
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Pathogenesis of Haemophilus influenzae. Respiratoy infection in COPD patients

van Leeuwen-Gorter, A.D.

Publication date
2002
Document Version
Final published version

Link to publication

Citation for published version (APA):
van Leeuwen-Gorter, A. D. (2002). Pathogenesis of Haemophilus influenzae. Respiratoy
infection in COPD patients. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/pathogenesis-of-haemophilus-influenzae-respiratoy-infection-in-copd-patients(77f4e5de-f9ae-4d01-86a8-0da247b55835).html


I II  o 
MÖi00®ii  ©raëlwpfflfl 

»i i 
<.¥ ¥ 



PATHOGENESISS OF 

HAEMOPHILUSHAEMOPHILUS INFLUENZAE 

RESPIRATORYY INFECTION IN C O PD PATIENTS 

EFFECTSS OF NEUTROPHIL DEFENSINS 

ONN THE INTERACTION OF HAEMOPHILUS INFLUENZAE 

WITHH AIRWAY EPITHELIAL CELLS 



Coverr illustration: Scanning electron microscopy picture of the adherence of 
HaemophilusHaemophilus influenzae to subcultures of human primary bronchial epithelial cells in 
thee presence of neutrophil defensins (adapted from chapter 2, figure 3, page 38) 

Thiss study (grant number 95.36) and the printing of this thesis was supported by 
Thee Netherlands Asthma Foundation. 



PATHOGENESISS OF 

HAEMOPHILUSHAEMOPHILUS INFLUENZAE 

RESPIRATORYY INFECTION IN C O PD PATIENTS 

EFFECTSS OF NEUTROPHIL DEFENSINS 

ONN THE INTERACTION OF HAEMOPHILUS INFLUENZAE 

WITHH AIRWAY EPITHELIAL CELLS 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 
aann de Universiteit van Amsterdam 
opp gezag van de Rector Magnificus 

prof.. mr. P.F. van der Heijden 
tenn overstaan van een door het college voor promoties ingestelde 

commissie,, in het openbaar te verdedigen in de Aula der Universiteit 
opp donderdag 20 juni 2002, te 12.00 uur 

door r 

Anneliess Danielle van Leeuwen-Gorter 

geborenn te Soest 



Promotiecommissie: : 

promotor:: prof. dr. J. Dankert 

co-promotores:: dr. L. van Alphen 

dr.. P.S. Hiemstra 

overigee leden: prof. dr. H.M. Jansen 

prof.. dr. H. Tabak 

prof.. dr. D. Roos 

prof.. dr. K..J. Hellingwerf 

dr.. A. van der Ende 

Faculteitt Geneeskunde 

Thee research described in this thesis was performed at the Department of Medical 
Microbiologyy of the Academic Medical Center in Amsterdam and at the Laboratory 
forr Vaccine Research of the National Institute for Public Health and Environment in 
Bilthoven. . 



CONTENTS S 

CHAPTERR 1 General Introduction 7 

CHAPTERR 2 Stimulation of the adherence of Haemophilus influenzae to 

humann lung epithelial cells by antimicrobial neutrophil 

defensinss 29 

CHAPTERR 3 Stimulation of bacterial adherence by neutrophil defensins 

variess among bacterial species but not among host cell types 47 

CHAPTERR 4 Involvement of lipooligosaccharides of Haemophilus 

influenzaeinfluenzae and Neisseria meningitidis in defensin-enhanced 

bacteriall  adherence to epithelial cells 61 

CHAPTERR 5 Stabilization of IL-8 mRNA is involved in synergistic 

increasedd IL-8 release by NCI-H292 epithelial cells upon 

exposuree to Haemophilus influenzae and neutrophil defensins 85 

CHAPTERR 6 General Discussion 107 

CHAPTERR 7 Summary 123 

CHAPTERR 8 Samenvatting 129 

Dankwoordd 137 

Curriculumm Vitae 141 





CHAPTER R 

D D 
GENERALINTRODUCTION N 





CHAPTERR Q 

Chronicc obstructive pulmonary disease (COPD) 

Prevalencee and risk factors 

Chronicc obstructive pulmonary disease (COPD) is characterized by the presence of 

progressivee and irreversible chronic airflow obstruction [1]. The term COPD 

comprisess three airway disorders which may occur independently or together in 

varyingg degrees in the same patient. These three disorders are: i, chronic obstructive 

bronchitiss characterized by obstruction of small airways due to mucus hypersecretion; 

ii,ii,  emphysema with enlargement of air spaces and destruction of lung parenchyma, 

losss of lung elasticity, and closure of the small airways; Hi, small airways disease (see 

forr recent reviews [5,46,62]). COPD is a common disorder occurring in 14 million 

personss in the United States [1]. The prevalence of COPD has increased 41% since 

19822 and is still increasing [1]. In Europe, COPD, asthma and pneumonia are together 

thee third most common cause of death [82]. In North America, COPD alone is the 

fourthh most common cause of death [1]. 

Variouss risk factors are involved in the development of COPD. The most 

importantt risk factor accounting for 80-90% of the cases of COPD is cigarette 

smoking.. Environmental factors, including pollutants, dust, and tobacco smoke are 

alsoo important risk factors. The only well-established genetic risk factor in the 

developmentt of COPD is the deficiency of a 1-antitrypsin (cd-AT, also referred to as 

aa 1-proteinase inhibitor). Among the patients with al-AT deficiencies, more than 95% 

iss homozygous for the Z allele, designated PiZZ. Their al-AT level is only one sixth 

off  the normal value [1]. Another factor possibly involved in the development of 

COPDD is the occurrence of viral respiratory infections in early childhood [113]. Viral 

infectionss influence the cytokine response of airway epithelial cells [40] and enhance 

thee adherence of bacteria to respiratory epithelial cells [47]. 

Inflammatio nn and bacterial infections 

COPDD is characterized by the occurrence of chronic inflammation of the lower 

respiratoryy tract. It is thought that this inflammatory process plays an important role in 

thee pathogenesis of COPD itself. Increased numbers of neutrophils, macrophages, and 

T-cellss have been found in bronchoalveolar lavage fluid (BALF) and sputum of 

COPDD patients [5]. Also high levels of inflammatory mediators, such as IL-8 and 

leukotrienee B4 (LTB4), both chemoattractants for neutrophils, are present in the 
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airwayss of COPD patients [5]. The granules of neutrophils contain a variety of 

compounds,, such as neutrophil defensins with antimicrobial activity as well as 

neutrophill  elastase. The latter enzyme is likely to contribute to the pathogenesis of 

COPDD by degrading proteins, including components of the extracellular matrix. 

Patientss with COPD suffer from exacerbations of their disease, that are associated 

withh an increased production of purulent sputum. Especially, patients with chronic 

obstructivee bronchitis have such exacerbations which are often associated with 

bacteriall  infections, most frequently due to Haemophilus influenzae, Moraxella 

catarrhalis,catarrhalis, and Streptococcus pneumoniae [28]. The role of these bacterial infections 

inn COPD in general, and in the occurrence of exacerbations in particular, is 

controversial.. Even in patients with stable COPD, bacteria are present in the lower 

respiratoryy tract [63]. 

Thee bacterial species that frequently cause infections in COPD patients, are 

presentt in the microbial flora of the upper respiratory tract. The bacteria enter the 

lowerr respiratory tract by inhalation and aspiration. Normally, bacteria are removed 

fromm the lower respiratory tract by mucociliary clearance due to the coordinated beat 

off  cilia of the ciliated respiratory epithelial cells. This defense mechanism prevents 

thatt in the airways of healthy individuals the presence of small numbers of bacteria 

wil ll  lead to tissue injury or bacterial colonization. 

Thee chronic inflammation in patients with COPD is predisposing for bacterial 

infectionss [45] (figure 1). Neutrophil associated enzymes and other compounds 

damagee the epithelium and impair the mucociliary clearing by which bacterial 

colonizationn may be facilitated. The damage of the epithelium results in an increased 

inflammatoryy state of the lower respiratory tract. The presence of bacteria in the lower 

respiratoryy tract also enhances this inflammatory process, since bacteria and their 

releasedd products induce the production of pro-inflammatory cytokines by epithelial 

cellss [7,51,96]. For H. influenzae, the lipid A part of lipooligosaccharide, an outer 

membranee constituent, is responsible for this cytokine production [96]. In addition, 

bacteriaa themselves contain formylated peptides, which are potent chemoattractants 

forr neutrophils [9]. In healthy individuals, the inflammatory process leads to 

eradicationn of the bacterial infection. In COPD patients, however, inflammation will 

resultt in infection contributing to ongoing inflammation (figure 1), a process which 

hass been proposed as the "vicious circle hypothesis" [81]. 
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Figuree 1. Inflammation and bacterial infections in COPD patients. The predisposed airways 
off  COPD patients are chronically inflamed. The inflammatory process facilitate bacterial 
colonizationn and infection, which leads to further amplification of the inflammatory process. 
Seee text for details. 

Neutrophil s s 

Neutrophilss are attracted to sites of inflammation and infection by various 

chemotacticc factors [39]. These factors include bacterial products, complement split 

factors,, lipid mediators and chemokines such as IL-8. During the migration processes 

off  the neutrophils from the blood vessel to the airway lumen, the neutrophils might 

contributee to the tissue injury. In the granules of the neutrophils several components 

aree stored, which are released upon stimulation. Such components, including elastase, 

cathepsinn G, and non-enzymatic polypeptides such as defensins may cause tissue 

injuryy [37]. Neutrophil elastase is a neutrophil-derived serine protease, which induces 

emphysemaa in laboratory animals [44]. Normally, the effects of neutrophil elastase 

aree counteracted by proteinase inhibitors such as al-antitrypsin. A persistent 

imbalancee between proteases and antiproteases may lead to airway damage and 

subsequentlyy to COPD [37,93]. 
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GENERALL INTRODUCTION 

Neutrophilss are an important component of the innate immune system, a host 

defensee mechanism providing the first barrier against pathogens. The production of 

antimicrobiall  peptides is one of the mechanisms employed by the neutrophil to 

contributee to this host defense mechanism. [53,54,61,79]. These peptides are cationic 

andd display large structural diversity. In the human neutrophil, the most abundantly 

presentt antimicrobial peptides are the neutrophil defensins. 

Defensins s 

Sourcee and characteristics 

Thee defensin family is comprised of molecules present in plants, insects, and 

mammalss [42,54,80]. In mammals, two structurally different types of defensins have 

beenn described, a-defensins and |3-defensins [23,53,107]. Recently, a third and cyclic 

typee of defensins was isolated from monkey neutrophils [95]. 

Thee a-defensins have been found in human, rabbit, guinea pig, rat, and hamster 

neutrophils,, in rabbit alveolar macrophages, and in human and rodent small intestinal 

Panethh cells. These peptides contain 29-35 amino acids residues, including six 

cysteiness and five other residues that are highly conserved. In human neutrophils, four 

a-defensinss (or neutrophil defensins) have been described (also referred to as human 

neutrophill  peptides, HNP-1, -2, -3, and -4), of which HNP-1, -2, and -3 are the most 

abundant.. Other human a-defensins are human defensins (HD) -5 and -6 which are 

expressedd by small intestine Paneth cells. In addition, HD-5 is also expressed in the 

humann female reproductive tract [76] and in the respiratory tract [20]. 

P-Defensinss are found in bovine tracheal mucosa, in bovine neutrophils, in 

bovinee tongue epithelium, and in mouse and human epithelia. At present, four human 

P-defensinss (hBD) have been described, hBD-1, -2, -3, and -4, which are expressed by 

epitheliall  cells from various sources, including those from the respiratory tract 

[2,10,25,33,34,83].. P-Defensins are longer peptides than a-defensins (38-42 amino 

acidd residues), also having six conserved cysteines, but with different cysteine 

linkage. . 

Bothh a-defensins and p-defensins have similar tertiary structures 

[38,41,72,73,115]]  and display a broad spectrum of antimicrobial activities, as they kill 

Gram-negativee as well as Gram-positive bacteria, fungi and some enveloped viruses 

[61,79,107].. Defensins are considered to display their antimicrobial activities mainly 
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insidee the neutrophil, but when the neutrophil is activated, defensins are released and 

inn the sequestered area between the neutrophil and the target cell to which it is 

adhering,, high concentrations of defensins may be present [22]. In general, defensins 

requiree low salt concentrations for their antimicrobial activity and metabolic active 

targets. . 

Effectss of neutrophil defensins on epithelial cells 

Neutrophill  defensins are cytotoxic for mammalian cells [48,55,57,58,105]. The 

defensinss bind rapidly to mammalian cell membranes [58], and prolonged incubation 

leadss to multimerization of defensins in the cellular membranes [114]. Defensins are 

internalizedd into the target cells and subsequently lysis of the cells occurs [105]. 

Lowerr concentrations of defensins than required for the cytotoxic effects, stimulate 

thee proliferation of epithelial cells by enhancing DNA synthesis [69]. Since defensins 

alsoo induce the IL-8 production by airway epithelial cells, defensins contribute to the 

inflammatoryy responses [106]. The defensin-induced IL-8 expression is probably the 

resultt of increased transcription, since defensins increased the level of mRNA for IL-8 

withoutt affecting the stability of this mRNA [106]. 

Antimicrobia ll  effects of neutrophil defensins 

Neutrophill  defensins interact not only with negatively charged membranes of 

mammaliann cells, but also with membranes of micro-organisms [21]. Upon binding, 

defensinss form multimers which are inserted in the membranes to form voltage 

dependentt channels. These channels are suggested to cause leakage of the target cells 

[49,52,114].. In Gram-negative bacteria, defensins interact with lipopolysaccharide 

(LPS)) (endotoxin), an outer membrane constituent [56]. This interaction leads 

sequentiallyy to permeabilization of the outer and the inner membrane. The 

permeabilizationn of the inner membrane is lethal for the bacteria [52]. Various studies 

indicatedd that modifications of the lipid A part of LPS result in resistance of the 

bacteriaa to antimicrobial peptides. Defensin-resistant pmrA and phoP-phoQ mutants 

off  Salmonella typhimurium have aminoarabinose or palmitate additions to the lipid A 

partt of the LPS [30,31,32]. Pseudomonas aeruginosa isolates from CF patients have 

alsoo modifications in the lipid A, which are associated with resistance to antimicrobial 

peptidess [17]. The interaction of defensins with the LPS leads to neutralization of the 

endotoxicc activities of LPS [56]. For Gram-positive bacteria, it was shown that 
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interactionss of defensins with lipoteichoid acid are essential for the antimicrobial 

activityy of defensins [74]. 

HaemophilusHaemophilus influenzae infection and COPD 

Thee bacterium 

H.H. influenzae is a Gram-negative rod-like bacterium. H. influenzae species are 

commonn inhabitants of the human nasopharynx, being present in approximately 75% 

off  healthy human adults [97,81]. This species occurs with a polysaccharide capsule or 

nonencapsulatedd [75]. Six encapsulated H. influenzae serotypes have been identified 

basedd on the composition of their polysaccharide capsule (designated a to f). Although 

capsuless in general are important virulence factors [65,64], systemic diseases, such as 

meningitis,, cellulitis, epiglottis, and pneumonia are mainly caused by encapsulated 

H.H. influenzae type b [66,97]. Nonencapsulated species lack the genes required for 

expressionn of the capsule and they fail to agglutinate with antisera elicited against 

thesee capsular serotypes. Therefore, nonencapsulated species are also referred to as 

nontypeable.. Infections with nontypeable H. influenzae are limited to the respiratory 

tract.. In children, they are a frequent cause of otitis media [70]. In adults, nontypeable 

H.H. influenzae is associated with lower respiratory tract infections, especially in 

patientss with COPD [28,70,81,98]. Patients with cystic fibrosis (CF) are highly 

susceptiblee to H. influenzae infections at all ages [67]. So, although the capsular 

polysaccharidee is an important virulence factor by protecting the bacteria against 

killin gg by complement and neutrophils, it does not contribute to the infection in 

COPDD patients. 

Outerr  membrane proteins (OMP) 

Analysiss of the outer membrane of H. influenzae on SDS-polyacrylamide 

gelelectrophoresiss revealed various major outer membrane proteins (MOMP). 

Nontypeablee H. influenzae show strong heterogeneity in their MOMP patterns 

[59,100],, This heterogeneity is used to biotype the nontypeable H. influenzae isolates. 

Characterizationn of isolates is based on MOMP P2 and P5. 

Lipooligosaccharidee (LOS) 

LPSS or endotoxin is the major glycolipid in the outer membrane of Gram-negative 

bacteria.. Nonenteric pathogens, including H. influenzae, express a LPS molecule 
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lackingg the long repeating O-specific polysaccharide side chains, which are 

characteristicc for enteric Gram-negative bacteria such as Escherichia coli [8]. 

Therefore,, the endotoxin of//, influenzae is often called lipooligosaccharide (LOS). 

LOSS is composed of lipid A which is anchored in the outer leaflet of the outer 

membranee and a heterogeneous surface exposed oligosaccharide core. Heterogeneity 

off  the oligosaccharide core of H. influenzae LOS is observed between strains, but also 

withinn a clonal population derived from one single strain. LOS is the end product of a 

complexx biosynthetic process encoded by phase variable genes [64]. Variation in 

phosphatee substitutions and saccharide branching chains have been identified. Due to 

additionss of sialic acid or phosphorylcholine to LOS, the LOS resembles structures 

presentt in the human host [112]. 

Persistencee and antigenic variation characterize the H. influenzae infection 

Inn COPD patients, nontypeable H. influenzae cause recurrent infections at least for 

periodss up to two years [26,28]. H. influenzae has several mechanisms to escape the 

hostt defense mechanisms, thereby contributing to persistence in the lower respiratory 

tract.. The bacteria persist despite the presence of specific antibodies, complement and 

professionall  phagocytes. Between epithelial cells, H. influenzae bacteria hides from 

hostt defense mechanisms. During the persistence of nontypeable H. influenzae in the 

lowerr respiratory tract of COPD patients, the electrophoretic mobility of MOMP P2 

andd P5 of distinct H. influenzae isolates varied [15,16,27,29]. These variants are 

causedd by accumulation of single non-synonomous point mutations, indicating 

selectivee pressure probably by antibody mediated defense mechanisms. Antigenic 

variationn has also been observed using a rabbit model with subcutaneous tissue cages 

[108].. In this model, vaccination with the homologous strain did not eradicate 

H.H. influenzae [108]. Instead, more antigenic variation was observed after the 

vaccinationn with a homologous strain than with a heterologous strain. Whereas this 

indicatedd the importance of antigenic variation as escape mechanism, also poor 

opsonophagocytosiss of viable nontypeable H. influenzae bacteria in the presence of 

specificc antibodies and complement, contributes to the persistence of H. influenzae in 

COPDD patients [109]. 

Thee capacity of H. influenzae to alter its LOS contributes to colonization and 

persistencee by ƒƒ. influenzae, since it will decrease the recognition of bacterial surface 

antigenss by the host defense mechanisms [18,60,64,111]. Furthermore, H. influenzae 

strainss persisting in the lower respiratory tract elicited a lower IL-8 production than 
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strainss isolated only on one occasion [7], indicating that the persistence of 

H.H. influenzae might be associated with reduced inflammation, thus allowing survival 

off  the bacteria in the mucosa of the COPD patients. 

Pathogenesiss of H. influenzae infection in COPD patients 

Bindingg of H. influenzae to mucins 

Colonizationn of the lower respiratory tract with H. influenzae is a pre-requisite for a 

H.H. influenzae infection. The respiratory mucosa is covered with mucus, which 

H.H. influenzae initially encounters. Mucus is a complex mixture of secreted molecules, 

includingg mucins, being high molecular weight glycoproteins with O-glycoside-linked 

carbohydratee side chains. H, influenzae binds to such mucins through the MOMP P2 

andd P5 and fimbriae [6,11,77]. The excessive production of mucus in the COPD 

patientss prevents entrapped and adhered bacteria from being killed, since mucus is a 

diffusionn barrier for antibodies and complement and is impermeable for inflammatory 

cells.. In healthy individuals, binding of H. influenzae to mucins is a host defense 

mechanism,, facilitating removal of the bacteria by the mucociliary elevator. Since this 

mucociliaryy elevator is impaired in COPD, especially in chronic bronchitis, in this 

diseasee binding of H. influenzae to mucins allows bacteria to persist in the lower 

respiratoryy tract and to reach the epithelium, followed by the colonization of the lower 

respiratoryy tract. 

Adherencee of//, influenzae to respiratory epithelial cells 

Adherencee of H. influenzae to epithelial cells requires the presence of bacterial 

adhesinss and cellular receptors. Several adhesins by which H. influenzae adheres to 

thee respiratory epithelial cells in vitro have been identified (see for reviews 

[81,85,101]).. Fimbriae (pili), long filamentous organelles that extend from the 

bacteriall  surface, mediate the adherence to oropharyngeal epithelial cells through 

bindingg to sialic acid containing lactosyl glycolipids. In the presence of purified 

gangliosidee GM2 the adherence of H. influenzae to oropharyngeal epithelial cells 

inin vitro is inhibited [99]. Fimbriae-mediated adherence is especially important for the 

encapsulatedd H. influenzae strains. Type b strains not expressing fimbriae showed an 

impairedd colonization of the nasopharynx [24,92,110]. Encapsulated H. influenzae 

strainss have also surface fibrils, a filamentous adhesin distinct from the fimbriae, with 

cellularr binding specificities [86,87]. 
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Off  the nontypeable H. influenzae strains only a minority expresses fimbriae. 

Therefore,, fimbriae may enhance initial binding of nontypeable H. influenzae, but are 

nott essential for the pathogenesis of infection by these strains. Nontypeable 

H.H. influenzae isolates have various non-fimbrial proteins mediating adherence to 

epitheliall  cells. The high molecular weight proteins HMW1 and HMW2 are the most 

commonn of these adhesins [3,90], present in 70-80% of the nontypeable H. influenzae 

isolates.. The HMW1 and HMW2 proteins show homology to the filamentous 

hemagglutininn (FHA) of Bordetella pertussis, a known adhesin which plays a critical 

rolee in the colonization of the upper respiratory tract by B. pertussis [3,78]. HMW1 

andd HMW2 mediate adherence of//, influenzae to distinct subtypes of epithelial cells, 

suggestingg that the two adhesins have different receptor specificities [43,91]. HMW1 

recognizess a sialylated glycoprotein and its adherence is inhibited by heparin or 

dextrann sulfate [71,84]. The cellular receptor for HMW2 is not known at present. 

Adheringg strains lacking the HMW-adhesins express the adhesin Hia [4]. DNA 

sequencee analysis of the hia gene revealed that Hia is the nontypeable variant of the 

fibrilsfibrils  expressed by the encapsulated strains. Recently, it was shown that Hia also 

displayss autotransporter activities [88]. In contrast to other known autotransporter 

proteins,, Hia undergoes no processing event and remains cell-associated in the full 

lengthh form. Finally, the Hap protein of H. influenzae was identified in all isolates 

tested;; it mediates adherence which leads to invasion of H. influenzae into epithelial 

cellss [89]. The Hap protein shows homology with IgAl-proteases of H. influenzae and 

NeisseriaNeisseria meningitidis. Hap is unable to cleave IgAl , but displays similar processing 

andd secretion as the IgAl proteases, having a membrane bound C-terminal domain 

(Happ)) and an internal serine protease domain (Haps) and a N-terminal signal 

sequencee [35]. The Happ inserts into the outer membrane and translocates Haps 

throughh the outer membrane, where the Haps gains autoproteolytic activity and is 

releasedd extracellularly. This release results in loss of the adhesion promoting 

propertiess of the Hap protein, since adherence is mediated by the Haps domain. 

Interestingly,, secretory leukocyte protease inhibitor (SLPI), locally produced by 

epitheliall  cells, blocks Hap autoproteolysis, resulting in increased amounts of Haps on 

thee bacterial surface and as a consequence in augmented bacterial adherence [36]. 

Thee LOS of//, influenzae also contributes to the adherence to epithelial cells. An 

interactionn between LOS of H. influenzae and the platelet activating factor (PAF) 
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receptorr leads to adherence and invasion of H. influenzae. These processes were 

suggestedd to be dependent on the incorporation of phosphorylcholine in its LOS [94]. 

Inn summary, multiple adhesins mediate adherence of H. influenzae to epithelial 

cells.. These adhesins are responsible for adherence to certain cell types. Some 

H.H. influenzae strains express multiple adhesins contributing to adherence, whilst other 

strainss express no known adhesins and display no adherence in vitro. In primary 

epitheliall  cell cultures, nontypeable H. influenzae adhered and invaded injured 

epitheliall  cells which lost their cilia [113]. Since the airway epithelium of COPD 

patientss is often injured, the preference for H. influenzae to adhere to the injured 

epitheliall  cells might facilitate the colonization of the lower respiratory tract of these 

patients.. The preference of bacteria to adhere to damaged epithelial cells was also 

observedd for P. aeruginosa, which adhered to the asialo GM1 receptors on damaged 

andd migrating epithelial cells [12,13,14]. 

Passagee off/, influenzae through the epithelial cell layers; paracytosis 

Severall  in vitro and in vivo studies have revealed that nontypeable H. influenzae not 

onlyy adhered to the epithelial cells, but that the bacteria were also present in the 

interstitiumm of the submucosa and within some of the epithelial cells. H. influenzae 

bacteriaa have also been found in close contact with macrophage-like cells in explanted 

lungss of COPD and cystic fibrosis (CF) patients [68]. In in vitro studies using cultures 

off  epithelial cells on permeable supports, clusters of nontypeable H. influenzae 

betweenn the epithelial cells were observed [103]. The bacteria penetrated the 

confluentt epithelial cell layer by paracytosis, without affecting the permeability or 

viabilityy of the epithelial cells. H. influenzae bacteria in between the epithelial cell 

layerss were protected from the bactericidal activities of several antibiotics and 

antibody-mediatedd bactericidal activity [102]. Recently, the protein involved in the 

paracytosiss of H. influenzae has been cloned and was designated paracytin [104], 

Besidess the passage between the epithelial cells, intracellular H. influenzae bacteria 

weree found in subepithelial macrophages of adenoid tissue from young children [19] 

Thiss invasion of H. influenzae was associated with cytoskeletal rearrangements [50]. 

Summarizing,, the pathogenesis of H. influenzae infection in COPD patients 

involvess various steps by which the colonization of H. influenzae is enhanced. 

Furthermore,, various mechanisms exist by which H. influenzae escapes the host 

defensee mechanisms, allowing the persistent infections which have been identified. 
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However,, initial steps for the onset of infection due to H. influenzae and the 

persistencee of H. influenzae have not been fully clarified. 

Outlin ee of this thesis 

Thee chronic state of inflammation in the airways of COPD patients is thought to 

predisposee to H. influenzae infection, but the mechanism by which inflammation 

facilitatess bacterial infection is not known. The interaction of H. influenzae with 

airwayy epithelial cells is important for the bacterial infection process as well as for the 

defensee process against the infection, since the bacteria induce the production of pro-

inflammatoryy mediators and antimicrobial peptides by epithelial cells. In the sputum 

off  COPD patients H. influenzae as well as the antimicrobial peptides neutrophil 

defensinss are found. Therefore, the effect of neutrophil defensins on the interaction of 

H.H. influenzae with respiratory tract epithelial cells was the subject for this thesis. 

Initially ,, we determined whether neutrophil defensins had an effect on the 

adherencee of H. influenzae. The defensin-enhanced adherence of H. influenzae to 

airwayy epithelial cells is described in chapter  2. The host cell specificity of this 

enhancedd bacterial adherence phenomenon was examined in chapter  3. The bacterial 

speciess showing defensin-enhanced adherence are also described in chapter  3. The 

identificationn of the bacterial component involved in thee defensin-enhanced adherence 

iss presented in chapter  4. 

Neutrophill  defensins as well as H. influenzae have pronounced effects on the 

productionn of pro-inflammatory cytokines. Therefore, the effect of defensins in 

combinationn with H. influenzae on the production of interleukin-6 (IL-6) and 

interleukin-88 (IL-8) by respiratory epithelial cells was assessed (chapter  5). The 

implicationss of the effect of defensins on the bacterial adherence as well as the 

implicationss of the effect of defensins on the pro-inflammatory cytokine production 

forr COPD patients are discussed in chapter  6. 
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Abstract t 

Patientss with chronic obstructive pulmonary disease (COPD) frequently have 

recurrentt lower respiratory tract infections with nonencapsulated Haemophilus 

influenzae.influenzae. The infected mucosa of these patients is infiltrated with neutrophils, which 

uponn activation may release antimicrobial peptides, including defensins. In this study 

wee show that defensins isolated from neutrophils or from sputum samples of COPD 

patients,, did not kill H. influenzae from these patients, but stimulated their adherence 

too human bronchial epithelial cells, in a time and dose dependent way. Maximal 

stimulationn was observed after 3 hr in the presence of 10 ug/ml or more defensins, 

resultingg in 65  36 CFU/cell (61-fold increase). The enhanced adherence was not 

solelyy due to charge effects and was specifically blocked by a 1-proteinase inhibitor. 

Becausee adherence is the first step in the onset of respiratory tract infections, our 

findingss indicate that neutrophil defensins likely contribute to the pathogenesis of 

H.H. influenzae infection in the lower respiratory tract. 
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Introductio n n 

Patientss with chronic obstructive pulmonary disease (COPD) frequently have 

recurrentt lower respiratory tract infections with Haemophilus influenzae as the most 

frequentlyy isolated pathogen [13,14]. A characteristic feature of the lower respiratory 

tractt of COPD patients is the elevated state of bronchial inflammation due to various 

noxiouss agents assaulting the epithelial cells [26]. Leukocytes, including neutrophils, 

aree abundantly present in the bronchial lavage fluid [28,31]. Activated neutrophils 

releasee a variety of antimicrobial peptides, including neutrophil defensins (human 

neutrophill  peptides [HNP1-4]) [9]. Defensins are small (29-34 amino acid residues), 

cationic,, antimicrobial, and cytotoxic polypeptides lacking enzymatic activity 

[10,11,22].. They constitute 5-7% of the total protein content of human mature 

neutrophilss and 30-50% of the total protein content of the azurophilic granules [21]. 

Thee elevated state of inflammation in the lower respiratory tract of COPD patients 

leadss to high levels of neutrophil defensins in sputum [27]. Since defensins have 

profoundd effects on epithelial cells as well as on bacteria [10], we determined the 

effectt of neutrophil defensins on the interaction of H. influenzae to epithelial cells, an 

importantt first step in the onset of respiratory tract infections. 

Material ss and methods 

Bacteriall  strains 

Inn total 15 H. influenzae isolates cultured from sputum samples of 15 COPD patients were 
usedd in the studies. COPD is defined as a disorder characterized by abnormal tests of 
expiratoryy flow that do not change markedly over periods of several months of observation 
[1].. H. influenzae was isolated from the clinical materials according to standard procedures 
[14].. Of the 15 COPD isolates, 10 were persistent strains, isolated at least twice in a period 
longerr than 6 months, and 4 other strains designated as acute strains, were isolated only once 
fromm sputum samples collected sequentially in a period of more than 6 months. It is not 
knownn whether the remaining strain was a persistent or an acute strain. Additionally, 15 non-
encapsulatedd H. influenzae strains were isolated from the throat of 15 healthy subjects (carrier 
strains).. Strain dl [7], the nonfimbriated, nonencapsulated 770235 ( fV ) and the encapsulated 
variantt 770235 f°b+ [16,33] were described before. All isolates were serotyped by 
coagglutinationn [34]. Most of the experiments were done with the nonencapsulated 
H.H. influenzae strain A850048 isolated from a persistentlyy infected COPD patient. 

Al ll  H. influenzae strains were cultured overnight on chocolate agar plates at 37°C in a 
humidifiedd atmosphere containing 5% C02. For the adherence assays, the bacteria were 
resuspendedd in phosphate-buffered saline (PBS) (10 mM sodium phosphate, 140 mM NaCl, 
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pHH 7.4) resulting in a bacterial suspension containing 109 colony forming units (CFU) per ml 

( O DH t a== 1). 

Epitheliall  cell culture 

Cellss of the epithelial cell line NCI-H292 (ATCC CRL 1848) [3], originating from a human 
lungg mucoepidermoid carcinoma, were grown in 25 cm2 culture flasks (Costar, Cambridge) at 
37°CC in a humidified atmosphere containing 5% C02. NCI-H292 cells were maintained in 
RPMII 1640 medium with 25 mM HEPES (A'-2-hydroxyethylpiperazine-Ar,-2-
ethanesulfonicacid)) buffer (Gibco Life Technologies Ltd, Paisley, Scotland) supplemented 
withh 10% fetal calf serum (Boehringer, Mannheim, Germany) without antibiotics. The cells 
weree passaged twice weekly in a split ratio of 1:6 after trypsinization with 0.05% (w/v) 
trypsinn (Difco) plus 0.02% (w/v) EDTA in Dulbecco's PBS (137 mM NaCl, 8 mM Na:P04, 
1.55 mM KH2P04, 2.6 mM KC1, pH 7.3). 

Forr the adherence assay, a cell suspension containing 1.5 x 105 cells/ml was added to 
24-welll  plates (1 ml per well; Falcon, Becton Dickinson Labware, New Jersey) containing 
roundd coverslips with a diameter of 12 mm (Menzelglaser, Germany). To obtain 
semiconfluentt cell layers, the tissue cell cultures were incubated at 37°C for approximately 42 
hr,, resulting in 3.4  0.9 x 105 cells/well. 

Cultur ee of primar y bronchial epithelial cells 

Subculturess of primary bronchial epithelial cells were obtained from lung tissue with a 
macroscopicallyy normal appearance. Lung tissue was derived from lungs of patients who 
underwentt a thoracotomy or lobectomy because of lung cancer. Bronchial epithelial cells 
weree obtained after proteinase digestion of the tissue and were cultured on a 
fibronectin/collagenn matrix [4,24] in serum-free keratinocyte low calcium (0.09 mM) medium 
(KSFM)) (Gibco Life Technologies Ltd) supplemented with epidermal growth factor (EGF), 
bovinee pituitary extract (BPE), and isoproterenol. After the cultures had reached near-
confluency,, this medium was replaced by KSFM containing 1 mM CaCl2, but without 
isoproterenol,, and incubated for another 36 hr to allow differentiation of the cells [20]. The 
culturess were devoid of fibroblasts and leukocytes, and the epithelial origin of the cultured 
cellss was confirmed by cell-specific staining for vimentine, desmine, and cytokeratine. 

Isolationn of defensins 

Defensinss (HNP1-3) were isolated either from an acetic acid extract of purulent sputum from 
COPDD patients or from human neutrophil granules using gel filtration chromatography on 
Sephacryll  S-200 HR (2.5 x 100 cm) (Pharmacia, Fine Chemicals AB, Uppsala, Sweden) as 
describedd [17,36]. HNP-1 was further purified from the fractionated granule extract by 
reversedd phase high-performance liquid chromatography (RP-HPLC) on a C18 column (4.6 x 
2500 mm) (Vydac, The Separations group, Hesperia, CA). The isolated defensins were 
characterizedd using polyacrylamide gel electrophoresis and mass spectrometry as described 
[36]]  and quantified using the BCA protein system (Pierce Chemical Company, Rockford, 
Illinois). . 
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Adherencee assay 

Routinely,, the medium covering the NCI-H292 epithelial cells grown on glass coverslips was 
replacedd by RPMI 1640 without fetal calf serum, with a final volume of 500 ul Subsequently, 
thee bacterial suspension, prepared as described above, at a final concentration of 108 CFU/ml 
andd 20 ug/ml HNP1 -3 (isolated from sputum samples) were added, followed by incubation at 
37°CC for 4 hr. Then, the coverslips were transferred to other 24-wells plates and washed 
33 times with PBS to remove the nonadherent bacteria. The cells were treated with 500 ul of 
1%% saponin in PBS to release the cells from the coverslips. Serial dilutions of the cell 
suspensionss were plated on chocolate agar plates to determine the number of bacteria 
associatedd with the cells as CFU/ml [35]. The number of CFU bound per epithelial cell was 
calculatedd by dividing the number of CFU/ml by the number of epithelial cells per ml 
(3.44  0.9 x 105 cells/ml). The number of bacteria adherent on cells was also determined by 
lightt microscopy examination after overnight fixation in 1 ml of 4% paraformaldehyde (PFA) 
(Merck,, Darmstadt, Germany) plus 1% glutaraldehyde (GA) (Merck), and subsequent staining 
withh 0.007% crystal violet for at least 30 min. Approximately 50 cells were examined to 
calculatee the number of adherent bacteria per epithelial cell [35]. All experiments were 
performedd at least two times in triplicate. 

Too examine the best conditions for the routine adherence assay, various incubation times, 
andd defensin concentrations were tested. The differences in the stimulatory effect of the 
defensinss isolated from different sources was examined with various concentrations of 
HNPP 1-3 isolated from sputum, HNP 1-3 isolated from neutrophils and HNP-1. To study the 
specificityy of the enhanced effect of defensins on the bacterial adherence, the cationic 
defensinss were replaced by the positively charged peptides poly-L-lysine (20 ug/ml) (Sigma, 
St.. Louis), or protamine (20 ug/ml) (Sigma). To determine whether negatively charged 
moleculess neutralized the enhancing effect of defensins the negatively charged poly-L-
asparticc acid (20 ug/ml) (Sigma) or polysaccharide of H. influenzae type b (20 ug/ml) 
(polysaccharidee was a generous gift from Dr. R. Tiesjema RIVM, Bilthoven, The 
Netherlands)) were added in a rapid succession with defensins and bacteria. The specificity of 
thee stimulation of bacterial adherence was analyzed by preincubating 20 ug/ml HNP 1-3 with 
2700 ug/ml a 1-proteinase inhibitor (al-PI) (Cutter Biological, Berkeley, Ca) for 1 hr. The 
requirementt for metabolic activity of the bacteria for the stimulatory effect of defensins was 
determinedd by chloramphenicol treatment (10 ug/ml) (Sigma) for 30 min and the effect of 
killin gg of the bacteria was studied by heating at 56°C for 30 min prior to the adherence. To 
assesss the requirement for epithelial cell viability, the NCI-H292 cells were killed by heating 
att 56°C for 30 min or treatment with 1% PFA for 30 min. Finally, the standard adherence 
assayy was performed with primary bronchial epithelial cells instead of the immortalized 
NCI-H2922 cell line. 

Adherencee to pharyngeal epithelial cells 

Thee adherence to pharyngeal epithelial cells was performed as described [32] with some 
adaptations.. Briefly, pharyngeal epithelial cells were harvested from healthy donors by 
scrapingg the posterior of the oral cavity. The cells were collected in 10 ml of PBS, centrifuged 
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att 190 x g for 5 min,, and resuspended in 1 ml of RPMI 1640 without fetal calf serum to obtain 
concentrationn of 105 cells per ml. One hundred microliters of the epithelial cell suspension 
wass mixed with 10 ul of the bacterial suspension described above (end concentration 
1088 CFU/ml). To examine the effect of defensins, 20 ug/ml of HNP1-3, isolated from human 
neutrophill  granules, were added to the mixture of epithelial cells and bacteria. The mixtures 
weree incubated at 37°C for 1 hr. The nonadherent bacteria were washed 4 times with PBS by 
repeatedd centrifugation at 80 x g for 5 min. The cells were resuspended in 50 ul of PBS and 
preparationss were made on glass slides. After drying, the cells were fixed in methanol for 
155 min. The bacteria were detected by immunoperoxidase staining as described using the 
monoclonall  antibody 8BD9, directed against outer membrane protein P6 of H. influenzae 
[15].. The epithelial cells were counterstained with 0.5% methylene blue in water. The number 
off  adherent bacteria on 20 cells was counted under the light microscope to calculate the mean 
numberr of adherent bacteria per cell. 

Scanningg electron microscopy 

Glasss slides prepared for light microscopy were washed with destilled water, dehydrated in 
gradedd alcohol followed by drying for 10 min in hexamethyl disilizane. The dried 
preparationss were sputter coated with gold in a Balzers SCD 040. Scanning electron 
microscopyy was performed using a Philips SEM 525. 

Results s 

Adherencee of//, influenzae to NCI-H292 cells in the presence of defensins 

Thee adherence of nonencapsulated H. influenzae isolates (n=15) from chronically 

infectedd COPD patients to the human lung epithelial cell line NCI-H292 was 

determinedd in the absence or presence of 20 ug/ml defensins purified as a mixture of 

HNP1-33 from sputum samples from COPD patients. The adherence of H. influenzae 

strainn A850048 to these cells was enhanced over time in the presence of defensins 

(figuree 1). The colony counting revealed that defensin-stimulated adherence was 

maximall  after 3 hr, resulting in 65  36 colony forming units (CFU) bound per 

epitheliall  cell compared to 1.1 7 CFU/cell in the absence of defensins. The results 

fromm examination by light microscopy (LM) were in agreement with those obtained 

byy colony counting (figure 1). The bacteria were distributed equally on the cell 

surfacee and no aggregation of the bacteria was observed. Since LM examination was 

lesss sensitive than colony counting, LM examination was only used for screening and 

morphologicc confirmation of adherence. Adherence increased with increasing 

concentrationn of the defensins (figure 2), and a maximal stimulatory effect of 

defensinss on the adherence was observed for defensin concentrations of 10 ug/ml or 
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Figuree 1. Adherence of the H. influenzae strain A850048 to lung epithelial cell line 
NCI-H2922 in the presence (open squares) or in the absence (closed squares) of 20 ug/ml 
HNP1-33 over time. Results of light microscopy (LM) examination are indicated with 
symbols:: -, no adherence; +, 5-10 bacteria bound per epithelial cell; ++, 10-50 bacteria per 
cell;; +++, 50-100 bacteria per cell; ++++, more than 100 bacteria per cell. The figure 
representss the results of three independent experiments, two performed in duplicate and one in 
triplicate. . 

higher.. Similar concentration-dependent enhancement of adherence was observed for 

defensinss (both HNP1-3 and HNP-1) isolated from neutrophil granules of blood from 

healthyy individuals. At the concentrations tested, defensins did not kil l H. influenzae 

underr these assay conditions, since the survival was 91%. In addition, at the 

concentrationss tested the defensins were not cytotoxic for the NCI-H292 cell line as 

determinedd by a 51Cr release assay [27]. From the results of these studies, a 4 hr 

incubationn time, and 20 |ig/ml HNP1-3 purified from sputum samples were selected 

ass standard conditions for the subsequent experiments. 

35 5 



DEFENSIN-ENHANCEDD BACTERIAL ADHERENCE 

10000 -

3 3 
=55 100 -

LL L 

ID D 

11 10-
(0 0 

II  1j 
< < 

0.11 -

00 10 20 30 40 50 

Concentrationn defensins (pg/ml) 

Figuree 2. Concentration dependence of the stimulatory effect of defensins on the adherence. 
Adherencee of H. influenzae strain A850048 to NCI-H292 cells after 4 hr of incubation in the 
presencee of various concentrations of HNP1 -3 isolated from sputum samples (open squares), 
HNP1-33 (closed circles) or HNP-1 (closed triangles) from blood neutrophils. The figure 
representss the mean  SD from two independent experiments performed in triplicate. 

Specificityy of the defensin-enhanced adherence 

Becausee defensins are cationic peptides, the effect of various charged molecules on 

adherencee was tested to analyze if the stimulatory effect of the defensins on the 

adherencee was due to charge effects. Whereas defensins markedly increased the 

adherencee of H. influenzae, the positively charged polypeptides poly-L-lysine 

(200 ug/ml), or protamine (20 ug/ml) which is similar in size and charge as defensins, 

hadd no stimulatory effect (0.20  0.13 CFU/cell and 0.24  0.15 CFU/cell, 

respectively).. In addition, the enhanced adherence by defensins was not affected after 

additionn of the negatively charged poly-L-aspartic acid (20 ug/ml) or capsular 

polysaccharidee of encapsulated H. influenzae type b (20 ug/ml) (50  30 CFU/cell and 

500  20 CFU/cell, respectively). Addition of the divalent cations Mg2+ (up to 20 mM) 

orr Ca2+ (up to 5 mM) to the medium had also no effect on the enhancement of 

adherencee by defensins (data not shown). These results indicate that the cationic 

characterr of defensins was not responsible for the enhancement of adherence. To test 

thee specificity of the defensin-enhanced adherence, we performed inhibition 

experimentss with a 1-proteinase inhibitor (ccl-PI), a member of the serine proteinase 

36 6 



CHAPTERR Q 

inhibitorr (serpin) family. Defensins form complexes with al-PI, which neutralizes the 

cytotoxicc activity of defensins [27] and IL-8 production [36]. Preincubation of 

defensinss with equimolar amounts of al-PI for 1 hr, resulted in a 90% inhibition of 

thee stimulatory effect of defensins on the adherence of H. influenzae to NCI-H292 

cellss after 4 hr incubation (table 1). al-PI did not influence the adherence of 

H.H. influenzae to NCI-H292 cells in the absence of defensins (0.62  0.33 CFU/cell). 

Tablee 1. Inhibition of the defensin-enhanced adherence of H. influenzae strain 

A8500488 to NCI-H292 cells by a 1-proteinase inhibitor (al-PI). 

Adherencee (%)a 

control l 

HNP1-3 3 

HNPl-33 + al-PIb 

1.4 4 

100 0 

10.4 4 

Adherencee of strain A850048 in the presence of 20 ug/ml defensins was set at 100%. 
Thiss corresponded with 82  54 CFU/cell. 

bb The activity of the defensins (20 ug/ml) was inhibited by a preincubation with equimolar 
concentrationss of al-PI (270 ug/ml) at 37°C for 1 hr, prior to the addition to NCI-H292 
cellss and H. influenzae strain A850048 for 4 hr. 

Soo far, the effect of neutrophil defensins on the adherence of H. influenzae was 

studiedd by adding defensins and bacteria directly to the epithelial cells. We next 

investigatedd the effect of preincubation of defensins with either the bacteria or 

epitheliall  cells alone on the adherence. Preincubation of bacteria with defensins for 

100 min followed by washing, reduced, but did not abrogate the enhancement 

(6.55  3.6 CFU/cell). A similar effect was found for preincubation of the epithelial 

cellss with defensins for 10 min, followed by washing and incubation with bacteria 

(100 6 CFU/cell). 

Defensin-enhancedd adherence to primar y bronchial epithelial cells 

Sincee the aforementioned results were obtained with a cell line, we determined the 

effectt of defensins on the adherence of H. influenzae to subcultures (third passage) of 

humann primary bronchial epithelial cells. Adherence of H. influenzae strain A850048 

too these cells increased by addition of 20 ug/ml defensins (12.9  10.2 CFU/cell) 

comparedd to the adherence in the absence of defensins (0.82  0.41 CFU/cell). The 

morphologyy of the enhanced adherence is shown in figure 3. The bacteria were 
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randomlyy distributed over the cell surface, did not aggregate and were not associated 

withh microvilli . Figure 3 also shows that the morphology of the adherence in the 

presencee of defensins was very similar for the cell line NCI-H292 and the primary 

cells,, indicating that defensins stimulated not only the adherence of H. influenzae to 

thee NCI-H292 cell line but also to human primary bronchial epithelial cells. 

Figuree 3. Scanning electron microscopy of adherence of H. influenzae strain A850048 to cell 
linee NCI-H292 (A,B) and subcultures of primary bronchial epithelial cells (C,D) in the 
absencee (A,C) or presence (B,D) of 20 ng/ml HNP1-3, isolated from neutrophils from the 
bloodd of healthy donors. This experiment was repeated in triplicate with cells from a different 
donorr with similar results. The bar represents 10 um. 

Adherencee to pharyngeal epithelial cells 

Wee next examined the effect of defensins on the adherence of//, influenzae to human 

pharyngeall  epithelial cells. These cells were directly used after harvesting, and 

therefore,, the mucus is still present. Table 2 shows that the adherence of the 

nonfimbriated,, nonencapsulated H. influenzae strain 770235 (f°b°) was increased 

22-foldd and the adherence of strain dl was enhanced 5-fold in the presence of 

defensins.. Strain A850048, which was used in most of the experiments, adhered to the 

pharyngeall  cells in the absence and in the presence of defensins. From this result, we 
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concludedd that defensins stimulated adherence of H. influenzae to freshly obtained 

cellss from which mucus was not removed. 

Tablee 2. The effect of 20 ug/ml defensins (HNP1-3) on the adherence 

nonencapsulatedd Haemophilus influenzae strains to pharyngeal epithelial cells. 

Bacteriall  adherence3 

Strainn control HNP1-3 

Noo added bacteria 1.0  1.1 ndb 

A8500488 82 6 82  40 

dll  4.2 1 22 3 

7702355 f°b° 6 7 
aa The adherence is expressed as adherent bacteria per epithelial cell (mean  SD), as 

countedd by light microscopy. The results from this experiment were repeated with 2 
otherr donors with similar results. 

bb nd: not done. 

Adherencee of various patient isolates and carrier  strains 

Wee hypothesized that if defensin-enhanced adherence is important for the occurrence 

off  the frequently observed chronic H. influenzae infections in COPD patients, the 

adherencee of H. influenzae isolates from these patients to epithelial cells is stimulated 

byy defensins. In the absence of defensins, 8/15 of the COPD isolates bound to 

NCI-H2922 cells (table 3). The number of adherent bacteria per epithelial cell ranged 

fromm 10 to 100, 53 on average. The adherence of all 15 COPD isolates to NCI-H292 

cellss was enhanced by defensins, resulting in over 100 bacteria per cell. Of 

155 nonencapsulated H. influenzae isolates from the throat, the natural habitat of 

pathogenicc and non-pathogenic H. influenzae, 13 bound to NCI-H292 cells in the 

absencee of defensins (range 10 to 100, 37 on average) (table 3). Enhancement of the 

adherencee by defensins occurred in 9 of these adherent carrier strains, resulting in 

899 bacteria per cell on average (range 10 to over 100). The adherence of the 

22 nonadherent carrier strains was stimulated to 19 bacteria per cell (range 5 to 50). 

Thee adherence of nonfimbriated, encapsulated H, influenzae type b, strain 770235 

(f°b+),, that causes invasive disease, was not stimulated by defensins, in contrast to its 

nonencapsulatedd variant (770235 f°b°), indicating that the capsule prevented the 

adherencee enhancing effect of defensins (data not shown). 
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Tablee 3. The effect of 20 ug/ml defensins on the adherence of various 

nonencapsulatedd H. influenzae strains, isolated from COPD patients and controls, to 

NCI-H2922 cells. 

Numberr of strains with 
enhancedd adherence by 

HNPl-3a a 
Sourcee of strain, type 

Sputumm of COPD patients 
-- adherentb 

-- nonadherent 

Throatt of healthy carriers 
-- adherent 

n n 

8C C 

7 7 

13 3 

Sourcee of strain 

Persistentt Acute 

33 4 

77 0 

-- nonadherent 

Stimulationn of adherence by at least one "+" according to the definition of figure 
Thee adherence was determined by LM examination. 
Onee strain could not be classified as persistent or acute. 

Discussion n 

Inn this study we showed that in the presence of 20 u.g/ml neutrophil defensins, 

nonencapsulatedd H. influenzae were not killed during interaction with bronchial 

epitheliall  cells, but that the adherence of//, influenzae to the NC1-H292 cell line and 

primaryy bronchial epithelial cells was enhanced. Furthermore, the defensins 

stimulatedd also the adherence of H. influenzae to the mucus containing human 

pharyngeall  epithelial cells. Therefore, the presence of mucus did not inhibit the 

activityy of defensins. In line with this observation, defensins also stimulated bacterial 

adherencee to mucus-covered bronchial tissue obtained from autopsy procedures (data 

nott shown). Since neutrophil defensins are released upon neutrophil degranulation [9], 

aree present in high concentrations in purulent airway secretions from patients with 

inflammatoryy lung disease such as chronic bronchitis [27] and cystic fibrosis [30], and 

havee recently been reported to be present at the epithelial surface in lung tissue from 

patientss with diffuse panbronchiolitis [2], the in vitro stimulatory effect of defensins 

onn bacterial adherence observed in the present study are likely relevant to the in vivo 

situation. . 

Defensinss are members of a family of cationic antimicrobial peptides, which can 

bindd in a nonspecific way to the negatively charged surfaces of bacteria and cells [22]. 
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Suchh a non-specific stimulatory effect by defensins was observed for interaction with 

macrophagess resulting in phagocytosis [8]. In addition, various cationic polypeptides, 

includingg poly-L-lysine and protamine, have been shown to increase the uptake of 

particless by leukocytes [6]. Since we observed that ionic interactions did not mediate 

thee increased adherence of H. influenzae to epithelial cells, the mechanisms involved 

inn defensin-enhanced adherence to epithelial cells are distinct from those involving 

defensin-dependentt adherence of bacteria to leukocytes. This was further supported 

byy the observation that preincubation of defensins with either H. influenzae or 

epitheliall  cells, followed by washing, reduced but did not abolish enhanced 

adherence.. In contrast, defensin-stimulated phagocytosis by the macrophages was 

previouslyy reported not to reach above basal levels after preincubation followed by 

washingg [8]. The specific involvement of the defensins in the stimulation of adherence 

wass demonstrated by a 90% inhibition with al-PI, a member of the serpin family. In 

moderatelyy inflamed tissues defensins are probably complexed due to abundance of 

al-PII  and other defensin binding substances, resulting in prevention of tissue damage 

[27].. However, neutrophils, attracted to the site of inflammation [28,31], release high 

concentrationss of defensins in the lumen of the lung [9,27,30]. Since during 

inflammation,, the high concentrations of defensins may overwhelm the defensin-

bindingg components [27], defensins may contribute to stimulation of bacterial 

adherence.. In patients with al-PI deficiency, it is tempting to speculate that the 

uncomplexedd defensins contribute to increased bacterial adherence and thereby to the 

recurrentt infections frequently occurring in these patients. An alternative explanation 

iss that defensin-stimulated adherence of H. influenzae to bronchial epithelial cells 

resultss in the exposure of the adherent bacteria to high concentrations of epithelial 

cell-derivedd antimicrobial molecules, including human p-defensins [37]. 

H.H. influenzae was not killed during the interaction with the bronchial epithelial 

cellss in the presence of defensins. Since the antimicrobial activity of neutrophil 

defensinss is abolished when NaCl concentrations are as high as in the cell culture 

mediumm [23,29], bacterial killing may have been prevented. Also in the bronchial 

secretionss of COPD patients, especially those suffering from infections, similar salt 

concentrationss are present [12,18]. Therefore, the extracellular released neutrophil 

defensinss are probably also not bactericidal in vivo, whilst they may exert the 

enhancingg effect of//, influenzae adherence. 
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Althoughh the bacterial and cellular components involved in the interaction with 

thee defensins have not been identified, the binding characteristics may give clues to 

thee significance of this type of interaction for the pathogenesis of chronic 

H.H. influenzae infections in COPD patients. The defensin-increased binding did not 

requiree viable or growing bacteria, since light microscopic examination revealed that 

heat-killedd (56°C for 30 min) and chloramphenicol-treated (10 ug/ml for 30 min) 

bacteriaa adhered in similar numbers to the NCI-H292 cells as viable or growing 

bacteria.. This result indicates that the bacterial component is not induced during the 

interaction,, and that bacterial metabolic processes are not involved. Epithelial cell 

viabilityy on the other hand was essential for the stimulation of adherence of 

H.H. influenzae to these cells in the presence of defensins, since no bacteria were seen 

onn heat-killed (56°C for 30 min) and 1% paraformaldehyde killed (30 min) cells. This 

suggestss that active cellular processes are required for defensin-stimulated adherence. 

Thee interaction of defensins with bronchial epithelial cells results in cellular 

activation,, since the cells start to produce IL-8 [36]. Therefore, the expression and or 

activityy of a cellular receptor might be increased by defensins. Increased expression of 

aa cellular receptor necessary for adherence of Pseudomonas aeruginosa to the asialo 

gangliosidee Ml receptor in repairing epithelial cells from cystic fibrosis patients has 

beenn described [5]. Alternatively, redistribution and unmasking of a cellular receptor 

requiredd for adherence may explain defensin-increased adherence. Redistribution of 

receptorss has been observed for (31 integrins that are normally exposed to the 

basolaterall  surface. Upon neutrophil migration through epithelial cell layers, 

PII  integrins were transferred to the apical site of epithelial cells, facilitating 

interactionn with the inv gene product (invasin) of Yersinia pseudotuberculosis [25]. 

Wee conclude that neutrophil defensins, in concentrations present in bronchial 

secretionss from COPD patients, did not kill H. influenzae isolates during interaction 

withh human airway epithelial cells, but defensins stimulated specific adherence to 

thesee cells. Since adherence to epithelial cells is an important step in the onset of 

mucosall  infections [19], our findings indicate that defensins may contribute to the 

occurrencee of H, influenzae infections in the lower respiratory tract. Because 

defensinss are released during inflammation and infection, defensin-stimulated 

bacteriall  adherence to epithelium may be an important factor in the recurrent 

infectionss in the airways of COPD patients. It is tempting to speculate that this 

mechanismm is general for recurrent infections. 
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SPECIFICITYY OF THE DEFENSIN-ENHANCED ADHERENCE 

Abstract t 

Adherencee of Haemophilus influenzae to bronchial epithelial cells is enhanced by 

neutrophill  defensins, which are released from activated neutrophils during 

inflammationn [Gorter et al, (1998) J. Infect. Dis. 178, 1067-1078]. In this study, we 

showedd that the adherence of H. influenzae to various epithelial, fibroblast-like, and 

endotheliall  cell types was significantly enhanced by defensins (20 ng/ml). Defensins 

stimulatedd also the adherence of Moraxella catarrhalis, Neisseria meningitidis, and 

nonencapsulatedd Streptococcus pneumoniae to the NCI-H292 cell line. In contrast, 

defensinss did not affect the adherence of Pseudomonas aeruginosa, encapsulated 

S.S. pneumoniae, Escherichia coli, and Staphylococcus epidermidis. These results 

suggestt that the defensin-enhanced adherence might support the adherence and 

possiblyy persistence of the selected bacterial species using the respiratory tract as port 

off  entry. 
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Introductio n n 

Neutrophilss accumulate at sites of inflammation and may release a variety of 

mediatorss upon stimulation. These neutrophil products include neutrophil defensins 

(humann neutrophil peptide HNP1-4) [20], that have been characterized as small (29 to 

344 amino acid residues), cationic peptides that display broad spectrum antimicrobial 

activityy [10,20]. Defensins are active against Gram-negative as well as Gram-positive 

bacteria,, fungi, some enveloped viruses and they are cytotoxic for mammalian cells 

[20].. Defensins can permeabilize target cell membranes, an event for which active 

metabolismm of the target cells is required [14,17,22]. Approximately 5-7% of the total 

proteinn contents of mature neutrophils and 30-50% of the content of the azurophilic 

granuless consists of defensins [18]. Upon stimulation of the neutrophil, defensins are 

releasedd from the granules [9]. High concentrations of defensins have been found in 

purulentt airway secretions from patients with chronic obstructive pulmonary disease 

(COPD)) (100 ug/ml) [24] and cystic fibrosis patients (>300 ug/ml) [28]. Furthermore, 

defensinss have been found to be present at the epithelial surface in lung tissue from 

patientss with diffuse panbronchiolitis [1]. 

Recently,, we have shown that neutrophil defensins (at 20 ug/ml) stimulate the 

adherencee of Haemophilus influenzae (COPD isolates and carrier strains) to human 

bronchiall  epithelial cells in a time and concentration dependent way [12]. This may 

indicatee that defensins that are released during inflammation and infection, contribute 

too the recurrent infections in COPD patients by stimulating bacterial adherence. In the 

presentt study, we determined the cellular and bacterial specificity of the defensin-

enhancedd adherence. We tested whether defensins stimulate the adherence of 

H,H, influenzae to various epithelial and non-epithelial cell types. In addition, we 

determinedd whether defensins stimulate the adherence of a variety of bacterial 

species,, both respiratory pathogens and controls, to the bronchial epithelial cell line 

NCI-H292. . 

Material ss and methods 

Bacteriall  strains and growth conditions 

H.H. influenzae, Moraxella (Branhamella) catarrhalis, Pseudomonas aeruginosa, and 
EscherichiaEscherichia coli were grown on chocolate agar plates (Oxoid, Haarlem, The Netherlands), 
NeisseriaNeisseria meningitidis on gonococcus (GC) agar plates (SVM, Bilthoven, The Netherlands), 
andd Streptococcus pneumoniae and Staphylococcus epidermidis on blood agar plates (Oxoid, 
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Haarlem,, The Netherlands). All strains were grown overnight at 37°C in a humidified 
atmospheree containing 5% CO;. For the adherence assays, bacterial suspensions were 
preparedd in phosphate buffered saline (PBS) at an optical density (OD600nm) of I. 
N.N. meningitidis was resuspended in RPMI 1640 {Gibco Life Technologies Ltd, Paisley, 
Scotland). . 

Trypann blue exclusion (500 fig/ml) demonstrated that H. influenzae strains A850048 and 
A950006,, TV. meningitidis strain H44/76 (provided by Dr. P. van der Ley, RIVM, Bilthoven, 
Thee Netherlands), E. coli strain DH5a, and S. epidermidis strain Bl (a gift from Dr. L. Vogel, 
Departmentt of Medical Microbiology, Leiden, The Netherlands) were not toxic for the 
NCI-H2922 cell line during the 4 hr incubation in the adherence assay. Since P. aeruginosa 
andd S. pneumoniae produce toxins causing cell lysis, mutants lacking these toxins were 
included.. P. aeruginosa strain PAO-R1 (a gift from Dr. B. Iglewsky, Department of 
Microbiologyy and Immunology, Rochester, New York, USA) has a mutation in the lasR gene, 
aa positive regulator of virulence factors, and is unable to produce toxic elastase [8]. 
S.S. pneumoniae T3/PL, D39/PLN-A, and Rxl/Ply (provided by Dr. J. Paton, Department of 
Microbiology,, Adelaide, Australia) are pneumolysin mutants of strains T3 (type 3), D39 (type 
2)) and Rxl (nonencapsulated variant of D39) and have strongly reduced pneumolysin activity 
[5].. Trypan blue exclusion revealed that the NCI-H292 cells were more viable after 
incubationn with the mutants than with the parent strains. Because M. catarrhalis easily forms 
aggregates,, which make it difficult to analyze the adherence, the non-clumping variant of 
strainn 4223, strain 4223NC [15] (provided by Dr. T.F. Murphy, Division of Infectious 
Diseases,, Buffalo, USA), was included. E. coli strain 780401 I was also cytotoxic for the 
NCLH2922 cell line, and therefore, adherence assays with viable bacteria were performed with 
thee non-pathogenic strain DH5a. The pathogenic parent strains PAO-1 (P. aeruginosa) and 
T3,, D39, and Rxl (S. pneumoniae), 4223 (M catarrhalis), and strain 780401 I (E. coli) were 
includedd for reference after heat-inactivation (56°C for 30 min) and showed the same 
adherencee patterns as the mutants. 

Cultur ee of various cell lines 

Thee bronchial epithelial cell line NCI-H292 (ATCC CCL-1848) (originating from a human 
lungg epidermoid carcinoma) [4], the alveolar epithelial cell line A549 (ATCC CCL-185), and 
thee cervical carcinoma cell line HeLa (ATCC CCL-2) were maintained in RMPI 1640 
mediumm with 25 mM HEPES buffer (Gibco, Paisley, Scotland) supplemented with 10% fetal 
calff  serum (FCS). The Chang conjunctiva epithelial cell line (ATCC CCL-20.2) was 
maintainedd in RPMI 1640 supplemented with 5% FCS, the laryngeal epithelial cell line 
HEp-22 (ATCC CCL-23) in DMEM (Gibco, Paisley, Scotland) supplemented with 10% FCS, 
andd the colon carcinoma cell line Caco-2 (ATCC HTB-37) in DMEM supplemented with 
0.1%% (v/v) non-essential amino acids and 10% FCS. The human embryonic lung (HEL) 
(ATCCC CCL-137) fibroblast like cells were maintained in MEM with 25 mM HEPES (Gibco, 
Paisley,, Scotland) supplemented with 10% FCS. All cell lines used were of human origin. For 
thee adherence assay, the cells were grown to semiconfluency in 24-wells plates on glass 
coverslipss (12-mm diameter) (Menzelglaser, Germany) [12]. 
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Subculturess of primar y cells 

Subculturess of the human primary bronchial epithelial cells (PBEC) were obtained from lung 
tissuee with a macroscopically normal appearance and maintained in keratinocyte serum free 
mediumm with low Ca2+ concentrations (0.09 mM) (keratinocyte-SFM, Gibco, Paisley, 
Scotland)) [12]. For the adherence assay, the PBEC were placed in medium containing 1 mM 
CaCl22 to allow differentiation [16]. The proximal tubular epithelial cells from human kidney 
(PTEC)) were cultured in FCS (10%) coated tissue culture flasks in serum-free DMEM-
HAM'ss F12 medium in a 1:1 ratio, supplemented with insulin (5 ug/ml), transferrin 
(55 ug/ml), selenium (5 ng/ml), hydrocortisone (36 ng/ml), triiodothryonine (40 pg/ml) and 
EGFF (10 ng/ml) [11]. The human umbilical vein endothelial cells (HUVEC) were cultured on 
gelatin-coatedd tissue culture plates in Ml99 medium containing Earle's salts and glutamine, 
supplementedd with 10% FCS, 5% endothelial cell growth factor, and 7.5 U/ml heparin [2]. 

Isolationn of defensins 

Humann neutrophil defensins (HNP1-3) were isolated from an acetic acid extract obtained 
fromm human neutrophil granules using gel filtration chromatography on Sephacryl S-200 HR 
(2.55 x 100 cm) (Pharmacia, Uppsala, Sweden) as described [13,30]. The purity of the defensin 
preparationss was assessed by SDS-PAGE, and acid urea-PAGE. 

Adherencee assay 

Thee adherence assays were performed in 24-wells plates as described [12,29]. Briefly, the 
mediumm covering the cells grown on glass coverslips was replaced by the appropriate medium 
lackingg FCS to a final volume of 500 ul. Subsequently, the bacterial suspension prepared as 
describedd above (1:10 diluted) and HNP1-3 (final concentration 20 ug/ml) were added and 
incubatedd at 37°C for 4 hr. After washing, the remaining bacteria were released by incubation 
withh 1% saponin at 37°C for 15 min. The number of adherent bacteria was determined after 
seriall  dilution and plating (colony counting method) [12,29]. Alternatively, the adherence was 
analyzedd by light microscopy (LM) examination after fixation in 500 ul of 4% 
paraformaldehydee (Merck, Darmstadt, Germany) plus 1% glutaraldehyde (Merck) and 
subsequentt staining with 0.07% crystal violet [12,29]. The potential antimicrobial activity of 
defensinss during the assay was determined by colony counting the total amount of bacteria 
withoutt washing after the 4 hr incubation with the cells in the presence and absence of 
defensins.. In order to test the adherence of heat-inactivated bacteria in the presence or absence 
off  defensins, the bacteria were treated at 56°C for 30 min prior the adherence assay. All 
adherencee assays were performed at least 2 times in duplicate. 

Scanningg electron microscopy (SEM) 

Forr SEM, the cells were fixed after the adherence assay in 4% paraformaldehyde (Merck) 
pluss 1% glutaraldehyde (Merck) and washed with PBS. The cells were dehydrated in graded 
ethanol,, critical point dried with C02, and coated with gold-palladium beads with a diameter 
off  15 nra. The cells were analyzed with a computer assisted SEM (Philips XL 30) with a 
biocomm 500 image analyzer. 
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Statisticall  analysis 
Thee data were analyzed for statistical significance by a two-tailed student's t-test for unpaired 
data.. When p < 0.05, the data were considered significant. 

Results s 

Adherencee of H. influenzae to various non-inflammatory cells 

Thee host cell specificity of the defensin-enhanced adherence was investigated by 

analyzingg the adherence of//, influenzae to epithelial cell lines of the upper (HEp-2) 

andd lower (NCI-H292, PBEC, and A549) respiratory tract. As controls, various non-

respiratoryy epithelial cells (Chang, Caco-2, HeLa, and PTEC) and non-epithelial cells 

(HELL and HUVEC) were used. Irrespectively of cell lines and subcultures of primary 

cells,, the adherence of H, influenzae strain A850048 in the presence of defensins 

increasedd significantly (table 1). Using light microscopy (LM) analysis, similar results 

weree obtained as with the colony counting method (table 1). The adherence of three 

otherr H. influenzae COPD isolates to the various cell types was also enhanced in the 

presencee of defensins, as determined by colony counting and LM examination. The 

adherencee of one of the H. influenzae strains, strain A950006, was also analyzed by 

scanningg electron microscopy (SEM). The SEM revealed that in the absence of 

defensinss A950006 adhered less to NCI-H292 cells (figure 1 A) than in the presence of 

defensinss (figure IB). Apparently, the defensin-enhanced adherence was not 

associatedd with adhesins of H. influenzae. 

Adherencee of various bacterial species to NCI-H292 cells 

Thee adherence of Gram-negative as well as the Gram-positive respiratory tract 

pathogenss to the NCI-H292 cell line was determined in the presence and absence of 

defensins.. The non-respiratory Gram-negative E. coli and the Gram-positive 

S.S. epidermidis were controls. In the presence of defensins, a significant increase of the 

bacteriall  adherence was observed for H. influenzae, M. catarrhalis, nonencapsulated 

S.S. pneumoniae, and JV. meningitidis as determined by the colony counting method and 

byy examination by LM (table 2). The stimulation of the adherence occurred with 

viablee as well as heat-inactivated bacteria. The adherence of P. aeruginosa, 

encapsulatedd S. pneumoniae, E. coli, and S. epidermidis was not enhanced in the 

presencee of defensins. Although P. aeruginosa adhered to the NCI-H292 cell line 
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Tablee 1. Adherence of H. influenzae strain A850048 to various cell lines in the 

presencee or absence of defensins (HNP1-3, 20 ug/ml) 

Celll  line Origin n 

RespiratoryRespiratory epithelial cells 

NCI-H292 2 

PBEC C 

A549 9 

HEp-2 2 

Bronchus s 

Bronchus s 

Alveoli i 

Larynx x 

OtherOther epithelial cells 

Chang g 

Caco-2 2 

HeLa a 

PTEC C 

Conjunctiva a 

Colon n 

Cervix x 

Kidney y 

Non-epithelialNon-epithelial cells 

HEL L 

HUVEC C 

Fibroblast t 

Endothelial l 

Adherencee of A850048 

control l 

CFU/mla a 

3.66  2.3 x 105 

3.0  1.1 x 105 

2.88  2.4 x 105 

1.33  0.5 x 10s 

2.22  1.7 x 105 

2.88  2.5 x 105 

1.77  0.9 x 105 

2.00  1.5 x 10s 

2.22  1.7 x 106 

8.33  1.4 x 105 

LMb b 

--

--

--

--

--

--

--

--

--

--

HNP1-3 3 

CFU/mla a 

2.22  l.lx 107 

6 6 

1.66  0.9 x 107 

7 7 

9.22  8.3 x 106 

6 6 

6.99 1 x 106 

2.00  1.5 x 107 

3.44  2.5 x 107 

1.66  0.4 x 107 

LMb b 

++++ + 

+++ + 

++++ + 

++++ + 

++++ + 

++ + 

++++ + 

++++ + 

++++ + 

++++ + 

FIC C 

61* * 

15* * 

60* * 

576* * 

41* * 

7.5* * 

42* * 

104* * 

15* * 

19* * 

Averagee number of colony forming units (CFU)/ml  SD as determined by colony 
counting. . 
Adherencee as determined by light microscopy (LM). Symbols: -, no adherence; ++, 10-
500 bacteria/cell; +++, 50-100 bacteria/cell; ++++, > 100 bacteria per cell. 
FI,, fold increase in colony counts. 
pp < 0.05. 

withh rather high numbers of CFU/ml (table 2), the LM results clearly showed that the 

P.P. aeruginosa bacteria only adhered to the glass coverslips between the epithelial cells 

andd not to the cells themselves. The adherence of P. aeruginosa to the NCI-H292 cell 

linee in the absence and presence of defensins as determined by LM was 2.3 bacteria 

perr cell and 3.3 bacteria per cell, respectively. All bacterial species survived the 

adherencee assay in the presence and absence of defensins. During the 4 hr incubation, 

mostt of the bacterial strains grew, except for P. aeruginosa PAO-R1 and 

N.N. meningitidis H44/76, of which only 80% of the inoculum was recovered. These 

resultss indicated that defensins stimulated the adherence of selected bacterial species 

thatt have as common feature an association with colonization and infections of the 

respiratoryy tract. 
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Tablee 2. Adherence of various bacteria to the NCI-H292 cell line in the presence or 

absencee of defensins (HNP1-3, 20 ug/ml) 

Adherence e 

controll  HNP1-3 

Species Species 

H.H. influenzae 

M.M. catarrhalis 

P.P. aeruginosa 

N.N. meningitidis 

S.S. pneumoniae 

E.E. coli 

S.S. epidermidis 

Strain n 

A850048 8 

4223NC C 

PAO-R1 1 

H44/76 6 

T3/PL L 

D39/PLN-A A 

Rxl/Ply y 

DH5a a 

Bl l 

CFU/ml**  LMb CFU/mf 
5 5 

5.7*3.8xl06 6 

1.88  l.Ox I07d 

5 5 

1.11 9 x I03 

1.77 ' 

1.511.4x10" " 

1.11 " 
6 6 

2.22  1.1 x 107 

4.33  1.2 x 107 

1.11 x 107 

3.44  1.6 x 106 

3.33  3.3 x 10" 

2.11 x 103 

4.77  1.9 x 106 

7.88  5.6 x 105 

6.55  1.6 x 106 

LMb b 

++++ + 

++++ + 

--

--
--
+ + 

--
--

FIC C 

61* * 

7.6* * 

0.6 6 

4.3* * 

0.3 3 

1.2 2 

3.1* * 

0.7 7 

1.5 5 
aa Average number of colony forming units (CFU) per ml  SD as determined by colony 

counting. . 
Adherencee analyzed by light microscopy (LM). Symbols: -, no adherence; +, 5-10 
bacteriaa per cell; ++++, > 100 bacteria per cell. 

cc FI, fold increase in colony counts. 
dd LM examination revealed that P. aeruginosa adhered only between the epithelial cells. 

Thee adherence as demonstrated by LM was 2.3 bacteria per cell in the absence of 
defensinss and 3.3 bacteria per cell in the presence of defensins. 

**  p<0.05. 

Discussion n 

Inn this study we showed that the defensin-enhanced adherence of H. influenzae was 

similarr for various epithelial cell types, fibroblast and endothelial cells. It has been 

shownn that defensins interact with cellular membranes of the target cells such as 

E.E. coli, Candida albicans, and mammalian cells [17,19,23]. Defensins permeabilize 

membraness by formation of multimeric pores [31] followed by cytoskeletal- and 

energy-dependentt internalization of defensins [23]. It is possible that defensins in the 

poress or the internalized defensins change the cellular surface, resulting in exposure of 

receptorss for adhesins of H. influenzae. The aspecific nature of the interaction of 

defensinss with cellular membranes might explain the defensin-stimulated adherence 

off  H. influenzae on all tested cells, irrespective of their type or source. 

54 4 



CHAPTER R 

Figuree 1. Scanning electron microscopy examination of the adherence of//, influenzae strain 
A9500066 to the NCI-H292 cell line in the absence (A) and presence (B) of neutrophil 
defensinss (HNP1-3, 20 ng/ml). Bar represents 5 urn. 

Thee mechanism by which defensins stimulate the bacterial adherence is not 

known.. Since the enhanced adherence was observed with all cell types used in this 

study,, it is likely that defensins bind to a common receptor. It is also possible that 

defensinss increase the expression of a cellular receptor by activating the cells. 

Alternatively,, the defensins might redistribute the cell surface, resulting in unmasking 

off  a cellular receptor. 

Inn COPD patients, cigarette smoking, inflammation and infectious processes are 

thoughtt to contribute to damage of the epithelium. H. influenzae have been found in 

associationn with damaged epithelial cells in vitro [27]. Furthermore, P. aeruginosa 

adheress specifically to cells at sites of epithelial cell injury [7]. The concentrations of 

neutrophill  defensins found in e.g. COPD or CF patients, are higher than the 

concentrationss used in this study. Previously, we have shown that a 1-proteinase 

inhibitorr (al-PI), a member from the serpin family of proteinase inhibitors, blocks the 

defensin-enhancedd adherence of//, influenzae to bronchial epithelial cells [12]. Some 

activitiess of defensins are neutralized by components present in purulent secretions, 

suchh as al-PI and possibly other substances such as mucins. Therefore, it is likely that 

onlyy a part of the defensins in purulent secretions are available for stimulation of 

bacteriall  adherence. Although the activity of defensins might be affected by mucins, 

wee have showed that defensins stimulated also the adherence of H. influenzae to 

mucus-containingg human pharyngeal epithelial cells and to mucus-covered bronchial 

tissuee obtained from autopsy procedures [12]. Therefore, the enhancement of bacterial 

adherencee by defensins is likely to be relevant in vivo. 

Defensinss stimulated the adherence of H. influenzae, M. catarrhalis, 

N.N. meningitidis, and nonencapsulated 5. pneumoniae. The adherence of 
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P.P. aeruginosa, encapsulated S. pneumoniae, E. coli and S. epidermidis was not 

enhancedd by defensins. These results were found with colony counting as well as LM 

andd with viable as well as heat-inactivated bacteria. The adherence patterns of the 

mutantss were confirmed for the heat-inactivated parent strains. Since encapsulated 

S.S. pneumoniae was not stimulated in its adherence by defensins in contrast to the 

nonencapsulatedd S. pneumoniae, the capsule of S. pneumoniae might shield the 

bacteriall  component that interacts with defensins, as found for H. influenzae type b 

[12].. In contrast, adherence of encapsulated N. meningitidis type B was stimulated, 

indicatingg that the capsule of N. meningitidis did not shield the bacterial component 

involvedd in the defensins-enhanced adherence. Since there are many different capsule 

types,, it is possible that some capsule types shield the bacterial component involved in 

thee defensin-enhanced adherence, whereas other capsule types do not shield the 

bacteriall  component. 

Defensinss interact with lipopolysaccharide (LPS), a component of the outer 

membranee of Gram-negative bacteria [21]. In addition, bacteria expressing a rough 

LPSS type by lacking the O-specific side chains are more sensitive to the antimicrobial 

activitiess of defensins [3,26]. The Gram-negative bacteria H. influenzae, 

M.M. catarrhalis, and TV. meningitidis which showed an enhanced adherence in the 

presencee of defensins, have similar LPS structures, lacking O-specific side chains, and 

sharee conserved LPS epitopes [6]. Interestingly, the adherence of E. coli strain DH5a, 

whichh also lacks O-specific side chains, is not stimulated by defensins. Therefore, 

evenn among the rough LPS types, specific LPS structures might be involved in the 

defensin-enhancedd adherence. 

AA cell wall component of Gram-positive bacteria that might be involved in the 

interactionn with defensins is teichoic acid. Recently, it was shown that mutations in 

teichoicc acid in Staphylococcus aureus result in an increased negative surface charge 

off  the cell that is associated with an increased sensitivity to the antimicrobial action of 

humann defensins HNP1-3 [25]. If similar mechanisms are involved in sensitivity and 

adherence,, this result suggests that teichoic acid may be the receptor for defensins in 

theirr stimulation of the adherence of some Gram-positive bacteria including 

S.S. pneumoniae. 

Inn conclusion, neutrophil defensins stimulated the adherence of H. influenzae 

similarlyy to various cell lines and primary cells. However, the defensin-enhanced 

adherencee is specific for selected bacterial species, using the respiratory tract as port 

off  entry. Since adherence is an important step in the onset of the infection process, the 
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defensin-enhancedd adherence may contribute to the persistence of (airway) infections 

whenn defensins are present, such as in COPD patients. 
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INVOLVEMENTT OF LOS IN THE DEFENSIN-ENHANCED ADHERENCE 

Abstract t 

Stimulatedd neutrophils release a variety of antimicrobial peptides, including 

neutrophill  defensins (HNP1-4). We have previously reported that neutrophil defensins 

enhancedd the adherence of Haemophilus influenzae and Neisseria meningitidis to 

culturedd respiratory epithelial cells. In this study, the effect of defensins on the 

adherencee of H. influenzae and N. meningitidis lipooligosaccharide (LOS) mutants to 

epitheliall  cells was tested. Neutrophil defensins enhanced the adherence of the 

oligosaccharidee mutants of H. influenzae and N. meningitidis, whilst the lipid A 

mutantss B29 of H. influenzae and IpxLl and lpxL2 ofN. meningitidis were not or only 

moderatelyy stimulated by neutrophil defensins. The adherence of the JV. meningitidis 

LOSS negative mutant IpxA was not enhanced by defensins. These findings suggested 

thatt the secondary fatty acids of lipid A were involved in the defensin-enhanced 

adherence.. Using biotinylated HNP-1, we demonstrated that defensins bound to whole 

bacteriall  cells of//, influenzae and N. meningitidis, irrespective the presence of LOS. 

Bindingg of biotinylated defensins to purified LOS from H. influenzae strain 2019 and 

itss htrB mutant B29 was also observed. Wild type N. meningitidis H44/76 LOS and 

rfaCrfaC LOS did bind to defensins, whereas IpxLl mutated LOS did not. Purified LOS 

fromm strain H44/76 or HNP-LOS complexes did not inhibit or stimulate the adherence 

off  N. meningitidis, although the defensin-enhanced adherence is specific for certain 

bacteriall  species having LOS in their outer membrane. Defensin-enhanced adherence 

requiress therefore most likely simultaneously binding of defensins to LOS and 

epitheliall  cells. 
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Introductio n n 

Neutrophilss are often present in substantial numbers at sites of inflammation and 

infectionn and these cells contain a variety of antimicrobial peptides, including 

neutrophill  defensins. These defensins (also referred to as human neutrophil peptide 

[HNP])) are small cationic peptides (29-33 amino acid residues) lacking enzymatic 

activityy [9,26,46], In the human mature neutrophil, defensins constitute 5-7% of the 

totall  protein content and in azurophilic granules 30-50% [25]. Upon activation of the 

neutrophil,, defensins are released from the granules [8]. High concentrations of 

neutrophill  defensins have been found in plasma from patients with septicemia and 

bacteriall  meningitis [31] and in purulent airway secretions from chronic obstructive 

pulmonaryy disease (COPD) patients [30], and cystic fibrosis (CF) patients [35]. 

Neutrophill  defensins are also present on the epithelial cell surface in lung tissue from 

patientss with diffuse panbronchiolitis [1]. Defensins display a broad spectrum of 

antimicrobiall  activity as they can kill Gram-negative as well as Gram-positive 

bacteria,, fungi, and some enveloped viruses [26]. Besides being antimicrobial, 

defensinss are cytotoxic for mammalian cells and play a role in inflammation, wound 

repairr and regulation of the specific immune response [5,46]. 

Previouslyy we have shown in in vitro studies that in the presence of neutrophil 

defensins,, the adherence of various bacterial species to human epithelial cells was 

enhancedd [10,11]. Particularly, the adherence of bacteria present in the upper 

respiratoryy tract, such as Haemophilus influenzae and Neisseria meningitidis, was in 

increasedd whereas adherence of Escherichia coli was not affected [11]. By which 

mechanismm defensins increase adherence of certain bacterial species is unknown. 

Defensinss have been shown to interact with the lipopolysaccharide (LPS) from Gram-

negativee bacteria, since endotoxic activities of LPS was decreased in the presence of 

defensinss [27]. Further evidence for an interaction between defensins and LPS comes 

fromm the observation that modifications in the lipid A of Salmonella typhimurium LPS 

resultedd into bacterial resistance to various antimicrobial peptides, including 

neutrophill  defensins [13,14,16]. We have found that the defensin-enhanced bacterial 

adherencee occurred also with heat-killed H. influenzae and N. meningitidis, indicating 

thatt the bacterial component involved was heat-resistant [10,11]. LPS is a heat-

resistantt cell wall component [47]. Viable and heat-killed E. coli showed no increased 

adherencee in the presence of defensins. In contrast to E. coli, both H. influenzae and 

N.N. meningitidis have a rough type of LPS, lacking O-specific side chains, which is 
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alsoo referred to as lipooligosaccharide (LOS) [4]. Therefore, we hypothesized that 

LOSS was involved in the defensin-enhanced adherence of H. influenzae and 

N.N. meningitidis. In this study, we evaluated the effect of various LOS mutations of 

ƒƒ.. influenzae and N. meningitidis on their defensin-enhanced adherence to epithelial 

cells.. In addition, we analyzed the binding characteristics of neutrophil defensins to 

wholee bacterial cells and purified LOS. 

Material ss and Methods 

Bacteriall  strains and culture 

H.H. influenzae and N. meningitidis strains used are listed in table 1. Bacteria were cultured on 
chocolatee agar plates (Oxoid, Haarlem. The Netherlands) at 37°C in a humidified atmosphere 
containingg 5% C02. For the adherence assays, H. influenzae was resuspended in phosphate 
bufferedd saline (PBS) and N. meningitidis was resuspended in the DMEM culture medium 
(Gibcoo Life Technologies Ltd, Paisley. Scotland) lacking fetal calf serum (FCS), at a density 
off  OD(,20nm of I (~- 10g CFU/ITII, as determined by colony counting). 

Celll  culture 

Cellss from the epithelial cell line NCI-H292 (ATCC CRL 1848), originating from a lung 
mucoepidermoidd carcinoma [3], were maintained in RPMI1640 culture medium (Gibco Life 
Technologies)) supplemented with 10% FCS. HEp-2 laryngeal epithelial cells (ATCC 
CCL-23)) were maintained in DMEM supplemented with 10% FCS. The cells were cultured in 
thee absence of antibiotics and grown in 25 cirf culture flasks (Corning Costar Corporation, 
Cambridge,, MA) at 37°C in a humidified atmosphere containing 5% C(X NCI-H292 cells 
weree used for the adherence assays with H. influenzae and HEp-2 cells were used for 
N.N. meningitidis. The epithelial cells were grown to semiconfluency (~ 3x10? cells) in 24-well 
platess (Greiner BV, Alphen a/d Rijn, The Netherlands) on round glass coverslips (12 mm 
diameter)) (Menzelglaser, Braunschweitz, Germany). 

Purificationn and biotinylation of defensins 

Thee neutrophil defensins were isolated from an acetic acid extract obtained from human 
neutrophill  granules, derived from the blood of healthy donors, using gel filtration 
chromatographyy on Sephacryl S-200 HR (2.5x100 cm) (Pharmacia, Uppsala, Sweden) as 
describedd [45]. The purity of the defensins was assessed by SDS-PAGE and acid urea-PAGE, 
andd mass spectrometry [15,45]. Neutrophil defensins were used as a mixture of HNP1-3 in the 
adherencee experiments. 

HNP-11 was further purified from the fractionated granule extract by reverse-phase high-
performancee liquid chromotography on a CI8 column (4.6x250 mm) (Vydac, The 
SeparationsGroup,, Hesperia. CA) as described previously [45]. This HNP-1 was biotinylated 
withh biotin-N-Hydroxysuccinimide ester (HNPb'win) [41] according to the manufacturer's 
protocoll  (Zymed Laboratories, Inc., San Fransisco, CA). 
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Tablee 1. LOS or LPS composition of the bacterial strains used in this study. 
Speciess Strain LOS / LPS composition" Ref f 

H.H. influenzae 760705 (=RM7004) 

2019 9 

FK1,, rfaF mutant 

DK\,DK\, rfaD mutant 

B29,, htrB mutant 

TV.. meningitidis H44/76 (=L3) 

IgtBIgtB mutant 

L8 8 

galEgalE mutant 

icsBicsB mutant 

icsAicsA mutant 

rfaFrfaF mutant 

rfaCrfaC mutant 

IpxLlIpxLl mutant 

lpxL2lpxL2 mutant 

IpxAIpxA mutant 

Gall  - G al - G lc - G lc - H e p - K d o-
I I 

Gall  —Gal —Glc —Glc —Hep 
I I 

Gall  —Hep 

Gall  - G lc - H e p - K d o-
I I 

Hep p 
I I 

Hep p 

H e p - K d o--

DDHepp —Kdo— 

[lipidA]]  r34] 

[39] ] 

[33] ] lipidA A 

lipidAA [29] 

lipidAA 1 [29] 

lackss one or both secondary fatty acids [23] 
(myristate,, CI4) 

[18] ] 

[32] ] 

[20] ] 

Gall  -G lcNac-Gal - G lc - H e p - K d o-
II  I 

GlcNac—Hepp Kdo 

GlcNac—Gall  —Glc —Hep—Kdo-
II  1 

GlcNac—Hepp Kdo 

Gall  - G lc - H e p - K d o-
II  I 

GlcNac-Hepp Kdo 

Glcc - H e p - K d o-
II  I 

GlcNac-Hepp Kdo 

Hep-Kdo o 
II  I 

GlcNac—Hepp Kdo 

Hep-Kdo--
II  I 

Hepp Kdo 

Hep-Kdo--
I I 

Kdo o 

Kdo o 
I I 

Kdo o 

lackss one secondary fatty acid 
(laurate,, C12) 
lackss two secondary fatty acids 
(laurate,, CI2) 
lackss LOS completely 

lipidA A 

lipidA A 

lipidA A 

lipidA A 

- ( ( lipidA A 

lipidA A 

lipidA A 

-- [lipidA 

Generalized d 
structuree of LPS 

O-specfic c 

sidee chains 

Kdo o 
i i 

i i 

Kdo o 
I I 

-- - Hex — Hex — Hex — Hep—Hep4- Kdo — lipidA 

Hep p 
I I 

Ra a Re e 

[21] ] 

[42] ] 

[42] ] 

[19] ] 

[38] ] 

[43] ] 

[43] ] 

[37] ] 

[17] ] 

Abbreviations:: Gal, galactose; GlcNac, yV-acetylglucosamine; Glc, glucose; Hep, 
L-glycero-D-manno-heptose;L-glycero-D-manno-heptose; Kdo, 3-deoxy-D-ma/mo-octulosonic acid; DDHep, 
D-glycero-D-manno-heptose;D-glycero-D-manno-heptose; Hex, hexose; Ra, Re, position of the Ra and Re types of 
S.S. minnesota LPS, respectively. Dashed line indicate non-stoichiometric substitution. 
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Isolationn and purificatio n of LOS 

LOSS from H. influenzae strains 760705, 2019 and B29 and N, meningitidis strains H44/76, 
rfaCrfaC and IpxLl was isolated using hot-phenol extraction as described [47]. Briefly, 
H.H. influenzae was grown overnight in BHI medium (Oxoid) and N. meningitidis in 
meningococcall  medium. The suspensions were heat-inactivated at 56°C for 30 min. An equal 
volumee of pre-heated phenol (68°C) was added to the bacterial suspensions and incubated at 
68°CC for 30 min. After centrifugation, the liquid phase was collected and the hot-phenol 
extractionn was repeated. The phenol was removed from the extract by dialyzing against 
tapwaterr at 20°C overnight. After treatment with DNase (50 ug/ml) (Sigma Chemical Co, St 
Louis,, MO), with RNase (50 ug/ml) (Sigma Chemical Co) and with proteinase K (50 ug/ml) 
(Sigmaa Chemical Co), the LOS preparation of each strain was collected, lyophilized and 
storedd at -20°C. The purity of the LOS preparations was analyzed on a tricine-SDS-PAGE 
usingg silver staining. 

LPSS from Salmonella minnesota wild type, R60 (Ra type) and R595 (Re type) was 
obtainedd from List Biological Laboratories, Inc. (Campbell, CA). 

Bindingg of defensins 

Thee binding of defensins to whole bacterial cells or the purified LOS was determined by 
ELISAA using HNPb'0"n. The assay was adapted from van den Berg et al. [41]. All incubation 
stepss were performed in a volume of 100 ul. Immunolon 1 microtiter plates (Dynatech 
Laboratories,, Inc., Chantilly, Virginia), were coated at 37°C overnight with whole bacterial 
cells,, heat-inactivated at 56°C for 30 min, from a bacterial suspension with an OD62omir-l 
dilutedd 160 times in PBS (~ 6.3x10A CFU/ml). In other experiments, 10 ug/ml purified LOS 
inn PBS was coated on Immunolon 1 microtiter plates at 37°C overnight. After coating with 
eitherr whole bacterial cells or LOS, the wells were washed with PBS-0. l%Tween-80 and then 
HNPb'°"nn was added in various concentrations diluted in PBS-0. l%Tween-80 followed by 
incubationn at 37°C for 1 hr. The biotin was detected by incubation for 30 min with 
streptavidin-polyy horse radish peroxidase (HRP) (CLB, Amsterdam, The Netherlands) diluted 
1:10,0000 in PBS-0. l%Tween-80 at 37°C. The HRP was detected with tetramethylbenzidine 
(TMB)) (Sigma Chemical Co) substrate and the reaction was stopped with 2 M H2S04 after 10 
min.. The OD was measured at 450 nm using a microtiter biokinetics reader (Biotek 
Instruments,, Inc., Winooski, VT). 

Inhibitionn experiments were performed with non-labeled HNP-1. For this purpose, the 
microtiterr plates coated with the whole cells were incubated with various concentrations of 
non-labeledd HNP-1 in 50 ul per well and incubated at 37°C for 1 hr. Next, 50 ul HNPb"*" n 

withh a final concentration of 62.5 ng/ml was added without washing the wells and the plates 
weree incubated at 37°C for another hour. 

Adherencee assay 

Thee adherence assays were performed as previously described [10,11,44]. Briefly, the 
mediumm covering the epithelial cells grown on glass coverslips was replaced with the 
appropriatee culture medium lacking FCS. Bacteria and HNP1-3 were added at final 
concentrationss of 108 CFU/ml and 20 ug/ml respectively. After 4 hr of incubation, the 
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NCI-H2922 cells were washed with PBS and the HEp-2 cells with DMEM. Then the cells were 
fixedfixed in 4% paraformaldehyde (Merck, Darmstadt, Germany) and 1 % glutaraldehyde (Merck) 
andd subsequently stained in 0.007% (w/v) crystal violet. The number of adhering bacteria per 
celll  was counted by light microscopic examination. In total the number of adhering bacteria of 
100 cells per well was determined and expressed as the mean number of adhering bacteria per 
celll  [10,44]. Alternatively, after washing the cells were treated with 1% saponin in PBS for 
155 min and 10-fold serial dilutions were prepared in PBS for H. influenzae and in DMEM for 
N.N. meningitidis. From these dilutions aliquots of 10 or 100 ul were cultured on chocolate agar 
plates.. The number of CFU/cell was calculated by dividing the number of CFU/ml, counted 
onn the chocolate agar plates, by the number of epithelial cells (~ 3xl05) [10,44]. In selected 
experiments,, 20 ug/ml HNP1-3 and 100 ug/ml purified LOS of N. meningitidis strain H44/76 
weree mixed in DMEM and incubated at 37°C for 1 hr, prior to addition to the cell layer. The 
HNP-LOSS mixtures were added to the epithelial cells simultaneously with the bacteria. In 
somee experiments, the epithelial cells were pre-exposed to the HNP-LOS mixtures at 37°C for 
11 hr prior to the addition of bacteria. 

Statistics s 

Thee data were analyzed for significance using a students t-test. Differences were considered 
significantt at p-values < 0.05. 

Results s 

Adherencee of LOS mutants of//, influenzae to NCI-H292 epithelial cells 

Initially ,, the contribution of LOS in the defensin-enhanced adherence was determined 

byy testing several LOS mutants of H. influenzae, since we had analyzed the defensin-

enhancedd adherence most extensively for this bacterium. The nontypeable 

H.H. influenzae clinical isolate 2019 and its isogenic LOS mutants FK-1, DK-1 and 

B29,, with mutations in the rfaF, rfaD and htrB gene, respectively (table 1) were used 

Tablee 2. Adherence of//, influenzae strain 2019 and its LOS mutants in the presence 

andd absence of neutrophil defensins (HNP1-3, 20 ug/ml) to NCI-H292 epithelial cells. 

Adherence3 3 

Strain n 

2019 9 

FK1 1 

DK1 1 

B29 9 
aa Adherence is expressed as adherent bacteria per epithelial cell (range) as determined by 

lightt microscopy. 

control l 

48(16-88) ) 

533 (30-81) 

60(34-103) ) 

711 (32-121) 

HNP1-3 3 

150(106-180) ) 

110(77-136) ) 

107(54-155) ) 

93(61-125) ) 

Increa a 

3.1 1 

2.1 1 

1.8 8 

1.3 3 
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sincee their LOS structures have been resolved [23,29,33]. The H. influenzae wild type 

andd LOS mutants survived the 4 hr exposure to neutrophil defensins during the 

adherencee assay, since the numbers of CFU in the presence of defensins and controls 

weree similar (data not shown). In the absence of defensins, all strains adhered to the 

NCI-H2922 cells (table 2). The adherence of the wild type strain and LOS mutants 

increasedd in the presence of defensins (table 2). However, the increase by which 

defensinss enhanced the adherence of the LOS mutants was less than the increase of 

thee wild type strain 2019 (table 2), suggesting that H. influenzae LOS was involved in 

thee defensin-enhanced bacterial adherence to epithelial cells. 

Adherencee of TV. meningitidis to HEp-2 epithelial cells 

Thee effect of defensins on the adherence for N. meningitidis strain H44/76 and its 

isogenicc LOS mutants to HEp-2 cells was determined. N. meningitidis LOS mutants, 

includingg the LOS deficient mutant survived the 4 hr exposure to neutrophil defensins 

underr the conditions of the adherence assay (data not shown). The adherence of 

N.N. meningitidis LOS mutants truncated in their oligosaccharide chain was enhanced 

byy neutrophil defensins, but their adherence was less than that of the wild type strain 
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Figuree 1. Adherence of N. meningitidis wild type and LOS mutants to HEp-2 epithelial cells 
inn the presence and absence of neutrophil defensins. The adherence was analyzed using light 
microscopy.. The results are the average and standard error of the mean (SEM) of three 
differentt experiments each performed in duplicate. *, p < 0.001 (HNP1-3 versus control); #, p 
<< 0.001 (LOS mutant + HNP1-3 versus H44/76 + HNP1-3). 
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H44/766 (figure 1). The adherence of the lipid A mutants IpxLl and lpxL2 was not 

stimulatedd by neutrophil defensins (figure 1). Similar results were obtained using the 

colonyy counting method (data not shown). These findings suggested that LOS, 

especiallyy the secondary fatty acid chains of the lipid A were involved in the defensin-

enhancedd bacterial adherence to the epithelial cells. The adherence of the LOS 

deficientt mutant IpxA was determined by light microscopy. Most of the epithelial cells 

didd not show adherent bacteria in the presence of neutrophil defensins. However, on 

somee epithelial cells bacterial aggregates were observed. When the adherence was 

assessedd by the colony counting method, no increased adherence was observed for the 

IpxAIpxA mutant (figure 2B). Therefore we concluded that the adherence of the IpxA 

mutantt was not enhanced by defensins. 
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Figuree 2. Defensin-enhanced adherence of N. meningitidis H44/76 (A) and IpxA mutant (B) 
inn the presence and absence of purified LOS of N. meningitidis strain H44/76 (100 ug/ml). 
HEp-22 epithelial cells were pre-exposed with LOS of N. meningitidis strain H44/76 at 37°C 
forr 1 hr, prior the addition of the bacteria and defensins. The adherence was analyzed by the 
colonyy counting method. The results are the average and SEM of three different experiments 
eachh performed in duplicate. *, p < 0.001 (HNP1-3 versus control). 
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Bindin gg of defensins to whole bacterial cells 

Thee binding of defensins to bacteria was examined by whole cell EL1SA. The binding 

off  biotinylated HNP-1 (HNPbio,in) to wild type and LOS mutants of H. influenzae and 
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Figuree 3. Binding of HNPblo"n to whole bacterial cells of wild type strains and LOS mutants 
fromm H. influenzae (A) and N. meningitidis (B) and the controls E. coli DH5a and 
S.S. typhimurium SL1344 (C). Approximately 6xl06 CFU/ml of bacteria in PBS were coated on 
Immunolonn 1 microtiter plates. The binding of HNPb,0"n was detected with streptavidin-poly-
HRPP and TMB as substrate. Control, only PBS present. The results are the average of two 
differentt experiments each performed in duplicate. 
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N.N. meningitidis coated on microtiter plates was determined. Controls included E. coli 

strainn DH5a, since the adherence of this strain was not stimulated by neutrophil 

defensinss [11], and S. typhimurium strain SL1344 [12], since this strain has a LPS 

containingg an O-specific side chain. Bacterial adherence of both H. influenzae and 

N.N. meningitidis in the presence of HNPbl0tln did not differ from the adherence using 

unlabeledd HNP1-3 (data not shown), indicating that the HNPbl0"n was functional in the 

defensin-enhancedd adherence. The HNPblotln bound similarly to the whole cells of 

H.H. influenzae (figure 3A) and N. meningitidis (figure 3B), wild type and LOS mutants, 

includingg the B29 htrB mutant of H. influenzae (figure 3A) and the IpxLl and the 

LOSS negative IpxA mutants of N. meningitidis (figure 3B). Also for E. coli strain 

DH5aa and 5. typhimurium strain SL1344 binding of HNPbl0tln was observed (figure 

3C).. These results indicated that the binding of defensins to bacteria was not 

dependentt on the type of LOS or LPS. The specificity of the binding of HNPb'0,m to 

wholee cells of N. meningitidis strain H44/76 was determined by competition 

experimentss with non-labeled HNP-1. The binding of 62.5 ng/ml HNPblo"n to whole 

cellss of iV. meningitidis strain H44/76 was not inhibited by non-labeled HNP-1, even 

nott in a 80-fold excess (figure 4). Some background was observed in the control 
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Figuree 4. Effect of non-labeled HNP-1 on the binding of HNPb"" ,n to whole cells of 
N.N. meningitidis. Approximately 6x10 CFU/ml of bacteria in PBS were coated on Immunolon 
11 microtiter plates. The binding of 62.5 ng/ml HNP1"011" was competed with various 
concentrationss of unlabeled HNP-1. HNPb'0"n binding was detected with streptavidin-poly-
HRPP and TMB substrate. Control, only PBS present. The results of a representative 
experimentt are shown. For H. influenzae and E. coli similar results were found. 
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wells,, without coated bacteria, with increasing concentrations of non-labeled HNP-1. 

Non-labeledd defensins also did not inhibit the binding of HNPbl01in to whole cells of 

H.H. influenzae strain 2019 and E. coli strain DH5a (data not shown). 

Bindingg of defensins to purified LOS 

Too determine whether LOS could be the ligand for binding to defensins, the binding 

off  purified LOS to HNPb,oUn was analyzed. HNPb,otin bound to all H. influenzae LOS 

typess used, although binding to LOS from strain 2019 and its B29 htrB mutant 

requiredd higher concentrations of defensins than the binding to LOS from strain 

7607055 (figure 5A). Binding of HNPbiatm was observed to purified LOS of 

N.N. meningitidis wt H44/76 and the deep rough rfaC LOS (figure 5B). The binding of 

HNPblütmm to purified IpxLl LOS was not significantly higher compared to the control 

wellss in which only PBS was present (figure 5B). As a control, the binding of 

HNPbl0t'nn to purified LPS of S. minnesota was determined. No binding above 

backgroundd was observed for S. minnesota wt LPS and the Ra mutant, lacking the 

O-specificc side chains. The deep rough Re mutant showed a moderate binding to 

defensinss (figure 5C), which required higher concentrations of HNP lotin than the 

bindingg to H. influenzae and N. meningitidis LOS. These data indicated that 

neutrophill  defensins preferably bound to LOS of H. influenzae and N. meningitidis 

andd to rough type LPS of S. minnesota. 

Thee effect of purified LOS on the defensin-enhanced adherence 

Too determine whether the presence of purified LOS could inhibit the defensin-

enhancedd adherence of JV. meningitidis, neutrophil defensins (20 ug/ml) and purified 

LOSS of N. meningitidis wild type strain H44/76 (100 ug/ml) were preincubated for 

11 hr prior to the addition to HEp-2 cells in the adherence assays. The adherence of 

N.N. meningitidis strain H44/76 in the presence of these HNP-LOS mixtures was similar 

too the adherence of N. meningitidis in the presence of neutrophil defensins (figure 6), 

indicatingg that the purified LOS bound to defensins did not reduce the enhanced 

adherencee phenomenon of the defensins. Pre-exposure of the HEp-2 cells to the 

HNP-LOSS mixtures for 1 hr before the addition of N. meningitidis H44/76 bacteria, 

reducedd the effect of the neutrophil defensins on the adherence (figure 6). Addition of 

freshh defensins simultaneously with the bacteria restored the enhanced adherence 

phenomenonn (figure 6). Pre-exposure of the HEp-2 cells to neutrophil defensins alone 
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Figuree 5. Binding of HNPb,01m to purified wild type LOS and mutated LOS of H. influenzae 
(A)) and N. meningitidis (B) and for control wild type and mutated LPS of S. minnesota (C). 
Tenn ug/ml of purified LOS in PBS was coated on Immunolon 1 microtiter plates. The binding 
off  HNPbi01in was detected with streptavidin-poly-HRP and TMB substrate. Control, only PBS 
present.. The results are the average and SEM of three different experiments each performed in 
duplicate.. The binding of HNPbi01in to H. influenzae LOS types 760705, 2019 and B29 was 
significantt compared to the control wells for concentrations of HNPb'°"n of 39 ng/ml or more 
(pp < 0.05) For N. meningitidis H44/76 and rfaC LOS, the binding of HNPbio,in was significant 
forr concentrations HNPbio,in of 78 ng/ml or more (p < 0.05). HNPbi0,in bound significantly to 
S.S. minnesota Re LPS at concentrations of 2.5 ng/ml or more (p < 0.05). 
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resultedd in a lower bacterial adherence compared to the adherence occurring when 

bacteriaa and defensins were added simultaneously (figure 6). These experiments 

showedd that pre-exposure of defensins as well as the HNP-LOS mixtures did increase 

thee adherence of N. meningitidis strain H44/76 above baseline levels, but this 

adherencee was lower than that observed when defensins were added simultaneously 

withh the bacteria. This inhibiting effect is most likely due to the interaction of 

defensinss with the epithelial cells rather than due to a direct inhibitory effect by 

defensinss bound to the purified LOS, since subsequent addition of bacteria and 

defensinss restored the defensin-enhanced adherence. 

Too determine whether purified LOS influenced epithelial cells, resulting into the 

defensin-enhancedd adherence, 100 ug/ml of purified LOS from N. meningitidis strain 

H44/766 was added to the HEp-2 epithelial cells for 1 hr prior the addition of 
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Figuree 6. Effect of mixtures of purified LOS and defensins on the defensin-enhanced 
adherencee of N. meningitidis H44/76. LOS (100 ug/ml) of N. meningitidis strain H44/76 was 
preincubatedd at 37°C with HNP 1-3 (20 ug/ml) for 1 hr. These HNP-LOS mixtures were used 
directlyy in the adherence assays or pre-exposed to the HEp-2 cells at 37°C for one additional 
hr.. As a control, defensins were pre-exposed to the HEp-2 cells at 37°C for 1 hr. The 
adherencee was analyzed by light microscopy. The results are the average and SEM of three 
differentt experiments each performed in duplicate. *, p < 0.001 compared to the adherence of 
H44/766 in the absence of defensins; #, p < 0.001 compared to the adherence of 
H44/76+HNP1-3. . 
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N.N. meningitidis H44/76 bacteria. Using the colony counting method, the (defensin-

enhanced)) adherence of strain H44/76 after the pre-exposure of HEp-2 cells to LOS 

wass similar to the adherence in the absence of LOS, with 4.1 -4.6 CFU/cell for the 

adherencee in the absence of defensins and 31-44 CFU/cell in the presence of defensins 

(figuree 2A). The adherence of the LOS deficient mutant IpxA to HEp-2 cells in the 

presencee and absence of LOS and defensins did not differ and was low being only 

approximatelyy 0.01 CFU/cell (figure 2B). These data suggested that LOS pretreatment 

off  epithelial cells did not affect the adherence of N. meningitidis in the absence and 

presencee of neutrophil defensins. 

Discussion n 

Thee results from the present study demonstrated that neutrophil defensins enhanced 

thee adherence of H. influenzae and N. meningitidis wild type strains to respiratory 

epitheliall  cells, whilst the adherence of the LOS negative mutant IpxA of 

N.N. meningitidis was not enhanced. Various LOS mutants with mutations in the 

oligosaccharidee chain showed a much lower increase in adherence than the wild type 

strains.. This observation indicated that LOS was involved in the defensin-enhanced 

adherence. . 

Subsequentt binding studies of defensins to LOS showed binding of HNPbl01m to 

purifiedd LOS of H. influenzae and N. meningitidis. The results of these experiments 

weree in agreement with the results as observed for the adherence studies, except for 

H.H. influenzae htrB mutant B29. The adherence of this mutant was poorly enhanced by 

defensins,, whereas HNPbl0tin bound to LOS of this H. influenzae htrB mutant. 

Interactionss of defensins with LOS and LPS have been reported. Although toxic 

effectss of the LPS of Gram-negative bacteria were neutralized by the interaction with 

variouss antimicrobial peptides, including defensins, defensins preferably neutralized 

thee toxic effects of rough types of LPS, lacking the O-specific side chains [27]. 

BordetellaBordetella pertussis, a bacterial species characterized by the presence of LOS, was 

moree susceptible to antimicrobial peptides than Bordetella bronchiseptica, having 

LPSS containing O-specific side chains [2]. LOS of H. influenzae, N. meningitidis and 

B.B. pertussis is characterized by the lack of the O-specific side chains [4]. These data 

suggestedd that defensins bind functionally preferably to bacteria with LOS. Therefore, 

itt is tempting to speculate that the longer O-specific side chains mask the binding site 

forr defensins to LPS. Such a binding site may be the lipid A part of the LOS structure. 
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Ourr lipid A deficient N. meningitidis mutants IpxLl, IpxLl and IpxA, showed no 

adherencee in the presence of defensins, and the increase in adherence of H. influenzae 

htrBhtrB mutant B29 was slight. These mutants lacked one or two secondary fatty acid 

chainss in their lipid A, leading to a penta- or hexa-acylated lipid A structure. This 

findingfinding suggested that defensins enhanced the bacterial adherence by binding to the 

secondaryy fatty acid chains in the lipid A. Previously, it has been reported that 

resistancee to antimicrobial peptides was associated with modifications in the lipid A. 

Forr S. typhimurium, the resistant pmrA and phoP-phoQ mutants have an addition of 

aminoarabinosee to lipid A phosphate groups and addition of a palmitate resulting in a 

hepta-acylatedd lipid A [13,14,16]. Furthermore, Pseudomonas aeruginosa isolates 

withh specific lipid A, containing aminoarabinose and palmitate, have been cultured 

fromm patients with CF and these isolates were resistant to antimicrobial peptides [6]. 

Thesee observations might indicate that defensins preferably interact with hexa-

acylatedd lipid A. 

Despitee the binding of defensins to purified LOS, the defensin-enhanced 

adherencee of N. meningitidis was not inhibited by purified LOS of N. meningitidis, 

indicatingg that binding of defensins to LOS is not the only requirement for enhanced 

bacteriall  adherence. This conclusion is supported by the finding that the adherence of 

latexx beads coated with purified LOS from N. meningitidis or H. influenzae to 

epitheliall  cells was not stimulated by defensins (Gorter et al., unpublished 

observations).. However, it may be that the binding of defensins to LOS depends on 

thee configuration of the LOS, since the configuration of purified LOS is different 

fromm the LOS configuration in bacterial membranes [40]. Another explanation for the 

findingg that purified LOS did not inhibit the defensin-enhanced adherence may be that 

otherr components of the bacterial outer membrane than LOS are involved in the 

defensin-enhancedd adherence. A major role of outer membrane protein is not very 

likely,, since the defensin-enhanced adherence of the various isogenic LOS mutants 

differed.. In addition, defensins can interact with phospholipids in bacterial 

membraness [7,48]. Therefore, multiple bindings sites for defensins are available on 

thee surface of these bacteria. Light microscopy revealed the presence of bacterial 

aggregatess on some of the epithelial cells, in particularly for the IpxA mutant of 

N.N. meningitidis. This mutant has more negatively charged phospholipids in its outer 

membranee compared to the other LOS mutants [36]. Therefore, the aggregates might 

bee the result of an interaction of defensins with the bacterial phospholipids. Binding 

off  HNPb,otm to whole cells of E. coli and S. typhimurium, both having LPS, was 
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observed,, whereas no binding of HNP ,otin to purified LPS of S. minnesota occurred. 

Thesee observations suggested that the binding of defensins to the whole cells could be 

thee result of binding of defensins to phospholipids. Since the adherence of E. coli is 

nott enhanced by defensins [11], it is not likely that phospholipids are involved in the 

defensin-enhancedd adherence. 

Whatt could be the mechanism by which defensins stimulate the adherence of 

certainn bacterial species? Neutrophil defensins interact with negatively charged 

membraness in general [7]. Upon binding, defensins form multimers which are inserted 

inn the membranes to form voltage dependent channels, which are suggested to 

contributee to the antimicrobial properties of defensins [22,48]. Although defensins did 

nott enhance the adherence of E. coli [11], they are capable of killing E. coli in vitro 

[24].. This apparent discrepancy in the antimicrobial effects of defensins and the 

defensin-enhancedd adherence for E. coli, suggests that different mechanisms are 

involvedd in the antimicrobial activity of defensins and the stimulatory effects on 

bacteriall  adherence. This is further supported by our observation that defensin-

enhancedd bacterial adherence occurred in culture medium under conditions that 

clearlyy restrict antibacterial activity of defensins due to the salt concentration in the 

culturee medium. 

Ourr adherence studies revealed that the defensins may stimulate the adherence 

throughh binding to the secondary fatty acid chains in the lipid A of H. influenzae and 

N.N. meningitidis LOS. Defensins bound to purified LOS from N. meningitidis and 

H.H. influenzae, whereas this purified LOS did not inhibit their defensin-enhanced 

adherence.. This suggested that the conformation of the LOS is probably important in 

thee defensin-enhanced adherence. If defensins are allowed to bind to the epithelial 

cellss or bacteria separately, the enhancing effect of defensins on the bacterial 

adherencee was much lower compared to the defensin-enhanced adherence if bacteria 

andd epithelial cells are exposed to the defensins at the same time [10]. This suggested 

thatt defensins may form a bridge between the exposed lipid A part of the bacteria and 

thee epithelial cells. 

Wee have shown that the epithelial cells must be metabolic active to observe the 

defensin-enhancedd bacterial adherence [10]. In this study, pre-exposure of the 

epitheliall  cells with defensins alone or the mixtures of defensin and purified LOS 

reducedd the enhanced bacterial adherence phenomenon of the defensins. Since 

defensinss can be internalized into the epithelial cells upon binding [28], it is likely that 

inn our pre-exposure experiments the defensins and the HNP-LOS mixtures are 
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internalized,, thus preventing them for enhancing the bacterial adherence. This is 

supportedd by the observation that the enhanced adherence phenomenon was restored 

afterr addition of fresh defensins together with the bacteria. Stimulation of the 

epitheliall  cells with purified LOS did not influence the defensin-enhanced adherence, 

suggestingg that the stimulation with purified LOS did not e.g. increase a receptor of 

thee epithelial cells by which defensins enhanced the bacterial adherence. However, the 

differencess in configuration of purified LOS compared to LOS in the bacterial 

membranee could also be important in these experiments. 

Inn conclusion, the data in this study showed that the structure of the lipid A part of 

LOS,, including the secondary fatty acid chains, is important for the defensin-

enhancedd adherence of N. meningitidis and H. influenzae. The mechanism by which 

defensinss and LOS interact with epithelial cells to promote bacterial adherence 

remainss to be resolved. 
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Abstract t 

Neutrophilss are involved in inflammatory process in patients with chronic bronchitis 

andd with chronic obstructive pulmonary disease (COPD). Neutrophils contain a 

varietyy of antimicrobial peptides, such as neutrophil defensins, that kill micro-

organismss and may contribute to the airway inflammation by induction of the release 

off  pro-inflammatory cytokines by epithelial cells. Bacteria such as H. influenzae 

colonizee such inflamed airways and cause recurrent infections in COPD patients. In 

thiss study, we showed that H. influenzae and neutrophil defensins synergized in 

increasingg the release of IL-6 and IL-8 by the airway epithelial cell line NCI-H292, by 

increasingg the IL-6 and IL-8 release more than 3-fold (p < 0.02). The synergy in the 

IL-66 and IL-8 release was mainly observed using relatively low bacterial load (105 

andd 106 CFU/ml) and low concentrations of defensins (20 ug/ml) after 24 hr of 

exposure.. IL-6 and IL-8 mRNA in NCI-H292 cells was also increased upon exposure 

too H. influenzae and defensins. Exposure to H. influenzae and neutrophil defensins 

comparedd to both stimuli alone had no detectable effect on the activity of the 

transcriptionn factor NF-KB, and only a moderate effect on AP-1 and C/EBP. In the 

presencee of H. influenzae and defensins the stability of the IL-6 and IL-8 mRNA was 

increased,, suggesting that the synergism was mainly post-transcriptionally regulated. 

Sincee COPD patients, especially those with bacterial infections, have chronically 

inflamedd airways, it is likely that the observed IL-6 and IL-8 release contributes to the 

inflammationn in the COPD patients. 
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Introductio n n 

Thee airways of patients with chronic bronchitis and chronic obstructive pulmonary 

diseasee (COPD) are chronically inflamed [3]. This inflammatory process may 

predisposee to bacterial colonization and (recurrent) infection of the lower respiratory 

tract,, with Haemophilus influenzae as one of the most frequently isolated pathogens 

[13].. H. influenzae persists in the airways of these patients, despite the abundant 

presencee of bactericidal antibodies and neutrophils [13]. Neutrophils contain a variety 

off  antimicrobial peptides, including neutrophil defensins. Defensins (also referred to 

ass human neutrophil peptide [HNP]) are small cationic peptides with a broad 

spectrumm of antimicrobial activities [9,10,18] and toxic activity for mammalian cells 

[17,26]. . 

Previously,, we have shown that defensins affect the interaction of H. influenzae 

withh epithelial cells by enhancing bacterial adherence, a process for which 

metabolicallyy active epithelial cells are required [11,12]. Since both H. influenzae 

[4,16,23]]  and neutrophil defensins [27,28] induce the release of the pro-inflammatory 

cytokiness interleukin-6 (IL-6) and IL-8, we determined whether defensins affect the 

IL-66 and IL-8 release induced by H. influenzae. This is of particular interest because 

bothh IL-6 [15,22] and IL-8 [1] are key mediators in neutrophilic inflammation. The 

lungg mucoepidermoid carcinoma derived epithelial cell line NCI-H292 was used as a 

modell  to analyze this interaction, since this cell line was previously used for the 

adherencee studies with H. influenzae and defensins [11,12], as well as for unraveling 

regulatoryy mechanisms in the IL-6 and IL-8 responses [19,20]. 

Inn this study, we showed that in the presence of neutrophil defensins, 

H.H. influenzae synergistically increased IL-6 and IL-8 release by NCI-H292 epithelial 

cells.. The increased IL-8 release was mainly due to increased stability of the IL-8 

mRNA. . 

Material ss and Methods 

Bacteriall  strains and culture 

HaemophilusHaemophilus influenzae strains A850048 and A950006 were cultured on chocolate agar 
platess (Oxoid, Haarlem, The Netherlands). These strains were used in previous studies 
[11,12,25]]  and were in vitro non-adherent and adherent, respectively, to NCI-H292 cells. The 
bacteriaa were resuspended in PBS at a density of OD6oonm of 1 (~ 109 CFU/ml). These 

87 7 



SYNERGISTICC INCREASED IL-8 RELEASE 

suspensionss were used for the adherence assays. For the analysis of cytokine release, 10-fold 
dilutionss in PBS were made. 

Celll  culture 

NCI-H2922 cells (ATCC CRL 1848) [2] were maintained in RPM1 1640 medium {In Vitrogen, 
Paisley,, UK) supplemented with 10% fetal calf serum (FCS). The cells were maintained in the 
absencee of antibiotics and grown in 25 or 75 cm2 culture flasks (Falcon) at 37°C in a 
humidifiedd atmosphere containing 5% CO2. For the analysis of cytokine release, 3x10 cells 
weree plated and grown overnight in 500 ul in 24-wells plates. For the analysis of mRNA and 
thatt of transcriptional activity, 15x10 cells were plated and grown overnight in 2.5 ml in 
6-wellss plates. For the adherence assays. 3x10' cells were plated and grown overnight in 500 
ull  in 24-wells plates on round glass coverslips (12 mm diameter) (Menzelglaser, 
Braunschweitz,, Germany). The culture medium was replaced by RPM1 1640 medium without 
FCSS and incubated for another night prior to the addition of bacteria and/or defensins. 

Isolationn of neutrophil defensins 

Thee neutrophil defensins were isolated as a mixture of FfNP-1, HNP-2, and HNP-3 from an 
aceticacetic acid extract obtained from human neutrophilic granules using gel filtration 
chromatographyy on Sephacryl S-200 HR (2.5x100 cm) (Pharmacia, Uppsala, Sweden) as 
describedd [27]. The purity of the defensins was assessed by SDS-PAGE and acid urea-PAGE 
andd mass spectrometry [14,27]. 

Exposuree of NCI-H292 cells to bacteria and defensins 

Cellss were exposed in serum-free RPMI medium to H. influenzae (106 CFU/ml), and 20 
ug/mll  HNP1-3, unless mentioned otherwise. They were added in 1 ml final volume for both 
24-- and 6-wells plates. As a positive control, TNF-ct (Sigma Chemical Co, St Louis, MO; 
200 ng/ml in 24-well plates and 5 ng/mi in 6-wells plates) was used. Four hr after the initial 
exposure,, 3 (xg/ml chloramphenicol was added to all wells. This concentration of 
chloramphenicoll  caused bacterial growth inhibition, as determined by colony counts after 24 
hrr incubation and did not affect IL-6 and IL-8 release. In selected experiments, heat-
inactivatedd bacteria (56°C for 30 min) and purified lipooligosaccharide (LOS) from 
H.H. influenzae strain 770235 (100 ug/ml) were used. To examine the effect of dexamethasone 
(dex)) on IL-6 and IL-8 release, the cells were co-exposed to 1 uM dexamethasone (Sigma 
Chemicall  Co). 

Afterr the appropriate time of stimulation, the culture supernatants from the 24-wells 
platess were collected and stored at -20°C until analysis. The NCI-H292 cells from the 6-wells 
platess were lyzed with TRIzol reagent (In Vitrogen) to isolate RNA according to the 
manufacturer'ss protocol. Alternatively, after the exposure of the epithelial cells grown in 
6-wellss plates, nuclear extracts were prepared (as outlined below). 

Determinationn of IL- 6 and IL- 8 proteins 

Thee concentrations of IL-6 and IL-8 in culture supernatants were measured using ELISA kits 
fromm Sanquin (Amsterdam, The Netherlands) according to the manufacturer's protocol. 
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RNAA analysis 

IL-66 and IL-8 mRNA were determined as described [19,20]. Briefly, RNA was dot spotted 
andd hybridized with specific 32P-labeled probes for IL-6 or IL-8. The mRNA levels were 
quantifiedd using a phosphorimager and variable loading was corrected by expressing mRNA 
levelss relative to the housekeeping GAPDH mRNA. The stability of IL-6 and IL-8 mRNA 
waswas analyzed following co-incubation with actinomycin D (5 fig/ml) (Sigma Chemical Co) 
forr 0, 40, and 80 min, after 8 and 24 hr of exposure to H. influenzae and defensins. 

Isolationn of nuclear  extracts and electrophoretic mobilit y shift assay (EMSA) 

Nuclearr extracts were isolated as described [19,20]. Protein concentrations were measured 
usingg a protein assay kit (Bio-Rad, Hercules, CA). Two ug of the nuclear extracts were 
incubatedd with 32P-labeled oligonucleotides at 4°C for 1 hr as described [19,20] and separated 
onn a 4% non-reducing poly-acrylamide gel at slowly increasing voltages (80-200V). The 
specificityy of the bands was confirmed by supershift using 1 ug of antibodies against 
C/EBP-pp for C/EBP, p65 for NF-KB, and c-fos and c-jun for AP-1, (Santa Cruz biotechnology 
Inc.,, Santa Cruz, CA). The intensity of the bands were quantified using a phosphorimager. 
Thee following oligonucleotides were used in the EMSA: NF-KB, 5'-
TTGCAAATCGTGGAATTTCCTCTGACATAA-3';; C/EBP, 5'-TTAAAGGACGTCACA 
TTGCACAATCTTAATAA-3' ;; AP-1, 5'-TTAAGTGTGATGACTCAGGTTTAA-3\ 

Bacteriall  adherence assay 

Thee adherence assay was used as described [11,12,25] to determine whether adherence of the 
H,H, influenzae strains was affected by the presence of 1 uM dexamethasone. Briefly, the 
mediumm covering the cells grown on glass coverslips was replaced with RPMI 1640 medium 
withoutt FCS. Bacteria and defensins were added in rapid succession at final concentrations of 
1088 CFU/ml and 20 |xg/ml, respectively. After 4 hr of incubation and subsequent washing, the 
cellss were fixed in 4% paraformaldehyde and 1% glutaraldehyde and the number of adherent 
bacteriaa was counted using light microscopy [11,25]. 

Statisticall  analysis 

Thee data were statistically analyzed by a student's t-test and differences were considered 
significantt at p < 0.05. 

Results s 

Synergisticc effect of H. influenzae and defensins on IL- 6 and IL- 8 release by 

NCI-H2922 cells 

Thee effect of H. influenzae and neutrophil defensins on IL-6 and IL-8 release by 

NCI-H2922 cells was determined. In initial experiments, cells were exposed to 

1066 CFU/ml of the non-adherent H. influenzae strain A850048 or to 20 ug/ml 
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neutrophill  defensins or to a combination of both. IL-6 release was not observed after 

66 hr exposure to H. influenzae strain A850048 alone or defensins alone. However, 

exposuree to the combination of//, influenzae strain A850048 and defensins resulted in 

aa low release of IL-6 (table 1). The IL-8 release after 6 hr exposure was low for 

//.. influenzae strain A850048 alone and defensins alone. The combination of 

//.. influenzae strain A850048 and defensins resulted in a non-significant 2-fold 

increasedd IL-8 release (table 1). These results indicated that the IL-6 and IL-8 release 

mayy occur more rapidly in the presence of both H. influenzae and defensins. Exposure 

forr 24 hr to either H. influenzae strain A850048 or defensins resulted in a limited 

releasee of IL-6 (table 1). The combination of H. influenzae and defensins 

synergisticallyy increased the IL-6 release 3-fold compared to the IL-6 release by either 

//.. influenzae or defensins (p < 0.04). Similarly, the IL-8 release by NCI-H292 cells 

wass 3-fold enhanced upon exposure to the combination of//, influenzae A850048 and 

defensinss compared to the release after exposure to H. influenzae alone and defensins 

alonee (p < 0.001) (table 1). These results indicated that H. influenzae and neutrophil 

defensinss synergistically enhanced IL-6 and IL-8 release by NCI-H292 cells. 

Exposuree for 30 hr with H. influenzae strain A850048 alone resulted in increased IL-6 

levelss compared to that after 24 hr, diminishing the synergistic effect of defensins on 

thee IL-6 release (table 1). For IL-8, the synergism was still observed after 30 hr of 

exposuree to H. influenzae strain A850048 and defensins (p < 0.05) (table 1). 

Tablee 1. Levels of IL-6 and IL-8 in cell culture supernatant of NCI-H292 cells after 

6,, 24, and 30 hr of exposure to H. influenzae (Hi) strain A850048 (106 CFU/ml), 

defensinss (HNP1-3, 20 ug/ml), or a combination of both. 

control l 

Hi i 

HNP P 

Hi+HNP P 

6hr r 

IL-6a a 

<< 10 

<< 10 

<< 10 

222 5 

IL-8a a 

<< 15 

233 7 

244 9 

666 6 

IL-6a a 

<< 10 

355  22 

244 7 

1822 * 

244 hr 

IL-811 1 

<< 15 

9 9 

1533  101 

10900 * 

300 hr 

IL-6a a 

<< 10 

2844  172 

244 4 

3677  89 

IL-8a a 

<< 15 

6366  238 

1000 4 

* * 

dataa are expressed as the average  SEM (pg/ml) for three independent experiments, 
eachh performed in triplicate. 
pp < 0.05 compared to Hi A850048 alone, to defensins alone, and to the sum of both. 
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Wee next determined the IL-6 and IL-8 release following exposure to various 

CFU/mll  of//, influenzae strain A850048 and various concentrations of defensins after 

244 hr of exposure. At 105 and 106 CFU/ml of//, influenzae, defensins synergized in 

bothh IL-6 and IL-8 release (figure 1). A more than 5-fold increased IL-6 release was 

foundd for 105 CFU/ml of H. influenzae and 10 or 20 ug/ml defensins (p < 0.005) 

comparedd to the exposure to either H. influenzae or defensins (figure 1A). For 

1066 CFU/ml of//, influenzae and 2, 10 or 20 ug/ml neutrophil defensins, a more than 

3-foldd increase (p < 0.02) was observed compared to either H. influenzae or defensins 

(figuree 1A). Similarly, IL-8 release increased more than 3-fold with 105 and 106 

CFU/mll  of bacteria and 10 or 20 ug/ml of neutrophil defensins (p < 0.04) (figure IB). 

Higherr concentration of H. influenzae (107 and 108 CFU/ml) in combination with 

defensinss did not result in a further increased IL-6 and IL-8 release (figure 1). These 

resultss indicated that the synergism of H. influenzae and defensins was most 

prominentt at low amounts of bacteria. 

noo bacteri a 10'CFU/m l l 1066 CFU/ml 107 CFU/ml 108 CFU/ml 

400 0 
350 0 

—— 30 0 
ÜÜ 25 0 
SS 20 0 
«TT 15 0 
dd 10 0 jjiiLiittl l 

00 2 10 20 0 2 10 20 0 2 10 20 0 20 

00 20 

^^ 400 -
2000 - jttik k 

00 2 10 20 0 2 10 20 0 2 10 20 0 20 

HNP1-33 (MQ/ml) 

00 20 

Figuree 1. The release of IL-6 (A) and IL-8 (B) by NCI-H292 cells after 24 hr exposure to 
variouss numbers of H. influenzae (Hi) strain A850048 and various concentrations of 
neutrophill  defensins (HNP1-3). The results are expressed as the average and SEM of at least 
threee independent experiments, each performed in triplicate. *, p < 0.05 compared to the IL-6 
andd IL-8 levels released after exposure to either H. influenzae or defensins as well as to their 
sum. . 
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Too determine whether this synergism was also observed for an adherent strain, 

thee effects of exposure of the cells to H. influenzae strains A850048 and A950006 

weree compared. Exposure for 24 hr to both H. influenzae strains (106 CFU/ml) in 

250 0 

noo bacteria Hii A50048 
viable e 

HiA50048 8 
C C 

HiA9500066 HiA950006 

viable e C C 

Figuree 2. The release of IL-6 (A) and IL-8 (B) by NC1-H292 cells after 24 hr exposure to 
1066 CFU/ml H. influenzae strain A850048 or A950006 in the absence (-) and presence (+) of 
200 ng/ml neutrophil defensins (HNP1-3). Viable or heat-inactivated (56°C for 30 min) 
H.H. influenzae strains were used. The results are expressed as the average and SEM of at least 
threee independent experiments, each performed in triplicate. *, p < 0.05 compared to the IL-6 
orr IL-8 levels released after exposure to either H. influenzae or defensins as well as to their 
sum;; ** , p < 0.05 compared to the IL-6 or IL-8 levels released after exposure to either 
H.H. influenzae or defensins. 
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combinationn with defensins (20 ug/ml) resulted in a more than 3-fold increased IL-6 

andd IL-8 release compared to the IL-6 and IL-8 release upon exposure to either 

H.H. influenzae strain A850048, A950006 or defensins alone (p < 0.04) (figure 2). 

Exposuree of heat-inactivated H. influenzae strain A850048 or strain A950006 to the 

NCI-H2922 cells resulted in a slightly higher IL-6 release compared to the viable 

strainss (figure 2A). This IL-6 release was 1.8-fold increased in the presence of 

defensinss (not significantly). IL-8 release upon exposure to the combination of heat-

inactivatedd H. influenzae strain A850048 and defensins was still significantly more 

thann 2-fold increased (p < 0.05) compared to either heat-inactivated H. influenzae or 

defensinss (figure 2B). This suggested that a heat-stable bacterial component is 

involved.. Since lipooligosaccharide (LOS) from H. influenzae is a heat-stable 

componentt and LOS induces IL-6 and IL-8 release by epithelial cells [23], we studied 

whetherr purified LOS displayed a similar synergism with defensins on the IL-6 and 

IL-88 release as shown for defensins and H. influenzae bacteria. Exposure for 24 hr to 

1000 ug/ml purified LOS from H. influenzae, resulted in a release of 211 3 pg/ml 

IL-66 and 322  122 pg/ml IL-8 (n = 3). The combination of purified LOS and 

defensinss (20 ug/ml) did not affect the release of these cytokines by the NCI-H292 

cellss compared to the release by LOS alone and defensins alone (IL-6: 99  31 pg/ml 

andd IL-8: 229  77 pg/ml). Therefore, LOS did not mimic the synergistic effect of 

bacteriaa and defensins on the cytokine release by NCI-H292 cells. 

Effectt  of/ƒ. influenzae and neutrophil defensins on IL- 6 and IL- 8 mRNA levels 

Too examine the mechanism by which H. influenzae and defensins synergized in the 

IL-66 and IL-8 release, we first determined IL-6 and IL-8 mRNA expression in time. 

Theree was no apparent increase in the IL-6 mRNA level after exposure to defensins 

(200 \iglm\). Upon exposure to H. influenzae alone (106 CFU/ml), the level of IL-6 

mRNAA was slightly increased after 24 hr, but not yet after 8 hr (figure 3A). Exposure 

too H. influenzae (106 CFU/ml) and defensins (20 ug/ml) increased IL-6 mRNA levels 

byy 2.5-fold at 24 hr as compared to that with bacteria alone (non-significant). IL-8 

mRNAA levels were also increased after 24 hr exposure to H. influenzae (figure 3B), 

butt only slightly further increased by H. influenzae and defensins (non-significant). 

Exposuree to defensins did not increase IL-8 mRNA levels in NCI-H292 cells. These 

resultss indicated that the IL-6 and IL-8 mRNA levels were only increased after more 

thann 8 hr exposure to H. influenzae and defensins. 
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-OO Hi A850048+HNP 
-AA HA850048 
- •• HNP1-3 
-X-- - - control 

00 4 8 12 16 

Stimulatio nn tim e (hr) 

Figuree 3. IL-6 (A) and IL-8 (B) mRNA levels in NC1-H292 cells after exposure to 
H.H. influenzae strain A850048 (106 CFU/ml) and neutrophil defensins (HNP1-3, 20 ug/ml). 
Thee results are expressed as the fold increase compared to resting, non-exposed cells. The 
averagee and SEM of three independent experiments, each performed in duplicate or triplicate 
aree shown. 

Transcriptiona ll  activity of transcriptio n factors N F - K B , C/EBP and AP-1 

IL- 66 gene transcription in TNF-a- and LPS-stimulated NCI-H292 cells is dependent 

onn transcription factor CCAAT/enhancer binding protein (C/EBP) [19] and the 

productionn of IL-8 on nuclear factor KB ( N F - K B) and activator protein-1 (AP-1) [20]. 

Too determine whether the synergism between H. influenzae and defensins is related to 
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TNF F 

1 1 
control l HNP P Hii + HNP ss s 

11 2 4 24 1 44 24 1 2 4 24 1 244 p65 

control l Hii + HNP 

Figuree 4A. The DNA-binding activities for NF-KB in nuclear extracts of NCI-H292 cells 
uponn exposure to H. influenzae strain A850048 (106 CFU/ml) and neutrophil defensins 
(HNP1-3,, 20ug/ml). The upper part of the figure shows a representative electrophoretic 
mobilityy shift assay (EMSA) gel and the lower part the quantification the gels from three 
independentt experiments. The arrows indicate the specific bands. The supershift (ss) as 
determinedd using specific antibody against the p65 subunit of NF-KB for the samples after 24 
hrr exposure to the combination of H. influenzae and defensins is indicated on the right part of 
thee gel. 
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TNFF control Hi HNP Hi + HNP ss 

11 1 2 4 24 1 2 4 24 1 2 4 24 1 2 4 24 C/EBP-p 

11 1 2 4 24 1 2 4 24 1 2 4 24 1 2 4 24 

TNFF control Hi HNP Hi + HNP 

Figuree 4B. The DNA-binding activities for C/EBP in nuclear extracts of NCI-H292 cells 
uponn exposure to H. influenzae strain A850048 (106 CFU/ml) and neutrophil defensins 
(HNP1-3,, 20ug/ml). The upper part of the figure shows a representative electrophoretic 
mobilityy shift assay (EMSA) gel and the lower part the quantification the gels from three 
independentt experiments. The arrow indicate the specific bands. The supershift (ss) as 
determinedd using specific antibody against the C/EBP-P subunit of C/EBP for the samples 
afterr 24 hr exposure to the combination of H. influenzae and defensins is indicated on the 
rightt part of the gel. 
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TNFF contro l Hi i HNPP Hi + HNP ss 

11 1 2 4 24 1 2 4 24 1 2 4 24 1 2 4 24 fos jun 

• • 

TNF F contro l l Hii  + HNP 

Figuree 4C. The DNA-binding activities for AP-1 in nuclear extracts of NCI-H292 cells upon 
exposuree to H. influenzae strain A850048 (106 CFU/ml) and neutrophil defensins (HNP 1-3, 
20ug/ml).. The upper part of the figure shows a representative electrophoretic mobility shift 
assayy (EMSA) gel and the lower part the quantification the gels from three independent 
experiments.. The arrow indicate the specific bands. The supershift (ss) as determined using 
specificc antibody against respectively the fos and jun subunit of AP-1 for the samples after 
244 hr exposure to the combination of H. influenzae and defensins is indicated on the right part 
off  the gel. 
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ann increased activation (i.e. increased nuclear localization and specific binding 

capacity)) of the relevant transcription factors, we performed electrophoretic mobility 

shiftt assays (EMSA) with nuclear extracts. NCI-H292 cells were exposed for 1, 2, 4 

andd 24 hr to either H. influenzae strain A850048 (106 CFU/ml) or defensins 

(200 ug/ml) or a combination of both, after which nuclear extracts were obtained. The 

specificc bands were identified by a specific antibody-induced shift, as shown in the 

rightt lanes of figure 4. For all conditions, no clear activation of the transcription 

factorss was observed. Only after 24 hr of exposure to defensins or the combination 

H.H. influenzae and defensins, a slightly increased activation of C/EBP and AP-1 was 

observed.. These results indicated that the synergism by H. influenzae and defensins in 

IL- 66 and IL-8 release was not mainly due to an increased transcriptional activity. 

88 hr st imulat ion B B 244 hr st imulation 

Hii A 850048 + HNP 
HNP1-3 3 
Hii A 850048 

Hii A850048 + HNP 
HNP1-3 3 
Hii A850048 

200 40 60 80 

00 20 40 60 80 

timee after addition of actinomycin D (min) 

Figuree 5. Stability of IL-6 (A,B) and IL-8 (C,D) mRNA after 8 hr (A,C) and 24 hr (B,D) of 
exposuree to H. influenzae strain A850048 (106 CFU/ml) and neutrophil defensins (HNP 1-3, 
200 ug/ml). The results are expressed as the average and SEM of five different experiments, 
eachh performed in duplicate or triplicate. *, p < 0.05 compared to the rate of mRNA 
degradationn upon exposure to either H. influenzae or defensins alone; ", p < 0.01 compared to 
thee rate of mRNA degradation upon exposure to H. influenzae alone. 
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Stabilityy of mRNA for  IL- 6 and IL- 8 

Previouss studies have indicated that mRNA degradation plays an important role in 

regulatingg IL-6 and IL-8 mRNA expression [7]. To determine whether the synergism 

inn IL-6 and IL-8 mRNA release was dependent on a prolonged half-life for IL-6 and 

IL-88 mRNA, mRNA half-lives were assessed after 8 and 24 hr of exposure to 

H.H. influenzae strain A850048 (106 CFU/ml) and defensins (20 ug/ml). For IL-6 

mRNAA at 8 and 24 hr of exposure and for IL-8 mRNA at 8 hr of exposure, no 

differencess in mRNA stability were observed for the different stimuli (figure 5). IL-8 

mRNAA degradation in cells after 24 hr of exposure to H. influenzae and defensins, 

however,, revealed mRNA stabilization (figure 5). This stabilization was significant at 

400 min after the addition of actinomycin D as opposed to that in cells exposed to 

H.H. influenzae alone or defensins alone (p < 0.04) and significant at 80 min after the 

additionn of actinomycin D compared to H. influenzae alone (p < 0.008). Defensins 

alonee tended to increase the half-life of IL-8 mRNA, but this was not significant 

comparedd to the exposure to H. influenzae alone. These results indicated that the 

synergismm between H. influenzae and defensins in IL-8 release was, at least in part, 

duee to an increased stability of IL-8 mRNA. 

Effectt  of dexamethasone on the cytokine release 

Corticosteroidss exert anti-inflammatory effects by modulating the expression of many 

inflammatoryy mediators such as that of IL-6 and IL-8 [5]. In this study, the effect of 

thee corticosteroid dexamethasone on the synergistically increased release of IL-6 and 

Tablee 2. Effect of dexamethasone (dex, 1 uM) on the adherence of H. influenzae to 

NCI-H2922 cells in the presence and absence of neutrophil defensins (HNP1-3, 

200 ug/ml) 

A850048 8 

A8500488 + HNP1-3 

A950006 6 

A9500066 + HNP1-3 

control l 

0 0 

138 8 

23 3 

126 6 

Adherence e 

range e 

(108-179) ) 

(13-35) ) 

(96-172) ) 

.a a 

dex x 

0 0 

137 7 

26 6 

106 6 

range e 

(99-197) ) 

(12-59) ) 

(94-117) ) 

adherencee (bacteria / epithelial cell) as determined by light microscopy of two different 
experimentss performed in duplicate 
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IL- 88 by NCI-H292 cells induced by H. influenzae strain A850048 and A950006 

(100 CFU/ml) and defensins (20 |ig/ml) was assessed. The adherence of both 

H.H. influenzae strains as well as the defensin-enhanced adherence of these strains were 

nott affected by 1 uM dexamethasone (table 2). Dexamethasone (1 uM) markedly 

inhibitedd IL-6 release induced by H. influenzae strain A850048 as well as strain 

A9500066 and by defensins alone (figure 6A). In contrast, dexamethasone did not 

significantlyy inhibit the IL-6 release after exposure with H. influenzae strain A850048 

2500 -, 

200 0 

EE 150 
'S) ) 

<£> > 
\\ 100 

500 -

B B 
1200 0 

1000 0 

—— 800 

O) ) 
aa 600 
oo o 

—— 400 

200 0 

HNP P 

•• control 

Qdex x 

HiA8500488 HiA850048 Hi A950006 Hi A950006 
++ HNP t-HNP P 

HNP P HiA8500488 HiA850048 Hi A950006 Hi A950006 
+HNPP +HNP 

Figuree 6. Effect of dexamethasone on the IL-6 (A) and IL-8 (B) release by NCI-H292 cells 
afterr 24 hr of exposure to H. influenzae strain A850048 (106 CFU/ml) and neutrophil 
defensinss (HNP1-3, 20 ug/ml). The results are expressed as the average and SEM of four 
independentt experiments, each performed in triplicate. *, p < 0.05 compared to the control in 
thee absence of dexamethasone. 
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andd defensins. IL-6 release after exposure to H. influenzae strain A950006 was 

significantlyy inhibited (p < 0.04). IL-8 release upon exposure to H. influenzae strain 

A88 50048 as well as strain A950006 and defensins was significantly inhibited by 

dexamethasone.. These results indicated that the synergistic increased IL-6 and IL-8 

releasee was sensitive to dexamethasone. 

Discussion n 

Thee results from the present study showed that the combination of H. influenzae and 

neutrophill  defensins synergistically increased the production of the pro-inflammatory 

cytokiness IL-6 and IL-8. The underlying mechanism involved at least stabilization of 

IL-88 mRNA. IL-6 and IL-8 release induced by H, influenzae and defensins was 

sensitivee to downregulation by the corticosteroid dexamethasone. 

Thee increased release of IL-6 and IL-8 was apparent already 6 hr after exposure 

too defensins together with a relatively low bacterial load of 106 CFU/ml. At 24 hr of 

exposure,, the synergistic effect was predominantly seen with low bacterial loads 

(1055 and 106 CFU/ml). These findings may indicate that in the respiratory tract of 

COPDD patients, the inflammatory processes are affected by the combination of 

H.H. influenzae and defensins by lowering the threshold numbers of bacteria required to 

inducee a rapid inflammatory response. Thereby, the local milieu can respond quickly 

too relatively low bacterial loads. It is of interest to note that in the presence of high 

numberss of bacteria, defensins did not further increase IL-6 and IL-8 release. It may 

bee envisaged that this mechanisms limits extensive inflammation and subsequent 

tissuee damage. 

Thee synergistic increased IL-6 and IL-8 release with defensins was observed with 

viablee and heat-inactivated H. influenzae, suggesting that the relevant bacterial 

componentt was heat-stable. Although LOS of H. influenzae is heat-stable and has 

beenn shown to induce IL-6 and IL-8 release by epithelial cells [23], purified LOS 

combinedd with defensins did not synergize in the release of IL-6 and IL-8. 

Purificationn of LOS may have affected its conformational state [24], which might 

explainn the loss of synergism and thus does not exclude LOS as a relevant component 

inn the synergized IL-6 and IL-8 release. Alternatively, another heat-stable bacterial 

componentt such as peptidoglycan may be involved in the synergism between 

defensinss and bacteria in IL-6 and IL-8 release. 
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Thee induction of IL-6 and IL-8 protein by H. influenzae and defensins is slow as 

comparedd to previous studies with this cell line when exposed to TNF-oc [19,20]. This 

iss also reflected at the mRNA level, where no clear peaks were observed, but instead a 

ratherr gradual increase. The most pronounced effect was seen when H. influenzae and 

defensinss were combined, resulting in further increased IL-6 and IL-8 mRNA levels 

afterr 24 hr of exposure. Also the transcriptional activation compared to the control 

treatmentt with culture medium only, as assessed by EMSA experiments, was hardly 

observedd for H. influenzae and defensins as well as the combination of both. This is in 

linee with the findings for mRNA expression. The most significant effect was on IL-8 

mRNAA degradation, which is an important mechanism to modulate mRNA 

expression.. The combination of H. influenzae and defensins as well as defensins alone 

increasedd the stability of IL-8 mRNA after 24 hr of exposure. Previously, it was 

shownn that neutrophil defensins did not affect the stability of IL-8 mRNA in A549 

cellss after 6 hr of exposure [27]. This is in line with our results, since 8 hr exposure to 

defensinss did not affect the half life of IL-8 mRNA in NCI-H292 cells. 

Glucocorticoids,, such as dexamethasone, reduce the expression of the 

inflammatoryy cytokines by various means, such as by preventing translocation of 

transcriptionn factors to the nucleus and/or by inducing IKBO., the inhibitor of NF-KB 

[5,8,21].. Previously, it was shown that dexamethasone also promoted IL-6 and IL-8 

mRNAA degradation [6]. Since exposure of NCI-H292 cells to H. influenzae and 

defensinss resulted in a reduced IL-8 mRNA degradation and thus stability of the IL-8 

mRNA,, it may be envisaged that this increased stability will counteract the effect of 

dexamethasone.. Pre-treatment of the NCI-H292 cells for 16 hr with dexamethasone 

resultedd in a further reduced IL-6 and IL-8 release by NCI-H292 cells exposed to the 

combinationn of H. influenzae and defensins (data not shown). This is in line with the 

previouslyy described observation that after pre-treatment, dexamethasone inhibited the 

neutrophill  defensin-induced cytokine release by airway epithelial cells [28]. 

Inn summary, the results from this study show that the release of pro-inflammatory 

cytokiness IL-6 and IL-8 is synergistically increased upon exposure to H. influenzae 

andd neutrophil defensins. The synergized IL-6 and IL-8 release was most evident at 

loww bacterial concentrations. The mechanism by which the IL-8 release was 

synergisticallyy increased involved at least mRNA degradation. Since IL-8 is a 

chemoattractantt for neutrophils [1], the enhanced cytokine release may result in the 

influxx of neutrophils and consequently the release of neutrophil products, including 
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neutrophill  defensins, subsequently resulting in the defensin-enhanced adherence and 

increasedd cytokine release. Therefore, the synergistic increased cytokine release by 

H.H. influenzae and defensins at low bacterial loads likely contributes to the chronic 

inflammationn and infection as observed for the COPD patients. 
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H.H. influenzae infection of the lower respiratory tract in COPD 

patients s 

Inn healthy individuals, bacteria do not colonize on the epithelial cell layer of the lower 

respiratoryy tract. Bacteria reaching the deeper airways by inhalation and aspiration 

wil ll  be cleared from the airways by the mucociliary elevator and by killing by 

antimicrobiall  polypeptides such as (i-defensins and secretory leukocyte protease 

inhibitorr (SLPI) produced by the airway epithelial cells (figure 1). The epithelial cell 

layerr of the airways from patients with chronic obstructive pulmonary disease 

(COPD)) is damaged by cigarette smoke and by the inflammatory processes, in which 

neutrophilss are involved (figure 2). The neutrophils contain a variety of antimicrobial 

peptides,, including the neutrophil defensins that belong to the family of a-defensins 

[13,23].. Based on clinical observations, it appears that the chronically inflamed 

airwayss of COPD patients are more susceptible to bacterial infection. Therefore, we 

hypothesizedd that bacteria, such as Haemophilus influenzae, exploit the inflammatory 

processs and their components like neutrophil defensins, to enhance their adherence 

[chapterr 2]. Since bacterial adherence to epithelial cells is an important step in the 

pathogenesiss of H. influenzae infection, it is most likely that the defensin-enhanced 

bacteriall  adherence results in colonization and infection. 

mucuss Mucus layer 

Figuree 1. Schematic representation of the airways from a healthy individual. The airway 
surfacee liquid (ASL) contains antimicrobial polypeptides produced by the respiratory 
epitheliall  cells, such as P-defensins and secretory leukocyte proteinase inhibitor (SLPI). If 
bacteriaa enter the lower respiratory tract, they are cleared from the airways by the 
antimicrobiall  polypeptides as well as the mucociliary clearance. 
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MechanismMechanism of the defensin-enhanced bacterial adherence 

Thee defensin-enhanced bacterial adherence occurred in conditions where the 

defensinss did not display their antimicrobial activities [chapter 2], indicating that both 

mechanismss are distinct. For the understanding of the mechanism involved in the 

defensin-enhancedd adherence, it is important to know by which bacterial component 

orr components defensins are bound to initiate the enhanced bacterial adherence. 

Originally,, we constructed a gene bank of H. influenzae in Escherichia coli to identify 

thiss bacterial component. However, in the presence of neutrophil defensins the 

adherencee of none of the E. coli clones to the human epithelial cell line NCI-H292 

wass enhanced. Therefore, we hypothesized that a complex molecule of which the 

expressionn is regulated by multiple genes is involved. Such a molecule may be the 

lipooligosaccharidee (LOS) of//, influenzae. In addition, heat-inactivated bacteria still 

showedd the defensin-enhanced adherence [chapter 2 and 3]. The three Gram-negative 

bacteriall  species showing the defensin-enhanced adherence, H. influenzae, Moraxella 

/Wt9/Wt9 j p-defensins 
w _ yy  SLP i 

/MM /MM 

Submucosall gland 

Mucuss layer 

ASL L 

Damaged d 
epithelium m 

neutrophils s 

Figuree 2. Schematic representation of the airways from a COPD patient. The epithelium is 
damagedd and there is excessive mucus production, preventing the mucociliary clearance. 
Neutrophilss are attracted and they release their granule peptides upon activation, among 
whichh the neutrophil defensins. Under these conditions, bacteria such as H. influenzae may 
colonizee the respiratory tract, which is facilitated by defensins through enhancing bacterial 
adherence. . 
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catarrhalis,catarrhalis, and Neisseria meningitidis [chapter 3], have LOS in their outer membrane 

[8],, in contrast to E. coli and Pseudomonas aeruginosa, of which the adherence is not 

enhancedd by defensins [chapter 3] and which have lipopolysaccharide. Using LOS 

mutantss of H. influenzae and N. meningitidis, we concluded that LOS, especially the 

lipidd A part of LOS, mediated the defensin-enhanced adherence [chapter 4]. The fact 

thatt for the defensin-enhanced adherence the presence of bacteria, defensins, and 

epitheliall  cells are needed simultaneously [chapter 2], suggested that defensins form a 

bridgee between the bacteria and the epithelial cells, probably via an interaction with 

thee fatty acids of the lipid A of LOS (figure 3). The bacterial species not showing the 

defensin-enhancedd bacterial adherence, E. coli and Pseudomonas aeruginosa [chapter 

3],, have LPS in their outer membrane, which is larger than LOS. Since close contact 

betweenn the defensins and the lipid A part is likely necessary for the defensin-

enhancedd adherence (figure 3), the defensins might not be able to form a bridge 

betweenn lipid A of the large LPS molecules and the epithelial cell membrane. This 

couldd explain the fact that the defensin-enhanced adherence was only observed for 

bacteriall  species with LOS in their outer membrane. 

Althoughh our data clearly demonstrate that LOS is involved in the defensin-

enhancedd bacterial adherence [chapter 4], the mechanism is yet unknown. A problem 

withh defining the role of LOS in the defensin-enhanced adherence is that the 

configurationn of purified LOS differs from that of LOS in the bacterial membrane 

[40].. To circumvent this problem, it would be interesting to analyze the adherence of 

liposomess in which H. influenzae wild type and mutated LOS is incorporated. In this 

way,, the role of LOS in the defensin-enhanced adherence of H. influenzae can be 

analyzedd without the interference of other bacterial components. 

Effectss of defensins and bacteria on epithelial cells 

Inn the airways of COPD patients, the epithelial cell layer may be damaged [2]. It was 

shownn previously that H. influenzae preferably adhered to damaged epithelial cells 

[43].. In response to the injury, epithelial cells start to migrate and a repair process is 

initiatedd [44,45]. Since dr. E. Puchelle and colleagues (INSERM U314, Reims, 

France)) showed that P. aeruginosa adhered to the migrating epithelial cells [10,11], 

thee effect of defensins on the adherence of H. influenzae to migrating epithelial cells 

wass determined in collaboration with this group. Unpublished experiments revealed 

thatt H. influenzae adhered preferably to the migrating epithelial cells. In the presence 
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off  defensins the adherence of H. influenzae to the migrating epithelial cells was 

enhanced.. These results indicated that the defensin-enhanced adherence occurred not 

onlyy with epithelial cells in intact epithelium, but also to migrating epithelial cells. 

Outerr membrane proteins 

Bacterial l 

outerr membrane 

Epithelial l 

celll membrane ))))))\\\))\)))ïï)m)})\)))))))) ))))))\\\))\)))ïï)m)})\)))))))) 

Figuree 3. Proposed model describing the interactions of neutrophil defensins with epithelial 
andd bacterial membranes, leading to the defensin-enhanced adherence. In this model, the 
neutrophill  defensins form a bridge between the lipid A of the LOS of the bacteria and the 
epitheliall  cell membrane. 

H.H. influenzae as well as neutrophil defensins may contribute to airway 

inflammationn in COPD patients by inducing the production of pro-inflammatory 

cytokiness [5,20,38,42]. We have found that H. influenzae plus neutrophil defensins 

synergisticallyy increased the release of pro-inflammatory cytokines [chapter 5]. 

Therefore,, it is likely that the inflammatory process in COPD patients is exaggerated 

if// ,, influenzae is present in the lower respiratory tract. The production of cytokines is 

regulatedd by transcription factors, which are activated by a signal transduction 

cascadee originating from the binding of ligands to a receptor. The epithelial receptors 

forr bacteria and bacterial products include the Toll like receptor (TLR) family [18,39]. 

Sincee activation of TLRs may result in the activation of N F - KB and N F - KB is 

involvedd in the induction of pro-inflammatory cytokines, it would be interesting to 

analyzee the role of TLR in the cytokine release by epithelial cells upon stimulation 

withh H. influenzae plus defensins. 

112 2 



CHAPTERR ? 

Clinicall  relevance of the effects of defensins on the interaction of H. 

influenzaeinfluenzae with epithelial cells 

Duringg inflammation neutrophils and thus also neutrophil defensins are present in the 

airwayss of COPD patients (figure 4). Stimulated neutrophils may release high 

amountss of defensins, resulting in high concentrations of defensins in the 

surroundingss of the neutrophil, especially in the sequestered areas between the 

neutrophill  and the target cell to which it is adhering [12]. As demonstrated by sputum 

analysis,, high concentrations of neutrophil defensins are present in the airway 

secretionss of COPD patients [31,42]. In patients with airway infection and chronic 

bronchitis,, high salt concentrations have also been found [14,17]. This could be due to 

thee fact that in dedifferentiating and remodeling airway epithelium, the expression of 

thee cystic fibrosis transmembrane regulator (CFTR) protein decreases, irrespective of 

underlyingg disease or mutations in the CFTR gene [6,7]. Since the antimicrobial 

activityy of the neutrophil defensins is dependent on the salt concentrations [24,32], it 

iss likely that the neutrophil defensins cannot display their optimal antimicrobial 

activityy in the airway surface liquid from COPD patients. This suggests that bacteria 

inn the lower respiratory tract of these patients most likely are not killed. However, we 

demonstratedd that in the presence of high salt concentrations defensins enhanced the 

adherencee of H. influenzae. This enhancement of the bacterial adherence may also be 

relevantt in other diseases, such as cystic fibrosis (CF). It has been shown that patients 

withh CF have bacterial infection, with H. influenzae as one of the important pathogens 

[29].. Furthermore, high concentrations (300-1600 |ig/ml) of neutrophil defensins have 

beenn isolated from patients with CF [36]. Studies in CF patients have indicated that 

thee antimicrobial activity of epithelial antimicrobial peptides such as p-defensins may 

bee impaired as a result of the increased salt content found in the airway surface liquid 

secretedd by cultured epithelial cells [15]. Whether this impaired effect of p-defensins 

iss a factor by which the susceptibility of CF patients to respiratory infections is 

increasedd is not yet clear. 

Sincee the IL-8 production probably results in an influx of neutrophils, the process 

off  infection and inflammation in the COPD patients is likely maintained by the 

defensin-enhancedd adherence and subsequently increased cytokine production (figure 

4).. This is supported by several studies showing that patients with stable COPD which 

aree colonized with bacteria have more inflammation, as shown by the amount of 
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Figuree 4. Contribution of neutrophil defensins to the chronic inflammation and infection as 
observedd in COPD patients. Defensins enhance the bacterial adherence, which may lead to 
enhancedd bacterial colonization and infection. Subsequently, the inflammation is continued by 
thee enhanced production of pro-inflammatory cytokines. Note that normally, the effects of 
neutrophill  defensins and neutrophil elastase are counteracted by al-AT. 

neutrophilss and the production of pro-inflammatory cytokines such as TNFa and 

IL-8,, than stable COPD patients which are not colonized [4,16,35]. In addition, during 

exacerbationss COPD patients with H. influenzae and M. catarrhalis infections had 

significantlyy higher sputum concentrations of inflammatory markers compared to 

pathogen-negativee exacerbations [34], Since the combination of H. influenzae with 

neutrophill  defensins synergistically increased the production of pro-inflammatory 

cytokiness [chapter 5], it is likely that the defensin-enhanced cytokine production is 

involvedd in the increased inflammation observed in the H. influenzae and 

M.M. catarrhalis exacerbations. 
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Normally,, the effects of neutrophil defensins are counteracted by components in 

thee mucus, such as serine protease inhibitors like al-AT [31]. We hypothesize that in 

thee sequestered areas, the high concentrations of defensins are not directly inhibited 

andd in those areas, defensins probably enhance the bacterial adherence and 

subsequentlyy enhance the production of pro-inflammatory cytokines by epithelial cells 

(figuree 4). Whereas at least 100 p-g/ml neutrophil defensins may be found in sputum 

[31],, it is not clear what percentage is present in a free form, not complexed to 

inhibitors.. With respect to the study described in this thesis, it would be interesting to 

analyzee whether the concentrations of defensins in sputum differs between COPD 

patientss with and without bacterial infection. 

Thee deficiency of al-AT is a genetic risk factor in the development of COPD. 

Thee patients with al-AT deficiency have more bacterial infections than patients 

withoutt this deficiency [25]. Also the inflammatory state, as measured by the presence 

off  MPO, IL-8 and LTB4, is higher in patients with al-AT deficiency [16]. Since most 

off  the activities of neutrophil defensins are inhibited by al-AT [31], including the 

defensin-enhancedd adherence [chapter 2], it is tempting to speculate that the defensin-

enhancedd adherence as well as the increased cytokine production are important in the 

developmentt of bacterial infection and inflammation in COPD patients with al-AT 

deficiencyy (figure 4). Further support for this hypothesis that al-AT decreases 

bacteriall  infection and inflammation by inhibition of the defensin-enhanced adherence 

andd the defensin-increased cytokine production, comes from a study in which al-AT 

deficientt COPD patients were treated with a 1-proteinase inhibitor (al-PI). This 

treatmentt resulted in a reduction in the bacterial infection as well as a reduction in the 

inflammatoryy state of the airways of these patients [25]. 

Inn our in vitro assays, the defensin-enhanced adherence and cytokine production 

wass analyzed on epithelial cells that were not stimulated in advance. This differs from 

thee in vivo situation in COPD patients, where epithelial cells are activated by 

pro-inflammatoryy cytokines, such as TNFa. Therefore, it will be interesting to 

determinee the effect of stimulation of the epithelial cells, e.g. with TNFa, before the 

additionn of H. influenzae and defensins. Nevertheless, the effects of defensins we 

observedd in vitro are likely relevant for the patients, since COPD patients with 

bacteriall  colonization have more inflammation [4,16,35]. 

Att present the only effective strategy that has been shown to reduce progression 

off  COPD is smoking cessation. Since only one third of the COPD patients are able to 
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givee up smoking, even with support [3], other therapies are required. Since COPD 

patientss have chronic airway inflammation, these patients are treated with 

anti-inflammatoryy drugs, such as inhaled corticosteroids. In patients with asthma, an 

airwayy disease which is also characterized by chronic inflammation, these 

corticosteroidss are very effective in reducing inflammation [19]. In contrast, in COPD 

patientss there is littl e evidence for a beneficial effect of the corticosteroids [9,19,28]. 

Neitherr inhaled nor oral steroids had any significant effect on the neutrophil counts, 

neutrophill  granule proteins, or pro-inflammatory cytokines in sputum [19], which is in 

agreementt with the lack of effect of steroids on the disease progression. The bacteria 

alonee induce the release of pro-inflammatory cytokines by epithelial cells, a process 

whichh is synergized in the presence of neutrophil defensins [chapter 5]. This may 

suggestt that the effect of the corticosteroids in COPD patients with lower respiratory 

tractt H. influenzae infection will be diminished. The finding that H. influenzae as well 

ass defensins increased the half life of IL-6 and IL-8 mRNA [chapter 5], could also be 

ann explanation for the fact that corticosteroids are not able to inhibit the ongoing 

inflammationn and infection in COPD patients. 

Anotherr approach to circumvent the persisting H. influenzae infection in COPD 

patientss may be vaccination. Immunization with different outer membrane proteins of 

H.H. influenzae, including P6, OMP26, D15, HtrA and HMW, enhanced the bacterial 

clearancee in animal models [1,21,22,26,27,30]. The HMW proteins, however, are 

highlyy variable [37] and therefore not suitable as vaccine candidates. Another vaccine 

candidatee is the H. influenzae paracytin protein, since the gene encoding paracytin is 

conservedd [41]. Blocking paracytin might impair the paracytosis and therefore 

decreasee the persistence of//, influenzae. 

Concludingg remarks 

Inn this thesis, we described that neutrophil defensins, which are present in high 

amountss in purulent sputum, enhance bacterial adherence. In combination with 

H.H. influenzae, neutrophil defensins synergistically enhanced the production of 

pro-inflammatoryy cytokines. COPD patients which are colonized by bacteria have 

moree inflammation than COPD patients without colonization [4,35] and this 

differencee in inflammatory state is even more evident in COPD patients with al-AT 

deficiency,, who have also more infection than COPD patients with normal al-AT 

levelss [16]. Therefore, it is tempting to speculate that defensins enhance the bacterial 
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adherencee and colonization in vivo. The subsequent induction of the pro-inflammatory 

cytokiness wil l lead to increased amounts of neutrophils in the COPD patients, 

subsequentlyy leading to increased concentrations of neutrophil defensins in the airway 

lumen,, maintaining inflammation and infection as observed in COPD patients 

(figuree 4). Our findings are in line with the vicious circle hypothesis which has been 

proposedd for COPD patients [33], which states that inflammation wil l lead to bacterial 

infectionn and this infection wil l lead to a further increase in inflammation. Further 

understandingg of the mechanisms by which defensins affect the interaction of 

H.H. influenzae to airway epithelial cells is needed to be able to break through this 

viciouss circle in COPD patients. 

References s 

1.. Barenkamp SJ (1996) Immunization with high-molecular-weight adhesion proteins of 
nontypeablee Haemophilus influenzae modifies experimental otitis media in chinchillas. 
Infect.Immun.Infect.Immun. 64: 1246-1251. 

2.. Barnes PJ (2000) Chronic obstructive pulmonary disease. N.EnglJ.Med. 343: 269 -280. 
3.. Barnes PJ (1998) New therapies for chronic obstructive pulmonary disease. Thorax 53: 

137-147. . 
4.. Bresser  P, Out TA, van Alphen L, Jansen HM , and Lutter  R (2000) Airway 

inflammationn in Nonobstructive and obstructive chronic bronchitis with chronic 
HaemophilusHaemophilus influenzae airway infection, Am.J.Respir.Crit. Care Med. 162: 947-952. 

5.. Bresser  P, van Alphen L, Habets FJM, Hart AAM , Dankert J, Jansen H, and Lutter 
RR (1997) Persisting Haemophilus influenzae strains induce lower levels of interleukin-6 
andd interleukin-8 in H292 lung epithelial cells than nonpersisting strains. Eur.RespirJ. 
10:2319-2326. . 

6.. Brezillon S, Dupuit F, Hinnrasky J, Marchand V, Kalin N, Tummler  B, and 
Puchellee E (1995) Decreased expression of the CFTR protein in remodeled human nasal 
epitheliumm from non-cystic fibrosis patients. Lab.Invest. 72: 191-200. 

7.. Brezillon S, Hamm H, Heilman M, Schafers HJ, Hinnrasky J, Wagner  TO, Puchelle 
E,, and Tummler  B (1995) Decreased expression of the cystic fibrosis transmembrane 
conductancee regulator protein in remodeled airway epithelium from lung transplanted 
patients.. Hum.Pathol. 28: 944-952. 

8.. Campagnari AA, Spinola SM, Lesse A, Kwaik YA, Mandrell RE, and Apicella MA 
(1990)) Lipooligosaccharide epitopes shared among Gram-negative non-enteric mucosal 
pathogens.. Microb.Pathog. 8: 353-362. 

9.. Culpit t SV, Maziak W, Loukidi s S, Nightingale JA, Matthwes JL, and Barnes PJ 
(1999)) Effect of high dose inhaled steroid on cells, cytokines, and proteases in induced 
sputumm in chronic obstructive pulmonary disease. Am.J.Respir.Crit.Care Med. 160: 
1635-1639. . 

117 7 



GENERALL DISCUSSION 

10.. de Bentzmann S, Roger  P, Dupuit F, Bajolet-Laudinat O, Fuchey C, Plotkowski 
MC,, and Puchelle E (1996) Asialo GM1 is a receptor for Pseudomonas aeruginosa 
adherencee to regenerating respiratory epithelial cells. Infect.Immun. 64: 1582-1588. 

11.. de Bentzmann S, Roger  P, and Puchelle E (1996) Pseudomonas aeruginosa adherence 
too remodelling respiratory epithelium. Eur.Respir.J. 9: 2145-2150. 

12.. Ganz T (1987) Extracellular release of antimicrobial defensins by human 
polymorphonuclearr leukocytes. Infect.Immun. 55: 568-571. 

13.. Ganz T, Selsted ME, Szklarek D, Harwig SSL, Daher  K, Bainton DF, and Lehrer 
RII  (1985) Defensins. Natural peptide antibiotics of human neutrophils. J. Clin.Invest. 76: 
1427-1435. . 

14.. Gervais R, Lafitt e J-J, Dumur V, Kesteloot M, Lalau G, Houdret N, and Roussel P 
(1990)) Sweat chloride and 5F508 mutation in chronic bronchitis or bronchiectasis. The 
LancetLancet 342: 997. 

15.. Goldman MJ, Anderson GM, Stolzenberg ED, Kar i UP, Zasloff M, and Wilson JM 
(1997)) Human p-defensin-1 is a salt-sensitive antibiotic in lung that is inactivated in 
cysticc fibrosis. Cell 88: 553-560. 

166 Hil l AT, Bayley DL, Campbell EJ, Hil l SL, and Stockley RA (2000) Airways 
inflammationn in chronic bronchitis: the effects of smoking and ai-antitrypsin deficiency. 
Eur.Respir.J.Eur.Respir.J. 15: 886-890. 

17.. Joris L, Dab I, and Quinton PM  (1993) Elemental composition of human airway 
surfacee fluid in healthy and diseased airways. Am.Rev.Respir.Dis. 148: 1633-1637. 

18.. Kaisho T and Akir a S (2001) Toll-like receptors and their signaling mechanism in 
innatee immunity. ACTA Odontol.Scand. 59: 124-130. 

19.. Keatings VM, Jatakanon A, Worsdell YM, and Barnes PJ (1997) Effects of inhaled 
andd oral glucocorticoids on inflammatory indices in asthma and COPD. 
Am.J.Respir.Crit.CareMed.Am.J.Respir.Crit.CareMed. 155: 542-548. 

20.. Khair  OA, Davies RJ, and Devalia JL  (1996) Bacterial-induced release of 
inflammatoryy mediators by bronchial epithelial cells. Eur.Respir.J. 9: 1913-1922. 

21.. Kyd JM and Cripps AW (1998) Potential of a novel protein, OMP26, from nontypeble 
HaemophilusHaemophilus influenzae to enhance pulmonary clearance in a rat model. Infect.Immun. 
66:: 2272-2278. 

22.. Kyd JM, Dunkley ML , and Cripps AW (1995) Enhanced respiratory clearance of 
nontypeablenontypeable Haemophilus influenzae following mucosal immunization with P6 in a rat 
model.. Infect.Immun. 63: 2931-2940. 

23.. Lehrer  RI  and Ganz T (1999) Antimicrobial peptides in mammalian and insect host 
defence.. Curr.Opin.Immunol. 11: 23-27. 

24.. Lehrer  RI, Selsted ME, Szklarek D, and Fleischmann J (1983) Antibacterial activity 
off  microbicidal cationic proteins 1 and 2, natural peptide antibiotics of rabbit lung 
macrophages.. Infect.Immun. 42: 10-14 . 

25.. Liebermann J (2000) Augmentation therapy reduces frequency of lung infections in 
antitrypsinn deficiency. Chest 118: 1480-1485. 

26.. Loosmore SM, Yang YP, Coleman DC, Shortreed JM, England DM, and Klein MH 
(1997)) Outer membrane protein D15 is conserved among Haemophilus influenzae 

118 8 



CHAPTERR E 

speciess and may represent a universal protective antigen against invasive disease. 
InfectJmmun.InfectJmmun. 65: 3701-3707. 

27.. Loosmore SM, Yang YP, Oomen R, Shortreed JM, Coleman DC, and Klein MH 
(1998)) The Haemophilus influenzae HtrA protein is a protective antigen. InfectJmmun. 
66:: 899-906. 

28.. McEvoy CE and Niewoehner  DE (1997) Adverse effects of corticosteroid therapy for 
COPD.COPD. Chest 111: 732-743. 

29.. Möller  L, Regelink A, Grasselier  H, Dankert-Roelse JE, Dankert J, and van Alphen 
LL  (1995) Multiple Haemophilus influenzae strains and strain variants coexcist in the 
respiratoryy tract of patients with cystic fibrosis. J.Infect.Dis. 172: 1388-1392. 

30.. Murph y TF, Bartos LC, Campagnari AA, Nelson MB, and Apicella MA (1986) 
Antigenicc characterization of the P6 protein of nontypeable Haemophilus influenzae. 
InfectJmmun.InfectJmmun. 54: 774- 779. 

31.. Panyutich AV, Hiemstra PS, van Wetering S, and Ganz T (1995) Human neutrophil 
defensinn and serpins form complexes and inactivate each other. Am.J.Respir.Cell 
Mol.Biol.Mol.Biol. 12:351-357. 

32.. Selsted ME, Szklarek D, and Lehrer  RI  (1984) Purification and antibacterial activity 
off  antimicrobial peptides of rabbit granulocytes. InfectJmmun. 45: 150-154. 

33.. Sethi S and Murph y TF (2001) Bacterial infection in chronic obstructive pulmonary 
diseasee in 2000: a state-of-the-art review. Clin.Microbiol.Rev. 14: 336-363. 

34.. Sethi S, Muscarella K, Evans N, Klingman KL , Grant BJB, and Murph y TF (2000) 
Airwayy inflammation and etiology of acute exacerbations of chronic bronchitis. Chest 
118::  1557-1565. 

35.. Soler  N, Ewig S, Torres A, Filella X, Gonzalez J, and Zaubet A (1999) Airway 
inflammationn and bronchial microbial patterns in patients with stable chronic obstructive 
pulmonaryy disease. Eur.Respir.J. 14: 1015-1022. 

36.. Soong LB, Ganz T, Ellison A, and Caughey GH (1997) Purification and 
characterizationn of defensins from cystic fibrosis sputum. Inflamm.Res. 46: 98-102. 

37.. StGeme1"  JW, Kumar VV, Cutter  D, and Barenkamp SJ (1998) Prevalence and 
distributionn of the hmw and hia genes and the HMW and Hia adhesins among genetically 
diversee strains of nontypeable Haemophilus influenzae. InfectJmmun. 66: 364- 368. 

38.. Tong HH, Chen Y, James M, van Deusen J, Welling DB, and DeMaria TF (2001) 
Expressionn of cytokine and chemokine genes by human middle ear epithelial cells 
inducedd by formalin-killed Haemophilus influenzae or its lipooligosaccharide htrB and 
rfaDrfaD mutants. InfectJmmun. 69: 3678-3684. 

39.. Underbill DM and Ozinsky A (2002) Toll-like receptors: key mediators of microbe 
detection.. Curr.Opin.Immunol. 14: 103-110. 

40.. van Alphen L, Verkleij  A, Burnell E, and Lugtenberg B (1980) 3IP nuclear magnetic 
resonancee and freeze-fracture electron microscopy studies on Escherichia coli. II. 
Lipopolysaccharidee and Hpopolysaccharide-phospholipid complexes. Biochim.Biophys. 
ActaActa 597: 502-517. 

41.. van Schilfgaarde M, van Ulsen P, van der  Steeg W, Everts V, Dankert J, and van 
Alphenn L (2001) Cloning of genes of nontypeable Haemophilus influenzae involved in 
penetrationn between human lung epithelial cells. InfectJmmun. 68: 4616-4623. 

119 9 



GENERALL DISCUSSION 

42.. van Wetering S, Mannesse-Lazeroms SPG, van Sterkenburg MAJA , Daha MR, 
Dijkma nn JH, and Hiemstra PS (1997) Effect of defensins on interleukin-8 synthesis in 
airwayy epithelial cells. Am J.Physiol. 272: L888-L896. 

43.. Wilson R, Read R, and Cole P (1992) Interaction of Haemophilus influenzae with 
mucus,, cilia, and respiratory epithelium. J.Infect.Dis. 165: SI00-S102. 

44.. Zahm JM, Chevillard M, and Puchelle E (1991) Wound repair of human surface 
respiratoryy epithelium. Am.J.Respir.Cell Mol.Biol. 5: 242-248. 

45.. Zahm JM, Kaplan H, Hérard AL, Doriot F, Pierrot D, Somelette P, and Puchelle E 
(1997)) Cell migration and proliferation during the in vitro wound repair of the respiratory 
epithelium.. Cell Motil.Cytoskeleton 37: 33-43. 

120 0 







CHAPTER R 

SUMMARY Y 





CHAPTERR Q 

Inn healthy individuals, bacteria do not colonize the epithelial cell layer of the lower 

respiratoryy tract. Bacteria reaching the lower airways by inhalation and aspiration are 

clearedd from the airways by the mucociliary elevator and killed by antimicrobial 

polypeptidess such as p-defensins produced by the airway epithelial cells. In patients 

withh chronic bronchitis and chronic obstructive pulmonary disease (COPD), however, 

thee epithelium of the lower respiratory tract is injured as a result of e.g. cigarette 

smokee and a chronic inflammatory process. Despite the presence of specific 

antibodiess and professional phagocytes in the respiratory tract, COPD patients suffer 

fromm recurrent bacterial infections of the lower respiratory tract. The Gram-negative 

bacteriumm Haemophilus influenzae is one of the most frequently isolated pathogens in 

COPDD patients. Interaction of H. influenzae with airway epithelial cells is important 

forr the colonization and pathogenesis of the lower respiratory tract infection as well as 

forr the host defense against the bacteria by inducing inflammatory mediators. 

H.H. influenzae colonizes in vivo only inflamed lower airways, such as present in COPD 

patients.. Since the inflammatory process is characterized by the presence of 

phagocytess like neutrophils, which contain various antimicrobial peptides including 

neutrophill  defensins, H. influenzae as well as defensins are found in the sputum of 

COPDD patients. Therefore, the effects of defensins on the interaction of H. influenzae 

withh epithelial cells were assessed in the studies described in this thesis. 

First,, the effect of neutrophil defensins on the adherence of H. influenzae to airway 

epitheliall  cells was analyzed. We showed that neutrophil defensins enhanced the 

adherencee of all tested H. influenzae strains (n = 15) to both the epithelial cell line 

NCI-H292,, derived from a human lung mucoepidermoid carcinoma, and to human 

primaryy bronchial epithelial cells. This enhanced adherence was not mediated by the 

presencee of known bacterial adhesins [chapter 2]. The defensin-enhanced adherence 

wass dependent on the incubation time and the concentration of defensins. Since other 

cationicc polypeptides, including poly-L-lysine and protamine, did not enhance the 

adherencee of H. influenzae ̂ the defensin-enhanced adherence can not solely be due to 

chargee effects [chapter 2]. The defensin-enhanced adherence phenomenon was also 

observedd using oropharyngeal epithelial cells, from which the mucus layer was not 

removed.. This indicated that the defensin-enhanced adherence may be relevant for the 

inin vivo situation. COPD patients with a deficiency of the proteinase inhibitor 

aa 1-antitrypsin (al-AT) suffer more frequently from bacterial infections than COPD 
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patientss without al-AT deficiency. al-AT is a neutrophil elastase inhibitor that also 

blockss most of the effects of defensins. We showed that the defensin-enhanced 

adherencee was inhibited by a 1 -AT. The difference in frequency of bacterial infection 

betweenn the al-AT deficient COPD patients and COPD patients without the al-AT 

deficiencyy the might be due to such a mechanism. 

Thee defensin-enhanced adherence was specific for selected bacterial species using the 

upperr respiratory tract as port of entry, such as Moraxella catarrhalis and Neisseria 

meningitidismeningitidis [chapter 3], However, the defensin-enhanced adherence was not 

restrictedd to airway epithelial cells, since the phenomenon was also observed when 

studyingg the adhesion of H. influenzae to non-respiratory epithelial cells, endothelial 

cellss (HUVEC), or fibroblast like cells (HEL) [chapter 3]. The defensin-enhanced 

adherencee required metabolically active epithelial cells, whereas both viable and heat-

inactivatedd bacteria showed enhanced adherence in the presence of defensins. This 

indicatedd that the bacterial component involved in the defensin-enhanced adherence is 

heat-stable.. Lipooligosaccharide (LOS) might be such a bacterial component since the 

bacteriall  species showing the defensin-enhanced adherence are characterized by the 

presencee of LOS in their outer membrane. Lipopolysaccharide (LPS) is not a likely 

candidate,, since the adherence of Escherichia coli and Pseudomonas aeruginosa, both 

havingg LPS, was not affected by the presence of defensins [chapter 3], Using LOS 

mutantss of H. influenzae and N. meningitidis, we demonstrated that LOS was indeed 

involvedd in the defensin-enhanced adherence [chapter 4]. However, the mechanism by 

whichh defensins and LOS interact with epithelial cells to promote bacterial adherence 

remainss to be resolved. 

Interactionn of H. influenzae with epithelial cells leads to the induction of pro-

inflammatoryy cytokines, such as interleukin-6 (IL-6) and interleukin-8 (IL-8). Since 

neutrophill  defensins also induce the release of these pro-inflammatory cytokines, the 

effectt of defensins on the H. influenzae-'mduced IL-6 and IL-8 release was assessed 

[chapterr 5]. The release of IL-6 and IL-8 by the epithelial cell line 

NCI-H2922 was synergistically increased more than 3-fold upon the exposure to the 

combinationn of H. influenzae and neutrophil defensins [chapter 5]. This synergistic 

effectt was most evident for low bacterial loads (105 and 106 CFU/ml) and was only 

partiallyy prevented by the corticosteroid dexamethasone. The mechanism by which 

126 6 



CHAPTERR Q 

H.H. influenzae and defensins synergistically increased the IL-6 release is not known at 

thee moment, since the activation of transcription factors as well as the IL-6 mRNA 

stabilityy were not influenced by H. influenzae and defensins. The synergistic increased 

IL-88 release was mainly post-transcriptionally regulated, since the stability of the IL-8 

mRNAA was increased. 

Ourr findings that neutrophil defensins enhanced bacterial adherence and that 

defensinss and H. influenzae synergized in the IL-6 and IL-8 release, leading to 

increasedd amounts of neutrophils, are in line with the vicious circle hypothesis which 

hass been proposed for COPD patients. This hypothesis states that in COPD patients 

inflammationn provokes colonization which will lead to bacterial infection and that this 

infectionn will lead to a further increase in inflammation. Since in COPD patients that 

aree colonized with bacteria the inflammatory process is more pronounced than in 

COPDD patients without bacterial colonization, the defensin-enhanced adherence and 

increasedd cytokine release might be relevant mechanisms for the continuation of the 

inflammatoryy process in these patients. Further understanding of the mechanisms by 

whichh defensins affect the interaction of H. influenzae to airway epithelial cells is 

neededd to design strategies to break this vicious circle of inflammation and infection 

inn COPD patients. 
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CHAPTER R 

Obstructievee en niet-obstructieve chronisch bronchitis (COPD/CB) zijn aandoeningen 

waarbijj  de lagere luchtwegen (de longen) chronisch ontstoken zijn. In COPD 

patiëntenn wordt de ademhaling bemoeilijkt vanwege de vernauwing (obstructie) van 

dee lagere luchtwegen door overmatig productie van slijm (sputum). De grootste 

risicofactorrisicofactor om COPD te ontwikkelen is roken. Patiënten met een erfelijke tekort van 

al-antitrypsinee (al-AT) hebben, vooral als ze roken, een grotere kans om COPD 

ontwikkelen.. De chronische ontsteking van de lagere luchtwegen van COPD patiënten 

wordtt gekenmerkt door de aanwezigheid van bepaalde witte bloedcellen, de 

neutrofielee granulocyten. In het algemeen worden bacteriën snel door deze cellen 

opgenomen.. In de neutrofiele granulocyten zijn verschillende anti-microbiële peptiden 

(kleinee bacterie-dodende eiwitten) aanwezig, zoals neutrofïel defensines. Nadat de 

bacteriënn zijn opgenomen door de neutrofielen, worden deze bacteriën gedood door 

dergelijkee defensines. Deze peptiden kunnen echter ook uit geactiveerde neutrofiele 

granulocytenn vrijkomen en worden ook in de lagere luchtwegen van COPD patiënten 

aangetroffen.. COPD patiënten hebben, ondanks de aanwezigheid van neutrofielen en 

defensiness in de lagere luchtwegen, vaak last van terugkerende en chronische 

bacteriëlee infecties, die meestal veroorzaakt worden door de bacterie Haemophilus 

influenzae. influenzae. 

Dezee bacterie komt bij 75% van gezonde mensen in de keelholte (de bovenste 

luchtwegen)) voor. Van daaruit komen de bacteriën bij de inademing de lagere 

luchtwegenn binnen, van waaruit ze via een trilhaar mechanisme weer worden 

afgevoerdd naar de keelholte. In de COPD patiënten zijn de lagere luchtwegen, met 

namee de luchtwegepitheelcellen (de buitenste cellen van de luchtwegen), beschadigd 

doorr de chronische ontstekingsprocessen. De gangbare hypothese is dat door de 

ontstekingg en de beschadigding van het luchtwegepitheel, het ontstaan en aanhouden 

vann infecties in de lagere luchtwegen door Haemophilus influenzae wordt versterkt. 

Opp welke wijze een ontsteking de kans op een infectie vergroot is echter onduidelijk. 

Dee eerste stap voor het ontstaan van een bacteriële infectie is de hechting van de 

bacteriënn aan de luchtwegepitheelcellen. In antwoord hierop gaan de 

luchtwegepitheelcellenn ontstekingsmediatoren maken en uitscheiden. Deze 

ontstekingsmediatorenn of cytokines zijn eiwitten die bijdragen aan de 

ontstekingsreactie.. Deze ontstekingsreactie is primair een verdedigingsmechanisme 

tegenn een infectie. De cytokines trekken namelijk neutrofiele granulocyten aan, welke 
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dee bacteriën opnemen en doden door de werking van onder andere defensines. Omdat 

COPDD patiënten, ondanks de aanwezigheid van onder andere defensines in hun 

sputumm toch terugkerende bacteriële infecties kunnen hebben, is in dit project 

onderzochtt of de interactie van Haemophilus influenzae met luchtwegepitheelcellen 

beïnvloedd wordt door de aanwezigheid van defensines in het longweefsel. 

Inn hoofdstuk 2 is beschreven dat neutrofiele defensines de hechting van Haemophilus 

influenzaeinfluenzae aan luchtwegepitheelcellen verhogen, zonder dat deze defensines, zoals 

verwacht,, de bacteriën doden. Deze bevinding hebben wij de defensin-gemedieerde 

hechtingg genoemd. De toename van de hechting was afhankelijk van de concentratie 

vann de defensines en is gevonden bij alle 15 geteste Haemophilus influenzae 

geïsoleerdd uit sputum van verschillende COPD patiënten. Op epitheelcellen die uit de 

keelholtee van gezonde vrijwilligers geschraapt waren en waarvan de slijmlaag niet 

wass verwijderd, werd eveneens de defensin-gemedieerde hechting van Haemophilus 

influenzaeinfluenzae gevonden. Aangezien luchtwegepitheelcellen van COPD patiënten bedekt 

zijnn met veel slijm, suggereerde dit resultaat dat de defensin-gemedieerde hechting 

ookk bij deze patiënten kan plaatsvinden. 

Veell  van de biologische effecten van defensines, ook de defensin-gemedieerde 

hechting,, worden door het eiwit al-antitrypsine (al-AT) geneutraliseerd. Bij gezonde 

mensenn is er een balans tussen de hoeveelheid defensines en al-AT. Bij patiënten met 

eenn COPD is deze balans verstoord en zijn er relatief veel defensines aanwezig, 

waardoorr de defensines dus niet voldoende worden geneutraliseerd. Door deze 

verstoordee balans kunnen de bacteriën, via de defensines, makkelijker hechten aan de 

luchtwegepitheelcellen.. De bacteriële hechting zorgt ervoor dat de bacteriën zich in de 

luchtwegenn kunnen innestelen, wat leidt tot een luchtweginfectie. Bij de COPD 

patiëntenn met een erfelijk tekort aan het eiwit al-AT is de balans tussen de defensines 

enn al-AT nog verder verstoord in het voordeel van de defensines. Hierdoor kunnen 

dee bacteriën, via de defensines, nog makkelijker hechten en zich meer innestelen in de 

luchtwegen.. Dit leidt tot een verhoogd risico op bacteriële infecties, zoals het geval is 

bijj  COPD patiënten met een erfelijk tekort aan al-AT. 

Dee defensines vergroten ook de hechting van Moraxella catarrhalis, een andere 

bacteriee die ook vaak in de luchtwegen van COPD patiënten gevonden wordt. Ook de 
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hechtingg van Neisseria meningitidis, een bacterie die in de bovenste luchtwegen 

voorkomt,, wordt verhoogd door defensines [hoofdstuk 3]. De hechting van twee 

anderee bacteriën, die in het algemeen geen infecties veroorzaken in de luchtwegen van 

COPDD patiënten (Pseudomonas aeruginosa en Escherichia coli), neemt daarentegen 

niett toe in de aanwezigheid van defensins [hoofdstuk 3]. De defensines vergrootten de 

hechtingg van zowel levende als gedode (door ze 30 min bij 56°C te verhitten) 

bacteriën.. Dit suggereerde dat de bacteriële component, die betrokken is bij de 

defensin-gemedieerdee hechting, hitte-stabiel is. Deze hitte-stabiele bacteriële 

componentt is lipooligosaccharide (LOS), die zich in de buitenste membraan van de 

bacteriee bevindt. Er waren mutanten van Haemophilus influenzae en Neisseria 

meningitidismeningitidis aanwezig, die een veranderd of verkort LOS tot expressie brachten en 

eenn mutant van Neisseria meningitidis die het LOS helemaal mist. Met deze mutanten 

hebbenn we aan kunnen tonen dat LOS een belangrijke component is voor de defensin-

gemedieerdee bacteriële hechting [hoofdstuk 4]. 

Hechtingg van Haemophilus influenzae aan cellen en de aanwezigheid van neutrofiele 

defensiness bevorderen de uitscheiding van ontstekingsmediatoren (cytokines) door 

luchtwegepitheelcellen.. Ontstekingsbevorderende cytokines, zoals interleukine-6 

(IL-6)) en interleukine-8 (IL-8) zijn belangrijke ontstekingsmediatoren. Het eiwit IL-6 

iss onder andere verantwoordelijk voor de aanwezigheid van de neutrofiele 

granulocytenn (de witte bloedcellen die de bacteriën normaliter vernietigen) in de 

onderstee luchtwegen, als deze geïnfecteerd zijn. Het eiwit IL-8 is belangrijk voor de 

migratiee van de neutrofielen naar het longweefsel, als dit geïnfecteerd wordt. Wij 

hebbenn gevonden dat door de gelijktijdige aanwezigheid van defensines en 

HaemophilusHaemophilus influenzae op het luchtwegepitheel de uitscheiding van IL-6 en IL-8 

wordtt verhoogd. Deze uitscheiding is hoger dan de uitscheiding die gevonden wordt 

naa blootstelling van de epitheelcellen aan beide afzonderlijk én hoger dan som van de 

uitscheidingg na blootstelling aan beide afzonderlijk [hoofdstuk 5]. Dit wordt een 

synergistischh effect genoemd. De synergistisch verhoogde IL-8 uitscheiding wordt in 

belangrijkee mate verklaard door een verminderde afbraak van de boodschapper 

RNN A's die voor het eiwit IL-8 coderen. 

Samenvattendd verhogen neutrofiele defensines de hechting van Haemophilus 

influenzaeinfluenzae aan luchtwegepitheelcellen. De kans op innesteling van de bacteriën en het 

ontstaann van een infectie in de lagere luchtwegen van COPD patiënten door deze 
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bacteriënn neemt daardoor toe. Tevens wordt de uitscheiding van 

ontstekingsmediatorenn (cytokines) vergroot, waardoor meer neutrofiele granulocyten 

wordenn gerekruteerd en de hoeveelheid defensines in de luchtwegen stijgt. Op die 

wijzee spelen defensines een rol in de vicieuze cirkel van ontsteking en infectie, zoals 

diee gevonden wordt bij COPD patiënten (zie figuur). 

Beschadigdd luchtwegepitheel 

Ontstekingscellen n 

(neutrofielee granulocyten) 
Bacteriëlee infecties 

Defensines s 

Dee rol van defensines in de vicieuze cirkel van ontsteking en infecties bij COPD patiënten. 
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1.. Neutrofiele defensines, in het weefsel van de onderste luchtwegen van COPD 

patiënten,, vergroten de hechting van bacteriën aan het epitheel, zodat de kans 

opp bacteriële luchtweginfecties toeneemt (dit proefschrift). 

2.2. De uitscheiding van ontstekingsmediatoren uit epitheelcellen in de onderste 

luchtwegenn ten gevolge van bacteriële infecties neemt toe door de 

aanwezigheidd van neutrofiele defensines (dit proefschrift). 

3.. Het is niet aan te bevelen defensines te gebruiken als antibiotica, vanwege de 

effectenn anders dan de anti-microbiële werking (dit proefschrift; J. Allergy 

Clin.Immunol.Clin.Immunol. 1999, 104: 1131-1138; Immunol.Rev. 2000, 177: 68-78). 

4.. De beste manier om te voorkomen dat men op latere leeftijd COPD 

ontwikkelt,, is het roken onder jongeren in rook te laten opgaan. 

5.. Roken kan, net als drugs en alcohol, verslavend zijn, maar in tegenstelling tot 

drugs-- en alcoholgebruikers, kunnen rokers bij niet-rokende meerokers ziekte 

doenn ontstaan. 

6.. Het recent voorgestelde "Danger model" (waarin staat dat het humane 

immuunsysteemm geen onderscheid maakt tussen lichaamseigen en 

lichaamsvreemd,, maar wel tussen gevaarlijk en ongevaarlijk) verklaart dat we 

geenn immuunrespons opwekken tegen vaccins die bestaan uit geïnactiveerde 

lichaamsvreemdee eitwitten, tenzij er een schadelijke stof (adjuvans) aan 

wordtt toegevoegd {Science 2002, 296: 301-305). 

7.. De legalisatie van het toxine van de bacterie Clostridium botulinum (botox), 

eenn potentiële kandidaat voor bioterrorisme, voor het gebruik in cosmetische 

preperaten,, getuigt van het feit dat in Amerika het gezegde opgang doet: wie 

mooii  wil zijn en blijven, moet niet bang zijn (JAMA 2001, 285: 1059-1070; Science 

2002,295:: 1601). 



8.. Een manier om RSI te voorkomen tijdens computerwerk, is het frequent 

drinkenn van thee... 

9.. Carpoolen met collega's is beter voor het milieu, het vergroot de sociale 

contactenn en het verlengt de werkdag. 

10.. Schrijven van het proefschrift vergt evenveel creativiteit als de uitvoering van 

eenn ballet. 
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