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Barrier epithelia, especially airway epithelial cells, are per-
sistently exposed to micro-organisms and environmental 
factors. To protect the host from these microbial chal-
lenges, many immune strategies have evolved. The airway 
epithelium participates in the critical innate immune re-
sponse through the secretion of immune effectors such as 
mucin, antimicrobial peptides (AMP), and reactive oxygen 
species (ROS) to entrap or kill invading microbes. In addi-
tion, airway epithelial cells can act as mediators connect-
ing innate and adaptive immunity by producing various 
cytokines and chemokines. Here, we present an overview 
of the role of mucosal immunity in airway epithelium, em-
phasizing the framework of bacterial and viral infections 
along with regulatory mechanisms of immune effectors in 
human cells and selected animal models. We also de-
scribe pathophysiological roles for immune effectors in 
human airway disease. 
 
 
INTRODUCTION 
 
The airway epithelium is positioned to confront microbes enter-
ing the multi-cellular bodies of eukaryotes. In addition to acting 
as physical barriers to block microbial infection, epithelial cells 
must sense pathogens with pattern recognition receptors and 
directly kill pathogens using immune effectors. Bacteria or virus 
recognition by airway epithelial cells induces the production of 
chemokines and cytokines that recruit and activate phagocytes 
to the site of infection, resulting in pathogen clearance by 
phagocytosis. The main bacteria or virus recognition receptors 
for airway epithelial cells are Toll like receptors (TLRs) and 
RIG-I-like receptors (RLRs). In the airway, several specialized 
cell types are present in the epithelial cells and submucosal 
glands. The nasopharynx, nasal sinuses, and conducting air-
ways including trachea, bronchi, and bronchioles, are lined with 
a moderately tight pseudo-stratified surface epithelium (Willu-
msen and Boucher, 1989). The epithelium plays an essential 
role in regulating the host defense against pathogen infection 
by secreting osmotically coupled liquid in the airway lumen and 
controlling the composition of airway surface liquid (ASL). ASL 
contains many kinds of bacterial killing immune effectors includ-
ing mucins, AMPs, and ROS. The characterization of the regu-

latory mechanisms and biological functions of these critical 
immune effectors against pathogens is important for under-
standing the innate immunity of the airway epithelium and 
causes of airway inflammatory diseases induced by chronic 
bacterial infection.  
 
Microbial pattern recognition receptors (PRRs) in airway  
epithelium 
Our general understanding of how the innate immune system 
recognizes various kinds of microbes has improved over the 
past several years (Akira et al., 2006; Fritz and Girardin, 2005; 
Medzhitov et al., 1997). The discrimination between “self” and 
“non-self” by TLRs as PRRs that recognize pathogen-derived 
molecular patterns is a key mechanism of innate immunity. 
Respiratory epithelia express various kinds of TLRs at the cell 
surface and endosomes. TLRs have extracellular ligand-
binding domains consisting of 19-25 contiguous copies of a 
motif known as leucine-rich repeats (LRRs). They also have a 
conserved stretch of ~200 amino acids in their cytoplasmic 
region, known as the Toll/interleukin-1 (IL-1) receptor homology 
domains, which mediate signals to the nucleus through activat-
ing intracellular signaling molecules. To date, 13 mammalian 
TLRs have been described, 10 of which can be identified in 
humans (designated TLR1-TLR10). Each TLR recognizes a 
unique kind of molecular pattern, including peptidoglycans, 
bacterial lipopolysaccharide (LPS), lipoteichoic acid, lipopro-
teins, lipopeptides, fungal zymosan, bacterial flagellin, single- or 
double-stranded RNA, and CpG DNA. So far, a variety of 
ligands have been linked to specific TLRs, including lipoteichoic 
acid and lipoproteins for TLR2 (Schwandner et al., 1999), LPS 
for TLR4 (Poltorak et al., 1998), double-stranded viral RNA for 
TLR3 (Alexopoulou et al., 2001), bacterial flagellin for TLR5 
(Hayashi et al., 2001), single-stranded viral RNA for TLR7 and 
TLR8 (Diebold et al., 2004; Heil et al., 2004) and unmethylated 
CpG DNA for TLR9 (Hemmi et al., 2000).  
 
TLR4 in airway epithelium 
The functions of TLR4 and TLR2 in combating bacterial infec-
tions have been well studied in the airway epithelium. Binding 
of bacterial LPS to TLR4 on airway epithelial cells initiates the 
immune response by inducing the expression of inflammatory 
cytokine genes such as IL-8 and IL-6 that serve to recruit and  
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activate phagocytes to the site of infection. Although recruited 
neutrophils kill bacteria, their presence and the toxicity of their 
products also damage airway epithelial cells through the host 
inflammatory response. Accordingly, the level of expression 
and activity of TLR4 is critical for determining the intensity of the 
immune response to bacterial infection. In airway epithelial cells, 
TLR4-mediated signaling to LPS requires the cooperated ac-
tion of accessory proteins, including soluble CD14, LPS-binding 
protein, and the costimulatory molecule MD2. Primary human 
epithelial cells are extremely hyporesponsive to endotoxin, in 
spite of normal expression of TLR4. The low response to en-
dotoxin appears to be mainly due to low expression of MD2 (Jia 
et al., 2004). These findings suggest that a limited level of MD2 
in airway epithelial cells restricts TLR-induced inflammation 
under resting conditions, ensuring that airways are not chroni-
cally inflamed by exposure to airborne microorganisms.  

TLR4 is expressed in the cytosol and not mobilized to the cell 
surface by infection with Pseudomonas aeruginosa (P. aerugi-
nosa) or Staphylococcus aureus (S. aureus), indicating that 
lower expression of TLR4 on the cell surface supports the 
mechanism by which inflammation is normally silenced in the 
airway (Guillot et al., 2004). With repeated bacterial stimulation, 
however, the TLR4-mediated inflammatory response is critical 
for clearing infectious pathogens. The airway from cystic fibro-
sis (CF) patients is chronically infected with P. aeruginosa, and 
TLR-4 expression in the bronchial epithelium from CF patients 
is significantly lower than in healthy subjects, suggesting that 
the TLR4-mediated inflammatory response is required for re-
moving chronic bacterial infection from CF airways (John et al., 
2010). Smoking-induced severe chronic obstructive pulmonary 
diseases (COPDs) are also caused by the reduction of TLR4 
gene expression in the airway epithelium (MacRedmond et al., 
2007).  
 
TLR2 in airway epithelium 
TLR2 is expressed on the apical surface of polarized cells and 
mobilized into specialized lipid raft microdomains after bacterial 
stimulation (Soong et al., 2004). TLR2 expression level is in-
creased by infection with Gram-positive and Gram-negative 
bacteria (Kajikawa et al., 2005; Knapp et al., 2004). The func-
tion of TLR2 in initiating the inflammatory immune response 
has been described in airway epithelia and professional im-
mune cells (Greene et al., 2005; Muir et al., 2004). Survival of 
TLR2 null mice is dramatically reduced during systemic infec-
tion with S. aureus compared to wild-type (WT) mice (Takeuchi 
et al., 2000). S. aureus clearance is not affected in the lungs of 
TLR2 null mice infected with aerosolized S. aureus, but TLR2 
presence is required for the production of inflammatory cyto-
kines and chemokines (Skerrett et al., 2004). In addition, the 
survival rate of TLR2 null mice challenged with the aerosolized 
Gram-negative pathogen P. aeruginosa is not less than that of 
WT mice (Skerrett et al., 2007), indicating that unknown signal-
ing pathways, in addition to TLR2 signaling, play a role in the 
response to respiratory pathogens. TLR2 has been involved in 
recognition of intracellular pathogens such as Legionella pneu-
mophila (L. pneumophila) (Akamine et al., 2005), and TLR2-
mediated signaling is required for clearance of L. pneumophila 
in the lung using a Legionnaires’ disease mouse model (Archer 
and Roy, 2006). Taken together, these findings demonstrate 
that the protective role of TLR2-mediated signaling in airway 
epithelium is dependent on the type of infectious pathogen.  
 
Recognition molecules for respiratory viruses in airway  
epithelium 
Virus infection in mammals is detected by receptors that sense 

viruses as foreign molecules and initiate a variety of defense 
responses. The airway epithelium mainly limits viral infection by 
means of recognizing incoming viruses and alerting nearby 
immune cells to produce antiviral proteins and neutralizing anti-
bodies. These immune responses are induced by signaling 
molecules, including type I interferons (IFN-α and IFN-β) and 
type III IFN (IFN-λ). Research on virus-sensing mechanisms by 
PRRs is extremely important for understanding the induction of 
IFN gene transcription in response to viral infection. So far, 
several virus recognition receptors have been identified and 
characterized, including TLR3, retinoic acid inducible gene I 
(RIG-I), melanoma differentiation factor-5 (MDA5), and labora-
tory of genetics and physiology-2 (LGP-2) (Pichlmair and Reis 
e Sousa, 2007). Although TLR3 is a member of the endosomal 
TLR family that responds to double-stranded-RNA (dsRNA) 
nucleotide structures of the main respiratory viruses, the protec-
tive role of TLR3 against viral infection has not been demon-
strated. This discrepancy may be due to the localization of 
TLR3 in endosomes, which prevents detection of replicating 
virus in the cytoplasm.  
 
RLR family members 
Cytosolic virus recognition receptors of the RLR family such as 
RIG-I and MDA5 have been recently described (Fig. 1). RIG-I 
was first characterized as a gene that can activate IRF-induced 
gene expression in response to transfection with synthetic poly-
inosinic-polycytidylic acid (polyI:C) used as dsRNA mimic 
molecules (Yoneyama et al., 2004). RIG-I has a central DExD/ 
H-box RNA helicase domain and two N-terminal caspase re-
cruitment domains (CARDs). Overexpression of the N-terminal 
CARD domain constitutively activates IFN production without 
viral infection. Although overexpression of full-length RIG-I does 
not constitutively activate IFN production without viral infection, 
a significant increase in IFN-producing signaling occurs in re-
sponse to viral infection. In addition, a mutant deficient in the 
CARD domain completely suppresses IFN-producing signaling 
in response to viral infection, indicating that CARD is required 
for mediation of the virus-induced IFN signaling pathway. The 
helicase domain modulates RIG-I function through binding to 
specific virus genomes during viral replication, and the adeno-
sine triphosphate (ATP) binding region within the helicase do-
main is also responsible for activating IFN production signaling 
(Cui et al., 2008; Takahasi et al., 2008).  

MDA5 was originally cloned as a gene up-regulated by IFN 
treatment in a melanoma cell line (Kang et al., 2002). MDA5 
shows 35% and 23% amino acid similarity to RIG-I in the heli-
case and N-terminal tandem CARD domains, respectively. 
MDA5 functions as a PRR for viral genomes, and a critical role 
for MDA5 in virus-induced IFN-producing signaling has been 
shown using KO mice (Gitlin et al., 2006; Kato et al., 2006). 
LGP2 is another RLR family member characterized as the heli-
case-like protein expressed in normal and neoplastic mammary 
tissue (Cui et al., 2001). The LGP2 protein has a high level of 
amino acid similarity to the helicase domain of RIG-1 and 
MDA5, but LGP2 is devoid of the CARD domain. LGP2 ap-
pears to play a suppressive role in RIG-I/MDA5-induced IFN 
signaling (Rothenfusser et al., 2005; Yoneyama et al., 2005), 
and yet LGP2 functions as a positive regulator in response to 
encephalomyocarditis virus (EMCV) infection, based on gene 
mutation analysis (Venkataraman et al., 2007).  
 
Viral RNA recognition by RLRs  
Given that both RIG-I and MDA5 recognize dsRNA such as 
poly I:C and induce IFN production via a common pathway, it is 
uncertain whether they have distinctive or redundant detection 
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systems for the recognition of viruses patterns. The analysis of 
RIG-I and MDA5 KO mice indicates a significant specificity for 
detecting various kinds of viruses (Gitlin et al., 2006; Kato et al., 
2006). Mouse embryonic fibroblasts (MEFs) from RIG-I KO 
mice show diminished IFN production in response to infection 
with Newcastle disease virus (NDV), vesicular stomatitis virus 
(VSV), influenza A virus, Sendai virus (SeV), and Japanese 
encephalitis virus (JEV), whereas MDA5-deficient MEFs are 
unresponsive to picornaviruses, including Theiler’s encephalo-
myelitis virus, encephalomyocarditis virus (EMCV), and men-
govirus (Gitlin et al., 2006; Kato et al., 2006). Overall, a large 
portion of dsRNA viruses are detected by RIG-I. In contrast, 
murine norovirus and Picornaviridae are recognized by MDA5, 
even though they have a dsRNA genome. (Loo et al., 2008; 
McCartney et al., 2008). Several viruses are recognized in 
different ways. Reoviridae (a dsRNA virus) is recognized by 
either RIG-I or MDA5 in a length-dependent manner (Kato et al., 
2008; Loo et al., 2008). Dengue virus and West Nile virus seem 
to be detected redundantly by both RIG-I and MDA5 (Frede-
ricksen and Gale, 2006).  

The difference in viral recognition by RIG-I and MDA5 is 
based on preferences for RNA structure from RNA virus ge-
nomes. RIG-I is selectively activated by RNA transcribed in 
vitro by phage polymerases (IVT-RNA). IVT-RNAs have an 
uncapped 5′-triphosphate (5′-PPP) that is responsible for pro-
motion of binding of RIG-I and inducing IFN signaling. In con-
trast, MDA5 is specifically activated by poly I:C, which is made 
by annealing inosine and cytosine, which have 5′-diphosphate 
and 5′-monophosphate ends (Hornung et al., 2006; Kato et al., 
2006; Pichlmair et al., 2006). This difference may explain why 
RIG-I does not respond to host cytoplasmic RNA; 5′-PPP moie-
ties of most host mRNAs are either masked by a 7-methyl-
guanosine capping and 5′-PPP moieties of most host rRNAs 
and tRNAs are removed by processing in the maturation proc-
ess before they reach the cytoplasm. As mentioned above, poly 
I:C triggers MDA5-induced IFN production, and the optimal 
length of poly I:C is responsible for effective MDA5 activation. 
Shortening poly I:C to 1000 nucleotides or less converts it into a 
RIG-I agonist (Kato et al., 2008). These observations indicate 
that MDA5 detects long dsRNA generated during infection and 
replication of viruses. Although the initial research about viral 
recognition of RIG-I and MDA5 was carried out in hematopoi-
etic cells, airway epithelial cells also express functional levels of 
these receptors. The expression of RIG-I and MDA5 is in-
creased by respiratory virus infection, and increased MDA5 has 
a critical role in inducing IFN production (Wang et al., 2009). 
Future investigation into specific viral recognition will be re-
quired to determine which receptors respond to various kinds of 
respiratory viruses and mediate the IFN signaling pathway and 
pro-inflammatory cytokine production.  
 
RLR-mediated signal transduction 
The identification of RLRs was rapidly followed by the charac-
terization of the downstream adaptor interferon-β promoter 
stimulator-1 (IPS-1), also called virus-induced signaling adaptor 
(VISA), mitochondrial antiviral signaling protein (MAVS), or 
CARD adaptor inducing IFN-β (CARDIF) (Kawai et al., 2005; 
Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005) (Fig. 1). 
IPS-1 contains an N-terminal CARD domain that forms homo-
typic interactions with the CARD domains of RIG-I and MDA5, 
which leads to activation of the C-terminal catalytic domain and 
triggering of a signaling transduction that culminates in IFN-β 
and pro-inflammatory cytokine gene expression. Interestingly, 
IPS-1 contains a transmembrane domain at its C-terminal end 
and is localized on the outer membrane of mitochondria (Seth 

et al., 2005). These results suggest that IPS-1 localization on 
mitochondria might be involved in RLR-induced signaling. In 
fact, truncation of its C-terminal transmembrane domain or 
enforced mislocalization of IPS-1 to the plasma membrane or 
endoplasmic reticulum leads to failure of IFN signal activation. 
The physiological role of mitochondrial localization of IPS-1 is 
not yet fully understood. 
 
Viral evasion strategies from host anti-viral signaling 
Viruses replicate expansively in infected host cells to guarantee 
successful transmission, and must, therefore, develop immune 
evasion strategies. Viruses can hinder IFN-α and -β synthesis 
by interfering with IFN receptor signaling or inhibiting the activa-
tion of antiviral effector proteins induced by IFNs (Weber et al., 
2004). Here, we concentrate on the strategies used by viruses 
to inhibit RLR-mediated IFN signaling pathways. The simplest 
strategy for viruses to defend against antiviral signaling is to 
escape from the RLR recognition system. For example, RNA 
viruses such as CCHFV and BDV do not stimulate IFN signal-
ing because they do not have a 5′-ppp structure in their own 
genome (Habjan et al., 2008). In addition, Picornaviridae and 
Calcioviridae express a VPg protein that modifies the 5′-
terminal of the virus genome to escape RIG-I recognition. 
These two viruses are recognized by MDA5, however, suggest-
ing that the host immune system has developed alternative 
detection machinery to hamper viral evasion strategies.  

Viruses also escape detection through the production of viral 
proteins that directly inhibit RLRs or IPS-1 by interacting with 
them or breaking them down (Andrejeva et al., 2004; Childs et 
al., 2007; Komatsu et al., 2007). Non-structural protein 1 (NS1) 
of influenza A virus inhibits the function of RIG-I-mediated IFN 
signaling through interaction with RIG-I (Mibayashi et al., 2007; 
Opitz et al., 2007). In airway epithelial cells, NS1 of influenza A 
virus functions as an antagonist for the IFN signaling pathway 
by binding the RNA genome (Guo et al., 2007). Overall, al-
though signaling molecules involved in RLR-induced IFN sig-
naling have been identified, the exact interactions between viral 
proteins and antiviral signaling molecules remain largely un-
known. In depth studies about these topics will support new 
insights into the host immune system against viral infection and 
may help develop new therapeutic approaches for viral infec-
tious diseases. 
 
ANTI-MICROBIAL EFFECTORS IN AIRWAY EPITHELIUM 

 
Mucin 
In eukaryotes, glycoproteins on the extracellular surface are 
known to play a critical role in mucosal defense (Fig. 2). Among 
them, mucins are the main glycoprotein components of mucus 
and have a peculiar structure of serine/threonine-rich tandem 
repeating amino acids which are the sites for O-linked glycosy-
lation (Thornton et al., 2008). The presence of mucin at the 
airway epithelial surface is necessary to avoid desiccation of 
underlying cells, prevent endogenous and foreign particle ac-
cumulation, and defend against pathogen invasion. Here, we 
will focus on regulation of mucin gene expression and the func-
tion of mucin in normal and chronic inflammatory diseases.  
 
Mucin genes in airway epithelium 
Many MUC genes are expressed in airway epithelial cells, in-
cluding MUC1, MUC2, MUC4, MUC5AC, MUC5B, MUC7, 
MUC8, MUC11, MUC13, MUC15, MUC19, and MUC20 (Rose 
and Voynow, 2006). The MUC proteins encoded by these 
genes are classified into three main families: membrane-asso-
ciated mucins (MUC1, MUC4, MUC11, MUC13, MUC15, 
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MUC20), secreted gel-forming mucins (MUC2, MUC5AC, 
MUC5B, MUC8, and MUC19), and a secreted non-gel-forming 
mucin (MUC7). Membrane-associated mucins are bound to 
cells by a transmembrane domain and contain short cytoplas-
mic tails that associate with cytoskeletal elements and adaptor 
proteins involved in signal transduction. Thus, membrane-
associated mucins might serve as cell-surface receptors or 
sensors in response to external stimuli (Hollingsworth and 
Swanson, 2004). Among the secreted mucins, MUC2 was the 
first MUC gene identified in the lung, although MUC5AC and 
MUC5B also seem to be major MUC genes expressed in hu-
man airway epithelium. MUC2 is up-regulated by infection with 
nontypable haemophilus influenzae (NTHi), an important hu-
man respiratory pathogen, through the TGF-β/NF-κB signaling 
pathway (Jono et al., 2002). In contrast, the MUC2 expression 
level in obstructive airway diseases makes up only 2.5% of the 
weight of whole gel-forming mucins, indicating that MUC2 is a 
minor mucin protein (Kirkham et al., 2002). Some reports indi-
cate that MUC2 is aberrantly expressed in goblet-type muci-
nous carcinomas of the lung (Mesquita et al., 2004). Accord-
ingly, MUC2 over-expression in the airway epithelium may be a 

marker of lung cancer.  
MUC5AC is mainly expressed in goblet cells at the luminal 

surface in healthy airways, and is the most abundant gel-
forming mucin in COPD, CF, and asthmatic airways (Davies et 
al., 1999; Groneberg et al., 2002; Kirkham et al., 2002). MUC5AC 
expression is up-regulated by P. aeruginosa in both bronchial 
explants and cultured airway epithelial cells (Dohrman et al., 
1998). MUC5AC is also up-regulated in a mouse model of 
asthma and parainfluenza type 1 infection in mice (Walter et al., 
2002; Zuhdi Alimam et al., 2000). Among gel-forming mucins, 
only MUC5AC is highly produced in ovalbumin-sensitized and  
-challenged mouse lungs (Young et al., 2007), indicating that 
MUC5AC over-expression is the central event in mucous 
metaplasia in the mouse airway. Apart from MUC5AC, MUC5B 
is constitutively expressed in the mucous cells of the submuco-
sal gland (Schulz et al., 2005) and its production is not much 
greater in bronchial lavage fluid obtained from smokers and 
asthma patients compared to normal controls (Innes et al., 
2006; Ordonez et al., 2001). Overall, compared to MUC5AC, 
MUC5B is not dramatically induced in the airway epithelium of 
patients with chronic inflammatory diseases. Investigating the 

Fig. 1. General signaling pathways from 

respiratory virus recognition to IFN-α

and -β gene expression. Endosomal 

pathway: respiratory viruses deliver their 

nucleic acids into endosomes, where 

nucleic acids are recognized by TLR3. 

TLR3 transfers the signal via TRIF, 

which activates TBK-1 and IKKε and 

phosphorylates IRF3 to induce IFN-α

and -β gene expression. Cytosolic 

pathway: RIG-I and MDA5 recognize 

viral RNAs, which transfers the signal 

via the IPS-1, a mitochondrion-asso-

ciated adaptor. IPS-1 activates TBK-1 

and IKKε and phosphorylates IRF3 and 

IRF7 to induce IFN-α and -β gene ex-

pression. LGP2, a cytosolic dsRNA 

receptor, may use an alternative adap-

tor to activate TBK-1 and IKKε to induce 

IFN-α and -β gene expression. The 

following abbreviations are used: cas-

pase activating recruitment domain 

(CARD), repressor domain (RD), RNA 

binding domain (Helicase). 
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physiological differences between WT mice and mice with loss 
of function or gain of function in airway disease models will 
shed light on the significant role of MUC5B in airway epithelial 
cells. 
 
Regulation of mucin gene expression 

In innate and adaptive immune responses in the airway epithe-
lium, mucin production is induced by stimulation from 
pathogens, inflammatory cytokines, and environmental toxins 
through various signaling pathways. It was first demonstrated 
that bacteria including S. aureus, P. aeruginosa, Streptococcus 
pneu-moniae, NTHi, and Mycoplasma pnumoniae induce 
MUC5AC and/or MUC2 gene expression through activation of 
the NF-κB signaling pathway (Chen et al., 2004; Ha et al., 
2007; Lem-jabbar and Basbaum, 2002; Li et al., 1997; 1998; 
Wang et al., 2002). Respiratory viruses also induce mucin gene 
expression in airway epithelial cells. Rhinovirus, the main 
infectious virus of the upper airway, activates MUC5AC and 
MUC5B gene expression in airway epithelial cells (Inoue et al., 
2006). Other respiratory viruses, including respiratory syncytial 
virus (RSV), influenza A virus, and paramyxoviruses, activate 
MUC5AC production involved in mucous metaplasia in mice 
(Buchweitz et al., 2007; Hashimoto et al., 2004; Tyner et al., 
2006). Recently, a comprehensive analysis of the role of 
MUC5AC in a human infection model showed that rhinovirus 
infection induces asthma exacerbation by activating MUC5AC 
production (Hew-son et al., 2010).  

Pro-inflammatory cytokines such as interleukin (IL)-1β and 
tumor necrosis factor (TNF)-α up-regulate MUC5AC gene ex-
pression (Lora et al., 2005; Song et al., 2003). In particular, 
TNF-α and IL-1β activate MUC5AC gene expression through a 
multi-signaling step, in which they activate CREB through p38 
MAPK, ERK1/2, and MSK1. Activated CREB then binds to the 
MUC5AC promoter to trigger MUC5AC gene transcription in 
primary nasal epithelial cells (Song et al., 2003). Recently, 
transgenic mice over-expressing IL-1β in lung epithelial cells 
showed that MUC5AC production and mucous cell metaplasia 
lead to chronic inflammatory diseases in the airway (Bry et al., 
2007; Lappalainen et al., 2005). IL-13, a critical Th-2 cytokine in 
airway remodeling, induces MUC5AC expression by upregula-
tion of TGF-β2, Stat6 phosphorylation, and the secondary 
pathways of EGFR activation and suppression of the transcrip-
tion factor FoxA2 (Chu et al., 2004; Wan et al., 2004; Wills-Karp 
et al., 1998; Zhen et al., 2007). Lastly, pollutants and oxidants 
including hydrogen peroxide, dual oxidase, tobacco smoke, 
residual oil ash, acrolein, and prostaglandin (PG) E2 increase 
MUC5AC gene expression (Gensch et al., 2004; Gray et al., 
2004; Kim et al., 2008; Longphre et al., 2000; Shao and Nadel, 
2005; Takeyama et al., 2000).  

In contrast, inhibitory mechanisms that suppress MUC5AC 
gene expression have been demonstrated in airway epithelial 
cells (Kim et al., 2009; Song et al., 2009a; 2009b). In many 
cases, MUC5AC-inducing stimulants activate EGFR-mediated 
or alternative signaling, resulting in the activation of NF-κB, 
specificity protein 1 (SP1), and activating protein 1 (AP1) (Thai 
et al., 2008; Yuan-Chen Wu et al., 2007). Another mechanism 
that regulates MUC gene production apart from transcriptional 
regulation has been reported (Rose and Voynow, 2006). In-
creased MUC5AC expression by neutrophil elastase treatment 
is mediated by enhanced post-transcriptional mRNA stabiliza-
tion in human adenocarcinoma cells (Voynow et al., 1999). 
Transcriptional regulation of MUC genes likely cooperates with 
post-transcriptional regulation through mRNA stabilization to 
optimize MUC production in the airway epithelium. 
 

Role of mucin in airway diseases 

Mucus hypersecretion is a simple problem that is recognized as 
a short term irritant during seasonal allergies or colds caused 
by a respiratory infection. In contrast, mucus hypersecretion in 
diseased lungs is a fatal contributor to mortality (Bedrossian et 
al., 1976). The pathophysiology observed in obstructive pulmo-
nary diseases is airway inflammation, mucus overexpression 
and hypersecretion, and impaired mucociliary clearance (Hogg 
et al., 2004; Mannino et al., 2002). Current therapies concen-
trate on reduction of inflammatory signals that eventually induce 
mucin synthesis. These approaches are not helpful in many 
cases, however, because mucus hypersecretion is a basic 
phenotype in CF without respiratory infection. In other words, 
the salt-fluid imbalance in the CF airway directly induces mucus 
hypersecretion. Further research is needed to identify the 
causes of mucus hypersecretion and methods for reducing 
inflammation or infection to develop effective therapies for 
chronic inflammatory airway diseases. 
 
Antimicrobial peptides and proteins 

In addition to mucin proteins, surface epithelial cells and sub-
mucosal glands secrete AMPs and proteins into the airway 
lining fluid (Fig. 2). These secretions function in a broad-
spectrum mode, exerting antimicrobial effects against bacteria, 
viruses, and fungi. These antimicrobial effectors clear invading 
microbes primarily through disrupting cell walls, sequestrating 
nutrients and iron, and by providing attachment decoys for mi-
crobial survival and pathogenic processes (Brogden, 2005; 
Cole et al., 2002). 
 
Function of small AMPs 

Among the inducible bacteriocidal products in the airway epi-
thelium, small cationic AMPs are dominant. Although hundreds 
of AMPs have been identified, human airway epithelium mainly 
expresses two types of AMPs: defensins and cathelicidins 
(Bartlett et al., 2008; Lai and Gallo, 2009). Defensins are char-
acterized by six unique cysteine amino acids, giving rise to 
three disulfide bonds. The defensins are divided into two 
groups, α- and β-defensins, according to the distinctive tertiary 
structure caused by differences in the cysteine residues. β-
defensins are expressed in lung epithelial cells and neutrophils. 
Human β-defensin-1 (HBD-1) is constitutively secreted into 
airway lining fluid, but HBD-2, -3, -4 are induced by epithelial 
cells in response to pathogens, inflammatory cytokines, or TLR 
ligands (Harder et al., 2000; Singh et al., 1998). Numerous β-
defensins are induced in mouse lung epithelium by bacterial 
and viral infection, and they protect the host through killing of 
influenza viruses and fungi (Jiang et al., 2009; Wang et al., 
2010).  

Cathelicidins are another cationic AMP expressed in airway 
epithelia. Humans have only one cathelicidin propeptide 
(CAMP), which must be cleaved to the active antimicrobial 
peptide LL-37 (Bals et al., 1998a). LL-37 production is induced 
by respiratory pathogens such as P. aeruginosa and pneumo-
nia, and activated LL-37 kills both in the mice airway, indicating 
that this molecule is a critical element of airway defense (Bals 
et al., 1998a; Herr et al., 2007). The direct killing mechanism of 
AMPs is not fully understood, but they kill microbes by inducing 
microbial permeabilization (Brogden, 2005). The biological im-
portance of LL-37 is demonstrated by increased protection 
against bacterial challenge in LL-37 overexpressing mice (Bals 
et al., 1999). Furthermore, the importance of pathogen killing by 
LL-37 is confirmed by the reduced pathogen clearance and 
increased mortality of cathelicidin- or defensin-deficient mice 
infected with a number of bacterial species (Liu et al., 2006; 
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Moser et al., 2002). In vivo testing at the organism level indi-
cates that AMPs in airway epithelium are important defenders 
for host protection. In addition to antimicrobial activity, AMPs 
have chemotactic activities for modulating the innate immune 
response in airway epithelium. For instance, HBD2 recruits 
mast cells, and HBD3 and -4 attract monocytes and macro-
phages. Similarly, LL37 is chemotactic for neutrophils, mono-
cytes, mast cells, and T cells (De et al., 2000; Niyonsaba et al., 
2002).  
 
Function of large antimicrobial proteins 
In addition to small AMPs, several large antimicrobial proteins 
have been defined (Kolls et al., 2008). Lysozyme was the first 
antimicrobial protein identified in ASL, and this polypeptide is 
expressed and secreted in epithelial cells and submucosal 
glands. Lysozyme induces lysis of Gram-positive bacteria by 
hydrolyzing the β1-4 glycosidic bond in peptidoglycan, a bacterial 
cell wall component (Ganz, 2004). Lactoferrin, an 80 kDa pro-
tein, is activated by inflammatory and infectious stimuli. Lacto-
ferrin not only inhibits bacterial growth through sequestration of 
iron from microbial pathogens, but also directly kills bacteria 
(Ganz, 2004). Antimicrobial proteins known as palate-lung-
nasal-clone (PLUNC) are expressed in the upper airways, nose, 
and mouth and are divided into short (SPLUNC1 and -2) and 
long (LPLUNC) members. Though the direct antibacterial 
mechanism of PLUNC has not been determined, PLUNC may 
function as a host protector by inhibiting LPS-mediated cytokine 
secretion and LBP/LPS interactions (Bingle et al., 2009). In 
addition to its chemo-attractant role for leukocytes, CCL20 (also 
known as MIP-3α) has structural motifs similar to β-defensins. 
CCL20 gene expression in airway epithelium is induced by 
bacterial challenge, and elevated CCL20 levels have antibacte-
rial activity against Gram-negative bacteria (Starner et al., 
2003). 

Collectins or C-type lectins are also inducible epithelial mole-
cules with antimicrobial activity. A family of PRRs that contain 
an N-terminal cysteine-rich domain and a C-terminal carbohy-
drate recognition (lectin) domain, collectins have two members: 

Sp-A and Sp-D. The C-type lectins bind and recognize con-
served carbohydrate patterns in respiratory pathogens, leading 
to phagocytosis by opsonization and neutralizing bacteria by 
modulation of interactions with dendritic cells and T cells 
(Pastva et al., 2007). Neutrophil gelatinase-associated lipocalin 
2 (known as NGAL) is an antibacterial protein that binds 
siderophores, which are bacterial iron-binding molecules. Lipo-
calin 2 is critical for host defense against K. pneumoniae 
pneumonia through prohibiting bacterial growth by limiting the 
availability of iron (Flo et al., 2004). Protease inhibitors including 
secretory leukocyte proteinase inhibitor (SLPI) and elafin are 
known to be required for limiting host tissue damage caused by 
elastase and neutrophil proteases during airway inflammation 
(Williams et al., 2006). In addition to their protease inhibitor 
activity, both SLPI and elafin have antibacterial activity against 
various kinds of bacteria.  

Many of these effector proteins cooperate to kill pathogenic 
microbes and more effectively protect the host. For example, 
the antibacterial activity of HBD-2 is improved by the addition of 
lysozyme and lactoferrin (Bals et al., 1998b). Similarly, treat-
ment with the combination of lysozyme, lactoferrin, and SLPI 
causes much higher bacterial killing activity than the individual 
molecules alone (Cole et al., 2002). Thus, all antimicrobial ef-
fectors, including unidentified molecules in ASL, are likely to be 
important for full antimicrobial activity against various kinds of 
pathogens. 
 
Function of ROS 

The human airway produces significant amounts of ROS, and 
mucosal release of ROS is readily detected both in cell cultures 
and in the exhaled breath of humans in the normal uninflamed 
epithelium of the airways (Fischer, 2009). The main sources of 
released ROS are the dual oxidases DUOX1 and DUOX2 and 
the NADPH oxidase family found in epithelial cells. DUOX ap-
pears to be expressed by the apical part of ciliated cells, but not 
in nonciliated cells. Recent studies have focused on the antim-
icrobial function of ROS generated from DUOX in airway lining 
fluid. In bacterial infection in the airway epithelium, DUOX is 
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activated and generates H2O2 into the airway lumen where 
lactoperoxidase (LPO) converts DUOX-generated H2O2 to bac-
tericidal OSCN-, leading to killing of bacteria (Conner et al., 
2002) (Fig. 2). 
 
Regulation of DUOX expression in the airway epithelium  

DUOX is mainly expressed from the apical side of ciliated cells 
in polarized airway epithelial cells (Schwarzer et al., 2004), and 
neither nonciliated cell nor basal cells express DUOX at a level 
detectable by immunocytochemistry (Fischer, 2009). LPO is 
expressed and released by goblet cells and submucosal glands, 
showing that DUOX-derived H2O2 production from ciliated cells 
and H2O2 utilization by LPO from goblet cells and glands are 
topologically separated, though the physiological reason is 
currently unknown. The observation that only ciliated cells, but 
not goblet cells, express DUOX may provide a clue for the 
cause of inflammatory airway diseases, because the airway 
epithelium in asthma, CF, and chronic bronchitis undergoes 
cellular changes to mucous cells or de-differentiated squamous 
cells, resulting in a large reduction of ciliated cells. These air-
way diseases are generally recognized by a reduced ability for 
bacterial killing in airway epithelium and following chronic infec-
tions. Given that DUOX expression and antimicrobial function 
have been robustly demonstrated in airway defense, the loss of 
ciliated cells in an abnormal de-differentiated cell condition is 
proposed to deprive the airway epithelium of a central defense 
mechanism.  

Although the isoforms of DUOX1 and DUOX2 have high 
structural similarity, DUOX2 can produce more H2O2 than 
DUOX1 in cell-free systems (Ameziane-El-Hassani et al., 2005). 
Yet normal airway epithelium expresses higher levels of 
DUOX1 than DUOX2, according to semi-quantitative RT-PCR 
measurements (Schwarzer et al., 2004). Accordingly, the amount 
of H2O2 released from DUOX1 and DUOX2 may be almost the 
same in the normal airway lumen. The regulatory mechanisms 
of DUOX1 and DUOX2 expression are different under inflam-
matory conditions caused by cytokines or bacterial challenge, 
however. DUOX2 mRNA expression is upregulated by virus 
infection or the Th1 cytokine IFN-γ, while DUOX1 mRNA level 
is moderately but specifically induced by the Th2 cytokines IL-4 
and IL-13 (Harper et al., 2005). These results suggest that in-
ducible DUOX2 is required for response to infection and follow-
ing inflammation, whereas steady inducible DUOX1 is involved 
in constitutive roles in the normal airway such as immune sig-
naling and mucus production (Shao and Nadel, 2005; Wesley 
et al., 2007).  
  
Function of DUOX 

One mechanism of ROS-mediated bacterial killing at the airway 
epithelium is similar to the mechanism of NOX2-mediated killing 
of bacteria in phagocytes (Leto and Geiszt, 2006). There, 
NOX2 generates O2

•- in the phagosome and it is dismutated to 
H2O2 by superoxide dismutase (SOD), and finally converted to 
bactericidal HOCl- by myeloperoxidase (MPO). In airway epi-
thelium, lactoperoxidase (LPO) plays the same role as MPO in 
phagocytes (Fig. 2). LPO was initially identified in sheep airway 
secretions, where it constitutes approximately 1% of the soluble 
protein of the ASL (Conner et al., 2002). LPO is a heme-
containing peroxidase expressed in submucosal glands and 
goblet cells in the airway epithelium. The initially proposed 
model of LPO-derived bacterial killing was incomplete, because 
of the absence of a verified H2O2 source. After DUOX was 
found to release H2O2 into ASL, the DUOX/LPO system was 
proposed as a main antibacterial model system in the respira-
tory tract (Forteza et al., 2005; Geiszt et al., 2003). In normal 

uninflamed airways, LPO generates antibacterial OSCN- from 
H2O2 and SCN-, and OSCN- is the main antibacterial ROS in 
airway epithelium (Fig. 2). Recently, SCN- concentration was 
reported as the rate-limiting factor for LPO-mediated OSCN- 

production. SCN- is far more abundant than iodide in ASL, with 
a concentration of ~460 μM (Wijkstrom-Frei et al., 2003).  
 

CONCLUSION 

 

In airway epithelium, TLR2 and TLR4 are critical PRR for sens-
ing infectious pathogens and signaling to leukocytes for host 
defense. MDA5 and RIG-I, the intracellular virus recognition 
receptors, are required to induce the production of type I IFNs, 
leading to virus clearance. Bacteria-killing immune effectors 
such as mucins, antimicrobial proteins, and ROS are signifi-
cantly important for host defense against pathogen infection in 
ASL. The exact regulatory mechanisms that connect pathogen 
sensing to immune effectors for host defense have yet to be 
fully elucidated. In addition, it has not yet been determined 
whether stimulation of innate resistance in airway epithelial cells 
provides any clinical therapeutic value. A better understanding 
of innate resistance through modulation of immune effectors 
may supply insight into therapies for airway inflammatory dis-
eases induced by chronic bacterial infection.  
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