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Abstract
Micro‐organisms constantly invade the human body and may form a threat to our health.
Traditionally, concepts of defence mechanisms have included a protective outer layer of epithelia
and a vigilant immune system searching for areas where the integrity of the outer layer may be
compromised. Instead of considering these elements as two independent mechanisms, we
should be treating them as a single integrated system.
This review will present and discuss the role of local immune‐competent cells and local epithelia
in the recognition of potential pathogens, and how the interaction between the two components
may affect the initiation of the airway immune response. A concept emerges where airway
mucosal dendritic cells (DCs) act as integrators of both immunostimulatory and immuno‐
suppressive signals that act within actively‐involved mucosal tissue.

Introduction: Interactions between epithelial cells and Dendritic cells in airway immune responses

9

Introduction
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 mechanisms 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 recognition 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 environmental
factors, these signals could affect the functional characteristics of local immune
competent cells and could have consequences for the subsequent immune response. In
order 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 can not be viewed in isolation. This review
therefore opens with an introduction to the involved T‐helper cells that define 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. In order to avoid any confusion 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 chemokines
receptors) in order 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 chemo‐attractants contribute to the activation process of DCs
in the local tissue and will have consequences for the overall outcome of the immune
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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 immunosuppressive signals originating directly from the
environment 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 lymphocytes 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)γ. 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 production
of IL‐10 and TGF‐β.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 naïve 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
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Th2 response against an otherwise innocent environmental factor contributes to the
pathogenic mechanism in allergic diseases.

Dendritic cell heterogeneity
DCs constitute a heterogeneous class of specialized 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: (1) on the myeloid or lymphoid origin of the DC, (2) on their Th1‐, Th2‐, Th17‐
or regulatory T‐cell‐inducing potential after activation, and (3) 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 1.1). These mDCs develop from bone marrow‐derived monocytic precursors,
express common myeloid surface markers (CD11c, CD13) and require granulocyte‐
macrophage colony‐stimulating factor (GM‐CSF) in vitro for their survival.4 Two myeloid
DC subtypes can be distinguished depending 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 1.1 Characteristics of human DC subsets in nasal mucosa

Origin
Markers

Growth and survival
dependent
In vitro

BDCA‐1+ mDC

BDCA‐3+ mDC

CD34+ myeloid
progenitor
CD11c+
BDCA‐1+ (CD1c)
CD33+
CD13+

CD34+ myeloid
progenitor
CD11c+
BDCA‐3+

GM‐CSF

GM‐CSF

Langerhans cell
(LC)
CD34+ myeloid
progenitor
CD1a+
CD1c+
E‐cadherin
Langerin
Birbeck Granules
TGF‐β

Plasmacytoid DC
(pDC)
lymphoid
CD123+
BDCA‐2+
BDCA‐4+
IL‐3

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

Chapter 1

12

Transforming Growth Factor (TGF)‐β 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 depends in vitro on IL‐3 which
also explains the high level of expression of CD123 (IL‐3 receptor α‐chain) on these
cells.
In addition to their differences in terms of identifying lineage markers, DC subsets are
also distinguished on the basis of different expression profiles for pathogen/pattern
recognition receptors, co‐stimulatory molecules, or differentiation/activation
molecules. Putting aside their evolutionary origin, the expression of these molecules
affect 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 includes scavengers such as C‐reactive protein, scavenger
receptors, Lectins, nucleotide‐binding oligomerization domain (NOD) molecules and
TLRs. TLRs are under intensive investigation. 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 (LipoPolySacharide (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 pathogens10 producing IFN‐α, 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 is 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. Due to this,
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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)‐α, 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 Kapsenberg 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 Sousa24 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 differentiation. In line with this observation Blander and Medzhitov25
showed that the generation of peptide‐MHC complexes is controlled by TLRs in a
strictly phagosome‐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 naïve 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
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inhaled allergen.26,27 Once sensitization 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
evidence 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, since a similar set of
experiments has 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 production. 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, but 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 the majority of CD1c+DC also express CD1a and that there are small
populations of CD1a+CD1c‐ DCs and CD1a‐CD1c+ DCs. Unfortunately, no data was
presented on additional LC markers such as E‐cadherin, Langerin, or the presence of
Birbeck granules, so that 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
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Experiments with purified DC populations from surgical 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‐α,
IL‐1β, 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 functional.
Isolated pDCs release pro inflammatory cytokines in response to imiquimod (TLR7) and
IFN‐α 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 showed that in symptomatic patients with perennial allergic rhinitis
(PAR), the number 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 implications of this last observation are not clear. The
authors ascribe the differences in DC numbers between PAR patients and health
controls to constant exposure to the relevant antigen, which is thought to induce a
persistent 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 hours) in the number of BDCA‐1+ myeloid DC was
observed in the lamina propria after allergen challenge.42 The rapid accumulation 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 exposure. Increased numbers of CD1a+ cells
were found in the mucosa of symptomatic allergic patients with seasonal allergic
rhinitis (SAR) after nasal allergen challenge43,44 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 unchallenged allergic, and non‐allergic, individuals, but cell numbers increased
dramatically only after daily provocations for 7 days in allergic subjects and not after
shorter exposures as compared to non‐allergic subjects. These observations contradict
a study of the lower airways by the same authors, where no significant recruitment of
pDCs was observed in the lung just 4‐5 hours after allergen challenge.42 Nor was any
increase in the number of CD123+ cells detected at baseline in comparison of nasal
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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 since, in a house dust mite provocation model, nasal provocation
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 than 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, since 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 maintenance of allergic inflammation, both in asthma
and 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 since many open questions remain also 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 influenced by the presence of local
immunomodulatory signals. A substantial proportion of these signals originate 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 The 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 due to 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 also able to respond 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
(Toll‐like receptors) or protease activated receptors (PAR) that can interact with specific
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components of allergens.47‐50 Airway epithelial cells express mRNA for the TLRs1‐647 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
modulation 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 induction 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 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. 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.

Chapter 1

18

TJ breakdown increases epithelial permeability nonspecifically, 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 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 immuno
fluorescence 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 pathogens
prior to entry.
Airway DCs are therefore able to open the TJ between epithelial cells by extending their
dendrites like a periscope 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, since 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 adhesion molecules that not only anchor
them strongly in the epithelium, but also have a possible effect on their function.
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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 TNF‐α and IL‐161 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 bronchial 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 interaction could also 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 recruitment of inflammatory cells including DCs.67‐69 For
instance, stimulation of epithelial cells with different allergen extracts results in the
production of the chemokines 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 MIP3α/CCL20 after stimulation 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 also produce other chemokines involved in DC
recruitment. Pichavant and co‐workers 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
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chemokines was reflected in the increased recruitment 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 produced by epithelium
involved in the recruitment of DCs could be CCL13/ MCP‐4 or eotaxin but also
neuropeptides 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 individuals,
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 focussed on the classical factors GM‐CSF, TNF‐α, IL‐1,
Prostaglandin E2 (PGE2), and TGF‐β. The combined exposure of LCs to TNF‐α and IL‐1 is
an essential step in LC activation and LC migration out of the tissue toward the draining
lymph nodes,77 while GM‐CSF and TGF‐ β 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 rhinitis80
and primary bronchial epithelial cell cultures from asthmatics show increased levels of
IL‐1, GM‐CSF, and TNF‐ α compared 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 (PAR)‐2
by the house dust mite allergens Der p1, Der p3, and Der p9.48‐50 The increased PAR‐2
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receptor expression in bronchial epithelium from asthmatics and the increased
epithelial expression upon allergen exposure possibly accounts for the higher mediator
levels seen in bronchial or nasal lavages.81‐83 The consequences 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, keratinocytes, 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 hybridisation techniques have been used to show that higher levels of TSLP are
expressed in the bronchial mucosa/sub mucosa of asthmatic patients compared to
healthy controls.86 In Th1‐mediated pathology in inflammatory bowel diseases such as
Crohn disease TSLP mRNA was undetectable, 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‐expression 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 naïve
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 inflammation in the lungs after
OVA‐sensitisation.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‐γ 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 keratinocytes 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
stimulation 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
poly(I:C) stimulation and rhinovirus infection result in the induction of a Th1‐type
immune response.
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Whether TSLP is a crucial epithelial factor in the development of allergic airway
diseases like asthma and 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
expression 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‐β. 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 Toll‐like receptors (TLR2,
TLR4, and TLR6) as a result of increased levels of autocrine TGF‐β 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
During the last years it has become clear that epithelial cells play an important role in
the modulation of immune response in the airways (Figure 1.1). DCs can bind the
epithelial cells through the expression of adhesion molecules 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 subpopulations. 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
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potential different subtypes of DCs in the way that previous experiments have done for
peripheral blood.

Figure 1.1

Activation of airway epithelial cells with different antigens/allergens not only induces the
expression of chemokines resulting in recruitment of immature DCs but also creates a immuno
modulatory micro‐environment in which immature DCs take up antigen. A concept emerges
where mucosal DCs act as integrators of both immuno stimulatory and immunosuppressive
signals that act within an actively involved mucosal tissue.

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. Emphasis 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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Scope and Aim of the thesis
In the first chapter I have described complexity of the local mucosal immune system
and the lessons we have learned from allergic disease. The most important of these
lessons is that we should realize that the immune system is a collection of different cell
types working in unison and that the function of each of these cells types will be
impacted by the environment. Ultimately we would like to understand the entire
immune system, but in this thesis I would like to explore the potential impact of the
complexity of the environment on the responses triggered in the local nasal mucosa
and I would also like to explore if our recent observation that different allergic
sensitizations affect the clinical response of these individuals, in some way is reflected
in the cellular make‐up of local tissues.
The interplay between epithelial cells and dendritic cells is complex and still a number
of important questions concerning of why and how some individuals become diseased
are unresolved. A number of issues contribute to this complexity. Firstly, the disease
state is likely to affect the functionality of components of the immune response.
Numerous experiments have shown that allergy has an impact on epithelial cells,
dendritic cells, and T lymphocytes. However individual patients may have specific
deficiencies in one or more of these cells, so that it would be hard to formulate a
general interaction or functionality of this interaction between these cells. Secondly, we
would like to study what goes wrong in the immune response at the moment an
individual becomes allergic, but we most often study the patient when the disease has
been established. Finding situations where we can study the onset of disease can be
hard. Studying occupational allergies might offer some insight as allergies would
develop over time in the workplace. However, we should also consider that individuals
might be exposed to offending triggers during their training that could lead to a
selection bias in those individuals that end up in a given profession. Alternatively, we
could follow individuals from birth at considerable costs, but also here we would still
need to consider hard to control environmental and genetic differences between
individuals. Thirdly, we live in a complex real life environment with multiple triggers
impacting our immune system either simultaneously or successively, yet most of the
experimental data collected is on single triggers affecting single cell types. And finally,
although we are aware that the genetic make‐up is different between individuals we
know relative little about how these differences impact our response to environmental
triggers or the course of an immune response.
Understanding what has gone wrong in a diseased individual should benefit from a
better understanding of what happens in a healthy individual. The goal of studying the
normal response of the immune response poses directly the question of the definition
of what is normal. Is there a common denominator that defines the normal response or
are differences in the genetic profile between healthy individuals relevant for the
ultimate outcome of the immune response to some environmental trigger? Will some
healthy individuals never develop allergic disease or does this co‐depend on what
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combination of environmental triggers such an individual encounter? We do know that
in individual allergic patients’ symptoms differ greatly both in kind and severity and that
furthermore patients may report the same dominating symptom independent of the
specific allergen they are allergic to. So at the macro level one might define the normal
allergic response as the display of symptoms after exposure to an allergen, but at the
detailed molecular level this definition clearly does not hold. This brings up the issue of
how to measure the normal response. When we would like a more detailed
understanding of the immune response we will be forced to study the molecular
interaction between cells of the immune system with each other and/or with
environmental triggers. Ultimately, environmental triggers will need to interact with a
cellular protein or specific receptor. So determining the expression level of these
proteins would be one option to gain some understanding, however we must also
consider that measuring expression levels at the mRNA level, or even at the protein
level, may give some insight into the potential reaction that can be induced, but not
necessarily into the actual reaction.
Given the importance of nasal epithelial cells as an interface with the outside
(microbial) environment and their contribution to the regulation of local immune
responses I have established the expression profile and functionality of the Toll‐like
receptor family members in these cells (Chapter 3), investigated the interaction
between multiple microbial triggers (Chapter 4), and discovered that a disease state
may affect the functionality of some TLR receptors (Chapter 5). Downstream of the
nasal epithelial cells also the composition of the influx of specialized dendritic cells to
the nasal mucosa seems affected by the allergic state (Chapter 6) and the influx of
dendritic cell subtypes in these disease states was different for the nasal and the oral
mucosa (Chapter 7).
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Abstract
Background
Innate immune recognition via Toll‐like receptors (TLRs) on barrier cells like epithelial cells has
been shown to influence the regulation of local immune responses. Here we determine
expression level variations and functionality of TLRs in nasal epithelial cells from healthy donors.
Methods
Expression levels of the different TLRs on primary nasal epithelial cells from healthy donors
derived from inferior turbinates was determined by RT‐PCR. Functionality of the TLRs was
determined by stimulation with the respective ligand and evaluation of released mediators by
Luminex ELISA.
Results
Primary nasal epithelial cells express different levels of TLR1‐6 and TLR9. We were unable to
detect mRNA of TLR7, TLR8 and TLR10. Stimulation with Poly(I:C) resulted in a significant
increased secretion of IL‐4, IL‐6, RANTES, IP‐10, MIP‐1β, VEGF, FGF, IL‐1RA, IL‐2R and G‐CSF.
Stimulation with PGN only resulted in significant increased production of IL‐6, VEGF and IL‐1RA.
Although the expression of TLR4 and co‐stimulatory molecules could be confirmed, primary nasal
epithelial cells appeared to be unresponsive to stimulation with LPS. Furthermore, we observed
huge individual differences in TLR agonist‐induced mediator release, which did not correlate with
the respective expression of TLRs.
Conclusion
Our data suggest that nasal epithelium seems to have developed a delicate system of
discrimination and recognition of microbial patterns. Hypo‐responsiveness to LPS could provide a
mechanism to dampen the inflammatory response in the nasal mucosa in order to avoid a
chronic inflammatory response. Individual, differential expression of TLRs on epithelial cells and
functionality in terms of released mediators might be a crucial factor in explaining why some
people develop allergies to common inhaled antigens, and others do not.
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Background
The mucosal barrier of the nose forms the first line of defence against air pollutants,
airborne allergens, and (non‐) pathogenic microorganisms. Epithelial cells are the outer
lining of the mucosa of the nasal airway and play, besides their role as passive physical
barrier, an important role in orchestrating innate and adaptive immune responses.1‐3
Epithelium can trigger antimicrobial responses by recognizing pathogen‐associated
molecular patterns (PAMPs) through the sentinel action of pattern recognition
receptors (PRRs) like Toll‐like receptors (TLRs).
Toll‐like receptors are evolutionarily conserved pattern recognition receptors of the
innate immune system.4 Until now, 13 mammalian TLRs have been characterized and
for most of the TLRs, except TLR10, TLR12 and TLR13, specific ligands have been
identified.5,6 The first group of receptors recognize bacterial products. TLR2 is activated
by a variety of bacterial lipoproteins, peptidoglycans (PGN), and lipoteichoic acids (LTA),
by forming a heterodimer with TLR1 or TLR6.7,8 TLR4 appears to form homodimers and
under participation of adaptor molecules like MD‐2 and CD14 this TLR recognizes
lipopolysaccharide (LPS) from the outer membrane of gram‐negative bacteria.
Originally thought to be a receptor only for LPS, TLR4 now emerges as a molecule
responsible for signalling induced by a broad variety of molecules such as respiratory
syncytial virus protein F,9 fungal components,10 or endogenous ligands like heat shock
proteins, lung surfactant protein A, and beta‐defensin.11–13 Lastly, TLR5 recognizes
bacterial Flagellin. Viral compounds trigger endosome‐associated receptors, such as
TLR3 by double‐stranded (ds) RNA or its synthetic analogon polyinosinic polycytidylic
acid (Poly I:C) and viral single stranded (ss) RNA signals via TLR7 and TLR8. DNA‐
containing CpG motifs are recognized via TLR9.14,15
Although TLRs can be involved in the initiation of adaptive immune responses through
their presence on dendritic cells (DCs), they may also indirectly affect the adaptive
immune response. Innate immune recognition via TLRs on barrier cells like epithelial
cells has been shown to determine the functional properties of tissueresident DCs,
thereby instructing the outcome of antigen‐specific immunity.16 The overall complexity
of the contribution of TLRs on immune responses can be influenced by several factors
like their relative abundance, their individual expression pattern, or the timing of
exposure. For example, stimulation of TLR2 and TLR4 signalling pathways has been
shown to both drive16,17 and inhibit18,19 the development of Th2‐mediated allergic
inflammation in different experimental mouse models. Moreover, the impact of TLR4
stimulation on allergic inflammation is highly dependent upon the dose of the TLR4
agonist, with high LPS concentrations inducing Th1‐responses and low concentrations
inducing Th2‐polarized inflammatory responses.20 The LPS‐induced pulmonary burden
varies between different respiratory compartments and might therefore explain the
functional differences between bronchial and alveolar epithelial cells with respect to
LPS‐dependent cytokine release. It is widely believed that alveolar epithelial cells are
unresponsive to LPS due to low or absent expression of TLR4 and/or CD14 or MD‐2.21 In
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contrast to this it has been reported that lung epithelial cells do express TLR 1–6,
including adaptor molecules like CD14 and MD‐2, with bronchial epithelial cells showing
CD14‐dependent activation of TLR4 and alveolar epithelial cells showing LPS‐binding
protein (LBP)‐dependent inhibition of TLR4 signalling,22,23 confirming the relevance of
co‐factors for a proper TLR signalling. Small airway epithelial cells have been shown to
express mRNA for the TLRs 1–6 and can respond to various stimuli such as viruses or
bacteria resulting in the release of different pro‐ and anti‐inflammatory cytokines and
chemokines.24‐26
At present only limited data is available on the expression of TLRs by nasal epithelial
cells. Claeys et al. Showed constant expression of TLR2 and TLR4 in tissue biopsies from
patients with nasal polyposis or chronic rhinosinusitis and in healthy individuals.27
Isolated nasal epithelial cells from nasal polyps were shown to constitutively express
mRNA of all 10 TLRs, with more pronounced expression of TLR 1–6.28 Primary nasal
polyp epithelial cells express functional TLR3 and TLR4 and release high concentrations
of proinflammatory chemokines and cytokines upon stimulation with dsRNA.29 Until
only one study investigated the expression and function of some but not all TLRs on
primary nasal epithelial cells from non‐allergic, non‐diseased individuals specifically.30
Given the role of TLRs expressed on epithelial cells within the induction of immune
responses, the relatively limited knowledge on the expression of TLRs in nasal
epithelium, and the protective effect of TLR polymorphism in childhood asthma,31 the
aim of this study was to determine the expression and functionality of TLRs expressed
in primary nasal epithelial cells from healthy donors.

Methods
Patient characteristics
Nasal tissue was obtained from 10 non‐allergic ENT patients (defined by negative skin
prick test or radioallergosorbent test (RAST)) with septum deviations that required
inferior turbinectomy. Patients were between 18 and 65 years of age, were
nonsmokers, had not received topical corticosteroids for at least 4 weeks before
surgery, and were free of any respiratory tract infections. The study was reviewed and
approved by the medical ethical committee of the Academic Medical Center
Amsterdam and all patients gave their informed consent.
Epithelial cell culture
Primary nasal epithelial cells were obtained by digesting nasal turbinates of non‐allergic
patients with 0.5 mg/ml collagenase 4 (Worthington Biochemical Corp.,Lakewood, NJ)
for 1 h in Hanks’ balanced salt solution (HBSS; Sigma‐Aldrich, Zwijndrecht, The
Netherlands).
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Subsequently, epithelial cells were isolated by magnetic activated cell sorting (MACS),
according to the manufacturers instruction (Miltenyi Biotec, Leiden, The Netherlands),
resuspended in bronchial epithelial growth medium (BEGM) (Lonza Clonetics, Breda,
The Netherlands), and seeded in a 75 ml flask. Culture medium was replaced every
other day. Cells were grown to 80 % confluency in fully humidified air containing 5%
CO2 at 37°C.
NCI‐H292 human airway epithelial cells (American Type Culture Collection, Mannassas,
VA, USA) were cultured in RPMI 1640 medium (Invitrogen, Breda, The Netherland)
supplemented with 1.25 mM l‐glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin
and 10% (v/v) fetal bovine serum (HyClone, Logan, UT, USA). Cells were grown in fully
humidified air with 5% CO2 at 37°C and sub cultured weekly.
TLR stimulation experiment
Cells were cultured up to a confluence of 80 % in a six wells plate and incubated for
24 h in IMDM without supplements. Culture medium was removed and cells were
stimulated with different TLR‐agonists diluted in IMDM or with IMDM alone (control
condition) for 24 h. Supernatants were removed after 1, 4, and 24 h and stored for
further analysis; cells were used for RNA extraction. Each experiment was performed in
triplicate. LPS (Escherichia coli), PGN (Staphylococcus aureus), and dsRNA
(poly(deoxyinosinic‐deoxycytidylic acid)) were from Sigma‐Aldrich. ssRNA (LyoVec) and
flagellin (Salmonella typhimurium) were from InvivoGen and the ligands were used at
optimal concentrations as determined in a previous dose range finding experiment:
PGN: 10 μg/ml, Poly(I:C): 20 μg/ml, LPS 1 μg/ml, Flagellin: 1 μg/ml, and CpG2216:
0.5 μM. As positive controls we used TNF‐α (25 ng/ml) and IL‐1β (10 ng/ml).
RNA extraction and Real‑time quantitative RT‑PCR analysis
PCR was used to validate the differential expression of selected genes. Isolated mRNA
(Kit from Macherey–Nagel, Düren, Germany) was transcribed into cDNA using the MBI
Fermentas first strand cDNA kit. cDNA transcripts were quantified by real‐time
quantitative PCR (iCycler iQ MultiColor Real‐Time PCR Detection System; Bio‐Rad) with
specific primers32 and general SYBR green (Bio‐Rad) fluorescence detection. mRNA
expression of each sample was normalized to GAPDH. All PCRs have been performed
for all participants on 3 biological replicates. Expression changes are presented as
2−ΔCt indicating the difference in threshold cycle between the housekeeping gene
GAPDH and the investigated TLR gene.
FACS analysis
For flow cytometry analysis cells were stained with CD14‐PE‐Cy7 (1:20, BD Bioscience,
Breda, the Netherland),TLR4‐APC (1:10, ebioscience, San Diego, USA) or left untreated.
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Cell numbers were quantified using the BD FACS Cantoll flowcytometer, histograms
were generated using flowjo software version 7.6.2 (Treestar Inc, Ashland‐OR, USA.
Determining cytokine and chemokine production by ELISA
Cell free supernatants of stimulated and control treated cells were stored at ‐20°C until
analysis. Cytokine levels in supernatant of cells were determined by ELISA (IL‐6 and IL8,
BioSource International Camarillo‐CA, USA) or using the xMAP technology (Luminex
Corporation, Austin‐TX, USA). A Bio‐Plex Human Cytokine 17‐Plex Panel kit (Bio‐Rad,
Veenendaal, The Netherlands). Concentrations were calculated from a dilution series of
standards using the Luminex software. Lower detection limits are indicated per
cytokine.
Statistical analysis
Assessment of statistical significance for Luminex data was performed using two‐tailed
Student’s t tests with GraphPad Prism. P values <0.05 were considered significant.
Relationships between parameters were assessed using Pearson’s correlation analysis.

Results
Baseline expression and functionality of TLR in human nasal epithelial cells
As shown in Figures. 3.1 and 3.2, primary nasal epithelial cells from healthy donors
express TLR1 to TLR6 and TLR9, but not TLR7 and TLR8, and TLR10. Interestingly, we
observed a huge individual variability spanning several 10 log‐fold differences in the
baseline expression of the TLRs to the extent that some healthy individuals do not
express TLRs that are expressed by others.
In order to determine the functionality of the detected TLRs we stimulated primary
nasal epithelial cells with their purified specific TLR ligands and used TNF‐α and IL‐1β as
positive control to show the ability of our epithelial cells to respond to external triggers.
As shown in Figure 3.3, stimulation of primary healthy epithelial cells by PGN, Poly(I:C),
and Flagellin resulted in increased release of IL‐6 and IL‐8 confirming the biological
functionality of TLR2, TLR3, and TLR5 respectively. Remarkably, healthy primary nasal
epithelial cells do not seem to respond to TLR4 ligation by LPS (Figure 3.3) despite
expressing the TLR4 gene and the use of a biological active LPS, as seen by the positive
response in the epithelial cell line H292 (Figure 3.4). Furthermore, we could show
(Figures 3.5, 3.6) surface expression of TLR4 and CD14, and co‐expression of the
adaptor MD‐2 that are indispensable for proper TLR4 signalling.33,34
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Figure 3.1

Toll‐like Receptor (TLR) mRNA expression by primary nasal epithelial cells from 10 healthy
patients undergoing turbinectomy (n=10). TLR 1‐10 mRNA expression was analyzed by
quantitative RT‐PCR. Results were normalized using GAPDH as endogenous control. Expression
changes are presented as 2−ΔCt × 105 indicating the difference in threshold cycle between the
housekeeping gene GAPDH and the investigated TLR gene.

Figure 3.2

Toll‐like Receptor (TLR) mRNA expression by primary nasal epithelial cells from one
representative patient. Expression of TLRs was analyzed by quantitative RT‐PCR. Products were
visualized by agarose gel‐electrophoresis in a 2 % agarose gel.

In a next step we analyzed, which additional cytokines and chemokines are released
from primary nasal epithelial cells in response to activation by different TLR ligands. As
shown in Table 3.1 the multiplex ELISA showed that stimulation of primary nasal
epithelial cells with Poly(I:C) resulted in a significant increased secretion of IL‐4, IL‐6,
RANTES, IP‐10, MIP‐1β, VEGF, FGF, IL‐1RA, IL‐2R, and G‐CSF. Furthermore, stimulation
with PGN resulted in significantly increased production of IL‐6, IL‐1RA, and VEGF. In
contrast to stimulation of epithelial TLR2 and TLR3, and confirming our previous
observations, stimulation with a high concentration of LPS did not result in increased
secretion of any cytokines or chemokines.
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Figure 3.3

Primary nasal epithelial cells of non‐allergic individuals were stimulated for 24 h with different
TLR ligands. IL‐6 and IL‐8 production was measured after 24 h by ELISA. Results from one
representative patient are shown as fold induction compared to unstimulated cells.

Figure 3.4

NCI‐H292 cells were stimulated for 24 h with LPS (1 μg/ml) and TNF‐α (25 ng/ml) and IL‐1β
(10 ng/ml). Cell free supernatants were analyzed for the release of IL‐6 and IL‐8 by ELISA

Figure 3.5

MD‐2 and CD14 mRNA expression by primary nasal epithelial cells from healthy patients (n = 9)
and NCI‐H292 cells. MD‐2 and CD14 mRNA expression was analyzed by quantitative RT‐PCR.
Results were normalized using GAPDH as endogenous control. Expression changes are
presented as 2−ΔCt × 105 indicating the difference in threshold cycle between the
housekeeping gene GAPDH and the investigated genes.
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Table 3.1

Primary nasal epithelial cells of 5 non‐allergic individuals were stimulated for 24 h with different
TLR ligands.
Cut off
Value

IL‐1β
IL1RA
IL‐2
IL‐4
IL‐5
IL‐6
IL‐7
IL‐10
IL‐12
IL‐13
IL‐15
IL‐17
Eotaxin
FGF basic
G‐CSF
GMCSF
INF γ
IP‐10
MCP 1
MIP1α
MIP1β
MIG
RANTES
TNFα
VEGF
EGF
HGF
IL‐2R
IFNα

20
15
3
3
2
3
3
16
8
4
6
7
6
15
2
4
80
24
6
2
38
4
5
10
9
1
66
7
2

IMDM
MEAN
BD
198
BD
BD
BD
351
24
BD
BD
BD
BD
17
BD
BD
72
36
BD
BD
219
8
BD
5
19
BD
191
BD
BD
70
14

Poly(I:C)
SD
151

331
36

19
95
74
111
16
11
23
163
52
21

MEAN
26
713**
13
13**
BD
1793**
132
BD
46
BD
28
26
BD
40**
655**
58
BD
1982**
414
1122
930**
23
2120**
43
482**
5
31
632**
39

LPS
SD
28
487
15
12

1491
122
27
27
32
40
700
148
16
1666
456
2376
1321
22
1516
68
508
10
28
491
39

MEAN
BD
219
BD
BD
BD
264
34
BD
BD
BD
BD
11
BD
BD
BD
18
BD
BD
204
4
BD
BD
18
BD
161
BD
BD
65
10

PGN
SD
111

256
35

17

47
107
10
21
142
36
18

MEAN
BD
337**
BD
BD
BD
548**
45
BD
BD
BD
BD
10
BD
BD
132
20
BD
29
278
4
BD
BD
25
BD
262**
1
BD
99
22

SD
179

521
44

20
179
48
27
216
11
25
189
4
63
20

Cell free supernatants were analysed using a Luminex array. Concentrations are presented as average of
triplicates of 5 different patients in pg/ml. The detection limits are shown as cut off value. SD Standard
deviation, BD below detection level. ** P<0.05

No correlation between TLR expression levels and level of cytokine release
Strikingly, our data also revealed large individual differences in cytokine expression
patterns. To investigate the functional consequences of this variation we first
determined the individual mediator levels of all donors after stimulation with Poly(I:C).
As shown in Figure 3.7, some individuals seemed to be high responders (individual 3
and 9), while nasal epithelial cells from others (e.g. individual 11) hardly produced any
significant levels of the mediators included in the assay used. Furthermore, these
induction levels were not related to the expression levels of TLR3 (data not shown).
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Figure 3.6

Expression of TLR4 and CD14. Surface expression of TLR4 and CD14 on primary nasal epithelial
cells was assessed using flow cytometry. Histograms with solid lines represent controls, spotted
lines display surface expression of TLR4 (upper graph) or CD14 (lower graph) under
unstimulated conditions. Histograms with dashed lines illustrate TLR4 (upper graph) or CD14
(lower graph) expression upon stimulation with LPS (1 μg/ml, 24 h).

Figure 3.7

Cytokine and chemokine secretion by stimulated primary nasal epithelial cells. Primary nasal
epithelial cells of 5 non‐allergic individuals were stimulated for 24 h with the TLR3 agonist
Poly(I:C). Cell free supernatants were analysed using a Luminex array. Concentrations are
presented as average of triplicates of 5 different patients.

Discussion
Epithelial cells are uniquely positioned at the interface between inside and outside of
the organism, which makes them perfect candidates for initiating and orchestrating
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local immune responses. In addition to establishing which TLR receptors are expressed
in primary nasal epithelial cells from healthy individuals, our data furthermore suggest
that nasal epithelium has developed a delicate response system towards microbial
exposures. Firstly, despite the presence of TLR4 and its prime costimulatory molecules
CD14 and MD‐2, nasal epithelium from healthy individuals does not respond to LPS. As
the nasal mucosa is constantly exposed to high concentrations of endotoxin, this
unresponsiveness could provide a mechanism to dampen the inflammatory response in
the nasal mucosa in order to avoid a chronic inflammatory response. Secondly, levels of
TLR expression in individuals varies strongly, to the extent that some individuals not
express TLRs that others do.
Thirdly, not only are the expression levels different between individuals, but
independently of these differences, also the response induced by a specific TLR ligand
varies strongly between individuals. And finally, the mediator response varies between
different TLRs, even when they are thought to act through a common pathway. This
complex level of variation in TLR signalling suggests that different healthy individuals
may see different environments despite identical exposure. Although it should be
noted that our sample size of 10 healthy individuals is relatively small, so that it would
be difficult to generalize our conclusions for the general population
The expression of TLRs within the lower respiratory tract has been investigated
intensively,22,24,25,35 while data on TLR expression and functionality in nasal epithelial
cells from healthy individuals is limited. Our experiments showed that primary nasal
epithelial cells from most healthy donors express mRNA for TLR 1‐6 and TLR9 and
mainly respond to the TLR3 ligand Poly(I:C) and to the TLR2 and TLR5 agonists. The
expression of TLR2, 3, and 4 has been shown in nasal epithelial cells derived from nasal
polyps, with poly(I:C) inducing the secretion of RANTES, IP‐10, IL‐8 and GMCSF.29 We
were able to confirm this outcome and in addition show a consistent and statistically
significant up‐regulation of IL‐2R, VEGF, MIP‐1β in all individuals.
Closer inspection of our data shows strong up‐regulation of other mediators as well
(e.g. Mip‐1α, MCP1, IL‐7). However, as the induced expression of these mediators
varies so strongly between individuals this up‐regulation does not reach statistical
significance. These observations show that healthy individuals differ strongly in their
response to external triggers, which will contribute to differences between the ability
to fight off viral and bacterial infections. The absence of TLR7 and TLR10 mRNA
expression differs from the previous observations of Renkonen36 and Tengroth.30 In
both previous reports expression levels at the mRNA were low, so that differences in
our detection technique (real time PCR) versus microarray36 or differences in growth
conditions30,36 may help to explain the observed expression differences for TLR7 and
TLR10. Allowing for the specificity of TLR antibodies both TLR7 and TLR10 could be
detected by immuno‐histochemistry with moderate biological activity for the TLR7
agonist relative to TLR3 activation.30,36
The most striking discrepancy between TLR expression and responsiveness we
observed for TLR4. Despite the presence of the receptor on the cell surface, the
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presence of key co‐stimulatory molecules (CD14 and MD‐2) and a seemingly intact
downstream signaling cascade (the cells do response to other TLR stimulations), nasal
epithelial cells do not respond to LPS. This unresponsiveness has also been observed in
the epithelia of the gut where it was attributed to missing MD‐2 expression37 and in
nasal epithelium from polyposis patients by Wang and co‐workers.29 Nasal polyposis
epithelium showed a much weaker response to LPS than to polyIC stimulation,
indicating that even in diseased tissue the nasal epithelial response to LPS is affected. In
contrast, lung or renal epithelia are able to respond to LPS which suggests that the
hypo‐responsiveness could be an adaptation in epithelia that are exposed to high
concentrations of LPS, whereas epithelia that are relative sterile do show a response to
LPS.
The functional consequences of responding to TLR ligation are many. Expression of
IP‐10, MIP‐1α, MIP‐1β, IL‐8 and G‐CSF after TLR3 activation contribute to the
recruitment and activation of neutrophils or macrophages. Furthermore, IL‐8 and
RANTES have been shown to be involved in the recruitment and survival of
eosinophils.38 These findings imply a role for TLR3 in the nasal immune response not
only in Th1‐mediated responses, but also in viral induced allergic exacerbations. This
notion would also be in line with our recent observation that many aspects of TLR3
activation of nasal epithelial cells resemble that of activation by house dust mite
allergen.39 The inflammatory features of dsRNA mediated by TLR3 are also thought to
contribute to the exacerbation of CRS and nasal polyps during viral infection.40 TLR4
expression on lung epithelial cells has been shown to be required for DC activation in
the lung and for priming of effector T helper response to HDM.16 In the absence of TLR
ligation, lung DCs are minimally active. Binding with the TLR4 ligand LPS leads to
enhanced motility and sampling behavior. This response strictly depends on
neighboring epithelial cells being triggered by TLR4. In addition, responses to allergens
are substantially altered when epithelial cells cannot detect the endotoxin in the
allergen, indicating that TLR4 signaling in epithelial cells is critical for the initiation of
Th2 responses to inhaled allergens.41

Conclusions
Expression of TLRs on structural cells like epithelial cells and the respective functionality
in terms of released mediators are important factors in the orchestration of local
immune responses. We investigate the expression of all TLR receptors in primary nasal
epithelial cells of healthy individuals and show an absence of TLR7 and TLR8 together
with huge individual differences in mRNA expression level for TLR1‐6 and TLR9.
Although mRNA expression of TLRs of often taken as a measure of their activity we
show that this is should be done with caution.
Specific TLR agonist‐induced mediator release in nasal epithelial cells is very variable
between different individuals and does not correlate with the expression levels of the
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respective TLRs, although we show this only for a relative small number of individuals.
Most notably we show that despite the presence of TLR4, CD14, and MD2 in nasal
epithelial cells, stimulation with LPS does not induce any mediator response.
Supporting and strengthening previous observations in nasal polyposis patients that
nasal epithelial cells seem to resemble gut e pithelial cells where a yet unidentified
mechanism prevents epithelia routinely exposed to bacterial flora from fortuitous
activation. Our data suggest that we should probably consider individual expression
and activation levels better as this would affect how individuals see their microbial
environment.
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Abstract
Introduction
Although we have a detailed understanding of how single microbial derived triggers activate
specialized Toll‐like receptors (TLR) on airway epithelial cells, we know little of how these
receptors react in a more complex environment. In everyday life, nasal epithelial cells are
exposed to multiple TLR agonists, therefore we explored whether exposure to one trigger could
affect the responsiveness to another TLR trigger.
Methods
Primary nasal epithelium from healthy individuals and the bronchial epithelium cell line NCI‐H292
were exposed in vitro to different TLR specific agonists. The effect on the expression of different
TLRs was determined using the q‐PCR. We also evaluated the effect of TLR‐3 stimulation on
TLR‐2, functionally using ELISA to determine levels of secreted mediators .
Results
Stimulation of airway epithelial cells with a specific TLR agonist affects gene expression of other
TLRs. In primary nasal epithelium, poly(I:C) challenge results in an up‐regulation of the TLR‐1,
TLR‐2, and TLR‐3 genes and reduction of expression of TLR‐5. Poly(I:C) induced activation of TLR‐2
contributes to stronger cell responses to a TLR‐2 agonist and regulation of these synergistic
responses may take place at the mRNA level of IL‐6 and IL‐8. The effect of TLR‐3 stimulation on
TLR‐2 functionality and most of the effects on the expression of other TLRs could be replicated in
NCI‐H292. Poly(I:C) failed to up‐regulate TLR‐1 and showed an additional up‐regulation of TLR‐4.
Conclusion
Our data suggest that to better understand TLR mediated innate responses we need to consider
the impact of the presence of multiple triggers.
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Introduction
The clinical and epidemiological observations that link upper airway diseases such as
rhinitis or rhinosinusitis with lower airway diseases like asthma lead to the concept of
the “united airways”.1,2 This link also applies to treatment where local medical
treatment of upper airways or lower airways will also result in a reduction of symptoms
at the other location. Moreover, experimental models have shown that a stimulus
applied locally to one location will trigger signs and symptoms at the other location.2‐6
To what extent cell biological or functional similarities and differences between upper
and lower airway epithelial cells contribute to the “united airways” concept is largely
unexplored.
Airway epithelial cells not only function as a passive physical barrier for micro‐
organisms, but also play an important role in orchestrating innate and adaptive
immune responses through the presence and activation of pattern recognition
receptors (PRR).7 An important class of PRRs are the Toll‐like receptors (TLRs) where
individual receptors recognize conserved motives associated with bacteria, fungi, or
viruses.8,9 Most of the functional data on the TLR family in the airways has been
collected in mice and in the lower airways of man, with the upper airways remaining
unexplored in comparison.10‐14 Airway and especially nasal epithelium is constantly
exposed to a variety of potentially immunogenic microorganisms, allergens or
nanoparticles. Given the high microbial exposure levels in the upper airways, we
wanted to explore the functionality of TLRs in nasal epithelial cells in more detail. Most
of our knowledge on the activities of the TLR receptors comes from specific exposures
or stimulation of a single TLR even though in everyday life we are exposed to a
multitude of different triggers. This could have functional consequences as in bronchial
epithelial cells it was shown that activation of TLR‐3 by the viral analogue poly(I:C)
(polyinosinic:polycytidylic acid) affects the activity of a subsequent activation of TLR‐2
by the bacterial cell wall component PGN (peptidoglycan).13
Our research group has a strong focus on the contribution of airway epithelial cells to
local immune regulation. Previously, we have investigated the interaction of allergens
with primary nasal epithelial cells15 and of allergens with a model of lower airways
epithelial cells, the cell line NCI‐H292.16,17 This approach has allowed us to identify
processes that are potentially important in the response to allergens by focusing on
those processes that are affected to a similar extent in primary nasal epithelial cells and
in the cell line model.18 Previous studies have shown that immortalized human
bronchial epithelium,12 human airway smooth muscle19 and small bronchial epithelial
cells14 exposure to poly(I:C) leads to an up‐regulation of TLR‐2 expression. In this
manuscript we explore the functional interaction between TLR‐3 and TLR‐2 in primary
nasal epithelial cells and we seek whether the functional collaboration of TLRs can be
extended to lower airways, in the lung epithelium NCI‐H292 cell line. We show that we
could replicate some of the interactions between TLR family members that have been
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described in primary human bronchial epithelial cells, but also that some interactions
seem specific for the human nasal epithelium.

Methods
Patient characteristics
Inferior turbinate tissue was obtained from patients who underwent corrective surgery
for turbinate hypertrophy with or without septoplasty. The patients had no history of
allergic disease and their non‐atopic status was confirmed with a negative Skin Prick
Test for 18 of the most common aeroallergens.20,21 None of the subjects had a current
respiratory tract infection, none of them suffered from asthma and none of them was
treated with nasal corticosteroids or other nasal medication in the four weeks prior to
inclusion. In addition, those patients that smoked were excluded. Under Dutch law,
tissue removed during mandatory surgery (so not specifically removed for a research
purposes) can be used for research when the origin cannot be traced back to the
patient. Despite the fact that there is no legal obligation, patients were informed of the
intention to use their waste material. If they objected, the material was not used.
Cell cultures
Primary nasal epithelial cells were obtained by digesting nasal turbinates with
0.5 mg/ml collagenase 4 (Worthington Biochemical Corp., USA) for 1 hour in Hanks’
balanced salt solution (HBSS; Sigma‐Aldrich,NL) with a subsequent incubation with anti‐
EpCAM MicroBeads (Miltenyi Biotec, DE) and a positive selection on a magnetic
column. Retained cells were grown in a 75 ml flasks in BEGM growth medium (Lonza
Clonetics, NL). Culture medium was replaced every other day. Cells were grown in fully
humidified air containing 5% CO2 at 37°C. NCI‐H292 human airway epithelial cells
(American Type Culture Collection, USA) were cultured in RPMI 1640 medium
(Invitrogen, NL) supplemented with 1.25 mM L‐glutamine, 100 U/ml penicillin,
100 μg/ml streptomycin and 10% (v/v) fetal bovine serum (HyClone, Logan, USA). Cells
were grown in fully humidified air containing 5% CO2 at 37°C and were sub‐cultured
weekly.
TLR stimulation experiment
NCI‐H292 or primary nasal epithelial cells were cultured to 80% confluence in 12‐well
plates. 24 hours before the stimulation, culture medium was replaced with serum‐free
RPMI 1640 medium containing 100 U/ml of penicillin and 100 µg/ml of streptomycin.
Cells were then stimulated with 10 μg/ml PGN (Sigma‐Aldrich, DE) and/or with
20 μg/ml poly(I:C) (Sigma‐Aldrich, DE). Supernatants were removed after 4, 8, 16, and
24 hours of stimulation and those of 8 and 24 hours were stored for further analysis;
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cells were used for RNA extraction. For the TLR‐2 ‐ TLR‐3 cross‐talk experiment, cells
were initially exposed to poly(I:C) for 24 hours, then the stimulus was removed and the
cells were subsequently exposed to PGN for additional 24 hours. During the stimulation
with poly(I:C) ‐ 1, 4, and 24 hours after stimulation and with PGN ‐ 0.25, 0.5, 1, 2, 4, 8,
16, and 24 hours after stimulation supernatants were removed and those of 8 and
24 hours were stored for further analysis and cells were collected for RNA extraction.
Each experiment was performed at least three times with three biological replicates.
RNA extraction and Real‐time quantitative RT‐PCR analysis
Quantitative polymerase chain reaction (qPCR) was used to determine the differential
expression of selected genes. Extracted mRNA (Nucleospin RNA II kit, Machery‐Nagel,
DE) was used for cDNA synthesis with the MBI Fermentas first strand cDNA kit (Thermo
Scientific, NL). cDNA transcripts were quantified by real‐time quantitative PCR (iCycler
iQ MultiColor Real‐Time PCR Detection System; Bio‐Rad, FR) with specific primers and
IQTM SYBR Green Supermix (Bio‐Rad, FR). The following primers were used for the PCR
reactions: GAPDH: 5’‐GAAGGTGAAGGTCGGAGTC‐3’ and 5’‐GAAGATGGTGATGGGATTTC‐
3; IL‐6: 5’‐TGACAAACAAATTCGGTACATCCT‐3’ and 5’‐AGTGCCTCTTTGCTGCTTTCAC‐3’;
IL‐8: 5’‐CCACACTGCGCCAACACAGAAATTATTG‐3’ and 5’‐GCCCTCTTCAAAAACTTCTCC
ACAACCC‐3’; TLR‐1: 5’‐AAAAGAAGACCCTGAGGGCC‐3’ and 5’‐TCTGAAGTCCAGCTG
ACCCT‐3’; TLR‐2: 5’‐AACCCTAGGGGAAACATCTCT‐3’ and 5’‐GGAATATGCAGCCTC CGGAT‐
3’; TLR‐3: 5’‐AAATTGGGCAAGAACTCACAGG‐3’ and 5’‐GTGTTTCCAGAGCCGTG CTAA‐3’;
TLR‐4: 5’‐TACAAAATCCCCGACAACCTC‐3’ and 5’‐AGCCACCAGCTTCTGTAAA CT‐3’; TLR‐5:
5’‐TGCATTAAGGGGACTAAGCCTC‐3’ and 5’‐AAAAGGGAGAACTTTAGGGA CT‐3’; TLR‐9:
5’‐GTGCCCCACTTCTCCATG‐3’ and 5’‐GGCACAGTCATGATGTTGTTG‐3’.
Expression levels of evaluated genes were calculated using the comparative ∆∆Ct
method. Each value was corrected for the expression of the housekeeping gene GAPDH
and compared to the control condition. Data were analyzed in the Bio‐Rad CFX
Manager program (Bio‐Rad, FR).
Determination of cytokine and chemokine production by ELISA
Measurements of secreted cytokines were performed by sandwich ELISA in 8 or
24‐hour cell‐free supernatants. The release IL‐6 and IL‐8 was detected using pairs of
specific mAbs and recombinant standards obtained from BioSource International
(Camarillo, USA).
Statistical analysis
Data are expressed as mean ± SD. Assessment of statistical significance was performed
using paired Student’s t tests with GraphPad. P values <0.05 were considered
significant.
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Results
Poly(I:C) stimulation affects expression levels of other TLRs in primary nasal epithelium
Given the relevance of viral and bacterial exposure to the upper airways in man and a
previously reported cross‐talk between different TLRs in human bronchial epithelium,12
we sought to investigate whether the TLR‐3 agonist poly(I:C) induces expression of
other TLRs in nasal epithelium. We exposed primary nasal cells isolated from three
healthy and non‐allergic individuals to poly(I:C) and evaluated the effect on the
expression of TLRs over a 24‐hour time course. As shown in Figure 4.1, TLR‐3 activation
by poly(I:C) in primary nasal epithelial cells affects the expression of a specific group of
TLRs, although the absolute level of induction and the time point of maximal induction
seems to vary between individuals. Figure 4.1B shows a strong and statistically
significant up‐regulation of TLR‐2 mRNA expression (7.2 (±1.0) fold in individual A, 13.1
(±1.2) fold in individual B, and 5.5 (±0.5) fold in individual C, P<0.05), with maximum
expression reached after 24, 8, or 16 hours respectively. Poly(I:C) stimulation reduced
the expression of TLR‐5 (Figure 4.1E) by 4‐5 fold in individual A and C, while individual B
responded even stronger with a 17.3 (±2.2) fold reduction of TLR‐5 expression (P<0.05).
Additionally, poly(I:C) provocation dramatically induced TLR‐3 expression, ranging from
5 fold to 130 fold (P<0.05, Figure 4.1C). TLR‐1 mRNA is present and up‐regulated after
poly(I:C) stimulation in two individuals (Figure 4.1A, P<0.01), while for individual C we
could not detect any TLR‐1. Moreover, poly(I:C) triggering did not affect TLR‐4
expression in any of the subjects.

Figure 4.1

Primary nasal epithelial cells modulate the expression of Toll‐like Receptors in response to TLR‐
3 ligand poly(I:C): A) up‐regulation of TLR‐1; B) up‐regulation of TLR‐2; C) up‐regulation of TLR‐3;
D) expression of TLR‐4; E) down‐regulation of TLR‐5; F) expression of TLR‐9. Statistical analysis
(paired Student’s t test) is based on the average values calculated as a mean of the values for
the three subjects and considered significant if P<0.05 (*).
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To analyze to what extent this observation is mirrored in a bronchial cell line, we
exposed NCI‐H292 cells to poly(I:C) in a similar setup and evaluated the effect on the
expression of the TLRs. Poly(I:C) led to a significant (P<0.001) induction of TLR‐2
expression with 12.1 (± 1.0) fold up‐regulation 4 hours after exposure and to a down‐
regulation of TLR‐5 by 4.0 (± 1.2) fold (P=0.01) which is in line with the observation in
primary nasal cells (Figure 4.2B and 4.2E). However, expression profiles of TLR‐3, TLR‐4,
and TLR‐9 in response to the viral analogue differ between the upper and lower airway
epithelial cells. In the cell line, TLR‐3 expression was no longer affected by poly(I:C),
whereas TLR‐4 showed a significant 4.5 (±1.0) fold up‐regulation (P=0.04) (Figure 4.2C
and 4.2D). Additionally, in contrast to nasal epithelium, TLR‐9 expression was
significantly down‐regulated by 4.2 (±1.0) fold (P=0.03) in the NCI‐H292 cell line (Figure
4.2F). Moreover, expression of TLR‐1 was not affected by poly(I:C) challenge.

Figure 4.2

The NCI‐H292 cell line was exposed to poly(I:C) and expression profiles of A) TLR‐1, B) TLR‐2, C)
TLR‐3, D) TLR‐4, E) TLR‐5, and F) TLR‐9 over 24‐hour time courses were quantified by the real‐
time PCR. The experiment was performed three times with three biological replicates. Values in
the graph represent a mean value of three with a standard deviation. Paired Student’s t test
was used for the assessment of statistical significance and values P<0.05 were considered
statistically significant (*).

Pre‐exposure to poly(I:C) enhances pro‐inflammatory responses of primary nasal
epithelium to PGN
The up‐regulation of TLR‐2 expression after poly(I:C) exposure suggests a collaborative
interaction between the TLR‐2 and TLR‐3. However, this does not necessarily prove that
the up‐regulation of TLR‐2 mRNA is functionally significant. In the next set of
experiments we were able to show that stimulation of TLR‐2 with PGN after an initial
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pre‐stimulation of nasal epithelium with poly(I:C) led to a higher production of IL‐6 and
IL‐8 than in the absence of this pre‐stimulation.
Table 4.1 summarizes the data to show that in four out of five individuals we tested a
synergy was observed, so that the induction level for IL‐6 and IL‐8 by PGN after the
poly(I:C) pre‐stimulation was significantly higher than after the both individual
stimulations. As the baseline and induced levels of IL‐6 and IL‐8 were highly variable for
each tested individual, we calculated the degree of the synergy separately and showed
for the 8 hours PGN stimulation a synergy factor of between 2.0 (±0.2) and 3.7 (±0.7)
fold for IL‐6 and between 2.8 (±0.7) and 6.3 (±1.4) fold increase for IL‐8. For the
24 hours PGN stimulation these synergy factors were between 1.6 (±0.3) and 5.2 (±0.7)
for IL‐6 and between 1.4 (±0.2) and 2.5 (±0.7) for IL‐8 (P values are stated in the table).
Interestingly, one individual showed no synergy in response to PGN after poly(I:C) pre‐
exposure.
The observation of the synergy between responses to poly(I:C) and PGN in nasal
epithelial cells could be replicated in the NCI‐H292 cell line. When a 24 hours exposure
to poly(I:C) is followed by 8 hours of PGN stimulation the NCI‐H292 cell line produces
6,325 (±560) pg/ml of IL‐6 and 1,010 (±100) pg/ml of IL‐8, while in the absence of the
poly(I:C) pre‐stimulation this is only 222 (±17) pg/ml of IL‐6 and 74 (±13) pg/ml of IL‐8
(Figure 4.3). Additionally, as a control condition we determined the effect of the
poly(I:C) pre‐stimulation only and this yielded 1,598 (± 100) pg/ml of IL‐6 and 151
(±16) pg/ml of IL‐8. This shows that the increased levels of IL‐6 and IL‐8 induced by PGN
after the initial poly(I:C) simulation cannot be explained by simple addition of the
production levels from the only the poly(I:C) pre‐stimulation or the PGN stimulation
without the poly(I:C) pre‐stimulation. When we divide the PGN‐induction levels after
poly(I:C) pre‐stimulation (6,325 (±560) pg/ml for IL‐6 and 1,010 (±100) pg/ml for IL‐8) by
the sum of both single stimulations (1,820 (±190) pg/ml for IL‐6 and 225 (±32) pg/ml for
IL‐8) we can calculate a 3.5 (±0.5) fold synergy for IL‐6 (P=0.03) and 4.5 (±0.6) fold for
IL‐8 (P=0.02). Additionally, we tested a prolonged 24 hours exposure to PGN after the
initial 24 hours of cells stimulation with poly(I:C). The outcome mirrors the 8 hours PGN
observation. Here, the poly(I:C) pre‐exposure followed by 24 hours PGN provocation
leads to 17,920 (±400) pg/ml of IL‐6 and 1,350 (±200) ng/ml of IL‐8 production, versus
just 9,720 (±900) pg/ml of IL‐6 (P=0.02) and 790 (±25) pg/ml of IL‐8 (P=0.03) for the
cumulative expression levels in both the control conditions.
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Subject
A
1
2
3
4
5
B
1
2
3
4
5
C
1
2
3
4
5
D
1
2
3
4
5
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Production levels of IL‐6 and IL‐8 in primary nasal epithelial cells as a sum of stimulation with
PGN or poly(I:C) alone and PGN with poly(I:C) pre‐exposure. A and B show IL‐6 and IL‐8
produced in response to 8 hours stimulation with PGN respectively, C and D – after 24 hours
exposure to PGN, respectively. Synergy factors were obtained by dividing production levels of
IL‐6 or IL‐8 in response to PGN with poly(I:C) pre‐stimulation by the sum of single trigger
stimulations. Statistical significance was calculated by comparing the absolute production levels
of IL‐6 or IL‐8 in response to PGN with poly(I:C) pre‐exposure by the sum of single trigger
stimulations. Paired Student’s t test was used for the assessment of statistical significance. Each
value represents a mean value of three biological replicates ± SD.
Sum of PGN and poly(I:C)
pg/ml
SD

PGN after poly(I:C)
pg/ml
SD

Synergy Factor

SD

P value

49.3
25.4
408.5
9.8
22.6

10.9
2.1
60.1
0
3

137.5
74.8
1508.9
19.6
14.8

13.4
25.5
375.2
4.5
4.7

2.8
2.9
3.7
2
0.66

0.4
0.6
0.7
0.2
0.1

0.02
0.03
0.007
0.02
0.09

127.9
1086.5
4923.3
2471.9
563.3

35.8
581.2
1546.9
1117.5
112.4

807.6
3091
20782
6995.9
541.7

135.2
529.2
5046.6
409.9
52.4

6.3
2.8
4.2
2.8
1

1.4
1
1.2
0.7
0.1

<0.0001
0.04
0.04
0.0006
0.66

59.7
78.7
975.1
59.5
52.4

3.6
6.9
242.5
7.6
17.2

310.9
234.6
1560.6
116.2
56.6

66.9
36
137.6
12.1
6.5

5.2
3
1.6
1.9
1.1

0.7
0.4
0.3
0.2
0.2

0.003
0.002
0.047
0.006
0.62

1480.4
10,969.7
24,047.0
9110.6
5422.2

264.6
3505.3
2377.5
1555.5
1444

2257.7
27,728.6
42,183.8
12,831.0
5955.6

58.1
6707
6630.1
1126
554.6

1.5
2.5
1.8
1.4
1.1

0.2
0.7
0.2
0.2
0.2

0.02
0.03
0.002
0.044
0.14

Synergy between TLR‐2 and TLR‐3 triggering is regulated at mRNA level in primary nasal
epithelium
Increased level of IL‐6 and IL‐8 in the supernatants after ligation of TLR receptors could
be due to enhanced transcription of the gene, increased translation of the mRNA or
increased secretion of the protein. In a detailed time course of the expression profile in
primary nasal epithelial cells we showed that the synergy between poly(I:C) pre‐
stimulation and PGN activation can already be detected at the mRNA level. Figures 4.4A
(IL‐6) and 4.4B (IL‐8) show the absolute mRNA level after both single stimulations and
after co‐stimulation in nasal epithelium of one representative individual. A significantly
increased levels at the highest expression peaks of IL‐6 (2.3 (±0.2) fold higher, P<0.05)
and IL‐8 (2.6 (±0.4) fold higher, P<0.05) were found and also the area under the
expression profiling curves of three individuals revealed a significant enhancement of
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up‐regulation of the IL‐6 and IL‐8 gene expression with 1.68 (±0.4) fold (P=0.01) and 1.5
(±0.3) fold (P=0.05) respectively.

Figure 4.3

Production levels of IL‐6 and IL‐8 in the NCI‐H292 cell line. Cells were pre‐exposed to poly(I:C)
for 24 hours and then stimulated with PGN for 8 (A and B) or 24 hours (C and D). Production
levels from the sum of single trigger conditions were compared to subsequent poly(I:C) and
PGN stimulation and P<0.05 values (paired Student’s t test) were considered significant and
indicated by (*).
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Expression levels of IL‐6 and IL‐8 genes upon 24 hours stimulation with poly(I:C) followed by 24
hours exposure to PGN. Absolute levels of expression are shown after correction for the
housekeeping gene GAPDH. Values in the graph represent an average value of three biological
replicates with a standard deviation. Expression levels from the sum of single trigger
stimulations were compared to subsequent poly(I:C) and PGN challenge and P<0.05 values
(paired Student’s t test) were considered significant and indicated by (*).

Discussion
In this manuscript we show that stimulation of airway epithelial cells with a specific
agonist for one Toll‐like receptor may lead to the transcriptional deregulation of
another TLR and that this deregulation can have functional consequences.
When primary nasal epithelial cells are exposed to poly(I:C), the activation of TLR‐3
leads to a significant up‐regulation of the TLR‐2 mRNA. Furthermore, this up‐regulation
of TLR‐2 also translated into an increased functionality of TLR‐2 when this receptor is
stimulated by PGN. In an extended time course that included pre‐stimulation of
primary nasal epithelial cells with poly(I:C), we detected a higher expression and
production of IL‐6 and IL‐8 upon PGN stimulation than in the absence of the poly(I:C)
pre‐simulation. These levels of IL‐6 and IL‐8 are several fold higher even in comparison
to the combined levels of these mediators due to the individual stimulation of cells by
poly(I:C) and PGN. This functionality was previously also observed in bronchial epithelial
cells12 pointing yet again to a conserved mechanism in both upper and lower airways
that could contribute to the united airways concept.22 Also the bronchial epithelial cell
line NCI‐H292 mimics this effect of TLR‐3 stimulation on TLR‐2 functionality
strengthening the validity of this model with respect to the conserved airway epithelial
processes. The same interaction between TLR‐3 and TLR‐2 has been previously
observed in murine myeloid dendritic cells23 and human airway smooth muscle19
showing presence of this mechanism in other than airway epithelial cells. When we
investigated the underlying mechanism of the effect of poly(I:C) on TLR‐2 activity, we
could detect the same synergy at the RNA level of the mediators: the overall amount of
the RNA produced (the area under de curve) was significantly higher in the poly(I:C)
pre‐stimulated cells after PGN exposure than without this pre‐stimulation.
In this study, we used measurements of IL‐6 and IL‐8 as a functional readout of the
collaborative interaction between the TLR‐3 and TLR‐2. A recent observation stressed
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the crucial role of IL‐6 in the effect of poly(I:C) on the increased TLR‐2 expression. This
cytokine was demonstrated as a part of an autocrine loop where IL‐6 produced by
epithelial cells after the poly(I:C)‐mediated TLR‐3 activation binds to the IL‐6 receptor
on the secreting cell and through Stat3 and NF‐B dependent pathway leads to the
induced expression of TLR‐2. Stat3 activation was necessary for the poly(I:C)‐induced
up‐regulation of TLR2 suggesting that the functional synergistic interaction between
TLR‐3 and TLR‐2 is possible only if the TLR‐3 and TLR‐2 agonists trigger the same cell.24
The detailed time course of the expression of other TLR family members after poly(I:C)
stimulation in the primary nasal epithelial cells of the healthy individuals revealed some
additional observations. We found an up‐regulation of TLR‐1 and TLR‐3 and a down‐
regulation of TLR‐5. This differed from our observations in the NCI‐H292 bronchial cell
line, where activation of the TLR‐3 receptor by poly(I:C) has a strong impact on up‐
regulation of the TLR‐2 and TLR‐4 genes, but as clearly there is a significant down‐
regulation of the TLR‐5 and TLR‐9 genes, which is largely similar to the report of Ritter
and that of Melkamu. However, there are also some differences between the three
observations. Ritter could show no effect on TLR‐4, whereas Melkamu and us did show
that TLR‐3 activation led to an up‐regulation of TLR‐4. We failed to detect a change in
TLR‐1 in bronchial epithelium that was reported in both previous studies. It is not clear
why these differences occur, but the most likely explanation is the precise nature of the
cells under investigation. Only Ritter used real primary bronchial epithelial cells (from
the small airways), whereas Melkamu used commercial primary bronchial cells that
have been transfected with the catalytic subunit of the human telomerase gene to
extend their life span, and we have used a bronchial cell line that has been derived
from pulmonary squamous epithelial carcinoma. This suggests that although the NCI‐
H292 cell line does replicate important aspects of primary nasal and bronchial epithelial
responses, it does not mirror all aspects of airway epithelial cells.
Our data demonstrate significant inter‐individual differences in primary cell responses
to TLR agonists. One of the obvious explanations for this would include the variation in
the expression levels of receptors and key downstream signaling molecules. Recent
report of Lee and colleagues suggests that genetic variants of the STAT and IRF
transcription factors may also contribute to the inter‐individual differences in host
responses to pathogens.25 At the moment, we are still struggling with understanding
how to determine the minimal cell response that is required for the ability to trigger
proper inflammatory responses. Therefore, not only can we observe the inter‐
individual differences, but also we are unable to interpret how relevant the extent of
these variations is
A few aspects need to be considered when analyzing the functional interaction
between the cell responses to a bacterial and viral trigger. First of all, although the
focus of the mode of action of poly(I:C) is on TLR‐3, it is clear that also the RIG‐I and
MDA5 receptors have been implicated in recognition of double‐stranded viral RNA and
poly(I:C).26 The increased expression of IL‐6 and TLR‐2 after poly(I:C) stimulation could
be blocked by an antibody for TLR‐3, but the increased production of RANTES could not
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be inhibited24 showing that the responsiveness of airway epithelial cell to poly(I:C) is
more complex than just acting through TLR‐3. Secondly, stimulation or infection of cells
by virus will not be identical to the effect of poly(I:C) we report on in this manuscript. A
final aspect is whether in vivo an epithelial cell can or will be simultaneously exposed to
both a viral and bacterial trigger that would allow synergy between the two responses.
Our data show that both stimuli do not need to target the same cell at the same time,
but rather one stimuli (poly(I:C) followed by the other one (PGN), as an up‐regulation of
TLR‐2 can still be detected 24 hours after exposure to poly(I:C) and so is the TLR‐2
activity.

Conclusions
The present study demonstrated that exposure of primary nasal epithelial cells to
poly(I:C) associated with viral infection resulted in a functional up‐regulation of the
anti‐bacterial defense associated TLR‐2. These results suggest that the in vivo outcome
of TLR activation in a context where we are exposed to multiple triggers may differ
from what we have learned from in vitro studies where most often only single stimuli
are considered. Moreover, the expression and activity profiles of the TLR family are
likely to be different at a detailed level between different individuals and between the
upper and lower airways. Although the detailed differences might not necessarily lead
to a different response, it does remind us that the way we interact with the
environment will depend on both the complexity of the environment and our individual
genetic make‐up.
Observed in vitro TLR‐2/TLR‐3 functional cross‐talk in nasal epithelium may implicate in
vivo consequences. In vivo exposure of the nasal cavity to a virus could potentially lead
to long‐lasting activation of enhanced anti‐bacterial responses. It would be interesting
to verify whether there is a link between the presence/absence of the TLR‐2/TLR‐3
synergistic responses and the possibility of acquiring a bacterial superinfection or
bacterial biofilm formation.
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Abstract
Introduction
Chronic rhinosinusitis with nasal polyposis is an inflammatory disease that, although not directly
linked to allergy, often displays a Th2‐skewed inflammation characterized by elevated local IgE
and IL‐5 levels. The nasal cavity is constantly exposed to bacteria and viruses that may trigger
epithelial inflammatory responses. To gain more insight into mechanisms by which such a biased
inflammation might arise, we have investigated the epithelial expression of the Th2 skewing
mediators (TSLP, IL‐25, and IL‐33) in relationship to disease and microbial triggers.
Methods
Epithelial cells were obtained from polyp tissues of nasal polyposis patients and from inferior
turbinates of non‐diseased controls. Cells were exposed to various TLR‐specific triggers to study
the effect on mRNA and protein expression level of TSLP, IL‐25, and IL‐33 and the potential
regulatory mechanisms through the expression profile the transcription factors ATF‐3, DUSP‐1,
EGR‐1, and NFKB‐1.
Results
The TLR3 agonist and viral analogue poly(I:C) induced TSLP mRNA 13.0 ± 3.1 fold (P<0.05) and
protein expression by 12.1 ± 2.3‐fold (P<0.05) higher in epithelium isolated from nasal polyposis
patients than in epithelium form healthy controls. This enhanced induction of TSLP may be a
consequence of a down‐regulated expression of DUSP‐1 in polyp epithelium.
Conclusion
The TLR3 induced expression of TSLP introduces a mechanism by which the Th2‐skewed tissue
environment might arise in nasal polyps and invites a further evaluation of the potential
contribution of current or past viral infections to polyposis pathogenesis.
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Introduction
Although the precise pathogenesis of chronic rhinosinusitis with nasal polyps (CRSwNP)
still remains unclear, our recent observations have shown a possible important
involvement of innate lymphoid cells type 2 (ILC2) in this disease.1 As differentiation
and activation of ILC2 depends on the epithelial mediators TSLP, IL‐25, and IL‐33,2 in
this manuscript we investigate environmental factors and epithelial regulatory
mechanisms that could affect the expression of these key regulatory mediators in
primary nasal epithelial cells.
Innate lymphoid cells are relatively new players in the immunological landscape. ILCs
share a cellular lineage with T cells, but lack the T cell receptor, precluding any antigen
specificity and emphasizing their innate immunological function.3 Despite this
difference, ILCs have defined subtypes that resemble the T helper subtypes with the
involvement of the same transcription factors and cytokine profiles. The activity and
differentiation of ILC2, the innate equivalent of the type 2 lymphocytes is affected by
TSLP, IL‐25, and IL‐33 in various mouse disease models.1,4‐6 More importantly, from a
human disease perspective is that ILC2 are prevalent in CRSwNP1,2 and could therefore
potentially explain the overall Th2‐skewed local environment prevalent in nasal polyps.7
Traditionally innate immune responses were linked to adaptive immune responses via
dendritic cells with the adaptive Th1 response specific for endosomal pathogens and
viruses, the Th2 response for parasite expulsion and allergen‐triggered inflammation,
and the Th17/Th22 response specific for fungi and bacteria. Specific triggers play an
important role in establishing these T helper subtypes. In the case of Th2 responses, a
clear role for epithelial TSLP, IL‐25, and/or IL‐33 have been reported, although different
allergic models seem to show differences in the relative contribution of these
factors.6,8‐13
Toll‐like receptors are receptors that have been extensively studied in the context of
microbiota – triggered local inflammatory responses. These receptors can recognize
bacterial derived signals via the plasma membrane associated TLR1, TLR2, TLR4, TLR5,
and TLR6, viral components via endosome associated TLR3, TLR7, TLR8, and TLR9, or
fungal pathogens via TLR1, TLR2, and TLR4.14,15 Majority of these receptors are
expressed by airway epithelium and have been characterized as functional and capable
of triggering cell responses upon exposure to ligands.16
We have previously shown that the ATF‐3, EGR‐1, DUSP‐1, and NFKB‐1 transcription
factors play an important role in poly(I:C) triggered inflammatory responses and that
EGR‐1 and DUSP‐1 are responsible for a down‐regulation of virus‐induced inflammation
in airway epithelium.17,18 In allergic disease we demonstrated that deregulated basal
expression levels of the ATF‐3, EGR‐1, DUSP‐1, and NFKB1 genes were associated with
differences in cytokine profile of nasal epithelial cells upon stimulation with an
exogenous trigger.19 EGR‐1 and DUSP‐1 may also play a role in the ILC2 enrichment in
CRSwNP as EGR‐1 has been shown to mediate the production of TSLP upon IL‐33
stimulation,20 while activation of DUSP‐1 was necessary for TSLP expression.21
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In this manuscript we explore the reactivity of epithelial cells isolated from nasal polyps
and healthy controls to a broad range of TLR agonists in their ability to induce the
expression and production of TSLP, IL‐25, and IL‐33. We also seek to investigate
whether EGR‐1 and DUSP‐1, negative regulators of pro‐inflammatory responses, may
play a role in regulating these responses. Our data show that epithelial cells from nasal
polyps exposed to poly(I:C) produce a significantly higher amount of TSLP than the
inferior turbinate epithelium from healthy individuals both at the mRNA and protein
level. None of the other TLR agonists (flagellin, PAM, PGN, CpG, or R848) showed a
similar effect. For IL‐33 we observed a clear induction by multiple TLR agonists, but the
level of induction mostly did not differ between healthy or polyp epithelium, although
we did see specific up‐regulation by the TLR8 agonist R848 in healthy epithelium. IL‐25
levels were below the detection limit of our assay for all the conditions we tested. The
differences in TSLP expression upon poly(I:C) exposure could potentially be explained
by the significantly lower basal expression of the DUSP‐1 gene in epithelium from nasal
polyposis individuals, since knocking‐down of the DUSP‐1 gene resulted in a dramatic
up‐regulation of TSLP expression and production.

Materials and methods
Patient characteristics
Inferior turbinate tissue from six healthy non‐diseased individuals was obtained from
patients who underwent corrective surgery for turbinate hypertrophy with or without
septoplasty. Nasal polyps were obtained from five patients undergoing Endoscopic
Sinus Surgery (ESS). None of our subjects had a current respiratory tract infection, none
of them suffered from asthma, and none of them was treated with nasal
corticosteroids or other nasal medication in the four weeks prior to inclusion. Under
Dutch law, tissue removed during mandatory surgery (so not specifically removed for a
research purposes) can be used for research when the origin cannot be traced back to
the patient. Despite the fact that there is no legal obligation, patients were informed of
the intention to use their waste material.
Cell cultures
Primary nasal epithelial cells were obtained by digesting nasal turbinates or polyps with
0.5 mg/ml collagenase IV (Worthington Biochemical Corp., USA) for 1 hour in Hanks’
balanced salt solution (HBSS; Sigma‐Aldrich, NL) followed by an incubation with anti‐
EpCAM MicroBeads (Miltenyi Biotec, DE) and a positive selection on a magnetic
column. Epithelial cells were grown in 75 ml flasks in BEGM growth medium (Lonza
Clonetics, NL). Culture medium was replaced every other day. Cells were grown in fully
humidified air containing 5% CO2 at 37°C.
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The human airway epithelial cell line NCI‐H292 (ATCC, USA) was cultured in RPMI 1640
medium supplemented with 10% (v/v) fetal calf serum (HyClone, USA), 1.25 mM of
glutamine, 100 U/ml of penicillin, and 100 µg/ml of streptomycin. Creation of the EGR‐1
and DUSP‐1 knock‐down mutants is described elsewhere.18
Experimental setup
Primary nasal epithelial cells or NCI‐H292 cells were cultured to 80% confluence in
12‐well plates. 24 hours before the stimulation, culture medium was replaced with
serum‐free RPMI 1640 medium containing 100 U/ml of penicillin and 100 µg/ml of
streptomycin. Cells were then stimulated with the following TLR‐agonists: 10 μg/ml
PGN (Sigma‐Aldrich, DE); 20 μg/ml poly(I:C) (poly(deoxyinosinic‐deoxycytidylic acid))
(Sigma‐Aldrich, DE); 1 μg/ml flagellin (InvivoGen, USA); 0.5 μM CpG ODN 2216
(InvivoGen, USA) and 5 μg/ml R848 (Sigma‐Aldrich, DE). NCI‐H292 cells were exposed to
20 μg/ml poly(I:C). Supernatants were removed after 1, 2, 4, and 8 hours of stimulation
and cells were used for RNA extraction. For the chemokines/mediators measurements,
cells were challenged for 24 hours and supernatants were stored at ‐20°C until
analyzed. Each experiment was performed in biological triplicate.
RNA extraction and quantitative real‐time polymerase chain reaction analysis
Quantitative polymerase chain reaction (qPCR) was used for the determination of the
differential expression of selected genes. Extracted RNA (Nucleospin RNA II kit,
Machery‐Nagel, DE) was used for cDNA synthesis with the MBI Fermentas first strand
cDNA kit (Thermo Scientific, NL). cDNA transcripts were quantified by real‐time
quantitative PCR (iCycler iQ MultiColor Real‐Time PCR Detection System; Bio‐Rad, FR)
with specific primers and IQTM SYBR Green Supermix (Bio‐Rad, FR). The following
primers were used for the PCR reactions: GAPDH: 5’‐GAAGGTGAAGGTCGGAGTC‐3’ and
5’‐GAAGATGGTGATGGGATTTC‐3; IL‐6: 5’‐ TGACAAACAAAT TCGGTACATCCT‐3’ and
5’‐AGTGCCTCTTTGCTGCTTTCAC‐3’; IL‐8: CCACACTGCGCCAACACAGAAATTATTG‐3’;
5’‐GCCCTCTTCAAAAACTTCTCCA CAACCC‐3’; IL‐33: 5’‐TGTGCTTAGAGAAGCAAGATAC
TC‐3’ and 5’‐GCCTGTCAACA GCAGTCTACTG‐3; or with mRNA specific TaqMan gene
expression assays (Applied Biosystems, NL) for the following genes: ATF‐3
(HS00231069_M1), EGR‐1 (HS00152928_M1), DUSP‐1 (HS00610257_G1), NFKB‐1
(HS00765730_M1), TSLP‐total (Hs00263639_m1); TSLP‐long form (Hs01572933_m1),
and IL‐25 (Hs03044841).
Data was analyzed in the Bio‐Rad CFX Manager program (Bio‐Rad, NL) and fold changes
of evaluated genes were calculated using the comparative ∆Ct or ∆∆Ct method. Each
value was corrected for the expression of the housekeeping gene and compared to the
control condition. Statistical significance (P<0.05) was determined by ANOVA and
Student’s t‐test using SPSS.
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Determination of cytokine and chemokine production by ELISA
Measurements of secreted cytokines were performed by sandwich ELISA in 24‐hour
cell‐free supernatants. The release IL‐6, IL‐8, IL‐33, and TSLP was detected using pairs of
specific mAbs and recombinant standards obtained from BioSource International
(Camarillo, USA). Statistical significance (P<0.05) was determined by ANOVA and
Student’s t test using SPSS.

Results
Expression and activity of Toll‐like receptors in healthy and polyposis epithelium
We have previously established the expression profile of TLR receptors in primary nasal
epithelium from healthy controls in our experimental model and now we extend this
profiling to epithelial cells isolated from nasal polyps. While Figure 5.1A recapitulates
the expression of the various TLRs in healthy epithelium, Figure 5.1B shows a similar
outcome for the TLR expression in nasal polyposis epithelium. Clear expression was
observed for TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, and TLR9, while we failed to
detect TLR8 and TLR10 in nasal epithelium from both healthy controls and nasal
polyposis patients. Although we did show expression variations between individuals,
none of the TLRs showed clearly significant differences between the two groups.
Furthermore, most of these expressed receptors were functionally active given the
induced mRNA expression levels of IL‐6 and IL‐8 of ligation with the appropriate ligand
(Table 5.1 and 5.2). Just like previously reported for primary healthy nasal epithelium,
also here in epithelium of nasal polyps, despite the presence of TLR4 LPS did not induce
IL‐6 or IL‐8.
A

Figure 5.1

B

Baseline expression level of TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10 in
healthy (5 subjects) or polyp epithelium (5 subjects). Expression of each gene was corrected for
the expression of the housekeeping gene.
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Table 5.1

poly(I:C)
flagellin
PAM
PGN
CpG
R848

Table 5.2

poly(I:C)
flagellin
PAM
PGN
CpG
R848

The fold change (FC) induced by different TLR agonists, calculated from the area under the
curve for the IL6 gene expression in a time course over 8 hours in healthy and polyp derived
airway epithelium. The value represents an average cumulative gene expression response to
the TLR agonists in epithelial cells isolated from 6 healthy controls and 5 polyps with a standard
deviation. Statistical significance comparing the differences in cumulative gene expression
levels between normal or polyp epithelium is indicated as P value.
Healthy epithelium
average
st.dev.
19.72
1.70
13.05
1.53
15.57
1.70
30.37
7.57
2.38
0.25
2.87
0.75

Polyp epithelium
average
st.dev.
17.05
5.40
9.98
2.58
17.20
3.72
33.87
7.40
2.88
0.32
3.20
1.08

P values
0.74
0.55
0.55
0.59
0.79
0.56

The fold change (FC) induced by different TLR agonists, calculated from the area under the
curve for the IL8 gene expression in a time course over 8 hours in healthy and polyp derived
airway epithelium. The value represents an average cumulative gene expression response to
the TLR agonists in epithelial cells isolated from 6 healthy controls and 5 polyps with a standard
deviation. Statistical significance comparing the differences in cumulative gene expression
levels between normal or polyp epithelium is indicated as P value.
Healthy epithelium
average
st.dev.
9.68
3.57
6.08
4.52
7.28
7.30
18.55
16.00
1.67
0.47
1.72
0.48

Polyp epithelium
average
st.dev.
11.25
9.17
4.82
3.48
13.27
5.92
27.82
14.63
1.65
0.33
1.77
0.27

P values
0.88
0.39
0.09
0.12
0.92
0.94

Expression and induction of IL‐25, IL‐33, and TSLP by bacterial TLR agonists in nasal
epithelium
We analysed the impact of microbial stimulation on the potential Th2‐skewing ability of
nasal epithelium through measuring the basal expression and induction levels of IL‐25,
IL‐33, and the long transcript version of TSLP as functional read‐outs (Table 5.3 and
5.4).
No significant differences in the baseline expression of IL‐33 between healthy control
nasal epithelium or epithelium isolated from nasal polyps could be identified. The
induction levels for IL‐33 (Table 5.3) are remarkably similar and range between 2.0 ± 0.2
(P<0.05) and 4.1 ± 2.35 (P<0.05) fold for most TLR agonists (flagellin, PAM, CpG, and
PGN) acting on epithelial cells isolated from healthy nasal mucosa or nasal polyps. As
for TSLP, a moderate induction (3.57 ± 1.45 to 3.78 ± 2.42 fold, P<0.05) is seen after
CpG challenge, while it is much more strongly induced by flagellin (51.3 ± 55.6 and
227.8 ± 209.4 fold, P<0.05), PAM (23.4 ± 31.6 and 25.0 ± 20.1 fold, P<0.05), and PGN
(103.3 ± 122.8 and 165.3 ± 163.3 fold, P<0.05) but without any significant differences
between healthy epithelium and polyp epithelium (Table 5.4). In none of the baseline
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or induced conditions of primary healthy epithelium or epithelium isolated from nasal
polyps could we detect any IL‐25 mRNA in our real time PCR set up, despite that our
protocol was able to amplify IL‐25 mRNA from a positive control (data not shown).
Although this does not preclude the possibility of very low levels of IL‐25 expression we
cannot evaluate this mediator in our current experiments.
Table 5.3

poly(I:C)
flagellin
PAM
PGN
CpG
R848

Table 5.4

poly(I:C)
flagellin
PAM
PGN
CpG
R848

The fold change (FC) induced by different TLR agonists, calculated from the area under the
curve for IL33 in a time course over 8 hours in healthy and polyp derived airway epithelium. The
value represents an average cumulative gene expression to the TLR agonists in epithelial cells
isolated from 6 healthy controls and 5 polyps with a standard deviation. Statistical significance
comparing the differences in cumulative gene expression levels between normal or polyp
epithelium is indicated as P value.
Healthy epithelium
average
st.dev.
3.28
1.22
2.70
0.80
1.95
0.23
4.12
2.35
2.10
0.17
23.18
6.17

Polyp epithelium
average
st.dev.
2.33
0.58
2.08
0.40
2.08
0.58
3.00
1.25
1.98
0.35
1.57
0.38

P values
0.12
0.67
0.91
0.21
0.88
0.02

The fold change (FC) induced by different TLR agonists, calculated from the area under the
curve for TSLP in a time course over 8 hours in healthy and polyp derived airway epithelium.
The value represents an average cumulative gene expression to the TLR agonists in epithelial
cells isolated from 6 healthy controls and 5 polyps with a standard deviation. Statistical
significance comparing the differences in cumulative gene expression levels between normal or
polyp epithelium is indicated as P value.
Healthy epithelium
average
st.dev
37.55
7.82
227.78
209.42
23.42
31.62
103.30
122.85
3.57
1.45
3.32
1.48

Polyp epithelium
average
st.dev
487.80
72.20
51.28
55.58
25.00
20.09
165.33
163.28
3.78
2.42
6.62
3.22

P values
0.03
0.12
0.83
0.21
0.88
0.12

Induction and production of IL‐25, IL‐33, and TSLP by viral TLR agonists in nasal
epithelium. To further investigate responses of polyposis epithelium to microbial
triggers, we exposed nasal epithelial cells from nasal polyps and healthy controls to
viral TLR agonists.
So far, a similar level of induction of IL‐6, IL‐8, and IL‐33 in the epithelia of healthy
controls and nasal polyposis patients in responses to different bacterial TLR agonists
was shown (Table 5.1, 5.2, and Table 5.3) with the viral analogue poly(I:C) (TLR‐3
agonist). However, the TLR7/8 agonist R848 triggers the induction of IL‐33 in healthy
epithelium only (23.2 ± 6.17, P<0.05) and not nasal polyposis epithelium (1.57 ± 0.38),
despite the IL‐6 and IL‐8 induction levels being similar between those two groups.
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The most striking observation is that TSLP expression in nasal polyp epithelium (487.8 ±
72.2 fold, P<0.05) is much more affected by the TLR3 agonist poly(I:C) than in
epithelium from healthy individuals (37.5 ± 7.8 fold, P<0.05), despite no significant
differences in IL‐6 or IL‐8 up‐regulation levels between both cell types. Moreover,
significant differences, albeit smaller, in the induction levels of TSLP are seen in
response to CpG stimulation (3.3 ± 1.48 to 6.6 ± 3.2 fold, P<0.05).
Enhanced production and secretion of TSLP in nasal polyp epithelium upon poly(I:C)
challenge
Quantification of the TSLP gene level revealed that certain TLR agonists enhance its
expression. We sought to validate this observation at the protein level. Epithelial cell
stimulated with poly(I:C), flagellin, or PGN produced and secreted TSLP (Table 5.5). In
response to poly(I:C), polyp‐derived epithelial cells produce 13.0 ± 3.1 (P<0.05) fold
more TSLP than the healthy epithelial cells. Cell stimulation with flagellin and PGN
resulted in modest TSLP secretion, ranging from 7.3 ± 0.9 to 18.3 ± 10.0 pg/ml and
showing no statistically significant differences between control and polyposis
epithelium. The enhanced production rate of TSLP after poly(I:C) challenge is TSLP‐
specific, as we could not detect any statistical differences for IL‐8 in response to these
(and other) triggers between polyp or healthy nasal epithelium (Table 5.6). Baseline
production of TSLP could not be detected in medium collected after 24 hours mock
induction. Other TLR agonists did not induce measurable amounts of TSLP despite the
significant TSLP‐gene expression up‐regulation.
In the case of IL‐33, we could not detect any protein in our ELISA at baseline or after
induction of both type of epithelia with any of the TLR agonists, showing that the
production rates of IL‐33 are at best below the detection limit of the ELISA kit.
Table 5.5

poly(I:C)
flagellin
PAM
PGN
CpG
R848

Production of TSLP protein in cell free supernatants by nasal healthy epithelium or nasal polyp
epithelium in response to 24 hours exposure to TLR agonists. Values are shown in pg/ml as
average production values from 6 healthy and 5 polyp subjects (b.d. = below detection limit of
1.9 pg/ml). Fold changes (FC) are calculated as a ratio between cytokine production levels in
polyposis and healthy tissue.
Healthy Epithelium
average
st.dev.
5.8
0.9
13.6
3.5
b.d.
‐
7.3
0.9
b.d.
‐
b.d.
‐

Polyp Epithelium
average
st.dev.
70.2
7.6
18.3
9.8
b.d.
‐
9.6
6.9
b.d.
‐
b.d.
‐

FC

st.dev.

p values

12.1
1.3
‐
1.3
‐
‐

2.3
0.8
‐
1.0
‐
‐

0.02
0.33
‐
0.47
‐
‐
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Table 5.6

poly(I:C)
flagellin
PAM
PGN
CpG
R848

Production of IL‐8 protein in cell free supernatants by nasal healthy epithelium or nasal polyp
epithelium in response to 24 hours exposure to TLR agonists. Values are shown in pg/ml as
average production values from 6 healthy and 5 polyp subjects (b.d. = below detection limit of
1.9 pg/ml). Fold changes (FC) are calculated as a ratio between cytokine production levels in
polyposis and healthy tissue.
Healthy Epithelium
average
st.dev.
5008.4
3982.0
829.4
354.0
621.4
120.6
790.6
174.0
49.2
22.4
34.0
24.4

Polyp Epithelium
average
st.dev.
4367.3
3433.7
1178.7
842.6
675.4
135.7
1063.9
280.1
56.7
29.5
34.5
24.6

FC

st.dev.

P values

0.9
1.4
1.1
1.4
1.2
1.0

1.0
1.2
0.3
0.5
0.8
1.0

0.69
0.19
0.81
0.11
0.55
0.91

Lower baseline expression of inflammation inhibitors in nasal polyp epithelium
We have previously demonstrated that the ATF‐3, EGR‐1, DUSP‐1, and NFKB1 are
affected by the airway epithelium exposure to a virus.17 Moreover, EGR‐1 and DUSP‐1
play a critical role in down‐regulating the virus‐triggered inflammatory responses of
epithelium.18 Therefore, we sought to investigate whether deregulation of the
expression of these transcription factors could potentially be responsible for the
enhancement of TSLP production in epithelium isolated from CRSwNP tissue.
DUSP‐1 baseline expression is almost three fold lower (P<0.05) in polyp‐derived
epithelium than in healthy epithelium (0.00079 vs. 0.00195). Although not statistically
significant, the average basal expression of EGR‐1 is almost two fold higher in nasal
epithelium obtained from healthy tissue (0.00105 vs. 0.00063, P=0.065), whereas the
average expression of ATF‐3 and NFKB1 had similar level for healthy and polyp
epithelium (Figure 5.2). Figure 5.3 shows ATF‐3, EGR‐1, DUSP‐1, and NFKB1 gene
expression profiles in healthy or polyp epithelial cells from two representative subjects
in response to poly(I:C). Clear differences in the gene expression profiles of the DUSP‐1
and EGR‐1 transcription factors between healthy and polyp epithelium are observed.
Both in healthy and polyp epithelium, EGR‐1 is up‐regulated relatively early, reaching its
maximal expression level 1 hour after induction in response to poly(I:C), while DUSP‐1
reaches its maximal expression level after 2 hours. The area under the expression
profiling curves revealed a significant enhancement of up‐regulation of EGR‐1 and
DUSP‐1 in healthy control epithelium (2.6 fold higher, P<0.05 and 1.7 fold, P<0.05
respectively). ATF‐3 and NFKB1 are both induced at the later time points, but none of
the transcription factors showed any significant changes in the poly(I:C) timing or
induction levels between healthy and polyps epithelium.
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Figure 5.2

Baseline levels expression comparison of ATF‐3, EGR‐1, DUSP‐1, and NFKB1 in healthy or polyp
epithelium. Expression profiles were corrected for the expression of the housekeeping gene.
The experiment was performed in a biological triplicate. Statistical significant differences in
baseline expression between healthy and polyposis epithelium is indicated (*) if P<0.05.

DUSP‐1 knock‐down results in an enhanced up‐regulation of TSLP
Previous observations led us to hypothesize that the down‐regulated baseline
expression of the EGR‐1 and/or DUSP‐1 transcription factors in nasal polyp epithelium
cells may take a part in the enhanced TSLP production upon poly(I:C) exposure. To
investigate this in more detail, we performed a targeted EGR‐1 or DUSP‐1 gene knock‐
down in NCI‐H292 cell that resulted in 92 ± 2% (P<0.0001) of EGR‐1 gene expression
reduction and in 76 ± 6 % (P<0.0001) of DUSP‐1 reduction compared to expression
levels in the control strain. Generated mutant strains were exposed to poly(I:C) in a
time course over 24 hours and gene expression and production of TSLP and IL‐33 were
analyzed. This exposure revealed an enhanced up‐regulation of the TSLP gene
expression and production in the DUSP‐1 knock‐down cell line. 8 hours after
stimulation, TSLP expression reached 170 ± 101 (P<0.05) fold up‐regulation in the
control strain and 280.1 ± 105.5 (P 0.05) fold up‐regulation in the EGR‐1 knock‐down
strain (control vs. EGR‐1 KD: P=0.059), while in the DUSP‐1 knock‐down strain a strong
2,030.4 ± 362.0 (P<0.05) and significantly higher than in the control strain (control vs.
DUSP‐1: P=0.02) fold TSLP induction (Figure 5.4a). Upon 24 hours stimulation with
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poly(I:C), TSLP production was significantly enhanced in the DUSP‐1 knock‐down cells
only, resulting in 45.3 ± 6.3 pg/ml of TSLP release, while in the control and the EGR‐1
knock‐down strain, TSLP levels were below the detection limit of the kit (2.1 pg/ml). No
significant differences in the IL‐33 expression or production between the three NCI‐
H292 strains could be observed (Figure 5.4b).

Figure 5.3

Comparison of expression profiles of A) ATF‐3, B) EGR‐1, C) DUSP‐1, and D) NFKB1 in a time
course over eight‐hour stimulation with poly(I:C) of healthy or polyposis epithelial cells.
Expression profiles were normalized to the control condition with no stimuli and corrected for
the expression of the housekeeping gene. The figure shows a result from one representative
individual (healthy or CRSwNP) and the experiment was performed in a biological triplicate.

Figure 5.4

Comparison of expression profiles of A) TSLP and B) IL‐33 a time course over 24 hour
stimulation with poly(I:C) of NCI‐H292 cells. Expression profiles were normalized to the control
condition with no stimuli and corrected for the expression of the housekeeping gene. The
experiment was performed with three biological replicates on three different occasions.
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Discussion
In the approach to understand the pathological, often Th2 skewed, mechanisms
underlying nasal polyposis, there is a strong emphasis on potential bacteriological
contributions and little data to suggest viral involvement. Our data now show that
there could be an additional role for viruses that through specific induction of TSLP in
nasal polyposis epithelium would be able to contribute to a Th2‐skewed environment in
polyps.
Nasal polyposis is not strongly linked to clinically defined allergy in the form of allergic
rhinitis.7 However within polyps structures, local presence and production of IgE and
prototypical Th2 cytokines can be observed.22‐24 Here we have shown a poly(I:C)‐
specific induction of TSLP in epithelium from nasal polyposis patients that is much
stronger than the induction detected in epithelium from healthy controls. Poly(I:C)‐
induced expression of TSLP has been previously observed in primary human
keratinocytes, conjunctival epithelium, as well as in primary human bronchial epithelial
cells.25‐27 The nasal epithelial expression of TSLP does seem to differ significantly from
the expression in these other epithelial surfaces. Similarly to keratinocytes, which
produce TSLP in response to poly(I:C), flagellin (TLR5 agonist) or diacylated lipoprotein
(TLR2/TLR6 agonist),28 also nasal epithelium secretes measurable amounts of TSLP after
TLR3, TLR5, and TLR2/6 triggering.
In this manuscript we touch upon the specificity of TSLP induction in nasal epithelium.
At the protein level, we show that upon poly(I:C) challenge increased TSLP secretion is
only seen in nasal polyposis epithelium and not in healthy epithelium. Moreover, we
see only the increased TSLP induction and no increased induction of the other Th2‐
skewing mediators IL‐25 and IL‐33 in nasal polyposis epithelium. The gene expression
level brings even more specificity. The increased TSLP mRNA induction was only seen
for poly(I:C) and not for any of the other TLR agonists, although at the protein level we
could detect a small increase in TSLP after PGN (TLR2/6) and flagellin (TLR5) induction.
Although TSLP, IL‐25, and IL‐33 have all been shown the contribute to the induction of
Th2 responses, there seems to be a division of labour where each of the mediators can
have a more prominent role depending on the allergy model under investigation.28,29
From this perspective we may conclude that TSLP can be a prominent factor in nasal
polyposis associated Th2 skewing. However, we do not yet have a clear understanding
whether baseline or induced levels of IL‐33 could have an additional effect via TSLP or
whether TSLP would act independently or in conjunction with other Th2 inducing
mechanisms. On the other hand, the induction of TSLP by the viral analogue poly(I:C) is
perhaps easier to understand from a mechanistic point of view. At the clinical level
there are already many parallels between viral infections and allergy ranging from the
induction of allergic exacerbations by viral infections [30] to the slow clearance of virus
in allergic individuals.31 Recently, we have shown that house dust mite allergen‐ and
poly(I:C)‐induced responses share a common mechanism.17 Not only do they induce a
similar mediator response, but they also share a common regulatory mechanism
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through the involvement of identical transcription factors that positively (NFKB‐1) or
negatively (DUSP‐1, EGR‐1) affect the epithelial responses seen after allergen or
poly(I:C) exposure. Against this light we can understand that a viral analogue can induce
the Th2 skewing mediator TSLP. Although in itself the observation that a specific trigger
poly(I:C) is able to induce a response in one type of epithelium (diseased polyp) and not
in another type (healthy turbinate) seems straight forward, it is particular that this
difference in response is seen for TSLP, but not for other outcome measures like IL‐6 or
IL‐8. The 487‐fold induction seen for TSLP in nasal polyposis is much stronger that the
induction seen for IL‐6 and IL‐8 in healthy epithelium and furthermore the induction of
IL‐6 or IL‐8 is not affected by the diseased state. This could be partially explained by the
relatively low baseline levels of TSLP mRNA, but it does suggest a specific regulatory
mechanism for TSLP that is less important for other poly(I:C) induced genes.
We have previously shown that negative regulators of inflammation EGR‐1 and DUSP‐1
display different levels of specificity depending on what triggers or what outcome
measures are measured. In those experiments focusing on inflammatory responses we
could show that a knock‐down for EGR‐1 affected IL‐8 expression after house dust mite
allergen (HDM) stimulation, but not after poly(I:C) induction, while a knock‐down for
DUSP‐1 affected IL‐6 and IL‐8 after HDM or poly(I:C) stimulation.18 In the present study,
we show that the baseline DUSP‐1 levels are lower in polyp epithelium than in healthy
control group and that this may contribute to reduced polyp epithelial cell capability of
tuning the viral‐induced pro‐Th2 inflammatory responses down. Indeed, knocking‐
down of the DUSP‐1 gene in the airway epithelial cell line resulted in a dramatic up‐
regulation of TSLP after cell exposure to poly(I:C). Interestingly, the level of TSLP
enhancement between the control and the DUSP‐1 knock‐down strain was comparable
to that between nasal polyp and healthy control epithelium. Involvement of DUSP‐1 in
CRSwNP pathology does not come as a surprise since we have previously demonstrated
the critical role of DUSP‐1 in abating the inflammatory responses upon dexamethasone
challenge18 in airway epithelium. Intranasal administration of glucocorticosteroid is the
first line treatment for CRSwNP.7 Since glucocorticoid challenge enhances the DUSP‐1
gene expression and reduces production of inflammatory mediators.18 It may perhaps
explain the improvement of the quality of life scores for most CRSwNP individuals,
especially those with low baseline expression of DUSP‐1.
In conclusion, we have shown that poly(I:C)‐induces expression of TSLP in primary nasal
epithelial cells from polyposis patients only and that a deregulation of the expression of
the DUSP‐1 transcription factor may play a role in this process. No other TLR agonists
nor primary healthy epithelial cells show the induction of this Th2 skewing mediator.
These observations opens the way to explore the involvement of viral infections as a
causative or contributing factor to the Th2‐skewed inflammatory environment in polyps
or to the pathogenesis of nasal polyposis.
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To the Editor
The extent of the clinical response to a nasal allergen provocation in allergic rhinitis
patients can depend on existing co‐sensitizations. Previously we showed that a pollen
provocation in patients mono‐sensitized for pollen induced more symptoms than in
patients with a concomitant house dust mite (HDM) sensitization.1 This effect only
occurred in mono‐pollen allergic individuals and not in mono‐HDM allergic individuals.
Levels of allergen‐specific IgE, IgG4, or the biological activity of IgE did not differ
between groups.
Dendritic cells (DC) are not only essential in the pathogenesis of allergy, but also for
expression of clinical symptoms.2 Multiple DC subtypes exist and these may functionally
differ, with myeloid DC (mDC) thought to enhance and plasmacytoid DC (pDC) to inhibit
immune responses.3 We hypothesized that differences between DCs could explain the
differences in clinical symptoms. Outside of the Dutch pollen season, biopsies were
taken at baseline and 24 hours after nasal provocation and stained for specific DC‐
markers CD1c (BDCA‐1), CD303 (BDCA‐2), CD141 (BDCA‐3), CD304 (BDCA‐4), and
Langerhans (LH) cell‐markers CD1a, and CD207 (langerin). Because DC markers can also
be expressed on other cells types we have used a common approach4,5 of also
considering the morphology of DCs. Sixty‐six eligible subjects (42 female, median age
23.8 yrs; range 18‐62 yrs) were included in this study. Demographic characteristics were
comparable for all groups; Monosens‐GP (n=14); Monosens‐HDM (n=9); Polysens
(n=29); Controls (n=14).
Baseline nasal mucosal biopsies revealed all subtypes of dendritic cells, both in the
epithelium and in the lamina propria (Figure 6.1 and Table 6.1). CD141 and CD304
antibodies also stained vascular structures and to avoid misidentification we only
enumerated these markers in the epithelium. All DC subtypes were detected, albeit at
different levels, with the highest levels for CD207 positive cells and the lowest levels for
pDC markers CD303 and CD304. Collectively, the numbers did not differ between
allergic and healthy individuals. At baseline, the mDC marker CD1c in the lamina
propria tended (P=0.055) to be higher in mono‐pollen sensitized subjects (median 3.8;
range 0.4‐8.9 cells/mm) than poly‐sensitized subjects (median 1.6; range
0‐8.1 cells/mm). Interestingly, numbers of the pDC marker CD303 were higher
(P=0.039) in epithelial layer of mono‐HDM (median 0.2, range 0‐1.1) than in poly‐
sensitized subjects (median 0, range 0‐0.5). These differences were not observed for
CD141 or CD304.
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Figure 6.1

Immunohistochemical staining with the specific DC markers; CD1c before (A) and 24 hours after
(B) nasal challenge, CD303 before (C) and 24 hours after (D) nasal challenge, CD141 (E), CD304
(F), CD1a before (G) and 24 hours after (H) nasal challenge, and CD207 before (I) and 24 hours
after (J) nasal challenge in nasal mucosal biopsy sections obtained from patients with allergic
rhinitis.

Next we evaluated the effect of a nasal provocation (NP) on DC subtypes, after showing
a significant eosinophilia in allergic individuals only, with no differences between the
different allergic sensitizations. After NP, epithelial CD1c was significantly higher
(P=0.010) in the HDM mono‐sensitized group (median 2.3; range 0‐5.2) than in healthy
controls (median 0; range 0‐2.8), and in poly‐sensitized subjects challenged with HDM
(median 0; range 0‐3.1 cells/mm BM; P=0.032). This effect was not seen for CD1c in the
lamina propria, nor for CD141. For the plasmacytoid DC marker CD303 numbers
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remained low in the poly‐sensitized subjects (median 0, range 0‐1.0), while increasing in
mono‐sensitized HDM subjects (median 0.3; range 0‐1.6; P=0.049) and tending to be
higher in mono‐pollen sensitized subjects (0.3; 0‐2.2 cells/mm BM; P=0.057). No
significant changes were seen for CD304. We concluded that pDCs in poly‐sensitized
subjects do not respond to a single dose allergen provocation. After NP, CD1a in the
lamina propria was higher (P=0.039) in mono‐sensitized HDM subjects (median 8.0;
range 0‐54.8) than in poly‐sensitized subjects (median 0; range 0‐70.0). Also langerin in
mono‐sensitized HDM subjects increased (p = 0.015) from median 3.9 (range 0.2‐9.8) to
6.9 (range 0.3‐11.7). This number tended to decrease in the poly‐sensitized subjects
(median 5.0; range 0‐11.6 cells/mm² at baseline versus 3.4; 0‐8.6 cells/mm² after NP;
P=0.087).
Table 6.1

mDC CD1c
CD141
pDC CD303
CD304
LH CD1a
CD207

Number of dendritic cell subtypes, characterized by immunohistochemical staining, in healthy
and allergic rhinitis subjects.
Healthy subjects
Epithelium*
Lamina Propria**
0.1 (0‐1.7)
1.5 (0‐15.0)
0.4 (0‐11.2)
ND
(0‐1.2)
0.4 (0‐5.0)
0.0 (0‐2.7)
ND
0.9 (0‐5.3)
1.3 (0‐16.2)
6.3 (0‐20.0)
5.8 (0‐18.9)

Allergic subjects
Epithelium*
Lamina Propria**
0.4 (0‐7.9)
2.4 (0‐17.4)
0.5 (0‐4.6)
ND
(0‐2.1)
0.8 (0‐9.0)
0.0 (0‐7.2)
ND
1.1 (0‐17.0)
2.6 (0‐52.2)
8.6 (0‐20.7)
4.2 (0‐16.1)
2

* Number of cells/mm BM, presented as median (range). ** Number of cells/mm , presented as median
(range).

Given the opposite functions of mDCs and pDCs we assessed the immune status
through the median ratio of CD1c positive (mDC) over CD303 positive (pDC) cells (Table
6.2). This ratio dropped in the epithelium of healthy subjects after NP, and was
significantly (P=0.006) different from allergic subjects. In the lamina propria the ratio in
healthy subjects dropped as well, but this was mirrored in allergic subjects.
Interestingly, the ratio was different in the epithelium between mono‐sensitized and
polysensitized subjects. In the mono‐sensitized subjects there was a marked increase in
the ratio after allergen challenge, whereas polysensitized subjects had a higher ratio at
baseline, which slightly decreased after NP, but that still was significantly higher than in
the healthy controls.
For the first time, we demonstrate the presence of four previously unidentified DC
subsets in human nasal mucosa: myeloid DCs characterized by CD1c and CD141, and
plasmacytoid DCs characterized by CD303 and CD304. Moreover we found that
numbers of DC‐subsets differ between subjects with different allergic sensitizations.
However, we must consider possible overlap of markers. Most CD303 positive cells in
blood also express CD304,6 while in lung most CD1a positive DCs also express CD1c.5
We should note that the markers we have used to identify DCs in the nose may overlap
within distinct DC subset so that the different stainings do not indicate more than the
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three distinct DC subtypes (pDC, mDC, and LH). Although the extend of this overlap and
specificity cannot be fully established with our IHC protocols and could be further
explored using FACS analysis of single cell preparations, the main conclusions on the
presence of the different DC subtypes and the mDC/pDC should not be affected. The
dynamics of several DC subsets after nasal allergen provocation were largest for HDM‐
monosensitized allergic subjects, while overall the dynamics were very limited for the
polysensitized individuals. Elevated numbers of DCs in the nasal mucosa of allergic
rhinitis subjects, as well as the response to nasal allergen challenge have been
reported, with variable outcomes.7‐9 The differences we found between subjects with
different sensitizations hint both to allergen‐specific differences in the immune
response, and also to an interaction between different allergen sensitizations.
Table 6.2

epithelium

LP

Median mDC to pDC ratio; number of CD1c positive cells divided by the number of CD303
positive cells in the epithelium and lamina propria of allergic subjects and healthy controls.

baseline
24h NP
p (compared to
controls)
baseline
24h NP
p (compared to
controls)

Controls

All allergic
1.01
1.00
0.006

Mono‐
HDM
1.00
5.96
0.002

Mono‐
GP
1.03
1.52
0.013

Poly‐prov
HDM
1.80
1.00
0.014

Poly‐prov
GP
1.30
1.00
0.015

1.00
0.51
3.55
2.17

2.98
1.92
NS

3.96
3.13
NS

3.97
2.07
NS

3.48
1.45
NS

1.51
2.36
NS

GP, Grass pollen; LP, lamina propria; Mono‐GP, subjects with monosensitization to grass pollen allergen and
relevant symptoms; Mono‐HDM, Subjects with monosensitization to HDM allergen and relevant symptoms;
NS, not significant; Poly‐prov GP, Subjects with polysensitization and relevant symptoms, who underwent
allergen provocation with grass pollen allergen; Poly‐prov HDM, Subjects with polysensitization and relevant
symptoms, who underwent allergen provocation with house dust mite allergen.

High baseline levels of mDCs in mono‐pollen allergic subjects could reflect ongoing
minimal persistent inflammation outside of the pollen season,10 showing that pollen
allergic individuals are not normal even when free of symptoms. Whether mDCs are
responsible for maintaining allergic inflammation outside of the pollen season or for
the increased response to nasal allergen provocation remains to be explored. It is not
clear whether these differences are caused by the type of allergen, the number of
sensitizations, or the duration of exposure. As we have not determined the activation
state for different subclasses of DC by evaluating the expression levels of activation
markers, we solely depend on changes in cell numbers to evaluate the status of the
immune system.
The mDC/pDC ratio is equal for allergic and healthy subjects, however after NP the ratio
in healthy subjects decreases, while remaining the same in allergic subjects. This
suggests a lack of immunosuppression in the allergic subjects. Furthermore, in the
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mono‐sensitized subjects the mDC/pDC ratio increased after NP compared to controls,
whereas in poly‐sensitized subjects this ratio decreased only slightly. This may reflect
the molecular mechanism of the less severe clinical response to grass pollen in
polysensitized subjects.
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Abstract
Immunohistochemistry was used to identify, enumerate, and describe the tissue distribution of
Langerhans type (CD1a and CD207), myeloid (CD1c and CD141), and plasmacytoid (CD303 and
CD304) dendritic cell subsets in oral mucosa of allergic and non‐allergic individuals. Allergic
individuals have more CD141+ myeloid cells in epithelium and more CD1a+ Langerhans cells in
the lamina propria compared to healthy controls, but similar numbers for the other DC subtypes.
Our data are the first to describe the presence of CD303+ plasmacytoid DCs in human oral
mucosa and a dense intraepithelial network of CD141+ DCs. The number of Langerhans type DCs
(CD1a and CD207) and myeloid DCs (CD1c), was higher in the oral mucosa than in the nasal
mucosa of the same individual independent of the atopic status.
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Introduction
Antigen‐presenting dendritic cells (DCs) form a heterogeneous group of cells based on
what cellular lineages they originate from and their stimulatory or suppressive
contribution to immune responses. The DC population of upper and lower airway
mucosa and of peripheral blood have been shown to comprise of Langerhans type,
myeloid, and plasmacytoid DCs using immunohistochemical staining with specific cell
markers.1‐4 The goal of our study was to identify and characterize dendritic cell
subtypes in human oral mucosal biopsies by immunohistochemical staining in allergic
and non‐allergic individuals. Furthermore, we performed a detailed comparison of oral
and nasal mucosal DCs in the same individuals.
The interplay between the immune stimulatory or suppressive activities of DCs is
important for both the induction of an immune response and the maintenance of local
homeostasis. In respiratory mucosa, myeloid DCs (mDCs) play an essential role in
sustaining a chronic eosinophilic airway inflammation,5 whereas plasmacytoid DCs
(pDC) are important in maintaining tolerance to inhaled harmless antigen.6 Previously
we have shown that the mDC/pDC ratio in nasal mucosa is similar for allergic and
healthy subjects at baseline, but that after nasal allergen provocation this ratio in
healthy subjects decreases while in allergic subjects this ratio remains unchanged. This
not only suggested the induction of an immunosuppressive activity in healthy
individuals upon allergen encounter, but even more importantly, that allergic
individuals seem to lack this immunosuppressive activity.
For human oral mucosa, the interplay between different subtypes of DCs in relation to
immune stimulatory or suppressive activities is less clear. This is due to only a few
studies addressing these issues. In regards to the composition of DC subtypes in oral
mucosa in mice three distinct subtypes of oral DCs were characterized: CD207+
Langerhans cells, CD11b +CD11c+/‐ myeloid DCs, and B220+120G8+ plasmacytoid DCs.7
The CD 207+ DCs may also express CD103, which is identified as the main migratory
subtype able to cross‐present viral and self‐antigens, critical for the initiation of CD8+ T
cell responses.8 In human oral mucosa also Langerhans type cells and myeloid DCs have
been detected, with the Langerhans cells representing the predominating DC
population.9 Contrary to the findings in mice, plasmacytoid DCs characterized by
CD123+ could not be detected in the human oral mucosa of atopic and non‐atopic
individuals.10‐12 In addition to differences in DC composition, also functional aspects of
oral DC are potentially different to DC at other mucosal surfaces. Oral antigen‐
presenting cells have been considered to exhibit a partly tolerogenic phenotype,
leading to suppression of local and systemic immune responses after orally
administering antigens. This concept is also referred to as oral tolerance, and can be
seen as a form of peripheral tolerance that could prevent harmful responses to
harmless antigens, such as antigens from food or commensal bacteria. In mice studies
some of these differences with respiratory DCs emerge where CD11b+CD11c‐ DCs only
induced IFN‐gamma production by T‐cells, while oral CD11b+CD11c+ and B220+120G8+

Chapter 7

92

DCs induced IFN‐gamma and IL‐10 secreting T cells. Given that in none of these
experiments any expression of the cytokine IL‐5 could be detected, it would seem that
the immune system of the oral mucosa is more attuned to Th1 response (INF‐gamma)
and immune suppressive responses (IL‐10) than to Th2 responses (IL‐5). Indeed also in
human studies, the presence of immunosuppressive enhancing molecules (B7‐H2 and
B7‐H3) on oral Langerhans cells7 and relative high mRNA levels of IL‐10 and TGF‐beta9,10
suggest such an immune suppressive environment. However, it is not clear how the
immune system deals with the multitude of antigenic triggers from the environment,
not only making sure that the response is appropriately Th1 or Th2, but even making
sure that such a response is at all required. It may well be that the suggested lack of
Th2 responses in oral mucosa could be related to or play a role in the effectiveness of
sublingual immunotherapy (SLIT). Indeed, Langerhans type cells in human oral mucosa
are thought to contribute to the effectiveness of SLIT. 9,10,13‐15
In order to get a better understanding of the local oral mucosal immune system, we
have quantified the oral Langerhans type cells as well as oral myeloid and plasmacytoid
DCs and studied their local tissue distribution. The subject population we have
investigated in this manuscript is the same population where we have previously
reported the dynamics of the local nasal mucosal DC populations.2 This also allows us to
explore the relationship of oral DCs with the allergic state and the direct comparison of
nasal and oral DC populations in single individuals.

Methods
Subjects
The subjects in this study were adults with allergic rhinitis (AR) with or without asthma
(n=52) of which 14 subjects with seasonal AR symptoms and grass pollen mono‐
sensitization, 9 subjects with perennial rhinitis and house dust mite mono‐sensitization,
and 29 subjects with perennial rhinitis with increasing symptoms during the pollen
season and poly‐sensitization, including house dust mite and grass pollen. The diagnosis
of AR was based on a history of rhinitis symptoms for at least two years and a positive
skin prick test. At screening, all subjects were tested for a panel of 10 common inhalant
allergens (ALK‐Abello BV, Nieuwegein, Netherlands). A skin prick test was considered
positive when the wheal diameter was 3 mm larger than that produced by the negative
control after 15 minutes. These allergic subjects were compared with healthy controls
(n=14) without any rhinitis symptoms and a negative skin prick test. All subjects were
non‐smokers and were clinically stable. Subjects were excluded if they suffered from a
disorder likely to interfere with the test results. All medication for AR treatment was
appropriately stopped before enrolment. Subjects with asthma were allowed to
participate in the study if they were able to stop their asthma medication during the
study. Thus, 66 eligible subjects (52 patients and 14 controls; 41 female, median age
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23.8 years; range 18‐62 years) were included in this study. Demographic characteristics
were comparable between groups. All participants gave written informed consent to
the study, which was approved by the medical ethics committee of the Academic
Medical Center, Amsterdam, Netherlands under project number MEC03/201.
Study design
Oral and nasal mucosal biopsies were taken from the same individuals at the same time
point, and were stained with several DC‐markers to identify and enumerate different
dendritic cell subsets. We compared the number of DCs per subset in the oral mucosa
between allergic subjects and healthy controls, and compared the number of DCs per
subset between nasal and oral mucosa.
Oral and nasal mucosal biopsies and immunohistochemical staining
Oral mucosa biopsies were taken from the vestibular site of the oral mucosa, without
anesthesia, by using a Fokkens forceps with a cup diameter of 2.5 mm. Nasal biopsies
were taken under local anesthesia by placing a cotton‐wool carrier with 50‐100 mg of
cocaine and three drops of epinephrine (1: 100,000) under the inferior turbinate,
without touching the biopsy site. Then, a mucosal biopsy sample was obtained from the
lower edge of the inferior turbinate about 2 cm posterior to the edge, using a Fokkens
forceps with a cup diameter of 2.5 mm. All biopsies were taken by the same
investigator (S.M.R.). The biopsies were embedded in Tissue‐ Tek II Optimal Cutting
Temperature (OCT) compound (Sakura Finetek USA Inc., Torrance, CA, USA), frozen and
stored at ‐80°C as previously described.16
Immunohistochemical stainings of frozen sections were performed for specific myeloid
DC‐markers CD1c (BDCA‐1) and CD141 (BDCA‐3), plasmacytoid DC‐markers CD303
(BDCA‐2) and CD304 (BDCA‐4), and Langerhans cell‐markers CD1a, and CD207
(langerin). The BDCA markers can also be expressed on other cells like B cells so we also
used the morphology of the cells to identify DCs.3,4,17 Immunohistochemical staining
was performed as previously described.18 The following mouse‐anti‐human mAbs were
used for immunohistochemical staining by link label staining protocol: CD1a (IgG2b,
50 μg/ml, SK9, BD Pharmingen, the Netherlands), and CD207 (IgG1, 200 μg/ml, DCGM4,
BD Pharmingen, the Netherlands). The following mouse‐anti‐human mAbs were used
for immunohistochemical staining by tyramide signal amplification staining protocol:
CD1c (IgG2a, 100 μg/ml, AD5‐8E7, MACS, the Netherlands), CD141 (IgG1, 100 μg/ml,
AD5‐14H12, MACS, the Netherlands), CD303 (IgG1, 100 μg/ml, AC144, MACS, the
Netherlands), and CD304 (IgG1, 100 μg/ ml, AD5‐17F6, MACS, the Netherlands).
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Link label staining protocol.
The mAb stainings were developed with the supersensitive alkaline phosphatase (ss‐AP)
method as previously described.19 Briefly, each tissue specimen was cut into serial
5‐μm‐thick sections, transferred onto slides, dried, and stored at ‐80°C.
Before staining, slides were heated to room temperature and subsequently dried and
fixed in acetone for 10 min. Slides were then rinsed in phosphate‐buffered saline (PBS;
pH 7.4), and 10% normal goat serum (NGS) in block buffer was added for 10 min.
Subsequently, slides were incubated with mouse monoclonal antibody to CD1a, or
CD207 for 60 min. Sections were rinsed with PBS, incubated with goat anti‐mouse
immunoglobulin biotin‐labeled (1:50; Biogenex) + 10% normal human serum (NHS) for
30 min, and rinsed with PBS. Slides were then incubated for 30 min with Streptavidine‐
AP (1:50; Biogenex) in block buffer + 10% NHS, and again rinsed with PBS. Next, slides
were rinsed with Tris buffer (0.1 M, pH 8.5), and incubated with New Fuchsin substrate
for 20 min. Sections were then rinsed with PBS and with distilled water. Finally sections
were counterstained with Gill's hematoxyline for 4 min, rinsed in water, dried, and
mounted in Vectamount. Control sections, incubated with irrelevant mAbs of the same
subclass and at the same protein concentration as the specific antibody, were negative.
Tyramide Signal Amplification staining protocol
This staining method differed from the staining method described earlier in the
inclusion of a tyramide signal amplification step (TSA; NEN Inc., Boston, MA). Briefly,
tissue fixation was done in acetone for 10 min, followed by rinsing in PBS (pH 7.4), and
blocking with 10% NGS in block buffer for 10 min. Subsequently, slides were incubated
with mouse mAb to CD1c, CD141, CD303, or CD304 for 60 min and rinsed with PBS.
Then slides were incubated with goat anti‐mouse immunoglobulin biotin‐labeled (1:50;
Biogenex) + 10% NHS for 30 min. After rinsing in PBS, endogenous peroxidase was
blocked with azide (0.3%), hydrogen peroxide (0.1%) and methanol (50%) in PBS. Slides
were rinsed with PBS. This was followed by incubation with streptavidin‐HRP (1:100) in
block buffer + 10% NHS for 30 min, rinsing with PBS, incubation with TSA (1:40,000) in
TSA‐buffer for 10 min, rinsing with PBS, and incubation with AP‐conjugated goat
antibiotin antibody + 10% NHS (Sigma) for 30 min. This was followed by rinsing with
PBS, rinsing with Tris buffer (0.1 M, pH 8.5), and incubation for 20 min with New
Fuchsin substrate. The sections were rinsed in PBS and then in distilled water,
counterstained with Gill's hematoxyline for 4 min, and mounted in Vectamount. Control
sections, incubated with irrelevant mAbs of the same subclass and at the same protein
concentration as the specific antibody, were negative.
Analysis
Positively stained inflammatory cells, localized in epithelium and subepithelium (area
100 μm into the lamina propria along the length of the epithelial basement membrane),
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were counted along the basement membrane (BM). Cell numbers were expressed as
positively stained cells per mm BM epithelium or per mm2 of the lamina propria.
Immunohistochemical staining with CD141 in oral mucosa was assessed on a 3‐point
scale with 0 meaning no staining, 1 some staining, and 2 extensive staining.
All data were analyzed by SPSS software. The Chi‐square test was used for analysis of
CD141 staining, and the Mann‐Whitney U test and Kruskal‐Wallis test were used for
between‐ group analysis and all other comparisons. A P value less than .05 was
considered significant.

Results
Identification of dendritic cell subsets in human oral mucosa
We identified Langerhans type, myeloid, and plasmacytoid dendritic cells in human oral
mucosal biopsies taken from allergic individuals, and healthy controls (Table 7.1, S7.1
and S7.2 files).
Table 7.1

Number of dendritic cell subtypes in human oral and nasal mucosa, characterized by
immunohistochemical staining, in healthy and allergic subjects.

Controls
Nasal epi* Nasal LP** Oral Epi*
mDC CD1c
0.1
1.5
23.1
(0‐1.7)
(0‐15.0)
(0‐78)
CD141
0.4
ND
see
(0‐11.2)
table 7.2
pDC CD303
1.0
0.4
0.0
(0‐1.2)
(0‐5.0)
(0‐1.2)
CD304
0.0
ND
0
(0‐2.7)
LH CD1a
0.9
1.3
12.3
(0‐5.3)
(0‐16.2)
(0‐157)
CD207
6.3
5.8
30.1
(0‐20.0)
(0‐18.9)
(0‐108)

Allergic
Oral LP** Nasal epi* Nasal LP** Oral Epi*
42.9
0.4
2.4
18.8
(5.5‐114)
(0‐7.9)
(0‐17.4)
(0‐105)
ND
0.5
ND
See
(0‐4.6)
table 7.2
1.6
1.0
0.8
0.0 (0‐
(0‐9.7)
(0‐2.1)
(0‐9.0)
4.0)
ND
0.0
ND
0
(0‐7.2)
6.4
1.1
2.6
13.1
(0‐32)
(0‐17.0)
(0‐52.2)
(0‐210)
14.7
8.6
4.2
48.4
(0‐60)
(0‐20.7)
(0‐16.1)
(0‐165)

Oral LP**
43.1
(0‐204)
ND
2.5
(0‐40)
ND
13.7
(0‐80)
20.5
(0‐116)

* Epithelium, number of cells/mm BM, presented as median (range); ** Lamina propria, number of
2
cells/mm , presented as median (range).

To identify the Langerhans type cell subset we used the markers CD207 (Figure 7.1A)
and CD1a (Figure 7.1B). Significant numbers of CD207+ cells where observed in both
the epithelial layer and in the lamina propria (LP), but there were no significant
differences between the allergic subjects (median 48.4; range 0‐165 cells/mm in the
epithelium, and 20.5; 0‐116 cells/ mm² in the LP) and healthy controls (30.1; 0‐108
cells/mm in the epithelium, and 14.7; 0‐60 cells/mm² in the LP). Overall, the numbers
for CD207+ and CD1a+ cells were similar. Again for the CD1a+ cells in the epithelium
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the numbers were not different for allergic subjects (median 13.1; range 0‐210 cells) or
healthy controls (median 12.3; range 0‐157 cells/mm). In the lamina propria however,
the number of CD1a+ cells was significantly higher (P=0.026) in the allergic subjects
(median 13.7; range 0‐80 cells/mm² LP) compared to the healthy controls (median 6.4;
0‐32 cells/mm² LP).

A

CD027 (langerin

B

D

CD141 (BDCA‐3)

E

Figure 7.1

CD1a

CD303 (BDCA‐2)

C

CD1c (BDCA‐1)

F

CD304 (BDCA‐4)

Immunohistochemical staining of a section of human oral mucosa. Staining of dendritic cell
subsets was performed with specific markers: A. CD207 (langerin), B. CD1a, C. CD1c (BDCA‐1),
D. CD141 (BDCA‐3), E. CD303 (BDCA‐2), and F. CD304 (BDCA‐4). Counterstained with
hematoxyline. Original magnification 100x.

To identify the myeloid DC subsets we used the markers CD1c (BDCA‐1) and CD141
(BDCA‐3) in combination with cell morphology. The number of CD1c cells (Figure 7.1C)
in the allergic subjects was 18.8 cells/mm (median; range 0‐105) in the epithelium and
43.1 cells/mm2 (median; range 0‐204) in the LP, which was not significantly different
from the healthy controls who had 23.1 cells/mm (median; range 0‐78) in the
epithelium and 42.9 cells/mm2 (median; range 5‐114) in the LP. Immunohistochemical
staining with CD141 in oral mucosa showed a confluent layer of staining, in which it was
impossible to distinguish and count separate cells (Figure 7.1D). Therefore we decided
to assess this with a categorical scale 0‐2 (Table 7.2 and S7.2 File.). The amount of
CD141 staining was significantly higher in allergic subjects than in healthy controls
(P=0.043).
The number of plasmacytoid DCs in the oral mucosa, as characterized by CD303
(BDCA‐2) positive cells (Figure 7.1E), was much lower than the number of Langerhans
type and myeloid DCs in both allergic and healthy individuals (Table 7.1). In allergic
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subjects the number of CD303+ DCs in the epithelium was 0.0 cells/mm (median; range
0‐4.0), and in the lamina propria 2.5 cells/mm2 (median; range 0‐40). This was not
significantly different from the healthy controls, which had 0.0 cells/mm (median;
range 0‐1.2) in the epithelium, and 1.6 cells/mm2 (median; range 0‐9.7) in the LP.
Immunohistochemical staining with CD304 (BDCA‐4; Figure 7.1F) was negative in the
epithelium in both allergic and healthy individuals. Immunohistochemical staining with
CD304 led to staining of vascular structures in the lamina propria, however no cells with
dendritic cell morphology were identified.
Table 7.2
Categories
0
1
2
Total

Amount of CD141+ DCs in human oral epithelium in healthy and allergic subjects.
Number of subjects
controls
allergic
6
7
5
31
2
11
13
49

Total
13
36
13
62

Amount of CD141+ DCs in human oral epithelium in healthy and allergic subjects are categorized on a 3‐point
scale: 0 = no staining, 1 = some staining, and 2 = extensive staining.

Oral versus nasal mucosal dendritic cells
We compared the number of the distinct DC subsets between oral and nasal mucosa in
matched samples from allergic subjects and in healthy controls (Table 7.1). Nasal
mucosal biopsy specimens revealed all subtypes of DCs, both in the epithelium and in
the lamina propria, albeit at different levels. We found highest levels for CD207+ cells
and the lowest levels for the pDC markers CD303 and CD304. Collectively, cell numbers
in the nasal mucosa did not differ between allergic and healthy subjects. The number of
Langerhans type DCs, characterized by staining with CD1a and CD207, was significantly
higher in the oral mucosa. Also the number of myeloid DCs, characterized by CD1c
staining, was significantly higher in the oral mucosa, compared to nasal mucosa, both in
healthy and allergic subjects. Staining with CD141 in the oral mucosa showed a
confluent layer of stained cells, in which it was impossible to distinguish and count
separate cells. However these were evidently more than the few CD141+ cells that we
found in the nasal epithelium.
In contrast, the number of plasmacytoid DCs, characterized by CD303 (BDCA‐2), was
comparable in the oral and nasal epithelium. The DC subset characterized by CD304
(BDCA‐4) was present in low numbers in the nasal epithelium, but completely absent in
the oral epithelium both in healthy and allergic subjects.
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Discussion
We demonstrated the presence of Langerhans type, myeloid, and plasmacytoid DCs,
characterized by the specific DC markers CD1a and CD207, CD1c and CD141, and CD303
respectively, in human oral mucosa of allergic subjects and healthy controls.
Interestingly, the use of multiple markers for pDCs and mDCs revealed a different
composition of pDC and mDC subsets in human oral mucosa than has been reported for
nasal mucosa and in the circulation. Moreover the oral tissue distribution for CD141
(BDCA‐3) positive DCs is remarkably different than in the nasal mucosa. Furthermore,
we found significantly more CD141+ myeloid DCs in epithelium and CD1a+ Langerhans
cells in the lamina propria of allergic subjects compared to healthy controls. In contrast,
the mDC population characterized by CD1c (BDCA‐1) was similar for both allergic and
healthy individuals. In the direct comparison between oral and nasal DC subtypes, we
showed that the number of Langerhans type and the CD141 (BDCA‐3) positive mDCs is
overall much higher in oral mucosa compared to nasal mucosa. Especially the CD141
(BDCA‐3) positive oral mDCs seem to form a continuous intraepithelial layer, akin the
distribution of Langerhans cells in mouse dermal sheets.20,21 It has been suggested that
CD141+ DCs are the human counterpart of murine CD103+ DCs, and are the main cross‐
presenting DCs of human tissues.21,22
DCs have an important role in regulation of immune responses that mainly relies on the
ligation of specific receptors that initiate and modulate DC maturation. This results in
the development of functionally different effector DC subsets that selectively promote
different pro‐inflammatory T helper subtypes or regulatory T cell responses.23 For
instance, in skin, Langerhans cells in the epithelial layer seem more adapt to detect
viruses than bacteria in the environment through the presence of Toll‐like receptors
(TLRs) able to detect viral associated molecular patterns and the absence of TLRs able
to detect bacterial associated molecular patterns. Furthermore, given that skin LCs
through their poor capacity to process and present bacterial antigens are seen to
induce a more tolerogenic response towards bacteria.24
Not only in the normal antimicrobial response there is functional specialization, but
also in relation to allergic disease. In respiratory mucosa, myeloid DCs play an essential
role in chronic eosinophilic airway inflammation,5 while plasmacytoid DCs are
important in maintaining tolerance to inhaled harmless antigen.6 For this reason the
ratio of mDCs to pDCs is often used to describe the overall immunogenic status.2,25‐27
Even though we have shown that in the nasal mucosa the mDC to pDC ratio would
describe the clinical observations seen in the response to nasal allergen provocation,2
the mDC to pDC ratio is not adequate to describe the overall tolerogenic environment
of the oral mucosa. As a consequence of the high number of mDCs, and the low
number of pDCs in the oral mucosa the ratio of myeloid DCs over plasmacytoid DCs is
much higher in the oral epithelium than in the nasal epithelium, which in contrast to
clinical observations, would point to a more pro‐inflammatory oral environment.
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We found very low levels of plasmacytoid DCs in the oral mucosa, which suggests that
pDCs overall do not play a significant role in oral tolerance, in contrast to nasal and
bronchial mucosae. This led to several questions regarding other differences in
response between nasal and oral mucosa with respect to the ability of DCs to induce
tolerance. Given the difference in composition of DC subsets between the oral mucosa
and the nasal mucosa, we consider that the oral DC subsets have different functional
capacities from those in the nasal mucosa. A detailed mapping of the oral mucosa
antigen‐presenting cells has been performed in mice; three distinct subtypes of oral
DCs were characterized: CD207+ Langerhans cells located in the mucosa itself,
CD11b+CD11c+ myeloid DCs located mainly along the lamina propria, and
B220+120G8+ plasmacytoid DCs in submucosal tissues.7,28 Data on DC phenotype
within human oral mucosa are limited. The Langerhans type (CD207+) cells were
thought to represent the predominating DC population in human oral mucosa.9,10 The
presence of myeloid DCs, characterized by CD1a, in human oral mucosa has also been
shown,11 but plasmacytoid DCs, characterized by CD123+, could previously not be
detected in atopic or nonatopic individuals.12
Our survey of the oral mucosa revealed abundant numbers of CD141+ myeloid
dendritic cells, and CD207 and CD1a positive Langerhans cells. Given the postulated
ability of (skin) Langerhans cells to induce tolerogenic responses towards bacteria these
high numbers could be in line with the notion of the oral tolerogenic environment.
Possibly tolerogenic response towards bacteria could be extended towards the uptake
and processing of allergens as well, based on similarities in molecular patterns. DCs in
the human oral mucosa express the high‐ affinity receptor for IgE (FcεRI) in high
amounts,9 in which context they differ from DCs in the nasal mucosa. Interestingly this
is not only seen in atopic individuals, but also in non‐atopic individuals.29 Fc mediated
uptake could therefore be involved in the direct uptake of allergens by DCs in the oral
mucosa.30 The direct contact between DCs and T cells observed within the oral
mucosa29 and the regulatory T cell inducing capacity of Langerhans cells could therefore
be seen to contribute to a local immunosuppressive environment.
Another potentially important observation in our study is the dense intraepithelial
network of CD141+ DCs in the oral mucosa of allergic subjects. As myeloid DCs are
thought to be immunogenic the implication is that the pro‐inflammatory immune
response to aero‐allergens could either be driven from the oral mucosa in allergic
subjects, or represents a lack of tolerogenic properties in the oral mucosa in allergic
subjects. This aspect is specific for oral mucosa, as in a previous study we did not find a
significant difference in the number of CD141+ DCs in the nasal mucosa between
allergic subjects and healthy controls.2 Moreover in a mouse model of bronchial
asthma, CD141+ DCs were shown to be tolerogenic. They expressed lower levels of
maturation markers, secreted more anti‐inflammatory cytokine IL‐10, and adoptive
transfer of CD141+ DCs caused a reduction in BALF levels of eosinophils, IL‐5, IgE, and
total protein.31
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In conclusion, we have shown the abundance of Langerhans cells and CD141+ myeloid
dendritic cells in the oral mucosa of allergic and healthy individuals, and our work is the
first report of CD303+ plasmacytoid dendritic cells in oral mucosa. The direct
comparison between the distribution of these DC subtypes between oral and nasal
mucosa in the same individuals revealed potentially important differences. These
differences suggest that the suppression of immune responses could be regulated in
distinct fashions at both mucosal surfaces. A better understanding of these
mechanisms could lead to optimization of sublingual immunotherapy in particular.
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General discussion
The immunological debate “Genes or Environment” has resulted in many heated
discussions at international forums, although the ultimate goal of the organisers has
always been to strengthen the notion that we should consider “Genes and
Environment”. The reason we should consider both is that environmental factors are
only able to trigger or affect immune responses through genes/proteins whose function
or activity are dependent on the presence of these specific environmental factors. This
notion applies to a broad range of stimuli such as the presence of bacteria and viruses,
or to changes in temperature or the exposure to strong odours. A complicating factor in
this discussion that is not always taken into consideration is that to some degree we are
all different and that the environment is complex with changing composition so that it
could be hard, if at all impossible, to define how the human immune system would
respond. In this thesis we have explored this interesting research field further by
studying if differences between individuals may impact the response to well defined
single environmental triggers. Furthermore, we have explored how one environmental
trigger may affect the response to another environmental trigger, and how ultimately
the effect of the interplay between environment and genes is handed down to affect
the initiation or in the other case the regulation of immune responses. The
experimental model used is the nasal immune response and more specifically the
response that is triggered in primary nasal epithelial cells of a collection of healthy and
diseased volunteers.

Nasal epithelium as a regulator of immune responses
Much of the efforts of our research group have focussed on the contribution of nasal
epithelium to the regulation of immune responses. In this area we have contributed to
the notion that epithelium in general and nasal epithelium in particular is much more
than just a passive barrier and that it actively contributes to the initiation and
regulation of local immune responses.1‐5 Whereas in previous work we have focussed
on the interaction of allergens with nasal epithelium and the impact of allergic
disease,3‐5 in this thesis we have focussed on the interaction of nasal epithelium with
microbial products. Specifically we have focussed on the expression and activity of toll‐
like receptors (TLRs) probably the most studied receptor family with the ability to react
to a wide variety of bacterial, viral, or fungal associated factors.1,6 We showed
expression of TLR1‐6 and TLR97 and mainly respond to the TLR3 ligand poly(I:C) and to a
lesser extent to the TLR2 agonist PGN and TLR‐5 by flagellin, while we failed the detect
the presence of TLR7, TLR8 and TLR10. This survey of the expression of TLRs is broader
than some previous studies that looked at specific receptors only.
At present only limited data is available on the expression of TLRs by nasal epithelial
cells. Claeys et al. showed constant expression of TLR2 and TLR4 in tissue biopsies from
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patients with nasal polyposis or chronic rhinosinusitis and in healthy individuals.8
Isolated nasal epithelial cells from nasal polyps were shown to constitutively express
mRNA of all 10 TLRs, with more pronounced expression of TLR1 to 6.9 Primary nasal
polyp epithelial cells express functional TLR3 and TLR4 and release high concentrations
of proinflammatory chemokines and cytokines upon stimulation with dsRNA.10 Until
now, only one study showed the expression of TLR3, TLR7 and TLR9 and function of
TLR3 and TLR7 in primary nasal epithelial cells isolated from non‐allergic, non‐diseased
individuals specifically.11
When we consider the overall expression and activity of TLR expression in our study it
seems clear that healthy individuals show epithelial expression of TLR4, but that this
receptor does not induce a response. Despite the presence of imported co‐stimulatory
molecules like MD2 and CD14 nasal epithelial expressed TLR4 cannot be activated by its
main ligand LPS at physiological concentrations. This raises important questions
concerning experiments where only the presence of the receptors (either at the RNA
level or protein level) is used to draw a conclusion about their functionality.8,9,12
Although it would be unlikely that the presence of a specific receptor would not predict
the functional activity (in our studies it nearly always does), it does raise the possibility
that in selective cases the presence might not predict its functionality. The case of nasal
epithelial expressed TLR4 does not constitute a unique case. A similar observation that
separated presence from functionality of TLR4 was seen in gut epithelium, albeit in in
this instance the lack of activity of TLR4 was due to the absence of MD2 as co
stimulatory factor as forced expression of MD2 restored TLR4 functionality.13,14 Given
that the gut and nasal cavity are rich in bacteria the functional inactivity of TLR4 can be
seen as a way of reducing the local inflammatory profile and maintaining homeostasis.
However, this does suggest that specific conditions might exist where TLR4 does show
full functional activity. Indeed we showed that in nasal epithelium isolated from
polyposis patients did respond to LPS with increasing levels of IL6 and IL8, indicating
that the health state (or disease state, depending on the perspective) can have
functional consequences. It remains to be explored whether or TLR4 is active or not in
vivo. Most experiments on TLR functionality, and ours are no exception, have focussed
on isolated epithelial cells (or on data collected from cell lines) and this may not true
reflect the in vivo situation11,15‐19 as the differentiation state in vitro is different. In vivo
undifferentiated stem‐like cells or basal epithelial cells co‐exist with ciliated epithelial
cells, mucus producing goblet cells, and stem‐like basal cells that each might have a
specific contribution to the overall TLR induced response. This situation is clearly
different from submerged grown epithelium cell that would only reflect the more
undifferentiated stem‐like cells. An air‐liquid interphase model of nasal epithelial cells
would be one step closer to mimicking the in vivo situation.
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Immune responses and the complexity of the environment
Experimental models that study the impact of the environment on local tissue often, if
not uniquely, apply a single stimulus at the time. Indeed in this way we can learn about
the concentration dependency and time course of a response in detail. However, such a
model does hardly reflect our everyday exposure to the environment. Although it could
apply to any setting, the nasal cavity in particular is a trigger rich environment. On one
hand there are the bacteria that colonize the mucosal surface that would form a
relative constant source of triggers, while on the other hand breathing through our
nose provides ample opportunity for a wide variety of other airborne triggers to
interact with the nasal mucosa. These triggers could be viruses or other bacteria, in
which case we should not underestimate the impact of nose picking, volatile chemicals
in our working environment, dust particles, air pollution, cigarette smoke, or airborne
allergens.2,20‐22 In the latter case this exposure to allergens is not only relevant for
allergic individuals, as one might easily assume, but also for otherwise healthy
individuals. Indeed we have previously shown that the nasal epithelia from healthy
individuals elicit a strong and broad response to allergens like house dust mite or grass
pollen.4,5,23,24 A response that is stronger and broader than the same response in
allergic individuals, albeit that this is largely due to a pre‐activated state in the epithelia
from allergic individuals.4
Our data show that it is relevant to consider the complexity of our environment as
exposure to one trigger affects the response to another trigger. Interestingly, both
triggers do not need to be present at the same time. In our experiments a 24 hours pre‐
exposure with the TLR3 agonist poly(I:C) resulted in a functional up‐regulation of TLR2.
This could be partly due that it takes up to 8 hours to see the up‐regulation of the
mRNA for TLR2. These induced mRNA levels linger for more than 32 to 40 hours by
which time they have returned to baseline. The effect of TLR3 stimulation on TLR2
activation is only one aspect we have studied in detail. As TLR3 activation also results in
an up‐regulation of TLR1, TLR2, and TLR3 itself a lot remains to be explored.
Interestingly, TLR5 reactive to flagellin, is strongly down‐regulated. However, like the
effect of TLR stimuli other than poly(I:C) and their effects on other TLR‐family members,
the functional consequences of these changes have not yet been documented.
With the TLR family of receptors sharing common downstream signalling molecules and
all of these receptors being involved in detecting and responding to microorganisms,
one might imagine that cross‐regulation could be restricted to members of a given
family. However, this is unlikely to be the case as other observations from our group
fussing on the response of poly(I:C) and allergen showed an interaction between the
two triggers. Pre‐exposure of epithelial cells to house dust mite allergen reduced the
cellular response to poly(I:C) stimulation at the mRNA and the protein level.2 Also here
this could be due to an effect via the receptor as TLR3 is indeed down regulated upon
house dust mite allergen exposure. Perhaps cross‐regulation of distinct triggers is more
common that we think as ultimately the signalling mechanism of any trigger will
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converge on the promoter of a given response gene no matter how different the initial
signalling cascade would be.

Immune responses and the effect of disease
Understanding differences in immune responses between the health and the diseased
state is dependent on many factors and it can be hard to discriminate whether any of
these differences are the cause or the consequence of the disease. This applies to
situations where the disease trigger is firmly established like in allergy, but should also
apply to diseases where the initial trigger has not yet been identified.
When we would first consider allergy it is clear that allergic individuals produce
allergen‐specific IgE that through binding to immune competent cells would create
targets in the local tissue that are not present in the healthy state. Some of these are
direct targets like antigen‐specific IgE that would allow allergen to trigger responses in
mast cells, basophils, or other cells carrying IgE on their cell surface. In addition, as
allergen is also able to trigger responses in for instance epithelial cells through
proteinase dependent 4 or DCs through mannose dependent receptors25 any new cell
type would provide a potential new target. Now this would present a problem when we
would try to link differences in immune responses at the tissue level to the reason that
someone had developed allergy or any other disease for that matter. These issues
would be a smaller problem when we would try to understand to what degree a patient
responds to medical or surgical treatment, or when we would try to predict the natural
course of the disease. With these research questions any of the cellular or molecular
differences between diseased individuals (rather than the differences between healthy
and diseased individuals) could be involved in these clinical observations. In the former
case it would make sense to investigate those cells or processes that would be present
during the onset of the disease. In an ideal world it would be very useful to have a full
molecular description of a group of individuals that would then be followed over time
to see who will and who will not develop a particular disease. In the ENT field perhaps
occupational allergy would be an interesting disease model as you would be able to
sample individuals prior to employment. On a side note we might consider sampling
individuals even sooner to compensate for exposure during training and/or schooling.
Given the notion that we would need to study intrinsic differences between cells that
are present at the moment the disease develops, it would mean that we definitely
would need to understand what the healthy response is and compare that the response
triggered after the disease has been established. Growing and sub‐culturing primary
nasal epithelial cells would potentially allow us to identify intrinsic differences.
However, we must not forget that the inflammation associated with the diseased state
can induce epigenetic changes or auto‐regulatory feedback loops in a cell type that
could potentially mask intrinsic difference that would be the cause of the disease.
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Transmission of the innate epithelial immune response to the
adaptive immune response
Although nasal epithelium is potentially the first cell type to come into contact with
external triggers of disease, this does not imply that it would be due to the some defect
in the epithelial response that disease would develop. Given the notion of
immunological disease and a chain of events leading from the innate to the adaptive
response at any of these stages a decision could go wrong and a disease may develop.
Our departmental research effort have focussed on the role of nasal epithelium and the
work described in this thesis focusses specifically on the role of the anti‐microbial
response. In many of the most common ENT diseases microbes are either the cause of
the disease as with infectious rhinitis, or bacteria and viruses are thought to contribute
to the symptomatology. Examples of the latter case for instance would be
Staphylococcus aureus infection or bacterial biofilms affecting nasal polyposis and
chronic rhinosinusitis or viruses inducing allergic exacerbations.26‐28
Traditionally, dendritic cells have been seen as the main protagonists responsible for
linking the innate and adaptive immune response. Indeed, the studies reported on in
this thesis do show that clear differences can be detected in the cellular makeup of
dendritic cells that could be relevant for the disease state. Recently a new cell line has
been identified that could perform a similar, but not identical role. These new cells
resemble T cells as they are also of lymphoid origin, yet they lack the T cell receptor.29
Remarkably, these innate lymphoid cells (ILCs) come in the same flavours as dendritic
cells where IL4 producing cells induce Th2 responses and INF‐gamma producing cells
stimulate Th1 responses.30,31 In addition there are there also Th17 and Th22 skewing
subtypes that like the other ILC subtypes share the transcription machinery that
governs their differentiation status in dendritic cells. Moreover the ILC Th2 subtypes
respond to the same key epithelial mediators that trigger Th2 responses (TSLP, IL25,
and IL33) in dendritic cells. In the allergy field the role of ILCs could be to help to create
a Th2 environment, but DCs still to seem to be essential for the allergen‐specificity of
the reaction as they would be able to present allergenic epitopes where ILCs would not.
Furthermore as ILCs have no T cell receptor this also precludes them from acting
downstream of dendritic cells. The role of ILCs could even be more important in nasal
polyposis. Not only are nasal polyposis relative very rich in ILC2 compared to tissues in
others diseases, but they may also offer an explanation that polyps are Th2‐skewed
despite the absence of a clear link with the atopic status of nasal polyposis patients.32
Indeed it may then not come as a big surprise that we see increased levels of TSLP
being secreted by nasal polyposis epithelial cells. This observation and the presence of
ILCs would help to explain the Th2 skewed polyp environment, however the potential
involvement of viruses does shine some new light on alternative pathogenic or
pathophysiological mechanism. It would be interesting to note that some polyposis
patients report their first awareness of the disease after experiencing a viral infection,
but admittedly this could also be due that an average patients might find it hard to
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discriminate symptoms caused by virus from those caused by nasal polyposis. A viral
hypothesis of the pathogenesis of nasal polyposis has been suggested before, but
perhaps with our report of a potential mechanism this research avenue might deserve a
second chance.33

Immune regulation and the complexity of the genetic makeup
To a certain degree it makes sense to consider groups of individuals as representatives
of a healthy or a diseased population. Even though we are all different, the diseased
individuals at least share a particular disease and studying their commonalities should
then teach us something about the disease. This approach does however assume that
the patients suffer from the same disease. While at the clinical level this could be well
established, it remains to be explored that if this is the case if than the same applies at
the molecular level. In the case of allergic rhinitis patients will have symptoms only
when exposed to the allergen they are allergic to and when exposed some symptoms
will be more prevalent than others. Different level of symptoms would or could be
triggered by different levels of a particular mediator or sets of mediators. When on top
of this we consider that there could be high and/or low affinity receptors for these
mediators, a complicated picture emerges where each diseased individual could be
suffering from his or her own personal disease.
The diseases that face the ENT specialist they share many symptoms. Rhinorrhoea or
nasal blockage, to mention only two, can be seen in allergic rhinitis, chronic
rhinosinusitis, nasal polyposis, and basically all other forms of rhinitis, despite the most
often clearly distinct aetiologies of these diseases. In regards to the molecular profiles
that will surface from the study of these diseases we must assume that some of the
molecular profiles in a given individual must be related to the specific aetiology of the
disease, while other profiles somehow will reflect the symptom experienced by that
individual. Although this may seem to further complicate our efforts to study a
particular disease, at the same time it offers a great opportunity. The commonalities
and differences between diseases (or between individuals for that matter) will provide
us with the tools to tease apart these disease and symptom specific profiles.
Whereas diseased individuals at least share their common disease this does not apply
for the control group of healthy individuals. Without the confounding factor of disease
there would potentially be a broader range of expression patterns that could define the
healthy state. The variation of expression of the TLRs in nasal epithelium ranges several
orders of magnitude in healthy controls, however this is matched by a similar spread of
expression in disease (nasal polyposis). The huge variation of TLR expression is not a
new observation in our study, but in other older studies it may have been less obvious
as it is often hidden in large standard deviations or reported ranges.8,10,11 This shows
that the immune system is able to work, probably correctly, despite these huge
variations. In the case of the TLRs we know that the ligands that trigger them are also
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able to trigger response of an alternative class of cytosolic receptors.34,35 Whether or
not these other receptors have a specific function that is not covered by the TLRs is not
known, adding to the growing complexity when we try to understand TLR contribution
to immune responses. Not only the variation of expression we detect offers some clues
to what can be considered normal, but also the mediator response that is triggered in
healthy controls provides us with a glimpse of what can be considered normal. We tend
to forget that when trying to understand the disease state is would be helpful to
appreciate what is normal. In this respect we should also be careful when extrapolating
results as a conclusion may strongly depend on what outcome measure was used to
reach that conclusion. In our experiments we saw a strong increase in TSLP protein and
mRNA expression after stimulation with poly(I:C) of polyposis epithelium and not of
healthy epithelium. However, this increase reactivity towards poly(I:C) was not seen for
IL6 or IL8. Evidently, TSLP has a different rate limiting step (or different induction
mechanism) than IL6 or IL8 so that the differential effect of poly(I:C) signalling might
never have been otherwise detected.
The variation in expressions we see at the mRNA level are not necessarily directly
reflected at the protein level and also in our experiments the variations in protein level
are often smaller than at the mRNA level. This can be understood as there will be an
additional level of regulation that governs how efficiently mRNA will be translated.
Moreover when translation, instead of transcription, is the rate limiting step leading to
the production of the protein, then increasing levels of mRNA will not automatically
lead to higher proteins levels. That knowing the rate limiting step of a given process is
an important, if not the most important, aspect in understanding the consequences of
these changes is largely unacknowledged, mostly likely because we know so little about
the complexity of the responses we are investigating. A more efficient translation
induced by flagellin probably contributes to the increased production of TSLP we could
detect in nasal polyposis epithelium, as this increased protein expression was not
mirrored at the mRNA level.

Summary and future perspectives
In this thesis we have tried to emphasise the notion that we are all different, either as a
healthy or as a diseased individual. Although this genetic or molecular complexity
results in additional challenges it also offers great opportunities. Comparing
commonalities and differences between individuals; healthy, diseased, or suffering
from another disease, would help us to understand the aetiology or pathogenesis of a
disease and what would be required to keep us healthy. Moreover this notion is
essential to the concept of personalized medicine, where each diseased individual is
thought to suffer from a highly specific disease that would require a tailored treatment
regime. Not only have we shown that we are all different, but we have also explored
the impact of the complexity of our environment. Exposure to one trigger does affect
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Figure 8.1

Nasal Mucosa on a Chip.

the responsiveness to another trigger. In nasal epithelial cells the viral trigger induces a
stronger reaction when the cells are next exposed to a bacterial trigger. This
observation would tie in with the clinical observation of bacterial super‐infections
occurring during an initial viral infection. Addressing the topic of viruses, we have
developed the notion that viruses could play a role in the pathogenesis or
pathophysiology of nasal polyposis. During these studies we have not only shown that
the disease state in nasal polyposis affects the activity of TLRs, but also that as a
consequence epithelial cells produce significant amounts of TSLP after viral exposure.
As TSLP is an important regulator of local Th2 responses this observation may go a long
way towards explaining the overall Th2‐skewed micro‐environment seen in nasal
polyps. A final thought would be that it would be interesting to develop “nasal tissue on
a chip” –model where we have reconstituted the local nasal mucosa with its complex
cellular make‐up. This would allow us not only to study the impact of the complexity of
the environment, but also include the interaction of the local tissue with immune
competent cells like dendritic cells are innate lymphoid cells that together constitutes
and regulates the initiation and differentiation of our immune responses.
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Summary
To a certain degree our notion of the immune response has matured from a limited
view of a successive action of dendritic cells, T lymphocytes and B lymphocytes into a
complex view of cross‐talk between not only these dedicated immune competent cells
but also other cells that form the local environment these cells are active in.
In this thesis we address the importance of nasal epithelial cells as an interactive
interface with the (microbial) environment and their contribution to the regulation of
local immune responses.
Chapter 1 provides an overview of our understanding of the intimate relationship
between tissue resident dendritic cells (DC) and epithelial cells. It describes different
subtypes of dendritic cells in relationship to cell surface markers that have initially been
identified on DCs in the circulation. These blood dendritic cell antigen (BDCA) markers
help to define three different cellular linages for DCs: BDCA1 and BDCA3 on two
different subtypes of myeloid DCs and BDCA2 and BDCA4 on plasmacytoid DCs.
Independent of the lineage of DCs, DCs are instrumental in defining the specific kind of
immune response that after encounter of a potential threat needs to be triggered in
local tissues. In one such scenario DC are able to instruct naïve T cells to become a T
helper 2 (Th2) cell that under normal conditions would be required to fight off
parasites. Unfortunately this same immune response is also responsible for allergic
disease when this response is triggered by in essence harmless environmental factors
like plant pollen. Especially the Th2 response highlights the notion that DCs are active
within local tissues and that the epithelium helps to shape the immune response. In the
case of the Th2 response it is epithelial express TSLP that affects the function of tissue
resident DCs so that they will convert the naïve T cell into a Th2 helper cell. The review
also stresses that we know relatively little about the cytokine/chemokine milieu
created by the airway epithelium, which should be considered as a co‐factor in the
pathogenesis of allergic airway disease and as part of the normal airway immune
responses.
Chapter 3 describes the (functional) expression of toll‐like receptors (TLR) in nasal
epithelium from healthy individuals. TLRs belong to an important class of receptors that
help to orchestrate immune responses against potential thread in our environment by
recognizing and responding to specific pathogen associated molecular patterns.
Primary nasal epithelial cells express different levels of TLR1‐6 and TLR9. We were
unable to detect mRNA of TLR7, TLR8 and TLR10. Two observations seem important for
a better understanding of the functionality of these receptors. Firstly, there is a huge
variation between individuals at the mRNA level for single TLRs that can span several
decades, and secondly, that expression of a TLR does not necessarily implies its
functionality. Indeed despite the relative high levels of TLR4 mRNA, the presence of
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TLR4 protein and its two main co‐receptors MD2 and CD14, the bacterial ligand LPS
does not induce via TLR4.
Chapter 4 investigates the functional cross talks between the different toll‐like
receptors on nasal epithelial cells. We explored whether exposure to one TLR trigger
could affect the responsiveness to another TLR trigger. Stimulation of airway epithelial
cells with a specific TLR agonist affects gene expression of other TLRs. In primary nasal
epithelium, poly(I:C) challenge results in an up‐regulation of the TLR1, TLR2, and TLR3
genes and reduction of expression of TLR5. Poly(I:C) induced activation of TLR‐2
contributes to stronger cell responses to a TLR‐2 agonist and regulation of these
synergistic responses may take place at the mRNA level of IL6 and IL8. The effect of
TLR‐3 stimulation on TLR‐2 functionality and most of the effects on the expression of
other TLRs could be replicated in NCI‐H292. Poly(I:C) failed to up‐regulate TLR1 and
showed an additional up‐regulation of TLR4. Our data suggests that to better
understand TLR mediated innate responses we need to consider the impact of the
presence of multiple triggers.
Chapter 5 shows that the disease state affects the functionality of TLR signalling. We
explored the reactivity of epithelial cells isolated from nasal polyps and healthy controls
to a broad range of TLR agonists in their ability to induce TSLP, IL25, and IL33;
mediators that play an important role in Th2 skewing of local immune responses
through the classical DCs and/or the newly discovered ILCs. Our data show that
epithelial cells from nasal polyps exposed to poly(I:C) produce a significantly higher
amount of TSLP than the turbinate epithelium from healthy individuals both at the
mRNA and protein level. We also quantified small, but significantly higher TSLP protein
secretion in polyposis epithelium after flagellin and PGN challenge. For IL33 we
observed a clear induction by multiple TLR agonists, but the level of induction mostly
did not differ between healthy or polyp epithelium, although we did see specific up‐
regulation by the TLR8 agonist R848 in healthy epithelium. IL25 levels were below the
detection limit of our assay for all the conditions we tested.
Chapter 6 investigates the role of nasal mucosal DCs in subjects with allergic rhinitis
with different allergic sensitizations and compares this to healthy control subjects.
Using immunohistochemical stainings we demonstrate the presence of 4 previously
unidentified DC subsets in human nasal mucosa: mDCs characterized by CD1c and
CD141 and pDCs characterized by CD303 and CD304. Moreover, we found that
numbers of DC subsets differ between subjects with different allergic sensitizations.
At baseline, cell numbers of the mDC marker CD1c in the lamina propria tended to be
higher in pollen‐monosensitized subjects than in polysensitized subjects. These high
baseline levels of mDCs in pollen mono‐allergic subjects could reflect ongoing minimal
persistent inflammation outside of the pollen season.
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The mDC/pDC ratio is equal for allergic and healthy subjects; however, after nasal
provocation, the ratio in healthy subjects decreases while remaining the same in
allergic subjects. This suggests a lack of immunosuppression in allergic subjects.
Chapter 7 describes the composition of human DC subtypes in the oral mucosa of
allergic and non‐allergic individuals. We studied the tissue distribution of myeloid,
plasmacytoid and Langerhans‐type DCs in the oral mucosa and compared these to nasal
DCs in the same individuals, which were studied in Chapter 6. Significantly more CD141
positive mDCs in epithelium and CD1a positive Langerhans cells in the lamina propria in
allergic individuals were found in comparison to healthy subjects. In both allergic and
non‐allergic subjects very low numbers of CD303 positive Langerhans cells were
expressed.
A general discussion and overall conclusions from the results obtained are presented in
Chapter 8.
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Tot op zekere hoogte heeft ons inzicht in de immuunrespons zich ontwikkeld vanuit een
vereenvoudigd model van een opeenvolgende (inter)actie tussen dendritische cellen,
T‐lymfocyten en B‐lymfocyten tot een meer complex model van interactie tussen niet
alleen deze speciale immuun competente cellen, maar ook met andere cellen die lokale
omgeving vormen en daar actief zijn.
In dit proefschrift richten we ons op de betekenis van nasale epitheelcellen als een
interactieve interface met de (microbiële) omgeving en hun bijdrage aan de regeling
van de regulering van de lokale immuunrespons.
Hoofdstuk 1 geeft een overzicht van ons begrip van de intieme relatie tussen in het
weefsel aanwezige dendritische cellen (DC) en epitheelcellen. Het beschrijft
verschillende subtypes van dendritische cellen op basis van oppervlakte markers die in
eerste instantie zijn geïdentificeerd op DCs aanwezig in de bloedcirculatie. Deze “blood
dendritic cell antigen” (BDCA) markers helpen om drie verschillende cellulaire lijnen te
definiëren: BDCA1 en BDCA3 op twee verschillende subtypes van myeloïde DCs en
BDCA2 en BDCA4 op plasmacytoïde DCs.
Onafhankelijk van hun geslacht zijn DCs belangrijk bij het bepalen van de specifieke
aard van de immuunrespons, die na het detecteren van een potentiële bedreiging
wordt geactiveerd in de lokale weefsels. In een dergelijk scenario is de DC in staat om
naïeve T‐cellen te activeren tot een T‐helper 2 (Th2) cellen, die onder normale
omstandigheden noodzakelijk zijn voor de eliminatie van parasieten.
Helaas is dezelfde immuunreactie ook verantwoordelijk voor het ontstaan van allergie
wanneer deze immuunreactie getriggerd wordt door in essentie onschadelijke
omgevingsfactoren zoals bijvoorbeeld plantenpollen. Vooral de Th2 respons wijst op
het idee dat DCs actief zijn in de lokale weefsels en dat het epitheel helpt om de
immuunrespons vorm te geven. In het geval van de Th2 respons is het door het
epitheel geproduceerde TSLP dat de functie van de in het weefsel aanwezige DCs
beïnvloedt zodat zij de naïeve T‐cel zal activeren tot een Th2‐helpercel.
Het review maakt ook duidelijk dat we relatief weinig weten van het cytokine en
chemokine milieu in het luchtwegepitheel, dat als cofactor moet worden overwogen in
de pathogenese van allergische luchtwegaandoeningen en als onderdeel van de
normale luchtwegen immuunreacties.
Hoofdstuk 3 beschrijft de (functionele) expressie van de Toll‐like receptoren (TLR) in
nasale epitheelcellen van gezonde individuen. TLRs behoren tot een belangrijke klasse
van receptoren die helpen immuunresponsen tegen potentiële bedreigingen in ons
milieu te orkestreren door het herkennen van en reageren op specifieke pathogeen
geassocieerde moleculaire patronen.
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Primaire nasale epitheliale cellen brengen verschillende niveaus van TLR1‐6 en TLR9 tot
expressie. We waren niet in staat om mRNA te detecteren van TLR7, TLR8 en TLR10.
Twee observaties lijken belangrijk voor een beter begrip van de functionaliteit van deze
receptoren. Ten eerste is er een grote variatie tussen individuen op mRNA niveau van
enkele TLRs dat tot enkele tientallen kan reiken, en ten tweede, expressie van TLR
mRNA niet noodzakelijkerwijs de functionaliteit impliceert.
Ondanks de relatief hoge niveaus van TLR4 mRNA, de aanwezigheid van TLR4‐eiwit en
de twee co‐receptoren CD14 en MD2, induceert de bacteriële LPS ligand niet via TLR4.
Hoofdstuk 4 onderzoekt de functionele intermodulatie tussen de verschillende toll‐like
receptoren op nasale epitheelcellen. We onderzochten of blootstelling aan een TLR
agonist invloed kan hebben op de respons op een andere TLR agonist. Stimulatie van
epitheelcellen van de luchtwegen met een specifieke TLR agonist beïnvloedt
genexpressie van andere TLRs. In primair nasaal epitheel, stimulatie met poly (I: C)
resulteert in een up‐regulering van de TLR1, TLR2 en TLR3 genen en vermindering van
de expressie van TLR5. Poly (I: C) activatie van TLR‐2 draagt bij aan een sterkere cel
reactie met een TLR‐2 agonist en regulering van deze synergistische reacties zouden
kunnen plaatsvinden op het mRNA‐niveau van IL6 en IL8. Het effect van TLR‐3
stimulering op TLR‐2 functionaliteit en de meeste effecten op de expressie van andere
TLRs zien we terug in NCI‐H292. Poly (I: C) niet up‐reguleren TLR1 en liet een
additionele upregulatie van TLR4 zien.
Onze uitkomsten suggereren dat we om beter inzicht in TLR gemedieerde “innate”
responsen te krijgen, we de invloed van meerdere triggers dienen te overwegen.
Hoofdstuk 5 laat zien dat ziekte invloed heeft op de functionaliteit van TLR signalering.
We hebben de reactiviteit van epitheliale cellen, geïsoleerd uit neuspoliepen en
gezonde individuen, onderzocht op een groot aantal TLR‐agonisten in hun vermogen
om TSLP, IL25 en IL33 te induceren; mediatoren die een belangrijke rol spelen in Th2
‘skewing’ van de lokale immuunrespons spelen via de klassieke DC en/of de nieuw
ontdekte ILC.
Onze gegevens tonen aan dat epitheelcellen van neuspoliepen blootgesteld aan poly
(I: C) een aanzienlijk grotere hoeveelheid TSLP produceren dan concha inferior epitheel
van gezonde individuen zowel op mRNA als op eiwitniveau.
We hebben ook een kleine, maar significant hogere TSLP eiwit secretie in polyposis
epitheel gemeten na stimulatie met Flagellin en PGN. Voor IL33 zagen we een duidelijke
inductie door meerdere TLR‐agonisten, maar het niveau van inductie verschilde
meestal niet tussen gezond of poliep epitheel, hoewel we daar specifieke up‐regulering
door de TLR8 agonist R848 in gezonde epitheel zagen. IL25 waarden waren lager dan de
detectielimiet in onze analyse van alle voorwaarden die wij getest hebben.
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Hoofdstuk 6 onderzoekt de rol van DCs in het neusslijmvlies bij personen met
allergische rhinitis met verschillende allergische sensibilisaties in vergelijking met
gezonde proefpersonen. Met behulp van immunohistochemische kleuringen tonen we
de aanwezigheid van 4 eerder geïdentificeerde DC subtypes aan in menselijk
neusslijmvlies: mDC worden gekenmerkt door CD1c en CD141 en pDCs worden
gekenmerkt door CD303 en CD304.
Daarnaast vonden we dat het aantal DC subtypes verschilt tussen allergische personen
met verschillende allergische sensibilisaties. Op baseline was het aantal CD1c+ DC in de
lamina propria het hoogste in graspollen mono‐gesensibiliseerde dan in poly‐
gesensibiliseerde proefpersonen. Deze hoge uitgangswaarden van mDC in graspollen
mono‐gesensibiliseerde proefpersonen zouden kunnen duiden op aanhoudende
inflammatie bij afwezigheid van graspollen allergeen buiten het seizoen.
De mDC/pDC‐ratio op baseline is gelijk bij allergische en gezonde personen; echter na
allergeen provocatie neemt deze verhouding af in gezonde proefpersonen terwijl dit bij
allergische patiënten niet veranderd. Dit wijst op een gebrek aan immunosuppressie bij
allergische personen.
Hoofdstuk 7 beschrijft de verdeling van humane DC subtypes in het mondslijmvlies van
allergische en niet‐allergische individuen. We bestudeerden de weefselverdeling van
myeloïde, plasmacytoïde en Langerhans‐type DCs in het mondslijmvlies en vergeleken
dit met nasale DCs in dezelfde individuen, die werden bestudeerd in Hoofdstuk 6.
Significant meer CD141 positieve mDC in epitheel en CD1a positieve Langerhans cellen
in de lamina propria bij allergische personen bleken aanwezig in vergelijking met
gezonde proefpersonen. In zowel allergische en niet‐allergische proefpersonen waren
zeer lage aantallen CD303 positieve Langerhans cellen aanwezig.
Een algemene discussie en algemene conclusies uit de resultaten verkregen in dit
proefschrift worden gepresenteerd in Hoofdstuk 8.
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Abbreviations
AR
BDCA
BM
COPD
CpG
DC
DC‐SIGN
ELISA
FGF
G‐CSF
GP
HBSS
HDM
HE
HEV
ICAM
IL
IP‐10
LDC
LP
LPS
MACS
mDC
MIP‐1β
Mono‐GP
MONO‐HDM
NHS
NP
oDC
PAMP
PBS
pDC
PGN
Poly (I:C)
Poly‐provGP

allergic rhinitis
blood dendritic cell antigen
basal membrane
chronic obstructive pulmonary disease
cytosine – phosphate ‐ guanine
dendritic cells
dendritic cell‐specific intercellular adhesion molecule‐3‐grabbing non‐
integrin
enzyme‐linked immuno sorbent assay
fibroblast growth factor
granulocyte colony‐stimulating factor
grass pollen
hanks’ balanced salt solution
house dust mite
hematoxylin eosin
high endothelial venules
intercellular adhesion molecule
interleukin
interferon gamma‐induced protein 10
Langerhans type dendritic cell
lamina propria
lipopolysaccharide
magnetic activated cell sorting
myeloid dendritic cell
macrophage inflammatory protein 1 beta
subjects with mono‐sensitization to grass pollen allergen and relevant
symptoms
subjects with mono‐sensitization to house dust mite allergen and
relevant symptoms
normal human serum
nasal allergen provocation
oral dendritic cell
pathogen‐associated molecular patterns
phosphate buffered saline
plasmacytoid dendritic cell
peptidoglycan
poly (deoxyinosinic‐deoxycytidylic) acid
subject with poly‐sensitization and relevant symptoms, who
underwent allergen provocation with grass pollen allergen
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Poly‐prov HDM subject with poly‐sensitization and relevant symptoms, who
underwent allergen provocation with house dust mite allergen
PRR
pattern recognition receptors
qPCR
quantitative polymerase chain reaction
RANTES
regulated upon Activation, Normal T‐cell Expressed, and Secreted
RAST
radioallergosorbent test
RSV
respiratory syncytial virus
RT‐PCR
realtime PCR
SCIT
subcutaneous allergen immunotherapy
SLIT
sublingual allergen immunotherapy
TGF
transforming Growth Factor
Th
T helper cell
TLR
toll‐like receptor
TNF‐α
tumor necrosis factor‐alpha
TNSS
total nasal symptom score
VEGF
vascular endothelial growth factor
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