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 Introduction 

 Infections are still a major health problem worldwide, 
being associated with signifi cant morbidity and mortal-
ity. Since the discovery of penicillin, the traditional ap-
proach to infections has been based on the development 
of novel compounds exerting microbicidal activity. The 
result is an impressive array of antibacterial, antifungal, 
antiviral and antiparasitic drugs currently at our dispos-
al for clinical use in contrasting infections. However, an-
timicrobial treatments are hampered by the ever-increas-
ing problem of resistant strains. Alternative strategies are 
therefore needed based on a better knowledge of micro-
bial pathogenetic mechanisms and a more complete 
comprehension of host defense systems. Over the last 
decade, substantial advances have been made into the 
understanding of host-pathogen interactions in hu-
mans. 

 The epithelial surfaces of the organism exposed to the 
environment such as skin, respiratory tract, and gut are 
a challenge for the host defense system given the impres-
sive amount of potential pathogens they may be exposed 
to. The respiratory epithelial surface in particular poses 
a formidable threat given the considerable extension in 
surface area (approximately 150 m 2 ), and the large 
amounts of microorganisms contained in the roughly 
15,000 liters of air inhaled each day. Whereas the gut is 
connected in series with the environment, allowing se-
quential activation of defenses such as salivary amylase, 
gastric acid, and bile, the alveoli are exposed to the envi-
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  Abstract 
 This review summarizes the present concepts regarding 
the biological processes that mediate intrinsic and innate 
host defense against microbial invasion of the lung. In-
nate immunity is the fi rst line of defense of the higher 
organisms towards invading pathogens. It accomplishes 
a wide variety of activities including recognition and ef-
fector functions. The innate responses use phagocytic 
cells (macrophages, monocytes, and neutrophils), cells 
that release infl ammatory mediators (basophils, mast 
cells, and eosinophils), and natural killer cells. The mo-
lecular component of innate responses includes comple-
ment, acute-phase proteins, and cytokines. Recognition 
of pathogen-associated molecular patterns is mediated 
by the pathogen receptors of the innate immune system, 
among these molecules toll-like receptors have emerged 
as fundamental components in the innate immune re-
sponses to infection, and a link between innate and adap-
tive immunity. Additional protection comes from poly-
peptide mediators of the innate host defense, such as the 
defensins and other antibiotic peptides. In view of the con-
siderable burden in terms of mortality and morbidity that 
severe infections still pose worldwide, a better under-
standing of the biological basis of host-pathogen interac-
tions opens stimulating future treatment perspectives. 
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ronment in parallel. Each alveolar unit must be self-suf-
fi cient in the defense against inhaled threats. In addition, 
whereas for the gut and skin the objective is the mainte-
nance of a normal fl ora, sterility is the aim in the alveoli. 
Lastly, given the presence of only two cell layers between 
the environment and the bloodstream in the alveoli, the 
risk of dissemination is greater than for any other body 
boundary. 

   Innate Immunity 

 Much attention has been drawn during recent years 
towards a better understanding of the innate immunity 
system. Innate immunity is the fi rst line of defense of the 
higher organisms towards invading pathogens. It accom-
plishes a wide variety of activities including recognition 
and effector functions. The former involves the recogni-
tion of structures present in microorganisms that are dis-
tinct from self. The effector functions include the release 
of substances exerting direct antimicrobial properties, 
and production of cytokines and chemokines that recruit 
infl ammatory cells to the site of infection. A further fun-
damental aspect is the activation and orientation of adap-
tive immune responses mediated by lymphocyte priming 
 [1] . Innate responses occur within minutes after invasion 
of the host, and the extent of activation is the same no 
matter how many times the infectious agent is encoun-
tered. Conversely, the adaptive immunity responses are 
slower in developing and improve on repeated exposure 
to a given agent. The innate responses use phagocytic cells 
(macrophages, monocytes, and neutrophils), cells that re-
lease infl ammatory mediators (basophils, mast cells, and 
eosinophils), and natural killer cells. The molecular com-
ponent of innate responses includes complement, acute-
phase proteins, and cytokines  [2] . 

   Pathogen Recognition Receptors 

 Recognition of pathogen-associated molecular pat-
terns is mediated by the pathogen receptors of the innate 
immunity system. From a functional standpoint, these 
receptors may be divided into three classes: secreted, en-
docytic and signaling  [3] . Among the best characterized 
in the fi rst group is mannose-binding lectin (MBL), the 
second group includes macrophage mannose receptors 
and macrophage scavenger receptors, whereas the third 
group includes toll-like receptors (TLRs). 

   Mannose-Binding Lectin 
 MBL is a complement-activating innate immune de-

fense serum protein that binds to mannose and acetyl-
glucosamine sugar groups present on glycolipids and gly-
coproteins on microbe surfaces but not on mammalian 
surface cells  [4] . It is a member of a family of calcium-
dependent lectins, the collectins (collagenous lectins). 
MBL is synthesized in the liver and secreted into the se-
rum as a component of the acute-phase response. As oth-
er members of the collectin family, the human MBL pro-
tein maps to the long arm of chromosome 10. MBL as-
sembles into 18-subunit oligomers aligned in a ‘fl ower 
bouquet’ pattern. It binds to carbohydrates on Gram-
positive and Gram-negative bacteria, yeast, vi ruses and 
parasites. MBL is associated with two serine proteases, 
mannan-binding lectin-associated proteases 1 and 2 
(MASP1 and MASP2). Following binding with microor-
ganisms, MASP2 cleaves and activates complement 
components C4 and C2, whereas MASP1 may cleave C3 
directly  [5] . The result is an activation of the complement 
cascade leading to the formation of the membrane-attack 
complex ( fi g. 1 ). The MBL pathway of complement acti-
vation does not require the presence of host antibody 
responses. It is triggered directly by microbial recogni-
tion and is therefore independent of adaptive immune 
responses. 

 Three polymorphisms have been identifi ed within the 
gene  (MBL-2)  encoding the MBL polypeptide  [6] . Allelic 
variants prevent the assembly of MBL oligomer subunits, 
thereby reducing the amount of functionally active pro-
tein and shortening its half-life. The homozygous-defi -
cient state is present in 3–4% of individuals, and is asso-
ciated with profoundly reduced levels of MBL, whereas 
the heterozygote state (roughly 30% of the general popu-
lation) presents intermediate levels  [7] . MBL variant al-
leles have been associated with an increased risk of recur-
rent respiratory infections, particularly during early child-
hood  [8] . The mannose-binding pathway may be 
particularly important during the interval between the 
loss of maternal antibody coverage and the development 
of a mature immunological system. In a recent study con-
ducted on cystic fi brosis (CF) patients, Davies et al.  [9]  
showed that the presence of two structural MBL muta-
tions was associated with reduced lung function and oxy-
gen saturation levels, more frequent hospital admissions, 
and raised systemic infl ammatory markers compared to 
wild-type alleles. A further recent case-controlled study 
associated mutant genotypes of the MBL gene with in-
creased susceptibility to invasive pneumococcal disease 
in adult patients  [10] . 
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 However, there is also evidence that low levels of MBL 
partially protect against mycobacterial infections  [11] . 
Since mycobacteria are intracellular pathogens, bacterial 
opsonization by MBL may actually favor infection by in-
creasing the uptake of the pathogen within macrophages. 
In this context, low levels of MBL, by reducing macro-
phage phagocytosis, may confer resistance to mycobac-
teria. 

 Attempts are currently underway to make use of MBL 
as a target for modifi er-gene therapy. Purifi ed serum-de-
rived MBL has been administered to a patient with CF 
with apparent benefi t  [12] . Considering the signifi cant 
advances obtained in recombinant protein technology, it 
is possible to hypothesize that, in a variety of different 
clinical settings, supplementary MBL may become a 
treatment option for patients with defi cient protein 
 levels. 

   Macrophage Mannose and Scavenger Receptors 
 Endocytic pattern-recognition receptors are present on 

the surface of phagocytic cells such as macrophages and 
neutrophils. Activation of these receptors favors patho-
gen uptake and engulfment into lysosomes. Examples in-
clude the macrophage mannose receptor and the macro-
phage scavenger receptor. The former is a member of the 
calcium-dependent lectin family. It recognizes carbohy-
drates with large numbers of mannoses, and mediates 
pathogen phagocytosis by macrophages  [13] . Mannoses 
are sugars that are not normally exposed on the cell sur-
faces of vertebrates, and therefore their recognition indi-
cates the presence of a microbial pathogen. The macro-
phage scavenger receptor binds to bacterial cell walls and 
plays an important role in clearing bacteria from the cir-
culation  [14] . Engulfed microorganisms are exposed to a 
wide variety of intracellular toxins including superoxide 
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Fig. 1. The mannose-binding lectin (MBL)      
pathway of complement activation. MBL is 
a serum protein that binds to mannose sug-
ar groups present on microbial surfaces but 
not on mammalian cells. It is associated 
with two serine proteases (MASP1 and 
MASP2). Binding with microbes activates 
MASP2 to cleave C4 and C2 complement 
components, whereas MASP1 may cleave 
C3 directly. The end result is activation of 
the membrane-attack complex resulting in 
cell death.
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anion, hydroxyl radicals, hypochlorous acid, nitric oxide, 
antimicrobial cationic proteins and peptides, and lyso-
zyme. In addition to invading pathogens, these receptors 
also identify molecules expressed on the surface of apop-
totic host cells, such as phosphatidylcholine, thus favor-
ing phagocytosis of these elements  [15] . 

   Toll-Like Receptors 
 Since their identifi cation roughly 20 years ago, TLRs 

have emerged as fundamental components in the innate 
immune responses to infection, and a link between innate 
and adaptive immunity. They are capable of distinguish-
ing pathogens from self components, triggering cytokine 
production, and expressing costimulatory molecules nec-
essary for lymphocyte activation. Central to the signaling 
cascade triggered by TLRs is the activation of transcrip-
tion factors such as nuclear factor  � B (NF � B) and activa-
tor protein-1 (AP-1), key regulators of infl ammatory and 
immune responses. 

 The so-called  Toll  gene was fi rst involved in the path-
way of dorsal-ventral polarity in  Drosophila melanogaster  
fl y embryos  [16] . The name derives from one of the au-
thor’s surprise in observing the hatched embryos and ex-
claiming ‘Toll!’ (a German exclamation comparable to 
cool). It was later recognized that the  Toll  gene was also 
fundamental in immune responses, as mutations in this 
gene were associated with decreased survival to bacterial 
and fungal infections in adult fl ies  [17] . Toll-like protein 

homologues to the Drosophila original have now been 
described in insects, plants, reptiles, birds, and mammals, 
indicating that these receptors represent a fundamental 
host defense mechanism that has been highly conserved 
over the last 350 million years of evolution. 

   Human Toll-Like Receptors 
 So far, nine well-characterized human TLRs have been 

identifi ed, in addition to several other only partially 
mapped receptors ( table 1 ). Toll-like receptors are mem-
bers of the type I transmembrane proteins. The extracel-
lular domain contains multiple copies of leucine-rich re-
peats and cysteine-rich regions. The intracellular domain 
presents structural homology with the intracellular do-
main of the interleukin-1 receptor (IL-1R), and both are 
now considered part of the IL-1R/TLR superfamily  [18] . 
The extracellular TLR domains recognize membrane-de-
rived structures in invading microorganisms called patho-
gen-associated molecular patterns that are not found on 
mammalian cells. They are typically highly conserved 
and essential structures that play a fundamental role in 
microbial survival or pathogenic activity. Examples in-
clude lipopolysaccharide (LPS) from Gram-negative bac-
teria, peptidoglycan, teichoic and lipoteichoic acids from 
Gram-positive bacteria, lipoglycan from  Mycobacterium 
tuberculosis , mannans from yeasts, and viral surface pro-
teins. 

 TLR1 is expressed ubiquitously and at rather high lev-
els. It recognizes triacyl lipopeptides from bacteria and 
mycobacteria. In addition, it may form heterodimers 
with TLR2 and TLR6. TLR2 recognizes various micro-
bial products from Gram-negative bacteria (LPS), Gram-
positive bacteria (lipoteichoic acid, peptidoglycans, and 
lipopeptides), yeast (zymosan), mycobacteria (lipoarabi-
nomannan and mannosylated phosphatidylinositol)  [19] . 
The receptor is expressed in peripheral blood mononu-
clear cells and lymphoid tissue. TLR3 is expressed in the 
lung, muscle, brain, intestinal cells, and, most important-
ly, specifi c subsets of dendritic cells  [20] . It is involved in 
the response to double-stranded RNA that is produced 
during viral infections  [21] . 

 TLR4 is perhaps the best-characterized and most com-
plex TLR. It is displayed on epithelial surfaces, dendritic 
cells, and macrophages. The best-known TLR4 ligand is 
undoubtedly LPS, although additional ligands include li-
poteichoic acids, mycobacterial proteins, glycolipids, re-
spiratory syncytial virus protein F, and non-bacterial ele-
ments such as heat shock protein 60 and taxol  [22–24] . 
LPS exerts the most potent immunostimulatory activity 
of the TLR ligands. TLR4 activation by LPS is a complex 

Table 1. Currently identifi ed human TLR, recognized ligands, and 
microbial sources

TLR Ligands Microbial sources

TLR1 triacyl lipopeptides bacteria and mycobacteria
TLR2 LPS Gram-negative bacteria

lipoteichoic acid
peptidoglycan
lipopeptide

Gram-positive bacteria
Gram-positive bacteria
Gram-positive bacteria

zymosan yeast
lipoarabinomannan mycobacteria

TLR3 double-stranded RNA viruses
TLR4 LPS Gram-negative bacteria

RSV coat protein F viruses
HSP-60 Chlamydiae or endogenous

TLR5 fl agellin Gram-positive and -negative
fl agellated bacteria

TLR6 diacyl lipopeptides bacteria
TLR7 single-stranded RNA viruses
TLR8 single-stranded RNA viruses
TLR9 CPG unmethylated DNA bacteria
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event that requires the presence of numerous other ele-
ments. LPS is fi rst bound by the lipopolysaccharide bind-
ing protein (LBP), a 60-kDa plasma lipid transfer glyco-
protein. LBP-bound LPS is carried away from microbial 
surfaces and shuttled into contact with CD14  [25] . This 
is a 50-kDa glycoprotein that is either expressed on the 
surface of myelomonocytic cells or present as a soluble 
molecule in the bloodstream. Surface CD14 is devoid of 
an intracellular domain, and LPS processing by this mol-
ecule is probably not essential for host responses, although 
it has a role in their amplifi cation and modulation. In fact, 
in addition to activating TLR4, it has recently been rec-
ognized that both LBP and soluble CD14 can catalyze the 
movement of LPS to high-density lipoprotein (HDL) par-
ticles in which the endotoxin loses its biological activity 
and is then excreted from the liver  [26] . TLR4 works 
downstream of CD14 and is responsible for activating a 
response signal to LPS. However, in order to be fully ac-
tive, TLR4 must be associated with MD-2, a surface
molecule with no intracellular domain  [27] . Association 
between TLR4 and MD-2 occurs in the endoplasmic re-
ticulum, in the absence of which processing of TLR4 does 
not progress further than the Golgi apparatus  [28] . MD-2 
appears to be involved in the fi nal glycosylation pro-
cesses of the TLR4 molecule that allow it to reach the cell 
surface  [29] . Once on the cell surface, MD-2 appears to 
play an active role in receptor signaling following contact 
with LPS by regulating TLR4 dimerization  [30] . MD-2 
may posses a specifi c role in LPS recognition that contrib-
utes to the modulation of the proinfl ammatory response 
of effector cells  [31] . 

 TLR5 appears to be the principal means through which 
the innate immunity system recognizes fl agellated bacte-
ria. Motility is an important virulence factor for bacteria 
such as  Salmonella  spp.,  Pseudomonas aeruginosa , and 
 Listeria monocytogenes . Bacterial fl agellin from either 
Gram-positive or Gram-negative bacteria is the major 
ligand for TLR5  [32] . TLR6 recognizes bacterial diacyl 
lipopeptides, whereas TLR7 and TLR8 are involved in 
recognition of single-stranded RNA viruses. 

 Microbial DNA contains repetitive 2M-deoxyri bo-
(cytidine-phosphate-guanosine) (CpG)-rich unmethyl-
ated motifs, whereas these sequences are relatively rare 
in mammalian DNA. Bacterial DNA is known to be a 
potent immunostimulant for mammalian cells, and TLR9 
has been identifi ed as the ligand for CPG repeats on im-
mune effector cells  [33] . 

 TLRs may also aggregate in heterodimers (e.g. TLR2-
TLR1 or TLR2-TLR6) in distinguishing between differ-
ent pathogen-associated molecular patterns  [34] . 

   Toll-Like Receptor Signal Activation 
 Engagement of the extracellular domain of TLRs by 

microbial products activates intracellular signal trans-
duction cascade pathways leading to the liberation of 
transcription factors ( fi g. 2 ). Following ligand activation, 
TLRs likely form homodimers, thus resulting in a confor-
mational change of the intracellular Toll-IL-1 receptor 
(TIR) domain that forms an active signaling complex. 
This complex consists of a myeloid differentiation factor 
(MyD88) and a TIR-domain-containing adaptor protein 
(TIRAP or Mal)  [35] . MyD88 recruits IL-1-receptor-as-
sociated kinases (IRAKs) to the complex  [36] . Subse-
quent activation of IRAKs is controlled by both positive 
regulators (such as IRAK-4)  [37]  and negative regulators 
(such as IRAK-M)  [38] . Following autophosphorylation, 
IRAKs dissociate from the complex and associate with 
tumor necrosis factor (TNF)-receptor-associated factor 6 
(TRAF6). TRAF6 plays a pivotal role in downstream sig-
nal transduction and exerts fundamental functions in in-
nate and adaptive immunity, infl ammation and tissue 
homeostasis  [39] . The biological effects of TRAF6 are 
mediated by activation of either the NF � B kinase (NIK), 
which modulates the transcriptional activity of NF � B, or 
activation of mitogen-activated protein (MAP) kinases, 
which regulate AP-1 transcription. Recruitment of both 
pathways involves a group of adapter proteins such as 
transforming growth factor (TGF)- � -activated kinase 1 
(TAK1) and binding proteins (TAB1 and TAB2)  [40] . 
The TRAF6-TAK1-TAB1-TAB2 complex translocates 
from the cell membrane to the cytosol and activates NIK 
and MAP kinases. The former is a hetero-trimeric en-
zyme containing two kinase subunits (IKK �  and IKK � ) 
and a regulatory subunit (IKK � /NEMO). 

 Following activation by the TRAF6 complex, NIK 
phosphorylates and degrades I � B, the inhibitor of NF � B, 
leading to translocation of the transcription factor into 
the nucleus. The activated form of NF � B is a heterodi-
mer, which usually consists of two proteins, a p65 (also 
called relA) subunit and a p50 subunit. Other subunits, 
such as relB and p52, may also be part of activated NF � B, 
and it is likely that the different forms of NF � B may ac-
tivate different sets of target genes. NF � B regulates the 
expression of several genes that encode proinfl ammatory 
cytokines (e.g. IL-1 � , TNF- � , IL-6, and granulocyte-mac-
rophage colony-stimulating factor), many chemokines 
(e.g. IL-8, macrophage infl ammatory protein-1 � , macro-
phage chemotactic protein-1, and eotaxin), in addition to 
adhesion molecules (e.g. intercellular adhesion molecule-
1, vascular-cell adhesion molecule-1, and E-selectin), and 
infl ammatory enzymes (e.g. inducible nitric oxide syn-
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thase, inducible cyclooxygenase-2, 5-lipoxygenase, and 
cytosolic phospholipase A 2 ). It has also been shown that 
NF � B plays a role in regulating antimicrobial peptides 
such as  � -defensins  [41] . Lastly, NF � B transactivation 
mediated by TLR4 induces expression of CB80 and 
CD86, costimulatory molecules that must be expressed 
on the surface of dendritic cells in order to activate anti-
gen-specifi c responses in naïve T cells. This provides a 
link between innate and adaptive immunity. 

 Alternatively, I � B degradation, and consequent NF � B 
liberation, may be brought about by a MAP kinase/ERK 
kinase 1 (MEKK1)  [42] . Processing MEKK1 into its ac-
tive form is aided by binding of TRAF6 with another 
protein, termed evolutionarily conserved signaling inter-
mediate in Toll pathway (ECSIT)  [43] . MEKK1 is also 
capable of activating the MAP kinase pathway, involving 
MKK4, which in turn recruits c-Jun NH 2 -terminal kinase 
(JNK) leading to AP-1 liberation  [44] . Alternative me-
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diators in the MAP kinase pathway activated by TRAF6 
are MKK3/MKK6, which activate the p38 cascade result-
ing in AP-1 liberation  [44] . 

 TLR4 stimulation is able to activate an additional 
MyD88-independent signaling pathway. This involves a 
TIR-domain-containing adapter-inducing interferon 
(IFN)- �  (TRIF or TICAM-1) and a TRIF-related adapter 
molecule (TRAM)  [45] . These adapters, like MyD88, 
contain a TIR domain, but their overall structure is un-
related to MyD88. This independent pathway activates 
IFN regulatory factor 3 (IRF3), leading to the induction 
of IFN- �  and - � , and initiates NF � B transcription fac-
tors. 

   Toll-Like Receptor Activation Escape Mechanisms 
 Activation of TLRs following contact with pathogen-

associated molecular patterns is undoubtedly an impor-
tant step in marshaling host infl ammatory defenses 
against infection. NF � B is rapidly activated following mi-
crobial invasion, and this activation is associated with 
resistance to infection. Nonetheless, persistent activation 
of transcription factors may result in excessive produc-
tion of proinfl ammatory cytokines, leading to tissue dam-
age, hypotension, organ failure, and ultimately to death 
in such extreme conditions as septic shock  [46] . The TLR 
system is normally fi nely tuned, so that TLRs are also in-
volved in activating the release of anti-infl ammatory cy-
tokines such as IL-10, and IL-13  [47]  and recruiting 
downregulating T-regulatory cells  [48] . In particular, 
TLR2 activation seems to provide, among others, signals 
involved in shutting off infl ammation once the invading 
microorganisms have been eliminated. This includes in-
duction of a TH-2 type cytokine response, inhibition of 
IFN- �  signals, and induction of apoptosis  [49] . Certain 
pathogens, such as  Candida albicans ,  Yersinia enteroco-
litica , and mycobacteria appear to have developed a strat-
egy of premature TLR2-mediated anti-infl ammatory ac-
tivation in order to evade host defense mechanisms 
 [50] . 

 Other pathogens have developed strategies to block or 
avoid their recognition by TLRs. This may be achieved 
through phospholipid constituents that block the func-
tion of LBP or CD14  [51] . Alternatively, certain viruses 
produce proteins that associate with IRAK or TRAF6 
proteins, blocking downstream liberation of NF � B  [52] . 
 Helicobacter pylori  may modify its fl agellin component, 
evading recognition by TLR5  [53] . Lastly, viruses such as 
HIV-1 and CMV may take advantage of TLR-mediated 
NF � B activation to favor transcription of their own genes, 
thus enhancing infectivity  [54] . 

   Toll-Like Receptors as Potential Therapeutic Targets 
 Given their central role in activating and modulating 

host responses to infection, and acting as a bridge between 
innate and adaptive immunity, TLRs are being currently 
studied as potential therapeutic targets. Soluble forms of 
TLRs may be made to bind and neutralize natural ligands 
before they activate potent proinfl ammatory responses in 
the host. Examples may be soluble TLR4 in Gram-nega-
tive sepsis and soluble TLR2 in Gram-positive toxic 
shock  [55] . Alternatively, antibodies or molecules similar 
to natural ligands could be employed in order to bind with 
extracellular domains of TLRs, though failing to activate 
intracellular signaling  [56] . Lastly, interference with the 
intracellular TLR domain, adapter molecules such as 
MyD88, or key kinases such as IRAK and TRAF6 may 
be studied as future therapeutic targets in conditions such 
as sepsis, where treatment may be aimed at blocking pro-
infl ammatory cascades initiated by TLR, while retaining 
TLR-related protective responses  [57] . 

   Soluble Factors in Innate Immunity 

 C-Reactive Protein 
 Acute-phase proteins enhance resistance to infection 

and promote the repair of damaged tissue  [58] . C-reac-
tive protein (CRP) was the fi rst acute-phase protein to 
be described. It belongs to the pentraxin family of cal-
cium-dependent ligand-binding plasma proteins and is 
produced by hepatocytes, under the effects of IL-6. 
When the levels of this cytokine are increased as during 
infection, infl ammation, tissue damage, and malignan-
cy, CRP synthesis is upregulated in the liver causing a 
rapid surge in plasma levels. CRP is composed of fi ve 
identical non-glycosylated polypeptide units non-cova-
lently bound in an annular confi guration with cyclic pen-
tameric symmetry  [59] . It binds to a series of ligands, 
including glycan and phospholipid elements in somatic 
and capsular components of bacteria, fungi, and para-
sites. When bound to ligands, CRP is recognized by the 
C1q and potently activates the classical component 
pathway, thus favoring pathogen lysis and phagocytosis. 
CRP may thus contribute to host defenses against infec-
tion, and function as a proinfl ammatory mediator. How-
ever, in certain clinical circumstances it may contribute 
to the pathogenesis of disease by exacerbating tissue 
damage leading to more severe infl ammatory derange-
ment. It has therefore been postulated that CRP may be 
a target in downregulating host responses to infection. 
A series of novel drugs are under development that spe-



 Blasi/Tarsia/Aliberti

 

 Respiration 2005: ;72:9–2516

cifi cally block CRP binding and its proinfl ammatory ef-
fects  [60] . 

   Respiratory Tract Epithelium in Innate Immunity 

 Epithelial surfaces provide a physical barrier separat-
ing the host from the environment. The airway epithelial 
surface is covered by the airway surface liquid. It consists 
of two layers, a mucus layer and a periciliary liquid layer 
(PCL). The mucus layer consists of high-molecular-
weight, heavily glycosylated macromolecules that behave 
as a tangled network of polymers. Mucin macromolecules 
present extraordinary diversity of their carbohydrate side 
chains facilitating non-specifi c binding to pathogens that 
land on airway epithelia and can thus clear them from the 
lung  [61] . The PCL provides a low-viscosity solution in 
which cilia can beat rapidly. In addition to its propelling 
action on the overlying mucus layer, ciliary beat also im-
parts vertical movements within the mucus layer, thus 
allowing rapid mixture of pathogens deposited on the mu-
cus surface. Cough represents an additional mechanism 
to clear mucus from the lung. However, clearance of bac-
teria from the peripheral airways by mucus transport at 
the rate of 60  � m/s may require up to 6 h. Considering 
that bacterial numbers may double every 20 min, a large 
bacterial burden may accumulate in the airways during 
the 6-hour clearance period  [61] . The epithelium is ca-
pable of secreting antimicrobial factors capable of sup-
pressing bacterial growth for the short period required to 
clear bacteria from the airways by mucus transport (see 
below). 

 Alterations in airway surface liquid features are im-
portant in host-pathogen interactions in different disease 
conditions. For example, derangement of epithelial func-
tion in CF patients associated with CF transmembrane 
conductance regulator (CFTR) mutations results in PCL 
volume depletion. Normal epithelia respond to PCL vol-
ume depletion by slowing Na +  absorption and inducing 
Cl –  secretion  [62] . In CF airway epithelia there is an ac-
celerated basal rate of Na +  absorption due to the absence 
of the inhibitory effect of CFTR. In addition, epithelia 
also lack the capacity to add liquid back to the airway 
surface due to the absence of CFTR functioning as a chan-
nel. Resulting PCL depletion allows gluing of mucus lay-
er mucins to mucins of the cell surface (the ‘Velcro effect’) 
thus abolishing cough effi cacy. Furthermore, loss of PCL 
volume removes the liquid in which cilia extend and beat, 
inhibiting mucociliary clearance. Thick airway secretions 
and hypoxic zones caused by high O 2  consumption due 

to increased Na +  transport facilitate  P.   aeruginosa  colo-
nization with alginate production and biofi lm formation 
 [63] . Therapies directed at slowing the abnormal volume 
absorption (Na +  channel blockers) and initiating Cl –  
channel activity provide routes for the treatment of the 
primary defect in the CF airway epithelium  [64] . Other 
attempts to ‘rescue’ the mutant protein with drug inter-
ventions are underway. Oral administration of 4-phenyl-
butyrate produces modest correction of the bioelectric 
defect in CF patients  [65] . Ingestion of curcumin (a com-
ponent of tumeric) was recently discovered to correct the 
bioelectric defect of CFTR in mice  [66] . Biofi lm fouling 
mechanisms (e.g. naturally occurring furanones) capable 
of inhibiting bacterial quorum-sensing systems have been 
isolated from the marine macro alga  Delisea pulchra . Syn-
thetic furanone compounds have been developed and 
have been shown to inhibit bacterial quorum-sensing in 
 P. aeruginosa  and exhibited favorable therapeutic effects 
on  P. aeruginosa  lung infection in an animal model 
 [67] . 

   Antimicrobial Activity of Airway Secretions 
 The airway surface fl uid contains a number of sub-

stances that exert antimicrobial activity. These include 
enzymes, protease inhibitors, binding proteins, and a 
number of more recently identifi ed peptides known as 
antimicrobial peptides (AMPs). AMPs are effector mol-
ecules of the innate immunity with direct antimicrobial 
and mediator function. They provide an initial host de-
fense mechanism that protects mucosal and dry epithe-
lial surfaces of all multicellular organisms  [68] . AMPs are 
an evolutionary ancient weapon, and have played an im-
portant role in the successful evolution of multicellular 
organisms. The main classes of AMPs include defensins, 
cathelicidins, and histatins. They have a broad spectrum 
of activity towards bacteria, fungi and viruses. The min-
imal inhibitory concentrations of these peptides are in the 
range of 0.1–100  � g/ml  [69] . Most AMPs are cationic 
molecules with spatially separated hydrophobic and 
charged regions that show electrostatic attraction to an-
ionic microbial surfaces. In many cases, AMP are able to 
kill bacteria by depolarizing and permeabilizing anionic 
lipid bilayers, resulting in the release of cellular contents 
and the destruction of the electrical membrane potential. 
In Gram-negative bacteria, peptides fi rst bind with nega-
tively charged moieties of the outer membrane, produc-
ing structural cracks and pore formation. Disruption of 
barrier function and integrity of the outer membrane al-
lows passage of AMPs and other molecules to internal 
targets on the cytoplasmic membrane. Gram-positive 
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bacteria lack an outer membrane, but AMPs bind to ex-
ternal components such as lipoteichoic acids. The choles-
terol and neutral phospholipid-rich cell membranes of the 
host are relatively spared. The antimicrobial activity of 
polypeptide AMPs is rather precarious and may be inhib-
ited simply by altering ion concentrations in respiratory 
secretions. 

 Both epithelial cells and polymorphonuclear leuko-
cytes produce an array of antimicrobial substances. In 
some cases (e.g. lysozyme and lactoferrin), the same genes 
are highly expressed in both cell types; in other cases (e.g. 
defensins), the two cell types express different members of 
the same gene family  [70] . An important aspect of AMP 
activity is that they form a part of a cocktail of antimicro-
bial substances that work synergistically to combat infec-
tion. In fact, it is well known that taken singularly, many 
AMPs are inhibited by increasing concentrations of NaCl. 

However, synergy between defensin and cathelicidin com-
pounds is capable of overcoming the inhibitory effects of 
salt  [71] .  Table 2  contains a list of antimicrobial peptides, 
indicating prevalent activity and cellular source. 

   Lysozyme 
 Lysozyme is an enzyme produced by neutrophil gran-

ules, epithelial cells, and monocytes/macrophages. Its en-
zymatic activity breaks up N-acetyl residue bonds in pep-
tidoglycan layers. Lysozyme therefore exerts antimicro-
bial effects against a wide range of Gram-positive 
microorganisms  [72] . However, the presence of cofactors, 
e.g. lactoferrin, disrupts the outer membrane of Gram-
negative bacteria, allowing lysozyme access to the under-
lying peptidoglycan layer. Together with lactoferrin, lyso-
zyme is the most abundant antimicrobial protein of air-
way secretions (0.1–1 mg/ml). 

Table 2. Main activities and sources of innate antimicrobial peptides

Antimicrobial peptide Activity Source

Lysozyme enzymatic epithelium, neutrophils, macrophages

Lactoferrin iron-binding (bacteriostatic)
antimicrobial (bactericidal)

epithelium, neutrophils

SLPI antimicrobial
neutrophil elastase inhibitor

epithelium

Elafi n antimicrobial
neutrophil elastase inhibitor

epithelium

BPI LPS binding (anti-infl ammatory) epithelium, neutrophils

PLUNC LPS binding (anti-infl ammatory) upper and lower airway epithelia

Defensins
�-Defensins (HNP1–4)
�-Defensins (HNP5, HNP6)
�-Defensins (HBD1–4)

membrane depolarization
(Gram-positive and -negative bacteria, yeast,
fungi, enveloped viruses)

neutrophils
small intestine and urogenital epithelium
epithelium, macrophages, dendritic cells

Cathelicidins (LL-37) LPS binding epithelium, neutrophils

Histatins (1,3, and 5) antifungal salivary glands

Hepcidin in vitro activity towards Gram-negative bacteria
and fungi

liver

Indolicidin modifi ed analogues, potent anitimicrobials bovine neutrophils

Neuropeptides
Vasostatin-I
Enkelytin
Ubifungin

antibacterial, antifungal neutrophils, chromaffi n cells

SLPI = Secretory leukoproteinase inhibitor; BPI = bactericidal permeability-increasing protein; PLUNC = palate, lung, and nasal 
epithelium clones; LPS = lipopolysaccharide; HNP = human neutrophil peptides; HBD = human �-defensin.
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   Lactoferrin 
 This iron-binding protein is closely linked to transfer-

rin, and is produced in human neutrophil granules and 
respiratory secretions. It inhibits microbial growth by se-
questering iron essential for microbial respiration  [73] . 
Besides this bacteriostatic action, lactoferrin can show a 
direct bactericidal activity due to its binding to the lipid 
A part of bacterial LPS, with an associated increase in 
membrane permeability. This action is due to lactofer-
ricin, a peptide obtained from lactoferrin by enzymatic 
cleavage, which is active against bacteria, fungi, protozoa 
and viruses. Additional antibacterial activities of lacto-
ferrin include specifi c effects on biofi lm development, 
bacterial adhesion and colonization, intracellular inva-
sion, apoptosis of infected cells, and neutrophil bacteri-
cidal activity  [74] . The future perspectives of this peptide 
appear to be linked to its potential prophylactic and ther-
apeutic use in a considerable spectrum of medical condi-
tions, taking advantage of the availability of a recombi-
nant human lactoferrin. 

   Secretory Leukoprotease Inhibitor 
 Secretory leukoprotease inhibitor is about tenfold less 

abundant in respiratory secretions compared to lysozyme 
and lactoferrin. It is a non-glycosylated protein consisting 
of two domains. The N-terminal domain displays modest 
antimicrobial activity towards Gram-positive and Gram-
negative bacteria. The C-terminal domain acts as an ef-
fective inhibitor of neutrophil elastase and may also be 
involved in intracellular regulation of response to LPS 
 [75] . Elafi n (elastase-specifi c inhibitor) is a related inhib-
itor of neutrophil proteinase activity, and is also directly 
antimicrobial  [76] . 

   Bactericidal Permeability-Increasing Protein 
 Bactericidal permeability-increasing protein (BPI) is 

expressed on the cell membranes of human epithelial cells 
and is an abundant constituent of neutrophils  [77] . BPI 
is bactericidal to many Gram-negative bacteria through 
avid binding to LPS, thus killing bacteria that become 
tightly adherent to epithelial cells. The antimicrobial 
function of BPI is mediated by its N-terminal domain, 
which is similar in structure and function to other innate 
cationic AMPs  [78] . 

 In addition, BPI is structurally related to the LBP pres-
ent in blood plasma that helps to activate the infl amma-
tory response to Gram-negative bacteria. LBP and BPI 
may be considered to have antagonistic functions. Where-
as LPS binding to LBP enhances cellular responses to 
LPS, BPI binding to LPS dampens cellular responses. BPI 

may be considered an anti-infl ammatory protein that, 
through competition with LBP for LPS, inhibits the sig-
nals that would provoke a potentially damaging infl am-
matory response in the airways  [77] . 

 Recently, a novel family of protein products (palate, 
lung, and nasal epithelium clones – PLUNC) showing 
analogy to LBP and BPI have been identifi ed. The  PLUNC  
genes in humans are located in a compact cluster on chro-
mosome 20  [79] . Similarly to BPI, PLUNC proteins may 
exert anti-infl ammatory activity by binding to LPS and 
blunting early activation of the infl ammatory cascade 
 [80] . 

   Defensins 
 Human defensins are 3.5- to 4.5-kDa non-glycosyl-

ated peptides containing cysteine residues and disulfi de 
bridges that allow the distinction into two classes:  � -de-
fensins and  � -defensins  [81] . The genes encoding  � -de-
fensins and  � -defensins are present on chromosome 8p23 
 [82] .  � -Defensins were fi rst discovered in the azurophilic 
granules of neutrophils and named human neutrophil 
peptides 1–4 (HNP-1 to HNP-4). Neutrophils that mi-
grate to the airways during infection or infl ammation pro-
duce abundant quantities of HNP1–4  [83] . Additional 
human defensins 5 and 6 were later found in Paneth’s 
cells of the small intestine and epithelial cells of the uro-
genital tract. 

 In humans,  � -defensins are produced by all epithelial 
tissues. Four human  � -defensins have been identifi ed to 
date. Human  � -defensin-1 (HBD1) is constitutively pro-
duced in epithelial cells of the urinary and respiratory 
tract  [84] . The remaining defensins (HBD2 to HBD4) are 
induced by transcription factor  � B (NF � B) following LPS 
activation of the CD14/TLR4 complex  [85] . Addition-
ally, the macrophage IL-1 �  and IL-1 �  response to micro-
bial encounter activates epithelial receptors to upregulate 
defensin synthesis  [86] . Mucoid  P. aeruginosa  strains ap-
pear to activate HBD2 production in normal but not in 
CF epithelia  [87] . 

 Defensins exert antimicrobial activity against a wide 
variety of pathogens (Gram-positive and Gram-negative 
bacteria, yeast, fungi, and enveloped viruses). They act 
preferentially on microbes by permeabilizing cell mem-
branes rich in anionic phospholipids. Inducible HBD2 is 
much more potent than constitutive HBD1 as an antimi-
crobial agent. The latter may play a greater role in binding 
and neutralizing LPS and lipoteichoic acids, thus helping 
prevent inordinate immune responses to low levels of or-
ganisms or resident commensal bacteria. 
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   Cathelicidins 
 Cathelicidins are a large and ancient family of mam-

malian antimicrobial peptides with a conserved N-termi-
nal structure and heterogeneous C-terminal domain  [88] . 
The only human cathelicidin identifi ed to date is LL-37 
(or hCAP-18). The gene encoding LL-37 is localized on 
chromosome 3. LL-37 is present in neutrophil granules 
but may also be secreted into epithelial fl uid by the same 
cell types as  � -defensins  [89] . Cathelicidins have the abil-
ity to bind to LPS and inactivate the biological functions 
of this endotoxin. Similarly to  � -defensins, LL-37 levels 
increase in the airways following infection or infl amma-
tion due to increase in both neutrophil and epithelial pro-
duction  [90] . The gene encoding LL-37 contains several 
potential binding sites for transcription factors that may 
be involved in regulating gene expression. 

 In vivo experimental models have been used to test the 
importance of AMP in the defense of the respiratory tract. 
Overexpression of the human cathelicidin LL-37 in a CF 
mouse model resulted in increased killing of  P. aerugi-
nosa , reduced ability of this bacterium to colonize the 
airways, reduced infl ammation and reduced susceptibil-
ity to shock  [91] . 

   Histatins 
 Histatins are a family of histidine-rich peptides secret-

ed by salivary glands into human saliva  [92] . At least 12 
forms of salivary histatin have been detected, but the fam-
ily members of primary importance in host defense are 
histatins 1, 3, and 5. The genes that encode histatins have 
been mapped to chromosome 4q13. Their antimicrobial 
activity includes strong antifungal effects, particularly to-
wards  Candida  spp. More recently, histatins have also 
been shown to inhibit some Gram-positive bacteria, and 
suppress cytokine induction  [93] . 

   Additional Biological Activities of Antimicrobial 
Peptides 
 In addition to acting as endogenous antibiotics by ex-

erting direct antimicrobial activity, AMPs possess broad 
biological activities indicating they are effector molecules 
providing communication between innate and adaptive 
immune responses  [94] . These biological activities in-
clude regulation of infl ammation (e.g. cytokine release 
and chemotaxis), wound repair, protease-antiprotease 
balance, redox homeostasis, and adaptive immunity ac-
tivation. Defensins and cathelicidins may exert proin-
fl ammatory activities by inducing cytokine and chemo-
kine secretion from a variety of immune cells and epithe-
lial cells  [95] . AMP activation may therefore favor the 

infl ux of neutrophils, macrophages, and T cells into the 
airways. An important property of AMPs is their ability 
to bind avidly to many proinfl ammatory molecules re-
leased from microorganisms such as LPS, lipoteichoic 
acid and DNA. By binding to these molecules, AMPs in-
hibit responses of host cells and dampen undesirable in-
fl ammatory responses. 

 Defensins may also play a role in regulating protease-
antiprotease balance by regulating secretory leukoprote-
ase inhibitor and elafi n secretion from epithelial cells 
 [96] . Furthermore, redox homeostasis may be infl uenced 
by defensin interference with intracellular glutathione 
levels  [97] . 

 Neutrophil  � -defensins may contribute to epithelial 
repair in the respiratory tract by enhancing lung epithe-
lial cell proliferation  [98]  and exerting mitogenic effects 
on fi broblasts  [99] . Cathelicidins also appear to be in-
volved in promoting epithelial growth and angiogenesis 
 [100] . 

 Defensins have been shown to display chemoattrac-
tant effects on immature dendritic cells and memory T 
cells, thus rendering them an important potential link 
between innate and acquired immune response to infec-
tion  [101] . 

   Resistance to Antimicrobial Peptides 
 Notwithstanding AMPs generally target highly con-

served and essential components of microbial cellular 
structures, pathogens and commensals alike have devel-
oped strategies for surviving or evading the activities of 
AMPs. Mechanisms that result in the development of re-
sistance involve modifi cations of outer cell wall compo-
nents, such as LPS, teichoic acids, or phosphocholine, 
and the modulation of effl ux pumps. 

 Under environmental stress, various microorganisms 
(such as  P. aeruginosa ,  Burkholderia   cepacia  and  Burk-
holderia pseudomallei , and non-typeable  Haemophilus  
 infl uenzae ) have been shown to respond with signal trans-
duction pathways that cause LPS modifi cations that de-
crease binding and killing by AMPs  [102] . Additionally, 
Gram-positive bacteria may modify teichoic and lipotei-
choic acid structure to decrease cell wall negative charges, 
thus reducing AMP binding  [103] . 

 Many organisms that colonize the respiratory tract can 
decorate their cell surfaces with host-derived phosphor-
ylcholine. This form of host-mimicry results in reduced 
sensitivity to AMPs, and is exhibited by  Streptococcus 
pneumoniae ,  H. infl uenzae , Mycoplasma and others 
 [104] . 
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 Pathogens and commensals of the respiratory tract are 
often highly proteolytic. Microbial proteinases contribute 
to nutrient acquisition, tissue destruction and deregula-
tion of infl ammatory responses  [105] . Proteolytic activity 
may contrast antimicrobial activity of respiratory secre-
tions by degrading AMPs. Proteolytic degradation of the 
cathelicidin LL-37 has been demonstrated for  Streptococ-
cus   pyogenes  and  P. aeruginosa   [106] . 

   AMPs as a Target in Host-Pathogen Interactions 
 It is becoming increasingly clear that AMPs exert com-

plex functions within respiratory secretions such as anti-
microbial activity, toxin-binding activity, chemotaxis, 
modulation of infl ammatory responses, and activation of 
adaptive immunity. Several diseases in humans and lab-
oratory animals are characterized by impairment in the 
function of an antimicrobial peptide  [68] . Antimicrobial 
peptides qualify as prototypes of innovative drugs that 
might be used as antibiotics, antipolysaccharide drugs or 
modifi ers of infl ammation. Antibiotics based on these 
naturally occurring mammalian peptides might elicit 
fewer allergic reactions compared to conventional antibi-
otics. As these peptides serve as frontline defenses in re-
spiratory secretions, administration of therapeutic candi-
dates by the inhaled route is particularly appealing in 
respiratory diseases. Clinical trials using a porcine cat-
helicidin (protegrin) are currently underway  [107] . Alter-
native strategies have also been attempted by administer-
ing gene therapy directly to the respiratory epithelium or 
systemically  [108, 109] . In addition, increasing informa-
tion is accumulating on the escape mechanisms through 
which bacteria modulate their anionic cell envelope con-
tents (e.g. LPS and teichoic acids) and secrete inactivating 
proteases in order to acquire resistance to AMP. Knowl-
edge of these modulating mechanisms may lead to the 
development of inhibitors capable of overriding bacterial 
attempts at acquiring resistance to antimicrobial peptides 
 [110] . 

   ‘Systemic’ Antimicrobial Peptides 
 A number of peptides produced by different organ sys-

tem have been identifi ed that exert antimicrobial proper-
ties. 

  Hepcidin . Hepcidins form a new gene family of im-
mune-inducible, liver-expressed, cysteine-rich peptides. 
Human hepcidin, a 25-amino-acid peptide made by he-
patocytes and also known as liver-expressed antimicro-
bial peptide (LEAP-1), is an antimicrobial peptide with 
iron-regulatory properties  [111] . Compared with other 
antimicrobial peptides whose sequences have evolved 

rapidly and vary signifi cantly even between closely re-
lated mammalian species, the evolution of hepcidin is 
fairly constant among animal species. Synthetic hepcidin 
has shown to be active in vitro   against Gram-negative 
pathogens and fungi, but not against key Gram-positive 
pathogens  [112] . Hepcidin gene expression in the liver 
increases signifi cantly within hours of infection with 
Gram-positive or Gram-negative pathogens, and infu-
sion of IL-6 in human healthy volunteers  [113] . 

  Indolicidin . Indolicidin is a 13-residue antimicrobial 
peptide amide isolated from the cytoplasmic granules of 
bovine neutrophils. Indolicidin is active against a wide 
range of microorganisms and has also been shown to be 
hemolytic and cytotoxic towards erythrocytes and human 
T lymphocytes  [114] . A recent study indicates that mod-
ifi ed analogues of indolicidin exert potent antimicrobial 
activity and may become promising lead structures for 
developing future therapeutics  [115] . 

  Neuropeptides . In addition to catecholamines, secre-
tory granules from chromaffi n cells of the adrenal me-
dulla contain neuropeptides derived from chromogranin 
A and proenkephalin A, which are released into the 
 circulation in response to stress stimulation and exert an-
tibacterial and antifungal activities. Among these, va-
sostatin-1  [116]  and enkelytin  [117]  have also been iden-
tifi ed in human polymorphonuclear secretions. Vaso-
statin-1 is strongly active against a variety of fi lamentous 
fungi, including  Aspergillus   fumigatus  and  Fusarium   oxy-
sporum , and pathogenetic yeasts such as  C.   albicans  at 
micromolar concentrations. Vasostatin-1 concentrations 
increase in infectious fl uids following neutrophil release. 
Enkelytin displays potent antibacterial activity against 
Gram-positive bacteria including  Staphylococcus   aureus  
 [117] . Ubifungin is a peptide found in all eukaryotic cells. 
This peptide inhibits the growth of fi lamentous fungi such 
as  A. fumigatus  and  F. oxysporum , in addition to patho-
genic yeasts, including  C. albicans   [118] . 

 Vasostatin-1, enkelytin and ubifungin may represent 
promising non-toxic antimicrobial agents. They may be 
employed together or in combination with classical anti-
bacterial and antifungal compounds to increase their ef-
fi cacy  [119] . 

   Surfactant Proteins and Host Defense 
 Given the extent of the alveolar surface, it is of utmost 

importance that this district be equipped with mecha-
nisms capable of actively contrasting invading inhaled 
microorganisms. Alveoli are lined by a surfactant layer 
that is mostly composed of surface-active phospholipids 
and a small protein component. Surfactant proteins A 
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and D (SP-A and SP-D) are members of the collectin fam-
ily, which includes MBL, that map to the long arm of 
chromosome 10  [120] . These surfactant proteins are now 
considered to be involved in the clearance of microbes 
from the lung and to exert immunomodulatory functions. 
Pulmonary collectins bind and aggregate bacteria, fungi, 
viruses, and mycobacteria. Compared to other collectins 
such as MBL, SP-A and SP-D do not activate the comple-
ment cascade but rather coat microorganisms thus in-
creasing phagocyte uptake, and also directly enhance 
macrophage phagocytosis and killing of invading organ-
isms  [120] . Surfactant collectins increase membrane per-
meability by as yet unknown mechanisms. Protein levels 
of both SP-A and SP-D increase in the alveolar compart-
ment following pulmonary infections with microorgan-
isms, suggesting that these proteins may act as analogues 
of acute-phase reactants in the lung  [121] . Similarly to 
MBL, SP-A is composed of 18 subunit oligomers arranged 
in a ‘fl ower bouquet’ pattern, whereas SP-D forms a cru-
ciform structure in the aqueous surfactant phase. It has 
recently been proposed that nucleic acids may be a novel 
class of ligands for collectins. SP-D binds to both DNA 
and RNA effectively and enhances the uptake of DNA by 
human monocytic cells  [122] . This class of innate im-
mune proteins could enhance the clearance of DNA that 
is released by necrotic cells or microbial cells. 

   Surfactant Protein A 
 SP-A is produced by alveolar type II cells, Clara cells, 

non-ciliated bronchiolar cells of the distal respiratory ep-
ithelium and by tracheobronchial glands  [123] . SP-A li-
gands include microbial cell wall components such as the 
lipid A moiety of LPS and capsular polysaccharides, in 
addition to host cell receptors such as macrophage scav-
enger receptors. This pulmonary collectin binds to differ-
ent bacterial strains of  S. pneumoniae ,  S. aureus ,  H. in-
fl uenzae , and  P. aeruginosa , in addition to viruses such 
as  Herpes simplex  and respiratory syncytial virus, and 
organisms such as  Pneumocystis carinii   [124] . 

 Genetic engineering techniques have led to the devel-
opment of SP-A-defi cient knockout mice, thus consider-
ably enhancing our knowledge of the key functions of this 
surfactant protein  [125] . Following tracheal instillation 
of different pathogens, compared to wild-type mice, SP-
A-defi cient animals showed decreased clearance of Gram-
positive  [126]  and Gram-negative bacteria  [127] , viruses 
 [128]  and mycobacteria  [129] . Defective microbial clear-
ance has been traced to decreased macrophage microbial 
uptake and ingestion, coupled with reduced production 
of reactive oxygen and nitrogen species, resulting in in-

creased infection spread. Tissue infl ammatory cell re-
sponses (neutrophil infi ltration) and presence of proin-
fl ammatory cytokines, e.g. TNF- � , IL-6, and macrophage 
infl ammatory protein-2, were greater in protein-defective 
mice compared to normal counterparts  [130] . 

 Taken together, these data indicate that SP-A plays a 
role in activating alveolar clearance of numerous respira-
tory pathogens, enhancing macrophage binding and up-
take, increasing the production of microbicidal free radi-
cals and reducing proinfl ammatory cytokine release. 
These activities promote pathogen phagocytosis and kill-
ing, whilst dampening excessive infl ammatory activation 
that would lead to tissue damage in the delicate alveolar 
environment. 

   Surfactant Protein D 
 SP-D was fi rst identifi ed as a constituent of surfactant 

alveolar cells, but is also present in a variety of different 
human tissues such as pancreatic ducts, bile ducts, sweat 
glands, parotid and lacrimal glands  [131] . It is expressed 
primarily by type II alveolar cells and serous cells in tra-
cheobronchial tree glands. Similarly to SP-A, SP-D also 
displays the capacity to bind to a vast array of Gram-
positive and Gram-negative bacteria, viruses, fungi, 
yeast, and mycobacteria. However, SP-D shows a greater 
propensity to aggregate following pathogen binding, thus 
favoring receptor-mediated opsonization and phagocyto-
sis. Unlike SP-A, SP-D does not bind to the lipid A com-
ponent of LPS but to the core oligosaccharide  [132] . 

 Null mutations of the SP-D genetic locus have been 
developed in mice. Experimental infection of these ani-
mals has shown that SP-D is involved in the clearance of 
viral but not bacterial pathogens  [124] . SP-D enhances 
macrophage phagocytosis of  P. aeruginosa  strains, and 
neutrophil uptake of Gram-positive and Gram-negative 
organisms  [133, 134] . Contrary to SP-A, SP-D reduces 
rather than augments macrophage oxygen radical produc-
tion  [130] . Data from animal models indicate that SP-D 
exerts a dampening effect on excessive infl ammatory ac-
tivation following infection by reducing total infl amma-
tory cell counts and proinfl ammatory cytokine levels 
 [130] . 

   Surfactant Collectins and Host-Pathogen 
Interactions 
 Although much work has been performed to elucidate 

the interplay between surfactant collectins and invading 
organisms, further information is certainly welcome. The 
role of collectins in reducing proinfl ammatory stimuli fol-
lowing infection is still a matter of controversy. A recent 
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study proposes that SP-A and SP-D may modulate in-
fl ammatory mediator production based on differential 
binding. Activation of the transmembrane signal-regulat-
ing protein  �  (SIRP � ) may block proinfl ammatory signal 
production, whereas calreticulin/CD91 binding stimu-
lates proinfl ammatory mediator synthesis  [135] . 

 It remains to be explained why binding of SP-D to cer-
tain bacteria results in increased phagocytosis by alveolar 
macrophages, whereas binding to  M. tuberculosis  has the 
opposite effect  [136] . Some microorganisms may increase 
the effi cacy of infection by using SP-A as a means to gain 
entry into target cells  [137] . Furthermore, it is now being 
recognized that bacteria have developed ways of eluding 
collectin bactericidal activity by modifying LPS ligand 
moieties  [138] . A better understanding of collectin-medi-
ated immunity may in future allow the identifi cation of 
disease states in which the therapeutic administration of 
collectins may be benefi cial  [139] . 

   Conclusions 

 That the extensive alveolar surface area is kept sterile 
at most times, notwithstanding the constant burden of 
toxins, antigens, and microbes it is exposed to, is an out-
standing achievement of the organism’s defense system. 
The traditional view was that this feat was made possible 
through the help of cough, mucociliary clearance, epithe-
lial barrier function, and alveolar macrophages. 

 Over the last decade, our understanding of innate im-
mune defenses has added an impressive amount of new 
actors to the scene. The airway epithelium is no longer 
considered a passive barrier to microbial invasion, it is 
now rather interpreted as an immune organ with the ca-

pabilities of detecting microorganisms and inducing in-
fl ammatory and host defense responses. Soluble and 
membrane-based receptors have been identifi ed that are 
capable of recognizing non-mammalian microbial motifs 
and mobilizing close to instantaneous infl ammatory reac-
tions towards infection. An increasing number of pep-
tides exerting antimicrobial activity are being recognized 
in airway secretions, associated with chemokines, cyto-
kines, proteinase inhibitors, and surfactant proteins. 

 Interestingly, genetic polymorphisms associated with 
reduced production or activity of these factors have been 
recognized as potential modifi ers in the natural history of 
different respiratory diseases. Better knowledge of under-
lying genetic traits may help identify patients at greater 
risk of severe complications following infection. On the 
other hand, overactivation of innate immune responses 
may be associated with excessive infl ammation and tissue 
damage such as may be observed in sepsis. 

 In the future it may be possible to modulate the innate 
immune response in order to downplay pathways leading 
to tissue infl ammation while enhancing mechanisms in-
volved in microbial elimination. Furthermore, synthetic 
analogues of antimicrobial peptides may evolve into nov-
el and independent classes of antibiotics. Current antibi-
otic treatment of infections is plagued by the rising phe-
nomenon of microbial resistance among important patho-
gens, an uneven supply of novel antibiotic classes, and a 
reduction in pharmaceutical companies investing in anti-
infective agents. In view of the considerable burden in 
terms of mortality and morbidity that severe infections 
still pose worldwide, a better understanding of the bio-
logical basis of host-pathogen interactions opens stimu-
lating future treatment perspectives. 
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