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ABSTRACT 
Airway inflammation is a defining feature of allergic rhinitis and asthma. Bacterial and 
viral infections are known to cause exacerbations of both diseases, but knowledge 
about the mechanisms involved is limited. The pattern-recognition receptors (PRRs) 
comprise several receptor families which recognize microbial structures or host-derived 
danger signals, and trigger an immune response. The Toll-like receptors (TLRs) are the 
best characterized set of receptors, but another family of PRRs, the Nod-like receptors 
(NLRs), has recently been described. The TLRs and NLRs are found both in leukocytes 
and structural cells throughout the airways and are becoming increasingly implicated in 
airway inflammation. This thesis characterizes the presence and functional response of 
various members of the TLR and NLR families. 

Lipopolysaccharide (LPS) is found in the cell wall of Gram-negative bacteria and 
exerts its effects through TLR4. In the first three papers nasal LPS challenge was used 
as a method to study neutrophil inflammatory responses in the nose. In the first paper 
we explored if the upper airways could be used as a model for inflammatory events in 
the lung. LPS-induced neutrophil inflammation in the nose was inhibited and the results 
compared with findings in a study of similar design on the lower airways. The nasal 
model was found to mimic the responses seen in the lower airway study, with no signs 
of systemic activation or adverse effects. This suggests the nasal LPS model to be a 
safe and convenient method for studying neutrophilic airway inflammation. The nasal 
model was subsequently used in the second paper to analyze the role of macrophage 
inflammatory protein (MIP)-1α in LPS-induced local inflammation. The LPS challenge 
resulted in a neutrophil-mediated secretion of MIP-1α, dependent on the nuclear factor 
(NF)-κB, protein kinase C (PKC) and p38 mitogen activated protein kinase (MAPK) 
pathways. LPS also delayed neutrophil apoptosis in vitro, suggesting that the secretion 
of MIP-1α may be boosted by a prolonged neutrophil survival. This indicates that MIP-
1α plays a role in neutrophilic airway disease.  

In the third paper we investigated whether symptomatic allergic rhinitis affected the 
expression of TLR4 in nasal lavage, blood and bone marrow. Provocation with LPS in 
a milieu of allergic inflammation, caused by allergen challenge, resulted in a release of 
cytokines like interleukin (IL)-4, IL-5, IL-10, IL-13, Interferon (IFN)-γ and tumor 
necrosis factor (TNF)-α. No such cytokine release was seen with either allergen or LPS 
alone, nor when LPS preceded allergen.  The systemic up-regulation of TLR4 seen 
during on-going allergic rhinitis might contribute to the presently seen increase in LPS 
response. It is therefore tempting to extrapolate these findings to a clinical situation in 
which a local infection can cause exacerbation or aggravation of allergic symptoms. 
The systemic up-regulation of TLR4 seen during symptomatic allergic rhinitis might 
contribute to the observed increase in response when LPS was applied following 
allergen challenge. The results strengthen the suggestion that a local infection may 
exacerbate allergic inflammation.  

The fourth study aimed to visualize the effects of allergen on two major populations of 
dendritic cells, the myeloid (mDCs) and the plasmacytoid dendritic cells (pDCs), in the 
nose of patients with allergic rhinitis. Allergen challenge increased the number of pDCs 
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in the nasal sub-epithelium. In vitro studies of pDCs revealed that they could be 
activated by TNF-α, IL-4 and CpG stimulation, and that TNF-α caused a higher 
activation among atopic than non-atopic subjects. The data support the notion of mDCs 
and pDCs as distinct populations with different roles in the allergic process. Further, it 
suggests that the pDCs observed upon allergen challenge might be of an activated 
phenotype and play a role in the course of allergic rhinitis. 

The fifth study focused on the effects of TLR7 stimulation on airway smooth muscle 
contraction. Guinea pig tracheas were stimulated with the TLR7 agonists R837 and 
R848 for three days, and the contractile response along with the underlying signal 
pathways were investigated in a myograph model. TLR7 stimulation was found to 
reduce airway smooth muscle contraction in an epithelium-independent manner, 
dependent on p38 MAPK and NF-κB pathways. This indicates that TLR7 stimulation 
can be part of a protective mechanism against virus infection and that TLR7 deficiency 
might be a cause of airway disease. Further, it suggests that TLR7 ligands might be a 
future option for treatment of airway hyperresponsiveness. 

The sixth study characterized the expression and function of NLRs in neutrophils, with 
focus on Nucleotide-binding oligomerization domain (NOD)1, NOD2 and NACHT-
LRR-PYD binding protein (NLRP)3. An expression of NOD2 and NLRP3 protein and 
mRNA was found in isolated neutrophils. NOD2 activation resulted in IL-8 secretion 
and a change in neutrophil phenotype, while activation of NLRP3 caused secretion of 
IL-1β. Both receptors caused an increased neutrophil migration. The findings might 
reflect a previously unknown pathway for activation of these cells.  
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BACKGROUND 
THE RESPIRATORY TRACT 
The airways 

The airways are often divided into an upper and a lower part. The  upper airways 
comprise the nasal and oral cavities, pharynx and larynx, whereas the lower airways 
consist of the trachea, bronchi, bronchioles and alveoli [1] (Fig. 1).  Defense against 
microbes begins in the nose, where mucus and ciliated epithelial cells along with 
chemical factors act to keep the compartment free of debris and microbes. When these 
defenses are breached by microbes or allergens, additional non-specific and specific 
responses of the immune system step in. If these fail, respiratory infection or allergy 
might ensue [2]. 
  

Fig.1. Schematic overview of the respiratory system. Figure adapted from [3].  
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Airway disease 
Allergic rhinitis  

Allergic rhinitis is an inflammatory disease of the nasal mucosa, induced by an 
immunoglobulin (Ig)E-mediated reaction to a normally harmless antigen. It is a 
common disease, affecting about 400 million people world-wide, and increasing in 
prevalence throughout the westernized world [4, 5]. Allergic rhinitis is often 
characterized as a disease of several phases, beginning with an initial sensitization 
phase when the allergy is established, followed by a later effector phase which occurs 
upon re-exposure to allergen. The effector phase consists of the so-called early phase 
which is the immediate response upon allergen encounter and triggers symptoms such 
as itching, sneezing, secretion and nasal blockage, and a late phase with symptoms 
dominated by nasal blockage [6, 7].  
   

Asthma and airway hyperresponsiveness  

While allergic rhinitis is described as an inflammation of the upper airways, asthma can 
be seen as a corresponding inflammatory disorder of the lower airways. Asthma is 
characterized by recurrent episodes of wheezing, breathlessness, chest tightness and 
coughing, along with a widespread but variable obstruction of the airflow. These 
features are connected to chronic inflammation, hyperreactivity and remodeling [8, 9]. 
The remodeling consists of a thickening of the airway smooth muscle layer, deposition 
of connective tissue and a damaged epithelial cell layer [10]. Airway 
hyperresponsiveness is a defining trait of asthma, and is expressed as an exaggerated 
response of the airway smooth muscle to contractile agents. This hyperresponsiveness 
is also closely related to the ongoing inflammation [11].  

United airways 

The upper and lower airways share several structural similarities. For example, the 
epithelial cell layer of the nasal mucosa displays similar morphology and similar 
inflammatory responses as the bronchial epithelium [12]. These similarities have led to 
the assumption that upper and lower airway diseases also show similarities in their 
responses to infectious stimuli. There is ample evidence of a link between allergic 
rhinitis and asthma. These diseases commonly co-exist. Allergic rhinitis usually 
precedes the development of asthma, and constitutes a strong risk factor for its onset [7, 
13, 14].  Even in the absence of asthma, patients with rhinitis often display subclinical 
changes and presence of inflammatory mediators in the lower airways [14].  
Additionally, infections or allergen, can trigger both rhinitis and asthma [9]. The 
similarities between allergic rhinitis and asthma have lead to the conclusion that they 
may represent the same disease process, manifested at different sites [14, 15]. 
Furthermore, allergic rhinitis is not limited to the nasal mucosa, but is often associated 
with systemic symptoms from the lung, eyes and skin, confirming that this is not 
merely a local disease, but rather one that affects the whole body [16]. Both seasonal 
and experimental allergen exposure result in bone marrow stimulation, with an increase 
in progenitors for eosinophils and basophils in bone marrow as well as in blood [17-
19].  The connections between the upper and lower airways and the systemic impact of 
airway disease have coined the concept of united airways [20, 21].  This concept also 
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emphasizes the fact that treatment of one compartment of the airways usually has 
beneficial effects on other compartments as well.  

THE IMMUNE RESPONSE 
Overview 

Traditionally, the immune system is divided into the innate and the adaptive immune 
system. The innate immune system includes physical barriers such as the epithelial cell 
layer, tight cell-cell contact, secreted mucus and cilia. It also consists of soluble 
proteins and bioactive molecules which are either constitutively present, for example 
the complement system and the defensins, or are released from activated cells, such as 
free radical species, bioactive amines and enzymes. Additionally, the innate immune 
system includes pattern-recognition receptors (PRRs) found in the cell membrane, the 
endosomal compartments, and in the cytosol. These PRRs recognize microbes on the 
basis of structural elements, and comprise, among others, the Toll-like receptors 
(TLRs) and the nucleotide-binding domain leucine-rich repeat (LRR) containing 
receptors (Nod-like receptors; NLRs). Cells involved in the innate immune system 
include granulocytes (neutrophils, eosinophils, basophils), dendritic cells, natural killer 
cells, monocytes and macrophages [22-24]. 

The adaptive immune system is primarily based on the T and B lymphocytes. It is more 
specialized than the innate system, involving the recombination of antigen receptors to 
mount specific responses towards infectious agents. This system is also responsible for 
the generation of our immunological memory. T and B lymphocytes circulate in their 
naïve form through blood and lymphoid tissues until they are activated by antigen-
presenting cells (APCs) such as dendritic cells. APCs display the antigen and the 
required co-stimulatory signals. Upon activation, the B lymphocytes differentiate into 
plasma cells, which secrete antibodies used for neutralizing or opsonizing antigen, or 
memory cells [23]. The T lymphocytes are classically divided into two sets, the T 
helper (Th) and the T cytotoxic (Tc) cells.  The naïve Th cells are activated to 
differentiate into Th1 or Th2 cells, which display different patterns of cytokine 
secretion. While Th1 cells primarily secrete interferon (IFN)-γ, the Th2 cells secrete 
interleukin (IL)-4, IL-5, IL-6, IL-9 and IL-13. These subsets of Th cells constitute the 
basis for the so called Th1/Th2 paradigm which is commonly discussed in the allergic 
setting [25]. Specifically, this paradigm is a categorization of T lymphocyte responses 
into Th1 responses which are induced primarily by infection with viruses and bacteria, 
and Th2 responses which are related to helminth infections. The allergic inflammatory 
response is dominated by Th2 characteristics. Several factors influence the 
development of Th cells towards Th1 or Th2 differentiation, including the type of APC, 
the co-stimulatory signals, the cytokine environment and the genetic background of the 
naïve T lymphocyte [26, 27]. The Tc cells display a cytotoxic activity against cells 
infected with intracellular microbes, and have the ability to lyse cells to enable 
destruction of the infectious agent [23].  Although this is the traditional division of the 
T lymphocyte subtypes, the presence of additional subsets has been established through 
the discovery of Th17, Th22, Th9 and T regulatory cells (Treg) [28-31]. While the 
innate and adaptive immune systems are often described as two separate units, they are 
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closely integrated and often intertwine in the inflammatory process. A well functioning 
synergy between them is essential for a robust and effective immune response [32]. 

Pattern-recognition receptors (PRRs) 
TLRs 

The TLRs are membraneous glycoproteins characterized by a LRR-containing 
extracellular domain and an intracellular Toll IL-1 receptor (TIR) signaling domain 
[33]. They are expressed in a wide variety of cells, including most leukocytes [34] but 
also epithelial cells [34] and airway smooth muscle cells [35, 36]. The TLRs have a key 
role in recognizing potential pathogens in the airways, and initiating immune responses 
against them. While the TLRs are important players in mediating the responses of the 
innate immune system, they may also directly influence T and B lymphocyte immunity 
[37, 38]. Each TLR recognizes a specific set of pathogen-associated molecular patterns 
but different receptors may also form heterodimers to broaden the range of recognized 
patterns [39].  

Ten different TLRs have been identified in humans. These are loosely divided into the 
intracellular TLRs, namely TLR3, TLR7, TLR8 and TLR9, and the TLRs located in the 
cell membrane, TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10.  While the cell surface 
receptors primarily recognize proteins, lipoproteins and polysaccharides from bacteria, 
the intracellular TLRs mainly sense viral nucleic acids.  

TLR2 may dimerize either with TLR1 to enable recognition of triacylated lipoproteins, 
or with TLR6, to recognize diacylated lipoproteins, peptidoglycans and the yeast cell 
wall component zymosan. TLR3 recognizes double-stranded (ds)RNA and is activated 
by the synthetic ligand polyinosinic-polycytidylic acid (poly:IC). TLR4 is activated by 
lipopolysaccharide (LPS), while TLR5 recognizes the bacterial component flagellin. 
TLR7 recognizes single-stranded (ss)RNA and may be activated by R837 or as a 
heterodimer with TLR8 by R848, while TLR9 recognizes CpG motifs [40]. The ligand 
for TLR10 remains to be determined.  

Activation of TLRs by microbial components triggers dimerization and conformational 
changes of the TLR complex. These alterations are required for the recruitment of TIR 
domain-containing adaptor molecules, which then activates additional signaling 
cascades, eventually terminating in the transcription of pro-inflammatory genes and a 
production of cytokines and chemokines involved in inflammation and antimicrobial 
defense [41]. 

NLRs 

The NLRs are a recently discovered set of PRRs, located in the cell cytosol. Based on 
the nature of their N-terminal, the NLRs have been divided into different subfamilies: 
the Nucleotide-binding Oligomerization Domain (NOD) proteins, the NACHT-LRR-
PYD-containing (NLRP) proteins and the Neuronal Apoptosis Inhibitory Protein 
(NAIP). Ligands have only been identified for a few of these receptors. NOD1 and 
NOD2 recognize bacterial peptidoglycan fragments. More specifically, NOD1 can be 
activated in vitro by the the peptidoglycan fragment γ-D-glutamyl-meso-
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diaminopimelic acid (iE-DAP), and NOD2 by the peptidoglycan fragment MurNAc-L-
Ala-D-isoGln (MDP). NLRP3 is part of the inflammasome complex which mediates 
the production of IL-1β. The inflammasome can be activated by a number of diverse 
stimuli of endogenous, exogenous or microbial origin. NLRP3 is activated by danger 
signals such as ATP released upon cell damage or non-apoptotic cell death, and in 
response to uric acid and the vaccine adjuvant alum [42]. 

Presence of NLRs has been described in a variety of cell types, including monocytes, 
dendritic cells, B lymphocytes and epithelial cells [43-45].  Polymorphisms in NLR-
coding genes have been linked to several inflammatory disorders. For example, 
polymorphisms in the NOD1-coding gene have been connected to both asthma and 
allergy [46-48]. 

Fig. 2. An overview of the TLRs and the NLRs, and their activating stimuli. 

THE IMMUNE RESPONSE IN INFLAMMATORY AIRWAY DISEASE 
The allergic response 

The allergic disease starts with a sensitization phase where the allergen encounter 
initiates an aberrant immune response triggering the production of IgE by B 
lymphocytes. These IgE molecules subsequently bind to high affinity IgE receptors on 
the surface of mast cells. Upon re-exposure to the same allergen, the effector phase is 
initiated. The early effector phase occurs when the allergen binding triggers cross-
linking of the IgE-receptor complex. Cross-linking induces an activation and 
degranulation of the mast cell, causing a release of inflammatory mediators such as 
histamine, leukotrienes, prostaglandins, proteases and cytokines. The released 
substances promote bronchoconstriction, vasodilation and an increase in vascular 
permeability, which allows for the later influx of other leukocytes. This mediator 
release may also trigger contraction of airway smooth muscle [49]. The late effector 
phase develops several hours after allergen exposure, and is associated with the 
recruitment and activation of leukocytes such as T lymphocytes, eosinophils, basophils 
and neutrophils with the subsequent release of cytokines and inflammatory mediators 
[49, 50] 
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The allergic inflammation cannot be attributed to a single cell type or mediator. Rather, 
airway inflammation results from a multitude of responses from several cell types with 
varying degree of importance in different forms of allergic disease [51].  

The LPS response 

Long before the identification of the TLR4 receptor, LPS, also known as endotoxin, 
was described as a bacterial toxin with pyrogenic effects [52].  LPS is part of the cell 
wall of Gram-negative bacteria and it is a potent inducer of pro-inflammatory 
responses, causing secretion of cytokines and chemokines in most types of leukocytes. 
Airway provocation with LPS has been shown to induce an influx of neutrophils [53, 
54]. Furthermore, the release of cytokines like IL-1β, IL-6, IL-8 and tumor necrosis 
factor (TNF)-α has been demonstrated after LPS application in both the nose and the 
lungs [55, 56]. Inhaled LPS is known to give rise to systemic symptoms such as an 
increase in body temperature and in the levels of C-reactive protein, and it may also 
induce bronchoconstriction in predisposed individuals [55].  

Neutrophils in allergic inflammation 

Neutrophils constitute an essential part of our immunological defense. They can be 
found in large numbers in the blood even though they last only a few hours in 
circulation [22]. Through a range of PRRs neutrophils are able to recognize microbes 
and initiate an early inflammatory response. They are capable of phagocytosing 
antigen, and have an array of intracellular granules whose contents can be released 
upon activation, unleashing cytokines, cytotoxic substances, and proteases. The 
neutrophils also have the capacity to produce reactive oxygen species along with 
various cytokines like IL-8, IL-1β, and chemokines like macrophage inflammatory 
protein (MIP)-1α [57, 58].  Upon infection, an up-regulation of adhesion markers on 
the blood vessel endothelium will start a process of neutrophil extravasation. 
Circulating neutrophils are halted in several steps, mediated by selectins such as L-
selectin/CD62L and integrins such as CD11b. After slowing down, they can start 
transmigration from the bloodstream into the tissue [59]. While the role of neutrophils 
in allergic inflammation is not clearly defined, they are known to accumulate in the 
nose following allergen challenge [60, 61]. Similarly, an increase in neutrophils has 
been demonstrated in bronchial lavage in response to allergen provocation [62, 63]. 
Neutrophilia has been associated with severe asthma [64], and is found along with an 
increase in IL-8 levels in asthma exacerbation [65].  Furthermore, neutrophils have 
been demonstrated to express IgE receptors, whose cross-linking induces neutrophil 
secretion of IL-8 [66].   

Dendritic cells in allergic inflammation 

The dendritic cells are central to both the innate and the adaptive immune system. They 
are a diverse cell type, consisting of many subsets, displayed at various localizations. 
Their primary role is to present antigen to T and B lymphocytes. They also have a 
prominent role in regulating the immune system through the release of cytokines and 
chemokines. The release of these mediators is often preceded by activation of their 
PRRs. 
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Two large subsets of the dendritic cells are the CD11c+ myeloid dendritic cells (mDCs) 
and the CD123+ plasmacytoid dendritic cells (pDCs). The mDCs are the most effective 
APCs, whereas the pDCs are mainly involved in anti-viral defenses. pDCs are in their 
immature form especially proficient in mediating tolerance to antigen [67]. Both mDCs 
and pDCs are capable of inducing a T lymphocyte response. The mDCs express TLR1, 
-2, -3, -4, -5, -7 and -8 whereas the pDCs express TLR7 and TLR9 [68]. The precursors 
of these cells are found in blood, lymphoid organs and peripheral tissue, where they 
exist until they are activated by an encounter with antigen or pro-inflammatory 
cytokines. Upon activation, the dendritic cells mature and migrate to draining lymph 
nodes, where they stimulate naïve T lymphocytes to differentiate into effector cells. In 
addition, the dendritic cells undergo several changes in morphology, receptor 
expression, and cytokine secretion. pDCs switch their functional properties from 
cytokine producers to mature dendritic cells with the ability to prime T lymphocytes. 
As pDCs differentiate to mature dendritic cells, they up-regulate the T lymphocyte co-
stimulatory molecules CD40, CD80 and CD86 and eventually lose their capacity to 
produce type I IFN, [67, 69]. While the pDCs are typically characterized as type I IFN 
producing cells, it is clear that the pDC response is dependent on the activating stimuli. 
While infection with intracellular microbes is known to induce large amounts of IFN-α
by pDCs promoting a Th1 response, activation through the release of IL-3 is known to 
trigger pDCs towards promoting a Th2 differentiation of T lymphocytes [67, 70].  IL-3 
is released by mast cells and basophils in response to IgE stimulation [71, 72], and 
causes a limited release of IFN-α from the pDCs.  pDCs have also been shown to drive 
the development of Th2 memory responses [73]. Furthermore, naïve T lymphocytes 
cultured with pDCs secrete low amounts of IFN-γ and large amounts of Th2 cytokines 
IL-4, IL-5, and IL-10 [74, 75]. 

Airway smooth muscle in airway disease  

The smooth muscle cells play a key role in controlling the diameter of the airways. 
They are located beneath the epithelium of the trachea and bronchi, and bridge a row of 
incomplete cartilage rings. Hyperresponsiveness of the airway smooth muscle is a 
hallmark of asthma. While the airway smooth muscle cells have been viewed as passive 
cells with limited function except for contracting and relaxing, it has become 
increasingly clear that they are endowed with their own defenses. The airway smooth 
muscle cells express a range of PRRs and can synthesize and secrete both cytokines 
and chemokines [76]. They respond to inflammatory stimuli, and have an 
immunomodulatory role in asthma [77, 78].  It is also well known that the chronic 
inflammation, epithelial denudation and the degradation of the extracellular matrix in 
asthma contribute to a thickening of the smooth muscle layer and exacerbate airway 
hyperreactivity [79]. 

Mediators of specific interest  
TNF-α

TNF-α is a pro-inflammatory cytokine. It exerts its effect through two receptors, TNF-
receptor (TNFR)1 and TNFR2, that induce downstream activation of nuclear factor 
(NF)-κB. TNF-α has been found in broncheoalveolar lavage in symptomatic asthma 
and upon allergen challenge [80-82]. TNF-α is produced by several cell types involved 
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in airway inflammation, including mast cells, eosinophils, neutrophils, macrophages 
and epithelial cells [83-87]. It is believed to play an important role in allergic 
inflammation and asthma as it increases hyperreponsiveness upon inhalation, facilitates 
influx of inflammatory cells and promotes pro-fibrotic mechanisms in the sub-
epithelium [88].  

5-HT 

5-Hydroxytryptamine (5-HT), also known as serotonin, is a monoamine 
neurotransmitter, produced and released from pulmonary neuroendocrine cells and 
platelets  [89].  While several types of 5-HT receptors have been identified, it is 5-HT2

and 5-HT1A which are believed to be important with regard to control of airway smooth 
muscle tone [90]. 5-HT secreted in the airways may act either directly, via receptors on 
airway smooth muscle cells, or indirectly, through inducing release of neurotransmitters 
[91].  

Increased levels of free 5-HT have been correlated to asthma severity, and the 
concentrations of free 5-HT in plasma increases during asthma exacerbation [92]. 
Further, an anti-asthmatic effect has been observed upon treatment with the 5-HT2A

inhibitor Ketanserin [93].  However, the role of 5-HT in the human airways is complex, 
and whether the induced response is contractile or relaxant appears to be highly 
dependent on the setting and the concentrations used. 

THE LINK BETWEEN PRRs AND AIRWAY DISEASE 

An increasing amount of studies demonstrate a connection between PRRs and airway 
inflammation. Hence, there is reason to suspect that these receptors may be involved in 
the development of airway disease. In particular TLR4 is implied in allergic disease 
through the hygiene hypothesis. This hypothesis states that the modern lack of 
microbial burden during childhood modulates the immune response towards a Th2 
profile, accounting for the increased prevalence of allergic diseases [94]. The hygiene 
hypothesis is supported by studies describing that LPS exposure and atopy rate are 
inversely correlated in the children of farmers [95]. However, the effect of LPS on the 
allergy development appears to be highly dependent on the dose and time of exposure 
[96-98]. While early LPS exposure reduces the incidence of atopic asthma later in life 
[99], LPS exposure once the disease is established, causes exacerbation both of allergic 
rhinitis [100, 101] and of asthma [102, 103].  In addition, asthma severity has been 
found to correlate with the levels of endotoxin in house dust [104]. 

TLR4 is not the only PRR implicated in airway inflammation. Various polymorphisms 
in TLR/NLR coding genes for TLR2, TLR4, TLR6, TLR7, TLR9, TLR10 and NOD1, 
have been connected to both risks for and protection against development of allergic 
disease [105-107]. Based on their ability to counteract inflammation some TLR ligands, 
like TLR7 and TLR8, have been suggested for therapeutic use in allergy and asthma 
[108, 109].  Others, like TLR9, with its ligand CpG, characterized by Th1 inducing 
properties, are presently used in attempts to prevent and treat allergic disease [110-
112].  
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OBJECTIVES 
The overall aim of the thesis was to investigate the role of innate immunity in airway 
inflammation. More specifically to:  

• explore if the upper airways can be used as a model to reflect inflammatory 
events in the lung, by studying inhibition of LPS-induced neutrophil 
inflammation in the human nose.  

• analyze the appearance of MIP-1α in LPS-induced nasal inflammation, and to 
explore the involved intracellular pathways.  

• investigate if symptomatic allergic rhinitis affects the expression of TLR4 in 
various compartments, and if LPS stimulation during an ongoing allergic 
inflammation influences the cytokine release in the nose.   

• visualize the effect of allergen exposure on two major populations of dendritic 
cells, the mDCs and the pDCs, in the nasal mucosa in patients with allergic 
rhinitis. 

• study the effects of TLR7 activation on airway smooth muscle contraction in 
isolated guinea pig airways. 

• characterize the expression and function of NLRs in neutrophils.  
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METHODS  
HUMAN STUDY POPULATIONS 

In Paper I 18 healthy volunteers were challenged with LPS in the nose after having 
been dosed for 3 days with AZD8309 or placebo. Nasal lavage was performed before 
and after LPS challenge.  

In Paper II 32 healthy volunteers were challenged with LPS or vehicle in the nose.  
After challenge, nasal lavage was performed, followed by a nasal biopsy. Blood was 
obtained from healthy volunteers for in vitro analyses.  

In Paper III nasal lavage, blood and bone marrow were collected from 9 healthy 
volunteers, 11 patients with symptomatic allergic rhinitis during pollen season and 10 
patients with allergic rhinitis outside season. Additionally, nasal lavage was obtained 
from 13 patients with allergic rhinitis challenged with LPS and allergen outside season.  

In Paper IV nasal biopsies were collected from 12 patients with allergic rhinitis studied 
outside season, before and after allergen challenge, and from 9 healthy volunteers. In 
addition, blood for in vitro analyses was obtained both from healthy volunteers and 
allergic patients.  

In Paper VI blood was collected from healthy volunteers for in vitro analyses.  

CHALLENGE WITH LPS OR ALLERGEN 

Nasal LPS challenge (Paper I, II and III) was performed by delivering 100 µL of a 
solution of 0.25 µg/µL or 0.50 µg/µL LPS (E. Coli 026:B6, Sigma, MO, USA) into 
each nostril by a mechanical spray pump. Nasal allergen challenge was performed in 
the same manner, instilling 10 000 SQ/U of either birch or grass allergen (Paper III
and IV).  

SYMPTOM SCORING  

Symptoms after challenge with LPS or allergen were rated by the subjects on a scale 
ranging from 0 to 3, where 0 corresponded to no symptoms, 1 to mild symptoms, 2 to 
moderate symptoms, and 3 to severe symptoms (Paper I, II and III). A total score for 
nasal symptoms (sneezing, secretion, blockage), was achieved by adding the three 
individual scores. A total eye score (based on itch, tears and redness) and a total lung 
score (based on cough, wheeze, dyspnea) were calculated using the same principles.  
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NASAL LAVAGE  

Nasal lavage is a non-invasive method used to study inflammatory responses in the 
upper airways. First, excess mucus is cleared by exsufflation, and then a sterile saline 
solution is aerosolized into the nostril. The nasal fluid is passively collected in a test 
tube until 7 mL are recovered. The derived fluid typically consists of epithelial cells, 
leukocytes and a range of inflammatory mediators. Following lavage, the fluid is 
centrifuged and the total number of cells/mL is counted in a Bürker chamber. This 
technique was performed in Paper I, II and III to allow measurements of cell 
responses after challenge with LPS or allergen.  

COLLECTION OF NASAL BIOPSIES  

Biopsies were taken from the inferior turbinate after topical application of local 
anesthesia containing lidocainhydrochloride and nafazoline (34 and 0.17 mg/ml, 
respectively) for 20 minutes. The biopsies were approximately 2 x 2 x 2 mm.  

COLLECTION OF HUMAN BLOOD AND NEUTROPHIL ISOLATION 

Blood was collected in test tubes containing Heparin (Paper II, IV and VI) or buffered 
tri-sodium citrate solution (Paper III). When neutrophils were to be isolated, human 
blood was layered over a cushion of the separation medium Polymorphprep (Paper II
and VI) or, after dilution of the blood in Phosphate buffered saline (PBS), Ficoll-
Paque™ (Paper VI). Upon centrifugation the cells separate into distinguishable bands 
and a cell pellet on the basis of density. These bands or the pellet were removed and 
washed. After isolation with Ficoll-Paque™, remaining erythrocytes were lysed in 
ammonium chloride buffer, followed by an additional wash step. The neutrophils were 
counted, and suspended in Dulbecco’s modified eagle’s medium (DMEM) or Roswell 
Park Memorial Institute Medium 1640 (RPMI 1640) supplemented with penicillin and 
streptomycin, with or without 10% fetal calf serum, for culture.  

COLLECTION OF BONE MARROW 

Bone marrow aspiration was performed by extracting one sample containing 1-2 mL of 
bone marrow from the posterior iliac crest following local anesthesia with 
lidocainhydrochloride (10 mg/mL). The sample was immediately placed in a culture 
medium containing buffered tri-sodium citrate solution (0.129 mol/L), RPMI 1640 with 
2 mM HEPES and N-acetyl-L-alanyl-L-glutamine (Biochrom AG, Berlin, Germany).  

FLOW CYTOMETRY  

Flow cytometry is a method for separating and analyzing cells on the basis of their 
physical and chemical properties. Cells in a suspension pass through a laser beam. As 
the cells intercept the beam, they scatter the ray of light. Through detectors measuring 
and processing the scattered light, information can be derived about cell size (displayed 
by forward scatter, FSC) and cell granularity (displayed by side scatter, SSC) (Fig. 3). 
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In addition, cells can be labeled with fluorochrome-conjugated antibodies against cell 
antigen to provide information about cell phenotype.  By gating cells on FSC and SSC 
properties along with CD16 and CD45, leukocyte subsets are easily distinguished. In 
Paper III, FSC, SSC, CD16 and CD45 were used to identify leukocyte subsets in nasal 
lavage, blood and bone marrow. This identification further enabled the investigation of 
the expression pattern of TLR2 and TLR4 in these compartments. Similarly, flow 
cytometry is often used to determine dendritic cell subsets. In Paper IV, pDCs were 
gated on the basis of a lack of CD68, along with expression of CD123, and on the basis 
of expression of both BDCA2 and CD123. Activation of these cells could then be 
measured through studying the up-regulation of cell surface marker CD86.  

Fig.3. A representative image demonstrating the FSC and SSC of nucleated leukocytes in blood. The top 
population (high FSC and SSC) consists of granulocytes, the center population (medium FSC and SSC) 
mostly contains monocytes, and the bottom population (low SSC and FSC) mainly comprises 
lymphocytes.  

Flow cytometry was also used with isolated neutrophils (Paper VI) to determine 
protein expression of NOD1, NOD2 and NLRP3, and to characterize the neutrophil 
response to ligands of these receptors by measuring activation markers CD11b and 
CD62L on the neutrophil surface.   

Furthermore, flow cytometry can be used to assess cell viability and apoptosis. In 
Paper II, isolated neutrophils were stained with AnnexinV, which is used to 
distinguish between viable and dying cells through binding of phosphatidylserine, 
which is translocated to the outer leaflet of the plasma membrane during the apoptotic 
process.  

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 

ELISA is a method for detection and quantification of an antibody or antigen in a 
sample. The ELISAs used in the current thesis are sandwich-ELISAs based on a 
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microplate which is pre-coated with antibody against the antigen of interest. When a 
sample containing the antigen is added, the antigen will bind to the immobilized 
antibody. For detection of antigen levels, an enzyme-linked polyclonal antibody 
specific for the antigen is added. As a substrate solution is added to the wells, a color 
will develop whose intensity is proportional to the amount of antigen. By measuring the 
intensity of the developed color with a microplate reader and comparing it to a range of 
samples with a known concentration of antigen, the levels of antigen in the samples can 
be determined. In Paper II and IV commercial ELISA kits (R&D systems, 
Minneapolis, MN, USA) were used to determine the levels of MIP-1α, IL-8 or IL-1β in 
cell culture supernatant following treatment with PRR ligands.  

IMMUNOHISTOCHEMISTRY  

Immunohistochemistry is an antibody-based method for detection of proteins in whole 
tissue or isolated cells. In the present studies, cells or tissues were labeled with a 
primary mouse or rabbit antibody. For detection of binding, a secondary goat anti-
mouse or goat anti-rabbit antibody conjugated with an enzyme label, commonly horse-
radish peroxidase (HRP) or alkaline phosphatase, is added. To enable visualization of 
binding, enzyme substrate, for example 3,3’-diaminobenzidine (DAB) or New Fuchsin, 
is added to the sample, forming a colored precipitate where the detection antibody has 
bound. A counter-staining can be used to give contrast to the section.  

In the present thesis immunohistochemistry was applied for visualization of dendritic 
cell subsets in the nose (Paper IV), detection of TLR7 protein (Paper V), and for 
determining the expression of NOD1, NOD2 and NLRP3 (Paper VI).  As negative 
controls, universal negative control for mouse primary antibodies (Dako) was used for 
mouse antibodies and antibody diluent (Dako) was used for rabbit antibodies and to 
rule out background staining.  

The immunohistochemistry procedure in Paper IV was modified to identify dendritic 
cell subsets by first using a HRP-based protocol staining cells for CD68 expression 
with DAB. The high CD68 expression in macrophages and monocytes causes an 
extensive DAB-complex formation that renders the cell incapable of picking up any 
subsequent antibody staining. The same sections were then stained for expression of 
CD11c and CD123 using an alkaline phosphatase-based protocol where sections were 
incubated with primary antibody, a biotinylated secondary antibody, and finally 
alkaline phosphatase-labelled streptavidin. This staining was developed using New 
Fuchsin (Dako) as enzyme substrate. All sections were counter-stained with Harris’ 
hematoxylin. While macrophages and monocytes were stained brown, positive staining 
for CD123 and CD68 displayed as a bright red precipitate. Through the use of 
computerized image analysis software (Image pro-plus, media cybergenetics, Bethesda, 
MD, USA) the number of CD68-,CD11c+ and CD68-,CD123+ cells could be calculated. 
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REAL-TIME REVERSE TRANSCRIPTION (RT) POLYMERASE CHAIN 
REACTION (PCR) 

Real-time PCR enables quantification of the messenger RNA (mRNA) expression of a 
gene of interest. Before real-time PCR can be performed, two steps are required. The 
first step involves the extraction of RNA from the investigated cells or tissues, and the 
second step uses reverse transcription (RT) to transcribe the RNA to complementary 
DNA (cDNA). The obtained cDNA can then be used for the real-time PCR system 
where a cyclic heating and cooling procedure dissociates double-stranded DNA into 
two single strands, allows attachment of sequence-specific oligonucleotide primers or 
probes for the desired DNA, and promotes elongation and completion of a new DNA 
strand. The reaction then starts over for a set number of cycles. The products of the 
real-time PCR process can be measured either through the presence of fluorescent dyes 
such as SYBR® green, which emits a fluorescent signal upon binding of double-
stranded DNA, or by use of a sequence-specific DNA probe. The probe contains an 
oligonucleotide sequence, labeled with a reporter fluorophore and a quencher 
fluorophore which absorbs the excitation energy of the reporter fluorophore. During 
DNA amplification, the quencher fluorophore is separated from the reporter 
fluorophore, giving rise to a measurable fluorescence from the reporter fluorophore.  
While the specificity of obtained PCR products after use of SYBR® green can be 
confirmed by running melt curves, nonspecific amplifications are not detected when a 
probe is used. When the level of fluorescence reaches a predetermined value, a cycle 
threshold (Ct) value can be determined.  Through the obtained Ct value, the relative 
amount of mRNA in relation to a housekeeping gene can be determined by substracting 
the Ct value for the housekeeping gene from the Ct value of the investigated gene. In 
the present papers, β -actin was used as housekeeping gene. The amount of mRNA is 
expressed in relation to 100,000 mRNA molecules of β-actin (100,000 x 2-CT). 

In Paper II and VI, total RNA was recovered from nasal biopsies and from 
neutrophils. This was done by first disrupting the cells and tissues with RLT buffer 
supplemented with β-mercaptoethanol, and then homogenizing the tissue samples with 
the use of an electric homogenizer. The RNA was subsequently extracted using the 
RNeasy mini kit (QIAGEN) following the protocol of the manufacturer, including an 
optional DNase treatment step.  RNA quantity was measured in a spectrophotometer, 
using a wavelength absorption ratio of 260/280 nm.  The obtained RNA was 
subsequently transcribed to cDNA through reverse transcription, using Omniscript™ 
reverse transcriptase kit (QIAGEN) with oligo-dT primer in a final volume of 20 µL 
using the Mastercycler personal PCR machine (Eppendorf AG, Germany) at 37 °C for 
1 h. Following reverse transcription real-time PCR was performed to quantify gene 
expression. For MIP-1α, β-actin, NOD1 and NLRP3 (Paper II and VI), the 
quantitative real-time PCR was performed using QuantitectTMSYBR® green PCR kit 
(QIAGEN) in a final volume of 25 µl. The primers were obtained from DNA-
technology (Aarhus, Denmark), designed with Primer express (Applied Biosystems, 
Foster City, CA, USA).  
Detection of NOD2 (Paper VI) was carried out using probes from Applied 
Biosystems, and was performed using Taq-Man® Universal PCR Master Mix 
NaAmpErase®UNG in a final volume of 25 µl.   
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MULTIPLEX IMMUNOASSAY 

Multiplex immunoassay allows the simultaneous quantification of a panel of multiple 
antigens within a sample in a single assay.  It is based on the same principle as the 
sandwich-ELISA, adding samples to wells pre-coated with capture antibodies which 
bind the investigated antigen. A labeled detection antibody is added, followed by a 
substrate allowing for quantification. In Paper III, this assay was used to analyze the 
production of IL-1β, IL-2, IL-4, IL-5, IL-8, IL-10, IL-12p70, IL-13, IFN-γ and TNF-α
in a 10 spot multiplex Electrogenerated Chemiluminescence Immunoassay with the 
human Th1/Th2 panel (Meso Scale Discovery, Gaithersburg, MD, USA). Detection 
limits for analyzed mediators were as follows: 0.3 pg/mL for IL-1β, 0.5 pg/mL for IL-
2, 1.3 pg/mL for IL-4, 0.3 pg/mL for IL-5, 1.0 pg/mL for IL-8, 1.9 pg/mL for IL-10, 1.1 
pg/mL for IL-12p70, 2.8 pg/mL for IL-13, 0.8 pg/mL for IFN-γ and 0.3 pg/mL for 
TNF-α. 

TRACHEA PREPARATION AND CULTURE 

In vivo animal models are often too complex to evaluate the detailed effects of a 
particular stimulus. On the other hand, cell cultures are easily controlled and studied, 
but lack the tissue architecture and cell-matrix interactions found in more complex 
models. The organ culture technique provides the benefits of an in vitro cell culture, 
while preserving cell-cell and cell-matrix interactions intact [113]. 
In Paper V this technique was used to evaluate the effect of TLR7 on airway smooth 
muscle contraction. Female Dunkin Hartley guinea pigs (Charles River, Sulzfeld, 
Germany), were euthanized through asphyxiation with CO2.  The trachea was removed 
and immediately placed in ice-cold Krebs-Henseleit buffer. It was dissected free from 
adherent tissue, and was either fixed in formalin for preparing slides for 
immunohistochemistry, or was used for culture. The tracheas used for culture were 
divided in segments 1-2 cartilage rings large. When applicable, removal of the 
epithelium was carried out by rinsing the trachea with 0.1% Triton-X100, diluted in 
DMEM/F12. The segments were cultured in DMEM/F12 in culture for up to 3 days, 
and were daily transferred to new wells with fresh medium and ligands.  

IN VITRO PHARMACOLOGY  

Airway smooth muscle reactivity was evaluated by mounting the tracheal segments in a 
temperature-controlled (37 °C) myograph system (Organ bath Model 700MO, 
J.P.Trading, Aarhus, Denmark). They were continuously kept in Krebs-Henseleit buffer 
equilibrated with 5% CO2 and 95% O2. The segments were mounted on two prongs, 
one connected to a force-displacement transducer for continuous recording of isometric 
tension by the Chart software (AD Instruments Ltd., Hastings, UK) and the other to a 
displacement device, allowing for adjustment of the distance between the two prongs.  
Cumulative concentrations of 5-HT were added directly to the myograph wells and its 
effect in form of isometric tension was measured (Fig. 4). 
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Fig.4.   Schematic overview of the in vitro pharmacology.   

STATISTICS 

The statistical analyses in this thesis were performed using either paired or unpaired, 
parametric or non-parametric methods. The analyses were performed using GraphPad 
(San Diego, CA, USA). For comparison between two data sets, unpaired or paired 
student’s t-test was performed for parametric data, and Mann-Whitney (unpaired) and 
Wilcoxons signed rank test (paired) for non-parametric data. 
For comparison of more than two data set, one-way analysis of variance (ANOVA; 
unpaired) or repeated measures ANOVA (paired)  along with Dunnett’s or Bonferroni’s 
post-test were used for parametric data, and Kruskal-Wallis (unpaired) or Friedman’s 
test (paired) along with Dunn’s post-test for non-parametric data.   
In Paper V, regression analysis was performed for concentration-effect curves on each 
individual segment. The values of maximal contraction (Emax) were subsequently 
compared.  

Results were presented as mean±standard error of the mean (S.E.M) or as the geometric 
mean, with n equaling the number of subjects in each data set. A p-value less than 0.05 
were considered significant.  

ETHICAL PERMISSIONS 

All studies were approved by the local ethics committee and participants in the human 
studies gave their informed consent. Animals were kept according to regulations. 
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RESULTS AND COMMENTS  
A ROLE FOR TLR4-INDUCED INFLAMMATION IN AIRWAY DISEASE 
(PAPER I-III) 

The inflammation underlying airway disease involves a multitude of cells and 
mediators.  TLRs, in particular TLR4 and its ligand LPS, have been connected both to 
the development [114] and exacerbation [115] of airway disease. Inhaled LPS is 
commonly used as a model to investigate the mechanisms behind this [116, 117]. In 
Paper I-III, nasal administration of LPS was used instead of inhaled LPS to study cells 
and mediators.  

In Paper I-III, the role of TLRs in airway disease was investigated, with focus on 
TLR4. First, the nasal LPS challenge model was examined by comparing inhibition of 
LPS-induced neutrophil inflammation in the nose with the same treatment in the lower 
airways. Second, the connection between nasal LPS challenge and MIP-1α release was 
evaluated. Finally, the systemic leukocyte expression of TLR2 and TLR4 during 
symptomatic allergic rhinitis was characterized, and then related to LPS-induced 
activation of TLR4 in an allergic setting. 

In order to explore if the upper airways can be used as a model of inflammatory events 
in the lung, healthy volunteers were dosed with the CXCR2 inhibitor AZD8309 or 
placebo for 3 consecutive days. The subjects were subsequently challenged with LPS, 
and the levels of leukocytes, neutrophils, neutrophil elastase activity, Leukotriene 
(LT)B4 and IL-8 were investigated in nasal lavage. The obtained results were 
compared to data from a similar study of the lower airways. 

In the nasal lavage, the number of neutrophils was closely correlated to the total 
leukocyte count, and comprised about 99% of the leukocyte population. Treatment with 
AZD8309 markedly reduced the leukocyte count 6 h after the LPS challenge, a 
reduction which was still visible after 24 h. Overall, the symptoms of the LPS challenge 
were mild, with no signs of systemic reactions, neither clinically (increased body 
temperature, chills or malaise) nor laboratory (leukocytosis, change in blood 
differential count or increased C-Reactive Protein).  

A pronounced neutrophil egress was visible 6 h after challenge. Treatment with 
AZD8309 caused a trend for a reduction in the levels of neutrophil elastase activity 6 h 
after challenge, reaching significance after 24 h. Similarily, the levels of LTB4 in nasal 
lavage were reduced by AZD8309 treatment at both time-points. A similar trend was 
seen for IL-8 at 6 h (Fig. 5). 
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Fig. 5. The levels of leukocytes (x104/mL); neutrophil elastase activity (x103 fluor units); LTB4 (pg/mL) 
and IL-8 (pg/mL) in nasal lavage before (-1 h), 6 h and 24 h after nasal challenge with LPS after 
treatment with either AZD8309 (solid line) or placebo (broken line). Data are displayed as the geometric 
mean; n= 15-16; *p<0.05, **p<0.01, ***p<0.001.   

In Paper II the same nasal LPS challenge model as in Paper I was used to characterize 
the neutrophil inflammation in the upper airways in response to TLR4 stimulation. 
Healthy volunteers were challenged intranasally with LPS or vehicle. 6 h later, a lavage 
was executed, followed by a nasal biopsy. The latter was performed to investigate the 
involvement of epithelial cells in the inflammatory response to release MIP-1α. Nasal 
symptoms were recorded before and after the LPS challenge. To further characterize 
the MIP-1α response, nasal epithelial cells and neutrophils were cultured in vitro in 
presence of LPS. 

The LPS challenge did not induce any clinical symptoms, but caused a release of MIP-
1α in nasal lavage (Fig. 6). This release was not related to an increased epithelial 
production, as there was no change in the levels of MIP-1α mRNA in nasal biopsies. 
This was further supported by the fact that no MIP-1α was secreted by the cultured 
epithelial cells in response. In contrast, LPS treatment of isolated neutrophils resulted in 
a high production of MIP-1α which peaked after 20 h of culture.  This production was 
inhibited by dexamethasone and actinomycin D, and abolished upon treatment with 
inhibitors of the PKC, NF-κB and p38 MAPK pathways. In addition, the LPS treatment 
delayed neutrophil apoptosis. 
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In Paper III the link between TLR4 and airway inflammation was further explored by 
analyzing if symptomatic allergic rhinitis per se affected the expression of TLR4 in 
nose, blood and bone marrow. Samples were obtained from allergic patients and 
healthy controls before and during the pollen season. In addition, another set of patients 
with allergic rhinitis were challenged out of season with allergen followed by LPS, or 
vice versa. The cells and cytokines in nasal lavage were analyzed.  

Fig. 6. The levels of MIP-1α  (pg/mL) in nasal lavage in subjects 6 h after challenge with LPS or vehicle, 
and the levels of MIP-1α mRNA in nasal biopsies after challenge with either vehicle or LPS; Data are 
expressed as mean±S.E.M;  n=16; *p<0.05.  

In nasal lavage, neutrophils were the only cell type that could be clearly identified. 
These neutrophils displayed an increased intracellular expression of TLR4 during 
pollen season, compared to outside season (Fig. 7). Similarly, neutrophils in blood from 
symptomatic patients displayed an increased intracellular expression of TLR4 (Fig. 7), 
and such an increase was also seen in eosinophils and monocytes. Blood neutrophils 
also displayed an up-regulation of TLR2.  In bone marrow, an augmented expression of 
TLR4 was observed in immature granulocytes and neutrophils (Fig. 7) during season. 

As previously observed, LPS caused no local symptoms, neither by itself, nor when it 
was administered in conjunction with allergen. The allergen challenge gave rise to 
transient local symptoms, which had subsided 6 h after the challenge. As observed in 
Paper I and II, LPS increased the levels of neutrophils.  

LPS and allergen did not give rise to any nasal cytokine secretion on their own. Neither 
did allergen when it was preceded with LPS, but when LPS was given after an allergen 
challenge an array of cytokines were released. These included Th2 cytokines like IL-4, 
IL-5, IL-10 and IL-13, along with the Th1 cytokine IFN- γ and TNF-α (Fig. 8). The 
levels of IL-1β, IL-2, IL-8 and IL-12p70 were unaffected by all treatment conditions.  
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Fig. 7.  Expression of intracellular TLR4 in neutrophils from nasal lavage, blood and bone marrow in 
control subjects and patients with a history of allergic rhinitis, outside and during season. Data are 
displayed as mean±S.E.M; n=7-11; *p<0.05, **p<0.01, ***p<0.001.  

Fig. 8.  The secreted levels of IL-4, IL-5, IL-10, IL-13, IFN-γ and TNF-α after treatment with LPS, LPS 
followed by allergen, allergen, or allergen followed by LPS. Data are displayed as mean±S.E.M; n=6; 
*p<0.05, **p<0.01. 



28 

Comments  

Application of LPS by the nose has been less commonly used in models of airway 
disease than inhaled LPS. A previous study based on the lower airway response to LPS 
inhalation after treatment with AZD8309 displayed an attenuation of neutrophil egress, 
along with reduced levels of neutrophil elastase activity and a trend for a reduction in 
LTB4 and IL-8 [118]. The nasal challenge model displayed similar alterations in 
response to AZD8309 treatment, with a reduction in neutrophil numbers, neutrophil 
elastase activity and levels of LTB4, along with a trend for a reduction of IL-8 (Fig. 9). 
This suggests that the upper airway inflammatory response induced by nasal LPS 
reflects the inflammatory response taking place in the lower airway model of inhaled 
LPS. 

Fig. 9.  Comparative image showing the responses to AZD8309 in the nasal LPS model (white bars) with 
the model of inhaled LPS (grey bars). The inhaled LPS data are obtained from O’Connor et al  [118].  

There are several problems associated with the method of inhaled LPS with subsequent 
induced sputum. Among them are systemic side effects with an increase in body 
temperature, C-reactive protein and blood leukocytes [119, 120]. Furthermore, there is 
a risk that the saline inhaled to induce sputum may trigger airway constriction in 
hyperresponsive subjects [121].  Additionally, the induced sputum technique causes an 
inflammatory reaction, which may last for more than 24 h, making measurements 
within a short time span unreliable [121]. The sputum samples also need to be analyzed 
quickly after obtaining them, followed by an extensive processing procedure [121]. 
Several of these problems can be overcome by using the nasal LPS model.  

We found that the nasal model is safe and easy to reproduce. It seems to be well suited 
to study airway inflammation as no marked systemic symptoms were seen. The nasal 
model only caused local irritation, and did not affect any of the systemic parameters. 
Further, we found no increase in inflammatory responses after repeated nasal lavages.   
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AZD8309 is an inhibitor of the chemokine receptor CXCR2.  As CXCR2 is expressed 
on neutrophils [122], AZD8309 is expected to decrease the chemotactic effects induced 
by CXCR2 receptor ligands such as IL-8 [123]. In accordance with this expectation, we 
observed an attenuated influx of neutrophils and release of mediators after treatment 
with AZD8309. The effects of AZD8309 on neutrophil responses in the nose mimicked 
the responses seen in the lung to LPS inhalation [118].   

As the cell suspension in nasal lavage consists almost exclusively of neutrophils, 
quantification of neutrophil egress can be performed using a Bürker chamber and 
quantified as total leukocyte count. The obtained nasal lavage samples also require less 
processing than the induced sputum samples.   

Applying the nasal LPS model in Paper II to study inflammation in the nose, we found 
a secretion of MIP-1α in the nose 6 h after LPS challenge. The lack of epithelial cell 
increase of MIP-1α mRNA and in vitro production of MIP-1α in response to LPS 
treatment suggests that this release is caused by neutrophils rather than epithelial cells.  

In Paper II we found a significant inflammatory response with no systemic effects, 
similar to the findings in Paper I.  

The present results demonstrate MIP-1α as another mediator in the inflammatory 
process induced by LPS in the airways. The LPS-induced release of MIP-1α by 
neutrophils was found to be mediated by NF-κB, Protein Kinase (PK)C and p38 
Mitogen-activated protein kinase (MAPK) pathways. This is well in line with previous 
findings [124-126]. The secretion of MIP-1α by neutrophils upon LPS treatment was 
inhibited by dexamethasone and actinomycin D, suggesting that this is a transcription-
dependent release.  

In addition, neutrophils treated with LPS also displayed a delay in apoptosis. This 
effect of LPS on neutrophils has been previously described [127], and is believed to 
contribute to a prolonged inflammatory response, resulting in increased tissue damage 
[128].  

The relevance of LPS-induced models to analyze airway disease was strengthened by 
the findings in Paper III demonstrating an up-regulation of TLR4 in leukocytes in the 
nose, blood, and bone marrow during symptomatic allergic rhinitis. LPS exposure 
following allergen challenge caused a release of both Th2 and Th1 cytokines in the 
nose.  It is therefore tempting to suggest that the allergen-induced up-regulation of 
TLR4 may be involved in the cytokine release. Such an idea is supported by earlier 
studies demonstrating that an allergen challenge can augment the LPS-induced cellular 
response in nasal lavage and that allergen in combination with LPS has the ability to 
amplify nasal symptoms [101, 129].  

TLR4 is usually described as a cell surface receptor, but can also be found 
intracellularly [130-132], and a continuous circulation between the cell surface and the 
Golgi has been described [133]. The increase in TLR4 expression during allergic 
rhinitis was found intracellularly. The alterations in the intracellular expression may 
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reflect an increased production and mobilization of this receptor to the cell surface. 
Since the subjects with symptomatic allergic rhinitis were sampled at the beginning of 
the pollen season, it is possible that the observed up-regulation would be more 
pronounced later in pollen season. It may also be that the increased expression of 
intracellular TLRs is followed by an increased cell surface expression.  

The lack of cytokine release when allergen and LPS was given separately was a bit 
surprising, since they are both known to induce cytokine release by themselves [56, 
134-137]. This might be related to the relatively low doses applied.  

The findings of Paper III demonstrate that there is a systemic up-regulation of TLR4 
in symptomatic allergic rhinitis, which may confer an increased response to LPS when 
TLR4 is activated in an allergic setting.  

To summarize, the findings in the first three papers show that nasal challenge with LPS 
is a safe and reliable method for studying neutrophilic inflammation in the airways. 
Nasal challenge with LPS causes a neutrophil-mediated release of MIP-1α, which may 
affect airway disease. Furthermore, there is a systemic up-regulation of TLR4 in 
symptomatic allergic rhinitis which allows for a more prominent response to LPS. This 
increased response may account for an increase in airway inflammation upon LPS 
exposure in allergic patients during pollen season. It is not inconceivable that these 
findings bear relevance in a clinical setting where a local infection may cause 
exacerbation of allergic symptoms. These findings strengthen the idea of a possible role 
of TLR4 in allergic airway disease.  

ALLERGEN INDUCES ACCUMULATION OF DENDRITIC CELLS IN THE 
HUMAN NOSE (PAPER IV) 

To further investigate the inflammatory setting in allergic rhinitis, dendritic cells were 
studied.  The dendritic cells link the innate and the adaptive immune system through 
their ability to affect lymphocyte responses by antigen-presentation and cytokine 
release [138].  

In humans, two distinct subsets of dendritic cells have been described, the mDCs and 
the pDCs. These subsets are identified on the basis of cell surface markers. mDCs are 
known to express CD11c and pDCs CD123 [70]. CD68 is a marker for monocytes and 
tissue macrophages, and was in the present study used to exclude CD11c+ and CD123+

cells [139].  The mDCs are the most effective APCs, whereas the pDCs are mainly 
involved in anti-viral defenses. The latter are in their immature form especially 
proficient in mediating tolerance to antigen [67]. 

The study in Paper IV aimed to visualize the effect of allergen exposure on mDCs and 
pDCs in the nose. This was done by challenging atopic and non-atopic subjects with 
allergen, and subsequently measuring the amount of CD68-,CD11c+ and CD68-

,CD123+ cells in nasal epithelium and sub-epithelium. The responses of CD68-,CD123+
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cells to cytokines and inflammatory mediators found in allergic inflammation were 
studied in a whole blood assay.  

An increased number of CD68-,CD123+ cells was found in the nasal sub-epithelium 
following allergen exposure. Nasal allergen challenge did not affect the numbers of 
CD68-,CD11c+ cells, neither in the nasal epithelium, nor in the sub-epithelium.  The 
amount of CD68-,CD123+ cells in the nasal epithelium was unaffected, although a 
tendency for an increased baseline number in atopic subjects was observed (Fig. 10).  

In the whole blood assay, the CD68-,CD123+ cells displayed an up-regulation of the 
activation marker CD86 in response to stimulation with TNF-α, IL-4 and the TLR9 
ligand CpG (Fig. 11). Staining with BDCA2 and CD123 confirmed that the gated cells 
were indeed pDCs, and verified the results obtained in the in vitro assay. Furthermore, 
TNF-α caused a higher degree of CD86 up-regulation among atopic subjects than non-
atopic (Fig. 11). 

Fig. 10.  The amount of intra-epithelial CD68-,CD11c+  and CD68-,CD123+ cells (mean cells/area unit), 
and the amount of sub-epithelial CD68-,CD11c+ and CD68-,CD123+  cells (mean cells/area unit) in atopic 
subjects examined before and after allergen challenge, and in non-atopic subjects. Data are presented as 
mean±S.E.M; n=8-11; *p<0.05.
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Comments 

The role of dendritic cells in allergic disease is far from understood. Previous studies 
have described an influx of mDCs upon allergen challenge along with a more activated 
mDC phenotype [140]. On the other hand, patients with asthma are known to display a 
higher number of pDCs, and a shift in the mDC/pDC ratio towards a higher prevalence 
of pDCs [141]. Similarly, allergen challenge has been shown to induce accumulation of 
pDCs in bronchial lavage from patients with asthma [142], and in cutaneous biopsies 
after intradermal allergen [143].  

The fact that there was no increase in the amount of CD68-,CD11c+ cells in the nose in 
response to allergen challenge suggests different modes of activation or recruitment for 
CD68-,CD11c+ and CD68-,CD123+ cells.   

The in vitro results demonstrated no changes in CD86 expression in response to 
allergen stimulation. On the other hand, IL-4, TNF-α and CpG caused an up-regulation 
of CD86. Furthermore, the up-regulation to TNF-α was higher among atopic subjects 
than non-atopic. The increase in CD86 expression might have implications in regard to 
T lymphocyte activation and polarization, as co-stimulation with CD86 has been 
demonstrated to be critical for the allergen-induced Th2 cytokine production in atopic 
asthmatic subjects [144]. However, the T lymphocyte response induced by pDCs is 
highly dependent on the stimuli activating the pDCs [67]. Therefore the consequences 
of these findings for activation of the adaptive immune system, and their role in airway 
disease, remain to be established. The in vitro whole blood study demonstrated how 
CD68-,CD123+ cells are affected by the local milieu of an ongoing allergic 
inflammation, where a mediator exerts its effect on not only one cell type, but on many. 
The lack of in vitro activation of pDCs to allergen alone suggests that the increase in 
CD68-,CD123+ cells may be a secondary effect mediated through allergen-induced 
responses by other cell types with the subsequent release of cytokines and other 
inflammatory mediators.  

Even though CD68-,CD11c+ cells and CD68-,CD123+ cells displayed a dendritic 
morphology, some cautiousness is required, as the phenotypes of dendritic cell subsets 
are not fully characterized and their surface markers are highly plastic. Although the 
macrophages, which are the major confounding CD11c-bearing cells, were excluded 
we cannot rule out a minor contribution of other CD11c-positive cell populations. A 
similar way of thinking is also valid for CD68-,CD123+ cells since it has recently been 
described that a small population of the mDC may also express CD123 [145]. In the 
whole blood assay, staining with BDCA2 and CD123 confirmed that the gated 
populations were indeed pDCs.  

In conclusion, we observed that allergen challenge increases the amount of  
CD68-,CD123+ cells in the nasal sub-epithelial tissue. No similar effect was seen on the 
number of CD68-,CD11c+ cells, suggesting that different subsets of dendritic cells may 
differ in the mechanism of activation and in their role in allergic rhinitis. The 
augmented activation of the CD68-,CD123+ cells following stimulation with 
inflammatory mediators suggests that the increased number of CD68-,CD123+ cells 
seen upon allergen exposure may be of a more activated phenotype. Along with the 
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greater extent of activation in allergic subjects upon TNF-α stimulation, this suggests a 
role for pDCs in the course of allergic rhinitis.  

Fig. 11.  The expression of CD86 by CD68-,CD123+ cells in blood after treatment of whole blood with 
allergen (10 000 SQ/U /mL), TNF-α (10 ng/mL or 100 ng/mL), IL-4 (10 ng/mL or 100 ng/mL), CpG (10 
µM or 100 µM) or on untreated cells (untreated). The panels on the top right and middle right display the 
responses to allergen and TNF-α, respectively, in atopic subjects compared to non-atopic. The figure 
shows mean fluorescent intensity (MFI) for CD86 on CD68-,CD123+ cells. Data are presented as 
mean±S.E.M; n=6-13; *p<0.05; **p<0.01 
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TLR7 IN AIRWAY HYPERRESPONSIVENESS (PAPER V)  

The role of virus-recognizing TLRs in airway hyperresponsiveness is not fully 
understood. While it is well established that a virus infection can cause exacerbation of 
airway disease, the main role of TLRs is to protect against infection. It is therefore 
implied that activation of TLRs should provide a beneficial effect to the host. Thus, it 
may be speculated that a faulty or otherwise aberrant TLR response could be a cause 
for virus-induced exacerbation of airway disease. TLR7 recognizes ssRNA, which is 
the genetic material of several viruses and often present during virus replication. TLR7 
is therefore an interesting target when analyzing virus-induced exacerbations of airway 
disease. We have previously demonstrated that inflammatory stimuli have the ability to 
both increase and attenuate airway smooth muscle contraction [113, 146-148]. In 
Paper V we continued this line of investigation by exploring the effects of TLR7 
activation. 

Guinea pig tracheas were used due to their similarity with human airways [149]. The 
tracheas were excised, and stained with immunohistochemistry for detection of TLR7 
protein expression. Tracheal segments were also cultured together with ligands of 
TLR7, and analyzed in a myograph system.   

Immunohistochemical staining revealed the presence of TLR7 protein in the airway 
smooth muscle cell layer and the airway epithelium, along with a scattered staining in 
the underlying tissue (Fig. 12).  

Tracheal segments cultured with the TLR7 agonist R837 and the TLR7/8 agonist R848 
for 3 days, displayed a marked reduction of smooth muscle contraction to 5-HT  (Fig. 
13). A shorter time of culture with R837 did not affect the contractile responses.  

Fig. 12.  Immunoreactivity for TLR7 in the guinea pig trachea. The brown DAB-staining indicates the 
presence of TLR7 in the epithelial (Ep) and in the smooth muscle cell (SMC) layers The left picture 
shows the staining when primary antibody is replaced with antibody diluent, and the right picture 
demonstrates the staining for TLR7 at an antibody dilution of 1:20.  
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Treatment of the tracheal segments with inhibitors of NF-κB and the c-Jun N-terminal 
kinase (JNK), extracellular signal-related kinases (ERK)1/2 and p38 MAPK pathways 
revealed that the reduced contraction was dependent on the p38 MAPK and NF-κB 
pathways. Removal of the airway epithelium did not affect the outcome of the R837 
treatment.  

Fig. 13.  Concentration-effect curves for 5-HT in guinea pig tracheas cultured for 3 days in the presence 
of various concentrations of R837 (0.05 µg/mL, 0.5 µg/mL, or 5 µg/mL), and R848 (0.05 µg/mL, 0.5 
µg/mL, or 5µg/mL), or in untreated control segments (untreated). Data are presented as mean±S.E.M; 
n=8-9; *P<0.05.

Comments 

The findings in Paper V demonstrate a reduction of airway smooth muscle contraction 
in response to long-term TLR7 stimulation, dependent on the NF-κB and p38 MAPK 
pathways, and independent of the airway epithelium. This effect was local, as there can 
be no influx of inflammatory cells in the present model. The observed attenuation may 
be mediated either directly through TLR7 located in airway smooth muscle cells, or 
indirectly by the activation of TLR7 in locally residing tissue cells.  

As the guinea pigs in the present study were not virus infected, allergen challenged, or 
otherwise rendered hypersensitive, the present attenuation of the contractile response 
probably represents the desired response of the innate immune system to airway 
infection. A beneficial effect of TLR7 in airway disease has been presented in several 
studies. R848 inhibits allergen-induced inflammation of the airways and hyperreactivity 
[108]. Similarly, the TLR7 ligand S-28463 prevents allergen-induced 
hyperresponsiveness in a model of allergic asthma, and both R837 and R848 induce a 
Th1 response, which antagonizes the allergic Th2 response [108, 150, 151].  
Altogether, this strongly suggests a role for TLR7 in asthma treatment. The presently 
observed reduction of the contractile response to 5-HT strengthens a beneficial role of 
TLR7. It might be that an impaired function or an aberrant response constitutes an 
underlying cause of the exacerbations triggered by virus infection in asthmatic subjects. 
A defect function of TLR7 in asthma has been described [152]. In addition, it has been 
found that polymorphisms in TLR7- and TLR8 coding genes appear to constitute a risk 
factor for the development of asthma [106].  While R837 is described to solely activate 
TLR7 in humans [153], there have been suggestions that it in some species also induces 
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TLR8 responses [154].  As the specificity of R837 has not been determined in guinea 
pigs, it cannot be excluded that part of the observed effect on airway smooth muscle 
contraction may be TLR8 mediated.  

The present findings indicate that TLR7 activation could be a protective mechanism 
against hyperresponsiveness upon virus infection, and supports the idea that a TLR7 
deficiency might be a cause for airway disease. Furthermore, they support the idea that 
TLR7 may be an option for treatment of airway hyperresponsiveness.  

NLRS IN NEUTROPHIL IMMUNE RESPONSE (PAPER VI)  

The early encounter between microbes and neutrophils make these cells and their PRRs 
interesting targets in airway disease. The TLRs are not the only PRRs of the innate 
immune system. A recently discovered family of PRRs, the NLRs, is increasingly 
characterized. This family stands out as another potential target in airway disease as 
mutations in the NOD2 coding gene has been associated with the development of 
asthma [155].  

The study aimed to identify and explore the NLRs in neutrophils, as one more set of 
PRRs which may have relevance on airway disease. The paper focused on the NOD1, 
NOD2 and NLRP3 receptors whose ligands are known.  

Immunohistochemical staining and flow cytometry demonstrated a marked expression 
of NOD2 and NLRP3, but no NOD1, intracellularly in neutrophils (Fig. 14).  

Fig. 14.  The expression of NOD1, NOD2 and NLRP3 protein in freshly isolated neutrophils. Protein 
expression (dark grey histograms) is compared with isotype control (transparent histograms) and, where 
applicable, with the secondary antibody used for conjugation of the NOD1 antibody (i.e. fluorescein 
isothiocyanate-conjugated goat anti-rabbit; light grey histograms).  

The expression of NOD2 and NLRP3 in neutrophils was confirmed on mRNA level, as 
real-time RT-PCR demonstrated the expression of mRNA for NOD2 and NLRP3.  
Activation of NOD2 with the synthetic ligand MDP caused a change in neutrophil 
expression of cell surface markers towards a more activated phenotype with an up-
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regulation of CD11b and a down-regulation of CD62L.  Similarly, treatment with MDP 
caused a secretion of IL-8. Stimulation of NLRP3 with the activator alum induced the 
secretion of IL-1β (Fig. 15). Additionally, both stimulation with MDP and alum caused 
an increase in cell migration towards IL-8 (Fig. 16). 

Fig 15.  Secretion of IL-8 (left image) and IL-1β (right image) by neutrophils treated for 4 h with NOD2 
ligand MDP (NOD2; 1 µg/mL and 10 µg/mL) and NLRP3 activator alum (NLRP3; 10 µg/mL and 100 
µg/mL), respectively. The negative control for MDP is included in the left image (NOD2 neg; 1 µg/mL 
and 10 µg/mL). Data are expressed as mean±S.E.M; n=4-6; *p<0.05; **p<0.01.  

Fig. 16.  Migratory responses to IL-8 (10 ng/mL) by neutrophils stimulated with ligands of NOD1 
(NOD1 10 µg/mL), NOD2 (NOD2 10 µg/mL) and NLRP3 (NLRP3 100 µg/mL), or untreated 
neutrophils (untreated). Data are expressed as mean ± SEM; n = 4; *p< 0.05. 
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Comments  

In Paper VI NLRs in neutrophils were explored. This demonstrated the presence of 
functional NOD2 and NLRP3, whose activation causes secretion of IL-8 and IL-1β, 
respectively. An altered neutrophil phenotype upon NOD2 activation and an increased 
migration after activation of NOD2 and NLRP3 were also seen. 

Through the TLRs, we have already observed a possible role for PRRs in airway 
inflammation. The presence of NLRs in neutrophils reveals another set of PRRs that 
might be involved in airway disease. The expression of NLRs and an inflammatory 
response upon their activation has been demonstrated in several subsets of leukocytes, 
including B lymphocytes, dendritic cells and monocytes [43, 44, 156], but this seems to 
be the first paper to characterize their expression in neutrophils. Secretion of IL-8 and 
down-regulation of CD62L along with an up-regulation of CD11b to NOD2 
stimulation reflect neutrophil activation. The secretion of IL-1β upon NLRP3 activation 
is well in line with findings in other types of cells, as NLRP3 makes up part of the 
inflammasome complex, known to be involved in IL-1β synthesis [157, 158].  

While both TLRs and NLRs are PRRs, they exhibit different cellular localizations. The 
TLRs are found on the cell surface or endosomally, and NLRs are located in the 
cytosol. The presence of both TLRs and NLRs in a cell broadens the range of 
recognized microbes for the immune system, and allows detection regardless of the 
compartmentalization of the microbe. Additionally, TLRs and NLRs have been shown 
to synergize to potentiate the immune response [159-161]. NLRs have also been 
suggested to supplement TLRs when TLR signaling is diminished [162]. 

The present findings display the functional expression of NOD2 and NLRP3 in 
neutrophils. This suggests a role for neutrophil NLRs in innate immune responses and a 
role in airway disease.  
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SUMMARY AND CONCLUSIONS 

• The CXCR2 inhibitor AZD8309 diminished the neutrophil recruitment caused 
by LPS challenge in the human nose. The effect persisted for 24 h and was 
accompanied by a marked reduction in the levels of neutrophil elastase activity 
and LTB4. The response mimicked the reaction seen in a previous lower airway 
study with a similar design. The nasal LPS challenge model induced no signs of 
systemic inflammation, neither clinically nor laboratory. Since LPS is known to 
cause considerable systemic side effects upon inhalation, the presented data 
suggest that the nasal LPS challenge is a safe and reliable method for studying 
neutrophilic inflammation in the airways.  

• Nasal challenge with LPS caused an increase in MIP-1α in nasal lavage. No 
corresponding change was seen in mRNA expression in nasal biopsies, 
suggesting that the increase was not due to epithelial synthesis. Similarly, no  
MIP-1α could be detected in an epithelial cell line treated in vitro with LPS. 
Treatment of isolated neutrophils with LPS delayed neutrophil apoptosis and 
resulted in a time- and concentration-dependent release of MIP-1α. This release 
was attenuated by the transcriptional inhibitor actinomycin D and inhibitors of  
the NF-κB, PKC, and p38 MAPK pathways. This suggests that the increased 
secretion of MIP-1α was caused by recruited neutrophils, and further boosted 
by an LPS-induced delay of apoptosis. It also suggests that MIP-1α may 
constitute an important mediator in neutrophilic airway disease.  

• Patients with symptomatic allergic rhinitis displayed a systemic up-regulation 
of TLR4 expression in leukocytes in nasal lavage, blood and bone marrow 
during pollen season. Challenge with LPS in patients exposed to allergens 
resulted in a release of cytokines like IL-4, IL-5, IL-10, IL-13, IFN-γ and  
TNF-α. No such cytokine release was seen with either allergen or LPS alone, or 
when LPS preceded allergen. The systemic up-regulation of TLR4 seen during 
on-going allergic rhinitis, might contribute to the observed increase in response 
when LPS was applied following allergen challenge. These results further 
strengthen the suggestion that a local infection may exacerbate or aggravate 
allergic symptoms.  

• The two major subsets of dendritic cells in humans, pDCs and mDCs, were 
identified in nasal biopsies on the basis of their surface markers. The pDCs, 
identified as CD68-,CD123+ cells, increased in the nasal sub-epithelium upon 
allergen challenge, whereas the CD68-,CD11c+ cells were unaffected by 
challenge. In vitro studies of pDCs in whole blood revealed that these cells 
could be activated by stimulation with IL-4, TNF-α and the TLR9 agonist CpG, 
and that TNF-α caused a higher activation among atopic than non-atopic 
subjects. The presented data support the notion of mDCs and pDCs as distinct 
populations with different roles in the allergic process. Further, they suggest 
that the observed pDCs in the nose might be of an activated phenotype and 
could play a role in the course of allergic rhinitis. 
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• The presence of TLR7 in guinea pig airways was confirmed by 
immunohistochemistry. Treatment of isolated airways with the TLR7 agonists 
R837 and R848 reduced the airway contractile responses to 5-HT in an 
epithelium-independent manner, an effect which was reversed by inhibitors of 
the p38 MAPK and NF-κB pathways. These findings indicate that TLR7 
activation could be a protective mechanism against hyperresponsiveness upon 
virus infection, and support the idea that TLR7 deficiency might contribute to 
airway disease. Further, it suggests that TLR7 ligands might be an option for 
treatment of airway hyperresponsiveness.  

• A marked expression of NOD2 and NLRP3 was found in isolated neutrophils. 
NOD2 activation with MDP resulted in IL-8 secretion, down-regulation of 
CD62L, and up-regulation of CD11b, along with an increased migration 
towards an inflammatory stimulus. NLRP3 activation with alum caused IL-1β
secretion and facilitated migration. No expression of NOD1 was found, and 
stimulation with the NOD1 ligand iE-DAP induced no signs of activity. The 
present findings of functional NOD2 and NLRP3 in neutrophils might reflect a 
previously unknown pathway for activation of these cells.  
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SAMMANFATTNING PÅ SVENSKA 
Allergisk rinit och astma präglas av en lokal inflammatorisk process.  Det är välkänt att 
infektioner med bakterier och virus kan leda till försämring av dessa sjukdomar. Vilka 
immunologiska mekanismer som ligger bakom detta är fortfarande till stor del oklart. 
Föreliggande avhandling är centrerad kring studier av två receptorfamiljer i vårt 
medfödda immunförsvar, de s.k. Toll-lika (TLRs) och Nod-lika receptorerna (NLRs), 
samt deras betydelse för luftvägsinflammation. Båda familjerna har förmågan att känna 
igen specifika strukturer på bakterier och virus. När så sker startar en immunologisk 
försvarsreaktion. I sex studier undersöktes två TLRs, TLR4 och TLR7, samt tre NLRs 
nämligen NOD1, NOD2 och NLRP3. Vi har studerat var dessa receptorer finns, hur de 
aktiveras samt vad som kan hända om TLR4 aktiveras under en pågående allergisk 
inflammation. Vi har också undersökt hur s.k. dendritiska celler interagerar med 
inflammatoriska mediatorer i näsan.  

Aktivering av TLRs och NLRs leder till en inflammatorisk reaktion med produktion av 
ett stort antal meditorsubstanser, bl.a. s.k. cytokiner. Dessa ämnen styr i sin tur 
utvecklingen av den inflammatoriska reaktionen. Även om TLRs och NLRs har som 
huvuduppgift att förhindra infektion har det blivit allt tydligare att mutationer i de gener 
som kodar för dessa receptorer, eller felaktiga svar vid aktivering av dessa receptorer 
kan leda till sjukdomar som astma och allergi. Målet med avhandlingen har varit att 
undersöka hur aktivering av TLRs och NLRs påverkar olika immunceller och glatt 
muskulatur i luftvägarna.  

Lipopolysackarid (LPS), även kallat endotoxin, finns i vissa bakteriers cellväggar och 
känns igen av TLR4. I de första tre arbetena användes en modell där LPS sprayades i 
näsan för att ge upphov till ett inflammatoriskt svar. I avhandlingens första arbete 
undersöktes om LPS sprayat i näsan ger ett svar som påminner om det som sker när 
samma substans tillförs i bronkerna. Resultaten visar att LPS tillfört i näsan ger en lokal 
inflammation med aktivering av neutrofila celler på samma sätt som i lungan. En 
skillnad är dock att LPS i lunga ger upphov till en lång rad systemiska biverkningar av 
influensalikande karaktär. Sådana biverkningar ses ej efter näsapplikation. Detta gör att 
näsmodellen med fördel kan användas som ett säkert och för försökspersonen skonsamt 
sätt att studera neutrofilberoende förlopp i lungan, något som förbättrar förutsättningen 
för utvecklingen av nya mediciner mot astma och kroniskt obstruktiva lungsjukdomar.  

I det andra arbetet användes samma LPS-modell för att studera LPS relation till  
MIP-1α. MIP-1α är en substans med förmågan att dra till sig och aktivera celler i 
immunförsvaret. Vi fann att LPS orsakade en ökad frisättning av MIP-1α i näsan, vilket 
leder till ett inflöde av neutrofiler. Signalvägarna som gav upphov till frisättningen 
karakteriserades. Behandling med LPS fördröjde också neutrofilernas celldöd. Detta 
tyder på att MIP-1α kan vara en av många viktiga mediatorer involverade 
inflammatorisk luftvägssjukdom.  

I det tredje arbetet undersöktes om uttrycket av TLR4 på celler från näsan, blod och 
benmärg ändrades hos allergiker under pollensäsongen. Då vi fann att uttrycket ökade 
på neutrofiler från alla dessa områden, samt hos eosinofiler och monocyter från blod 
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och omogna granulocyter i benmärg, fortsatte vi med att undersöka om LPS 
provokation efter allergenexponering påverkade cytokinfrisättningen i näsan. Allergiker 
som provocerades med LPS efter att först utsatts för allergen uppvisade en kraftig 
cytokinfrisättning i näsan. Något liknande sågs inte när LPS och allergen tillfördes var 
för sig. Detta kan tolkas som att den uppreglering av TLR4 som sker under 
allergisäsongen skapar en ökad beredskap för inflammatorisk aktivering vilken sker då 
patienten utsätts för en bakteriell infektion. Föreliggande data ger en möjlig förklaring 
till varför infektioner försämrar allergier.  

Arbete fyra syftade till att undersöka hur allergen påverkar två sorters dendritiska 
celler, de myeloida (mDCs) och de plasmacytoida (pDCs), i näsan hos patienter med 
allergisk rinit. Antalet pDCs ökade vid allergen provokation hos allergiker. Genom att 
behandla pDCs med ämnen som förekommer vid den allergiska inflammationen 
upptäcktes att cytokinerna IL-4 och TNF-α samt det TLR9 aktiverande ämnet CpG 
ökade deras aktivering. Av detta förstår man att mDCs och pDCs har olika roller i den 
allergiska processen, samt att pDCs måhända har en mer aktiv roll i den allergiska 
reaktionen. 

I arbete fem studerades isolerade trakealsegment från marsvin i vävnadsbad med fokus 
på den virusigenkännande receptorn TLR7. TLR7 återfanns på den glatta 
muskulaturen. När segment stimulerades med de TLR7-aktiverande ämnena R837 och 
R848 under tre dagar minskade svaret på kontraktil stimulering. Dessa fynd stödjer 
tidigare tankar om att defekter i TLR7 systemet kan bidra till utveckling av 
luftvägshyperreaktivitet. Vidare pekar föreliggande data på en ny möjlig väg för 
behandling av luftvägshyperreaktivitet, genom tillförsel av TLR7-stimulerande ämnen. 

I det avslutande arbetet karakteriserades NLRs avseende uttryck och funktion i 
neutrofila celler. Det framkom att NOD2 och NLRP3, men inte NOD1, finns på 
neutrofiler. En aktivering av NOD2 ger upphov till produktion av cytokinen IL-8, samt 
ett förändrat utryck av s.k. ytmarkörer, medan aktivering av NLRP3 ger sekretion av en 
annan cytokin, IL-1β. Vidare kunde det konstateras att stimulering av NOD2 och 
NALP3 ökade neutrofilernas benägenhet att migrera mot inflammatoriska ämnen. 
Sammantaget talar detta för att NOD2 och NLRP3 utgör en ny, icke tidigare beskriven 
väg för neutrofil aktivering.   

Avhandlingens resultat visar på en koppling mellan det medfödda immunförsvaret och 
luftvägsinflammation, och denna koppling tyder på att behandling inriktad på TLRs 
och NLRs kan öppna nya vägar för att förhindra eller lindra allergisk och 
inflammatorisk luftvägssjukdom i såväl näsa som lunga. 
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