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ABSTRACT 
Allergy is a common disease in the industrialized countries, affecting approximately 25% of the 

population. Therefore, there is a need to find new treatment strategies to improve the quality of life for 
allergic individuals. Today the only treatment that gives long-lasting reduction of allergic symptoms is 
allergen-specific immunotherapy (SIT). However, despite successful clinical outcome, the method as it is 
performed today has some drawbacks such as therapy associated side-effects. There is thus an urge to 
optimize the treatment strategy. This can be approached in different ways, e.g. to use alternative 
adjuvants instead of the commonly used aluminum hydroxide (alum), which has for instance been linked 
to granuloma formation, or create hypoallergens with reduced IgE binding in order to minimize the risk 
of side-effects upon injection. 

The aim with this thesis was to evaluate carbohydrate-based particles (CBPs) as a novel adjuvant 
and allergen carrier for use in SIT. Furthermore, we wanted to employ a novel strategy, DNA shuffling, 
to generate hypoallergens of mite group 2 allergens from the mite species Lepidoglyphus destructor and 
Glycyphagus domesticus. 

The CBPs were first evaluated in an in vitro system with immature human monocyte-derived 
dendritic cells (iMDDCs). Here we showed that the major recombinant cat allergen Fel d 1 (rFel d 1) 
covalently coupled to the particles was readily ingested by the iMDDCs. Upon uptake of the CBP 
coupled rFel d 1, the cells upregulated cell surface expression of the co-stimulatory molecule CD86. 
Moreover, the cells produced increased levels of TNF-  and IL-8. Taken together, the MDDCs showed a 
semi-mature phenotype, and in the context of SIT, this might be beneficial. Instead of initiating a strong 
Th1 response, these dendritic cells might induce a mixed Th1/Th2 response or perhaps a regulatory 
response. To further investigate this, a mouse model for cat allergy was established. In this model, mice 
were sensitized with rFel d 1 followed by intranasal challenge in order to establish an allergic 
inflammation in the airways, characterized by an infiltration of eosinophils and an enhanced airway 
hyperreactivity (AHR). By utilizing this model we could show that by treating mice with rFel d 1 coupled 
to CBPs, they responded with a reduced AHR after allergen challenge compared to mice treated with 
empty CBPs. This was also reflected in the bronchoalveolar lavage (BAL) fluid with reduced levels of 
infiltrating eosinophils. Another possible application for the CBPs could be in prophylactic settings and 
therefore we moreover administered the CBP coupled rFel d 1 before the mice were sensitized, to 
investigate whether we could prevent the onset of allergy. This was indeed demonstrated, with mice pre-
treated responding with lower AHR and lower levels of infiltrating eosinophils in the BAL than sham 
pre-treated controls. To further investigate the in vivo faith of the CBPs, the particles were either labelled 
with FITC or coupled to radioactive 75[Se]-labelled rFel d 1. By performing immunizations with these 
preparations we could show that the particles are taken up by a CD11c+F4/80+ cell population and 
transported both to the draining lymph nodes and later also the spleen. Interestingly, the majority of the 
injected particles remained at the site of injection five days later and radioactivity originating from rFel d 
1 could be detected at the site one week after injection. This supports the role of CBPs as an allergen 
carrier which prolongs the antigen exposure and thereby can induce tolerance to the allergen. 

This thesis also supports the use of DNA shuffling as a method to create hypoallergens for use in 
SIT. We successfully created two hypoallergen candidates from the major mite allergens Lep d 2 and  
Gly d 2 which demonstrated reduced IgE binding but retained T-cell epitopes. When applied in vivo, 
antibodies with blocking capacity were produced which could reduce the degranulation of rat basophil 
leukaemia cells sensitized with serum from mite allergic patients. In summary, this method has been 
proven useful to create hypoallergens without using prior knowledge either of B- and T-cell epitopes or 
structure of the parental proteins. 

In conclusion, the work presented here contributes to the aim of creating tools for novel treatment 
strategies in order to make SIT safer and more efficient, which ultimately will be beneficial to patients 
suffering from allergic disease. 
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1 INTRODUCTION 
 
 
1.1 THE IMMUNE SYSTEM 

 
The function of the immune system is to protect the host against infections. To 
accomplish this, the immune system is divided into two major branches, the innate and 
the adaptive part. The innate immunity is the first line of defence against invading 
pathogens and it includes the physical barriers such as the skin and the mucosa lining 
the outer and inner surfaces of the body, as well as chemical protections such as low pH 
and antimicrobial peptides. The innate branch is considered to be “non-specific”, but it 
has been developed to distinguish self from non-self. Many microbes contain conserved 
molecules or patterns (pathogen-associated molecular patterns; PAMPs) which the 
innate immune system has developed receptors to recognize [1]. These so called 
pathogen recognition receptors (PRRs) include the toll-like receptors (TLRs) and the  
C-type lectin receptors (CLRs). For example, the TLR-4 binds the gram negative 
bacterial cell wall constituent lipopolysaccharide (LPS) via adaptor proteins such as 
CD14, while TLR-2 binds peptidoglycan from gram positive bacterial cell walls. 
Unmethylated bacterial DNA (CpG oligonucleotides) is recognized by TLR-9. One of 
the first innate immune cells to encounter an invading pathogen is the macrophage. The 
macrophage will induce a state called inflammation by secreting mediators 
(leukotriens, prostaglandins) and cytokines (TNF, IL-1, IL-8), which activate the 
epithelial cells of the blood vessels and help to recruit other cells of the immune system 
such as neutrophils and monocytes [1].  
 
When a pathogen cannot be eliminated successfully by the innate immunity, the 
adaptive system will take over. This branch is mainly mediated by T and  
B lymphocytes, equipped with receptors, highly specific for different epitopes found on 
pathogens. The B-cells produce membrane bound immunoglobulin (Ig) molecules 
which upon activation of the cell can be secreted. T-cells are equipped with T-cell 
receptors (TCRs) which recognize peptide fragments bound to major histocompatibility 
(MHC) I and II molecules on different cell types. The link between the innate and the 
adaptive immunity is considered to be the dendritic cell (DC), which role is to sense 
infections in the periphery and activate adaptive cells specific for the pathogen in the 
draining lymph nodes [1]. 
 
 
1.2 CELLS OF THE IMMUNE SYSTEM 

 
The immune system is based on a broad variety of different cell types which each are 
important for efficient protection. These include both cells of the innate immune 
system, e.g. macrophages, granulocytes, monocytes and DCs and cells of the adaptive 
immunity such as B and T-cells. There are three types of professional antigen 
presenting cells (APCs), the DC, the macrophage and the B-cell. Out of these, the DC 
is by far the most potent APC because of its capacity to activate naïve T-cells. 
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1.2.1 Dendritic cells 
 

Dendritic cells exist in several different subtypes, based on their different functions and 
locations. There are two main subpopulations found in human blood, the myeloid DCs 
(mDCs), which express markers such as CD11c, and the plasmacytoid DCs (pDCs), 
which are CD11c negative and produce high levels of IFN-  in response to viral 
infections. The mDCs and pDCs are considered to evolve from different pathways [2, 
3]. Myeloid DCs can be generated in vitro by culturing isolated monocytes with IL-4 
and GM-CSF, however, whether they exhibit an exact counterpart in vivo remains to be 
established. In mice, several CD11c positive DCs have been found in lymphoid tissue, 
such as the CD8 + and CD8 - [4]. This marker has so far not been found on human 
DCs. 
 
1.2.1.1 Antigen uptake and presentation 

 
DCs are constantly patrolling the periphery, especially the body surfaces, to sense 
infection and ingest encountered antigens. To accomplish uptake of antigens, DCs 
employ several uptake mechanisms. Macropinocytosis is a cytoskeleton dependent 
fluid-phase endocytosis, and is usually the mechanism by which soluble molecules and 
virus sized particles are taken up [5]. Receptor-mediated endocytosis is initiated by the 
biding of the antigen to a receptor. This can e.g. be Fc receptors (FcRs), C-type lectins 
receptors (CLRs) or scavenger receptors. FcRs bind the Fc portion of immunoglobulins 
and can take up antigen complexed with antibodies. CLRs (e.g. DEC205 and  
DC-SIGN) bind to specific carbohydrate structures found on both pathogens and self-
proteins [6]. Scavanger receptors are glycoproteins which bind e.g. apoptotic bodies. 
Particulate antigens (0.5-5 µm) are most often ingested by phagocytosis, an actin 
dependent mechanism which results in intracellular vacuoles. This uptake mechanism 
is most likely receptor mediated since it requires actin rearrangement [5, 7]. 

 
The exogenous antigens taken up by the DC will be processed in the endocytic system 
and first delivered to the early endosome. This endosome becomes increasingly acidic 
as it is transformed into a late endosome which finally fuses with a lysosome. The 
acidification occurs to activate proteolytic enzymes such as proteases, which are pH 
dependent. In the end, the protein will be processed into 13-17 amino acid long 
peptides [1, 7], loaded onto MHC II molecules and transported to the cell surface to be 
displayed to T-cells.  

 
Upon uptake of pathogenic antigens, the DCs will mature and start to migrate to 
secondary lymphoid organs. Depending on the type of pathogen and which receptor 
involved in the interaction, the DCs can mature in different ways, in order to control the 
following priming of the T-cells. To transform into mature DCs, specialized to present 
antigen to T-cells, they undergo a complex process which include (i) down regulation 
of the endocytic/phagocytic receptors; (ii) reorganization of the cytoskeleton to 
facilitate migration; (iii) production of selected cytokines and chemokines depending 
on what type of adaptive response needs to be initiated; (iv) upregulation of surface  
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co-stimulatory molecules such as CD80, CD86 and CD40 to be able to efficiently 
prime the T-cells [1, 2].  

 
DCs also have a steady state in which self or environmental antigens are taken up in the 
absence of maturation stimuli. This leads to the presentation of the self peptides without 
the co-stimulatory molecules on the DC surface, and hence the induction of tolerance 
instead of immunity. The antigen-specific lymphocytes which encounter this DC in the 
lymph node will either become anergic and not respond to the antigen, or clonally 
deleted [1]. 
 
 
1.2.2 T lymphocytes 

 
T-cells originate in the bone marrow but are transported to the thymus for development. 
Here they rearrange their receptor genes to form a pool of T-cells expressing a highly 
diverse repertoire of receptors, recognizing a broad spectrum of peptides from both self 
and non-self antigens bound to MHC molecules [1]. The majority of the T-cells which 
recognize self peptides are eliminated in the thymus to prevent autoimmune reactions in 
the periphery. However, some self-reactive T-cells leave the thymus, but mechanisms 
have evolved to regulate these cells in the periphery [1]. The naïve T-cells leave the 
thymus and re-circulate the lymphoid organs. When the interaction with an APC 
occurs, the T-cell will develop into an effector cell with effector functions depending 
on the type of T-cell needed. 
 
 
1.2.2.1 CD4+ T helper cells 

 
The CD4+ T-cells recognize peptides bound to MHC II molecules on APCs. They have 
traditionally been divided into two distinct populations based on the cytokines they 
produce [8, 9]. First there are the T helper- (Th)-1 cells which have an important role in 
the cellular immunity, mainly against intracellular pathogens. Th1 cells produce IFN- , 
activate macrophages through CD40L and activate B-cells to produce Th1 associated 
immunoglobulins such as IgG2 (mouse) or IgG1 (human). Second, there are the Th2 
cells which have a role in the defence against extracellular pathogens such as parasites. 
Th2 cells produce cytokines like IL-4, IL-5 and IL-13 and activate B-cells to produce 
IgE and IgG1 (mouse) or IgG4 (human). Th1 and Th2 cells are believed to differentiate 
from a Th0 cell population (capable of producing both Th1 and Th2 associated 
cytokines). Recently, another subpopulation has been described, the Th17 cells [10]. 
These proinflammatory cells produce IL-17 and are involved in some autoimmune 
disorders [11]. Their main function is thought to be in the defence against extracellular 
bacteria and fungi. 
 
1.2.2.2 CD8+ T-cells 

The CD8+ cytotoxic T-lymphocytes (CTLs) recognize foreign peptides associated with 
MHC I molecules. These peptides are derived from cytosolic proteins and loaded on 
MHC I in the endoplasmatic reticulum. For the CTL to become activated, the foreign 
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peptide needs to be presented by an APC with sufficient co-stimulatory molecules 
present. However, the activated CTL can exert its effects on all cell types displaying the 
correct peptide-MHC I complex, e.g. a virus infected cell. The activated CTL can kill 
the target cell by releasing cytotoxic molecules such as granzyme and perforin which 
leads to the forming of pores in the cell membrane and hence cell death. In addition to 
the expression of cytotoxic effector molecules, CTLs express Fas ligand which can 
bind Fas on target cells and induce apoptosis [1]. 
 
1.2.2.3 T regulatory cells 

 
T regulatory cells (Tregs) are T-cells with the property to regulate and suppress 
inflammation. They are highly important to control immune responses and have been 
associated with inflammatory disorders [12]. The Tregs can be divided into two main 
subtypes [13]. The adaptive Tregs, i.e. T regulatory 1 (Tr1) and Th3-cells, develop 
from naïve T-cells in the periphery and produce the suppressive cytokines IL-10 (Tr1 
and Th3) and TGF-  (Th3). The naturally occurring Tregs developing in the thymus 
are CD4+, and when they leave, constitute up to 10% of the CD4+ T-cells [14]. A 
characteristic feature of the naturally occurring Tregs is the high expression of CD25 
(IL-2R  chain) and the transcription factor forkhead box protein 3 (FOXP3). In 
humans, mutation in FOXP3 results in the disease IPEX (immunodysregulation, 
polyendocrinopathy, enteropathy, X-linked) which is a rare and severe autoimmune 
disorder [1, 12, 15]. 
 
 
1.2.3 B lymphocytes 

 
The B lymphocytes originate in the bone marrow, but unlike the T-cells, the B-cells do 
not leave the bone marrow until they have matured and the antigen recognizing 
receptors have been rearranged and selected against self reactivity. As for the T-cells, 
this process is important to avoid reacting to self antigens in the periphery. The first  
B-cell receptor (BCR) to be expressed is a membrane bound form of the IgM antibody, 
but after encountering the antigen, the B-cell often switches isotype to a more effector 
specialized one, such as IgA (important for the mucosal defence) or IgG (important 
neutralizing antibody).  

 
There are different types of B-cells which have evolved to protect against different 
types of antigens. Antibody responses to protein antigens require antigen-specific  
T helper cells and are thus called thymus dependent (TD) antigens. Normally, the  
B-cell ingests the protein antigen via the BCR, processes and displays it to the T-cell on 
MHC II. In this way, the B-cell will receive signals via CD40 and cytokines secreted 
from the T-cell to proceed. There are two types of thymus independent (TI) antigens 
which directly can activate the B-cell without the help from Th-cells. The TI-1 antigens 
are B-cell mitogens which in a polyclonal way activate the B-cells. One example is the 
bacterial polysaccharide LPS which can associate with the activating receptor TLR-4. 
TI-2 antigens are bacterial polysaccharides with highly repetitive structures and 
therefore can cross-link BCRs on mature B-cells, specific for that antigen [16].  
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1.3 ALLERGY 
 

IgE-mediated allergy is a disease in which an inappropriate immune response is 
mounted against harmless environmental antigens, so called allergens. In healthy 
individuals the normal response is characterized by the maintenance of immune 
tolerance to the allergen, e.g. achieved by an active immune regulation, however, in 
allergic individuals, an allergic immune response is induced. The symptoms can vary 
from allergen induced rhinitis of the upper airways (hay fever) to asthma of the lower 
airways, eczema of the skin and gastrointestinal symptoms caused by food intake. In 
addition to the IgE-mediated disease, allergy can be mediated by antibodies of IgG 
isotype (e.g. anaphylaxis caused by immune complexes) or by allergen-specific 
lymphocytes [17]. The symptoms from the allergen-specific T-cell mediated reactions 
appear after 24-48 hrs, when Th1 cells have entered the site of allergen challenge and 
released inflammatory cytokines such as IFN-  and TNF. The cytokines produced by 
the T-cells will affect local blood vessels and cause an increase in vascular permeability 
and swelling [1]. 

 
The aetiology of allergy is very complex and still today not fully understood. Genetic 
factors as well as environmental influences are believed to interact and play a pivotal 
role in the development of the disease. The observation that an increase in allergic 
diseases is correlated to the reduction in childhood infections was first described by 
Strachan in 1989 when he found a correlation between hay fever and house hold size 
[18]. He suggested that allergic diseases could be prevented by infections transmitted 
by older siblings or prenatally from the mother infected by contact with the older 
children. This led to the “hygiene hypothesis” which since first proposed has evolved 
and been modified, but is still considered to be a potential factor contributing to the 
increase in allergic diseases [19]. The decrease in the incidence of infectious disease in 
developed countries is most likely a result from antibiotics, vaccination and improved 
hygiene conditions [20]. The immune system of neonates is believed to have a Th2-bias 
which is skewed to a more Th1 phenotype during the first years of life. The “hygiene 
hypothesis” speculates that the developing immune system needs Th1 stimuli from the 
environment to avoid predisposing individuals to allergic diseases [21, 22]. Recently, 
the phenomenon of reduced immune suppression because of reduced activity of Tregs 
has been emphasized as a possible explanation of the “hygiene hypothesis” [23]. 
Today, more than 25% of the population in industrialized countries is affected [24] with 
16% of 13-14 year-old children in the Western Europe reporting asthma symptoms [25] 
and 20% having suffered from hay fever [26]. Taken together, the high number of 
allergic patients highlights the need for an efficient treatment. 
 
 
1.3.1 The allergic immune response 

 
During the first phase of the development of IgE-mediated allergy, the sensitization 
phase, the allergen enters the body e.g. through the mucosal surface of the nose or 
lungs, or via skin or gut. Here it will be taken up by antigen-presenting dendritic cells, 
processed and presented to naïve T-cells in the draining lymph node (Fig. 1A) [27]. 
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Because of signals provided by the DC [28], the allergen-specific CD4+ T-cell will 
become activated and differentiate into a Th2 cell, which secretes the cytokines IL-4, 
IL-5, IL-9 and IL-13. IL-4 and IL-13 drives the B-cell class switch to IgE production, 
and hence the secretion of allergen-specific IgE (Fig. 1B). Moreover, IL-13 can act on 
smooth muscle cells, epithelial cells and fibroblast of the lung via the transcription 
factor STAT6, to promote airway hyperresponsiveness [29]. IL-5 recruits eosinophils 
and supports their maturation, and IL-9 stimulates the activation of mast cells and 
basophils. The secreted allergen-specific IgE antibodies will subsequently bind via their 
Fc part to high affinity IgE receptors (Fc RI) on e.g. mast cells and basophils. Upon 
second encounter with the same allergen, the IgE receptors will be cross-linked, and the 
mast cell will become activated. This results in the release of granule stored vasoactive 
mediators such as histamines, prostaglandins and leukotriens (Fig. 1C). Symptoms of 
this IgE-mediated early phase are bronchoconstriction, itching and mucus production. 
The IgE antibodies will also bind to IgE receptors on dendritic cells, monocytes and  
B-cells, and facilitate uptake and presentation of allergen to T-cells, which drives the 
late phase of the allergic reaction and occurs 8-12 hrs after allergen encounter. This 
phase involves the recruitment of other inflammatory cells to the site of inflammation 
such as eosinophils, which then can degranulate and contribute to the allergic 
inflammation (Fig. 1D).   

 
Fig. 1. Simplified illustration of the allergic immune response (Modified from [30, 31]). A. The 
allergen is taken up by DCs after entering the body and is presented to naïve T-cells in the draining lymph 
node. Signals provided by the DC will differentiate the T-cell into a Th2-cell. B. The B-cell will take up 
allergen via its antigen-specific receptor, process the allergen and present it to the Th2 cell. The Th2 cell 
will induce class switching of the B-cell and cause it to produce IgE antibodies which are secreted.  
C. The IgE antibodies bind to Fc RI on mast cells and upon second encounter with the same allergen, the 
IgE-receptors will be cross-linked and cause degranulation of the mast cell (the immediate response).  
D. Allergen-specific IgE antibodies will also bind to Fc RI on DCs and facilitate uptake and presentation 
of the allergen to Th2-cells. The Th2-cells will cause the late phase reactions and then recruit other 
inflammatory cells such as eosinophils to the site of inflammation. 
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1.3.2 Allergens 
 

An allergen is a molecule, e.g. a glycoprotein, which can bind IgE antibodies and elicit 
an allergic reaction. What makes an allergen allergenic has so far not been elucidated, 
no common structure or motif has been found among the different allergens known, 
however some allergens from e.g. mites are enzymes (proteases) with the capacity to 
promote proinflammatory effects and many mammalian allergens (from e.g. cat, dog, 
rat, mouse and horse) are either lipocalins or albumins [32]. The major cat allergen  
Fel d 1 (Felis domesticus 1) is a glycoprotein, consisting of two polypeptide chains 
forming a heterodimer, found in the saliva, skin and lacrimal glands of the cat. It has 
been cloned by Morgenstern et al [33], produced as a recombinant construct by 
Grönlund et al [34] and the three-dimensional (3D) structure has been solved by Kaiser 
et al [35, 36]. In Sweden, allergy to cat is the most common cause of allergic asthma 
[37]. However, worldwide, allergic asthma is more commonly caused by sensitization 
to mites [38]. Numerous mite species have been described, including the house dust 
mite Dermatophagoides pteronyssinus [39] and the storage mites Lepidoglyphus 
destructor and Glycyphagus domesticus [40]. Mite allergens belonging to group 2 are 
major allergens with an IgE reactivity frequency of 70-90% of mite sensitized patients 
[40]. The dominating allergen in L. destructor, Lep d 2, is recognized by over 70% of 
L. destructor sensitized patients [41].  
 
 
1.3.3 Allergic asthma 

 
Allergic asthma is a chronic inflammatory disease of the airways which can be IgE- or 
non-IgE-mediated [17], and is associated with symptoms such as wheezing, coughing 
and increased mucus production. It should be noted that asthma is a symptom with 
many different underlying causes, thus, not all asthma is allergic. Patients also have an 
abnormal lung physiology, characterized by increased airway hyperresponsiveness and 
obstruction. In allergic asthma, T-cells play a major role in the pathogenesis due to their 
production of Th2 associated cytokines such as IL-4, IL-5 and IL-13 [42]. T-cell 
derived IL-5 recruits eosinophils from the bone marrow to the perivascular and 
peribronchial space of the lungs, where they can contribute to the allergic inflammation 
[43]. Another important cytokine for the recruitment of eosinophils is eotaxin.  
Eotaxin-2 binds to CCR3 on eosinophils and this interaction is critical for the 
eosinophilia [44]. An additional characteristic manifestation of asthma is the 
remodelling of the lung tissue which is partly driven by the infiltrating eosinophils and 
Th2 cells [45]. Susceptibility to asthma depends on several known and unknown 
factors. Numerous genes located in the 5q region have been associated with asthma 
susceptibility, including IL-4, IL-13 and CD14 [46]. Another gene which recently has 
been linked to the development of asthma is a G-protein coupled receptor named 
NPSR1 (former known as GPRA or GPR154) [47-49]. Other factors which at least 
have been shown in mice, is the importance of antigen-specific signalling through 
Fc RIII for the induction of Th2-mediated diseases such as asthma, which was recently 
demonstrated [50]. Moreover, in contrary to the “hygiene hypothesis”, it has been 
indicated that in children having suffered from severe bronchiolitis caused by infection 
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with a respiratory syncytial virus (RSV), higher rates of asthma have been reported [51, 
52]. Taken together, the different underlying causes of allergic asthma, including the 
different contributing environmental and genetic factors, make it a very complex 
disorder, why more research needs to be performed. 
 
 
1.4 ALLERGY TREATMENT 

 
The most common treatments of IgE-mediated allergies include pharmacological 
interventions such as antihistamines, which block the binding of histamines to the 
histamine receptors, and corticosteroids, which act in an anti-inflammatory manner. 
The disadvantage with these substances is that they intervene at a later stage of the 
allergic cascade and primarily target the allergic symptoms, not the pathogenesis [53]. 
Because of the central role of IgE in allergic diseases, it has been proposed to treat 
patients by antagonizing or inhibiting the IgE binding to Fc R on mast cells by 
injecting an anti-IgE antibody (rhuMAb-E25 or omalizumab) [54]. However, the high 
cost demands a cost-benefit analysis of the advantages over additional treatment 
options [55]. The only alternative to the pharmacological treatments which focus on 
immunomodulation is today desensitization or allergen-specific immunotherapy (SIT) 
[56].  
 
 
1.4.1 Allergen-specific immunotherapy 

 
SIT was first introduced by Noon almost 100 years ago [57]. Still today, SIT is the only 
treatment that gives long lasting relief of symptoms [56] and it can reduce the 
development of asthma in children with seasonal rhinoconjunctivitis [58]. It is a very 
time consuming method in which extracts from the allergen source is given to the 
patient in slowly increasing doses. A maintenance dose is reached after 4-6 months and 
this dose is then administered during 3-5 years [59]. The maintenance dose involves 
high doses of allergen (up to 10 000-folds higher than the starting dose), why it is 
important to slowly increase the allergen amount to avoid severe side-reactions. Due to 
the many injections given, SIT involves a high cost, why optimization of the method 
would be preferable. Conventional SIT is given subcutaneously in the arm (also called 
subcutaneous injection therapy, SCIT) but lately an alternative treatment in which the 
allergen is given sublingually has been described (sublingual immunotherapy, SLIT) 
[60, 61]. 
 
 
1.4.2 Mechanisms of allergen-specific immunotherapy 

 
The mechanisms behind a successful SIT treatment are not fully understood, but  
believed to involve both T-cells and B-cells [30]. An increase in allergen-specific Ig’s 
such as IgG4 has been shown after successful SIT [56, 62]. The antibodies have been 
proposed to function in a blocking manner by competing with IgE for binding to the 
allergen and thus preventing the cross-linking of Fc RI on mast cells and basophils 
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[63]. The blocking antibodies can also prevent the IgE facilitated uptake and 
presentation of allergen by antigen-presenting cells to T-cells [64]. After SIT, the T-cell 
response has been suggested to deviate from the allergic Th2 phenotype to a more Th1 
skewed one [56]. This has at least been demonstrated in in vitro cultures, where isolated 
peripheral blood mononuclear cells (PBMCs) from SIT patients showed a reduced 
proliferation and a more Th1 skewed cytokine profile [65, 66]. The peripheral T-cell 
tolerance observed after SIT treatment has moreover been explained to result from the 
induction of T-cells with a regulatory phenotype such as IL-10 producing Tr1 cells [14, 
67, 68]. IL-10 has a positive effect on IgG4 production, it can reduce inflammatory 
cytokines released from mast cells and can down regulate eosinophil function [67, 69] 
(Fig. 2). SIT has furthermore been shown to increase the production of IL-10 by APCs, 
which could be involved in the induction of IL-10 secreting Tregs [30]. 
 
 

 
 
Fig. 2. Possible mechanisms of SIT treatment, which could result in the reduction of the allergic 
inflammation (modified from [56]).  
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1.5 ADJUVANTS IN SIT 
 

An adjuvant is defined as a substance that enhances the immunogenicity of antigens 
and the term “adjuvant” is derived from the Latin word adjuvare which means to help. 
To reduce the risks of side-effects in SIT (such as local allergic reactions and 
anaphylaxis) the allergen extract is adsorbed to the adjuvant aluminum hydroxide 
(alum). This functions as a depot, resulting in a slow release of the allergen at the site of 
injection [30].  
 
1.5.1 Aluminum hydroxide 

 
Aluminum containing adjuvants such as alum was first described by Glenny et al 80 
years ago [70]. Even today, it is still by far the most commonly used adjuvant in routine 
human vaccinations. The antigen of interest is adsorbed to alum, which results in the 
formation of precipitates which subsequently are injected. Following injection, the 
antigen will either elute or stay adsorbed to the surface, depending on the type of 
binding formed. Alpha casein (AC), which adsorbs to alum through ligand exchange 
mechanisms will stay completely adsorbed after 1 hr in interstitial fluid compared to 
dephosphorylated alpha casein (DPAC), which adsorbs to alum by electrostatic 
attractions and only 10% remains adsorbed [71, 72]. By which mechanism an antigen 
will adsorb to alum depends on several factors, e.g. the isoelectric point (IEP) of the 
protein [72]. Eluted antigens and alum particles <200 nm are taken up by antigen 
presenting cells by macropinocytosis, while the alum particles >200 nm are taken up by 
phagocytosis [73]. A phagocytic uptake has been shown in vitro to produce more 
efficient presentation than fluid-phase uptake of the same amount of antigen [74]. A 
study by Morefield et al showed that for the phagocytic uptake by DCs of the alum-
adsorbed antigen, internalization was optimal when the size of the particles was 3 µm 
[71].  

 
Alum is well known to function as a depot, induce high antigen-specific antibody titres 
and give long lasting protective immunity [75]. Despite the fact that it is used in SIT, it 
has been considered as a Th2 promoter and a poor inducer of cell mediated immunity 
[74, 76]. The mechanisms by which alum promotes immune responses was investigated 
by Jordan et al [77]. They showed that alum in an antigen-independent manner could 
provide innate immune signals and induce accumulation of a cell population displaying 
high levels of the surface markers CD11b and Gr1. These heterogeneous myeloid Gr1+ 
cells were required to prime B-cells in vivo, partly dependent on the production of IL-4 
[77]. A study by Wang et al recently identified these cells to be eosinophils and 
moreover showed these eosinophils to be important in the early antigen-specific IgM 
antibody responses in alum-antigen immunized mice [78]. Dendritic cells incubated 
with alum in vitro was demonstrated to induce secretion of IL-1  and IL-18, which 
could be involved in the differentiation of CD4+ T-cells into Th2 cells and the 
subsequent IgE production by B-cells [72, 79]. However, in vitro, alum has been shown 
to downregulate IL-5 and IL-13 production from PBMCs after stimulation with the 
grass pollen allergen Phl p 5 [80]. In addition to the possible Th2 inducing capacity 
[81], alum is known to potentially induce granulomas at the site of injection [82, 83] 
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and the stability of the adsorbents can vary between preparations [84]. It has also been 
debated whether alum is involved in the formation of itching nodules and 
hypersensitivity to alum [85-89]. Taken together, the disadvantages and risk of diverse 
side-effects linked to the use of alum has resulted in a need for alternative adjuvants.  
 
 
1.6 NOVEL TREATMENT STRATEGIES 

 
As a result of the drawbacks linked to the way SIT is performed today, improvement of 
the treatment has been emphasized. Several alternative approaches have been proposed, 
aiming to achieve immunomodulatory effects but reducing the side-effects and thus 
making the treatment safer and more efficient.  
 
 
1.6.1 Hypoallergens 

 
Recombinant technology has made it possible to express allergen derivatives which 
have been genetically altered to loose certain properties. Allergens with a disrupted 
three-dimensional structure, modified to reduce their IgE-binding capacity but still 
containing the T-cell stimulating epitopes, are called hypoallergens. Genetic alterations 
and molecular modifications to achieve this involves disruption of disulphide bonds, 
oligomerization, duplication of amino acid sequences, fragmentation etc [90]. The 
major birch pollen allergen Bet v 1 has genetically been modified and applied in a 
double-blind placebo-controlled study to evaluate its effect in vivo. The patients had 
increased levels of IgG antibodies, which protected in vitro sensitized basophils against 
Bet v 1-induced degranulation [91]. The hypoallergen induced proliferation in PBMC 
cultures in vitro, indicating preserved T-cell epitopes [92]. Furthermore, a reduction in 
Th2 cytokines was observed in PBMCs from treated patients stimulated in vitro [93]. 
Moreover, the birch genome contains at least 7 different genes expressed in pollen, 
which encode for different Bet v 1 isoforms and have naturally alteration in the IgE-
binding capacity [94]. These have been studied in the context of naturally occurring 
hypoallergens, with two isoforms (Bet v 1.0401 and Bet v 1.1001) having lower IgE-
reactivity than the Bet v 1.0101 isoform, and thus could function as natural 
hypoallergens for SIT [95]. In addition to this approach, the Bet v 1.0101 isoform has 
been used to produce a stable variant (Bet v 1-FV) that has lost the native 
conformation, but the primary sequence is not disrupted and therefore the T-cell 
epitopes remain intact [96]. This molecule showed very low IgE-binding in 
immunoblots but T-cells were stimulated to proliferate and it could therefore be useful 
in SIT and it has been applied in a phase III study with positive results [97]. 
 
 
1.6.2 Allergens linked to immunomodulatory agents 

 
Unmethylated bacterial DNA sequences (CpG oligonucleotides, ODNs, or 
immunostimulatory sequences, ISS’s) are known to interact with TLR-9 on e.g. 
PBMCs or murine splenocytes and induce the production of Th1 associated cytokines 
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such as IFN- [98]  This has been utilized in the SIT research and the ragweed allergen 
Amb a 1 has successfully been linked to CpG ODNs. In vitro, PBMCs from ragweed 
allergic patients displayed a cytokine-modulating activity after treatment with Amb a 1 
linked CpG ODNs, with lower levels of IL-4 and increased IFN-  production [99]. In 
vivo, ragweed allergic patients with rhinitis improved their scores the first season after 
treatment with Amb a 1 linked to CpG ODNs compared to placebo. This improvement 
in rhinitis score was maintained the second season as well, despite no further treatment 
had been received. The treated group had increased Amb a 1-specific IgG levels but 
reduced levels of allergen-specific IgE [100]. Amb a 1 linked to CpG ODNs has also 
been evaluated in a mouse model and demonstrated to reverse the allergen induced 
airway hyperresponsiveness [101]. Monophosphoryl lipid A (MPL) is a nontoxic LPS 
glycolipid, derived from the cell wall of Salmonella minnesota. Human grass pollen 
allergic subjects have been treated with MPL as an adjuvant and demonstrated a 
reduction in skin sensitivity and a better medical score after active treatment [102]. A 
strong induction of blocking antibodies (IgG1 and IgG4) has also been shown after 
treatment, compared to placebo [103], and in vitro stimulated PBMCs from grass 
pollen allergic subjects displayed a Th1 skewed phenotype after stimulation [104]. 
 
 
1.6.3 Inhibitory fusion proteins 

 
When allergen cross-links Fc RI on mast cells and basophils via IgE in sensitized 
patients, an activating signal is delivered into the cell via immunoreceptor tyrosine 
activating motifs (ITAMs) which induce the fusion of histamine containing granules 
with the plasma membrane. However, in addition to ITAM containing Fc receptors, 
there are receptors which contain inhibitory motifs, ITIMs. Signalling through these 
receptors (e.g. Fc RIIb) can inhibit Fc RI signalling on mast cells and basophils [105]. 
By creating a fusion protein between the major cat allergen Fel d 1 and a truncated 
human IgG Fc 1, Saxon and co workers could reduce the IgE-mediated histamine 
release from cat allergic donors’ basophils and sensitized human cord blood derived 
mast cells [106] as well as allergic asthmatic symptoms in a mouse model for cat 
allergy [107]. This approach could lead to safer immunotherapy since the risk of side-
effects is reduced. It should however be noted that the mechanism of action is different 
from SIT where immune tolerance is induced, while the Fel d 1-Fc 1 treatment is 
symptomatic and acts on the mast cells.  
 
 
1.6.4 Particles as carriers 

 
Most pathogens we encounter are particulate and the immune system has evolved to 
internalize and combat these. Therefore, one approach to improve the effectiveness of 
vaccination could be to mimic this and use particles as adjuvants. Indeed, development 
of novel particulate adjuvants for use in vaccination immunology has increased during 
the last decades [108]. Particles can target the delivery to antigen presenting cells in 
addition to function as a depot. The use of different particles could perhaps also induce 
cellular immunity more efficient than alum does. Size is an important factor affecting 
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the immunogenicity of microparticles since particles <10 µm have been shown to be 
more immunogenic than particles >10 µm [109, 110]. The appropriate size for 
microparticles appears to be in the range 1-3 µm, optimal for phagocytic uptake by 
antigen presenting cells [111]. Another feature of microparticles is that they strongly 
can cross-link B-cell receptors because of the multiple copies of antigen present on the 
surface. There is a wide range of different types of microparticles, including 
biodegradable carriers, virus-like particles (VLPs), carbohydrate-based particles 
(CBPs) etc.  
 
 
1.6.4.1 Biodegradable particles 

 
Biodegradable particles (PLG; polylactide-co-glycolides, PLGA; poly(D,Llactic-co-
glycolic acid) and PLA; poly(D,Llactide)) have been used for several years in humans as 
surgical suture material and for controlled release drug-delivery [112]. Antigens can be 
encapsulated into the particles and thereby be protected from enzymatic degradation 
until released or taken up by cells. Different types of biodegradable particles have been 
evaluated as adjuvants in vaccinology and allergen-specific immunotherapy [110, 113-
115]. Ovalbumin (OVA) encapsulated in PCL particles (poly- -caprolactone, 1.5 µm) 
was demonstrated to protect against anaphylactic reactions in OVA sensitized mice 
[113]. OVA adsorbed to PLG microparticles (1.5 µm) has moreover been shown to 
induce higher titres of OVA-specific IgG [110]. Schöll et al investigated the effect of 
PLGA particles (0.7 µm) as a treatment in birch pollen sensitized mice and could 
demonstrate that the IgG1 levels were decreased and the IgG2a levels increased, 
indicating a shift towards Th1 [114]. However, when the bee venom phospholipase A2 
(PLA2) was encapsulated in PLGA particles (<8 µm), only low antibody titres were 
reached unless unmethylated bacterial oligonucleotides (CpG) were added [115]. This 
might reflect the importance of an appropriate size of the particles for efficient uptake.  
 
 
1.6.4.2 Virus-like particles 

 
Virus-like particles are non-pathogenic particles which resemble the size and shape of 
intact virions and can enclose specific antigens into their structure. They consist of the 
virus core proteins, which self-assembles into capside-like core particles and are highly 
immunogenic. Therefore they are attractive carriers of proteins for vaccination 
purposes [116]. The problems encountered with these particles for application in 
vaccinology include to select the best viral construct and to incorporate the antigen 
without destabilizing the particle [117]. They have mainly been investigated in general 
vaccinology, but Kündig et al coupled a peptide from the mite allergen Der p 1 to a 
virus-like particle and could show enhanced IgG titres in healthy human subjects [118]. 
Virus-like particles could therefore also be useful as a therapeutic allergy treatment, 
however this remains to be investigated.  
 
 
 



Theresa Neimert Andersson 

 

14 

1.6.4.3 Carbohydrate-based particles 
 

Carbohydrate-based particles (CBPs) are agarose (sepharose) particles. Agarose is a 
polysaccharide with a galactose-based backbone and a neutral charge, not likely to by 
itself react with proteins. Proteins and peptides can however be covalently coupled to 
the particles by means of e.g. cyanogen bromide activation resulting in the formation of 
stabile amide bonds [119]. The particles are spherical, 2 µm in diameter, and have been 
proposed as a novel adjuvant and allergen carrier for use in SIT. In naïve mice, 
Grönlund et al showed that the recombinant grass pollen allergen Phl p 5 coupled to the 
CBPs induced a mixed Th1/Th2 response compared to the Th2 dominating response 
induced by alum-adsorbed allergen [83]. The CBPs did moreover not induce granuloma 
formation which was detected in the mice after injection of alum-adsorbed antigen. 
 
 
1.7 ANIMAL MODELS OF ALLERGIC ASTHMA 

 
Allergic asthma is a complex disorder. Therefore there is an urge to further understand 
the mechanisms behind the development and to dissect the inflammatory processes 
going on, in order to find novel treatment strategies. One way in which these questions 
have been addressed is by the use of animal models for allergic disease [120]. Asthma 
models in mice have become by far the most utilized to analyze the complex 
pathophysiological mechanisms underlying the asthmatic phenotype [121]. The mouse 
genome has been sequenced, commercial mouse-specific reagents are available and the 
vast access of different transgenic and knock out animals have driven this progress. The 
advantage of using animals in the study of asthma includes the ability to manipulate a 
mediator or process, once identified. Thus it is possible to examine its role and 
importance in the development of the pathogenesis of asthma [122]. Another advantage 
is the presence of an intact immune system and functional airways, thus allowing 
physiological measurements of the complex disease [121]. A disadvantage is of course 
the fact that the human immune system is not synonymous to that in mice and 
laboratory mice do not spontaneously develop the hallmarks of asthma [123]. Therefore 
the allergic asthma needs to be induced and this is most commonly conducted by first 
sensitizing the mice with the allergen followed by subsequent airway challenge to 
provoke an airway inflammation. A variety of different protocols have been utilized to 
induce the disease, the most commonly used standard protocol involves injections of 
the allergen adsorbed to alum, either intraperitoneally or subcutaneously [121]. 
Thereafter the airways are challenged with single purified allergen or allergen extract 
by aerosolised solution, intranasal inoculation or intratracheal instillation. However, 
there are many variations to these protocols. Some involves sensitization without 
adjuvants to induce a mast cell dependent model [124]. The route of immunization and 
dose of antigen given also varies. Moreover, the amount of LPS present in the protein 
used for sensitization has been demonstrated to be critical for the immune response 
induced [125]. An additional disadvantage with mouse models is that the symptoms are 
not synonymous with the symptoms in humans. In humans, asthma is a chronic disease 
characterized by remodelling, a phenomenon seldom seen in the more acute mouse 
models. Ochkur et al developed a double transgenic mouse model for asthma, in which 
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T-cells over expressed IL-5 and lung epithelial cells locally expressed eotaxin-2 [126]. 
This resulted in a more chronically like, eosinophil dependent model, where the 
infiltrating eosinophils were shown to degranulate in the lungs. Moreover, mucus 
production in the distal parts of the lungs was proven, an observation which normally is 
not seen in acute mouse models of asthma [127]. In summary, the variations in 
protocols applied result in different models with different pathophysiology and 
therefore the interpretation of the data is critical [128]. The allergen used for the model 
also varies between different protocols. Chicken egg ovalbumin (OVA) is probably the 
most commonly used protein antigen. However, in human, OVA is perhaps not the 
most relevant inhalation allergen to study in the context of allergic asthma. There are 
groups which have established mouse models using environmental more relevant 
allergens such as house dust mite [129, 130], birch pollen [131] and cockroach [132]. 
For cat allergy, only one group has previously established a mouse model using the 
major cat allergen Fel d 1, in which the airway hyperreactivity after challenge was 
investigated [107].  

 
Because of the frequent use of mice in experimental asthma research, the need for 
different methods to quantitatively measure the physiological airway responsiveness in 
intact animals has increased. The lung function can be measured either by invasive or 
non-invasive techniques, with advantages and limitations associated to both 
alternatives. The invasive methods (utilizing e.g. the small animal ventilator 
FlexiVent®) accurately measures the pulmonary resistance or dynamic compliance 
based on physiological principles [133]. The limitation is that it is technically 
demanding and requires anaesthesia. The non-invasive plethysmographic methods (e.g. 
barometric whole-body plethysmography) are preferable for long-term experiments 
with repeated measurements since the mice are placed in a closed chamber and stay 
conscious [134]. However, there is no direct assessment of pulmonary mechanics and 
there is an uncertainty about the contribution of upper airway resistance [133-136]. 
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2 AIMS OF THE THESIS 
 
The overall aim with this thesis was to produce and evaluate different allergen 
preparations as novel adjuvants and treatment strategies for use in allergen-specific 
immunotherapy. The specific objectives were: 
 
Paper I: To investigate the in vitro effect of the recombinant major cat allergen  
rFel d 1 coupled to carbohydrate-based particles on human dendritic cells from healthy 
blood donors, in terms of cytokine production and co-stimulatory molecule expression. 
 
Paper II: To establish a mouse model for cat allergic asthma in which the therapeutic 
treatment potential of the cat allergen rFel d 1 coupled to the adjuvant carbohydrate-
based particles was evaluated.  
 
Paper III: To investigate the mechanisms of the cat allergen rFel d 1 coupled to 
carbohydrate-based particles in a prophylactic setting, applying the mouse model for 
cat allergic asthma.  
 
Paper IV: To produce hypoallergens from storage mites using a novel approach, DNA 
shuffling, and to evaluate these hypoallergens in terms of IgE binding, T-cell reactivity 
and ability to induce blocking antibodies in mice. 
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3 METHODOLOGY 
 
The methods used for paper I-IV are described in detail in each Material and Methods 
section. Here the application for each method is summarized. 
 
Adoptive transfer (III) Sera or splenocytes were transferred from treated to 

naïve mice by intravenous (i.v.) injection. 
 
Airway physiology 
measurements (II, III) 

 
The FlexiVent was used to measure AHR after 
injection of methacholine i.v. 

 
Bronchoalveolar lavage (BAL) 
(II, III) 

 
PBS was used to lavage the lungs from mice to 
collect cells for differential and total cell count. 

 
Confocal laser scanning 
microscopy (CLSM) (I) 

 
Microscopy technique used to scan the z-level of 
MDDCs. 

 
CBP-coupling (I-III) 

 
CBPs were activated by cyanogen bromide and  
rFel d 1 or FITC was covalently coupled by the 
formation of amide bonds. 

 
Cytometric Bead Array (CBA) 
(I-III) 

 
Flow cytometry based method utilized to detect 
cytokines in cell culture supernatants. 

 
Cytospin of cells and May 
Grünwald-Giemsa staining  
(II, III) 

 
BAL cells were cytospun and stained with May 
Grünwald-Giemsa for differential counting of 
eosinophils, neutrophils, lymphocytes and 
macrophages. 

 
DNA shuffling (IV) 

 
The genes from the mite allergens Lep d 2.01,  
Lep d 2.02 and Gly d 2 were shuffled and expressed 
in E. coli. The generated clones were selected based 
on their reduced binding to IgE from mite allergic 
patients. 

 
Enzyme-linked immunosorbent 
assay (ELISA) (II-IV) 

 
Allergen-specific antibodies in serum or cytokines 
released in cell culture supernatants were detected by 
biotinylated or alkaline phosphatase conjugated 
antibodies. 

 
Flow cytometry (I, III) 

 
Extra- and intracellularly expressed molecules were 
detected by fluorochrome conjugated antibodies. 

 
Generation of monocyte-
derived dendritic cells 
(MDDCs) (I) 

 
Monocytes were isolated from PBMCs and cultured 
for 6 days in the presence of IL-4 and GM-CSF to 
obtain immature MDDCs. 
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In vitro stimulation of 
peripheral blood mononuclear 
cells (PBMCs) (IV) 

PBMCs from mite allergic patients were stimulated 
with mite allergen for seven days to measure 
proliferation. 

 
Intranasal allergen challenge of 
mice 

 
Mice were anaesthetized with 3.5% isoflurane and  
20 µl CDE or PBS was inoculated intranasally. 

 
Lymphocyte proliferation 
measurements by 3[H]-
thymidine incorporation (II-IV) 

 

3[H]-thymidin was added to stimulated cells for the 
last 18 hrs of incubation to quantify proliferation by 
beta scintillation counting. 

 
Mouse immunizations (II-IV) 

 
Mice were immunized s.c. in the neck or i.p. with the 
allergen preparation adsorbed to alum or coupled to 
CBPs. 

 
Rat basophil leukaemia (RBL) 
cell mediator release assay (II) 

 
RBL cells were sensitized in vitro with serum from 
rFel d 1 immunized mice and degranulation was 
induced by addition of free allergen. 

 
Recombinant protein 
expression (I-IV) 

 
Shuffled allergen clones or wild type allergen from 
mite were expressed in E. coli and purified. rFel d 1 
was prepared according to Grönlund et al [34].  

 
Separation of PBMCs (I, IV) 

 
Blood cells were centrifuged on Ficoll to isolate the 
PBMC fraction. 

 
Splenocyte cultures (II, III) 

 
Splenocytes were prepared from mouse spleens and 
cultured in the presence of allergen for five days. 

 
Statistical analysis (I-IV) 

 
Friedman’s ANOVA with multiple comparisons was 
used to compare several matched samples. Kruskal-
Wallis with Dunn’s multiple comparisons test was 
employed when several unpaired samples were 
compared. Mann-Whitney U-test was used for the 
comparison of two unpaired samples. 

 
Whole-body autoradiography 
(III) 

 
75[Se]-rFel d 1 was coupled to CBPs or adsorbed to 
alum and injected s.c. in mice. The radioactivity was 
followed in vivo 24 hrs and one week later by whole-
body sectioning. 
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4 RESULTS AND DISCUSSION 
 
 
4.1 rFEL D 1 COUPLED TO CARBOHYDRATE-BASED PARTICLES 

HAVE AN EFFECT ON HUMAN MONOCYTE-DERIVED DENDRITIC 
CELLS IN VITRO (PAPER I) 

 
Our immune system has evolved to take care of particulate pathogens, and phagocytes 
are especially good at ingesting particles of 1-3 µm size [111]. Grönlund et al 
previously showed that the recombinant grass pollen allergen rPhl p 5 coupled to 2 µm 
carbohydrate-based particles induced an immune response in naïve mice characterized 
by allergen-specific IgG1 as well as IgG2a, indicating a mixed Th1/Th2 balance 
compared to the Th2 dominated response induced by alum adsorbed allergen. This was 
also reflected in splenocyte cultures with significantly elevated levels of IFN-  when 
the allergen was CBP-coupled. A natural continuation of this project was therefore to 
investigate the effect of CBPs on human cells, and since the DCs are the most potent 
APCs we focused on these cells. As a source of DCs we generated monocyte-derived 
dendritic cells (MDDCs) with an immature (i) phenotype, from CD14+ PBMCs 
obtained from healthy human blood donors.  

 
Initially the capacity of the iMDDCs to ingest the CBPs was tested by evaluating the 
uptake of FITC-labelled rFel d 1 coupled to the particles using flow cytometry and 
confocal laser scanning microscopy (CLSM). The flow cytometry analysis revealed 
that after 24 hrs of incubation, a majority of the cells were FITC-positive, indicating 
that the cells had ingested the CBPs (Fig. 3A). To confirm that the particles had 
actually been taken up and not only adhered to the cell surface, we used CLSM. By 
scanning the z-level of the cells we could verify the internalization (Fig. 3C). Another 
observation was that the amount of ingested particles varied between different cells, 
some were FITC-negative while some had taken up several particles. This could 
hypothetically reflect the presence of several subpopulations in our iMDDC culture, 
possessing different capacities to ingest particulate antigens. In general, the cells 
incubated with FITC-labelled CBPs had a mean fluorescence intensity (MFI) higher 
than the cells incubated with free rFel d 1. This indicated that more allergen enters the 
cell when it is ingested via the particles, probably due to the fact that the particles can 
bind proteins with a high density.  
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Fig. 3. Uptake of CBP-rFel d 1 by human iMDDCs. Cells were incubated for 24 hrs with FITC-
labelled rFel d 1 coupled to CBPs (A and C) or free rFel d 1 (B and D). Uptake was analysed using flow 
cytometry (upper panels) or confocal laser scanning microscopy (lower panels). Arrows indicate cells 
scanned through their centre. 

 
 

Moreover, when we analysed the effect of uptake on the iMDDCs, we observed an 
increased expression of the co-stimulatory molecule CD86 on the surface of the cells. 
CD86 is known to be an important co-stimulatory molecule together with other 
members of the B7 family, e.g. CD80, B7-H3 and ICOS-L, in the control of T-cell 
responses [137]. When we analysed the cytokine release from the cells we observed an 
enhanced secretion of TNF-  after 6 hrs and the chemokine IL-8 after both 6 hrs and 
48 hrs. There was however no significant difference compared to cells stimulated with 
free rFel d 1. Furthermore, we did not observe any upregulation of HLA-DR or the 
maturation marker CD83 after uptake of the CBP-rFel d 1. The modest release of pro-
inflammatory cytokines in combination with the low effect on expression of maturation 
markers together with the upregulation of CD86, supports a semi-mature phenotype of 
the DCs [138]. This semi-mature state of the MDDCs suggests that they will induce a 
mixed Th1/Th2 (Th0-like) response, or perhaps a regulatory, rather than a strong Th1 
response [138, 139]. In SIT this could be an advantage since a strong Th1 response not 
necessarily counteracts an induced Th2 response [140], instead it could actually be 
involved in worsening the allergic inflammation [141].  

 
In conclusion, we show in this study that allergen coupled to CBPs have an effect on 
iMDDCs in terms of upregulation of the co-stimulatory molecule CD86 and the 
production of IL-8 and TNF- . Therefore we suggest them as potential adjuvants and 
allergen carriers to be used in SIT.  
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4.2 CARBOHYDRATE-BASED PARTICLES AS AN ADJUVANT CAN 

BOTH PROTECT AGAINST AND REDUCE ALLERGIC 
INFLAMMATION IN MICE (PAPER II AND III) 

 
The effect on dendritic cells after incubation with the major cat allergen rFel d 1 
coupled to carbohydrate-based particles observed in paper I resulted in the question 
what effect this would have on the T-cell response. Since the immune system is 
complex with several cell types interacting in many different tissues, the most 
informative way would be to address this question in vivo. This led to the requirement 
of a good and relevant animal model of allergy. Much work has been performed in 
mice, utilizing OVA as a model allergen. However, the high prevalence of sensitization 
to cat in humans [38, 142] made us focus on the major cat allergen, Fel d 1, and 
therefore we set out to establish a mouse model for cat allergy.  

 
To establish the mouse model for cat allergic asthma we chose the Th2 prone BALB/c 
mouse. A systemic response to rFel d 1 was induced by immunizing the mice 
subcutaneously (s.c.) with the allergen adsorbed to alum, which is known to induce 
elevated IgE titres for other proteins and a systemic Th2 response in mice [121]. Since 
we were interested in an airway inflammation model, the mice were challenged in the 
lungs with the allergen. The natural situation for human cat allergic patients is to be 
exposed to extract derived from the cat’s fur and dander, containing not only Fel d 1 
but also other contaminants like LPS. Therefore we chose to prepare an extract from cat 
dander (cat dander extract, CDE) which then was given in a physiological salt solution 
by intranasal (i.n.) administration. An important feature of asthma is the increased 
airway hyperreactivity (AHR) experienced after exposure to the allergen. In 
experimental animal models this can be measured by both invasive and non-invasive 
methods. We utilized the small animal ventilator FlexiVent® to collect data on 
methacholine (given intravenously) induced airway resistance and compliance. Our cat 
allergic mice did indeed display the characteristic features of experimental allergic 
asthma. We could in addition demonstrate increased levels of rFel d 1-specific IgE and 
IgG1 in serum, which indicates a Th2 profile. The IgE antibodies were also proven to 
be functional since they induced degranulation of rat basophil leukaemia cells, 
sensitized in vitro with serum from the mice and thereafter exposed to the allergen. 
From all mice, bronchoalveolar lavage (BAL) fluid was collected to perform 
differential cell count. An indicator of allergic inflammation, in addition to an increased 
AHR, is the infiltration of eosinophils in the lungs and BAL fluid. This was also 
demonstrated in the cat allergic mice after challenge with CDE. Approximately 30% of 
the infiltrating cells were eosinophils. Moreover, the lungs from some mice were 
removed, sectioned and stained for increased mucus production. Compared to PBS 
challenged mice, there was a clear increase in secreted mucus in the central airways in 
CDE challenged mice, supporting the induction of experimental asthma.  

 
With the mouse model for cat allergy, we next investigated whether the carbohydrate-
based particles could serve as an adjuvant and allergen carrier in treatment protocols. 
To address this we first sensitized the mice as previously established, and subsequently 
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treated the mice with rFel d 1 coupled to the CBPs (CBP-rFel d 1) before they were 
challenged with CDE (Fig. 4).  
 

Fig. 4. Sensitization, treatment and challenge protocol for the mouse model. 
 
 
Interestingly, we could see a reduced AHR after methacholine challenge compared to 
the mice treated with “empty” CBPs. Furthermore, the amount of infiltrating 
eosinophils in the BAL fluid was also reduced compared to the CBP only treated mice. 
This indicates that the airway inflammation in the mice treated with CBP-rFel d 1 is not 
as pronounced as it is for sham treated mice. The same trend was detected in serum 
when measuring the allergen-specific IgE and IgG2a levels. IgG2a is linked to a Th1 
profile of the immune response and thus an increased IgG2a/IgE ratio would indicate 
that the polarization of the allergen-specific immune response has been skewed towards 
a Th1 type. This was indeed observed in mice treated with CBP-rFel d 1. The 
difference compared to the mice treated with CBP alone was not significant, but there 
was a tendency to a variation between the two groups. In agreement with these results, 
the in vitro restimulation of splenocytes with rFel d 1 did not induce as prominent 
proliferation among the cells from CBP-rFel d 1 treated mice, thus indicating that these 
T-cells were anergic or non-responsive. Positive treatment results were seen in mice 
treated with free rFel d 1 or rFel d 1 mixed with CBP as well, probably because of the 
high doses of allergen given (100 µg). In clinical practise of SIT, the allergen dose is 
increased during several weeks to finally reach a high maintenance dose [143]. 
However, in the human system it is not an option to treat patients with free allergen 
because of the risk of severe side-effects. Indeed, we observed side-effects in the mice 
treated with free allergen, including piloerection and affected breathing rate. We 
believe that the CBPs could be beneficial for delivering the allergen to the APCs in 
vivo, since the particles can bind antigen with a high density and therefore deliver high 
doses of protein to the same APC which is advantageous for the induction of T-cell 
tolerance [68, 69]. In support of this view, it was recently demonstrated in a human 
study that a high dose of Der p 1 (50 µg) associated to virus-sized particles, induced 
higher blocking IgG titres in humans compared to a lower dose (10 µg) [118].  

 
To investigate the potential of CBPs to be utilized in other applications such as 
prophylactic vaccinations, we performed a study in which CBP-rFel d 1 was given 
prior to sensitization and airway challenge. When subsequently measuring the AHR, 
we noticed that the prophylactically treated mice demonstrated a reduced AHR 
compared to the sham treated mice. This protective effect was also reflected in the BAL 
fluid with lower levels of infiltrating cells, in particular eosinophils. The 
immunoglobulin response in serum showed a Th1 skewed profile with higher levels of 
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IgG2a and lower IgE levels in mice vaccinated with CBP-rFel d 1. Splenocyte cultures 
revealed non-responsiveness to in vitro stimulation with rFel d 1 and hence lower 
production of IL-5 in these mice. One possible explanation for the reduced proliferation 
could be an increased presence of Tregs in the spleen of the CBP-rFel d 1 vaccinated 
mice. When addressing this experimentally we found no support for a role of Tregs, 
since equal levels of CD4+CD25+ cells were detected in vaccinated as in control mice. 
As a matter of fact, when analyzing Foxp3 expression, the sham treated mice displayed 
higher levels of CD4+Foxp3+ cells in the spleen compared to the CBP-rFel d 1 
vaccinated mice. One explanation for this observation could be that the inflammation 
induced by sensitization and challenge naturally leads to an increase in Tregs to control 
the response. In the vaccinated mice, the same systemic inflammation is not observed 
and there is no need for more Tregs. Therefore, the observed T-cell anergy was not due 
to the presence of Tregs, which suppress proliferation and cytokine production. 
However, it has been demonstrated by Chen et al that CD25-GITR+CTLA-4+/- anergic 
T-cells with a regulatory capacity can be induced, independent of Foxp3+ Tregs  [144]. 
Instead a sustained antigen exposure is of importance for this induction. 

 
To further scrutinize the factors responsible for the effect seen after CBP vaccination, 
we performed adoptive transfer of either serum or splenocytes isolated from mice 
vaccinated with CBP-rFel d 1 or PBS. Thereafter the recipient mice were sensitized and 
challenged and the allergic immune response was evaluated. Both the recipients of cells 
and sera from CBP-rFel d 1 vaccinated donors displayed a tendency of reduced AHR. 
The IgG2a levels were also elevated in the mice receiving serum from the vaccinated 
donors, most likely because of a direct transfer of rFel d 1-specific IgG2a. This 
indicates that immunization with CBPs results in the production of IgG2a, which then 
could act in a blocking manner when the mice subsequently are immunized with the 
allergen.  
 
The in vivo fate of the CBPs was investigated by utilizing FITC-labelled particles and 
radioactively labelled rFel d 1 coupled to the particles. The injections were given s.c. 
and therefore we analyzed the cells in the inguinal lymph nodes and the spleens. After  
6 hrs, 5.2% FITC positive cells were detected in the inguinal lymph nodes followed by 
6.4% after 24 hrs and 6.6% after 5 days. As a control, the mesenteric lymph nodes were 
analyzed, where no FITC positive cells were detected at any time point. In the spleen, it 
took up to 24 hrs before FITC positive cells could be detected (1.8%) with a further 
increase to 3.6% after 5 days. The FITC positive cells found in the lymph nodes and the 
spleen expressed the dendritic cell marker CD11c and F4/80, a marker for macrophages 
and Langerhans’ cells, indicating that phagocytes take up the CBPs in the periphery and 
transport the particles to the draining lymph nodes and the spleen. However, a majority 
of the FITC-positive cells remained at the injection site, still 5 days after injection. The 
cells in the skin positive for FITC demonstrated a high expression of CD11b (often 
found on macrophages) and intermediate expression of CD11c. This indicates that the 
CBPs remain at the injection site for a long time after injection and to further 
investigate this, we immunized mice with 75[Se]-labelled rFel d 1 coupled to the CBPs 
and traced the radioactivity with whole-body autoradiography (Fig. 5). Control mice 
were immunized with 75[Se]-rFel d 1 adsorbed to alum and the mice were sacrificed 
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after 24 hrs and one week. The mice who received allergen adsorbed to alum displayed 
a spreading of the radioactivity throughout the mouse already after 24 hrs, and it was 
still detectable after one week. For the CBP immunized mice, the radioactivity was 
located almost entirely at the injection site after 24 hrs where it could still be found 
after one week. This supports the findings with FITC-labelled CBPs. Taken together, 
this indicates that upon injection, the CBPs are taken up by APCs and transported to the 
draining lymph nodes and the spleen. However, by utilizing CBPs as carriers, the 
antigen exposure will be prolonged, and this is most likely one of the mechanisms 
behind the observed effects induced by the treatment.  
 
 

 
Fig. 5. Whole body autoradiography after tracking of 75[Se]-labelled rFel d 1 injected s.c. into mice. 
75[Se]-labelled rFel d 1 was adsorbed to alum and detected after 24 hrs (A) or one week (C) and 
compared to 75[Se]-labelled rFel d 1 coupled to the CBPs and detected after 24 hrs (B) or one week (D). 
Arrows indicate the kidney cortex and the nose. 

 
 

Another beneficial feature of CBP coupled allergen is that higher antibody titres were 
induced compared to free or mixed allergen when naïve mice were immunized. This 
was true both for rFel d 1-specific and CBP or CBP-rFel d 1-specific antibodies. When 
the allergen is coupled covalently to the particles, the antibody titres are more rapidly 
induced and are higher compared to the control preparations of soluble rFel d 1 or 
soluble rFel d 1 mixed with particles. The reason for this is most probably due to the 
more efficient antigen presentation accomplished when the APC takes up particle 
coupled allergen. It has been shown by Vidard et al and Batista et al that B cells and 
macrophages can present particulate antigens much more efficient compared to soluble 
antigens [145, 146]. In an already sensitized system, the situation is of course different 
since the immune system already is primed and Th2 skewed. For SIT the challenge is 
to counteract this polarization. One proposed way is to induce anergy or tolerance and 
another is to induce a counterbalancing Th1 response and the production of blocking 
antibodies. We believe that the features of CBPs demonstrated here, makes them 
interesting as adjuvants and allergen carriers to improve SIT. 

 
Taken together, the results obtained in paper I, II and III propose a hypothetic 
mechanism on how CBPs could act as an adjuvant. When high amounts of allergen are 
taken up via the CBPs by DCs, this will result in a semi-mature phenotype of the DCs, 
with upregulation of CD86. When the semi-mature DCs encounter T-cells in the 
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draining lymph node, the T-cells are instructed to become anergic and/or achieve a 
more Th1 skewed or Th0 like phenotype. In addition, naive B-cells expressing 
allergen-specific BCRs will become instructed to produce Th1 associated antibody 
isotypes which then could function as blocking antibodies. Moreover, since the 
particles stay in the tissue for a prolonged period of time, this will probably further 
contribute to the effect seen (Fig. 6). 

 
 

 

 
Fig 6. A simplified illustration on how CBPs might function when applied as an adjuvant in SIT. 
 
 
4.3 DNA SHUFFLING CAN GENERATE ALLERGEN PREPARATIONS 

WITH HYPOALLERGENIC PROPERTIES (PAPER IV) 
 
To introduce mutations into a protein in order to change a property, knowledge of the 
structure is advantageous. Such information is not always available, why alternative 
methods are highly desirable. In directed molecular evolution or DNA shuffling, a large 
library of genes can be generated, from which proteins can be selected based on the 
improvement or loss of a certain property. This method has previously been utilized to 
generate e.g. altered cytokines [147], co-stimulatory molecules [148] and viruses [149]. 
Since the IgE binding of an allergen can be difficult to predict, DNA shuffling could be 
a suitable method to generate several hypoallergenic variants and screen for those with 
the desired property.  
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Two libraries of approximately 1 million colonies were generated by DNA shuffling of 
two isoforms of the major mite allergen Lep d 2 from the storage mite Lepidoglyphus 
destructor (Lep d 2.01 and Lep d 2.02) and the related major mite allergen Gly d 2 
from Glycyphagus domesticus. The use of homologous proteins belonging to the same 
protein family is advantageous for generating a diverse library of chimeric genes [150]. 
One thousand clones from each library were randomly chosen and screened for IgE 
binding and protein expression level. The selected clones should exhibit high protein 
expression and reduced IgE binding to patients’ sera. Since the frame shift mutations 
and stop codons introduced during DNA shuffling will lead to reduced IgE-binding 
capacity, it was important to ensure that selected clones expressed full-length proteins. 
A His6-tag was therefore cloned into the 3’ end to render it possible to identify and 
exclude frame-shifted and truncated proteins not binding to an anti-His6 antibody. This 
resulted in the identification of 74 clones exhibiting high expression and low IgE 
binding capacity. Nine of the possible hypoallergens were chosen, and when applied in 
an IgE binding competition assay, four of them (named L1-4) showed little or low 
binding to IgE from mite sensitized patients, not competing with biotinylated  
Lep d 2.02. Five of them (named R1-5) showed a reduced binding to IgE, competing 
with wild type Lep d 2.02 only at >80 times higher concentrations. We therefore 
continued with these nine clones to investigate whether they possessed retained T-cell 
epitopes, despite the mutations introduced by the shuffling. PBMCs from seven 
Lepidoglyphus destructor allergic patients were included in these studies and all except 
for one displayed positive stimulation indices (i.e. SI 3) to at least one of the wild type 
parental allergens (Lep d 2.01, Lep d 2.02 or Gly d 2). The clones L4 and R2 displayed 
the most frequent T-cell proliferation and were therefore investigated for their ability to 
induce cytokine production after stimulation. Long term PBMC cultures from four 
patients were established, and the amount of IL-5, IL-13 and IFN-  in the supernatant 
was measured with ELISA. The two shuffled allergens induced similar levels of IL-5 
and IL-13 as the wild type allergens, and similar levels of IFN-  as Lep d 2.02. This 
was expected since the T-cells in the PBMCs responding to the allergens are Th2 
differentiated and primed to produce Th2 biased cytokines in response to allergen 
stimulation.  
 
We next evaluated whether R2 and L4 were immunogenic by immunizing mice with 
one of the two shuffled clones or wild type Lep d 2.02 adsorbed to alum. Serum was 
collected after three immunizations, and Lep d 2.02 and Gly d 2 specific antibodies 
were measured. We could show that both shuffled allergens induced allergen-specific 
IgG1 and IgG2a. The levels for R2 immunized mice were lower than for L4, but still 
significantly higher compared to the levels in PBS immunized mice. This indicates that 
both clones are immunogenic and has the potential to induce an antibody response in 
vivo. This is of importance since one of the aims with the hypoallergens in humans is to 
induce the production of blocking antibodies after SIT treatment. In agreement with 
this goal we analyzed whether the mouse antibodies to R2 and L4 could block the 
binding of IgE from mite allergic patients to wild type Lep d 2.02. Serum from L4 
immunized mice actually blocked binding equally good as serum from wild type 
allergen immunized mice. There was an effect seen in serum from R2 immunized mice 
as well, however it was not as pronounced as for L4. Furthermore, an in vitro 
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experiment was performed with rat mast cells transgenic for the human Fc RI and 
sensitized with serum from mite allergic patients. Recombinant Lep d 2.02 was 
preincubated with serum from the immunized mice, and the ability to subsequently 
induce cross-linking of the IgE antibodies on the rat mast cells was thereafter evaluated 
by measuring the release of -hexosaminidase. The shuffled allergens resulted in 1.7- 
(L4) and 1.2-fold (R2) reduction in mediator release compared to serum from non-
immunized mice. Overall, L4 induced higher allergen-specific antibody titres and 
blocked the binding of patients’ sera better than R4. A natural explanation for this is 
that L4 only had one point mutation that distinguished it from native Lep d 2. Still, this 
single point mutation was enough to disrupt the binding of the hypoallergen to IgE 
from mite allergic patients.  

 
This study was a proof of concept, aiming at showing the usefulness of DNA shuffling 
as a method to introduce mutations into allergens and thereafter screen for desired 
hypoallergenic properties. Recently, this method was also applied in the generation of 
hypoallergens from the birch allergen Bet v 1 by Wallner et al [151]. In our study, two 
potential hypoallergens were successfully produced from three group 2 mite allergens 
without the use of either structural data or knowledge about B- and T-cell epitopes for 
the wild-type proteins. The results obtained suggests DNA shuffling as a powerful 
method to generate hypoallergens for use in SIT treatment. 
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5 CONCLUSION 
 

We have demonstrated that carbohydrate-based particles (CBPs) could be used as a 
potential adjuvant and allergen carrier in allergen-specific immunotherapy. Using a 
recombinant form of the major cat allergen Fel d 1 as a model allergen, we showed that 
human monocyte-derived dendritic cells were capable of ingesting the particles and that 
this uptake resulted in the upregulation of the co-stimulatory molecule CD86. In 
addition, the cells increased their release of the inflammatory cytokines IL-8 and  
TNF-  (Paper I). By establishing a mouse model for cat allergy (Paper II), we showed 
that the CBPs efficiently reduced the allergic inflammation and airway hyperreactivity 
in vivo, when applied as a therapeutic treatment (Paper II). Furthermore, when the 
CBPs were given prophylactically, before sensitization, the allergic immune response 
was diminished (Paper III). Whole body autoradiography analyses revealed prolonged 
exposure of the allergen coupled to the CBPs at the site of injection. Moreover, we 
showed the cells responsible for the uptake of the particles and transportation to the 
draining lymph nodes to be CD11c+ and F4/80+ phagocytes, possibly dendritic cells 
and macrophages, where they appeared already after 6 hrs. 
 
In addition, we have reported DNA shuffling as a useful novel approach to generate 
hypoallergens for the potential use in SIT (Paper IV). Two clones generated by the 
shuffling of DNA from the two Lepidoglyphus detructor isoforms Lep d 2.01 and  
Lep d 2.02, and the related mite allergen Gly d 2 from Glycyphagus domesticus 
encoded hypoallergenic allergen variants which demonstrated reduced IgE binding to 
IgE from mite allergic patients. Furthermore, the two hypoallergenic candidates had 
retained T-cell epitopes and induced proliferation in in vitro PBMC cultures. When 
applied in vivo, they both induced antibodies which could function in a blocking 
manner.  

 
In summary, this thesis supports the beneficial use of CBPs as a potential adjuvant and 
allergen carrier in allergen-specific immunotherapy. Moreover, we propose DNA 
shuffling as a powerful method to efficiently generate hypoallergens for SIT purposes.  
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6 FUTURE PERSPECTIVES 
 

The results generated in this thesis support the usage of CBPs as an adjuvant in SIT. 
However, more studies need to be performed in order to fully understand the 
mechanisms behind how the particles work and before they can be applied in human 
SIT. The establishment of the mouse model for cat allergy contributed to the evaluation 
of the particles, yet, the goal is to use the CBPs in the human system. Much knowledge 
has been gained using the mouse model for cat allergy, but there are several differences 
between the human and the mouse immune system. Here we also evaluated the 
particles in vitro on human DCs, and the continuation is to establish a co-culture 
system, in which the effect on human T-cells can be investigated. This is an ongoing 
project with the aim to assess whether the CBPs could change the profile of the already 
differentiated Th2 cells in cat allergic patients. 

 
We noticed that the allergic mice which were treated with cat allergen coupled to CBPs 
did not respond with treatment side-effects such as piloerection and affected breathing 
rate. These symptoms were observed both in mice receiving free rFel d 1 alone and free 
rFel d 1 mixed with the CBPs, and probably reflect a systemic anaphylactic-like 
reaction, which in humans could be lethal. This is something that needs further 
investigation in the human system, e.g. by analysing the ability of allergen-coupled 
CBPs to induce degranulation of mast cells or basophils sensitized with IgE from cat 
allergic patients. 
 
Furthermore, the mechanisms by which CBPs are taken up by cells of the immune 
system would be interesting to explore. Phagocytes express several receptors involved 
in uptake and clearance of both self and non-self antigens, e.g. the mannose receptor 
[152]. This and other potential receptors involved in phagocytosis of carbohydrates 
could be blocked both in vitro in cell cultures and in vivo (by injecting blocking 
antibodies or utilizing knock out animals), to reveal the mechanism by which the CBPs 
are taken up. This knowledge would contribute to the overall understanding of the 
particles’ effect on the immune system. 

 
The potential to couple additional molecules to the CBPs opens up the possibility to 
further improve SIT and optimize the treatment method. One candidate to couple is 
unmethylated CpG oligonucleotides (ODNs), which have been proposed as an adjuvant 
in SIT. ODNs are Th1 inducing TLR-9 ligands [153, 154] which could be co-coupled 
with an allergen of interest, to the CBPs. This would subsequently lead to delivery of 
the allergen and the CpGs to the same APC. Another molecule of interest which we are 
investigating at the moment is vitamin D3 (VD3). This is a steroid hormone which in its 
active form can interact with mDCs [155] and induce the expression of 
immunoglobulin-like transcript 3 (ILT3) and subsequently induce Tregs [156]. VD3 
has moreover proven beneficial for inducing IL-10-secreting Tregs in glucocorticoid 
resistant asthmatic patients [157]. The advantage of co-coupling these 
immunomodulatory agents with the allergen to the CBPs is to deliver them 
simultaneously to the APC. By administering the agents via the particles would 



Theresa Neimert Andersson 

 

30 

probably increase the amount of allergen/VD3 or CpG delivered to the cell, compared 
to if administered uncoupled. In addition, the particle could be targeted to a specific cell 
population, e.g. DCs by the co-coupling of a specific antibody. This has been applied 
for DC specific vaccines in mice, by targeting the endocytic receptor DEC-205 which 
is expressed on DCs in the T cell areas [158]. 
 
The cat allergic mouse model established in this thesis is currently utilized for several 
applications. Three hypoallergen derivatives from the cat allergen Fel d 1 have 
previously been generated [159]. These are being evaluated as SIT candidates using the 
mouse model. Another application for this mouse model is to investigate the interaction 
between allergen and inflamed lung tissue. To examine this, a small animal micro-PET 
will be used to track radioactively labelled Fel d 1 in vivo, after intranasal 
administration and inflamed/non-inflamed lung may be compared. Taken together, the 
mouse model for cat allergy established in this thesis can be used for several 
applications and will be of great value for future research.  
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7 POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Allergier är ett stort problem i världen och ungefär 25 % av befolkningen är drabbad. 
Sjukdomen orsakas av att antikroppar av IgE-typ bildas mot ett annars ofarligt antigen 
(allergen) i omgivningen, t.ex. från katt eller björkpollen. Dessa IgE-antikroppar kan 
sedan binda till allergenet och orsaka frisättning av olika inflammatoriska mediatorer 
från en celltyp i immunsystemet som kallas för mastcell. Det är dessa mediatorer som 
leder till allergikers symptom, t.ex. kliande, rinnande näsa (hösnuva) eller svårigheter 
att andas pga. att luftrören drar ihop sig (astma). Idag finns det bara en 
behandlingsmetod som leder till bestående symtomfrihet, nämligen allergen-specifik 
immunterapi (SIT). Den här behandlingsmetoden går ut på att man ger patienten 
ökande doser av det allergen man är allergisk mot, kopplat till ett så kallat hjälparämne 
eller adjuvans, för att på så sätt göra patienten tolerant mot allergenet. Vid SIT används 
aluminiumhydroxid (alum) som bärare och adjuvans. Tyvärr har alum visat sig vara 
förknippat med vissa biverkningar och därför finns det ett behov av att utveckla SIT för 
att göra metoden säkrare och effektivare. I och med att man behandlar patienterna med 
det allergen de är allergiska mot finns också en risk att patientens IgE-antikroppar kan 
binda till det injicerade allergenet och orsaka frisättning av mediatorerna, och därmed 
utlösa t.ex. en astmaattack.  

 
Mycket forskning idag ägnas åt att med hjälp av DNA-teknologi skapa så kallade 
rekombinanta hypoallergen. Hypoallergen är allergen som har förändrats på olika sätt 
för att hindra att en allergikers IgE-antikroppar kan binda och orsaka frisättning av 
mediatorerna. Genom att använda dessa hypoallergen under SIT-behandlingen minskar 
man risken att patienten ska reagera på det som injiceras. Ett annat sätt att förbättra SIT 
är att använda andra hjälparämnen eller allergen-bärare än alum för att undvika 
biverkningarna som alum kan orsaka. Ett förslag är en kolhydratpartikel (CBP) som har 
en storlek av 2 µm och till vilken det är möjligt att koppla olika proteiner, t.ex. allergen. 
I en tidigare studie har dessa CBP visat sig ha goda ”icke-allergena” egenskaper när de 
har utvärderats parallellt med alum.  

 
I arbete I, II och III har vi utvärderat vad det rekombinanta (framtaget med DNA 
teknologi) kattallergenet rFel d 1 kopplat till CBP-partiklar har för effekt. I arbete I 
använde vi oss av dendritiska celler (DC) från friska blodgivare som vi genererade in 
vitro (i provrör) och undersökte om de kunde ta upp partiklarna och huruvida cellerna 
reagerade på dem. Normalt är det just denna celltyp som ansvarar för att ta upp olika 
antigen eller sjukdomsframkallande bakterier, och se till att ett immunsvar startas. Vid 
allergi startas ett felaktigt immunsvar mot ett ofarligt ämne, allergenet, och i SIT vill vi 
vända detta till ett mer fördelaktigt svar hos patienterna, t.ex. genom att inducera s.k. T-
regulatoriska celler som har egenskapen att de kan dämpa ett pågående immunsvar. Vi 
kunde i arbete I visa att DC som tagit upp partiklarna svarade med att producera vissa 
molekyler som skulle kunna bidra till ett regulatoriskt immunsvar eller ett mindre starkt 
immunsvar. Eftersom immunsystemet är väldigt komplext och det finns många 
inblandade celltyper ville vi gärna undersöka hur CBP beter sig in vivo, dvs. i en 
levande organism. Vanligen görs sådana försök i mus eftersom mycket är känt om 
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musens immunsystem. Därför satte vi i arbete II upp en musmodell för kattallergi, för 
att kunna undersöka om våra CBP-partiklar kan fungera som behandling av 
kattallergiska möss. Vi kunde visa att genom att behandla de allergiska mössen med 
kattallergenet rFel d 1 kopplat till CBP så uppvisade mössen mindre allergiska 
symptom jämfört med möss som var behandlade med CBP utan något påkopplat 
kattallergen. För att ytterligare undersöka hur CBP beter sig in vivo testade vi i  
studie III om de kunde fungera som ett förebyggande vaccin, dvs. vi gav mössen rFel d 
1 kopplat till CBP innan vi gjorde dem allergiska. Även här kunde vi visa att CBP hade 
en skyddande effekt eftersom de vaccinerade mössen inte utvecklade samma grad av 
allergiska symptom som kontrollmössen. Vi tror att orsaken till att CBP verkar ha den 
här skyddande effekten i både redan allergiska möss och i möss som senare görs 
allergiska, kan vara att partikeln leder till att kattallergenet ligger kvar längre i 
vävnaden jämfört med om alum används. Den här förlängda exponeringen av allergenet 
kan vara en bidragande orsak till att mössen uppvisar mindre allergiska symptom än 
obehandlade kontrollmöss. Vi tror även att en av fördelarna med att använda CBP, är 
att vi kan ge varje cell som tar upp partikeln höga doser av allergenet i fråga. Detta är 
svårt att uppnå om man bara injicerar fritt, lösligt allergen, vilket också kan medföra 
allvarliga bieffekter. 

 
I arbete IV var målet att framställa så kallade hypoallergen. Vanligtvis när man vill 
framställa ett hypoallergen så behöver man kunskap om proteinets tredimensionella 
struktur för att kunna förutspå var modifieringen ska göras för att IgE-antikropparna 
hos de allergiska patienterna inte längre ska kunna binda. Att få fram en 
tredimensionell struktur är både tidskrävande och inte alltid genomförbart. Därför har 
det funnits ett intresse av att kunna generera hypoallergen på ett enklare sätt. Vi 
använde en metod som kallas DNA-shuffling för att framställa hypoallergen. Metoden 
kan beskrivas som evolution i ett provrör där man effektivt kan selektera fram ett 
protein med en önskad egenskap. Vid DNA-shuffling använder man sig av allergen 
som på DNA-nivå är besläktade med varandra och därför uppvisar vissa likheter. I vårt 
fall använde vi oss av två allergen från kvalstret Lepidoglyphus destructor  
(Lep d 2.01 och Lep d 2.02) och ”shufflade” dessa DNA sekvenser med allergen-DNA 
från den besläktade kvalstersorten Glycyphagus domesticus (Gly d 2). Resultatet blev 
att vi genererade ett antal varianter som i tester med IgE från kvalsterallergiker inte 
band lika bra som när det ”riktiga” allergenet testades med samma IgE. En annan 
positiv egenskap hos de genererade hypoallergen var att när två av dem testades i möss 
så producerade musens immunsystem antikroppar av IgG-typ som visade sig kunna 
blockera bindningen mellan de riktiga kvalsterallergenen (Lep d 2 eller Gly d 2) och 
IgE från kvalsterallergiker. Detta är en fördelaktig egenskap hos ett hypoallergen 
eftersom vår avsikt är att de i SIT-behandling både ska ha en minskad förmåga att 
binda patienters IgE, och kunna påverka immunsystemet att bilda andra typer av 
antikroppar som kan vara skyddande när man vid ett senare tillfälle utsätts för 
allergenet i fråga man är allergisk mot. 

 
Sammanfattningsvis så bidrar den här avhandlingen till målet att skapa nya strategier 
för SIT som kan göra metoden säkrare och effektivare. CBP-partiklarna som vi 
undersökt, skulle med fördel kunna fungera som en alternativ allergenbärare och 
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adjuvans i SIT. Vidare så visar avhandlingen att DNA-shuffling är en gynnsam metod 
med vilken man på ett smidigt sätt kan generera hypoallergen som potentiellt skulle 
kunna användas i SIT.  
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