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Interactions between epithelial cells and dendritic cells in airway

immune responses: lessons from allergic airway disease

We are constantly exposed to environmental factors,
viruses, and bacteria and some micro-organisms may
constitute a threat to our health. Traditionally, concepts
of defence mechanisms for these threats have included a
protective outer layer of epithelia and a vigilant immune
system searching for areas where the integrity of the outer
layer may have been compromised. There is a growing
awareness that our views of these two defence mecha-
nisms need refining. Instead of considering them as two
relatively independent mechanisms, we should be treating
them as a single integrated system.
This review presents and discusses the role of local

immune-competent cells and local epithelia in the recog-
nition of potential pathogens and how the interaction
between both components may affect the initiation of the
immune response. As these mucosal epithelia are the first
to interact with, and respond to, many different environ-
mental factors, these signals could affect the functional
characteristics of local immune competent cells and could
have consequences for the subsequent immune response.
To clarify the complexity of the initiation of immune
responses in the context of airway mucosa, we provide an
extensive description of the nature of the two main local
components: dendritic cells (DCs) and epithelial cells.
The regulation events in the local mucosa cannot be

viewed in isolation. This review therefore opens with an
introduction to the involved T-helper cells that defines the

different types of basal immune responses. We will discuss
the heterogeneity of human DCs as well as the prevalence
and potential functional specializations of local DCs in
human and animal airways. Ultimately, the functional
characteristics of airway epithelial cells and their direct
and indirect interactions with mucosal DCs will result in a
model of the mucosal immune response. In this model,
DCs need to integrate signals from many different sources
so that the correct immune response will be initiated.

The terminology describing the processes that act on
DC can be highly confusing. Different authors may use
identical terms to mean different things or different terms
to describe the same phenomenon. To avoid any confu-
sion about the terminology used here, a brief description
is warranted of the context we have in mind. When we
refer to the regulation of the immune response, we
describe the outcome of signals acting on the DCs. This
includes the stimulation, inhibition, or modulation of the
immune response. The activation of DCs in the mucosa
includes a multitude of processes that will allow immune
responses to initiate. This process includes the maturation
of DCs (i.e. up-regulation of co-stimulatory molecules)
and the ability of the DCs to reach the lymphatic vessel in
the local tissue (i.e. up-regulation of chemokine receptors)
to take the locally integrated signal away from the tissue
to the draining lymph node. Differential expression levels
of adhesion molecules and receptors for lymphatic
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chemo-attractants contribute to the activation process of
DCs in the local tissue and will have consequences for the
overall outcome of the immune response. We will use the
term modulation to describe how factors produced by
these other cells influence the activation processes of DCs.
The above implies a concept in which mucosal DCs act

as integrators of both immunostimulatory and immuno-
suppressive signals originating directly from the environ-
ment and from actively-involved mucosal tissue, acting
collectively to regulate the local immune response.

The different T lymphocyte helper cells in the basal immune
response

One of the critically important cells in the immune system
to contact any micro-organism is the DC. After the
uptake of the micro-organism, a DC leaves the local
tissue and migrates to a draining lymph node where it
induces the proliferation of antigen-specific T lympho-
cytes resulting in either a T-helper 1 (Th1) cell, T-helper 2
(Th2) cell, Regulatory T-cell (Treg) or T-helper 17 (Th17)
cell response dependent on the modulation and activation
status of the DC.
Th1 cells evolve when the peripheral DC has been

exposed to intracellular pathogens (virus, bacteria, and
some protozoa) and are characterized by the production
of Interferon (IFN)c. Th2 cells develop when the DC
has been exposed to an extra cellular parasite and are
characterized by the production of interleukin (IL)-4,
IL-5 and IL-13. Recently, another population of Th cells
has been described. Th17 cells are characterized by the
production of IL-17, resulting in the recruitment of
neutrophils into local tissues. This feature suggests a role
in the immune response against extra cellular bacteria
(1).
Another type of Th cells is the Treg cell. Both Th1 and

Th2 responses can be suppressed by adaptive Treg cells
through contact-dependent mechanisms and/or the pro-
duction of IL-10 and TGF-b (2, 3). Although this cell
type is very important in controlling the activity of both
Th1 and Th2 responses, we focus in this review on the
role of epithelial cells in the initiation and modulation of
a Th1 or Th2 response.
Although there is considerable knowledge about the

signals expressed by DCs that guide the development of

Th1 responses, less is known about the development of
Th2 cells from naı̈ve T cells. Moreover, it is still unclear
which signals are responsible for the initial instruction of
the DC when it still resides in a local epithelium, and is
surrounded by a multitude of micro-organisms(whether
pathogenic or not) or other antigenic triggers of the
immune system as in, for instance, the mucosa of the gut
or the upper and lower airways. This raises the interesting
question of how the immune system deals with a barrage
of potentially confusing signals and how it not only
makes sure that the response is appropriately Th1 or Th2,
but even makes sure that such a response is required at
all. In auto-immune or allergic diseases, this process
breaks down. An inappropriate Th1 response against a
host factor contributes to the pathogenic mechanism in
auto-immune diseases, whereas an inappropriate Th2
response against an otherwise innocent environmental
factor contributes to the pathogenic mechanism in
allergic diseases.

Dendritic cell heterogeneity

Dendritic cells constitute a heterogeneous class of spe-
cialized antigen presenting cells. There are several reasons
for the complexity of the characterization of DC subtypes
based on the expression of cell/cell-surface molecules. The
expression of cellular molecules may depend: (i) on the
myeloid or lymphoid origin of the DC, (ii) on their Th1-,
Th2-, Th17- or regulatory T-cell-inducing potential after
activation, and (iii) on the tissue localization within the
organism. The characterization of different DC subtypes
is further complicated by the fact that some molecules are
also found on cell types other than DCs, and by the use of
different/unique subdivisions of DCs based on author�s
own preferred molecules.

In human peripheral blood, we can discern at least four
cell types of myeloid origin (Table 1). These mDCs
develop from bone marrow-derived monocytic precur-
sors, express common myeloid surface markers (CD11c,
CD13) and require granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) in vitro for their survival (4).
Two myeloid DC subtypes can be distinguished depend-
ing on whether they express BDCA-1/CD1c or BDCA-3,
markers that are initially found in a search for specific
Blood Dendritic Cell Antigens.

Table 1. Characteristics of human dendritic cell (DC) subsets in nasal mucosa

BDCA-1+ mDC BDCA-3+ mDC Langerhans cell (LC) Plasmacytoid DC (pDC)

Origin CD34+ myeloid progenitor CD34+ myeloid progenitor CD34+ myeloid progenitor Lymphoid
Markers CD11c+

BDCA-1+

(CD1c)
CD33+

CD13+

CD11c+

BDCA-3+
CD1a+

CD1c+

E-cadherin
Langerin

Birbeck Granules

CD123+

BDCA-2+

BDCA-4+

Growth and survival dependent in vitro GM-CSF GM-CSF TGF-b IL-3
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A third type DC of myeloid origin can be present in
certain tissues. The Langerhans cells (LCs) are a distinct
population of DCs that are located in epithelial tissues
such as the airway mucosa and the epidermis of the skin.
LCs are characterized by the expression of CD1a,
E-cadherin, Langerin, and the presence of Birbeck
granules (5). The origin of LCs is not fully understood.
Reports indicate that they can originate from both a
CD14) and a CD14+ myeloid precursor (4–6). In
addition to GM-CSF, there is a crucial role for trans-
forming growth factor (TGF)-b in the differentiation
process of LCs. The fourth type of DC is the CD34+ DC,
which will not be discussed in this review.
The cellular origin of plasmacytoid DCs (pDCs) differs

from that of mDCs. pDCs, as their name suggests, bear a
morphological resemblance to plasma cells and are
related to the lymphoid lineage (7). The growth and
survival of pDC depend in vitro on IL-3, which also
explains the high level of expression of CD123 (IL-3
receptor a-chain) on these cells.
In addition to their differences in terms of identifying

lineage markers, DC subsets are distinguished on the
basis of different expression profiles for pathogen/pattern
recognition receptors, co-stimulatory molecules, or dif-
ferentiation/activation molecules. Putting aside their
evolutionary origin, the expression of these molecules
affects DC function, the distinctive responsiveness of DCs
to pathogens and the selective production of T-cell
polarizing molecules that drive the development of Th1,
Th2 or regulatory T cells (8–13).
Distinct subtypes of DCs may have different functional

properties. This functional specialization is, at least
partly, controlled by Toll-like receptors (TLRs), a group
of transmembrane proteins that play a critical role as
pattern-recognition receptors (PRRs). PRRs include
soluble and transmembrane molecules that bind micro-
organism-derived molecules and include scavengers such
as C-reactive protein, scavenger receptors, Lectins, nucle-
otide-binding oligomerization domain (NOD) molecules
and TLRs. Toll-like receptors are under intensive inves-
tigation. They recognize pathogen-associated molecular
patterns (PAMP), the molecular signatures of microbial
pathogens like bacteria and viruses (13, 14).
Classical blood-derived myeloid DCs (CD11c+)

express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, and
TLR7 (13, 14). Myeloid DC can therefore recognize
several bacterial components via TLR1 as a heterodimer
with TLR2 (PAM3CSK4 [Lipopeptide]), TLR2 (e.g.
Lipoteichoid acid, Peptidoglycan), TLR4 (lipopoly-
saccharide [LPS]), TLR5 (Flagellin) and TLR6, as a
heterodimer with TLR2 (MALP-2, lipoprotein), viral
double-stranded (ds) RNA via TLR3 and viral single-
stranded (ss) RNA via TLR7 (15).
Unlike mDCs, human pDCs express only TLR6,

TLR7, TLR8, and TLR9. Through these receptors, pDCs
selectively recognize DNA-containing CpG motifs via
TLR9 and ssRNA via TLR7 and TLR8 (15) and appear

to be of particular importance in innate immunity against
several viral pathogens (10) producing IFN-a, a type I
IFN (16). It has also been shown that pDCs are able to
induce Th2 responses after CD40L stimulation (16, 17),
but the exact role of pDCs in the induction of specific
immune responses is not fully clear yet.

To our knowledge, there are no data about the TLR-
expression of mucosal LCs. Van der Aar et al. showed by
using RT-PCR that epidermal LCs express TLR1, TLR3,
TLR6, and TLR7 and that the expression of TLR2,
TLR4, TLR5, and TLR8 is weak or even absent.
Furthermore, skin derived LCs do not express TLR9
and TLR10 (18). In contrast to this report, a recent study
showed, by using mAbs, that LCs from human skin
express TLR1, -2, -5, -6, and -9, the cognate receptors for
detection of specific bacteria-derived molecules (19). Both
studies show convincing data on TLR stimulation.
Because of this, discrepancies between studies could be
searched in the preparation methods of LCs and the
surgical specimens used.

The general opinion is that TLRs function mainly as
inducers of inflammation through the production of IL-6
and tumor necrosis factor (TNF)-a, and direct innate and
adaptive immunity. Most TLR ligands stimulate APCs to
produce Th1-inducing cytokines such as IL-12 and IL-18
and support Th1-skewed immune responses. TLR2 and
TLR5 agonist provoke Th2 immune responses under
certain conditions (20). In addition, TLR2 ligation has
been shown to induce Tregs (12). Low doses of LPS
acting through TLR4 have been shown to induce Th2
responses (21, 22).

The molecular basis for Th1/Th2 polarization can be
unexpectedly diverse as shown by the group of Kapsen-
berg and others. They found that both mDCs and pDCs
are capable of inducing Th1- or Th2-cell responses
depending on the interaction of the TLRs and other
PRRs with different microbial ligands (23). The role of
PAMPs, TLRs, and other Th-cell polarizing factors in the
induction of Th1-cell responses seems well defined, but
factors that promote Th2- or regulatory T-cell responses
are less well understood.

Whether these specific effects seen in vitro also occur
in vivo and whether potential Th-cell polarizing factors
produced by epithelial cells may also affect DC function
remains under explored. Sporri and Reis e Sousa (24)
investigated whether inflammatory mediators produced
in vivo can substitute for direct PAMP recognition,
resulting in DC activation and priming. By comparing
direct and indirect activation induced by microbial
stimuli of TLR-sufficient and TLR-deficient DCs in an
experimental animal model, it was shown that direct
recognition was crucial for priming of an appropriate T
cell response. Indirectly activated DCs supported CD4+

T cell expansion, but failed to induce Th cell differenti-
ation. In line with this observation, Blander and Med-
zhitov (25) showed that the generation of peptide-MHC
complexes is controlled by TLRs in a strictly phagosome-
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autonomous manner, although others have contradicted
this finding. These studies show that TLR mediated
activation and TLR mediated MHC-peptide presentation
are critically important for the development of an
appropriate T cell response.
Both the indirect and direct activation route can be

found in the airway mucosa. The result of this double
activation loop is still unexplored. It is also unknown
whether antigen presentation is regulated differently in
the various DC subtypes.

Dendritic cells in allergic airway disease in animals

Animal studies using transgenic and inducible knock out
mouse models suggest that mDCs and pDCs play a
differential role in the pathogenesis of allergic disease.
Lambrecht�s group explored the role of mDCs in the
allergic cellular immune response. The injection of OVA-
pulsed mDCs in the airways of naı̈ve mice resulted in the
typical characteristics of asthma. mDCs were shown to
migrate to the regional draining lymph nodes of the lung
and induce Ag-specific T-cell activation resulting in
sensitization to inhaled allergen (26, 27). Once sensitiza-
tion has been established, mDCs play a critical role in the
maintenance of eosinophilic airway inflammation, as was
shown using a thymidine kinase (TK)-transgenic-based
DC-depleting mouse model (28). The depletion of mDCs
during allergen challenge in sensitized mice stops Th2
cytokine production, IgE synthesis, and the infiltration of
eosinophils. The same group provided additional evi-
dence for the role of mDCs in the late phase allergic
immune response. Relevant allergen challenge in OVA-
sensitized mice caused an almost 100-fold increase in of
myeloid DCs in the airways. This was accompanied by an
increase in the bone marrow of early myeloid progenitors,
which may be related to a rise in serum eotaxin (29).
Whether these observations are specific for mDC is

unclear, as a similar set of experiments have not been
conducted for pDC. Animal studies did show that pDCs
were important for the maintenance of tolerance to
inhaled harmless antigen (30). By depleting pDCs using a
pDC-specific antibody, inhalation to otherwise inert
OVA led to the development of the typical histological
features of asthma; goblet cell hyperplasia, airway
hypereosinophilia, Th2 cytokine secretion, and IgE pro-
duction. When allergen-pulsed pDCs were transferred
prior to sensitization, it was no longer possible to induce
these responses.

Dendritic cells in human airway mucosa

Animal studies provide us with important data about the
function of DCs in allergic airway inflammation; how-
ever, for obvious reasons these animal studies cannot be
repeated in humans. The exact function of the different

human DC subsets in the sensitization and maintenance
of allergic airway disease is therefore less clear. Instead of
functional analysis, most human studies have focused on
the dynamics of DC subsets. Immunohistochemical
stainings of human lung parenchyma and nasal mucosa
by multiple authors have identified both mDCs (CD11c+

HLA-DR+), LCs (CD1a+), and pDCs (CD123+) (31–
36). It is not fully clear whether these DC subsets reside in
the human airway or enter after stimulation.

Recently, three lung DC subsets that are also present in
the peripheral blood were described together with some of
their functional characteristics (33, 37–39). Single-cell
suspensions obtained from surgical resection specimens
of normal human lung parenchyma identified the two
myeloid DC subsets (CD11c+/BDCA-1+ and CD11c+/
BDCA-3+), and one plasmacytoid DC subset (CD123+

BDCA-2+) (33). The authors also showed that a majority
of CD1c+ DC also express CD1a and that there are small
populations of CD1a+ CD1c) DCs and CD1a) CD1c+

DCs. Unfortunately, no data were presented on addi-
tional LC markers such as E-cadherin, Langerin, or the
presence of Birbeck granules and hence the identity of
these cells could not be firmly established This is relevant
as it has been shown in human skin that CD1a and CD1c
are both present on one homogenous population of LCs
(40).

Experiments with purified DC populations from surgi-
cal specimens have shown that both pulmonary myeloid
DCs express mRNA TLR transcripts (TLR1, TLR2,
TLR3, TLR4, TLR6, and TLR8) and that both cell types
release pro inflammatory cytokines (TNF-a, IL-1b, IL-6,
and IL-8) in response to TLR2 and TLR4 ligands. No
expression of IL-10 or IL-12 has been detected. Although
both cell types also express TLR3, specific ligands induce
cytokine release in BDCA-1+ pulmonary DCs, but not in
BDCA-3+ pulmonary DCs. In contrast, pDC express
only TLR7 and TLR9 and these receptors seem func-
tional. Isolated pDCs release pro inflammatory cytokines
in response to imiquimod (TLR7) and IFN-a in response
to CpG oligonucleotides (TLR9). In a mixed lymphocyte
reaction pulmonary BDCA-1+ DCs were shown to be
strong inducers of T cell proliferation, while pDCs hardly
induce any T cell proliferation. BDCA-3+ pulmonary
DCs have an intermediate T cell–stimulatory capacity
(39). These results reveal potential divergent roles for the
different human lung DC subsets.

Recently, KleinJan et al. showed that in symptomatic
patients with perennial allergic rhinitis (PAR), the num-
ber of myeloid DCs (CD11c+/MHCII+) is higher in the
epithelium and lamina propria of the nasal mucosa than
in healthy control subjects (41). Moreover, these DCs had
a more activated (CD86+) phenotype and were found in
close proximity to T lymphocytes, although the implica-
tions of this last observation are not clear. The authors
ascribe the differences in DC numbers between PAR
patients and healthy controls to constant exposure to the
relevant antigen, which is thought to induce a persistent

Airway mucosal immune response

� 2008 The Authors
Journal compilation � 2008 Blackwell Munksgaard Allergy 2008: 63: 1124–1135 1127



inflammation. A similar picture emerges for BDCA-1+

myeloid DC (BDCA-1/CD1c+ HLA-DR+) in the lungs
of asthmatic patients. Compared to baseline in asthmatic
subjects, a rapid increase (within 4–5 h) in the number of
BDCA-1+ myeloid DC was observed in the lamina
propria after allergen challenge (42). The rapid accumu-
lation of these cells strongly suggests that they are directly
recruited from peripheral blood and not formed locally
from a resident precursor cell. There is also a dynamic
influx of myeloid Langerhans cells after allergen expo-
sure. Increased numbers of CD1a+ cells were found in
the mucosa of symptomatic allergic patients with seasonal
allergic rhinitis (SAR) after nasal allergen challenge (43,
44) and in patients with perennial rhinitis (41).
As well as myeloid DCs, plasmacytoid DCs also exhibit

a dynamic behaviour in allergic disease, although some
inconsistencies have been observed for this cell type.
Jahnsen et al. succeeded in showing changes in pDCs,
whereas KleinJan et al. did not. Patients with SAR were
challenged topically out of season with relevant allergen
daily for 7 days (34). Biopsy specimens were obtained
before and during such provocation and pDCs were
identified in biopsy specimens through their high levels of
CD123 expression. pDCs were present in low and
variable numbers in normal nasal mucosa from unchal-
lenged allergic, and non-allergic, individuals, but cell
numbers increased dramatically only after daily provo-
cations for 7 days in allergic subjects and not after shorter
exposures as compared to non-allergic subjects. These
observations contradict a study by the same authors of
the lower airways, where no significant recruitment of
pDCs was observed in the lung just 4–5 h after allergen
challenge (42). Nor was any increase in the number of
CD123+ cells detected at baseline in comparison with
nasal biopsies from PAR patients and healthy individuals
(41). Unfortunately, this study provided no data about
the effect of allergen provocation, but the author�s
assumption was that all subjects received maximum
exposure to HDM as biopsies were taken during the
winter when the house dust mite is most prevalent. It
remains to be seen whether this assumption is correct as,
in a house dust mite provocation model, nasal provoca-
tion can induce a clear exacerbation of nasal complaints
(45). Other reasons for the discrepancies between the
studies could be the different types (seasonal versus
perennial) of allergic rhinitis patients. Perennial allergic
rhinitis results in chronic nasal inflammation, which may
result in a different inflammatory microenvironment from
that found in acutely-induced inflammation seen in SAR
patients. The second explanation may be the different
time points at which the biopsies were taken by the
different groups, as Jahnsen has shown that induction
may need several days of constant (high) allergen
exposure.
In summary, the above observations from animal

studies complemented with data from human studies,
suggest that myeloid and plasmacytoid DCs play a

specific role in the allergic sensitization and the mainte-
nance of allergic inflammation, both in asthma and in
allergic rhinitis. Less is known about the specific function
of LCs in the human airway mucosa, but future
functional research should not be restricted to the role
of LCs in allergic airway disease, as many open questions
remain to be answered with respect to the roles of mDCs
and pDCs.

The airway epithelium

Although airway DCs are believed to be the conductor of
immunological response, there is a growing awareness
that these cells are activated in the context of a mucosal
environment where their function is likely to be influ-
enced by the presence of local immunomodulatory
signals. A substantial proportion of these signals origi-
nate in the airway epithelium. The outer lining of the
mucosa not only plays a passive role as a physical barrier
between the internal and external environment, it should
also be seen as an active component of the mucosal
defense system.

We are constantly exposed to air pollutants, airborne
allergens, and (non)-pathogenic micro-organisms (46). A
majority of these environmental factors are mechanically
removed by the mucociliary system, which consists of
mucus containing glycoproteins, lysozymes and ciliated
epithelial cells. Even when particles are not removed, they
are not free to enter the local mucosal tissue as the
mucosal epithelium forms a second physical barrier
because of the presence of apically-located tight junctions
(TJs) between adjacent epithelial cells. In addition to their
passive role as a barrier, the epithelial cells are capable of
responding to the environmental factors by expressing
specific receptors, resulting in the release of pro- and anti-
inflammatory cytokines and chemokines.

Airway epithelial cells express PRRs that recognize
components of micro-organisms (TLRs) or protease
activated receptors (PAR) that can interact with specific
components of allergens (47–50). Airway epithelial cells
express mRNA for the TLRs1-6 (47) and can respond to
various stimuli such as viruses, bacteria and cytokines,
resulting in the expression of different pro- and anti-
inflammatory cytokines and chemokines and the modu-
lation of the immune response. Stimulation of TLR3 by
Poly (I:C) resulted in the increased secretion of IL-6,
IL-8, TNF-alpha,GM-CSF,GRO-alpha, TARC,MCP-1,
MIP-3alpha, RANTES, IFN-beta and IP-10 (47).

It is not known at present to what degree different
expression levels and triggering of PRRs influence the
nature of the induction of an airway immune response.
As mentioned earlier, TLR-mediated activation and
TLR-mediated MHC-peptide seems crucial for the induc-
tion of an antigen specific T-cell response (24, 25). This
suggests that epithelial cells have a modulatory function
in the airway immune response. Another interesting
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subject is the regulation of the expression of these
receptors in epithelial cells and whether they are
expressed differently in healthy and allergic subjects.
Epithelial cells also respond to stress conditions – for

example, environmental pollutants such as Diesel
Exhaust Particles (DEP), particulate matter (PM), and
cigarette smoke – by releasing a variety of cytokines (51,
52). Studies have shown that epithelial cells stimulated
with DEPs release cytokines such as IL-6, IL-8, GM-
CSF, and sICAM (51). The exposure of epithelial cells
from allergic subjects to DEPs and tobacco contributed
to a greater constitutive and pollutant-induced release of
pro-inflammatory chemokines (53). Epithelial cells may
therefore play an important role in mediating the effects
of air pollutants on the inflammatory response in the
airways. The precise mechanism of activation, however,
has not been fully elucidated.
Airway epithelium therefore not only functions as a

mechanical barrier, but it can also respond to viral and
bacterial pathogens or stress conditions by releasing
chemokines and cytokines, and therefore playing an
active role in the airway immune response.

Pathways of antigen uptake in the respiratory tract

Even though it is clear that the concept of the epithelium
as a physical barrier will have consequences for the entry
of antigens, only a few studies have tried to address the
question of allergen uptake by tissue-resident DCs. As a
consequence, the exact mechanism of antigen uptake
remains poorly understood. The classical concept was
that the epithelial barrier needed to be disrupted for
antigen to reach DCs. This would seem to hold true for
the skin. However, in the case of mucosal surface, it was
discovered that DCs can sample the environment without
disrupting the epithelial barrier (54). This characteristic of
DCs could reflect the daily exposition to numerous
antigens and pathogens, which pass the mucosal surface
without the presence of a mucosal inflammation.
Several mechanisms have been proposed for antigens

or allergens to reach DCs. Der p1, one of the major
components of house dust mite (HDM) was shown to
cleave the tight junction adhesion protein occludin by
means of the allergen�s own proteolytic activity. TJ
breakdown increases epithelial permeability nonspecifi-
cally, allowing Der p1 to cross the epithelial barrier.
The transepithelial movement of Der p1 to DCs via the
paracellular pathway may therefore be advanced by the
allergen�s own proteolytic activity (55). Takano et al.
demonstrated a different way for DCs to sample allergen
without disrupting the TJs. In biopsies taken from
human allergic subjects, HLA-DR+ and CD11c+ DCs
expressed claudin-1 and penetrated beyond occludin in
the epithelium of the nasal mucosa (53). Interestingly, this
process was only seen in allergic individuals, and not in
healthy ones. This observation was also made in an

experimental model. Using a gut epithelial cell line-based
in vitro co-culture system, DCs were shown to extend
their dendrites across the epithelial barrier by means of
the inducible expression of the tight junction proteins
occluding, claudin 1, and zonula occludens 1 (54).
Moreover, in mice, an epithelial CD103 (alphaE)-beta7
integrin-positive DC population expressing high levels of
the LC-marker Langerin and the tight junction proteins
Claudin-1, Claudin-7, and ZO-2 was described (56). And
finally, using a three dimensional reconstruction of
immunofluorescence staining of the airway mucosa of
rats, 1–5% of all intra-epithelial DCs were shown to
project cellular extensions between epithelial cells to the
apical surface (57). These in vitro and ex vivo data imply a
strong physical connection between epithelial cell and
DC; tight junctions are formed to maintain the integrity
of the epithelial barrier, while DCs are allowed to sample
antigen at the mucosal surface by extending dendrites to
the apical lumen. It is unclear whether this sampling
process occurs spontaneously, but there is some evidence
that it requires the expression of the fractalkine receptor
CX3CR1 (58). This sampling of the exterior environment
without disrupting epithelial integrity opens up a possible
role for DCs in preparing for potential invasive patho-
gens prior to entry.

Airway DCs are therefore able to open the TJ between
epithelial cells by extending their dendrites like a peri-
scope to the lumen to sample the environment. These
mechanisms proposed for the airway and gastro-intestinal
tract suggest an active role for epithelial cells in the
uptake of antigen. It still remains to be determined
whether the DC-epithelial cell interactions in the uptake
of antigen across the mucosal surface in the gastro-
intestinal tract also hold true for the respiratory tract.
Whether, and to what extent, airway epithelial cells are
actively involved in the antigen uptake by DCs in the
airway are issues requiring further investigation, as they
may yield important information about the development
of an airway immune response.

Epithelial cells and DCs: direct interactions

The discussion above looked at the formation of tight
junctions as one example of what is believed to be mainly
a structural epithelial cell-DC interaction. However, DCs
also interact with epithelial cells by expressing of adhe-
sion molecules that not only anchor them strongly in the
epithelium, but also have a possible effect on their
function.

Intercellular adhesion molecule (ICAM) is expressed
by epithelial cells and this molecule can bind leukocyte
function associated molecule-1 (LFA-1) expressed by
immature DCs (59). Epithelial cells in patients with
allergic rhinitis and asthma express increased levels of
ICAM (60). The expression of ICAM by epithelial cells is
regulated indirectly by the inflammatory cytokines
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TNF-a and IL-1 (61) or directly by interaction with
bacteria and viruses (62). The same interaction between
ICAM-1/LFA-1 is known to support adhesion between
DC and T cells, where it is involved in the induction of
Th1 responses (63, 64). It is not known whether the
ICAM-1/LFA-1 interaction between epithelial cells and
DCs has a similar functional effect. Another adhesion
molecule, which could be important in DC-epithelial cell
contact, is E-cadherin. E-cadherin is expressed by bron-
chial epithelial cells and immature DCs (65). Importantly,
E-cadherin needs to be down regulated for DCs to leave
the epithelium to transfer to the lymph node (66).
Immature DCs expressing both LFA-1 and E-cadherin

are therefore able to bind epithelial cells at the site of
allergen entrance. No proof has been found to date that
this binding takes place in airway mucosa. Nor is it
known whether these interactions are purely structural or
whether they have functional consequences for DC
function. In addition to adhesion, ICAM/LFA-1 inter-
action could play an important role in the activation of
tissue resident DCs by epithelial cells and contribution to
the airway immune response.

Epithelial cells and DCs: DC recruitment by the production
of epithelial chemokines

The exposure of epithelial cells to environmental factors
triggers the expression of chemokines involved in recruit-
ment of inflammatory cells including DCs (67–69). For
instance, stimulation of epithelial cells with different
allergen extracts results in the production of the chemo-
kines IL-8/CXCL8, RANTES/CCL5 (Regulated upon
Activation T-cell derived and Secreted), and TARC/
CCL17 (Thymus and Activation-Regulated Chemokine).
All these factors are critical in the chemotaxis of
neutrophils, eosinophils, mast cells, and lymphocytes
(67–69).
When we focus on DCs, there is increasing evidence

that the production of chemokines by epithelial cells is
also responsible for the recruitment of DCs from the
peripheral circulation into the airway mucosa. The study
of Reibman et al. (70) shows that primary bronchial
epithelial cell cultures secrete MIP3a/CCL20 after stim-
ulation with pro-inflammatory cytokines and particulate
matter (PM). As CCL20 is the unique ligand for CCR6
expressed by immature Langerhans� cells (LC), this study
hypothesized that airway epithelial cells are involved in
the recruitment of immature DCs to the mucosal tissue.
In addition to CCL20, epithelial cells produce other
chemokines involved in DC recruitment. Pichavant et al.
showed allergen-induced expression of CCL-2 (MCP-1),
CCL5 (RANTES), and C-X-C chemokine ligand 10
(IP-10) by BEAS-2B (human bronchial epithelial cell line)
and primary bronchial epithelial cells. The activity of
these chemokines was reflected in the increased recruit-
ment of monocyte-derived DC precursors in the mucosa

of both healthy and allergic individuals. This effect was
also seen in vitro, where apical application of Der p1 to
reconstituted polarized epithelium enhanced monocyte-
derived DC precursor migration into the epithelial layer.
Interestingly, the relative contribution of epithelium to
DC recruitment depended on the DC subtype being
investigated. Derp1 stimulation of bronchial epithelial
cells from patients with asthma, but not from controls,
increased the migration of LC precursors, which is mainly
dependent on CCL20 secretion (71). Other factors pro-
duced by epithelium involved in the recruitment of DCs
could be CCL13/ MCP-4 or eotaxin but also neuro-
peptides and complement factors (29, 72–75).

In summary, these data demonstrate the role of lung
epithelial cells in the recruitment of immature DCs and
specifically the role of epithelial cells of allergic individ-
uals, through the production and release of chemotactic
chemokines. Research is required into the regulation and
expression patterns of the specific receptors on DCs in the
airway mucosa involved in this process.

Epithelial cells and DC: epithelial factors modulating DC
function

Cytokines are key regulators of the differentiation or
activity of immuno-competent cells and as such they play
an important role in normal and pathological immune
responses. Epithelial cells express at baseline or after
exposure to environmental factors known to modulate
the function of DCs. Over the years, a substantial part of
the research in this field has focused on the classical
factors GM-CSF, TNF-a, IL-1, prostaglandin E2
(PGE2), and TGF-b. The combined exposure of LCs to
TNF-a and IL-1 is an essential step in LC activation and
LC migration out of the tissue toward the draining lymph
nodes (76), while GM-CSF and TGF-b are required for
the differentiation of DCs from their precursors (6). PGE2

is not involved in the activation of DCs, but rather in the
modulation of their function by down-regulating the
production of pro-inflammatory cytokines, such as IL-8,
IL-12, MCP-1, and GM-CSF (77–79). Recently, TSLP
has been put in the spotlight, as this factor is considered
to be responsible for the Th2-skewing of immune
responses and the pathogenesis of allergic disease. TSLP
will be discussed in more detail further on.

Bronchial alveolar and nasal lavages from patients
with asthma and allergic rhinitis (80) and primary
bronchial epithelial cell cultures from asthmatics show
increased levels of IL-1, GM-CSF, and TNF-a com-
pared to healthy subjects. Through the expression of
these cytokines, epithelial cells are able to modulate DC
function. The increased expression of these cytokines
appears to be directly related to allergen exposure.
Airway epithelium can interact directly with allergen as
shown by the release of IL-8, eotaxin, and GM-CSF
after the stimulation of the proteinase-activated receptor
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(PAR)-2 by the house dust mite allergens Der p1, Der
p3, and Der p9 (48–50) The increased PAR-2 receptor
expression in bronchial epithelium from asthmatics and
the increased epithelial expression upon allergen expo-
sure possibly accounts for the higher mediator levels
seen in bronchial or nasal lavages (81–83). The conse-
quences of this epithelial cell activation for DC function
remain to be determined.
A cytokine that has been spotlighted in the allergic

immune response is TSLP. TSLP is a novel IL-7 like
cytokine, which is produced by epithelial cells, keratino-
cytes, stromal cells, and mast cells (84). The interest in
TSLP was triggered by its ability to activate human
immature myeloid DCs, resulting in the induction of
CD4+ T cell responses with a proallergic phenotype (85).
High levels of TSLP are expressed by human keratinocytes
of atopic dermatitis patients, but not in other non-allergic
types of skin inflammation (84). In situ hybridization
techniques have been used to show that higher levels of
TSLP are expressed in the bronchial mucosa/sub mucosa
of asthmatic patients compared with healthy controls (86).
In Th1-mediated pathology in inflammatory bowel dis-
eases such as Crohn disease TSLP mRNA was undetect-
able, whereas epithelial cells isolated from human healthy
colon expressed TSLP constitutively (87).
These data suggest a role for TSLP in the induction of

an allergic immune response via the stimulation of
myeloid DCs. Even though TSLP has a broader spectrum
of action in mice in which it stimulates the growth and
differentiation of pre-B-cells, peripheral CD4+ T-cells,
and myeloid DCs, the studies in mice confirm the human
data (88). In a murine, lung-specific model, over-expres-
sion of TSLP induced allergic airway inflammation that
was characterized by infiltration of eosinophils and Th2

cells (89). In addition, it was demonstrated that TSLP
induced pro-allergic Th2 response from naı̈ve precursors,
whilst inhibiting Th1-associated (IFN-gamma) or Treg-
associated (IL-10) cytokine production. Furthermore, an
in vivo allergic inflammatory model revealed that TSLPR-
KO mice demonstrated a profound reduction of inflam-
mation in the lungs after OVA-sensitization (90).

Rescigno et al. suggested that the working spectrum of
TSLP could be dose-dependent. By using MoDCs and
medium from bacteria-treated epithelial cells, they
showed that a narrow window of TSLP concentrations
(0.07–0.15 ng/ml) inhibits IL-12 secretion (i.e. stimulate a
Th2 response). When the concentrations were outside the
window, DCs were able to promote IFN-c producing
T-cells (i.e. stimulate a Th1 response) (89).

Because expression of TSLP appears to be very
important in the induction of a Th2 allergic immune
response, the regulation of TSLP expression has been
investigated recently. A role for retinoic acid signalling in
the expression of TSLP was shown in epidermal kerat-
inocytes of the mouse (91). In human airways, the
expression of TSLP is triggered by activation of TLR3
by dsRNA, by infection with rhinovirus and by stimu-
lation with Th2 cytokines (92). Regulation of TSLP
expression involves NF-kappaB and IFN regulatory
factor 3 (IRF-3) signalling via TLR3 (93, 94). IL-4 and
dsRNA have a synergistic effect on the TSLP production
and suggest an amplification of Th2 inflammation via the
induction of TSLP in the asthmatic airway. This is a
rather surprising observation as PolyI;C stimulation and
rhinovirus infection result in the induction of a Th1-type
immune response.

Whether TSLP is a crucial epithelial factor in the
development of allergic airway diseases like asthma and

Figure 1. Activation of airway epithelial cells with different antigens/allergens not only induces the expression of chemokines resulting
in recruitment of immature dendritic cells (DCs) but also creates an immunomodulatory micro-environment in which immature DCs
take up antigen. A concept emerges where mucosal DCs act as integrators of both immunostimulatory and immunosuppressive signals
that act within an actively involved mucosal tissue.
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allergic rhinitis is an issue requiring further investigation.
The immunohistochemical staining of biopsies from
healthy and allergic subjects will give us an initial idea
of whether expression levels of TSLP are related to
allergic disease. It also will give us the opportunity to
confirm the correlation observed between TSLP expres-
sion and disease severity in asthmatics.
In summary, these data show that airway epithelial

factors have an important modulating role in DC
function, differentiation, and maturation. An area of
study that has been poorly explored is the role of
epithelial cells in the inhibition of DC function, even
though it has been reported that epithelial cells produce
the immuno-repressive cytokines IL-10 and TGF-b. This
role is suggested by the observation that a co-culture of
monocyte-derived DC with Caco-2 intestinal epithelial
monolayers resulted in DC with reduced expression of
MHC class II, CD86, and CD80, and poor T cell
stimulatory capacity. Cytokine profiles showed reduced
levels of inflammatory cytokine production, and
co-cultured DCs were less sensitive to stimulation via
TLRs (TLR2, TLR4, and TLR6) as a result of increased
levels of autocrine TGF-b production (95). Using a
similar approach, commensal bacteria were also shown to
mediate a tolerizing effect on the gut mucosal immune
response (87, 96). Future studies should aim to identify
epithelial cell-derived tolerizing factors and investigate
the regulation of these factors both in healthy and allergic
individuals.

Conclusion

Over the last years, it has become clear that epithelial cells
play an important role in the modulation of immune
response in the airways (Fig. 1). DCs can bind the

epithelial cells through the expression of adhesion mol-
ecules and tight junction molecules, which allow them to
sample the mucosal surface without disrupting the
mucosal integrity. The exact mechanism of antigen
uptake by mucosal DCs across the epithelial barrier is
not fully understood, but an active role for epithelial cells
is proposed.

The activation of airway epithelial cells with different
antigens/allergens not only induces the expression of
chemokines resulting in the recruitment of immature
DCs, but also creates an immunomodulatory micro-
environment in which immature DCs exert their function.
In the last decade, the characterization of the different
DC subsets in human nasal and lung mucosa has taught
us more about the presence and kinetics of DC subpop-
ulations. With the help of new specific blood DC (BDC)
markers and others, we will be able to characterize these
specific subsets of DCs in further detail. To prevent
difficulties in comparing studies, future research should
aim to study both healthy and allergic subjects (seasonal
or perennial) before and after the relevant allergen
provocation. This will give us a detailed picture of the
presence and function of potential different subtypes of
DCs in the way that previous experiments have done for
peripheral blood.

The cytokine/chemokine milieu created by the airway
epithelium should be considered as a co-factor in the
pathogenesis of allergic airway disease and as part of the
normal airway immune responses. The interaction
between airway epithelial cells and DCs deserves further
attention. It is therefore crucial to study the contribution
of epithelial cells and their role in the sensitization and
maintenance of allergic airway disease is crucial. Empha-
sis should be placed on the use of primary tissue culture
systems from healthy and allergic individuals to mimic
the in vivo situation.
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