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Abstract

Antimicrobial peptides (AMPs) are components of complex host secretions, acting synergistically with other innate defence molecules to
combat infection and control resident microbial populations throughout the oral cavity and respiratory tract. AMPs are directly antimicrobial,
bind lipopolysaccharide (LPS) and lipoteichoic acid, and are immunomodulatory signals. Pathogenic and commensal organisms display a
variety of resistance mechanisms, which are related to structure of cell wall components (e.g. LPS) and cytoplasmic membranes, and peptide
breakdown mechanisms. For example, LPS of the AMP-resistant cystic fibrosis paBuri@nlderia cepacias under-phosphorylated
and highly substituted with charge-neutralising 4-deoxy-4-aminoarabinose. Additionally, host mimicry by addition of phosphorylcholine
contributes to resistance in oral and respiratory organiflogphyromonas gingivalis?seudomonas aeruginosad other pathogens
produce extracellular and membrane-bound proteases that degrade AMPs. Many of these bacterial properties are environmentally regulated
Their modulation in response to host defences and inflammation can result in altered sensitivity to AMPs, and may additionally change other
host—-microbe interactions, e.g. binding to Toll-like receptors. The diversity and breadth of antimicrobial cover and immunomodulatory
function provided by AMPs is central to the ability of a host to respond to the diverse and highly adaptable organisms colonising oral and
respiratory mucosa.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction tein (BPI), to regulate immune responses at mucosal sites
assaulted by large numbers of bacteria and, in particular,
Cationic antimicrobial peptides (AMPs) have emerged as their released cellular components.
central components of mammalian innate defences and are AMPs are synthesised within granules of phagocytic
of fundamental relevance to understanding host-microbecells or are secreted by epithelia. At each site of production,
relationships. The importance of AMPs extends beyond they form part of a cocktail of antimicrobial substances
their direct antimicrobial activity, as their broad bio- which in vivo work synergistically to combat infec-
logical activities indicate they are effector molecules, tion (Gudmundsson and Agerberth, 1999; Hancock and
providing communication between innate and adaptive Diamond, 200Q) Their tissue specific expression is also
immune systemsYang et al., 200R An important prop-  likely to be a significant contributor to the tissue tropism
erty of AMPs is their ability to bind avidly to many displayed by pathogenic and resident micro-organisms.
potentially pro-inflammatory molecules released from AMPs have evolved in response to the positive selection
micro-organisms, such as lipopolysaccharide (LPS), lipote- pressures exerted by colonising micro-organiskisghes,
ichoic acid (LTA) and DNA. By binding to these molecules, 1999, and pathogens and commensals alike have developed
AMPs inhibit responses of host cells and damp-down an strategies for surviving or evading the activities of AMPs
undesirable inflammatory respons&c6tt et al., 1999, (Devine and Hancock, 2002In humans and other mam-
2000a,kh Nagaoka et al., 2001This may be a key function, mals, some sites are usually free of micro-organisms (e.g.
in which AMPs function alongside or in concert with other lung), whilst others (e.g. oral cavity) are heavily colonised
LPS binding molecules, such as lipopolysaccharide binding by diverse populations. The oral cavity and respiratory tract
protein (LBP) and bactericidal permeability inducing pro- are similar in the range of AMPs they express, and increas-
ing attention has been paid to the roles of AMPs at these
* Tel.: +44-113-343-6116; faxi44-113-343-6548. sites in defence against conditions such as periodontal dis-
E-mail addressd.a.devine@leeds.ac.uk (D.A. Devine). ease and cystic fibrosis (CF) associated lung disease. AMPs

0161-5890/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0161-5890(03)00162-7



432 D.A. Devine/Molecular Immunology 40 (2003) 431-443

are additionally important as potential novel anti-infective Sahasrebudhe et al., 2000n saliva, B-defensins are as-

agents for treatment of such diseases. sociated with mucin Sahasrebudhe et al., 200@vhich
may protect them from degradation and could also in-
crease their contact with mucin-aggregated bacteria. Such

2. Antimicrobial peptidesin oral innate defences binding may also facilitate concerted activities with other
mucin-associated molecules synthesised by salivary glands,
2.1. Production such as the trefoil factor family (TFF) protein®dvine

et al., 2000. TFFs are wound healing motogenic proteins

Tissues of the oral cavity are constantly exposed to in- iNvolved in early restitution of damaged epithelia that also
nate defence component3aple ) derived from saliva,  Pind bacteria dos Santos Silva et al., 20p0soforms of

gingival crevicular fluid and epithelial cellD@le et al., HBD1 have been detected in oral epithelial cell culture su-

2001; Lamont and Jenkinson, 2000; Marsh, 20@aliva pernatants Piamond et al., 20Q)1 Isoforms of HBD1 and _
contains a range of innate defence molecules that areHBD2 are produced at other sites and in many mammalian
either directly antimicrobial or interfere with microbial ~SPecies. This may provide added breadth of antimicrobial
colonisation or nutrition. Many of these molecules function COVer, as minor differences in amino acid sequence can pro-
synergistically and some, such as the Iysozyme—proteaséjuce s!gnlflcant dlﬁerenqes in defensin ant|m|crob|gl activ-
system and histatins (histidine-rich AMPs), are potentiated ity (R&j et al., 2000; Devine and Hancock, 2Q02ducible
by acid, which may be particularly relevant in defence expres_smn_of HBD2 and I-!BD3 have also been observed in
against dental caries. AMPs are important components ofOral epithelial cells and salivary glandsdnass et al., 1999;
these oral innate defences and a number are secreted bjylathews et al.,, 1999; Jia et al.,, 2000; Krisanaprakornkit
salivary glands and epithelial cells and are released from €t al., 1998; Garcia et al., 2001a, Dunsche et al., 20812
neutrophils. though each peptide is induced through different signalling
Histatins are secreted by salivary glands, following tran- Pathways (discussed later). Another putative antimicrobial
scription from two genes. Subsequent proteolysis of the pri- Peptide with a defensin-like 6-cysteine motif, HED is
mary translation products results in at least 12 forms of €xpressed in human gingival epitheliig et al., 2001
salivary histatin, only some of which are antimicrobiii( Phagocytic cells are significant sources of AMPs. Neu-
et al., 199). Histatins are mainly anti-candidal, although trophils are the richest and best-studied sources, but
they have been shown to inhibit some Gram-positive bacte- macrophages, monocytes and dendritic cells also synthesise

ria and the periodontal pathog®orphyromonas gingivalis ~HBD1 and HBD2 Duits et al., 200and may be sources
(Murakami et al., 1991) of these AMPs at a variety of sites. Neutrophil AMPs

Like most human epithelia, oral epithelia are pro- are found throughout the oral cavity, and increase in con-

tected by production of-defensins (HBDs). HBD1 is centration following inflammationa-Defensins HNP1-4

expressed constitutively in salivary glands, gingiva, buccal ave been detected in saliva, gingival crevicular fluid and

mucosa and tongueZhao et al., 1996; Krisanaprakornkit 1N gingival junctional epithelium NicKay et al., 1999;

et al., 1998; Bonass et al., 1999; Mathews et al., 1999; Mizukawa et al., 1999; Dale et al., 2001The human
cathelicidin LL-37 is produced within secondary granules

of neutrophils, but is also secreted by epithelial cells at a
wide range of sites following induction by microbial prod-
ucts or inflammatory mediators. Its secretion (or that of its
Salivary components Gingival crevicular  Epithelial cell precursor hCAP18) has been detected in tongue and buccal

Table 1
Innate defence molecules in oral fluids and secretions

— fluid Components Secret'on_s mucosa Frohm Nilsson et al., 1999%ut LL-37 peptide
Histatins ?‘Azififf")”s ?‘Azgifj')”s detected in gingival junctional epithelium was most likely
a-Defensins (HNP1-4) B-Defensins B-Defensins derived from neutrophil infiltration Qale et al., 200

(HBD1-3) (HBD1-3) Whilst we have detected LL-37 peptide in salivary gland
p-Defensins (HBD1-3) LL-37 HERL ducts, expression appeared to be low compared with HBD1
LL-37 [e]€] LL-37 (Fig. 1).
mccriit:ry loA Ilggl\'jl\ é%?pmtectm Other multifunctional molecules with AMP properties
Lysozyme Complement or activities are also found within oral tissues and fluids.
Protease Adrenomedullin is antimicrobial as well as vasodilatory and
Lactoferrin it is induced by exposure of oral epithelial cells to bacte-
Sialoperoxidase ria but not byCandida albicangKapas et al., 2001 Some
gtrg:'r:‘:r'izd‘ proteins cationic fragments derived from larger proteins exhibit AMP
Fibronectin functions; for example, fragments of lactoferrin, bacterici-
Cystatins dal permeability inducing peptide, histones, ribosomal pro-
Trefoil factor tein, haemoglobin and mucimgévine and Hancock, 2002;

family proteins Bobek and Situ, 2003
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in low numbers from healthy subgingival sites but increases
in prevalence during disease. It produces a range of viru-
lence determinants, including potent proteases, adhesins,
LPS and haemagglutinind.gmont and Jenkinson, 20D0
and is able to survive and grow within oral epithelial cells
(Houalet-Jeanne et al., 2001; Rudney et al., 2001
Proving or examining the roles of AMPs in defence of
the oral cavity is particularly challenging, because of the
complexity of the microbiota and the multiplicity of in-
nate defence molecules produced. A study of a congenital
condition associated with severe neutropenia linked pe-
riodontal disease with a deficiency of neutrophil AMPs
(Putsep et al., 2002Epithelial AMPs are more numerous
(Schutte and McCray Jr., 20p2nd greater overlap or re-
dundancy of function is likely, as is indicated by the fact
that BD1-deficient mice showed no overt signs of ill health
or infection Morrison et al., 2002; Moser et al., 2002
This may be particularly important in defence of heavily
colonised sites like the mouth, where loss of adequate con-
trol of such resident populations could be catastrophic. At
these sites AMPs not only exhibit a breadth of recognition to
accommodate microbial diversity, but also provide sufficient
redundancy to ensure such populations are controlled, avoid-
ing disruption of host—-microbe homeostatic mechanisms.
Exposure of oral epithelial cells to a range of bacterial
products, such as LPS, and inflammatory mediators induce
synthesis ofB-defensins. Few studies have examined in-
duction by organisms that are directly relevant to the oral
cavity. HoweverKrisnaprakornkit et al. (2000Bhowed that
cell wall extracts ofFusobacterium nucleatuiduced gin-
gival epithelial cells to synthesise HBD2, while extracts of
Fig. 1. Immunostaining of human submandibular gland with antibodies p gingivalisdid not. This may or may not be related to the
to B-defensin 1 (A) and LL-37 (B). o . .
ability of these two organisms to cause disease. WHilst
gingivalisis generally recognised as a periodontal pathogen
2.2. Roles of antimicrobial peptides in oral and increases in prevalence with disedsenucleatumis
innate defences isolated with equal frequency from healthy and diseased
sites but has been associated by some groups with peri-
The micro-organisms encountered by AMPs and other odontal disease and additionally demonstrates properties
oral innate defence molecules are numerous and diverseassociated with pathogenicityHéffajee et al., 1999; Han
Close or adjacent sites harbour distinct microbiota; oral et al., 2000. To date, a clear cut relationship between
microbiota differ significantly from upper respiratory tract pathogenicity or commensalism and interactions with AMPs
populations despite their proximity and, indeed, there are has not emerged, and bacteria employ a range of strategies
variations even within the oral cavityHbhwy et al., 2001; for surviving AMPs Devine and Hancock, 2092
Rasmussen et al., 2000; Koénénen et al., 2002; Marsh, Histatins have been somewhat overlooked in many dis-
2003. It is estimated that up to 600 species, only 50% of cussions of AMPs, possibly because they appear to be
which can be grown in monoculture by conventional meth- specific to the mouth. This may indicate that their spectrum
ods, are normal inhabitants of the human mou¥ilgon of activity, particularly agains€Candidaspp., is of primary
et al., 1997; Paster et al., 200These populations exhibit  importance to defence of the oral cavity. It may also reflect
considerable diversity and inter-dependent consortia, rathera need to protect critical cells, for example, secretory cells
than individual organisms, are associated with diseasesin salivary ducts, although AMPs are probably not essential
(Marsh, 2003. In such cases, it can be difficult to deter- for preventing colonisation of other protected sites such as
mine which organisms contribute to the aetiology of the intestinal cryptsGarabedian et al., 199 Candidaspp. fre-
disease and which are bystanders in the process. Nonetheguently colonise oral mucosal surfaces, causing disease
less, certain organisms are consistently implicated in thein immunocompromised or antibiotic treated individuals.
aetiology of advanced periodontal diseases, for example,Reduced salivary flow and lower salivary histatin concen-
the Gram-negative anaeroBegingivalis which is isolated trations have been linked witBandidacolonisation of oral
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mucosa Jainkittivong et al., 1998 Whether this was a re-
flection of the ability ofCandidaspp. to repress secretion of
histatins was not explored. albicansdid not induce oral
keratinocytes to up-regulate adrenomedullin production,

Table 2

Innate defence molecules in airway surface fluid

Antimicrobial component

Produced by cells

a-Defensins (HNP1-4)

in contrast to Gram-positive and Gram-negative bacteria ,_pefensin (HDS5)

(Kapas et al., 2001 The role in oral ecology of histatins
may be greater than their principally anti-candidal activities
indicate since they also: (i) inhib®. gingivalis and host
proteases Gusman et al., 20Q1 (ii) inhibit P. gingivalis
adhesion to erythrocytes and streptocodtufakami et al.,
1991, 1992 (iii) suppress induction of cytokines bip.
gingivalis outer membrane proteingnfatani et al., 2000

3. Antimicrobial peptidesin respiratory innate defences
3.1. Production

As in the mouth, the airways are protected by AMPs re-

B-Defensins (HBD1-4)

LL-37

Lysozyme

Phospholipase A2

IgA

Lactoferrin

Bactericidal permeability
inducing protein

Serine proteinase inhibitor

Surfactant proteins SP-A, SP-D

Anionic peptides
Proline-rich proteins
Trefoil factor family proteins

Neutrophils

Epithelial

Epithelial, macrophages,
monocytes, dendritic
Neutrophils, epithelial
Epithelial, neutrophils

Epithelial, neutrophils
Epithelial

Epithelial, neutrophils
Neutrophils

Epithelial, macrophages
Epithelial

Epithelial

Epithelial

Epithelial

leased from phagocytes and secreted by epithelial cells. Neumany of which increase after infection and inflammation
trophil a-defensins HNP1-4 and cathelicidin LL-37, derived (Diamond et al., 2000; Zhang et al., 2000; Schutte and
from neutrophils and epithelial cells, are detected in airway McCray Jr., 200p Synergy has been demonstrated between

secretionsBals et al., 1998b; Agerberth et al., 1998r-
way epithelial cells secrete-defensin HD5 an@-defensins
HNP1-4 McCray Jr. and Bentley, 1997; Goldman et al.,

1997; Bals et al., 1998a; Singh et al., 1998; Frye et al., 2000;

Jia et al., 2001; Harder et al., 2Q0G&arcia et al., 2001a)b
HBD2 and LL-37 have been shown to reach significant lev-
els in bronchial alveolar lavage fluicsingh et al., 1998;
Agerberth et al., 1999 While HBDL1 is expressed consti-
tutively, the other3-defensins are inducible but not by the
same stimuli. Unlike HBD2, the gene encoding HBD3 does

BPI and phospholipase A2, HBD2 and lactoferrin, as well
as between HBD2/HBD4 and lysozyniB4(s et al., 1998a;
Garcia et al., 200)bHowever, other studies did not confirm
synergy between HBD2, HBD3 or HBD4 and lysozyme
(Singh et al., 2000; Garcia et al., 2001so this needs
further clarification. Defensins and many other AMPs are
inhibited in vitro by increasing concentrations of NaCl, but
synergy between HNP1 and LL-37 overcame the inhibitory
effects of NaCl Nagoaka et al., 2000 AMPs are one of
many LPS binding molecules produced in the respiratory

not have a NkB consensus sequence but does have AP1 tract, including BPI, LBP and surfactant-associated proteins

and NF-IL-6 consensus sequences, andHB®3 gene is
up-regulated by IFNy, not TNF«, IL-1«, IL-6, PMA or
non-viablePseudomonas aeruginog¢@arcia et al., 200Ja
HBD4 is primarily expressed in the lung and is induced
by non-viableP. aeruginosaandStreptococcus pneumoniae
but not by TNFe, IFN-y or IL-138 (Garcia et al., 200)b
P. aeruginosais a significant respiratory pathogen, and is
particularly associated with high morbidity and mortality
in patients suffering from CF. It has been shown to induce
B-defensin synthesis in mouse respiratory epithelia in vivo
(Bals et al., 1999a; Morrison et al., 1999The produc-
tion of mucoid extracellular polysaccharide By aerugi-
nosahas been linked to virulence amthrder et al. (2000)
found a mucoidP. aeruginosastrain induced HBD2 pro-
duction in respiratory epithelial cells but non-mucoid strains
did not. This was true for cells derived from CF patients as
well as non-CF individuals. However, CF patients did not
up-regulateB-defensins in response to inflammatory medi-
ators Pauletbaev et al., 2002supporting a contention that
local deficiency in innate defences is important in the patho-
genesis of CF lung diseasBd]s et al., 1998a

In the respiratory tract, as in the oral cavity, AMPs form
part of a cocktail of antimicrobial moleculesSTable 2

(Crouch et al., 2000; Zhang et al., 2000; Augusto et al.,
2002. a-Defensins regulate release of serine proteinase
inhibitor (SLPI) from airway epithelial cellsvan Wetering

et al., 2000. Elafin, which like SLPI is an inhibitor of
neutrophil proteinase activity, is also directly antimicro-
bial (Simpson et al., 1999and is regulated by neutrophil
defensins\an Wetering et al., 2000

3.2. Roles of antimicrobial peptides in respiratory
innate defences

Inducible and constitutive production of AMPs is known
to occur throughout the respiratory tract and levels of
B-defensins and LL-37 increase following infections and
inflammation Ashitani et al., 2001; Dauletbaev et al.,
2002; Lee et al., 2002; Schaller-Bals et al., 200Phey
protect sites that are heavily colonised, such as the nasal
cavity and nasopharynx, and some which are usually
free of micro-organisms, e.g. the lung. The diverse resi-
dent commensal populations of the upper airways consist
of organisms includingStaphylococcuspp., Streptococ-
cus spp., Neisseria spp., Moraxella spp., Haemophilus
spp. andMycoplasmaspp. Some respiratory pathogens
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do not cause clinically overt disease in all hosts, and im- brane structure amongst these strains are currently being
portant pathogens may be carried as part of the normalexamined.

resident microbiota of individuals for considerable peri-  An important role for AMPs in the susceptibility of the
ods of time. Some opportunistic pathogens cause severeCF lung to infection has been suggested. It was proposed
infections in patients with CF. In addition tB. aerugi- that, as a result of the CF defect in ion transport, tracheal

nosa members of theBurkholderia cepaciacomplex are exudates of CF patients have high concentrations of NaCl,
important causes of morbidity and mortality in this group causing inactivity of AMPs towards pathogenic bacteria and
(Mohr et al., 2001; Mahenthiralingam et al., 2002Jp thereby contributing to the ability of the latter to infect these
to 20% of patients with CF who acquii. cepaciacom- patients Goldman et al., 1997 However, not all studies
plex organisms develop the “cepacia syndrome”, a rapidly have confirmed high NaCl concentrations in airway fluids
fatal necrotising pneumonia, often in conjunction with sep- and it is a paradox that organisms liBecepaciawhich are
ticaemia. Virulence and clinical outcome are correlated naturally resistant to AMPs, should require salt-inactivation
to specificB. cepaciagenomovars, many of which have of these innate defences to express their pathogenicity. Also,

been assigned to new speciddahenthiralingam et al., HBD3 was recently shown to kilB. cepaciaregardless of
2002. NaCl concentrationGarcia et al., 200Jalt is likely that
The virulence determinants &. cepaciacomplex or- multiple factors are in operation. It has been suggested that

ganisms have received a great deal of attention in recentmore general, uncharacterised, deficiencies in local innate
years but pathogenicity is not yet fully understood. Adhe- defence of the CF lung are responsible for the increased
sion and colonisation of respiratory epithelia are impor- susceptibility to infection, and AMPs may be a component
tant, and in pulmonary infectioB. cepaciamay exhibit a of this. B. cepaciacan survive within respiratory epithelial
biofilm mode of growth Desai et al., 1998 Colonisation cells, macrophages and in amoeba and this may be related
may be aided by the fact that these bacteria are highly re-to AMP resistance as well as other factors, e.g. a decrease
sistant to a wide range of human and non-human AMPs. in NO production inB. cepaciainfected macrophages has
In our studies, strains representing six genomovars werebeen reported as well as cytotoxicity to macrophadyésh
resistant to HNP1, HBD1, HBD2 and LL-37 and other et al., 200}
non-human AMPs Table 3. However, many were sen- A number of in vivo experimental models have been used
sitive to ovine cathelicidin SMAP-29 and the synthetic to determine the functional importance of AMPs in defence
D2A-22, both of which have been reported previously to of the respiratory tract, particularly in CF. Over-expression
have activity against selected straindBofcepacia(Schwab of the human peptide LL-37 in a CF mouse model re-
et al., 1999; Saiman et al., 200MWhilst virulence is cor- sulted in increased killing of. aeruginosa(Bals et al.,
related with particular genomovars of tBe cepaciacom- 19999, reduced ability ofP. aeruginosato colonise the
plex, there was no clear relationship between sensitivity to lung epithelium and in reduced inflammation and suscep-
these peptides and genomovar. Differences in outer mem-tibility to septic shock Bals et al., 1999b Mice deficient

in mBD1 expression did not show any overt signs of ill

health or abnormalityMorrison et al., 2002; Moser et al.,
Table 3 , _ , 2002. These studies indicated that an individual AMP
Re5|st_an_ce 0!3. cepa_macomplex strains representing genomovars R-VI may be more important in defence against one organism
to antimicrobial peptides s . .

than another. For example, mBD1-deficient mice were in-

Peptide N“mbber rteSC;_Stz“t 'V'CZ_t_°f M'Cc,t_Of efficient at clearingHaemophilus influenzaérom lungs
(number studied) sl and airways Nloser et al., 2002 but eliminatedStaphy-
5-Defensin 1 7 a7 2500 2500 Iococcu_s aureu.s‘rom th(lalrzlgggs ?15| efficiently e:js W|I<de
B-Defensin 2 17 (17) 500 ~500 type mice Morrison et al., )z while mutant and wi
LL-37 17 (17) >500 >500 type mice were equally susceptible to infection, sepsis and
HNP1 17 (17) >500 >500 death following infection witts. pneumoniaéMoser et al.,
D2A-22 6 (14) 4-250 0.5-250 2002.
SMAP-29 4 (13) 4-250 0.5 to >500 In addition to defending against infection, released
Histatin Dhvar4 14 (14) >500 >500 def . ib ithelial ir in th
Brevinin 1 16 (16) ~500 ~500 a-defensins may contribute to epithelial repair in the res-
Cecropin B 12 (13) 62 05 piratory tract through enhancing lung epithelial cell pro-
Melittin 16 (17) 1 0.5 liferation (Aarbiou et al., 200R To this end, they may
Polymyxin B 17 A7) >500 >500 function alongside wound healing factors such as the TFF
aGenomovars I, IV and V have been assignedtakholderia multi- proteins, which are also expressed by respiratory epithelia
vorans Burkholderia stabilisand Burkholderia vietnamensisespectively (dos Santos Silva et al., 2000AMPs also contribute to
(Mahenthiralingam et al., 2092 protection against protease-mediated damage through reg-

boag: . . 1 . : -
__Minimum concentration of peptideugmi™) producing a zone of ) 1ati5n of release of SLPI and elafin. On the other hand,
inhibition in double layer agarose assays.

¢Minimum inhibitory concentration g mI~1) determined in broth neUtrOph'I AMP release can a!so have undesirable effects
microdilution assays. (van Wetering et al., 1999; Devine and Hancock, 0@l
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may contribute to the pathogenesis of certain respiratory 4. Mechanisms of antimicrobial peptide resistance
diseases, such as inflammatory lung disease and atheroscledisplayed by oral and respiratory micro-organisms
rosis (through binding of lipoproteinsk-Defensins ad-
here to indwelling medical devices and diminish effective  In many cases antimicrobial peptides are able to Kkill
defences against biofilm formation by inhibiting neu- bacteria by depolarising and permeabilising membranes
trophil function, and these AMPs can also enhance the (Fig. 2), but there are some examples in which the lethal
adhesion of respiratory pathogens to respiratory epithelial target is cytoplasmic (reviewed iBevine and Hancock,
cells. 2002. In Gram-negative bacteria, peptides first associate
Thus, AMPs are components of complex host secretionswith negatively charged moieties of the outer membrane,
contributing to innate defences throughout the oral cav- producing structural cracks. They also bind to the divalent
ity and respiratory tract. They act synergistically with each cation-binding sites of polyanionic surface LPS and expand
other and with other classes of molecule to combat in- the outer membrane by displacing divalent cations, which
fection and control resident microbial populations. They normally stabilise outer membrane structure. Disruption of
may function alongside molecules such as TFF proteins barrier function and integrity of the outer membrane then al-
in wound healing processes, and with other LPS binding lows passage of molecules such as large hydrophobic antibi-
molecules such as bactericidal permeability inducing protein otics and the AMPs themselves (termed the self-promoted
and LPS binding protein to regulate responses to bacterialuptake pathwaytHancock and Chapple, 19pAMPs then
LPS. bind to the interfacial region of the cytoplasmic membrane

OQuter
membrane

Peptidoglycan

4749, ®

Cytoplasmic
membrane

4470 @

Fig. 2. Interactions between antimicrobial peptides and Gram-negative bacterial cells (adaptddafrootk and Chapple, 1999a and b) Peptides

bind to the divalent cation-binding sites and associate with the polyanionic outer moieties of LPS, disrupting and expanding the outer membrane anc
allowing passage of AMPs through the outer membrane. (c) AMPs then bind to the interfacial region of the cytoplasmic membrane. (d) When at sufficient
concentrations, AMPs aggregate within the membrane causing depolarisation and permeabilisation. Some monomers may detach and gain access to |
cytoplasm.
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and, as they reach sufficient concentrations, aggregateand structure of acyl groups attached to the diglucosamine
within the membrane. Gram-positive bacteria do not have moiety and also in the numbers and degree of substitution
an outer membrane, but AMP binding to outer wall com- of phosphate groups$-{g. 3). The core oligosaccharide can
ponents such as lipoteichoic acids nonetheless play a rolealso vary with respect to phosphorylation and substituents
in the mechanism of action, as changes to these moleculesttached to the conserved Kdo.
affect sensitivity to AMP Kkilling (discussed later). The importance of LPS structure in determining resis-
Resistance of bacteria to killing by peptides is determined tance to AMPs first became clear in studiesSaiimonella
by a number of bacterial properties including charge density enterica serovar Typhimurium, in which environmentally
and structure of outer wall components such as LPS, lipid regulated two-component signal transduction pathways
composition of the cytoplasmic membrane, the presence of(phoPQ which in turn regulates another two-component
an electrochemical potential across the cytoplasmic mem-pathway, pmrAB cause LPS modifications that decrease
brane, responses of bacterial cells to environmental changedinding and killing by AMPs and increase pathogenic-
and stresses, and peptide breakdown, transport and effluxty (Ernst et al., 1999 These modifications include
mechanismsevine and Hancock, 2002; Peschel, 2002 the partial charge neutralisation of lipid A by addition
Some of these mechanisms are particularly relevant to oralof 4-deoxy-4-aminoarabinose (Ara4N) to the phosphate

and respiratory organisms. residues attached to the diglucosamine, and addition of
palmitate to lipid A results in alterations to membrane flu-
4.1. Lipopolysaccharide idity and self-promoted uptake of AMPs. Environmentally

regulated modification of myristate in lipid A to hydrox-

Bacterial LPS is an important virulence determinant for ymyristate is thought to be responsible for reduced host cell
many Gram-negative pathogens and it exhibits a numberrecognition by LPSErnst et al., 1999
of important properties, such as immunogenicity, induc- LPS structure also contributes to AMP resistance in a
tion of pro-inflammatory cytokines, and protection against number of respiratory pathogerR. aeruginosapossesses
phagocytosis and complement killing. LPS consists of systems for environmental moderation of its LPS to more
three components: lipid A (which anchors the molecule in resistant phenotype&inst et al., 1999; Macfarlane et al.,
the outer membrane) is linked to the 3-de@&p-manno- 2000; Moskowitz et al., 1999Lipid A from P. aeruginosa
oct-2-ulopyranosonic acid (Kdo) of the core oligosaccha- isolates from CF patients was highly substituted with Ara4N
ride, which is in turn linked to the outer component of LPS, and was further altered through the addition of an acyl
the O-polysaccharide. Whilst the O-polysaccharide is highly group Ernst et al., 1999; Pier, 20R0The innate resistance
variable, there is more conservation in the core oligosac- of B. cepaciato AMPs may be in large part explained by
charide region and, especially, in lipid A structutgrénow the structure of its LPS. This organism has been shown to
and Brade, 2001 In lipid A, variations occur in the number lack a self-promoted uptake pathway for AMRsahcock,

E. coli. A-14
B-14
C-14
D-14
R1-14:0
R2- 12:0
R3- H

P. gingivalis A —15
B-17
C-16
D-17
R1-H
R2- 16:0
R3- H

(a)(P)absent

oy (b)(® substituted with
Lipid A ethanolamine

Fig. 3. Structure oE. coli and P. gingivalislipid A.
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1998 and its LPS binds AMPs poorlyAfbrecht et al.,
2002. B. cepacialLPS is relatively under-phosphorylated
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which the O-polysaccharide may be influential. Studies of
salmonellae showed that reduced susceptibility to magainin

and the polysaccharide core, which consists of Kdo linked was related to reduced O-polysaccharide chain lerigéimé

to p-glycerow-p-talo-oct-2-ulopyranosonic acid (Ko) rather
than Kdo—-Kdo typical of enteric bacteria aRdeudomonas
spp., is substituted with Ara4N3fonow and Brade, 2001,
Albrecht et al., 200 The related and highly virulent
Burkholderia pseudomallgivhich causes severe pulmonary

et al.,, 199). AMP resistance of a respiratory pathogen,
Bordetella bronchisepticawas dependent on expression
of genes involved in synthesis of the O-polysaccharide
(Banemann et al., 1998In P. gingivalis this molecule

may influence AMP interactions in a different way. This

infection, is also resistant to AMPs and this has been linked organism has a highly unusual O-polysaccharide, in which

to LPS structureRurtnick and Woods, 1999Extracellular
Legionella pneumophilare resistant to polymyxin B, but

60% of thea-rhamnose residues in the repeating unit are
phosphorylated through addition of phosphoethanolamine

sensitive mutants were defective in expression of a gene(Paramonov et al., 2001 The consequent increased neg-

with homology toS. entericaserovar TyphimuriunpagP
(Robey et al., 2001 which encodes a palmitoyl transferase
that is responsible for addition of an acyl group to lipid
A. Unencapsulated non-typable. influenzag(NTHi) is a

ative charge of the LPS may be expected to increase the
binding of AMPs to the outer leaflet of the outer mem-

brane; this may contribute to resistance by preventing or
delaying access of AMPs to the core oligosaccharides and

common commensal of the upper respiratory tract and is lipid A. Also, P. gingivalis expresses membrane-bound
sometimes associated with localised disease, and it has beeproteases and binding to the O-polysaccharide could

shown to regulate acylation of lipid A. Under-acylated mu-
tants ofH. influenzaewere more susceptible to killing by
HBD2, but killing by the more highly cationic HBD3 was
unaffected $tarner et al., 2002Swords et al. (2002pund

influence the likelihood of inactivation of AMPs by
such molecules. The relevance of proteases is discussed
later.

that such mutants were also less able to colonise humaré.2. Other cell wall properties

airway xenografts, and speculated that NTHi may differen-

tially acylate lipid A during commensal and disease states.
The oral pathogeR. gingivalisdoes not induce expression
of HBD2 by oral epithelial cellsKrisanaprakornkit et al.,

Many organisms that colonise the oral cavity and up-
per respiratory tract can decorate their cell surfaces with
host-derived phosphorylcholine (ChoP). This form of

1998 and appears to be quite resistant to some AMPs, suchhost-mimicry is displayed by streptococci, pneumococci,

as human LL-37 and sheep SMAP-2Guthmiller et al.,
2001) Although it was strongly inhibited by cecropin B, this
activity was bacteriostatic rather than bactericidagyine

et al., 1999. P. gingivalispossesses LPS that is unusual in
many respectsHig. 3. Its lipid A carries five acyl chains,

Neisseriaspp., Haemophilusspp., Actinomycesspp., Fu-
sobacteriunmspp., mycoplasmas and othetygenko et al.,
2000; Schenkein et al., 2001ChoP substitution oH.
influenzaelLPS resulted in reduced sensitivity to LL-37
(Lysenko et al., 2000 but did not affect sensitivity to

which are unusually long and branched compared with thoseHBD2 or HBD3 (Starner et al., 2002 Both H. influenzae
typical of enteric bacterial LPS, and the diglucosamine has and S. pneumoniagzariants expressing ChoP were more

only one phosphate groufinst et al., 1999; Netea et al.,
2002. In addition to having the potential to contribute to

efficient than ChoP variants at colonisation and persis-
tence in animal models. ChoP was detected on the surfaces

AMP resistance, it has been proposed that these structurabf a large number of commensal and pathogedésse-
differences result in the different cellular responses initiated ria spp. Serino and Virji, 200D However, in commensal

by P. gingivalisLPS compared witlEscherichia coliLPS,
and the recognition dP. gingivalisLPS by Toll-like recep-
tor 2 (TLR2) rather than TLR4Hrnst et al., 1999; Pulendran
etal., 2001; Netea et al., 2002; Ogawa et al., 2002ir pre-
liminary results indicate tha®. gingivalisLPS is also envi-

strains ChoP was only present on LPS, whilst in pathogenic
strains it decorated pili. In these strains, ChoP decoration
was further important because cell surface ChoP facilitated
adhesion to platelet activating factor on host cells and also
affected the host signalling pathways initiated by bacterial

ronmentally regulated and this regulation results in changescolonisation Swords et al., 2002

in the ability of LPS to induce cytokines from monocytes
(Percival et al., 2001 We are currently investigating the

Gram-positive cell wall teichoic acids and lipoteichoic
acids are variably modified with alditol groups by glycosyl

structure of LPS from this organism using electrospray massresidues om-alanine. Strains oStaphylococcuspp. were

spectrometry in relation to environmental regulation and in-
teractions with host cells and AMPs.

Studies ofE. coli have shown that the O-polysaccharide
chemotype significantly effects interactions, for example,
with complement mediated innate defenc&e\{ine and
Roberts, 1994 Most studies of LPS and AMPs have pointed
to the over-arching importance of properties of the lipid A

less sensitive to AMPs followingdlt operon-mediated
p-alanyl esterification of teichoic acids, which decreased
cell wall negative charge and consequently reduced AMP
binding Peschel et al., 1999A dlt-deficient mutant ofS.
aureuswas less virulent in a mouse model than the wild type
strain Collins et al., 200 Many Gram-positive species
possessllt operons and this may be a common mechanism

and core oligosaccharide, but there are some instances irfor resisting innate peptides, as well as peptides produced
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by other Gram-positive bacteria, such as lactococcin, nisin ria, inner membrane characteristics and LPS structure are of
and subtilin Gahl et al., 1995; Nes et al., 1996 over-riding importance in determining sensitivity to AMPs.
Nonetheless, their proteases may provide indirect protection
from AMPs and other host defences. Most Gram-negative
bacteria release membrane-bound vesicles from their cell
Many oral and respiratory bacteria, and some important surfaces and those d®. gingivalis P. intermedia P. ni-
pathogens, are strongly proteolytic. Extracellular proteasesgrescenandP. aeruginosaontain protease®gvine et al.,
contribute to nutrient acquisition, tissue destruction and 1989; Mayrand and Grenier, 1989; Beveridge, 199%us,
deregulation of inflammatory responseBofempa et al., proteases may be released and act at sites distant to surfaces
2000. Organisms with proteolytic metabolism also have ef- of the producer cells, providing protection to accompanying
ficient peptide uptake and transport mechanisms; thus, therespecies and deregulating host defences over a broader area.

4.3. Protease production

is the potential for such organisms to be protected from an-

timicrobial peptides through direct proteolytic degradation

P. aeruginosaelastase and alkaline proteinaSe,pyogenes
cysteine proteinase aifithterococcus faecaligelatinase de-

or by uptake and transport systems binding and diverting grade host cell proteoglycans, releasing dermatan sulphate

antimicrobial peptides away from target sites.

A relationship has been observed between AMP sensi-
tivity and extracellular protease production by some respi-

ratory pathogensSchmidtchen et al. (20023)emonstrated
proteolytic degradation of LL-37 by a number of pathogens
including P. aeruginosaand Streptococcus pyogenem

P. aeruginosathis was related to elastase production and
degradation also correlated with sensitivity to killing by
LL-37. Elastase was additionally significant in that it in-
duced processing of the LL-37 neutrophil precursor pro-
protein, hCAP18, to active LL-37. Extracellular protease
production byB. cepaciahas been reported to contribute to
antibiotic resistanceHayashi et al., 2000 We found that
eight strains oB. cepaciaepresenting six genomovars were
not strongly proteolytic and did not degra@edefensin 1,
LL-37, SMAP-29 or D2A-22 (unpublished results).

which inhibits HNP1 Schmidtchen et al., 2002P. gingi-
valis protease degrades CD14, thereby rendering host cells
non-responsive to LPSTéda et al., 200Rand preventing
induction AMPs and other host defence molecules.

Most of the earlier studies have considered extracel-
lular proteases, but outer membrane associated proteases
were shown to proteck. coli and S. entericaserovar
Typhimurium from the lethal actions of certain AMPs
(Stumpe et al.,, 1998; Guina et al., 200®. gingivalis
proteases are expressed extracellularly and are membrane
bound Curtis et al., 1999, 20Q1and these proteases may
contribute to protection. The strong negative charge of the
phosphorylated O-polysaccharide may enhance AMP bind-
ing without increasing cell death because of protection by
membrane-bound proteases.

Oral subgingival anaerobes produce proteases that con-

tribute to their nutritional requirements and to their abil-
ities to subvert host defences. Strains Rf gingivalis
Prevotella intermedia Prevotella nigrescensPrevotella
corporis and Prevotella pallenssecreted proteases that
cleaved and inactivated a number of AMPs while oral

Gram-positive organisms, such as streptococci, actino-

myces andRothia dentocariosadid not Qevine et al.,
1999. Although P. gingivalis proteases are strongly

5. Environmental regulation of bacterial properties
relevant to interactions with antimicrobial peptides

Many of the cellular properties described earlier that
contribute to AMP resistance are modified in response to
alterations in environmental stimuli. Two-component signal
transduction pathways that induce resistance to AMPs and
are homologous to those responsible for environmentally

down-regulated by environmental temperature, alterationsregulated changes ®. entericaserovar Typhimurium LPS

in growth temperature still resulted in sufficient protease
production to completely inactivate SMAP-29 and D2A-22
(Percival et al., 199unpublished results). The relationship
betweerP. gingivalisprotease production and sensitivity to
AMPs is complex. The MIC of cecropin B did not correlate
with an ability to degrade AMPs by extracellular proteases
(Devine et al., 1999 although for each of the oral anaerobes
tested the peptide was inhibitory but not bactericidal. It was
suggested that this might have been partly bec&uggn-
givalis proteases inactivated cecropin B slowly (10—15min
for full inactivation), whereas AMPs generally act rapidly.
Treponema pallidurs a protease-producing oral spirochete

have been found in other enteric organisms as well & in
aeruginosaNeisseria meningitidisL. pneumophilaandB.
pseudomallei The modifications associated with AMP re-
sistance may affect other host—microbe interactions that are
also highly significant in determining the outcomes of mi-
crobial colonisation. Modifications to acyl moieties of lipid

A strongly influence interactions between LPS and host re-
ceptors, thereby helping determine the signalling pathways
initiated. It has been proposed that acylation affects the shape
of lipid A, which in turn determines binding to host cell
Toll-like receptors Netea et al., 2002 Under-acylated mu-
tants of NTHi stimulated host cells less than wild type bac-

associated with periodontal disease that lacks LPS. It wasteria and elicited a less pro-inflammatory resporgedrds

resistant toB-defensins, but this was not due to protection
by extracellular proteaseBi(issette and Lukehart, 202

et al., 2002. ChoP on teichoic acids &. pneumoniaand
on LPS of NTHi facilitates adhesion to platelet activating

Thus, it appears that in some protease-producing oral bactefactor on host cells, and the productsdif provide other
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selective advantages to some bacteria, such as increased aclResearch Award) and the Leeds Hospital Trust Special
tolerance, greater intracellular polymer accumulation, and Trustees. Many thanks to my colleagues for helping with
mediation of interbacterial aggregations involved in biofilm information and data for this manuscript (Rimondia Per-
establishmentElemans et al., 1999; Spatafora et al., 1999; cival, Michelle Morgan, Zarina Yousuf, Bill Bonass, Alec
Boyd et al., 200D Proteases can have many indirect effects High and Haisal Mohd Hussaini) and to Phil Marsh for his
beyond direct damage of host tissues and AMPs, including critical reading of the manuscript.

deregulation of inflammatory processes, and inactivation
of host cell receptorsP. gingivalis proteases, and other
virulence determinants, are environmentally controlled and
appear to be down-regulated by conditions mimicking in- , ,

flammation; this attenuation of virulence under certain Aarbiou, J., Ertmann, M., van Wetering, S., van Noort, P., Rook, D., Rabe,

o ! - . : K.F., Litvinov, S.V., van Krieken, J.H.J.M., de Boer, W.l., Hiemstra,
conditions may contribute to the long-term survival of this  ps. 2002, Human neutrophil defensins induce lung epithelial cell
organism within the hostile environment of the periodontal  proliferation in vitro. J. Leuk. Biol. 72, 167-174.
pocket Perciva] et al., 1999; Bonass et al., 19_99 Agerberth, B., Grunewald, J., Castanos-\Velez, E., Olsson, B.., Jornyall,

It is not reaIIy clear Why some epithelial AMPs appear H., Wigzell, H., Eklund, A., Gudmundsson, G.H., 1999. Antibacterial
tob d titutivel hile oth ire bacterial components in bronchoalveolar lavage fluid from healthy individuals
0 e expressed cons I.u Ively w _I €o .ers requwe' actenal  ,h4 sarcoidosis patients. Am. J. Respir. Crit. Care Med. 160, 283-290.
and inflammatory mediators for induction. HBD1 is much albrecht, M.T., Wang, W., Shamova, O., Lehrer, R.I., Schiller, N.L., 2002.
less potent as an antimicrobial agent than inducible HBD2  Binding of protegrin-1 toPseudomonas aeruginosad Burkholderia
(van Wetering et al., 19991t may be that other functions cepacia Respir. Res. 3, 18-28.

T : Ashitani, J., Mukae, H., Hiratsuka, T., Nakazato, M., Kumamoto,
of HBD1, such as LPS binding, are more important. HBD1 . .

f . Lo inel” bindi K., Matsukura, S., 2001. Plasma and BAL fluid concentrations
may function as a cor}s'tltutlve sentinel” AMP, ) inding to of antimicrobial peptides in patients withMycobacterium
LPS and LTA, neutralising them, thereby helping prevent  aviumdintracellulare infection. Chest 119, 1131-1137.
an undesirable immune response to low levels of organismsAugusto, L.A., Li, J., Synguelakis, M., Johansson, J., Chaby, R., 2002.
or to resident commensal bacteria. Most bacteria colonising Structural basis for interactions between lung surfactant protein C and
- - . : : _ bacterial lipopolysaccharide. J. Biol. Chem. 277, 23484-23492.
yssues contain LPS or LTA in thqr cell walls. It is becom Bals, R., Wang, X.. WU, Z., Freeman, T., Bafna, V., Zasloff, M., Wilson,
|ng' clear that SUbtle differences in LPS struc;ure.,. man)_/ of J.M., 1998a. Human-defensin 2 is a salt-sensitive peptide antibiotic
which are environmentally regulated, have significant im-  expressed in human lung. J. Clin. Invest. 98, 874—880.
pacts on interactions with host cells and synthesis of hostBals, R, Wang, X., Zasloff, M., Wilson, J.M., 1998b. The peptide
molecules, including inducible AMPs. It remains to be seen a’;]“b'c’t_'tchLL'?’J’h%AP'tl_S is eg_prless?d_t'” ‘ip;:]he""_‘ of the hf“ma“F')“”Q
how these structural properties influence binding to AMPs (20T & A8 r0 e e o osae o Strace. Toe
and the subsequent interactions bet\_N'een AMP-LPS COM-ggis, R., Wang, X., Meegalla, R.L., Wattler, S., Weiner, D.J., Nehls, M.C.,
plexes and host cells, such as dendritic cells, and how this wilson, J.M., 1999a. Mousp-defensin 3 is an inducible antimicrobial
impacts on consequent host responses. peptide expressed in the epithelia of multiple organs. Infect. Immun.

Thus, oral and respiratory AMPs interact with large 67 3542-3547.

b f colonisi bacteria. The di itv of th Bals, R., Weiner, D.J., Meegalla, R.L., Wilson, J.M., 1999b. Transfer of a
num €ers of co On_lsmg acteria. ) € 'V,e,rS' y ot these polp— cathelicidin peptide antibiotic gene restores bacterial killing in a cystic
ulations can be immense and, in addition to the species fiprosis xenograft model. J. Clin. Invest. 103, 1113-1117.
diversity evident in resident populations, single species ex- Bals, R., Weiner, D.J., Moscioni, A.D., Meegalla, R.L., Wilson, J.M.,
hibit substantial genetic diversity (e.dolley et al., 2000; 1999c. Augmentation of innate host defence by expression of a
Hohwy et al., 2001 The complexity of host—microbe inter- cathelicidin antimicrobial peptide. Infect. Immun. 67, 6084—6089.

. Wy is furth )' d bp h yf h . . Banemann, A., Deppisch, H., Gross, R., 1998. The lipopolysaccharide of
aCt'_onS Is further 'ncre_ase y the fact that ml.c-ro-organlsms Bordetella bronchiseptacts as a protective shield against antimicrobial
rapidly adapt to changing environmental conditions, in ways  peptides. Infect. Immun. 66, 5607-5612.
that may increase survival and pathogenicity. Given the Beveridge, T.J., 1999. Structures of Gram-negative cell walls and their
complexities of these microbial populations and their ge- delf(iVEd membrane vesicles. J. Bacteriol. 181, 47?5—4]733-_ < robial
netic flexibility, it is essential that host defences are equally BPek: LA Situ, H., 2003. MUC7 20-mer: investigation of antimicrobia

. . . . . activity, secondary structure, and possible mechanism of antifungal
varied _and flexible. AMPs fulfil these requirements and Vi-  action. Antimicrob. Agents Chemother. 47, 643-652.
dence is accumulating that demonstrates their importance insonass, W.A., High, A.S., Owen, P., Devine, D.A., 1999. Expression of
protecting against specific pathogens, modulating resident B-defensin genes in human salivary glands. Oral Microbiol. Immunol.

populations and in regulating host responses to bacteria andBO;;"' 37A1_3c7v?t'kovitch 0.6 Bleiweis. AS.. Kiruikhin M.Y. Debabov
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