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Recent findings
There are some phenotypical differences between myeloid dendritic cells and
plasmacytoid dendritic cells in different types of rhinitis. Since it has become possible to
perform functional studies on purified dendritic cell populations obtained from the upper
airway mucosa, a number of studies have appeared. Some confirm that thymic stromal
lymphopoietin is present in the nasal mucosa and that it may influence dendritic
cell-T-cell interaction in a pro-Th2 way. Epithelial cells share several characteristics
with dendritic cells, but they cannot migrate and move antigens to draining lymph nodes.
Summary
Several functional dendritic cell studies have been published indicating that there are
disease-dependent dendritic cell differences in rhinitis. In addition to these differences,
factors like epithelial cells and T cells influence dendritic cells. Several new therapeutic
options are available targeting direct or indirect dendritic cell functions.
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dritic cells form an intensive network of cells between the
epithelial cells [1-3]. Dendritic cells can open the tight
junctions that allow dendrite to sprout beyond the epi-
thelium [3,4°°]. The dendritic cells can sample the
lumen, as has been observed in the lower airway [5].
Moreover, the epithelium and the epithelial lining fluid
contain all kind of cytokines and chemokines that can
stimulate or trigger dendritic cells [6]. The dendritic cells

Introduction

The nose is the part of the human body with mucosal tissue
that comes into contact with inhaled airand is continuously
exposed to pathogens. Protection against these threats
requires a good physical barrier and defence mechanisms
that guard against potentially harmful invading pathogens.
When this protection proves insufficient, immune cells

Provide a 'second line F)f defeqce. Dendritic C.C.HS are are activated when they are triggered by their pathogen-
important immune cells in the epithelium. Dendritic cells recognizing molecules in the ‘pathogen-associated mol-
are in close relation to epithelial cells and they can be ecular pattern’ (PAMP) — Toll-like receptors (TLRs)
activated by harmful invading pathloger%s, and by CytOkiI_“fS nucleotide binding and oligomerization domain (NOD)-
and chemokines Produced by eplth.ehal cells. DCndI’l.th like receptor (NLR) pathways. Dendritic cells can also be
_CCHS serve as a link between the innate and a'daptlve activated through triggering of the IgE receptor (FceRI)
immune systems. Mucosal dendritic cells are very import- or IgG receptors (FeyR) and through complement factors.

antin the process of antigen uptake and antigen presen- During activation, they change from immature dendritic
tation. M(.)reover, they act aslsentlnels, preventing injury cells into mature dendritic cell phenotypes.
by potentially harmful invading pathogens.

Dendritic cell migration from peripheral tissue
Dendritic cell activation to draining lymph nodes

In steady-state conditions, few of these professional Once dendritic cells have been activated, they express
antigen-presenting cells (APCs) are present. These den-  CCR7 and react to chemokines, signalling CCL19
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(MIP3B) and CCL22 (MDC). Dendritic cells then start to
migrate in the direction of a lymph node. This process is
generally the same for all immune responses, as has been
shown in skin painting studies of the migration of den-
dritic cells/Langerhans cells from the epidermis to the
draining lymph node, and in the lower airways by intro-
ducing Fitc into alveolar space that can traced back in the
mediastinal lymph node. Moreover, in the upper airways,
this is indicated by (tumour-specific pulsed) dendritic
cells introduced by injection into the nasal inferior tur-
binates and traced back to the injection side of the nose
and the regional lymph nodes [7]. Tumour-specific T-cell
reaction was found in the ipsilateral, but not in the
contralateral, lymph nodes [7]. Although the dendritic
cells used in this study were blood-monocyte-derived
dendritic cells, they still had a clear localized draining and
migration pattern. Similar observations have been made
in models by introducing Carboxyfluorescein succinimi-
dyl ester (CFSE)-labelled murine dendritic cells into the
nasal mucosa in droplet form. This resulted in detectable
CFSE-labelled dendritic cells in the nasal mucosa in the
nasal-associated lymphoid tissue (NALT) and in the
cervical lymph node which drains the nose. No CFSE-
labelled cells have been detected in either the mediast-
inal lymph node or in the lung [8].
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mation [11], although we were unable to prove this in
allergic rhinitis models [2].

Discovering the source of rhinitis

How are these dendritic cells activated? Which pathways
are involved during activation? Which cytokine do they
produce? These questions need answers because dendritic
cells may carry the ‘fingerprint’ of the source, which could
be very helpful in furthering research and clarifying how
the harmful invading ‘bugs’ cause, and are responsible for,
the disease. Moreover, it would be of interest to know how
dendritic cells in CRS with or without polyps get activated.
Which PAMPs are involved? Which pathways are acti-
vated? Moreover, it would be important to see whether
damage-associated molecular patterns (DAMPs) are
involved and to study exposure to all kinds of harmful
agents such as cigarette smoke, ozone, diesel particles, fine
particles and ultra fine particles. The need for additional
study of the MHC peptides present in the MHC groove
may show what kinds of protein are responsible for den-
dritic cell activation and, ultimately, T-cell activation and
stimulation in different types of rhinitis. Proteomics could
be very helpful in identifying the source. At the moment,
little or no data are available in this field of rhinitis.

Phenotypic variation in myeloid dendritic cell/
plasmacytoid dendritic cell ratio in different
upper airway diseases

"The presence of myeloid dendritic cells (mDCs)—plasma-
cytoid dendritic cells (pDCs) studied in chronic rhinosi-
nusitis (CRS) indicates that the majority of the dendritic
cells are of the mDC phenotype in CRS without polyps,
whereas there are more pDCs in CRS with polyps; the
levels for control patients were between the levels for CRS
with and without polyps [9]. In blood, the mDC/pDC ratio
was highest in CRS without polyps and different from CRS
with polyps and controls, which do not differ from each
other. Nasal mucosa T cells in CRS with polyps showed a
higher CXCR3/CCR4 ratio (representing the Th1/Th2
ratio) than CRS without polyps and controls. This suggests
that T cells in CRS with polyps have a more pro-Th2
phenotype [9], although transcription factors for T-Bet
Th1 or Gata3 Th2 are more specific for T-helper pheno-
types. These results can be seen as an important step.
However, additional research is needed because it is
extremely difficult to draw functional conclusions from
these dataabout pro-Th1 or pro-Th2. In Th2 diseases, low
cytometric analysis from blood identified a higher pro-
portion of mDCs and, in infections, a higher proportion of
pDCs. Moreover, in general, there 1s a lower percentage of
pDCs in allergic patients than healthy controls [10]. The
ratio mDC/pDC in healthy individuals is nearly one. The
depletion of pDCs in asthma models indicates an increase
in severity of, and susceptibility to, eosinophilic inflam-

Functional aspects of nasal mucosa dendritic
cells

Myeloid dendritic cells isolated from nasal turbinate
express higher levels of FceRI in atopic patients than
in nonatopic patients [12°°] (Fig. 1). The dendritic cells
from atopic patients produce IL.-6 and TNFa upon
activation via the FceRI [12°°]; dendritic cells from non-
atopic patients produce IL-10 [12°°]. When dendritic
cells were cultured with IL-4, they inhibited FceRI-
mediated IL.-10 production [12°°]. 'This result suggests
that the function of FceRI can alter depending on the
micro-environment and can vary from a proinflammatory
phenotype in atopic patients to an immune-suppressive
phenotype in nonatopic patients.

Myeloid dendritic cells isolated from surgically removed
nasal mucosa and sorted by Magnetic-activated cell sorting
(MACS) express muscarinic receptor 3. When cells are
activated with metacholine binding M3, induction of the
OX401 expression in dendritic cells is observed. Staphy-
lococcal enterotoxin B (SEB) increases the expression of
M3 in dendritic cells in a dose-dependent way [13°].

Dendritic cells in Waldeyer’s ring

Plasmacytoid dendritic cells obtained from the tonsils
represent approximately 65% of the total tonsil dendritic
cell population. They have a partially immature pheno-
type, expressing HLA-DR and CD40 but low levels of
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Figure 1 FccRIl cross-linking induce the production of pro-
inflammatory cytokine like TNF-«
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The TNF-a production stops due to the production of IL-10. This IL-10
effect could be inhibited by IL-4; moreover IL-4 induces the expression of
FceRIl molecules and the maturation of dendritic cells.

other costimulating markers like OX401, CD80, CD83,
PDL1 and B7RP1 (ICOSL). Plasmacytoid dendritic cells
isolated from tonsils have the capacity to generate func-
tional CD4+FOXP3+ Tregs [14]. Dendritic cells iso-
lated from tonsils (mDC and pDCs) respond similarly:
IL-12p70 release, upon stimulation with IFN-y, anti-
CD40 and LPS, which are strong and potent dendritic
cell activators. Poli IC inhibited activation by IFN-v,
anti-CD40 and LPS from tonsil dendritic cells [15].

Functional differences between blood
dendritic cells obtained from allergic patients
and healthy controls

Myeloid (CD1c+) dendritic cell frequencies are higher in
patients with grass pollen allergic rhinitis than in healthy
controls. The levels of peripheral blood CD1c+ dendritic
cells are unaltered after 7 days of nasal allergen challenge
in allergic rhinitis patients, suggesting that, if there is
extravasation into the shock organ shortly after allergen
challenge, as reported in asthmatics after inhaled allergen
challenge, replenishment to the original levels has
already occurred or — in a less likely scenario — that
there is no extravasation during challenge or after the
challenge period [16]. The CDIlc+ dendritic cells
expressed the highest level of FceRI mRNA and
expressed the surface protein FceRI, which was found
in eclevated levels upon allergen challenge [16]. It is
known from blood mDCs that, upon FceRI stimulation,
they produce TNF-a, which peaks at 4 h, followed by a
decline in the production of TNF-a and an increase in
IL-10 which reaches a maximum 30 h after FceRI stimu-

lation [17]. At that point, TNF-a production has come to
a complete stop because IL-10 inhibits the de-novo
synthesis of TNF-a by blood mDCs upon FceRI stimu-
lation. Moreover, IL-10 has no effect on costimulatory
molecule expression or FceRI expression, whereas IFNs
counteract the FceRI-dependent proinflammatory cyto-
kine response [17]. This induction can alter the immune
suppression action of I1.-10, which offsets the production
of proinflammatory cytokines like TNF-a.

When blood plasmacytoid dendritic cells isolated with
BDCAZ2 were stimulated with CpG (an agonist of TLLR9),
the levels of IFN-a were six times higher in nonallergic
than in allergic patients [18]. When allergic rhinitis
patients with an allergy to House Dust Mite (HDM)
underwent subcutaneous immunotherapy (SCIT) immu-
notherapy, dendritic cells function altered, restoring den-
dritic cell TLR9-mediated IFN-a production in a five-
fold increase, approaching the levels in nonallergic indi-
viduals [19].

The influence of the micro-environment on
dendritic cells: a role for thymic stromal
lymphopoietin

Thymic stromal lymphopoietin (T'SLP) triggers dendri-
tic cells to promote Th2 responses. In recent decades,
data have accumulated that appear to suggest that TSLP
is a very important cytokine, being produced by epithelial
cells, usually in the airways that stimulate dendritic cells,
in such a way so that they promote T cells to produce Th2
cytokines [20]. TSLPs were discovered first in relation to
atopy and proved to be important in atopic dermatitis
[21]. Dendritic cells express the receptor complex for
T'SLP, which consists of a hetrodimer of TSLPR and IL-
7ra. TSLP in the absence of IL.-12 induces the expression
of OX40l in dendritic cells. The interaction between
OX40 on T cells and OX401 on dendritic cells is critical
for dendritic cell ability to drive Th2 differentiation
[22°°]. Moreover, T'SLP-activated dendritic cells support
the maintenance and polarization of CRTH2-positive
"Th2 effector memory cells [22°°]. Anti-TSLP treatments
are novel treatment opportunities [20].

In vivo in nasal mucosa, dendritic cells are located in
the epithelium and lamina propria. The intraepithelial
location allows the dendritic cells to sample the lumen
and there is possible influence from both the luminal
and epithelial sides. Ongoing suggestions about an
important role for TSLP and the presence of TLSP
in the nasal mucosa have been proven (Fig. 2). Several
studies have mentioned the presence of T'SLP in aller-
gic rhinitis [4°°,23,24°,25]. TSLP mRNA expression is
significantly increased in the nasal mucosa of allergic
rhinitis patients compared with controls [4°%,23,24°,25].
This is confirmed by other techniques like Western
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Figure 2 Elevated numbers of dendritic cells are present in the inflamed nasal mucosa epithelium of allergic rhinitis patients
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Epithelial cells produce all kinds of proinflammatory cytokines and chemokines like TSLP, IL-25 and IL-33. TSLP binds to the TSLP receptor and IL-7-
receptor on dendritic cells to maintain the Th2 response. II-25 and IL-33 are important chemokines for the recruitment of Th2 cells. TSLP, Thymic

stromal lymphopoietin.

blot, immunohistochemistry, ELISA and mRNA
[4°°,23,24°,25]. Correlations between levels of 1L-4
mRNA and TSLP mRNA suggest a close relationship
between these two cytokines [25]. Moreover, IL-4 is,
at least iz vitro, an important dendritic cell differen-
tiation cytokine, supporting dendritic cell-dependent
Th2 differentiation. Furthermore, murine studies
showed that IL-13 induces TSLP expression in a
statb-dependent way. Stat6 is a signal transduction
protein downstream from the IL-4/IL-13 receptor. Mice
treated with IL-13 intranasally show cosinophilia and
goblet cell hyperplasia and the expression of TSLP in
the nasal mucosa. This suggests that TSLP may act not
only downstream from I1.-13 but also upstream from IL.-
13, supporting and maintaining allergic inflammation
[24°]. Epithelial cells are the predominant cellular
source of TSLP, as detected by immunohistochemistry
[4°°]. Moreover, it has been suggested that mast
cells regulate epithelial TSLP expression [24°].
Nasal fibroblast can produce TSLP in response to both
TNF-a and IL-4/IL-13 stimulation [26]. The obser-
vation that dendritic cells are in close proximity to
T'SLP-positive epithelial cells suggest major physiologi-
cal consequences for dendritic cell functions [4°°]. Inter-
estingly, it has been observed that chitin, a biopolymer
found in fungal cell walls and the exoskeleton of insects,
lowers the expression of TSLP only in sinonasal epithelial
cells derived from patients with recalcitrant CRS with
nasal polyps [23]. Dendritic cells are continuously influ-

enced by other chemokines and cytokines produced by the
epithelium, such as CCL20 (MIP3a) and GM-CSF. The
latter is an important growth factor for dendritic cells.
Moreover, the epithelium can produce the pro-Th2 cyto-
kines CCL11 and CCL17. The epithelium not only
has a direct impact on dendritic cells; it also affects the
production of IL-33 and IL.-25 (Fig. 2). IL.-33 and IL.-25 are
cytokines that drive the production of Th2-associated
cytokines and function as a chemo-attractant for Th2 cells.
IL-33 expression is higher in epithelial cells cultured
from the sinus nasal mucosa of patients with treatment-
recalcitrant chronic rhino sinusitis with polyps than in
treatment-responsive patients [27].

Epithelial cells fulfil some dendritic cell
functions

Epithelial cells play several supportive roles in the defence
mechanism. Dendritic cells are located primarily in the
epithelium [2,3]. They anchor in the epithelium with tight
junctions [3,4°°]. In addition to producing inflammatory
cytokines related to dendritic cells and T cells, epithelium
can act as an APC [28,29]. However, the difference with
dendritic cells is that epithelial cells cannot migrate to a
draining lymph node, even though they may play an
important role in the secondary immune response and
in maintaining immune responses. Moreover, epithelial
cells clearly share characteristics with APCs, such as the
presence of all kinds of costimulatory molecules like
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CD80, CD86, PD-1.1, PD-L.2 ICOS-L [29,30]. Several of
these molecules can be induced by TLR ligands and other
ligands like I'TIM and NOD that trigger the epithelium.
The epithelium in general contains T cells that express
certain integrins and other molecules for the structural
support of the epithelium [30].

Dendritic cells and T cells in the nasal mucosa
It 1s known that dendritic cells can cluster with T cells,
resulting in a focal dense infiltrate in the nasal mucosa [2].
In-vitro studies of dendritic cell/T-cell interaction indicate
that memory CD4+ T cells can change the transcriptional
profile of dendritic cells. Blood memory CD4 T cells can
educate dendritic cells and induce the up-regulation and
down-regulation of several genes, which can be indepen-
dent of the allergic status of the patient [31]. Moreover,
CD30 (TNF receptor) and MMP25 were up-regulated in
blood-monocyte-derived dendritic cells when subjected to
memory T'-cell co-culture. ICOSL up-regulation occurred
exclusively in educated dendritic cells from allergic
patients [31]. Furthermore, nasal mucosal tissue T cells
clearly produced IFN-y in CRS patients [32]. These
observations support the close relationship between T
cells and dendritic cells and vice versa because memory
T cells are instructed by dendritic cells earlier in their
proliferation to become activated and antigen-specific.
"This observation illustrates once again that once dendritic
cells have been instructed wrongly, it is very difficult
indeed to re-instruct the cascade of dendritic cell/T-cell
interaction in a nonpathological way.

Targeting dendritic cells and dendritic cell
functions

Specific immunotherapy (SI'T) suppresses Th2 responses
via the modulating T'-cell immunoglobulin mucin domain
molecule (TIM)1 with its ligand, TIM4, on dendritic cells
[33]. Dendritic cells express TIM4, which is a ligand of
TIM1,0n CD4 T cells and induces their development into
Th2 cells. Fluorescence-activated cell sorting (FACS)
analysis has shown that there are more TIM1IL-4" T
cellsin the blood of allergic rhinitis patients compared with
healthy controls [33]. The levels of these T cells declined
gradually to control level after 5 days of culture, the result
of the natural decay of TIM1 expression during culture
[33]. Moreover, dendritic cells play a critical supportive
role in maintaining the levels of IL.-4, but not of [IFN-y, via
"TIM4, which is expressed at higher levels in blood den-
dritic cells in allergic rhinitis. Analysis has shown that there
is more expression of TIM4 in allergic rhinitis dendritic
cells compared with healthy control dendritic cells [33].
Confirming the importance for TIM4 of dendritic cells,
"TIM4 can be silenced with SiRNA and 'TIM1 expression
declines accordingly. In allergic rhinitis patients treated
with SI'T, TTM4 expression is suppressed in dendritic cells

[33]. In addition, in CRS, Staphylococcal enterotoxin B
(SEBs) induce and enhance TIM4 expression in dendritic
cells that drive naive T cells in a Th2 direction [34].
Immune complexes can modulate TIM4 in such a way
that, through via FcgRI, they enhance or reduce the
expression of TIM4 in dendritic cells. The observation
that the major allergen of house dust mite, the Dermato-
phagoides pteronyssinus (Der)/IgG/FccRI complex, was
detected in dendritic cells from patients with allergic
rhinitis before SIT, whereas high levels of Der/IgG/
FccRIT complex were detected in dendritic cells after
SIT suggests that the dendritic cells were reprogrammed
via the immune complexes present [33].

Other experimental methods in models indicate that
CDA40 silenced dendritic cells with minimal expression
of CD40 and that pretreatment with SiRNA-silenced
CD40 [35°°]. OVA dendritic cells were less potent as
inducers and initiators of the immune response, as has
been shown by the restimulation of spleen-cell prolifer-
ation, and they do not produce IL-4 and IL-5 [35°°].
Furthermore, OVA-specific serum IgE and IgG are not
found in animals immunized with SiCD40 OVA dendritic
cells. The local nasal response measured with nasal
symptoms and tissue eosinophilia, serum OVA-specific
IgE and IgG1 and spleen lymphocyte proliferation and
cytokine production dropped after treatment with
SiCD40 OVA dendritic cells compared with control den-
dritic cells or with PBS treatment, suggesting an active
mechanism that suppresses the Th2 response [35°°].
OVA-specific active suppression results from the induc-
tion of Tregs and supports an active role for Tregs. In
addition, the induction of Tregs is very important in the
reduction of airway inflammation [35°°].

In addition to these experimental therapeutic opportu-
nities, there are several others that target dendritic cells
directly or indirectly. The PI3K delta inhibitors open up a
unique opportunity for the selective blocking of type I
IFN production by pDCs, while preserving NF-kB-
dependent responses that are induced in response to
threats that could have important proinflammatory or
regulatory effects through the modulation of T-cell
responses [36]. CCR2 antagonist blocking CCR2 may
modulate the key mechanisms of fibroblast differentiation
into myofibroblasts. The expression of MCP-1 is elevated
in various diseases characterized by chronic inflammation
and large numbers of infiltrating monocytes [37]. CRTH2
antagonist treatments may target dendritic cells indirectly
to prevent the influx of Th2 cells which will then be
prevented from stimulating dendritic cells [38].

Conclusion
Dendritic cells play an important role in rhinitis. Dendritic
cells together with epithelial cells play an important role in
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the immunological defence mechanism from innate to
adaptive immune response of the upper airways. There is
still a lot to discover in CRS with or without polyps. With
new techniques, it is possible to dig deeper into the
immune problems of the diseased tissue and it would be
worthwhile to identify more of the functional possibi-
lities of dendritic cells in the diseased upper airway.
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