Ammar 1998; Stein 

1999]. ROS are important in host defense because of their direct bactericidal activity [Ogino 

1988; Stohs 1995] and their role as signalling molecules [Baeuerle 1996; Kaul 1996]. Therefore, 
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we investigate whether hBD2 was also involved in stimulation of ROS production, both 

extracellular and intracellular, when the respiratory burst was triggered by phagocytosis of E.coli 

(fig. 6.13). 

To begin with, using the cytochrome c reduction assay, it was observed that hBD2 induced in 

MDM a rather modest but statistically quite significant increase (+2.66%; p= 0.0037) in the 

release of extracellular superoxide anion (O2-•). This effect is compatible with a possible role of 

hBD2 in stimulation of signalling. 

The NBT test was then used to evaluate the intracellular production of superoxide anion. 

hBD2 primed MDM produced significantly more intracellular O2-• (+14%; p= 0.0055) than 

control cells. 

Superoxide anion is only one of the ROS species produced by cells so that the production of 

other ROS, such as hydroxyl radical (HO•) and peroxynitrite (ONOO-), was also measured by 

using the fluorescent dye CM-H2DCF-DA. It was shown that hBD2 was able to cause a 

significant and statistically relevant increase in production of these intracellular ROS (+40%, 

p=0.0022). Considering all intracellular ROS species, the measured effects support the hypothesis 

that hBD2 activity is directed at enhancing the killing potential of phagocytes in the presence of 

an infection. 

6.4.9 Effect of hBD2 on the uptake of GFP-coli into macrophages 

Prior to investigating other possible effects and modes of action of hBD2, it was necessary to 

confirm the ability of hBD2 to enhance phagocytosis in a model of real bacterial infection using a 

non-fixed GFP-expressing E.coli. PMA-U937 macrophages treated with 1 μM hBD2 for 24 h 

showed an enhanced activity against vital, non-fixed bacteria, as previously noted for fixed 

E.coli. In particular, there was an increase of 25% (p= 0.0086) in phagocytosing cells, 

corresponding to a 50% increase in MFI (p= 0.037). Moreover, cells primed with hBD2 

phagocytosed significantly more bacteria per cell, as reflected by 15% rise in MFI measured only 

for phagocytosing cells (fig. 6.14). This result is important, because it confirms the effect of 

hBD2 effect in an experimental model, which more closely resembles what occurs during a real 

infection. This model however requires the implementation of further assays to corroborate the 

role of hBD2 in potentiating intracellular bacterial killing, by subsequently verifying a capacity 

of ingested bacteria recovered from lysed cells, to give rise to colony forming units (CFU). Such 

assays are being optimized. 
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Figure 6.13 ROS production in hBD2-primed macrophages. Production of superoxide anion (both 
extracellular and intracellular) and other intracellular ROS was measured in MDM pre-treated with 1 μM 
hBD2 for 24 h and incubated with FITC-coli for 1 h. The effect of hBD2 on ROS species production is 
reported as % increase with respect to untreated cells. (** p<0.01) 
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Figure 6.14 hBD2 effects on the up-take of GFP-coli. PMA-U937 were treated with 1 μM hBD2 for 24 
h and then incubated with GFP-coli for 1 h. The MFI of all cells and the number and MFI of 
phagocytosing cells is reported for both control (orange bars) and hBD2 treated cells (** p<0.01). 
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6.5 Conclusions and future perspectives 

In the present study we observed a significant increase in the phagocytic activity of 

macrophages that are pre-treated with hBD2. This effect was observed in cells from primary 

cultures and then confirmed in stabilized cell lines. In response to hBD2 treatment, not only do 

more cells phagocytose bacteria, but the number of bacteria ingested per cell was also increased. 

This finding could be correlated with the enhanced expression of the cell membrane integrin 

CD11c observed in MDM treated with hBD2 (see Ch. 3). The involvement of other phagocytic 

receptors however also needs to be verified. Moreover, as hBD2 is also active at inducing of 

some inflammatory cytokines, such as IL-1β [Boniotto 2006], which are engaged in promoting 

phagocytosis, further studies on the signal transduction pathways implicated in phagocytosis 

might contribute to a better understanding of the mode of action of hBD2 with respect to its 

phagocytosis-enhancing activity. This enhancement seems to be a specific and defined function 

of the peptide, as it was observed only after exposing cells to bacteria, but not to FITC-labelled 

dextran particles, and was strictly dependent on the structural integrity of the defensin molecule, 

as evidence by studies with unstructured analogues, unlike other observed functions such as 

chemotaxis (see Ch.4) or degranulation (see Ch. 5). Our studies have also demonstrated that 

activation of phagocytes by hBD2 results in an enhanced release of ROS, which themselves have 

a direct bactericidal activity. We can thus propose that hBD2 stimulates macrophages with a 

principal aim of priming them to better respond against a bacterial invasion. 

As regard iDC, the effect observed is different: hBD2, in fact, augmented interaction with 

bacteria but without significantly enhancing phagocytic ability. However, it should be considered 

that iDC have a very large contact surface and express a large array of phagocytic receptors, but 

they are less phagocytic and slower at degrading engulfed pathogens, compared to macrophages. 

In fact, iDC are specialized in linking innate and adaptive immune responses, rather than directly 

eliminating pathogens. The response of iDC to hBD2 treatment could be correlated to this 

function, considering also that we have observed an enhanced expression of HLA-DR (see Ch. 3) 

on cell surface after treatment with defensin. 

Taken together these results encourage us to further probe if the observed increase in 

phagocytic activity and ROS production corresponds also to an increased bacterial killing activity 

by the cells and activation of the adaptive immune system responses (T-cell mediated response). 
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Alongside the functional assays, it is thus necessary to plan studies on aspects of the 

mechanism of action of hBD2. In particular, a series of experiments will be carried out to probe 

the interactions of fluorescently labelled hBD2 with different kinds of cells, with the aim of 

determining whether a cellular internalization is necessary for observed biological effects.  
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7. Internalization of hBD2 into immune cells 

7.1 Introduction 

7.1.1 Interaction of HDPs with mammalian cells 

Despite their different sequences, structures and modes of action, HDPs share some common 

characteristics, such as a relatively short length (a score or two of residues), a net cationicity, a 

capacity to interact strongly with biological membranes, usually a broad killing spectrum against 

a variety of microbial pathogens and often the ability to also modulate diverse cellular responses 

involved in the preservation of host cell integrity [Zasloff 2002; Tossi 2002; Yeaman 2003; Yang 

2004]. The specificity for pathogenic microbial over host cells is thought to be due to the 

composition of their respective membranes, so that the higher proportion of anionic 

phospholipids renders a pathogen more susceptible to their action, while the presence of 

cholesterol in host cell membranes makes them more resistant [Matsuzaki 1995; McPhee 2005].  

In general, however, considering the extensive studies carried out on interactions between 

HDPs and bacteria, relatively little is known about peptide-mammalian cell interactions. In any 

case, the numerous reports on multiple activities of HDPs on host cells underline their capacity to 

interact with them, likely acting at the membrane level and/or by binding to intracellular targets 

after translocation into the cytoplasm.  

For some peptides the ability to bind to cell surface receptors has been proposed, even though 

in most cases the involvement of specific receptors and the subsequent consequences of a given 

peptide’s activity are hotly discussed.  For example, while it has been reported that the human G 

protein-coupled formyl-peptide-receptor-like 1 (FPRL1) is the receptor responsible for direct 

chemotactic activity of the human cathelicidin peptide LL-37 on neutrophils, monocytes, and T 

cells [Tjabringa 2006], other types of responses induced by this peptide on monocytes seem to be 

independent of any G protein-coupled receptors. Other transactivated or direct-binding receptors 

have been described in a variety of cell types for LL-37 [Tokumaru 2005; Lau 2005; Nagaoka 

2006], indicating that its bioactivities might not necessarily be mediated by specific, direct 

interaction modes with host-cell receptors, but may rather be due to a less specific, non-canonical 

interaction with the membrane milieu surrounding receptors [Tomasinsig 2008]. 
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 Regarding hBD2, CCR6 was identified as a possible receptor in some cell types [Yang 

1999a], but, as amply discussed in chapter 4, there is some controversy which receptors if any are 

really involved in host cell chemotaxis, and/or how they are activated. Furthermore, other 

activities have been reported for this molecule, including degranulation or activation of other cell 

types, which do not necessarily express the CCR6 receptor.  

Host defence peptides can also influence the activation of transcription factors that are 

involved in the regulation and expression of innate immune genes. For example, β-defensins and 

human cathelicidin LL-37 can activate the mitogen-activated protein kinase (MAPK) p38 and the 

extracellular-signal-regulated kinase-1/2 (ERK1/2) in mast cells, keratinocytes and monocytes 

[Bowdish 2004; Niyonsaba 2005; Chen 2006]. How these pathways are activated by HDPs 

remains unclear and the study of the complex cell response to stimulation by HDPs might be 

even more intricate than other known agonists because of the capacity of some HDPs to 

translocate into and act directly at the level of the cytoplasm. 

Until today, knowledge about HDP cell penetration is essentially limited to dermaseptins 

[Ghosh 1997; Krugliak 2002; Feder 2001], buforin [Takeshima 2003 ], protegrin 1 [Drin 2002], 

PR-39 [Shi 1996; Chan 1998; Gao 2000], Bac7(1-35) [Tomasinsig 2006] and LL-37 [Lau 2005]. 

An increased knowledge of these effects is highly desirable, as apart from leading to the 

elucidation of the modes of action of different HDPs, the possibility of exploiting the combined 

capacity to penetrate into and modulate mammalian cells, without associated cell damage, and to 

exert a simultaneous direct antimicrobial activity, is appealing for antimicrobial drug 

development. 

7.1.2 Cell Penetrating Peptides 

CCPs (cell penetrating peptides) are a class of peptides which display the ability to enter into 

mammalian cells without associated membrane damage. The first CPP was discovered in 1988 

when it was found that the trans-activating transcriptional activator (Tat) from Human 

Immunodeficiency Virus 1 (HIV-1) could be efficiently taken up from the surrounding media by 

numerous cell types in culture [Frankel 1988]. A large number of such peptides were 

subsequently either discovered or designed, such as for example the drosophila antennapedia 

transcription protein (pAntp) [Joliot 1991] or transportan [Soomets 2000]. 

The capability of CCPs to translocate across membranes is attributed to aminoacid sequences 

rich in basic residues. For most CPPs, it appears that there is an initial rapid interaction between 
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the positively charged sequences and the negatively plasma membrane, followed by endocytosis 

and subsequent cytoplasmic release. Studies on the specific endocytic pathway, proposed either 

raft-dependent or clathrin-dependent endocytosis. However, studies using lipid vesicles or cells 

also proposed that an energy-independent, physically driven process might also be involved. 

According to this model, the peptide could insert into the outer membrane leaflet causing local 

perturbation. Owing to existing membrane gradients (e.g. transmembrane potential, pH gradient 

etc.) or concentration effects, the peptide then overcomes the hydrophobic barrier of the bilayer 

by an as yet  unknown mechanism, translocates,  and is then released from the inner leaflet into 

the cytoplasm [Hallbrink 2001; Henriques 2006]. Depending on circumstances, the same peptide 

may enter cells through either or both the endocytic and physical self-translocating processes 

[Henriques 2005; Mano 2005; Boisseau 2006]. In any case, it should be considered that endocytic 

internalisation involves entrapment into vescicles, and has to be followed by some form of 

physical membrane translocation if the peptide is to reach the cytoplasm.  

CPPs have demonstrated the capacity to deliver biologically active cargo into the cellular 

interior, making these molecules a highly attractive pharmaceutical and biochemical tool for the 

potential to improve the distribution of a variety of drugs [Lindgren 2000; Schwarze 2000; 

Sebbage 2009]. 

7.1.3 HDPs and CCPs 

Peptides initially reported as CPPs have subsequently been shown to have antimicrobial 

activity [Palm 2006], whereas some HDP have demonstrated the capacity to enter into the cells. 

This is however not so surprising: both CPPs and HDP are short cationic peptides with a high 

affinity for membranes. These rather similar classes of molecules had not previously been 

connected probably due to an excessively application-oriented characterization. CPPs are in fact 

mainly studied by researchers focusing on gene therapy and drug delivery, while HDP as tools to 

fight bacterial infections, either directly and indirectly.  It should also be considered that the 

cellular membrane target of these two sets of peptides is rather different, both in physico-

chemical properties and regarding internalization processes. Major physico-chemical differences 

derive from the presence of cholesterol in host cells and preponderance of anionic phospholipids 

in bacterial membranes, as well as larger, negative-inside electric potential in the latter. Different 

effects reported with CPPs and HDP may thus arise from these differences in membrane 

composition, and to related factors that modulate both peptide affinity and membrane 
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destabilization. The distinction of these two types of peptides into separate groups is therefore 

really rather academic [Henriques 2006]; cell entry and differential membrane 

damage/penetration may be a common feature of both these types of membrane active peptides.  

7.2 Aim of the study 

We have shown that hBD2 is able to activate immune cells inducing chemotaxis, 

degranulation, phagocytosis and ROS production without exerting cytotoxic effects. Functional 

assays have to be correlated with studies on the mechanism of action of hBD2 in order to 

contribute to a better understanding of its role in innate immunity. In particular, the interaction of 

fluorescently labelled hBD2 with selected cell types has been explored, with the aim of 

determining whether the peptide acts at the membrane level or has an intracellular target. This 

increases our understanding of the mechanisms of peptide-cell interaction and their functional 

implications in mediating its diverse roles in immunity. Moreover, this information could lead to 

new applications for hBD2 analogues. 
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7.3 Materials and Methods 

7.3.1 Cellular uptake of hBD2 

7.3.1.1 Flow cytometry 

Cells were resuspended in complete medium at 1x 106/ml and incubated at 37°C in the 

presence of hBD2 conjugated to a fluorescent molecule (carboxyfluorescein- hBD2 or CF-

hBD2), for various time periods before cytofluorimetric analysis. The acquired fluorescent signal 

was due to peptide bound to the cellular membrane and/or internalized into cells. To discriminate 

internalized peptide, treated cells were incubated with 0.1% trypan blue (TB), which is excluded 

from the cell interior in intact cells and can therefore quench only accessible fluorescent dye on 

peptides bound to the external membrane surface. In some experiments cells were incubated with 

hBD2 conjugated to BODIPY (BY-hBD2) instead with CF-hBD2 or co-incubated with CF-hBD2 

and unlabelled hBD2. 

For energy depletion studies, cells were pre-incubated at 37°C for 1h in complete medium 

containing 0.5 mg/ml NaN3 and 20 mM 2-deoxy-D-glucose before treatment with the peptide at 

37 °C in the same medium. To study the effect of low temperature, cells were pre-cooled at 4 °C 

for 30 min and then incubated with the peptide at 4 °C in the same medium [Richard 2005]. To 

address the effect of endocytosis inhibitors, cells were pre-incubated for 60 min at 37 °C with 10 

mM methyl-β-cyclodextrin (MβC) or 5 μg/ml cytochalasin D [Tomasinsig 2006]. Cells were then 

incubated with the peptide in the presence of each drug.  

In each experiment the permeabilization of cells was monitored by the propidium iodide (PI) 

exclusion assay and any PI+ cell population were excluded from subsequent analysis. It should 

be underlined that in any case in permeabilized cells internalised fluorescent peptide would also 

be accessible and efficiently quenched by TB. 

Samples were analyzed with a flow cytometer by using a 488-nm argon ion laser (Cytomics 

FC 500 instrument, Beckman Coulter). A minimum of 10000 events per sample was acquired and 

histograms were analyzed with the WinMDI software (J. Trotter, Scripps Research Institute, La 

Jolla, CA, U.S.A.). 

The fluorescence of each sample was determined and given as MFI. Results could also be 

expressed as percentage with respect to a control group incubated with 1 μM CF-hBD2 at 37°C 

for 60 min to allow comparisons of data from multiple experiments. 
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7.3.1.2 Confocal Laser Microscopy  

THP1 cells (1x 106/ml) were seeded on coverslips and incubated at 37 °C for 3 days in 

complete medium supplemented with 50 ng/ml PMA, in order to differentiate them into 

macrophages (PMA-THP1). The cell culture medium was then replaced with 1 ml of complete 

medium containing freshly dissolved, fluorescein-labeled hBD2 (1 μM). Incubation was 

conducted at 37°C, unless otherwise indicated, for various time-periods. The peptide solution was 

then aspirated and cells were washed several times with PBS, and then fixed with 2% 

paraformaldehyde in PBS for 20 min at room temperature. After washing three times the fixed 

cells were treated with 0.1 % glycine and 0.02% NaN3 in PBS for 5 min. After permeabilization 

with 0.01 % Triton X-100 for 5 min, actin was stained with Phalloidin-TRITC for 15 min. Cells 

were then finally rinsed three times with PBS and once with deionized water. Slides were 

mounted with Mowiol and conserved in darkness at -20°C until fluorescence microscopic 

examination. In some experiments, after actin staining nuclei were marked with a solution of 1.5 

mM PI containing 0.4 mg/ml RNAse A. Cells were examined with a Nikon C1-SI confocal 

microscope using an oil immersion lens. Fluorophores were stimulated with the following 

excitation wavelengths: 488 nm for fluorescein, 514 for TRITC and 561 for PI. Emission was 

acquired with the following band pass: 515/30 for fluorescein, 590/50 for TRITC and 605 LP for 

PI. Optical sections collected at different levels perpendicular to the optical axis are presented. 

Photomultiplier gain and laser power were unvaried within each experiment. 

7.3.2 Statistical analysis 

All experiments were carried out in triplicate and repeated at least three times. Data are 

expressed as mean value ±SEM and statistical comparisons effected using ANOVA (Instat 

software, GraphPad Inc., San Diego, CA) followed by the Student-Newman-Keuls multiple 

comparison test.  The relationship between two variables was evaluated calculating the 

correlation and linear regression. Differences were considered statistically significant at p<0.05, 

very significant at p<0.01, highly significant at p<0.001 and extremely significant at p<0.0001. 
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7.4 Results 

7.4.1 Cellular uptake of hBD2 by macrophages 

Firstly, macrophages PMA-THP1 were incubated with 1 μM CF-hBD2 at 37°C for various 

periods of time and analyzed by flow cytometry to confirm that hBD2 was able to bind to the 

cellular membranes. Already 10 min after addition of the peptide more than 80% of cells bound 

CF-hBD2 and within 30 min the percentage reached 99%. MFI of cells also rapidly increased, 

indicating that hBD2 immediately bound to the cell surface, and continued to do so up to 60 min 

(Fig. 7.1). Longer periods did not result in any further significant increase, but the amount of total 

fluorescence remained quite constant for all monitored periods of times until 24 h. This indicates 

that binding is quite rapid. 

Although cytofluorimetric analysis is widely used to quantify cellular association of 

fluorescent peptides, it does not discriminate between membrane-bound and internalized 

fluorochrome. Furthermore, even extensive washing of cells with PBS did not completely 

eliminate the signal due to surface-attached CF-hBD2 (Fig. 7.2). To minimize any contribution 

from surface-bound peptide, a simple protocol involving fluorescein quenching was thus used. A 

TB solution of 0.1% was sufficient to quench all surface-bound CF-hBD2 fluorescence (Fig. 7.2), 

allowing direct measurement of the amount of internalized labeled peptide. Higher concentrations 

of TB or additional washing steps in fact did not further reduce this contribution. Treating 

samples with 0.1% immediately prior to flow cytofluorimetric analysis allowed us to confirm 

rapid internalization of CF-hBD2 into PMA-THP1 cells, as shown in figure 7.1. Just 10 min 

incubation with peptide resulted in 30% of the total fluorescent signal deriving from intracellular 

CF-hBD2, and more than 80% of cells internalized the peptide. Longer incubation resulted in a 

gradual increase in uptake, which reached saturation at 60 min, when the peptide was taken into 

95-98% of cells. At this time most peptide molecules were internalized because almost 60% of 

signal persisted after TB quenching, and there appeared to be an equilibrium between attached 

and internalized peptide. These data clearly indicated that CF-hBD2 entered into macrophages.  

It is important to note that uptake occurs without permeabilization of cells. In fact, as reported 

in chapter 2, for both hBD2 and CF-hBD2 treated samples, the number of cells that were 

permeable to PI did not increased. In each experiment, any PI permeable cells were in any case 
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excluded from analysis, even though TB would be able to quench fluorescence due to peptide 

that entered into permeabilized cells. 
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Figure 7.1 Binding kinetics and cellular internalization of CF-hBD2 in PMA-THP1 cells. 
Macrophages were incubated with 1 μM CF-hBD2 at 37 °C for the indicated times, with (blue curve) or 
without (green curve) TB quenching. Data represent the mean ±SEM of three independent experiments. 
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Figure 7.2 Fluorescence of CF-hBD2-treated cells with and without quenching or washing steps. 
PMA-THP1 were incubated with 1 μM CF-hBD2 at 37°C for 60 min. The green bar represents 
fluorescence immediately after incubation without either washing or quenching steps. The blue bar shows 
fluorescence of cells acquired after TB quenching. Fluorescence after washing step was recorded both 
with (red bar) or without (orange bar) TB. Data represent the mean ±SEM of three independent 
experiments.  
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7.4.2 Fluorochrome influence on uptake 

In order to exclude a possible influence of the fluorochrome on the uptake of peptide, a hBD2 

conjugate with another fluorescence dye, BODIPY (BY-hBD2), was also used, this molecule 

being quite different in terms of chemical structure and hydrophobicity. BY-hBD2 actually gave 

a stronger signal than CF-hBD2 in terms of fluorescence intensity, but the kinetics of binding and 

uptake were quite similar to those obtained with CF-hBD2. Moreover, the percent internalized 

peptide with respect to total fluorescence signal was effectively identical at each point of time. 

Therefore, these data showed that binding or uptake of conjugated hBD2 was not influenced by 

the type of fluorescent dye that was attached to it. 

 To further confirm this, we also measured internalization of 1 μM CF-hBD2 in the presence 

of increasing concentrations of unlabeled hBD2. PMA-THP1 were co-incubated at 37°C for 60 

min. with 1 μM CF-hBD2 and 0-2 μM hBD2. As shown in figure 7.3, 0.5 μM hBD2 caused a 

slight but very significant (p<0.01) decrease in uptake of CF-hBD2. In presence of 2 μM hBD2, 

there was a highly significant (p<0.001) reduction of 20% in internalization of the fluorescent 

peptide. Moreover, the dependence of CF-hBD2 uptake on unlabelled hBD2 concentration was 

confirmed by correlation analysis (R2=0.9886; p<0.01). Thus labelled and unlabelled peptide 

appeared to compete for the same internalization mechanism, in a manner that is likely not 

dependent on the presence of the fluorescent label. 
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Figure 7.3 Uptake of CF-hBD2 in presence of hBD2. PMA-THP1 were co-incubated with 1 μM CF-
hBD2 and different concentrations of hBD2 at 37 °C for 60 min. The effect of hBD2 on the uptake of CF-
hBD2 is reported as % with respect to control cells incubated with CF-hBD2 alone (** p<0.01; *** 
p<0.001). 

0

50

100

150

200

0 1 2 3 4

M
FI

CF-hBD2 (μM )  
Figure 7.4 Concentration dependence of peptide uptake. PMA-THP1 were incubated with different 
concentrations of CF-hBD2 at 37 °C for 60 min and MFI was registered after TB quenching. The graph 
shows the correlation between MFI of internalized peptide in PMA-THP1 and concentration of CF-hBD2. 
The solid line represents the linear regression best fit, whereas the dotted lines represent the confidence 
limits. Each measurement represents the mean of three experiments. 
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7.4.3 Concentration dependence of peptide uptake  

The concentration dependence of the uptake was studied by incubating PMA-THP1 for 60 min 

at 37°C with labelled peptide at increasing concentrations ranging from 0.125 to 4 μM. In this 

range of concentrations the peptide did not permeabilize cells. As shown in figure 7.4, a linear 

increase in the accumulation of the peptide in cells with concentration was observed, and there 

correlation between the amount of internalized peptide and concentration of CF-hBD2 was 

extremely significant (R2=0.9946; p<0.0001). Internalization into a maximum number of cells 

(95-98%) was reached at 1 μM CF-hBD2. At higher concentrations the amount of membrane 

attached peptide increased more steeply with concentration than internalized peptide. Therefore, 

although internalization of peptide does depend on the overall peptide concentration, it is not 

proportional to the amount of peptide bound by cells.  

It is interesting to note that a particular concentration value, around 1 μM, seems to be the one 

required to achieve optimal activity  in many of the experiments described in this thesis, and this 

is the concentration at which internalization in effectively all cells is reached. 

 

7.4.4 Dependence of internalization on cellular type 

The results obtained with PMA-THP1 were confirmed both with macrophages derived from 

another monocytic cell line (PMA-U937) and macrophages derived from primary monocytes 

(MDM). In fact, not only were the kinetics of internalization very similar, but also the relative 

amounts of peptide bound and internalized after 60 min of incubation with 1μM CF-hBD2 were 

comparable in the three types of macrophages. Moreover, as shown in figure 7.5, at each time 

point the percent internalized vs bound CF-hBD2 was effectively identical.  

Monocytes, either primary cells or stabilized cell lines, were able to bind and internalize CF-

hBD2, but peptide uptake was lower than in macrophages (fig. 7.6). In fact within 60 min the 

percentage of cells that bound CF-hBD2 reached 99%, and over 90% of cells retained fluorescent 

after TB addition, indicating that monocytes also internalized CF-hBD2. Considering the MFI, 

however, the fluorescence due to both adherent and internalized peptide was 50-60% lower than 

in macrophages and this can only in part be explained by the smaller surface area of monocytes. 

Moreover, after TB quenching, MFI in macrophages was 70-80% higher than in monocytes. In 

fact, after CF-hBD2 treatment there was a 5-6 fold increase in fluorescence of monocytes, 

whereas in macrophages it increased 18-20 fold. Furthermore, after 60 min. treatment, only about 
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40% of the peptide was internalized by monocytes, so that more peptide remained on the 

membrane than within cells, in contrast to what was observed for macrophages.  

Increasing CF-hBD2 concentration resulted in a linear increase in the accumulation of the 

peptide into monocytes, and, as was observed for macrophages, there was an extremely 

significant correlation (R2=0.9998; p<0.0001) between concentration and MFI, even though for 

monocytes the slope was lower. Also in agreement with data for macrophages, the amount of 

membrane attached peptide increased more steeply with concentration than internalized peptide. 

For immature dendritic cells (iDC), immediately after contact with 1 μM CF-hBD2 there was 

a 40-50 fold increase in fluorescence indicating a considerable capacity to bind peptide. At 20 

min exposure the fluorescence intensity reached a plateau and MFI was 40-50% higher than for 

macrophages. However, the amount of internalized peptide was comparable to that observed for 

macrophages (Fig. 7.6) and reached equilibrium at 60 min exposure.  iDC were overall less 

efficient than macrophages in peptide uptake, so that even though a greater accumulation of CF-

hBD2 occurred at the membrane surface, only about 35% of this bound peptide was internalized. 

For this cell type, as for macrophages and monocytes, the amount of membrane bound peptide 

increased more rapidly than intracellular peptide. In fact, at 4 μM only about 25% of fluorescence 

was due to peptide uptake.  

In conclusion, while all three cell types showed the ability to internalize hBD2 without 

permeabilization, the different cell types displayed a differential capacity to both bind and 

internalize this peptide.  
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Figure 7.5 Percentage internalized CF-hBD2 in macrophages. Cells were incubated with 1 μM CF-
hBD2 at 37 °C for the indicated times with MDM (dark blue curve) or PMA-THP1 (orange curve). The 
percentage of internalized CF-hBD2 was calculated as the ratio between internalized fluorescence and 
total fluorescence. Data represent the mean ±SEM of three independent experiments. 
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Figure 7.6 Dependence of hBD2 internalization on cellular type. Cells were incubated with 1 μM CF-
hBD2 at 37 °C for 60 min with different cell types with (blue bars) or without (green bars) TB quenching. 
Data represent the mean ±SEM of three independent experiments. 
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7.4.5 Effect of temperature on peptide uptake 

The temperature dependence of hBD2 internalization was subsequently analysed. To assess 

the effect of low temperature, cells were pre-incubated for 1 h on ice and then maintained at this 

temperature during exposure to the peptide for different times. As shown in figure 7.7, the 

kinetics of the internalization process measured by flow cytometry clearly indicated that uptake 

of CF-hBD2 was severely impaired by cooling MDM to 4°C. In particular, a small increase of 

MFI was observed during the first 10 min, but the amount of internalized peptide then remained 

constant. After 60 min the fluorescent signal at 4°C was reduced by more than 80% compared to 

37°C (p<0.001). At this time point, only 30% of cells had managed to internalize CF-hBD2, and 

in little quantities, even though almost all the cells bound the peptide, even if in lower quantities 

than at 37°C (~50% less).  The increase in fluorescence in treated vs. untreated cells was only 

four fold at 4°C, with respect to 18-20 fold at 37°C, but this increase was very significant 

(p<0.01). Therefore, even at low temperature a small but significant amount of peptide could still 

enter cells. Comparable results were obtained in PMA-derived macrophages (PMA-THP1 and 

PMA-U937), in which at 4°C the fluorescence due to internalized peptide was also reduced by 

70-80%, although still significantly higher than in negative control cells. 

Monocytes, either stabilized cell lines or primary cells, already showed a significantly reduced 

capacity to internalize peptide than macrophages at 37°C (see above), and this capacity was even 

further reduced by incubating cells at 4°C. This reduction in peptide uptake was very significant 

(p<0.01), even though in this case also the residual quantity of intracellular peptide was 

significantly higher than in untreated cells (p<0.05). 

In iDC at 4°C, the amount of internalized peptide was reduced by about 60% (p<0.001) as 

compared to 37°C.  CF-hBD2 taken into these cells was thus still relevant and higher than in 

macrophages or monocytes. Moreover, the percentage of cells that at 4°C still internalized CF-

hBD2 was of 60% in iDC against the 30% in macrophages or monocytes. This might be due to a 

more massive accumulation on membrane, which occurs in iDC even at 4°C. This could lead to a 

physically driven uptake process (e.g. ‘self-promoted uptake’) that might be less sensitive to 

temperature than other types of biological processes such as endocytosis.  

In conclusion, the ability of CF-hBD2 to enter into cells was severely reduced, but not 

abolished, at low temperature, suggesting that hBD2 uptake might depend principally on a 

cellular process related to endocytosis, rather than on a translocation mechanism, although this 

could be not excluded. 
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Figure 7.7 Kinetics of cell uptake at 4°C and 37°C. MDM were incubated with 1 μM CF-hBD2 at 37 
°C (dark blue line) or 4°C (pink line) for different period of time and were acquired after TB quenching. 
Data represent the mean ±SEM of three independent experiments. (** p<0.01; *** p<0.001). 
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Figure 7.8 Dependence on temperature of peptide internalization. Cells were incubated with 1 μM 
CF-hBD2 at 37 °C (blue bars) or 4°C (pink bars) for 60 min and were acquired after TB quenching. Data 
represent the mean ±SEM of three independent experiments. (** p<0.01; *** p<0.001). 
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7.4.6 Effects of metabolic inhibition on uptake of hBD2  

The internalization kinetics for CF-hBD2 into the analyzed cell types was comparable to that 

of the classical markers for endocytosis, such as dextran, FM 4-64 or Transferrin, and of some 

CPPs such as Tat [Richard 2005], that enter the cells by endocytosis. Moreover, its uptake was a 

temperature-sensitive process, as is endocytosis, which is a metabolically active process inhibited 

in non metabolically active cells or by ATP depletion.  

In addition to uptake inhibition at low temperature, an indication that internalization of CF-

hBD2 requires metabolically active cells was provided by flow-cytometric experiments of MDM 

treated with fluorescent peptide. The dot plots of forward scatter (FS, x axis) and side scatter (SS, 

y axis) parameters (Fig. 7.9A) clearly indicated that besides the MDM population (gated in R1) 

there was a sub-population of cells (gated in R2) that had not responded to differentiation stimuli 

and did not express macrophages markers. These cells were smaller and less granulose than R1 

gated cells, and while impermeable to PI, they were non metabolically active, not phagocytic nor 

endocytic and also did not produce ROS. While CF-hBD2 was efficiently taken up by the 

macrophages in the R1 subpopulation, the R2 sub-population was able to bind only a very low 

amount of peptide without internalizing it (Fig. 7.9B).  

To confirm that the uptake of extracellular CF-hBD2 required metabolic cellular processes, we 

then examined the internalization in metabolically active versus energy-depleted cells. The 

cellular ATP pool was depleted by pre-incubation of cells for 60 min with 0.5 mg/ml sodium 

azide (NaN3), which blocks ATP synthesis by inhibiting cytochrome oxidase, and/or 20 mM 2-

deoxy-D-glucose (DOG), which inhibits glycolytic ATP production. There was no inhibition in 

uptake of CF-hBD2 using NaN3 or DOG alone, probably due to the partial inhibition of ATP 

synthesis under these conditions [Sorensen 1999]. On the contrary, a significant decrease in the 

fluorescence signal was observed in cells exposed to both drugs simultaneously, which cooperate 

to completely block ATP production. In particular, in ATP-depleted monocytes and macrophages 

there was a reduction of peptide uptake ranging from 10 to 40 % (fig. 7.10) as compared to 

metabolically active cells. As expected, the reduction was lower than that observed on reducing 

the temperature to 4°C, but it was equally very or highly significant (p<0.01 or p<0.001).  

Uptake of CF-hBD2 was therefore driven by an energy-dependent mechanism, such as 

endocytosis. 
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Figure 7.9 Internalization of CF-hBD2 into primary macrophages. MDM were incubated with 1 μM 
CF-hBD2 at 37 °C for 60 min. The dot plot in panel A shows that there are two populations of cells: 
macrophages in R1 (red region) and cells that have not responded to differentiation stimuli (blue region). 
Histogram in panel B shows amount of CF-hBD2 internalized by macrophages (red line). 
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Figure 7.10 Effects of metabolic or endocytosis inhibition. Cells were pre-incubated for 60 min with 
0.5 mg/ml NaN3 and 20 mM 2-deoxy-D-glucose (blue bars), 5 μg/ml cytochalasin D (red bars) or 10 mM 
methyl-β-cyclodextrin (yellow bars) before incubation with CF-hBD2. Uptake of hBD2 is expressed in 
percentage of the uptake in untreated control (incubation with CF-hBD2 at 37 °C for 60 min). Data 
represent the mean ±SEM of three independent experiments (* p<0.05; ** p<0.01; *** p<0.001). 
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7.4.7 Internalization of hBD2 in the presence of endocytosis inhibitors 

The temperature- and energy-dependent uptake of CF-hBD2 led to the hypothesis that 

internalization was principally due to an endocytic mechanism. To further investigate the role of 

endocytic pathways, cells were incubated for 60 min in the presence of pharmacological 

inhibitors of cellular processes associated with endocytosis, prior to addition of CF-hBD2.  

Endocytosis requires the formation and migration of vesicles along the cytoskeleton. 

Therefore, the constant presence of the cytochalasin D, which induces depolymerization of actin 

filaments [Casella 1981], should reduce internalization of the peptide. The influence of 

cytochalasin D was examined by pre-incubating cells with this drug at 5 μg/ml for 60 min and 

maintaining it in the medium during incubation with CF-hBD2 for a further 60 min. At this 

concentration, cytochalasin D was not toxic and did not affect the membrane integrity of cells. 

Treatment with cytochalasin D significantly decreased (30-40%, p<0.01 and p<0.001) the 

incorporation of CF-hBD2 respectively by both monocytes and macrophages (figure 7.10). As 

expected, the amount of bound peptide did not decrease.  

Since cholesterol is involved both in lipid raft-dependent and clathrin-dependent endocytosis, 

incorporation of hBD2 into cells was also measured in presence of methyl-β-cyclodextrin (MβC), 

a drug capable of sequestering membrane cholesterol [Kilsdonk 1995]. Cells were pre-incubated 

with 10 mM MβC for 60 min and it was retained in the medium also throughout cell contact with 

CF-hBD2. In this case also, this treatment did not affect cell vitality or result in permeabilization 

of cellular membranes. The total fluorescent signal recorded after incubation with MβC and CF-

hBD2 did not change significantly in all cells considered. On the contrary, as shown in figure 

7.10, the uptake of CF-hBD2 in monocytes (THP1 and U937) was strongly and highly 

significantly inhibited (30-40% reduction, p<0.001). In macrophages inhibition was slightly 

lower (15-20% reduction) but still quite significant (p<0.05 in PMA.THP1 and p<0.01 in PMA-

U937). These differences might derive from the different cholesterol content of membranes in 

monocytes and macrophages. Higher concentrations of MβC could not be used to further 

investigate the effects of this drug, as it began to demonstrate a slight toxicity towards these cell 

lines. These studies showed that cells which are depleted in cholesterol, CF-hBD2 still bound 

extensively to membrane, but its uptake into cells was reduced, suggesting that the presence of 

cholesterol in the membrane is more important for uptake of peptide than binding.  
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Taken together, these data support the hypothesis that endocytosis is involved in the uptake of 

the peptide. To further investigate the mechanism of internalization of CF-hBD2, confocal 

microscopy was then used, as this technique permits to confirm uptake, to visualize intracellular 

localization and to do colocalization experiments with specific markers of endocytosis. 

7.4.8 Intracellular localization of hBD2 

To investigate the cellular distribution of internalized peptides, confocal laser scanning 

microscopy was used. Fluorescein-tagged peptide was added at a concentration of 1 μM to 

cultures of PMA-THP1, and cells were then fixed and marked with phalloidin-TRITC, an actin 

filaments marker. In each experiment control cells were not incubated with CF-hBD2, but only 

stained with phalloidin-TRITC or with phalloidin-TRITC and PI (fig. 7.11A and 7.15A), and 

were used to set up the acquiring conditions such that no detectable bleed-through occurred 

between different channels (fig. 7.15B). This ensured that photomultiplier gain and laser power 

were identical within each experiment. 

As shown in figure 7.11B, at 60 min. CF-hBD2 was detected both on the cell surface and in 

the cytoplasm, confirming the data obtained with flow cytometry. The peptide bound to the cell 

membrane was not distributed uniformly, but the fluorescence labeling seemed to be concentrated 

in numerous spots (fig. 7.12A). A distinctly punctuated distribution of the peptide was also 

observed in the cytoplasm of analyzed cells (fig. 7.12B-D). Such staining was very similar to that 

of the classical markers of endocytosis, such as dextran (fig. 7.14), and led us to the conclusion 

that an endocytic pathway was involved in internalization of the peptide. Furthermore, a light, 

diffuse cytosolic staining was also observed (fig. 7.12B-D). This observation could indicate that 

the peptide, after endocytic entrapment, was able to somehow translocate into cytoplasm, or that 

uptake did not occur exclusively by an endocytic mechanism. At short exposure times (10 min 

incubation with 1 μM CF-hBD2, fig. 7.13) it could be clearly observed that at the membrane 

level the fluorescent peptide was concentrated in numerous spots, whereas in the cytoplasm there 

was a light, diffuse fluorescence and only few spots, if compared to the incubation of 1 h (fig. 

7.12B-D), were present in the cytoplasm close to the membrane. This could be an indication that 

at first there was a rapid uptake by a non endocytotic mechanism, followed by endocytosis. 

Longer exposures (24h, fig. 7.13) resulted in a more diffuse cytoplasmic fluorescence than at 1 h, 

and this could be due to the peptide’s ability to escape from endocytic vesicles. 
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The labeling of cell nuclei with PI clearly indicated that CF-hBD2 did not enter into the 

nuclei, but remained in the cytoplasm (fig. 7.15C-E). 

The uptake of the peptide was also significantly temperature-dependent (fig. 7.16): at 4°C, 

where the endocytic pathways would not function, most of the peptide remained at the membrane 

level as shown by colocalization of fluorescein and phalloidin-TRITC, although a very slight, 

diffuse cytosolic staining was also observed, possibly due to a self-promoted uptake mechanism, 

which would also partly explain the first rapid uptake and endocytic vesicle escape. All these data 

are thus entirely consistent with those obtained using flow cytometry in suggesting the 

involvement of both endocytosis and a physically driven mechanism in the cellular 

internalization of hBD2. 
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Figure 7.11 Localization of CF-hBD2 in PMA-THP1 cells. In panel A PMA-THP1 are marked only 
with Phalloidin-TRITC (red). Cells in panel B were incubated for 60 min with 1 μM CF-hBD2 (green) 
and then marked with Phalloidin-TRITC (red). Orange spots were due to colocalization of the two 
markers. The scale bar represents 10 μm. 
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Figure 6.12 Incubation of 60 min with CF-hBD2. PMA-THP1 cells were incubated with 1 μM CF-
hBD2 (green) for 60 min. and then fixed and marked with Phalloidin-TRITC (red). Section represented in 
A–D was collected at 0.8 μm interval along the z-axis. The scale bar represents 10 μm. 
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Figure 7.13 Incubation of 10 min or 24 h with CF-hBD2. A z-series was taken through PMA-THP1 
incubated with 1 μM CF-hBD2 (green) for 10 min (A and B) or 24 h (C and D) and marked with 
Phalloidin-TRITC (red). Two representative sections collected at different levels are shown: panel A and 
C show a membrane section of the cell whereas in panel B and D the centre of the cell is reported. The 
scale bar represents 10 μm. 
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Figure 7.14 Incubation of 60 min with FITC-dextran. A z-series was taken through PMA-THP1 
incubated with 1 mg/ml FITC-dextran (green) for 60 min and marked with Phalloidin-TRITC (red). Two 
representative sections collected at different levels are shown: panel A shows a membrane section of the 
cell, whereas in panel B the centre of the cell is reported. The scale bar represents 10 μm. 
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Figure 7.15 Localization of CF-hBD2. PMA-THP1 were incubated with (panels C-E) or without (panels 
A-B) 1 μM CF-hBD2 (green) for 60 min at 37°C and then marked with phalloidin-TRITC (red) and PI 
(violet). In the acquisition of each image all the three excitation wavelengths used for our fluorophores 
were active. Images in panel A and C show merged fluorescence of fluorescein and PI; panel D reports 
fluorescence due to TRITC and PI. Images merging the three fluorescent channels are shown in B and E. 
In panel E orange spots are due to colocalization of CF-hBD2 and TRITC. The scale bar represents 10 μm. 
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Figure 7.16 Localization of CF-hBD2 at 4°C. PMA-THP1 were incubated with 1 μM CF-hBD2 (green) 
for 60 min at 4°C and then marked with phalloidin-TRITC (red) and PI (violet). The image in panel A 
reports merged fluorescence of fluorescein and PI; panel B shows fluorescence due to TRITC and PI. 
Images merging the three fluorescent channels are shown in panel C. In this panel, orange spots are due to 
colocalization of CF-hBD2 and TRITC. The scale bar represents 10 μm. 
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7.5 Conclusions and future perspectives 

In the present study, using a fluorescent conjugate of hBD2 we observed with both flow 

cytometry and confocal microscopy that the peptide was efficiently internalized into all the 

immune cells considered in this thesis, in a process apparently devoid of cytotoxic effects. It was 

in fact necessary to show that the accumulation of hBD2 inside cells was not associated with cell 

permeabilization. Flow cytometry data indicated that uptake of the defensin was an energy-

dependent and temperature-sensitive process, requiring a metabolically active cell. By further 

exploring the mechanistic aspects of the uptake process, it was shown that this process was 

inhibited by cytochalasin D, suggesting a mechanism depending on actin fibers, while inhibition 

by methyl-β-cyclodextrin, suggested the involvement of lipid rafts, or clathrin-mediated 

endocytosis. Moreover, analysis by confocal microscopy showed that CF-hBD2 seems to interact 

with specific patches on the membrane and, on binding, the peptide rapidly localized in the 

cytoplasm of cells with a characteristic punctate distribution. Taken together, these data could 

suggest that the peptide selectively binds to lipid rafts and that endocytosis could be a general 

mechanism of hBD2 internalization. However, we could not rule out the possibility that a non-

endocytotic mechanism contributes significantly to the internalization of the peptide, and/or to its 

subsequent escape from endocytic vesicles.  

To better understand the mechanism of internalization, future experiments will study the 

colocalization between CF-hBD2 and Cholera Toxin (a specific marker for raft-dependent 

endocytosis) or with Transferrin (a glycoprotein internalized by clathrin-dependent endocytosis). 

Moreover, confocal microscopy analysis will be extended to the other cell types considered in 

this thesis. 

Furthermore, it is still necessary to clarify what the intracellular target/s of hBD2 is/are and 

whether cellular internalisation are a common feature of the multiple biological effects reported 

for this HDP, or only required for some specific activities. The ability of hBD2 to enter cells 

could be also important for the killing of intracellular pathogens: in fact the capacity of some 

antibiotics to enter eukaryotic cells considerably improves their activity [Labro 1998]. 

The findings here presented increase our understanding of hBD2 as a multifunctional HDP, 

able to interact with and potentially modulate the activities of host defence cells, they also place it 

into the class of cell penetrating peptides, and opens new perspectives for its use as a lead 

compound for development of novel therapeutics. 
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8. General conclusions 
Taken together, the data collected as described in this thesis lead to the following conclusions:  

 at a concentration of 1 μM, a level which is likely to be often reached in vivo by hBDs 

at sites of infection [Hiratsuka 1998; Liu 2002], hBD2 is not cytotoxic in vitro towards 

immune host cells such as monocytes, macrophages and iDC, under conditions 

resembling physiological ones. 

 at this concentration, hBD2 produces a series of effects on different host cells that are 

involved in immunity, which may have a significant biological relevance to its role in 

host defence, adding to its direct antimicrobial activity. 

 my work confirms literature reports that hBD2 is able to induce chemotaxis of iDC, 

but the mode of action appears to be considerably more complex than has previously 

been proposed [Yang 1999a]. Interaction with the CCR6 receptor was also confirmed 

to play a significant role in hBD2-induced chemotaxis, as indicated by a partial 

abrogation of its activity by receptor-neutralizing antibody, but only for iDC robustly 

expressing this receptor on their surface. The fact that chemotaxis could also be 

induced by hBD2 in cells not expressing the receptor on their surface, and that in this 

case there was no effect from ther neutralising antibody, suggests that CCR6- (and 

possibly receptor-) independent modes of action may also be quite relevant. Evidence 

for enhanced membrane fluidity by hBD2 could in part also account for the increased 

cellular motility, supporting the hypothesis of a more complex mode of action of hBD2 

in chemotaxis. 

 a short exposure of iDC to 1 μM hBD2 causes a significant, cell type-dependent 

decrease in protein content, which is consistent with the release of electrondense 

granule contents into the cytoplasm of cells as observed by TEM. This degranulation 

process, which has not previously been reported, could be involved in the 

tolerogenic/immunogenic roles of these cells, supporting a further immunomodulatory 

role for the defensin.  

 a longer term exposure to hBD2 seem to augment iDC ability to recognize bacteria and 

interact with them but without significantly enhancing phagocytic ability, suggesting 

that hBD2 could improve their ability to link innate and adaptive immune responses, 

rather than direct elimination of pathogens. 
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 long term exposure of macrophages to hBD2 instead resulted in a significant increase 

in their phagocytic activity and release of ROS, two additional properties which had 

not previously been described. We can thus postulate that hBD2 may serve to stimulate 

macrophages and so prime them to better respond against a bacterial invasion. 

 hBD2 is moreover able to interact in a cell specific manner with immune cells, upon 

short term exposure, leading to differentiated binding and cellular uptake, in a process 

apparently devoid of cytotoxic or permeabilizing consequences. Macrophages are the 

most efficient in peptide internalization, whereas iDCs seem to be more efficient in 

peptide binding than peptide internalization. The mechanism by which this occurs is as 

yet unknown, but our preliminary data indicated that uptake of the defensin was an 

energy-dependent and temperature-sensitive process, which depends on actin fibers 

and, probably, involves lipid rafts, or clathrin-mediated endocytosis. Moreover the 

labelled peptide may interact with specific patches on the membrane and, on binding, 

the peptide rapidly localized in the cytoplasm of cells with a characteristic punctate 

distribution, observable by confocal microscopy. Taken together, these data could 

suggest that the peptide selectively binds to lipid rafts and that endocytosis could be a 

general mechanism of hBD2 internalization. However, we could not rule out the 

possibility that a non-endocytotic mechanism contributes significantly to the 

internalization of the peptide, and/or to its subsequent escape from endocytic vesicles. 

This observation may indicate that hBD2 is capable of acting on host cells not only by 

interacting with surface receptors, but also with cytoplasmic targets. 

 

The activities of hBD2 were compared to those of some structural analogues, to study whether 

specific structural features of this defensin are required for its activity on immune cells. The 

results are summarized below: 

 analogues of hBD2, with altered structural stabilities and features, have a different 

antimicrobial activity as compared to the native peptide. In particular, the presence and 

stability of the N-terminal seemed to be important, as analogues in which it is 

destabilized or absent are somewhat less active. Truncated analogues maintained 

antimicrobial activity towards both Gram-negative and Gram-positive microorganisms, 

but apparently with a different mode-of-action. Our data suggests that the β-sheet 

platform seems to be sufficient for a robust and broad-spectrum, but salt-sensitive 
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antimicrobial activity, while the presence of the N-terminal segment or helix, while not 

essential, may modulate it. 

 the presence of a stable β-sheet scaffold in aqueous solution was found to be important 

for serum stability of the peptides in vitro. 

 all analogues were generally non toxic to host immune cells at low micromolar 

concentration, under  physiological medium conditions. 

 all analogues tested were also found to stimulate chemotaxis of iDC at micromolar 

concentrations, but while a stable defensin β-sheet scaffold appears to be necessary for 

CCR6-dependent chemotaxis, for analogues lacking this the presence of alternative 

chemotaxis mechanisms becomes evident. The N-terminal helix does not seem to play 

a very relevant role in iDC mediated chemotaxis, contrary to suggestion present in the 

literature. 

 the rapid and specific decrease in iDC protein content on exposure to peptides seems to 

require the presence of a structured beta-sheet core, and in this case there may be a 

dependence on the nature of the N-terminal helix. This process may thus have more 

specific structural requirements than induction of chemotaxis.   

 the enhancement of phagocytosis seems to be a specific and defined function of hBD2, 

as it was strictly dependent on the structural integrity of the defensin molecule: the 

unstructured analogues are ineffective in this case.  

 

All these results confirm that hBD2 has a multifunctional role in immunity, which is not 

limited to a direct antimicrobial activity, which may in some cases be incompatible with 

physiological salt conditions, or to chemotaxis, as extensively cited in the literature, a capacity 

shared with several other peptides. Furthermore, hBD2 displays different effects depending on 

the cell type which comes into contact with it, and the exposure time. This observation, and the 

fact that each biological activity shows a different dependence on structural features, may point to 

the concurrent existence of multiple modes of action. Moreover, its ability to be internalized in 

the cells, which has emerged in this work, opens new possibility in investigating the modes of 

action of hBD2, going beyond the study of just membrane-based processes or receptor. It now 

becomes necessary to clarify by what process/ses hBD2 is internalized, what the intracellular 

target/s is/are, and whether cellular internalization is a common feature of the multiple biological 

effects that it displays, or only required for some specific activities.   
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Many questions thus remain to be answered, but all these findings increase our understanding 

of hBD2 as a multifunctional HDP, able to interact with and modulate the activities of host 

defence cells, and open new perspectives for its use as a lead compound for development of novel 

therapeutics.  
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We have designed and chemically synthesized an artificial
β-defensin based on a minimal template derived from the
comparative analysis of over 80 naturally occurring sequences.
This molecule has the disulfide-bridged β-sheet core structure
of natural β-defensins and shows a robust salt-sensitive
antimicrobial activity against bacteria and yeast, as well as
a chemotactic activity against immature dendritic cells. An
SAR (structure–activity relationship) study using two truncated
fragments or a Cys → Ser point-mutated analogue, from which
one or two of the three disulfide bridges were absent, indicated
that altering the structure resulted in a different type of membrane

interaction and a switch to different modes of action towards
both microbial and host cells, and that covalent dimerization
could favour antimicrobial activity. Comparison of the structural,
aggregational and biological activities of the artificial defensin
with those of three human β-defensins and their primate
orthologues provided useful information on how their mode of
action may relate to specific structural features.

Key words: antimicrobial peptide, chemotaxis, β-defensin, host
defence peptide, innate immunity.

INTRODUCTION

Defensins are small cationic host defence peptides involved in
the innate immunity of organisms ranging from moulds and
plants to vertebrate and invertebrate animals [1–3]. Structurally,
they are among the smallest examples of autonomously folding
polypeptides, displaying a characteristic triple-stranded twisted
antiparallel β-sheet scaffold [4–6] on which a short helix may
be grafted, and whose formation seems to depend primarily on
the presence of conserved disulfide bridges. Few residues are
conserved in their sequences, apart from the cysteine residues
involved in these bridges, and, although the number, spacing and
connectivity of the cysteine residues varies in different defensin
families, all structures determined to date conform quite closely
to this characteristic fold [7–9]. It is a remarkable example of a
small conserved protein scaffold supporting an exceptional degree
of sequence variation.

β-Defensins are defined by Cys1–Cys5, Cys2–Cys4 and Cys3–
Cys6 connectivities, and have been identified in many vertebrate
animals. Those involved in host defence are produced at epithelial
surfaces and provide a multimodal first line of defence against
invading pathogens, which can involve direct inactivation of
microbial cells and/or chemoattraction or stimulation of different
types of host immune cell [10–14]. Each animal species possesses
numerous paralogous defensin genes, which have arisen by
multiple duplication events followed by bursts of sequence
variation [15]. Orthologous genes in different species may
then show different evolutionary patterns, ranging from positive
selection for variation, to neutral evolution or conservation [16].
This is consistent with specific adaptations and specialization

within the innate immune or other responses, but what these are
remains elusive, despite a vast literature on specific effects of
β-defensins in different contexts. It has been difficult to correlate
common or distinctive structural aspects of different β-defensin
peptides with their distinct set of biological activities, and it does
not help that some of these activities seem to persist even when the
peptides are linearized, fragmented or their structures otherwise
altered [17–22].

The presence of a conserved structural scaffold supporting
extensive sequence variation may be a leitmotif for AMPs
(antimicrobial peptides), which are at the interface between the
host and pathogen and must thus respond to varying microbial
biota. An extensively studied example are the amphipathic helical
AMPs [23,24], of which magainin is the type specimen [25].
The comparative sequence analysis of numerous such AMPs
from different sources has allowed us in the past to describe this
scaffold in terms of a sequence template, defining each position
in terms of the most frequent residues or residue types [23,26],
which was then used to guide the design of model peptides
for SAR (structure–activity relationship) studies [27,28]. Others
have used alternative approaches, but, in general, the use of
simplified models for helical AMPs has been fundamental in the
development of an articulated and widely accepted mechanism of
action for these AMPs at the microbial membrane [29–31], which
is often taken as the paradigm for other structural types as well.

We have applied a similar approach to β-defensins and have
carried out a comparative analysis of over 80 members of this
family, taken from the AMSDb database of AMP sequences
(http://www.bbcm.units.it/∼tossi/amsdb.html). This allowed us to
derive a simplified artificial defensin sequence with characteristics

Abbreviations used: AMP, antimicrobial peptide; ATR, attenuated total reflection; CFU, colony-forming units; DC-SIGN, dendritic cell-specific intra-
cellular adhesion molecule-3 grabbing non-integrin; ESI, electrospray ionization; Fmoc, fluoren-9-ylmethoxycarbonyl; FTIR, Fourier transform infrared;
GM-CSF, granulocyte/macrophage colony-stimulating factor; hBD, human β-defensin; hcBD3, Hylobates concolor β-defensin 3; iDC, immature
dendritic cell; IL-4, interleukin 4; LC, liquid chromatography; mfaBD, Macaca fascicularis β-defensin; MH, Müller–Hinton; MIC, minimum inhibitory
concentration; MIP-3α, macrophage inflammatory protein-3α; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; ONPG, o-nitrophenyl-
β-D-galactopyranoside; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, propidium iodide; RP, reverse-phase; SAR,
structure–activity relationship; SPPS, solid-phase peptide synthesis; SPR, surface plasmon resonance; tBD, template β-defensin; TFA, trifluoroacetic acid;
TPP+, tetraphenylphosphonium; TSB, tryptic soy broth.
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common to many of the natural β-defensins. The synthetic
peptide and its analogues are then used both for SAR studies,
concerning activities on bacterial and host cells, and as benchmark
molecules to help us to better understand the antimicrobial and
immunomodulatory properties of natural peptides such as the
human β-defensins 1–3 and their primate orthologues, in relation
to their structure.

EXPERIMENTAL

Chemicals and reagents

Fmoc (fluoren-9-ylmethoxycarbonyl)-protected amino acids,
activators and resin for SPPS (solid-phase peptide synthesis)
were from Applied Biotech; egg PC (phosphatidylcholine), egg
PG (phosphatidylglycerol), OGP (N-octyl-β-D-glucopyranoside),
bovine trypsin (EC 3.4.21.4), bovine chymotrypsin (EC 3.4.21.1),
anti-CCR6 antibody and ONPG (o-nitrophenyl-β-D-galacto-
pyranoside) were purchased from Sigma. DC-SIGN (dendritic
cell-specific intracellular adhesion molecule-3 grabbing non-
integrin), CD29 and CD11c were from Becton Dickinson.
HLA-DR was from Immunotech. Recombinant human
GM-CSF (granulocyte/macrophage colony-stimulating factor)
and recombinant human IL-4 (interleukin 4) were from
BioSource International. Recombinant human MIP-3α (macro-
phage inflammatory protein-3α) was from Chemicon In-
ternational. FastDil and JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide) were from Mo-
lecular Probes. BCA Protein Assay Reagent Kit was from Pierce.
Cholesterol (extra pure) was supplied by Merck. MH (Müller–
Hinton) broth, TSB (tryptic soy broth) and Bacto-agar were
obtained from Difco Laboratories. All other reagents and solvents
were either synthesis or analytical grade.

Sequence analysis

A sequence template for β-defensins was obtained by analysing
the positional frequency of specific amino acids or amino acid
types (charged, uncharged polar or hydrophobic) in 84 natural
sequences belonging to human, primate, bovid, porcine, glire
and avian species, aligned by the conserved cysteine residues
[1]. For more conserved sequences (e.g. primate β-defensin 3),
a limited subset was used to avoid bias. The artificial defensin
sequence [tBD (template β-defensin)] was designed based on
this template, also taking into account an appropriate charge
distribution. Truncated peptides were then derived by simply
removing N-terminal stretches to eliminate Cys1 and then Cys2

and converting the corresponding paired cysteine residues into
serine. A variant with a single point mutation was generated by
converting Cys5 into serine, thus leaving one cysteine residue
unpaired. The mean hydrophobicity per residue of the peptides
was determined using an amino acid hydrophobicity index scale
developed previously as a consensus of numerous appropriately
normalized published scales [23,24].

Peptide synthesis, folding and characterization

β-Defensin peptides were synthesized by Fmoc-SPPS on a
PerkinElmer Biosystems PioneerTM instrument with columns
thermostatically controlled at 50 ◦C and loaded with 2-chlorotrityl
chloride resin (substitution 0.2–25 mEq/g), as described
previously [7]. The quality of crude peptides was verified by
ESI (electrospray ionization)–MS (Sciex API I, PerkinElmer)
and then directly oxidatively folded (24–48 h) in N2-saturated
aqueous buffer (0.1 M ammonium acetate, 2 mM EDTA and
1 M guanidinium chloride, pH 7.5–8), containing cysteine–

cystine pair (peptide/cystine/cysteine = 1:10:100) as described
in [7]. Peptide concentrations were determined based on the
molar absorption coefficients (ε280) of tryptophan and cysteine,
using the ProtParam tool on the ExPASy server (http://www.
expasy.ch/tools/protparam.html).

The disulfide connectivities in folded peptides were partly
confirmed by limited digestion with bovine trypsin and/or
chymotrypsin (peptide/enzyme ratio 20:1, w/w) at pH 5.5 to
prevent disulfide exchange, followed by analytical RP (reverse-
phase)-HPLC separation [Waters Symmetry C18, 5 μm particle
size, 300 Å (1 Å = 0.1 nm) pore size, 4.6 mm × 50 mm analytical
column] and ESI–MS determination of the fragments.

CD spectra were determined using a Jasco J-715 spectro-
polarimeter, using 2-mm-pathlength quartz cells and peptide
concentrations of 20 μM, in 5 mM sodium phosphate buffer
(pH 7), in the absence and presence of 10 mM SDS. Electro-
phoresis of the peptides was performed in the absence of urea,
under reducing and non-reducing conditions (with or without
2-mercaptoethanol) as described previously [7].

SPR (surface plasmon resonance) on model membranes

Biosensor experiments were carried out using a BIAcore 3000
analytical system using an L1 sensor chip (BIAcore) whose
surface consists of a dextran matrix modified with lipophilic
compounds that capture small unilamellar vesicles, thus
permitting the retention of a bilayer structure as described
previously [32,33]. BSA (25 μl, 0.1 mg/μl in PBS) was used
as a negative control to confirm complete coverage of non-
specific binding sites. Peptide solutions in PBS (20–40 μl,
0.3–45 μM) were injected on the lipid surface at a flow rate
of 5 μl/min, followed by PBS alone, and the peptide–lipid
binding and dissociation events were analysed at six different
peptide concentrations. In cases where the system reached a
steady state during injection of the sample, the affinity constant
was determined using kinetic models suitable for peptide–lipid
interactions, using numerical integration analysis provided by the
BIAevaluation software. A steady-state reaction model was used,
which considers the height of the signal to yield information on
the binding affinity rather than the slopes, which were difficult to
determine owing to the shape of the curves.

Transmission and ATR (attenuated total reflection)–FTIR (Fourier
transform infrared) spectroscopy

Transmission FTIR spectra (512 scans, spectral resolution 2 cm−1)
were collected using a Vertex 70 Bruker spectrometer, using 2 mM
peptide solutions in 2H2O placed between CaF2 windows, spaced
25 μm apart in a dismountable liquid cell (Harrick Scientific
Products), after allowing the amide II band to shift from 1550
to 1460 cm−1 to ensure complete hydrogen–deuterium exchange.
Non-linear least-squares curve fitting with Gaussian bands was
used to identify the components of the amide I band. Starting
parameters for the fitting process were obtained by second-
derivative spectra (nine datapoint Savitzky–Golay algorithm).

ATR–FTIR spectra (512 scans with a resolution of 2 cm−1)
were collected with the HorizonTM multiple reflectance ATR
accessory (Harrick Scientific Products) mounted on a Bruker
Vertex 70 instrument equipped with a mid-band mercury–
cadmium–telluride detector (MCT D316). Lipid/peptide
mixtures (1:20, w/w) were prepared by co-dissolving in a
methanol/chloroform (1:2, v/v) mixture on a clean germanium
crystal (50 mm × 10 mm × 2 mm), and then drying under a stream
of N2. The crystal was placed into a customized sealed ATR
cell and hydrated by first increasing the relative humidity of the
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system, then introducing an excess of 2H2O vapour into
the sealed cell and following the hydrogen–deuterium exchange
process for 24 h by repeated measurement. The background was
collected directly on a clean IRE (internal reflection element).
Any contribution of water vapour to the absorbance spectra in the
amide I peak region was corrected by spectral subtraction.

Biological activity assays

Antimicrobial activity

The bacteriostatic activity of the peptides was determined against
Escherichia coli ML-35, Pseudomonas aeruginosa ATCC 27853,
Burkholderia cepacia 6981 and 14273, Staphylococcus aureus
710A, Staphylococcus simulans 22 and a Candida albicans
clinical isolate as MICs (minimum inhibitory concentrations),
using the microdilution susceptibility test in 5% (v/v) TSB in
10 mM sodium phosphate buffer (pH 7.4) as described previously
[26]. The bacteriocidal activity of peptides (time killing) was
determined against E. coli ML-35 and S. aureus 710A [∼107 CFU
(colony-forming units)/ml in 10 mM sodium phosphate buffer
(pH 7.4) incubated at 37 ◦C] in the exponential phase and 8 μM
peptide concentration.

Effects on bacterial membrane integrity

Permeabilization of the cytoplasmic membranes of E. coli
ML-35 pYC by β-defensins was evaluated by following
the unmasking of cytoplasmic β-galactosidase activity using
extracellular ONPG by standard methods [26]. The influence
on uptake and retention of radioactive glutamate by S. simulans
(∼106 CFU/ml) in 25% (v/v) MH broth, was investigated
as described previously [34]. Briefly, cells were treated with
radiolabelled L-[3H]glutamate (42 Ci/mmol, final concentration
10 μCi/ml), the sample was divided into two aliquots, and
one (1 ml) was treated with 30 μM tBD (10 times the MIC),
while the other (2 ml) was run as a control. After 30 min,
the control was subdivided into two further aliquots, one of
which received 30 μM tBD to follow the effect on pre-accu-
mulated amino acid. Samples were then filtered through cellulose
acetate filters, washed twice, treated with unlabelled glutamate
and dried before radioactivity determination, as described
previously [34,35].

To estimate the effect on the membrane potential of S. simu-
lans 22, 1 μCi/ml of [3H]TPP+ (tetraphenylphosphonium) (26 Ci/
mmol) was added to ∼106 CFU/ml cells in 25% (v/v) fresh
MH broth. TPP+ is a lipophilic cation which diffuses across
the bacterial membrane in response to a trans-negative �ψ
(membrane potential). The culture was then treated with tBD
at 10 times the MIC, and samples were filtered and washed [34].
Counts were corrected for unspecific binding of [3H]TPP+ by
subtracting the radioactivity of 10% butanol-treated cell aliquots.
For calculation of the �ψ , TPP+ concentrations were applied
to the Nernst equation [�ψ = (2.3 × R × T/F) × log(TPP+in/
TPP+out)]. A mean �ψ was calculated from a minimum of two
independent determinations.

Serum stability

A 50 μg amount of defensin peptides was incubated with 250 μl
of untreated human serum from healthy donors [25% (v/v) in
PBS] at 37 ◦C for 24 h. Aliquots of 25 μl (5 μg of peptide)
were added to 65 μl of cold 0.5% (v/v) of TFA (trifluoroacetic
acid) in water at different time intervals (0, 0.5, 1, 2, 4, 6 and
24 h), kept on ice for 5 min and then centrifuged at 16200 g for
another 5 min. The supernatants were injected into an LC (liquid
chromatography)–ESI–MS instrument (GE Healthcare HPLC

coupled to an ESQIRE 4000 spectrometer, Bruker Daltonics).
Components were separated using a Jupiter C18 5 μm particle
size, 300 Å pore size, 2 mm × 150 mm micro-analytical column
(Phenomenex) with a linear gradient of 25–45 % of acetonitrile
in acidified water (0.05% TFA) in 30 min. The percentage
of the intact peptide (P) was calculated from the area of
the corresponding peak in the chromatogram (P = At/A0 × 100),
where At is the peak area of the peptide at any given time and A0

is the peak area at time zero.

Cytotoxicity and chemotaxis assays

Monocytes were prepared from buffy coat obtained from
healthy donors and isolated by Histopaque® density gradient
centrifugation. iDCs (immature dendritic cells) were then induced
by treating monocytes with GM-CSF (25 ng/ml) and IL-4
(44 ng/ml) for 7 days (iDC7). A further aliquot of GM-CSF and
IL-4 (2×) were added on the third day. iDC7 were phenotypically
characterized using HLA-DR, CD11c, DC-SIGN and CCR6 as
markers, to confirm correct differentiation.

The haemolytic activity of peptides (at 10 or 100 μM) was
determined using 0.5% suspensions of human erythrocytes from
healthy donors, in PBS, by monitoring the release of haemoglobin
at 415 nm. Total (100 %) haemolysis was determined by addi-
tion of 0.2% Triton X-100. Cell viability of monocytes was
determined using a standard MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide] procedure, after 1–24 h
of incubation with 1–16 μM peptide in complete medium and
extensive washing with PBS. Apoptosis was assessed by either
monitoring mitochondrial membrane depolarization, using the
potentiometric JC-1 probe, according to the supplier’s instruc-
tions, or by PI (propidium iodide) staining of ethanol-fixed cells.
Rehydrated cells were resuspended in staining solution (10 μg/ml
PI, 0.05 μg/ml FITC and 4 μg/ml RNase in PBS) overnight
before flow-cytometric analysis. The percentage apoptotic (sub-
G1) cells was determined using the Multicycle software (Beckamn
Coulter). All assays were carried out in triplicate and repeated
at least three times. All flow cytometric measurements were
carried out on a Cytomics FC 500 (Beckman Coulter) and data
were analysed with the WinMDI (J. Trotter, Scripps Research
Institute, La Jolla, CA, U.S.A.) or Multicycle software. Data
were subjected to computer-assisted ANOVA (Instat software,
GraphPad) followed by the Student–Newman–Keuls post-test.

In vitro iDC migration was assessed in a Transwell cell culture
chamber with 8.0 μm pore size polycarbonate filters (Corning-
Costar). Cells (106/ml) were stained with FastDil dye (0.1 mM)
for 20 min at 37 ◦C, thoroughly washed and resuspended in RPMI
1640 medium containing 1 % (w/v) BSA. A 100 μl suspension
was added to the upper compartment, while the chemotactic
stimuli, peptides (1 μM) or MIP-3α (12.5 nM, positive control)
were placed in the lower wells of the chamber. After 90 min
of incubation, both migrated and transmigrating cells were
quantified fluorimetrically at 530 nm on a Packard FluoroCount
instrument. To specifically inhibit receptor-mediated chemotaxis,
cells were pre-treated with anti-CCR6 antibody, at 0.5 μg/
105 cells, for 30 min; neutralizing antibody, at 4 μg/ml, was then
also added to each lower compartment.

RESULTS

Defensin template

The frequency of different amino acid residues and residue
types at each sequence position was determined for over 80
β-defensins of mammalian and avian origin [1]. Although the
peptides were of different sizes (36–50 residues), alignment was
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Figure 1 Comparative sequence analysis of β-defensins

(A) Qualitative representation of the positional variation, where larger histograms correlate with higher variability. (B) Template indicating strongly (upper case), moderately (lower case) and less
conserved (x) positions. (C) Template indicating most frequent residues or residue types at each position (x, highly variable; lower case, >30 % frequency; upper case, >60 % frequency; Hb,
>60 % hydrophobic residues). (D) Sequence of tBD (Ê is pyroglutamic acid). (E) Representation of β-defensin topology, based on known structures. Grey arrows represent β-strands, the cylinder
represents a possible α-helical segment (shown as transparent, as it is present in some family members but not others). (F) Frequency plots for total charge and percentage hydrophobic residues
for the β-defensin sequences analysed.

facilitated by the presence of six conserved cysteine residues. The
aligned sequences were quite variable (as shown qualitatively
by the histogram in Figure 1A), so that, apart from the
cysteine residues, very few positions are significantly conserved
(Figure 1B). Taking into account moderately conserved residues
(>30% frequency at any given position) allows the definition of
a template, as shown in Figure 1(C). This was then used to design
the artificial tBD sequence, considering primarily the positional
conservation of residue types (i.e. polar, hydrophobic or charged
residue). Preference was generally given to the most common resi-
due at any position, but also took into account the necessity
to achieve an appropriate cationicity, charge distribution and
hydrophobic/polar residue balance. Considering the most frequent
charge in the natural peptides is +4, +6 or +7 (Figure 1F, left-
hand panel), we chose a charge of +6 and kept the percentage of
hydrophobic residues within the most frequent range (26–30%,
Figure 1F, right-hand panel).

The most variable regions in natural β-defensins are located
at the N- and C-termini. As shown by the topological diagram
(Figure 1E) the N-termini may [6,36] or may not [37] assume an
α-helical conformation of varying stability. In designing tBD,
we have opted for a minimalist approach with a very short
N-terminal sequence, and the peptide initiates with a pyroglutamic
acid (Ê), as occurs in several bovid peptides, just four residues
from Cys1. The C-terminal sequence was modelled on several
human, murine, bovine and avian sequences. Figure 2 shows an
alignment of tBD with selected natural β-defensins. Identity is
highest with a subset of bovine sequences, but it is reasonable
also with porcine, horse, human and murine peptides, whereas it
shows less resemblance to other primate and avian sequences.

Synthesis and characterization

Linear tBD was synthesized by solid-phase Fmoc chemistry in
good yields and over 95 % purity, as confirmed by ESI–MS
(results not shown). Efficient folding to the correct structure was

obtained in the presence of the free cysteine–cystine pair to allow
bridge exchange, at slightly basic pH (7.5–8.0), and benefited
from the high purity of the crude peptide. The major species,
as determined by analytical RP-HPLC (see Supplementary Fig-
ure S1 at http://www.BiochemJ.org/bj/421/bj4210435add.htm),
was partly confirmed to have the canonical β-defensin connectiv-
ities (Table 1) by ESI–MS of the fragments obtained by
enzymatic digestion (see Supplementary Table S1 at http://www.
BiochemJ.org/bj/421/bj4210435add.htm).

A set of variants was obtained by truncating the peptide from
the N-terminus, so as to systematically eliminate one then two
disulfide bridges, [tBD-(10–38) and tBD-(16–38) in Table 1].
The loss of a cationic residue was balanced by introduction of a
free terminal amine, so the overall charge is unvaried. A linear
version of the shortest fragment was also prepared by alkylation
of cysteine residues with iodoacetamide. Replacing only Cys5

with serine led to tBD-(Ser34) (Table 1), eliminating the Cys1–
Cys5 bridge, allowing for covalent dimerization via intermolecular
S–S bridging. The connectivities of cysteine residues for all
these molecules were analysed by limited proteolysis (see
Supplementary Table S1), and although the truncated fragments
maintained the correct residual connectivities, the point mutated
peptide did not, in line with what occurs also in natural defensin
variants of this type [37]. tBD-(Ser34) existed in partly separable
monomeric and dimeric forms (Supplementary Table S1).

Peptide structure was evaluated using both CD and FTIR
spectroscopies in low-salt buffer or in the presence of SDS
micelles or PG multi-bilayers, which mimic a membrane
environment. In aqueous solution, tBD shows a CD spectrum
characteristic of a prevalently β-sheet structure with no apparent
helical content (Figure 3A), so it appears to assume the canonical
defensin core structure devoid of an N-terminal helix. Removing
one S–S connectivity in tBD-(Ser34) has a destabilizing effect,
resulting in a strong random coil contribution. This is the case
also for the truncated fragments, with little apparent β-sheet or
β-hairpin content in aqueous medium, as well as the linearized
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Table 1 Primary structures and properties of tBD, its analogue and fragments

Bridges between cysteine residues are indicated by lines. tBD-(16–38)lin is the linearized tBD-(16–38). Ĥ is mean hydrophobicity per residue calculated as in [24]. a, alkylated cysteine residue; Ê,
pyroglutamic acid.

Molecular mass (Da)

Peptide Sequence Calculated Observed Charge Amino acids Ĥ

tBD 4212.1 4212.0 6 38 −1.75

tBD-(Ser34) 4198.0 4198.5 6 38 −1.78

tBD-(10–38) 3300.9 3300.0 6 29 −1.52

tBD-(16–38) 2656.1 2655.5 6 23 −2.91

tBD-(16–38)lin 2772.1 2772.0 6 23 (<−3)

Figure 2 Sequence alignment of tBD with selected natural β-defensins

Residues identical with those in tBD are shaded grey. Sequences are named as in the UniProtKB database. The percentage identity with tBD was calculated using the BLAST Network Service on
ExPASy. BOVIN, cow; CAPHI, Capra hircus (goat); HYLCO, Hylobates concolor; MACFA, Macaca fascicularis.

fragment tBD-(16–38)lin (results not shown). In the presence
of SDS micelles (Figure 3B), the β-sheet structure of tBD
becomes more pronounced, so that interaction with a membrane-
like environment appears to have an additional stabilizing effect
on the defensin core, whereas its mutated or truncated or linearized
analogues remain prevalently disordered.

These results were confirmed by FTIR spectroscopy. In deuter-
ated aqueous solution, tBD shows a well-defined spectrum
(Figure 4A) with components (see Figure 4C) characteristic
of a β-sheet (shoulders at 1623 and 1670 cm−1), with an
estimated β-sheet content of approx. 40 % and random coil
of approx. 60 % via curve fitting (see Supplementary Figure
S2 at http://www.BiochemJ.org/bj/421/bj4210435add.htm). In
the presence of a supported PG multi-bilayer (Figure 4B),
ATR–FTIR spectroscopy indicates an increased conformational

stability (55% β-sheet, 30% coil, see Supplementary Figure
S3 at http://www.BiochemJ.org/bj/421/bj4210435add.htm). tBD-
(Ser34) and the truncated analogues instead result in transmission
spectra in aqueous solution, and ATR spectra in the presence
of supported PG multi-bilayer, that do not indicate a significant
β-sheet content (Figure 4 and Supplementary Figures S2 and
S3). Furthermore, hydrogen–deuterium exchange for tBD in the
presence of the supported PG multi-bilayer is significantly slower
than that for tBD-(Ser34) (Figure 4E) or the truncated analogues
(results not shown), indicating a tighter interaction with the model
membrane.

Natural peptides such as human hBD2 have been proposed to
form dimeric or higher-order structures at high concentrations
[4,14], although this has not been confirmed experimentally.
hBD3 has instead been observed by us and others to form

c© The Authors Journal compilation c© 2009 Biochemical Society

440 N. Antcheva and others

Figure 3 Structure and aggregation

CD spectra of tBD compared with that of its analogues in 5 mM sodium phosphate buffer at pH 7 (A) or in the presence of 10 mM SDS micelles (B) with 20 μM peptide concentration. tBD (−),
tBD-(Ser34) (····), tBD-(10–38) (- - -), tBD-(16–38) (-··-). (C) Native SDS/PAGE under reducing (lanes 2, 4, 6, 8, 10, 12 and 14) and non-reducing conditions (lanes 3, 5, 7, 9, 11, 13 and 15);
lanes 1 and 16 are standards. For tBD-(Ser34), fraction 1 (fr1) was established by ESI–MS as being prevalently dimeric, whereas fraction 2 (fr2) was identified as being prevalently monomeric, under
non-reducing conditions (see Supplementary Table S1 at http://www.BiochemJ.org/bj/421/bj4210435add.htm). The gel image is a composite of three separate gels, from which irrelevant lanes have
been excised, while maintaining the positioning and relative band intensities for each gel. Molecular masses are indicated in kDa.

Figure 4 FTIR spectra of tBD and tBD-(Ser34) in solution and in PG multilayers

Transmission FTIR spectra of 2 mM tBD (−) and tBD-(Ser34) (····) in 2H2O after 24 h hydrogen–deuterium exchange (A) and ATR–FTIR spectra of tBD and tBD-(Ser34) in PG multi-bilayers
(peptide/lipid ratio 1:20, w/w) (B). The respective spectra second derivatives are shown in (C) and (D). (E) Percentage of undeuterated amide II band for tBD and tBD-(Ser34) in PG multi-bilayers
after 1, 4 and 12 h of hydrogen–deuterium exchange.
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Table 2 Antimicrobial and haemolytic activity of tBD and its mutated or truncated analogues

(a) MIC values (μM) were determined in 5 % (v/v) TSB for bacteria, and in 5 % (v/v) Sabouraud medium for yeast, in 10 mM sodium phosphate buffer (pH 7.4), using 105 CFU/ml micro-organisms
at exponential phase, and are the means for at least three experiments performed in duplicate. (b) The haemolytic activity of the peptides (10 or 100 μM) on erythrocytes was determined using 0.5 %
suspensions of human blood cells by monitoring the release of haemoglobin at 415 nm; ND, not detected.

(a) Antimicrobial activity (MIC)

tBD-(Ser34)

Micro-organism tBD Fraction 1 Fraction 2 tBD-(10–38) tBD-(16–38) tBD-(16–38)lin

E. coli 2 2 4 1 2 8
Ps. aeruginosa 2–4 4 8 4 8 32
S. aureus 4 2 4 2 16 32
C. albicans 2 2 4 1 8 32

(b) Haemolytic activity (% lysis)

tBD-(Ser34)

Peptide concentration (μM) tBD Fraction 1 Fraction 2 tBD-(10–38) tBD-(16–38) tBD-(16–38)lin

10 10 30 ND <10 <5 <5
100 20 >90 ND 20 <5 <5

Table 3 Comparison of the antimicrobial activity (MIC, μM) of tBD with selected human β-defensins and their primate orthologues

MIC values were determined in 5 % (v/v) TSB for bacteria or in 5 % (v/v) Sabouraud medium for yeast in 10 mM sodium phosphate buffer (pH 7.4) using 105 CFU/ml micro-organisms at exponential
phase, and are the means for at least three experiments performed in duplicate.

B. cepacia

β-Defensin Charge E. coli ML-35 Ps. aeruginosa ATCC 27853 6981 14273 S. aureus 710A C. albicans clinical isolate

tBD +6 2 2–4 >32 >32 4 2
hBD1 +4 >32 >32 >32 >32 >32 >32
mfaBD1 +4 >32 >32 >32 >32 >32 8
hBD2 +6 4 4 >32 >32 8–16 16
mfaBD2 +7 4–8 8 >32 >32 4 4
hBD3 +11 1 2 >32 >32 1 2
hcBD3 +10 1 2 >32 >32 2 1

aggregates at micromolar concentrations [6,7] under non-
reducing conditions, using electrophoretic methods. A similar
experiment was performed with tBD and its analogues as shown in
Figure 3(C), from which it appears that tBD remains monomeric.
Two RP-HPLC fractions of tBD-(Ser34), identified by MS as
respectively being prevalently dimeric (fraction 1) and prevalently
monomeric (fraction 2) (Supplementary Table S1), in fact both
showed the presence of the dimeric form, with monomer present
only in fraction 2. This may indicate an equilibrium favouring the
dimeric form, which is quite stable, as indicated by the difficulty
in eliminating it completely even under reducing conditions
(Figure 3C).

Biological activities

A first evaluation of the cytotoxic activity for tBD and its
analogues on microbial cells was based on their MICs (Table 2).
MIC determinations were carried out in 5% (v/v) TSB or
Sabouraud broth in 10 mM sodium phosphate buffer (pH 7.4),
as defensins are known to be generally quite sensitive to salt and
medium conditions. Under these conditions, tBD shows a robust
and broad spectrum activity against all micro-organisms tested
(MIC = 2–4 μM), except for B. cepacia, which is well known
to be resistant to AMPs [38,39]. The antimicrobial behaviour of
tBD therefore appears to be entirely in line with that of natural
β-defensins (Table 3).

tBD-(Ser34) showed a decreased activity for the monomer-
enriched fraction 2, but not for the predominantly dimeric frac-
tion 1. The truncated peptide tBD-(10–38) actually showed
increased antimicrobial activity under these conditions, and even
the shorter fragment tBD-(16–38), with only one disulfide,
displayed relatively low MIC values. Only complete linearization
of this fragment significantly decreased activity. It should be
noted that all peptides have a charge of +6, so that the initial
electrostatic interaction with the microbial membranes should be
similar. The mean residue hydrophobicity of tBD, tBD-(Ser34) and
tBD-(10–38) are also quite similar, whereas it is decreased in the
smaller truncated peptide, which may explain its lower activity
(Table 1).

The fact that abrogating the canonical defensin conformation,
as occurs in tBD-(10–38), seems to increase the in vitro
antimicrobial potency suggests that the latter peptide may be
acting via a different mechanism. To test this hypothesis, the
susceptibility of MIC values to medium conditions was analysed
(Figure 5). As expected for a defensin, the activity of tBD
against bacteria and yeast was significantly decreased at higher
medium concentrations, whereas that of tBD-(10–38) was notably
less affected. This is consistent with different mechanisms of
action.

Killing kinetics experiments (Figure 6A) against E. coli and
S. aureus showed a two-log fall in viability for both bacteria
within 1 h of exposure to 8 μM tBD (2–4 times the MIC), under
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Figure 5 Dependence of the antimicrobial potency of tBD and its fragments on medium concentrations

MIC (μM) values for E. coli ML-35 (A), for S. aureus 710A (B) (in TSB for both bacteria), and for C. albicans clinical isolate in Sabouraud/dextrose medium (C). All micro-organisms were tested at
105 CFU/ml; tBD (–�–), tBD-(10–38) (–�–) and tBD-(16–38) (···�···).

Figure 6 Bacterial inactivation, membrane permeabilization kinetics and serum stability

(A) Time–killing plots for tBD (8 μM) against E. coli ML-35 (––), control (�) and tBD (�), and S. aureus 710A (- - - -), control (�) and tBD (�); 107 CFU/ml bacteria in 10 mM sodium phosphate
buffer (pH 7.4). (B) Membrane permeabilization assessed by following the kinetics of hydrolysis of extracellular ONPG substrate by cytoplasmic β-galactosidase; 10 μM concentration of tBD (––),
tBD-(Ser34) (- - -), tBD-(10–38) (····), tBD-(16–38) (-··-). The membranolytic α-helical peptide P19(5/B) [28] (-·-) was used as a positive control at 5 μM concentration. (C) Stability of defensins
in 25 % (v/v) of untreated human serum in PBS; tBD (�), tBD-(10–38) (�), tBD-(16–38) (�), hBD2 (�) and hBD3 (�).

low-salt conditions, whereas complete inactivation required
longer periods. However, at higher peptide concentrations
(30 μM), the killing capacity towards S. simulans was rapid and
total, even at 25% (v/v) MH medium (Figure 7A). tBD thus has a
bacteriocidal rather than just bacteriostatic antimicrobial activity.

The bacteriocidal activity of natural β-defensins is proposed
to depend, at least in part, on their capacity to somehow com-
promise the microbial membrane, leading to leakage of cell
content and consequent, or subsequent, inactivation [14,15].
The capacity of tBD and its variant or truncated fragments
to permeabilize the cytoplasmic membrane of E. coli was
tested on the β-galactosidase constitutive ML-35 pYC strain,
under low-salt conditions, by monitoring the hydrolysis of
the impermeant extracellular chromogenic substrate ONPG
(Figure 6B). All tBD-derived peptides resulted in cytoplasmic
membrane permeabilization, albeit with slower kinetics than the
control helical lytic AMP P(19/5)B [28]. Unlike tBD and tBD-
(Ser34), the truncated fragments show convex curves, with a
considerable lag time for the shorter tBD-(16–38), after which
significant permeabilization occurs. This suggests further that the
truncated fragments may have different modes of action to tBD,
possibly causing more membrane damage in the long term.

To evaluate the stability of tBD and its analogues to the
proteolytic effect of serum, aliquots were incubated with 25%
(v/v) human serum for different times and then analysed by LC–
MS for peptide integrity (Figure 6C). tBD was quite stable (100%
intact even after 24 h of incubation). The truncated analogues

with two [tBD-(10–38)] or one [tBD-(16–38)] disulfide bridge
were instead degraded rapidly, with respectively only 30 and
10 % integral peptide detected after 4 h of incubation, and full
degradation after 24 h. The serum stability of tBD-(Ser34), which
is primarily dimeric, was difficult to assess, as, in the presence
of serum, it resulted in multiple HPLC peaks with very weak
MS signals (results not shown). A possible explanation is that
it interacts strongly with serum components in a manner that
segregates it.

The cytotoxic activity of tBD was assessed by monitoring PI
permeabilization of monocytes as well as haemolytic activity.
As for natural defensins, treatment of erythrocytes with peptide
concentrations well above the MIC (up to 100 μM) resulted
in little damage (Table 2). The truncated variant tBD-(10–38)
had a comparable haemolytic activity with that of tBD under
similar conditions, whereas, curiously, the dimeric tBD-(Ser34)
peptide showed a significant haemolytic effect. Permeabilization
of monocytes to PI, and the MTT viability assay performed on
monocytes and iDC7 at peptide concentrations up to 4 μM also
indicated a lack of cytotoxicity (results not shown).

Antimicrobial mode of action

To probe the mode of action of tBD, a series of assays were carried
out under identical conditions, to correlate bacteriocidal and
membrane effects (Figure 7). S. simulans was used as the reference
strain, as a large body of data already exists for several other
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Figure 7 Mode of action of tBD on S. simulans

(A) Time–killing plot. (B) Absorbance at 600 nm taken in parallel with the colony count. (C) Influence on the membrane potential, calculated using the Nernst equation, based on the distribution of
the lipophilic cation TPP+ inside and outside the cells. (D) Accumulation of L-[3H]glutamate into chloramphenicol-treated cells. Experiments were carried out in 25 % (v/v) MH broth in the absence
(···�···) and presence (–�–) of peptide at 30 μM (10 x MIC). In (D), efflux of labelled amino acid (–�–) was measured also after addition of tBD to untreated cells, at the indicated time point
(arrow).

AMPs [40]. At 10 times its MIC value (30 μM) in 25% (v/v) MH
medium, complete inactivation of bacteria occurred within 20 min
(Figures 7A and 7B), and concurrent membrane depolarization
was also observed (∼20 mV decrease within 10 min, Figure 7C),
as assessed by the distribution of the lipophilic cation TPP+

inside and outside cells. This effect is, however, considerably
smaller than for known pore-forming agents such as nisin [35],
which completely depolarize cells. The anionic potential-sensitive
fluorescent dye bis-(1,3-dibutylbarbituric acid)trimethineoxonol,
also indicated a rapid partial depolarization (results not shown).
Treatment of cells with the peptide completely abrogates their
capacity to actively accumulate [3H]glutamate (Figure 7D), and
similar results were obtained for incorporation of [3H]uridine,
[3H]glucosamine, [14C]thymidine and [14C]proline (results not
shown), possibly because of insufficient energization of the
membrane. When tBD was added to cells incubated previously
with [3H]glutamate for 30 min (Figure 7D, arrow), uptake ceased
immediately, but there was only partial efflux of the accumulated
amino acid. This, together with the incomplete depolarization,
clearly argues against only a straightforward membranolytic
mechanism occurring, resulting in a complete loss of its barrier
function; it rather suggests that tBD may also act through
disruption of the functional organization of membrane-bound
complexes such as the respiratory chains, ATPase and solute-
transport systems.

Binding affinity to lipid bilayers: a steady-state affinity model

The interaction of tBD and its truncated fragments with model
biological membranes was probed using SPR. Sensorgrams for
binding to PC/cholesterol (10:1, w/w) or PE (phosphatidyl-
ethanolamine)/PG (7:3, w/w) bilayers are shown in Figure 8.
The RU (response unit) signal intensity in all cases increased
as a function of the peptide concentration, indicating the
capacity of all peptides to bind with the lipid bilayers.

Sensorgrams for binding to anionic PE/PG bilayers (Figures 8B
and 8D) showed a similar type of interaction for all of the
peptides at lower concentrations (<4 μM), whereas tBD showed
markedly higher response levels compared with those of either
tBD-(10–38) or tBD-(16–38) (results not shown) at higher
concentration (>7 μM). Moreover, dissociation of tBD from
these bilayers was incomplete at these higher concentrations
(Figure 8B), whereas complete dissociation was observed for
truncated peptide at all concentrations (Figure 8D). A similar
behaviour was observed with neutral PC/cholesterol bilayers
(Figures 8A and 8C), but with less differentiated response
levels. In general, the truncated peptides showed a relatively
flat relationship of the equilibrium binding response with
concentrations above 1 μM peptide, whereas tBD showed a linear
increase up to the highest concentrations (Figure 8E and 8F).

Truncated peptides are reversibly binding to the zwitterionic
or anionic membranes, and, as the system reached binding
equilibrium during the injection of the sample, it was possible
to calculate the affinity constants (the ratio of the association and
dissociation rate constants, i.e. KA = ka/kd) from the equilibrium
binding–response curves shown in Figures 8(E) and 8(F). Using
a steady-state affinity model values of KA = 106 and 5 × 106 M−1

were determined for tBD-(10–38) and tBD-(16–38) respectively.
The affinity constant for tBD could not be obtained because
its binding is irreversible. These results suggest further that the
parental and truncated peptides have different modes of membrane
interaction, which may lead to different types of insertion and/or
permeabilization/translocation event.

tBD as a benchmark peptide for natural β-defensins

We have compared the structural characteristics and antimicrobial
activities of tBD with that of the three human defensins
hBD1–hBD3, and three primate orthologues, respectively from
macaque (Macaca fascicularis) (mfaBD1 and mfaBD2) and
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Figure 8 SPR sensorgrams for binding to model membranes

(A and B) Sensorgrams for tBD. (C and D) Sensorgrams for tBD-(10–38) with neutral
PC/cholesterol (10:1, w/w) (A and C) or anionic PE/PG (7:3, w/w) (B and D) lipid bilayers,
at increasing peptide concentrations of 0.45, 0.9, 1.8, 3.6, 7.0, 15 and 30 μM. (E and F)
Relationship between the peptide concentration and equilibrium binding response (RUeq),
determined using the BIAcore steady-state affinity model. tBD (–�–), tBD-(10–38) (–�–), and
tBD-(16–38) (··�··) with PC/cholesterol (10:1, w/w) (E) and PE/PG (7:3, w/w) (F).

gibbon (Hylobates concolor) (hcBD3) [7,15,41,42]. As shown in
Table 3, the salt-sensitive antimicrobial activity of tBD compares
quite favourably with that of the natural peptides. It is more potent
than all the β-defensin 1 and 2 orthologues, indicating that the
β-sheet platform is sufficient for a robust and broad-spectrum
bacteriostatic activity, and that the presence of an extended
N-terminal segment or helix does not seem to be essential.
Only the β-defensin 3 orthologues show significantly lower MIC
values, but their elevated cationicity may play a key role in
determining this potency.

Comparing the CD spectra of tBD (Figure 3) and hBD2 [15]
indicates an important β-sheet contribution for both in aqueous
solution, and the contribution from a stable helical segment
in hBD2, that is absent from tBD, becomes more apparent. In
the presence of SDS micelles, the spectra of both peptides
become more intense so that interaction with a lipidic environment
may stabilize the β-sheet structure. Significantly, hBD2 shows a
comparable stability to serum degradation (98% intact peptide
after 24 h of incubation, see Figure 6C) with tBD. This indicates
that stability to proteolysis is favoured by overall scaffold stability.

Conversely, the CD spectra for mfaBD2, hBD3 and hcBD3
in aqueous solution [15], in comparison with the tBD spectrum,
have a considerably greater contribution from unordered conform-
ations. The explanation, e.g. for hBD3, is that the presence
of wide loops and a long and relatively disordered N-terminal
stretch dominates over the contribution of the relatively few
residues forming the central β-sheet core [6]. A significant

structural rearrangement seems to occur in the presence of a
lipidic environment, with probable stabilization of both the core
and the formation of a long helical N-terminal segment for hBD3
in particular [43].

Comparison of the behaviour of tBD and its covalently
dimerized analogue tBD-(Ser34) with the natural peptides in
PAGE experiments also allowed to better define their aggregation
behaviour. tBD clearly behaves as a monomer under non-reducing
conditions (Figure 3C, lane 3), and tBD-(Ser34) prevalently as a
dimer in fraction 1 and as a monomer in fraction 2 (Figure 3C,
lanes 5 and 7). It should be noted that, owing to the compact
size, disulfide-bridge-stabilized structure and relatively high
cationicity, shielding by SDS is likely to be incomplete, so that
the peptides travel with an apparent mass that is somewhat higher
than expected. In comparison, hBD2 seems to be in equilibrium
between monomeric and dimeric forms (Figure 3C, lane 11),
whereas its macaque orthologue behaves as a monomer under
these conditions (Figure 3C, lane 9). hBD3 clearly aggregates
into a multimer (Figure 3C, lane 15), despite its high charge, as
also reported previously [6,9]. hcBD3 instead cannot do this,
as it lacks a critical intramolecular salt bridge that decreases
cationicity locally [7]. hBD3 is in fact proposed to dimerize
via electrostatic interactions between Glu28 in one molecule and
Lys32 on another, and vice versa. This, however, requires a local
decrease in charge density [6], which occurs via intramolecular
salt-bridging involving Glu27 and Arg17 (the relevant residues are
shown in italics in Figure 2). We have reported that, in hcBD3,
the Arg17 to tryptophan mutation does not allow this and prevents
it from oligomerizing [7], as observed in the PAGE experiments
(Figure 3C).

The looser structure of hBD3 in aqueous solution correlates
with an increased susceptibility to degradation in serum (Fig-
ure 6C, only 60% integrity after 4 h of incubation), which,
however, is still incomplete after 24 h (50% integral peptide
remaining). An explanation could be that although the less stable
scaffold favours degradation, oligomerization shields some of the
peptide subunits. Degradation seemed to initiate at the C-terminus
(-K, -KK, -RKK), as was detected by LC–MS, so is probably
mediated by a carboxypeptidase (results not shown).

To obtain further insight into the mode of action of the natural
peptides, the kinetics of bacterial inactivation of hBD2 and hBD3
were compared with that of tBD. Both hBD2 and hBD3 were
considerably faster at inactivating the Gram-negative bacterium
(see Supplementary Figure S4A at http://www.BiochemJ.org/
bj/421/bj4210435add.htm) than the Gram-positive one (Supple-
mentary Figure S4B), whereas tBD showed comparably slower
killing kinetics against both. This supports the proposal that the
β-sheet core is sufficient for a basal antimicrobial activity, whereas
the added structural features (e.g. increased cationicity or presence
of stable or inducible N-terminal helical stretches) modulate it
further [43].

The human defensins hBD1 and, in particular, hBD2 have
been reported to induce chemotaxis of iDCs, via the CCR6
receptor, which responds to the chemokine MIP-3α [11–14]. We
confirmed this effect for hBD2, albeit at a concentration (1 μM)
that is 100-fold higher than the native chemokine, consistent
with results from other studies [11,13]. A statistically significant
increase in cell mobility of approx. 20% above spontaneous
migration was observed, in line with approx. 20–50% of cells
being positive for membrane-exposed CCR6 (as determined using
anti-CCR6 monoclonal antibody; results not shown). Chemotaxis
induced by tBD compared favourably with that induced by hBD2,
but, curiously, so did that of the truncated and destructured
peptide tBD-(10–38) (Figure 9A). However, although the CCR6-
neutralizing antibody was effective in reducing chemotaxis of
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Figure 9 Effect of β-defensins on iDCs

(A) Chemotaxis of iDC7 in the presence of hBD2, tBD and tBD-(10–38) (1 μM) or MIP-3α (12.5 nM) used as a positive control (black bars). Values are expressed as chemotaxis index
(induced/spontaneous, *P < 0.05, values statistically different from spontaneous migration). Chemotaxis of cells treated with the CCR6 neutralizing antibody is shown as grey bars. (B) Percentage
of apoptotic (sub-G1) cells (black bars) and mitochondrial membrane depolarization (�ψm) (grey bars) for iDC7 treated with 1 μM peptide (*P < 0.05, **P < 0.01, values compared with untreated
control). Statistical analysis was carried out using the Student–Newman–Keuls post-test.

iDCs by both hBD2 and tBD, as with the endogenous chemokine
MIP-3α, it did not affect chemotaxis by the truncated peptide. This
may indicate the presence of alternative chemotaxis mechanisms
[44].

To probe further the activity of these peptides on iDCs and their
precursors, their effects on the mitochondrial membrane potential,
assessed using the JC-1 probe, and that on the cell cycle, assessed
via PI staining of fixed cells, were determined by flow cytometry,
at the same concentration as used in chemotaxis experiments
(1 μM). As shown in Figure 9(B), tBD and hBD2 had a relatively
limited effect in both assays, whereas the truncated peptide tBD-
(10–38) caused a more significant mitochondrial depolarization
(�ψm) and a parallel increase in the percent of sub-G1 cells
(∼10%), which may indicate an incipient apoptotic damage to
the cells even at this low concentration. Globally, these results
would seem to indicate that the truncated peptide has a different
biological effect from that of tBD or hBD2 with respect to this
type of host cell.

DISCUSSION

We have designed, synthesized and characterized an artificial
β-defensin, using features from the primary structures of
numerous natural peptides. It should be underlined that only a
subset of these have been characterized for biological activities,
but it is assumed that they all play some role in host defence.
β-Defensin-like sequences from genomic studies, which may
have different roles, were not used. Our designed molecule
shows all the hallmark features of characterized natural peptides,
including a stable β-sheet core, a robust broad-spectrum
antimicrobial activity under low-salt/low-medium conditions and
the capacity to chemoattract iDCs. Exposure of bacterial cells
to this peptide, even for brief periods, resulted in the halting
of metabolic processes and bacterial killing, in a salt- and
concentration-dependent manner.

Permeabilization of the bacterial membrane was also observed,
but penetration of impermeant substrates into the cytoplasm
was slow, as reported previously also for natural β-defensins
[15,45], and only partial efflux of accumulated metabolites
and incomplete depolarization of the cytoplasmic membrane
was observed. Supposing a membranolytic mechanisms for the
defensin peptides, there is some incongruity between these rather
slow and incomplete effects on membrane integrity and the fact

that killing ensues after a quite brief exposure to the peptide.
This could on one hand indicate that bacterial inactivation is not
strictly dependent on membrane compromising. On the other, it
could also be explained by a delayed membrane effect, because of
the persistence of the peptide in membranes even after extensive
washing, consistent with the partly irreversible nature of the
interaction with model membranes, as indicated by SPR studies.

We have interfered with the well-defined structure of tBD,
by either replacing only one of the conserved cysteine residues
or removing entire sections containing cysteine residues, while
not affecting the overall charge. The single cysteine substitution
causes a rearrangement of disulfide bridging and significantly
destabilizes the peptide’s secondary structure, as observed with
both CD and FTIR spectroscopies. Both a human polymorphic
peptide, hBD1-(Ser35), and a mouse variant, mBD8-(Tyr5),
with only five cysteine residues have been reported [20,37].
The human peptide, like tBD-(Ser34), shows an apparent
rearrangement of the canonical connectivities, without significant
loss of antimicrobial activity, and the mouse peptide, like
tBD-(Ser34), showed an increased antimicrobial activity when
covalently dimerized. Removal of two cysteine residues along
with part of the N-terminal region, in tBD-(10–38) completely
abrogated the canonical defensin conformation, irrespective
of the environment. In agreement with previous reports for
truncated natural defensin analogues [9,18,19,21,46], the in vitro
antimicrobial activity of truncated tBD peptides endured, but with
an apparent shift to a different mode of action. The integral
defensin acts in a salt-sensitive manner, but interacts more
irreversibly with biological membranes, as indicated by both SPR
experiments, and slower hydrogen–deuterium exchange in ATR–
FTIR spectroscopy experiments, using supported membrane
multi-bilayers, and this leads to bacterial inactivation without
rapid or massive membrane lysis. We have recently proposed that
part of the antimicrobial mechanism for AMPs might derive from
their capacity to disrupt the functional organization of membrane-
bound complexes, such as the respiratory chains and transport or
cell wall assembly systems, a microbicidal mode of action called
the ‘sand-in-a-gearbox’ mechanism [34], and this may apply to
tBD as well as to natural β-defensins. The truncated peptides
instead may act by a less salt-sensitive, reversible, possibly carpet-
like and more lytic mechanism [30].

When the structural characteristics and antimicrobial activities
of tBD were compared with those of several human and primate
defensins, it confirmed its usefulness as a benchmark molecule.
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Of all the natural peptides, only hBD2 appeared to have a
similarly well-formed β-sheet core structure, with an added stable
helical component [4,6,47] in aqueous buffer. The other natural
defensins seem to have less defined structures in bulk solution,
although an increased structuring is induced by interaction with
a lipid-like environment. The defensin scaffold may thus be
dynamic, extending or reducing the β-sheet core and the attached
N-terminal helical segment according to the supported sequence
and environment [43]. Judging from the robust and broad-
spectrum activity of tBD, the β-sheet core is sufficient for a
basal antimicrobial action, whereas the added structural features
of the natural peptides (helical stretch, increased cationicity,
etc.) modulate it further, for example altering potency, killing
kinetics and salt sensitivity. It also appears that specific features
in the primary structures of the natural defensins mediate their
differential tendencies to oligomerize, whereas these are absent
from tBD. Mode-of-action studies, however, argue against a
straightforward membranolytic mechanism for bacterial killing,
but rather may be due to a disruption of the functional organization
of membrane-bound protein complexes. Recent studies using
hBD3 have led us to a similar conclusion for this natural
defensin, and led us to propose that its antibiotic activity is
based on interference with the organization over space and time
of membrane-bound protein machineries such as the electron-
transport chain and, in particular, the cell wall biosynthesis
complex, rather than on formation of membrane lesions [48].

The presence of a stable β-sheet scaffold in aqueous solution
is also important for serum stability in vitro. Thus tBD and
hBD2 remained intact after 24 h of incubation; hBD3, which
has more disordered N- and C-termini [6], was only 50% intact,
and truncated and disordered analogues of tBD were completely
degraded. This is in line with an increased susceptibility of α-
defensins also to an extracellular proteinase, when the structure
was altered by disrupting the disulfide array [49].

A comparison of iDC chemotaxis induced by hBD2, tBD and
the truncated peptide tBD-(10–38) was also quite revealing. tBD
has an effect comparable with that of the human peptide, and
also appears to act via CCR6, as indicated by its abrogation in
the presence of anti-CCR6 antibody. This would seem to indicate
that interaction with CCR6 does not depend on specific structural
features of hBD2, such as the stable N-terminal helix, but rather
on the generic defensin β-sheet platform, as present in tBD and
other defensins. This is in line with the fact that human
and mouse BD1, which are quite different in sequence from hBD2,
also induce iDC chemotaxis [19,50]. One could speculate that
this may occur via a non-canonical interaction with the receptor
that may depend on the capacity of these peptides to interact
with the membrane around it rather than to the receptor-binding
site. Membrane accumulation of defensins in host cells could in
this way lead to productive interactions with membrane-bound
complexes, at non-toxic concentrations.

The fact that the truncated peptide tBD-(10–38) also causes
chemotaxis while not responding to CCR6-neutralizing antibody
suggests that this effect can also be induced by membrane-
active peptides in a manner not dependent on CCR6, in line
with recent reports [44]. This may relate to a different type of
membrane interaction, as indicated by SPR experiments, and may
be pertinent to the observation by others also, that compromising
the structure of defensins does not necessarily remove chemotactic
activity [51].

The study of defensins is in general complicated by the fact
that the number of reported antimicrobial and immunomodulatory
activities in vitro, which may or may not be biologically
relevant, is continually increasing, but so are reports of these
activities persisting even when the canonical defensin structure is

dismantled by linearization or fragmentation [17,18,20–22,51].
It seems odd that a ubiquitous and evolutionarily conserved
scaffold could be so easily dispensed with, even if it is known
to support quite extensive sequence variation. With tBD, we
have found sequence conditions for ensuring formation of a
quite stable monomeric form of the scaffold and related this to
its mode of antimicrobial and chemotactic action, which may
be generally representative of that of the natural peptides. We
have shown further that, while altering the structure does not
necessarily abolish antimicrobial or chemotactic activity in vitro,
it probably results in a shift to different modes of action. Numerous
highly simplified artificial AMPs, and even peptidomimetics, have
been designed in which a suitable distribution of cationic and
hydrophobic residues results in a potent biological activity in vitro
[23,40,52]. It is therefore not surprising that the primary structure
of defensins, which evidently shows this distribution, should
result in such activities even in the absence of higher structural
organization. Whether this occurs by the same mechanisms, or
is biologically meaningful, is another question. In other words,
one can learn lessons from the evolutionarily selected features of
naturally occurring peptides that can help in the design of novel
AMPs with useful properties, but too much tampering may lead to
ambiguous results. The observation of similar functions for host
defence peptides and derived analogues should not be taken at face
value, and the underlying mechanisms should be probed using a
number of complementary biological and biophysical methods,
before drawing conclusions. We trust that tBD can in this respect
be a useful benchmark for studying defensins and their analogues.
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Figure S1 Analytical HPLC and ESI–MS of folded tBD

(A) RP-HPLC of tBD after 40 h of oxidative folding with cysteine–cystine at pH 8, with a gradient of 0–100 % solvent B in 33 min (solvent A, 0.05 % TFA in water; solvent B, acetonitrile with 0.05 %
TFA). (B) ESI–MS spectrum reconstructed by the Fenn method. The theoretical mass of the folded peptide is 4212.1 Da.
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Figure S2 Transmission FTIR spectra of tBD and analogues in 2H2O

FTIR amide I and II bands of tBD (−), tBD-(10–38) (- - -), tBD-(16–38) (-·-) and tBD-(Ser34) (····) in 2H2O after 24 h of hydrogen–deuterium exchange (A) and respective spectra second derivatives
(C). (B) tBD amide I band (−) and band components (- - - -) determined by curve fitting. (D) Details of secondary-structure and side-chain assignations.

Figure S3 ATR–FTIR spectra of tBD peptides in PG multilayer

ATR–FTIR spectra amide I and II bands of tBD (−), tBD-(10–38) (- - -), tBD-(16–38) (-·-) and tBD-(Ser34) (····) in PG multi-bilayers (peptide/lipid ratio 1:20, w/w) (A) and respective spectra second
derivatives (C). (B) tBD amide I band (−) and band components (- - -) deteremined by curve fitting. (D) Details of secondary-structure assignation.
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Table S1 Determination of the disulfide bond connectivities of tBD and its mutated or truncated analogues

Fragments were obtained by limited trypsin and/or chymotrypsin digestion of the peptides and were analysed by RP-HPLC and ESI–MS.

Molecular mass (Da)

Peptide Fragments Observed [M + H+] Calculated [M + H+] Disulfide linkage

tBD [1–7] + [17–22] + [34–37] 1919.2 1919.3 Cys1–Cys5, Cys3–Cys6 or Cys1–Cys6, Cys3–Cys5

[8–16] + [23–31] 1954.0 1953.3 Cys2–Cys4

tBD-(Ser34) fraction 1 [1–7] + [32–36] 1334.9 1334.6 Cys1–Cys6

[1–7] + [34–36] 1107.4 1107.4 Cys1–Cys6

[8–22] 1627.0 1626.0 Cys2–Cys3

[23–31] + [23–28] 1644.5 1644.9 Cys4–Cys4′ (dimer)
[23–31] + [23–31] 1955.0 1954.3 Cys4–Cys4′ (dimer)

tBD-(Ser34) fraction 2 [1–7] + [32–36] 1334.9 1334.6 Cys1–Cys6

[1–7] + [34–36] 1107.4 1107.4 Cys1–Cys6

[8–22] 1627.0 1626.0 Cys2–Cys3

[1–22] + [34–36] 2715.0 2715.2 Cys4 free (monomer)
[23–31] 978.0 978.1 Cys4 free (monomer)
[23–33] 1205.6 1204.4 Cys4 free (monomer)

tBD-(10–38) [10–16] + [23–31] 1782.5 1782.1 Cys2–Cys4

[17–22] + [34–36] 1033.0 1033.2 Cys3–Cys6

Figure S4 Bacterial inactivation kinetics for tBD in comparison with natural
β-defensins

Time–killing plots for E. coli ML-35 (A), and for S. aureus 710A (B) exposed to 8 μM peptide
in 10 mM sodium phosphate buffer (pH 7.4): control (···�···), 107 CFU/ml; tBD (–�–), hBD1
(···�···), hBD2 (–�–), hBD3 (···�···).
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Abstract 

Antimicrobial peptides (AMPs) are the interface between innate and adaptive
immunity, displaying either a direct antibiotic activity against bacteria and fungi
or acting as enhancer molecules for immune processes. The interaction with
biological membranes appears to be a central theme in modulating their activi-
ties, leading to different consequences such as membrane lysis, translocation
into the cytoplasm, or transfer to receptors. To better understand their mode of
action and promote the identification of attractive new anti-infective agents, a
complex and detailed investigation of this interaction is required. In this chap-
ter we will describe the combination of biophysical studies on peptide–model
membrane systems and biological assays on bacterial cells as a valuable tool to
gain insight on AMP mode of action at the bacterial membrane.
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17.1.  Introduction

Antimicrobial peptides (AMPs) play an important role as immune effec-
tors, displaying a direct antimicrobial activity against a wide variety of
microorganisms as well as interesting immuno modulatory effects on
host cells.1 Interaction with biological membranes appears to be a cen-
tral theme in modulating these activities, leading to different consequences
such as membrane lysis, transfer to surface receptors, translocation into
the cytoplasm, and interference with membrane-bound or cytoplasmic
components. The correlation between data from biophysical studies on
model membranes and biological assays on real cells may be an impor-
tant and necessary step in understanding the many different parameters
involved in this process, and it may promote understanding of not only
the mode of action of specific AMPs but also more general mechanistic
paradigms, allowing the further identification and design of attractive
candidates for therapeutic development.

AMPs are cationic molecules characterized by short sequences (15–50
amino acids), by the presence of multiple basic residues, and by the clus-
tering of hydrophobic and charged residues resulting in amphipathic
structures. These biomolecules are commonly assigned into three broad
classes, on the basis of their structure: (1) amphipathic α helices; (2) 
β-sheet structures stabilized by two or more disulfide bonds; and (3) lin-
ear, extended structures rich in particular amino acid residues. In mam-
mals, the main peptide families comprise cathelicidins and defensins.
Cathelicidin-derived peptides are highly variable in their structure,
amino acid content, length, and sequence, conforming to all three struc-
tural classes,2 while defensins, despite their variability in sequence, have
a conserved β-sheet structure due to six invariant cysteine residues that
form characteristic intramolecular disulfide bridges.3,4

Different AMPs can have diverse modes of action, whose under-
standing requires a detailed knowledge of their three-dimensional struc-
ture both in solution and in membrane-like environments. NMR
spectroscopy has proved to be a valuable tool to access this information
for several AMPs, which are generally sufficiently small to be analyzed
with conventional two-dimensional solution-state and solid-state NMR
methods.5,6 Crystallographic data is also available for some AMPs, but

418 Tossi

117-ch17-struct  9/29/2009  6:50 PM  Page 418



they are usually difficult to crystallize and even more so in the presence
of lipids. X-ray scattering, fluorescence, and circular dichroism (CD)
optical spectroscopy, as well as Raman and Fourier transform (FT) IR
spectroscopy, are also much used biophysical techniques in AMP struc-
ture and membrane-interaction studies, and can be more easily accessi-
ble.1 Each technique, however, provides a specific and unique point of
view and contributes to the global definition of AMPs’ mode of action.

The common element among these techniques is the use of model
membranes: model systems are required because probing the multitude
of parameters involved in peptide–membrane interactions requires
 simplifying the complexity of cellular architecture. The many aspects
that have to be taken into account when investigating the interaction
between cationic AMPs and microbial membranes (see Fig. 17.1)
include the  following: 

• conformational and aggregational states of the peptide in bulk solu-
tion;

• interactions between AMPs and outer components of the cell wall,
such as the outer membrane or peptidoglycan layer;7

• electrostatic interaction between the cationic peptide and anionic
membrane components, leading to binding and insertion, and sub-
sequent peptide–lipid mutual effects;

• orientation of the peptide with respect to the membrane on insertion;

• possible oligomerization or aggregation of AMPs at the membrane
surface or in the lipid bilayer; 

• membrane permeabilization or disruption;

• interference with or activation of membrane-bound protein
machinery;

• translocation into the cytoplasm and subsequent interaction with
cytoplasmic components.

Model membranes are also commonly applied to study AMP perme-
abilization kinetics by dye-release experiments, these being valuable tools
to better understand the mechanism of action compared to biological
assays on bacterial cells. Ultimately, however, these studies will have to
be related to what occurs in real cellular systems, and this often leads 
to apparently contradictory results.
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Figure 17.1.  Modes of action of AMPs. AMPs act at the microbial surface, which
they have to reach from bulk solution (A), by crossing the outer cell-wall compo-
nents (B) so that they can interact with the cytoplasmic membrane (C) and possi-
bly translocate across it into the cytoplasm (D). They can be unstructured in bulk
solution, prestructured or in equilibrium with conformational (�), or aggrega-
tional (�) forms and can also bind nonproductively to serum or interstitial com-
ponents (SC). Their activity can be modulated by these forms and by interaction
with outer membrane (LPS) or peptidoglycan (PG) components or bacterial
exopolisaccharides, (EPS, �). At the membrane, interaction may also be modu-
lated by the conformational or aggregational form and can consist of an initial
surface electrostatic binding (�) followed by insertion, membrane compromis-
ing, and cellular inactivation by one or more of several possible mechanisms.
Formation of transmembrane pores (�) is rare. More commonly a generalised
surface disruption occurs, as described by the “carpet” or “aggregate-channel”
mechanisms (�) and may involve formation of transient toroidal pores (�)
(Shai–Matzusaki–Huang model8). Interaction with the membrane can also lead to
interference with vital protein machinery in bacteria (	).9 or alternatively activa-
tion of membrane receptors (in host cells, 
). It is also likely that peptides
translocate across the membrane (�), to interfere with vital cytoplasmic compo-
nents (e.g., proteins and/or DNA).
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A detailed review of all the possible biochemical and biophysical tech-
niques useful for AMP studies is beyond the scope of this chapter.
Among the biophysical methods, we will focus on CD spectroscopy and
FTIR spectroscopy (in both transmission and attenuated-total-reflection
(ATR) modes), elucidating how these techniques, complemented with
biochemical assays, can provide insight on the relationship between
AMPs’ structure and their mode of action. Basic concepts on preparation
methods for model membranes and techniques employed will be given,
along with examples and results based on our in-house research activity. 

17.2.  Spectroscopic Techniques Applied to 
AMP–Model Membrane Systems—a Valuable 
Tool for Molecular Biophysics Studies

17.2.1. Model Membranes as a Tool for 
Probing Peptide Structural Variations

Studies on peptide–membrane interactions in model systems are needed
because of the enormous molecular complexity of the cell membrane
architecture. The biophysical methods commonly applied for this type of
investigation require a tuning of chemical and biological experimental
parameters so precise that it cannot be effected employing real mem-
branes. Many model assemblies have, however, been constructed so as to
mimic not only the fundamental lipid bilayer organization but also the
overall lipid content of real membranes. Model-membrane properties
depend on the preparation mode, which consequently has to be chosen in
view of the investigation technique to be applied. Here we will describe
organic cosolvents or micelles, large unilamellar vesicles, and supported
lipid multilayers, as well as their possible applications for AMP mem-
brane studies.10

Organic cosolvents and micelles represent the most commonly used
membrane-like environments, constituted either by solvents such as tri-
fluoroethanol (TFE) at concentrations of up to 50% or by simple micellar
assemblies formed in aqueous solution by detergents such as sodium
dodecyl sulfate (SDS) or dodecylphosphocholine (DPC) at above their
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critical micelle concentration (CMC). Organic cosolvents only grossly
mimic the anisotropic environment at the membrane surface. Detergents
give rise to simple model systems for membranes as their surface curva-
ture is higher than in real membranes, they lack the characteristic bilayer
structure, and they do not enclose a separate internal volume. They do,
however, simulate the anionic properties of the bacterial membrane sur-
face and are very commonly used in association with CD spectroscopy
for simulating membrane-induced secondary-structure variations for
AMPs.10 One often unappreciated problem is that these model systems
may stabilize specific conformations leading to artifactual results.11

Unilamellar vesicles have been widely applied to peptide–membrane
interaction studies because their membrane curvature is much closer to
that of cellular membranes and they maintain both the bilayer structure
and an internal aqueous lumen that mimics the cytoplasmic compart-
ment. On the basis of their size, they are classified as small unilamellar
vesicles (SUVs, ∅ ≤ 100 nm), large unilamellar vesicles (LUVs, ∅
100–1000 nm), or giant unilamellar vesicles (GUVs, ∅ ≥ 1 μM). LUVs
are widely preferred, as their structure is sufficiently close to that of cells
and they are relatively simple to obtain by extrusion through polycar-
bonate porous filters.12 Apart from these considerations, the usefulness
of these systems lies in the ease of mimicking lipid compositions of
prokaryotic or eukaryotic cells with them, allowing evaluation of 
the AMP selectivity for specific cell types, an important parameter that
influences all subsequent microbicidal effects.13

LUVs are commonly used in CD spectroscopy for investigating
 secondary-structure variations of AMPs in a membrane-like environment,
but they are also often applied to probe selective membrane compromising
by AMPs when preloaded with fluorescent dyes, such as the self-quenching
calcein or the emitter–quencher pair ANTS–DPX (8-amino-naphthalene-
1,3,6-trisulfonic acid-p-xylene-bis-pyridinium bromide).14–15 These leakage
experiments are important investigation tools, especially if correlated to
permeabilization assays on bacterial cells. 

Supported lipid single bilayers or multi-bilayers represent another
type of model system that mimics the lipid bilayer organization in a pla-
nar format and that also allows the choosing of specific lipid composi-
tions. There are four preparation methods: (1) Langmuir–Blodgett or
Langmuir–Schaefer approaches,16 (2) vesicle fusion onto a pre-existing
monolayer obtained by the Langmuir–Blodgett method,17,18 (3) simple
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physical spreading of a vesicle dispersion onto a hydrophilic substrate,19

and more recently (4) the spin coating method.20

In brief, the Langmuir–Blodgett method assures the construction of
hydrated and ordered lipid bilayers by first transferring a monolayer
from the water-air interface of a Langmuir trough to the hydrophilic sup-
port at constant pressure, and then by either depositing the second layer
by horizontal apposition (method 1) or by immersing the supported
monolayer in a solution of vesicles and allowing them to fuse onto it so
as to form the upper level of the bilayer (method 2). This approach has
been extensively studied and allows control of both substrate and lipid
properties, as well as of the preparation protocol. The vesicle-fusion
method has the advantage of allowing the incorporation of previously
inserted peptides or transmembrane proteins into the lipid bilayers.
However, good adhesion of the first monolayer is generally not easy to
obtain, especially on relatively large surfaces such as those used for
 multiple-reflection ATR spectroscopy, which also affects the properties
of the second layer. 

The easier and cheaper method for lipid bilayer preparation is method
3, based on adsorption and fusion of SUVs onto solid supports. A dis-
persion of pre-incubated peptide and SUV can be directly spread onto a
hydrophilic support and a continuous multilayer will spontaneously form
after the complete evaporation of buffer. However, these multilayers are
not ordered and pseudo-bilayer formation may occur.21

Lipid spin coating, method 4, has been previously applied to thin-film
formation and recently also to lipid films. It assures deposition of ordered
and homogeneous multilayers by simply spinning on the selected
hydrophilic surface a solution of lipids in an organic solvent that simul-
taneously wets and dissolves the chosen lipid mixture. Depending on the
lipid concentration and rotation speed, one can obtain ordered monolay-
ers up to multilayers, with a well-defined thickness.20

In general, supported lipid mono- and multilayers are suitable for many
techniques, such as NMR studies of peptide–membrane complexes and
surface studies by means of atomic force microscopy (AFM), small-
angle X-ray scattering (SAXS), or surface plasmon resonance (SPR).
Moreover, it allows studying both the secondary-structure variations 
of AMP and lipid behavior, at the membrane-water interface and in
hydrated conditions, by attenuated total reflection-FTIR (ATR-FTIR)
spectroscopy. 
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The following sections will describe the use of SDS micelles and lipo-
somes in CD investigations of AMPs’ structural variations; of preloaded
liposomes for fluorescence leakage experiments; and ultimately, of crys-
tal supported lipid multilayers, obtained by the spin coating method, for
performing both ATR-FTIR and AFM experiments on a single peptide–
membrane sample.

17.2.2. Circular Dichroism Applied to 
Peptide–Membrane Interactions

CD, in its relative simplicity, is a very valuable technique commonly
used to evaluate secondary-structure variations of peptides and proteins
in different environments. It is based on the different absorption of right
and left circularly polarized light by asymmetric molecules, which gives
rise to characteristic conformation-dependent spectra; in the case of
polypeptides, in the easily accessible 190 to 300 nm UV range. Peptide
backbone and side-chain electronic transitions give rise to characteristic
CD spectra, expressed as mean residue ellipticity as a function of wave-
length.22 Although the resulting spectra probe only the overall secondary
structure and its characterization is only semiquantitative, a principal
advantage of CD derives from the possibility of easily performing meas-
urements over a wide range of experimental conditions, including differ-
ent temperature, pH, and solution compositions.23

AMP structures can thus be investigated by CD in both buffers and
membrane-like environments, making it possible to understand peptide
behavior in bulk solution (Fig. 17.1A), or in contact with external cell
wall components (Fig. 17.1B),7 or in association with membranes (Fig.
17.1C) at peptide concentrations (≈20 μM) or conditions comparable to
those used in antimicrobial and permeabilization assays on bacteria. It
also allows characterization of salt and medium effects on AMP second-
ary structure.24,25 In some cases, as for example with amphipathic  helical
AMPs, CD can provide some information on the monomeric or
oligomeric state of helical peptides by consideration of the ratio between
the typical ellipticity minima for the helical conformations (i.e., [θ]222 /
[θ]208 nm). According to Lau et al.26 when this is >1, the peptide is con-
sidered to be in an oligomeric state, and this is consistent with data
obtained in our laboratory.26
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To better understand peptide–membrane interactions and to confirm
these experimental findings, this technique requires a comparison with
different approaches and the use of different kinds of model membranes.
FTIR, in transmission and in ATR mode on supported membrane, is such
a complementary approach, as described below.

17.2.3. FTIR Spectroscopy Applied to Peptide Structure
Characterization in Solution and Inserted 
into Membranes 

IR spectroscopy can provide information on structural features of
polypeptides, as nine IR bands are associated with peptide backbone
vibrations, including amide A and B and I through VII vibrational modes
in order of decreasing frequency27 (Table 17.1). The most intense and
useful bands for secondary-structure determination are amide I and II, in
the 1500 to 1700 cm−1 region, which are respectively related to the C=O
stretching vibration of the peptide bond amide groups, coupled with the
in-plane bending of NH, and to NH bending coupled with the stretching
of the CN bond.

Unlike CD, transmission IR experiments on polypeptides in solution
can give valuable information on tertiary and quaternary structure,
because of alterations in the hydrogen bond patterns that occur throughout
the peptide and that subsequently affect the IR amide I band.29 The main
drawback of this technique is the high absorbance of water at 1640 cm−1,
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Designation Frequency Range (cm−1) Description

Amide A
Amide B
Amide I
Amide II
Amide III
Amide IV 

Table 17.1. Amide bands of proteins: stretching (ν) and bending (δ) modes (Adapted from
ref. 16, 28, and 30.)

≈3300
≈3100

1600–1700
1510–1580
1200–1400

610–710

νNH
νNH
νCO (νCN; CCN deformation)
δNH (νCN, δCO, νCC, νNC)
δNH (νCC, νCN, δCO)
CN torsion (δNH)
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associated with H–O–H bending, that overlaps with the amide I band.
For this reason very thin path-length cells (3–8 μm) and high peptide
concentration (0.5–1 mM, depending on size) are required for measure-
ments to avoid drowning the IR absorption in the amide I region. A good
and informative alternative is to perform transmission measurements in
deuterium oxide (D2O), in which the D–O–D bending bands occur at
lower wavenumbers, thus opening a window for observing the weaker
peptide bands. In this case, path lengths of 40 to 80 μm can be used, and
lower sample concentrations are required for obtaining good-resolution
spectra. This experiment may be informative also because exchangeable
protons, such as N–H, S–H, O–H, exchange at rates and extents that
depend on the accessibility of the specific group to the solvent. The
amide II band, upon deuteration, shifts from the classical 1500 cm−1 to
1450 cm−1, revealing side-chain vibration bands such as those of argi-
nine, tyrosine, aspartate, and glutamate that also absorb in the region
between 1580 and 1610 cm−1. The amide I band is subject to a relatively
small shift of 5 to 10 wavenumbers upon deuteration, which in any case
allows following of differential exchange kinetics of deuterated polypep-
tides deriving from different conformations, as turns and random coil
structures exchange more rapidly than stable secondary structures.
Unfortunately, for small peptides such as most AMPs, exchange kinetics
are in any case so rapid as to be undetectable on the scale usually 
accessible to conventional time-resolved FTIR, and so they are analyzed
only after complete exchange. 

FTIR transmission measurements are thus complementary to CD
analysis in solution, giving insight on both the conformational and
aggregational states of AMPs (Table 17.2), which is useful from the
point of view of studying membrane-active peptides because they are
expected to locally concentrate at the membrane surface. ATR-FTIR
spectroscopy can further complement and complete structural studies by
providing more information on protein–membrane interaction mecha-
nisms, as it allows investigating both membrane-induced peptide folding
and the effect of peptides on lipid order and hydration in physiological
conditions. In ATR spectroscopy the IR beam is focused on IR-transparent
internal-reflection element (IRE), a high-refractive-index crystal of ger-
manium, silicon, or zinc selenide, with an incident angle larger than the
critical angle for the system so that it is totally reflected into the  crystal
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(total-reflection geometry). At each reflection, an evanescent wave at 
the same frequency of the IR beam is generated and propagated within
the sample placed on top of the crystal, perpendicularly to the IRE sur-
face. The evanescent field amplitude falls off exponentially with distance
from the interface, and the attenuation of the reflected beam due to spe-
cific absorption of the sample is detected. Because penetration depth of
the IR beam is a few microns or less, depending on the refractive index
of the IRE and the sample, on the incidence angle, and on the wave-
length, this technique is considered surface sensitive and is a good choice
for investigating peptides in membrane, as the bulk water absorption is
considerably reduced.30 For AMP studies, supported lipid mono- and
multilayers are generally deposited on ATR crystals, and the peptide
solution is then added to hydrated membranes, leading to a dynamic
interaction between peptide and lipids.

ATR-FTIR has many advantages: (1) it is possible to gain insight on
both peptide secondary structure and membrane status after the interac-
tion, as peptides and membrane chromophores absorb in different
regions; (2) polypeptide-conformational states can be measured in aque-
ous environment; (3) physiological conditions can be changed in situ;
and (4) the technique requires sub-milligram sample quantities.
Moreover, with polarized measurements, lipid order and peptide orienta-
tion in the membrane can also be probed. On the other hand, data 
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Secondary Structure Amide I Frequency (cm−1)

Antiparallel β sheet 1675–1695
Turns 1660–1685
310 Helix 1660–1670
α Helix 1648–1660
Unordered 1652–1660 (D2O, 1640–1648)
β Sheet 1625–1640
Aggregated β structure* 1610 and 1690*

* β-aggregated assignments from ref. 29.

Table 17.2. Correlation between common protein secondary structures and amide I
frequencies* (Adapted from refs. 30–32.)
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interpretation and sample preparation are more complex than for classi-
cal IR transmission experiments, because many parameters need to be
taken into account for a rational experimental design and unambiguous
data interpretation. 

The IR regions usually studied are the amide I and II bands 
(Tables 17.1 and 17.2), representative of peptide secondary and tertiary
structure, and the lipid vibrational bands. In particular, the methylene
stretching vibrations (2800–3000 cm−1) give valuable information on the
qualitative conformational order of lipid acyl chains, as symmetric and
antisymmetric CH2 stretching bands shift to higher wavenumbers upon
transition of the lipids from ordered gel to liquid-crystalline phase.33–35

Furthermore, the carbonyl stretching mode of lipid acyl groups 
(1741 cm−1), present in all phospholipids, is very sensitive to hydrogen
bonding and other parameters that can affect the interfacial region, pro-
viding insight on peptide interaction with head groups and on possible
water molecule displacement at the membrane surface. Relatively recent
studies have in fact highlighted that this band is constituted by two main
components, at 1748 and 1732 cm−1, respectively corresponding to
dehydrated and hydrated carbonyl groups.36–37

Further information on AMP–membrane interactions may be
achieved by either labeling the peptides or lipids or incorporating spe-
cific IR groups that are sensitive to environmental conditions. Tucker
and co-workers have recently proposed the use of cyanophenylalanine
as an IR environmental probe for evaluating membrane-binding pep-
tides.38 The cyano-stretching mode is very sensitive to the environment
and shifts from 2235 to 2228 or 2229 cm−1, respectively, on passing
from hydrophilic to hydrophobic surroundings. This is a very informa-
tive tool as this amino acid can be inserted in a specific peptide seg-
ment, replacing an aromatic residue (such as phenylalanine or the
isosteric tyrosine), thus reporting on the localization of that particular
structural segment in peptide–membrane systems, as will be reported in
detail later.

The experimental observations obtained from IR spectroscopy can
thus present a fairly detailed picture of how AMPs act at a molecular
level. They can be further combined with other surface-based methods
for studying peptide–membrane systems, such as AFM or SAXS, to bet-
ter understand peptide effects also from the morphological point of
view.
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17.3. CD and FTIR Spectroscopy for AMP Structural
Investigations: Methods and Results

In this section we will describe the use of and the meaningful results
obtained by applying CD and FTIR experiments on specific AMPs in
bulk solutions and inserted into model membranes, namely, human
cathelicidin LL-37 and human β defensin 3 (hBD3). The sequences of
these two peptides are as follows:

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES

hBD3  GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

In particular, hBD3 is an example of a peptide sequence that has been
labeled by replacing Tyr9 with a PheCN residue (see asterisk over the sec-
ond Y) to obtain information on the localization of this structural seg-
ment in a membrane environment through IR spectroscopy. Labeling at
Tyr10 could thus provide further insight into the mode of molecular inser-
tion, as would selectively labeling LL-37 at any one of its four Phe
residues.

17.3.1. CD Methods and Results 

CD spectra of both LL-37 and hBD3 were measured on a J-715 spec-
tropolarimeter (JASCO Corp., Japan), using 2 mm quartz cells and low
peptide concentrations (micromolar scale) in buffer solutions and
 membrane-like environments. The CD method requires homogeneous
protein samples and buffer components that avoid strong absorbance in
the 195 to 240 nm range and that are also suitable for the activity of
AMPs, so that active structures are measured. The activities of defensins
and helical peptides such as LL-37 are differently inhibited by high salt
concentrations, so for experiments with model membranes we tend to
use 10 to 100 μM  β defensins in 10 mM phosphate (sodium phosphate
buffer, or SPB), whereas 150 mM phosphate buffered saline (PBS) solu-
tion is generally used as default for helical cathelicidins.

Buffers used are the isotonic SPB (10 mM sodium phosphate buffer, pH
7.0), the physiological PBS solution (140 mM NaCl, 10 mM sodium
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phosphate buffer, pH 7.0) and a plasma-ion–like (PIL) solution (113 mM
NaCl; 24 mM NaHCO3; 0.6 mM MgCl2; 1.3 mM CaCl2; 3.9 mM KCl).
Moreover, simple membrane-like environments, such as SDS micelles or
50% TFE in SPB, are initially used for evaluating peptide conformation
in fold-inducing buffers. 

SDS micelles are obtained by simply adding 10 mM SDS in sodium
phosphate buffer (10 mM); this concentration is the optimum to obtain
both micelles and the optical clarity needed for spectroscopic methods.
An aliquot of the peptide is then added to either the SDS micelle disper-
sion or 50% TFE in SPB to reach a final concentration in peptide of 
20 μM.

In Fig. 17.2 CD spectra of LL-37 and its primate homologues are
reported: these CD spectra show the differential effect of peptide con-
centration, salt, and pH on secondary structure and aggregation (Fig.
17.2A–C). The propensity for structuring, and consequent aggregation
in bulk solution (layer A in Fig. 17.1), appears to be an evolutionarily
selected sequence-dependent trait that correlates with the presence of
different numbers of intramolecular salt bridges (Fig. 17.2E). This also
affects the extent and medium dependence of biological activities.24 CD
experiments can also be useful in studying the structural effects of LL-37
binding to the outer components of the cell wall or bacterial or host exo-
products (layer B in Fig. 17.1).7,40

CD spectra were also measured in the presence of SDS micelles or
liposome suspensions (Fig. 17.2F) to evaluate protein conformation after
binding to a membrane (layer C of Fig. 17.1). LUVs are used to mimic
bacterial and host cell membranes, using specific lipid compositions
chosen from the literature,41 such as the composition of the cytoplasmic
membrane of the Gram-negative bacterium Escherichia coli (phos-
phatidyl-DL-ethanolamine–phosphatidyl-DL-glycerol (PE–PG) 80:20),
the Gram-positive bacterium Staphylococcus aureus (PG–cardiolipin
(dPG), 95:5), or as an archetypical eukaryotic cell, the erythrocytes 
(L-α-phosphatidylcholine–sphingomyelin–cholesterol (PC–SM–Chol),
40:40:20). CD of LL-37 indicates a differential interaction with neutral
and anionic LUVs, the latter being moderately well mimicked by SDS
micelles.

Important issues for preparing liposomes are not only the correct
buffer, as previously described, but also the choice of the lipid mixture.
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Appropriate examples to clarify this concept are E. coli–like liposomes:
mimicking this Gram-negative inner membrane is not easy as PG and PE
are somewhat immiscible lipids and mix appropriately at, or just under,
50% PE, according to a specific PE–PG miscibility profile.42

Alternatively, it is possible to simply purchase an E. coli lipid extract.13

In the long run, it is best to initially set up experiments simply using PG
or PG–dPG liposomes, which are easier to make and reproducible, and
only subsequently turn to other types.
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Figure 17.2. CD spectra of LL37 and its primate homologs in different conditions. (A)
LL-37 (40 μM) in 140 mM NaCl, pH 2.0 �; (40 μM) in SPB �; (10 μM) in PBS �; (100
μM) in PBS �; (20 μM) in PIL �; (40 μM) in PIL �;  (B) primate homologs in PBS 
(10 μM peptide);  (C) in PIL (20 μM peptide);  (D) in 50 % (v/v) TFE (20 μM peptide);
hssLL-37 (–––); ppyLL-37 ( ); hmdSL-37 ( ); cjaRL-37 (⋅⋅⋅⋅⋅); pobRL-37 ( );
mmuRL-37 ( ) (respectively human, orangutan, hylobates, callitrix, presbytis, and
macaque homologs of LL-37);  (E) plot of side-chain electrostatic attractions in the helical
conformation (salt-bridges) versus electrostatic repulsions;  (F) CD spectra of human 
LL-37 (20 μM peptide) in PBS (____ ), and in the presence of SDS micelles ( ) or  LUVs
made from PC–SM–Chol (⋅⋅⋅⋅⋅), PG–DPG ( _ _ _ ) or POPG–POPE ( ).
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LUVs used for the CD experiments are prepared by extrusion of lipid
dispersions of anionic PG, PE, and dPG (PG–dPG, 95:5, or PE–PG,
50:50, w/w), or zwitterionic PC, SM, and Chol (PC–SM–Chol,
40:40:20, w/w), purchased from Sigma Aldrich. Dry lipids are dissolved
in chloroform and evaporated under a stream of nitrogen, and the residue
is vacuum-dried for 3 h. The lipid cake is resuspended to a concentration
of 3 mg/mL in the appropriate buffer (SPB for defensins or PBS for hel-
ical AMPs) by spinning the flask at a temperature above the critical tem-
perature (Tc). The resulting multilamellar vesicle suspensions are then
disrupted by at least 10 freeze–thaw cycles before extrusion with a spe-
cific extruder through polycarbonate filters with 100 nm pores. The esti-
mated LUV concentration is 0.4 mM for all the following experiments,
calculated on the basis of the original phospholipid mass. LUVs should
be stored at 4°C and used the same day or not more than a few days later.
Peptide–lipid suspensions (molar ratio 1:20) are incubated for 30 min at
37°C before measuring CD spectra. 

Cationic antimicrobial peptides, when added to anionic liposomes,
may induce flocculation effects that make measurements difficult to per-
form. In this case it is useful to decrease the lipid–peptide concentration,
maintaining the selected ratio. As the measured ellipticity θ is generally
converted into molar ellipticity [θ], according to [θ] = 100θ / 1000nrescl
(where c = concentration; nres = amino acid residues; and l = cell path
length), all variations in peptide molarity and path length are taken into
account, and the only limiting factor is the signal-to-noise ratio.

Fig. 17.3 shows the CD spectra of hBD3, in SPB or in the presence of
SDS micelles or in anionic or zwitterionic LUVs. This peptide is partly
prestructured in solution, because of the presence of disulfide bonds that
stabilize the characteristic defensin triple β-sheet structure.39 CD spectra,
however, indicate that it is prevalently unstructured in aqueous solution
(Fig. 17.3A), so that the prevailing contributions are from the disordered
N-terminal stretch and loops between β strands. On the basis of an
amphipathic residue arrangement, we predicted the N-terminal stretch to
undergo a marked coil-helix transition on interaction with bacterial
membranes,43 which is confirmed by CD spectra in the presence of
anionic LUVs as well as SDS but not zwitterionic LUVs (Fig. 17.3A).
Insertion of this stretch into the bilayer was investigated using FTIR
spectroscopy on supported multilayers, also making use of an internal IR
probe, the cyanophenylalanine residue (Fig. 17.3B and C)
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Figure 17.3. Structuring and membrane interaction of hBD3-CN. (A) CD spectra
of the peptide (20 μM) in SPB (___), SDS ( ), zwitterionic PC–SM–Ch (⋅⋅⋅⋅⋅) and
anionic PG–dPG LUVs ( ); (B) FTIR spectra of the CN stretching band of
hBD3-CN in aqueous solution (___) and inserted into PG–dPG supported multi-
layers ( ); (C) ATR-FTIR spectra of the hBD3 ammide I–II bands in dried
PG–dPG multilayers, following protocol (i) in Section 17.2.3. (D) Transmission
FTIR spectrum of CN-hBD3 in D2O. 
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17.3.2. Transmission FTIR Measurements on 
Peptides in Solution

For the evaluation of IR spectra of AMPs in deuterated water, the fol-
lowing experimental protocol was followed. Peptide solutions (2 mM) in
D2O, after 24 h exchange at room temperature, are placed between CaF2

windows, spaced 25 μm apart in a dismountable liquid cell (Harrick
Scientific Products, Inc.). Spectra are collected with 512 scans, spectral
resolution 2 cm−1, using a Vertex 70 Bruker interferometer. Nonlinear
least-squares curve fitting with Gaussian bands is used to identify the
components of the amide I band. Starting parameters for the fitting
process are obtained by second-derivative spectra (nine-data-point
Savitzky–Golay algorithm). The transmission FTIR spectrum of hBD3-CN,
shown in Fig. 17.3D, indicates a prevalently random coil conformation
in D2O (see Table 17.3), confirming CD spectra, but with this method
the β-sheet component is also clearly visible. Under these conditions,
two additional components, also clearly visible in the spectrum, can be
assigned to the symmetric and antisymmetric stretching of deuterated
arginine side chains (1608 and 1585 cm−1, respectively). At higher
wavenumber, we obtain information on the environment surrounding the
internal IR probe (the CN group on the cyanophenylalanine residue).
The CN stretching band is quite broad in aqueous solution and is
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Components (cm−1) Area (%) Assignment

1624 24 β structure
1673 24 β structure
1653 4 α helix
1661 11 turns/loop
1641 60 random coil

1585 Arg side chains
1607

* The secondary-structure component assignment29–32 is based on the deuterated amide I

band shown in Fig. 17.3D and on component bands determined by curve-fitting analysis

of ref. 43.

Table 17.3. Amide I band components assignments for hBD3 in D2O*
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 centered at 2335 cm−1 (Fig. 17.3B), consistent with this stretch of the
peptide being exposed to a polar environment.38

17.3.3. ATR-FTIR on Peptide Inserted in Model Membranes

The interaction of hBD3-CN with model membranes and the resulting
structural variations were investigated by means of ATR-FTIR on supported
lipid multilayers. As mentioned earlier, two different experimental proce-
dures, involving different protocols for obtaining supported multilayers,
can be used: (1) dried multilayers obtained by evaporation of buffer from
a preincubated peptide–liposome suspension or (2) peptide added to
hydrated membrane systems, prepared by the lipid spinning method.

17.3.3.1. Supported Multilayers from Peptide–Liposome
Suspensions

Peptide (20 μM) is incubated with LUVs (0.4 mM phospholipids) in 
5 mM SPB at pH 7.0 and the suspension then deposited on a germanium
trapezoidal 45° ATR crystal (50 × 10 × 2 mm) at 37°C. Buffer evapora-
tion results in lipid multilayers on which the spectrum is directly recorded.
Spectra are collected with a multiple-reflectance ATR accessory mount-
ed on the Vertex 70 FTIR spectrometer, equipped with a midband mer-
cury-cadmium-telluride detector (MCT D316), by acquiring 256 scans
with a resolution of 4 cm−1. The background is collected directly on a
clean IRE, and water vapor in the absorbance spectra on the amide I peak
region is corrected by spectral subtraction, using Opus Bruker software.
This method allows us to obtain IR spectra of dried multilayers in which
the peptide is inserted, but it has many drawbacks, such as (1) the impos-
sibility of following the peptide insertion into the membrane, (2) the lack
of a reference spectrum in a hydrated environment, and (3) the inability
to control multilayer thickness and homogeneity.

The method, however, produces interesting data for AMPs, as shown
by the ATR-FTIR spectra in Fig. 17.3B and C. In the first case, the CN
vibrational band obtained by ATR for hBD3-CN inserted into dried
PG/dPG multilayers, can be related to the equivalent band in aqueous
solution, obtained by the transmission method (Fig. 17.3B): the strong
shift of the CN group band, from 2235 cm−1 in buffer to 2229 cm−1 in
the presence of lipids38 is compatible with the insertion of the N-terminal
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stretch into the membrane. In the ATR spectrum, the amide I to II IR
region (1500–1700 cm−1; Fig. 17.3C) confirms a strong helical contri-
bution in lipid environment, with the typical sharp amide I band centered
at 1655 cm−1 (Table 17.2). The combination of experiments using CD,
transmission FTIR in solution, and ATR-FTIR in dried supported lipid
multilayers thus leads to the conclusion that membrane interaction of
hDB3 induces helical structuring of the amphipathic N-terminal stretch,
which may then partly insert into the bilayer. 

17.3.3.2. Lipid Spinning Method

The lipid spinning method allows a better control of peptide–membrane
systems: pure PG lipid (10 mg/mL) is dissolved in chloroform and
directly pipetted onto a clean germanium crystal, which is then acceler-
ated to 2000 rpm for 2 minutes, using a spin-coater, and then vacuum-
dried for 3 h. This procedure results in relatively homogeneous and
ordered multilayers of about 50 nm thickness, as confirmed by AFM per-
formed directly on the crystal and further backed by IR spectra (data not
shown). The number of bilayer stacks seems to depend on the initial lipid
concentration and on the rotation speed, whereas multilayer homogene-
ity and uniformity depend on the size of the support, on the correct
choice of solvent, and on an efficient support-cleaning procedure before
lipid spinning. We suggest consulting Mennicke et al.,20 where these
parameters are systematically investigated.

PG lipid multilayers are spun directly onto the ATR germanium
 crystals, which are then placed in a customized sealed ATR cell (Fig.
17.4). They are hydrated by first increasing the relative humidity of the
sealed system and then injecting about 100 μL of buffer solution directly
onto the lipid multilayer so as to completely coat it with a thin aqueous
film (Fig. 17.4A). The lipid hydration process can be followed by ATR-
FTIR, by monitoring the shifts in carbonyl stretching mode of acylated
lipids (1741 cm−1) and phosphate group vibrational modes (1000–1260
cm−1). Peptide solution (150 μM) is then injected directly into the space
above the hydrated multilayers (Fig. 17.4B), and peptide insertion into the
membrane is subsequently followed by repeated IR measurements (Fig.
17.4C). After 1 h, the solution over the lipid multilayer, containing
unbound peptide and lipid vesicles, is washed out and replaced by 100 μL
of pure water (Fig. 17.4D). The spectrum of only the membrane-bound
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peptide in hydrated conditions can then be recorded (Fig. 17.4E). Finally,
the cell can be opened and the system completely dried under vacuum to
investigate the effects of dehydration (Fig. 17.4F).

An example experiment is shown using human cathelicidin LL-37.
The time course for the ATR-FTIR experiment clearly shows the varia-
tion in the spectrum on interaction with the membrane (Fig. 17.4G),
indicating that structural variations occur in both the peptide and
the lipid.
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Figure 17.4. ATR experimental procedure. The supported multilayer is prepared
by the spinning method directly on the germanium crystal, which is then placed
in a sealable holder (A). The multilayer is hydrated in water or D2O (B) and
 peptide solution introduced above it in a thin layer (C). ATR-FTIR monitoring
starts and is carried out until equilibration (D). The sample is then washed  leaving
only membrane-bound peptide (E) for further monitoring. Finally, the sample
holder is opened and multilayer is dried under a flow of nitrogen to allow
 monitoring after complete dehydration (F). ATR-FTIR time course obtained for
LL-37 at stage D and spectra at 0 and 60 min after introduction of peptide.
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17.4.  Activities of AMPs: Liposome and 
Bacterial Cell Permeabilization Assays

17.4.1.  Dye Release from Preloaded Liposomes

Another informative method for evaluating the effect of AMPs on mem-
branes is the permeabilization of liposomes preloaded with a fluorescent
dye or a dye–quencher couple. This method also allows investigation of the
selectivity of peptides for particular lipid composition, a critical factor for
AMP–membrane interaction. Moreover, it is possible to distinguish
between a graded leakage, in which all vesicles lose some of their content,
and an all-or-none mechanism, in which only some vesicles lose all their
content. Liposomes may be loaded with self-quenching fluorescent dye
such as calcein or carboxyfluorescein, or a fluorescent dye–quencher pair
such as ANTS–DPX or terbium–dipiccolinic acid.14–15

For the former molecules, fluorescence is lost through collisional
interactions when the dye is encapsulated at a very high concentration,
whereas upon membrane disruption fluorescence intensity increases due
to dilution into the external buffer, allowing the kinetics of lesion for-
mation to be assessed. For the latter dyes, the assay is based on colli-
sional quenching of an anionic fluorophore (e.g., ANTS) by a cationic
quencher (DPX), and formation of membrane lesions also allows
dye–quencher separation into the surrounding medium, resulting in a
fluorescence increase. Both methods are commonly applied to AMP
characterization, although it has been proposed that an advantage of the
quencher-pair method derives from the possibility of requenching after
lesion formation, by titration with DPX, which allows a quantitative
evaluation of released and entrapped material without physical separa-
tion of vesicles from the external medium.14–15,44

In general, for both self-quenching and dye–quenching-pair methods,
results are reported as a percentage of fluorescence with respect to the max-
imal intensity obtained after complete disruption of the liposomes by a
detergent such as Triton X-100. These data need to be confirmed and cor-
roborated by other experiments, such as permeabilization effects on real
bacterial membranes with different fluorescent dyes, to achieve a more
complete picture of the AMP mode of membrane permeabilization or
 disruption. Simple artificial membranes lack important cell components,
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such as external layers, carbohydrates, and membrane proteins, that can
strongly influence peptide activity (see Fig. 17.1).

17.4.1.1. Dye Release from PG–dPG Liposomes 

LUVs are prepared as described in Subsection 17.3.1 except that the
lipid cake is resuspended into the appropriate buffer in which the dye or
dye–quencher pair (e.g., calcein 30 mM or ANTS–DPX 9 mM/25 mM)
are dissolved. After extrusion through the polycarbonate filter, free dye
is separated from encapsulated material using a Sephadex G-75 gel
 filtration column, in the working buffer, at a flow of 0.5 mL/min,
approximately 30 min.

The fluorimetric experiment can be carried out using a 96-well plate
to obtain a final concentration of 300 μM lipids and 10 μM peptide in
each well, monitoring continuously over time on a fluorescence plate
reader (for calcein, λex = 493 nm, λem = 516 nm; for ANTS–DPX, λex =
360 nm, λem = 515 nm). An aliquot of preloaded LUVs is added to a well
containing a solution of 0.2% Triton X-100 (100% disruption, positive
control) or just buffer (0% disruption, negative control). At the end of
the experiment, after the fluorescence has stabilized, 0.2% Triton X-100
is added to the negative control and to each peptide-containing well. The
fluorescence intensities are subsequently corrected for background, and
dilution and data are reported as a percentage of the maximal fluores-
cence obtained after total lysis of the liposomes by 0.2% Triton X-100.

17.4.2. Permeabilization of Bacterial Cells by Means of Flow
Cytometry and Classical Fluorimetric Methods

Flow cytometry is a powerful technique for studying AMP activities,
which activities influence features of cells such as membrane integrity
and potential. The resulting alterations in cell size or molecular content
can be probed by flow cytometry.45–46 It measures and analyzes multiple
physical characteristics of single cells as they move in a fluid stream
through a beam of light, which can be related to the cell’s integrity, rela-
tive size, granularity, and internal complexity. It simultaneously uses
the principles of light scattering and excitation and emission from added
fluorophores to generate multiparameter data from 0.5 to 40 μm parti-
cles that cover most bacteria or host cells. Cells are hydrodynamically
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focused in a sheath of PBS solution before intercepting an optimally
focused light beam (lasers are most often used).

Fluorochromes used in flow cytometry can be classified according to
their mechanism of action.47 For example, fluorescein isothiocyanate
(FITC) shows an increased fluorescence when bound to proteins; pro-
pidium iodide (PI), when bound to nucleic acids; and Nile Red, when
bound to lipids. For other probes, fluorescence depends on cellular
physiological parameters, such as pH or the membrane potential, as is
the case for bis-(1,3-dibarbituric acid)-trimethine oxanol (DiBAC4(3)).
Finally, other probes are fluorogenic, so that fluorescence depends on
the enzymatic activity of esterases, peroxidases, or peptidases present
inside the cell.45,48

Apart from reporting simultaneously on several parameters that corre-
late with cell vitality, flow cytometry offers the added advantage that
measurements are made on individual cells and so sample heterogeneity
can be quantified. This means that under some circumstances it may be
possible to identify subpopulations of cells or to detect contaminants. It
is also a rapid technique, with measurements typically made at rates of
100 to 300 cells per second, so that many thousands of cells can be meas-
ured in a realistic time scale. Higher sorting speed (>300 cells/s) leads to
coincidence of two cells in the laser beam and errors of measurement.49

With respect to the activities of AMPs, using flow cytometry it is pos-
sible to study the following:

• the permeabilization kinetics on Gram-positive and Gram-negative
strains in contact with AMPs at antimicrobial concentrations, using
fluorescent dyes such as PI or the fluorogenic hydrolase substrate
fluorescein di-β-D-galactopyranoside (FDG), to allow to assess-
ment of membrane permeabilization or disruption;

• the effect on bacterial transmembrane potential, evaluated using dyes
such as DiBAC4(3), a probe sensitive to membrane depolarization; 

• the ability of the peptide to interact with the bacterial membrane
and translocate into the cell using fluorescein or peptide labeled
with boron-dipyrromethene (BODIPY) and an external quencher
such as Trypan Blue.

In principle, the same experiments can be carried out using conven-
tional fluorescent methods, using the same setup as described for liposome
permeabilization studies (e.g., 96-well fluorescence reader). In this case,
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the method measures an effect on a whole population of bacterial cells, and
less information can be gathered. This type of experiment can, however, be
useful in setting up conditions for flow cytometric experiments. Although
the same bacterial cells and fluorophores are used, the difference in sensi-
tivities of the methods means that conditions are not necessarily identical. 

17.4.2.1. Propidium Iodide Permeabilization 

Intact bacteria are impermeable to PI, but if the membrane is somehow
compromised, this small cationic molecule (MW = 668.4 Da) can rapidly
penetrate the cell, intercalate into DNA, and markedly increase its fluores-
cence (λex = 536 nm; λem = 617 nm). Using flow cytometry it is thus pos-
sible to determine the percentage of compromised cells at a particular AMP
concentration. Moreover, to determine whether the observed effects lead to
cellular inactivation, the kinetics of membrane compromising can be
 followed by comparing fluorescence data with morphological and dimen-
sional parameters and also by plating treated bacteria at each time point.
This technique has been successfully used to analyze the effect of AMPs on
bacteria and fungi50 and their cytotoxic effects on host cells.24,51–52

Method: For flow cytometry, an appropriate volume of 106 colony form-
ing unit (CFU)/mL bacterial-cell suspension is incubated with peptide at
the desired concentration (e.g., 1 μM) for fixed times at 37°C using all
media and buffers prefiltered with a 0.2-μm-syringe filter. A 0.2-mM
prefiltered solution of PI (Sigma-Aldrich) is then added at a final
 concentration of 10 mg/mL, and samples are analyzed after a further 
4-min incubation at 37°C. Alternatively, PI solution is added to bacteria
at the same time as the peptide, and samples are acquired at regular inter-
vals of time. Filtered medium and suspensions of bacteria in saline buffer
should be used as blank and negative controls, respectively, before each
set of analyses; bacteria treated with a known lytic peptide, such as
melittin or SMAP-29,50 can be used as a positive control. Our analyses
are performed with a Cytomics FC 500 (Beckman-Coulter, Inc.,
Fullerton, Calif., USA) equipped with an argon laser (488 nm, 5 mW).
For conventional fluorescence monitoring, 80 μL of a 107 CFU/mL
 bacterial-cell suspension is added to each well of a black, flat-bottomed
96-well plate, and dye (15 μM) and peptide (5–10 μM) are added to a
final volume of 100 μL, in 5% to 25% TSB) medium (depending on the
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AMP), and allowed to incubate for 4 min. Fluorescence monitoring then
is done for 1 h.

17.4.2.2. Membrane Potential Measurements Using DiBAC

Oxonols are anionic, lipophilic dyes that can enter only depolarized cells
and bind to lipid-containing intracellular components and then exhibit
enhanced fluorescence (λex = 493 nm; λem = 516 nm) and red spectral
shift. Hyperpolarization results in a decreased fluorescence.

Method: For fixed times 106 bacterial cells are incubated with peptide
at 37°C after which a solution of DiBAC4(3) (Molecular Probes,
Junction City, Oreg.) is added to a final concentration of 1 μM, and sam-
ples are then analyzed after 4-min incubation at 37°C, as described for
PI. In this case, the lower stability of the dye means that it must always
be added just before data acquisition. This method allows evaluation of
the percentage of depolarized cells, but it is not really feasible to quanti-
tatively calculate the decrease in potential. A measure of the depolariza-
tion can be obtained relative to a known depolarizer such as CCCP
(carbonyl cyanide m-chlorophenylhydrazone; Molecular Probes).
Considering only the fluorescence intensity in the DIBAC4(3)-positive
cell population, it is possible to distinguish between transitory depolar-
ization and a fully depolarized (dead) population.47

17.4.2.3. DiBAC-PI Staining

Cells can be simultaneously stained with PI and DiBAC4(3) because of
their different spectral emissions. Depolarized cells take up DiBAC4(3) but
not propidium, and permeabilized cells or cells with damaged membranes
take up both DiBAC4(3) and propidium. In some cases, depolarized and
permeabilized cells are capable of recovery, as shown by plating.53

17.4.2.4. Use of Fluorogenic Glycosidase Substrates

Methods using fluorogenic glycosidase substrates are based on assays
with chromogenic glycosidase substrates, introduced some years ago and
much used in the study of the mechanism of AMPs.54 They require obtain-
ing special bacterial strains such as the lactose-permease-deficient, 
β-galactosidase constitutive E. coli ML35. By adding the normally
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impermeant galactosidase substrate ONPG (o-nitrophenyl-β-D-galactopy-
ranoside) to the external medium, one can assess the kinetics of membrane
lesion formation from the hydrolysis time course, as this depends on the
rate of substrate internalization through the lesions. To make this method
more sensitive, and accessible to flow-cytometric analyses, the fluorogenic
substrate FDG (MW = 657, λex = 490 nm; λem = 514 nm) can be used.

A similar chromogenic method has been developed for Gram-positive
bacteria using the phosphotransferase-deficient and phosphogalactosidase-
constitutive Staph. aureus 710A strain,55 but in this case phosphorylated
substrates are required, and commercial chromogenic or fluorogenic
dyes are not easily available.

Method: For fixed times 106 bacterial cells are incubated at 37°C with
peptide after which a solution of FDG (Molecular Probes) is added to a
final concentration of 10 μM, and samples are then analyzed after 5 min
of incubation at 37°C, as described for PI. This dye can be used in con-
junction with PI to obtain two different types of assessment of membrane
permeabilization. The dyes are similar in molecular size, but FDG is
neutral while PI is cationic, and FDG may provide a more rapid response
to lesion formation. For conventional fluorescence monitoring, 80 μL of
a 106 CFU/mL bacterial cell suspension is added to each well of a black,
flat-bottomed 96-well plate, and FDG (10 μM) and peptide (5–10 μM)
are added to a final volume of 100 ml in 5% to 25% TSB medium
(depending on the AMP). Fluorescence monitoring begins immediately
and is normally run over a 1 h period.

17.4.2.5. Peptide Internalization—Use of Fluorescently
Labeled Peptides

AMPs, subsequent to membrane binding, may internalize into bacterial or
host cells, through lesions or channels they produce (layer D, Fig. 17.1), by
a self-promoted uptake that may not require compromising the membrane
or by active transport. Recently, a method has been proposed to monitor
such internalization into bacteria for proline-rich AMPs translocating via
the latter method,56 using the fluorescent dye BODIPY (Molecular Probes)
covalently linked to the peptide. Several linkage strategies are available,
including amide bond formation to the N-terminus or bridging to appro-
priately inserted Cys residues. The linkage may affect the excitation and
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emission parameters of the dye. BODIPY has a principle advantage of
being neutral so that the net charge of the AMP, often an important param-
eter for activity, is not affected. 

With these labeled peptides, one can use flow-cytometric methods
to estimate the percentage of affected cells and how much peptide
interacts with them. By monitoring cells before and after extensive
washing, one can distinguish between loosely surface-bound peptides
and tightly inserted membrane peptide and impermeant quencher
Trypan Blue (Sigma Aldrich) one can further discriminate between
membrane-bound peptides, which are quenched, and internalized
 peptides, which aren’t. 

Method: BODIPY, functionalized with the 2-aminoethyl maleimide group
(BODIPY FL N-(2-aminoethyl) maleimide; Invitrogen, Molecular Probes)
can be linked to the SH group of a Cys residue added to the C-terminus of
an AMP by adding five molar equivalents of dye dropwise to a 0.1 mg/mL
peptide solution in PBS under nitrogen bubbling stirring overnight,57 and
then purifying by reversed-phase high-performance liquid chromatography
(RP-HPLC) (MW increase of 414 Da, λex = 505 nm; λem = 515 nm).
Peptide is then added to 106 CFU/mL bacterial cells, incubated at 37°C for
different times, and the suspension then centrifuged at 10,000 RPM and
resuspended to eliminate free peptide. To assess the relative amount of
internalized peptide, Trypan Blue is added at a final concentration of 
1 mg/mL and incubated for 10 min at room temperature. PI can be simul-
taneously added to the peptide-treated bacteria and to controls, at a final
concentration of 10 μg/mL, to assess membrane integrity.
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