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1 Abstract 

 
IgE-mediated allergy is a hypersensitivity disorder whose prevalence is still increasing. 

IgE is produced by plasma cells after class switching which requires T cell help, 

costimulation and TH2 cytokines. To date, immunotherapy is the only causative treatment 

but, next to limited effectiveness, it harbors risks such as anaphylaxis or additional 

sensitization. Therefore, development of strategies for tolerance induction towards 

allergens remains a desirable goal. Here we examined costimulation blockade and 

molecular chimerism as two potential solutions.  

Costimulation blockade prolongs graft survival in transplantation but its potential in the 

treatment of allergy still has to be fully investigated. Recently, OX40L was suggested to 

play an important role in TH2-mediated and memory T cell responses. We therefore 

analyzed the tolerizing potential of blocking OX40L alone or in addition to CD28 and 

CD40L blockade in a well-described model of IgE-mediated allergy using clinically 

relevant major allergens. Blocking OX40L alone had no therapeutic effect. Combination of 

anti-CD40L/CTLA4Ig significantly delayed production of allergen-specific antibodies. T 

cell response was suppressed even after established antibody production. Additional anti-

OX40L treatment to anti-CD40L/CTLA4Ig showed no synergistic effect. 

In the second part of my work we examined molecular chimerism as a promising concept 

in tolerance induction, which is brought about through the transplantation of autologous 

hematopoietic cells genetically modified in vitro to express a disease-causing antigen. 

Recently, our group has published a proof of principle study showing robust long-term 

tolerance towards the grass pollen allergen, Phl p 5, through molecular chimerism. Since 

allergens are structurally and functionally different, we investigated whether molecular 

chimerism establishes tolerance towards the major birch pollen allergen, Bet v 1. VSV-Bet 
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v 1-GFP transduced BMC were transplanted into preconditioned recipients. Engraftment 

of allergen-expressing stem cells was supported by inhibition of CD26 and tracked by the 

reportergene GFP. Molecular chimerism was detectable throughout long-term follow-up, 

preventing sensitization even after repeated challenges with Bet v 1. Production of Bet v 1-

specific antibodies was completely abrogated throughout follow-up. Moreover, Bet v 1-

specific T cell proliferation was suppressed. 

Our findings show that combined costimulation blockade including OX40L blockade at 

the time of immunization with an allergen delays but does not prevent the humoral allergic 

response. In contrast, molecular chimerism induced robust long-term tolerance. Chimerism 

is a promising strategy to achieve life-long tolerance on the B-, T cell and effector cell 

levels towards a wide range of allergens. 
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2 Zusammenfassung 

Die IgE–mediierte oder Soforttyp Allergie ist eine Erkrankung mit steigender Tendenz. 

Zurzeit ist die einzige kausale Therapieform die spezifische Immunotherapie. Allerdings 

bestehen auch Risiken, wie etwa Neusensibilisierungen oder Anaphylaxie. Stabile und 

lebenslange Toleranzinduktion wäre eine ideale Prophylaxe und Therapie. Um dieses Ziel 

zu erreichen wurden zwei verschiedene Ansätze untersucht, Kostimulationsblockade und 

molekularer Chimärismus. 

Blockade von Kostimulationssignalen mittels spezifischer Antikörper hat in der 

Transplantation zu vielversprechenden Ergebnissen geführt. Diese Arbeit setzt sich mit der 

Kostimulationsblockade in der Allergieprävention und Therapie auseinander. Bei der TH2 

Immunantwort werden unter anderem die Zahl und Funktion der Gedächtniszellen durch 

das Kostimulationsmolekül OX40L reguliert. Welche Rolle OX40L  im murinen Allergie-

Modell spielt, wurde durch Blockierung dieser Interaktion analysiert. Es wurde auch eine 

mögliche synergistische Funktion von OX40L mit, CD28 (CTLA4Ig) und CD40L (anti-

CD40L) untersucht. 

Blockierung von OX40L hatte keinen Einfluss auf die allergen-spezifischen 

Antikörperproduktion oder die T-Zell Antwort. Wogegen die Kombination von anti-

CD40L/CTLA4Ig zu einer supprimierten T Zell Antwort und signifikant verzögerter 

humorale allergische Sensibilisierung führte.  

Eine andere Strategie, Toleranz zu induzieren ist der molekulare Chiärismus. Molekularer 

Chimärismus wurde schon erfolgreich in einem Allergie-Mausmodell mit dem Allergen 

Phl p 5 gezeigt. Da Allergene strukturell und funktionell unterschiedliche Proteine sind, 

wurde diese Methode mit Bet v 1, dem Hauptbirkenpollenallergen, umgesetzt. Ein Bet v 1-

GFP Konstrukt wurde in hämatopoetische Stammzellen eingeschleust und anschließend in 



 - 4 - 

vorbehandelte, syngene Mäuse transplantiert. Durch erfolgreiches Engraftment von 

allergen-exprimiernden  Blutzellen im Empfänger wurde Langzeittoleranz gegen dieses 

Allergen erzielt. Die behandelten Mäuse waren tolerant gegen wiederholte 

Immunisierungen. Über den gesamten Verlauf entwickelte sich keine allergen-spezifische 

T-Zell Antwort und auch kein allergen-spezifisches IgE. Darüber hinaus konnte keine 

Effektorzellaktivität durch das Serum induziert werden. 

Diese Ergebnisse zeigen, dass OX40L-Blockade keine Auswirkung auf die TH2 Antwort in 

unserem Modell hat. Wogegen die Blockade von CD40L/CD28 zu einer stark verzögerten 

Immunantwort führt. Stabile Toleranz auf zellulärer und humoraler Ebene gegenüber 

einem Allergen konnte nur mit molekularem Chimärismus erreicht werden. Es konnte 

gezeigt werden, dass molekularer Chimärismus in der Allergie auch mit strukturell und 

funktional unterschiedlichen Allergenen erfolgreich angewendet werden kann. 
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3 Introduction 

3.1 IgE-Mediated Allergy (Type I Allergy) 

Hypersensitivity is a term which describes disorders caused by immune responses. Four 

different types of hypersensitivity are classified by Coombs and Gell according to the 

effector mechanisms of the immune response. The first type is the immediate type 

hypersensitivity, or IgE-mediated hypersensitivity. Its hallmark is the production of 

antigen-specific immunoglobulin E (1). IgE binds to the surface of mast cells and 

basophils, this leads to the release of a variety of pharmacoactive inflammatory mediators. 

These mediators cause the typical allergic symptoms which appear as local allergic 

rhinitis, allergic asthma, ocular allergy, allergic skin inflammation or, in worse cases, in 

systemic anaphylaxis (2). More than 20% of the population are abnormally responsive to 

allergens. Immediate type hypersensitivity is described in more detail later. The second 

type of hypersensitivity is antibody mediated (IgG, IgM) and results in complement 

activation and recruitment of inflammatory cells. The third type is caused by immune 

complexes of circulating antibodies (IgM, IgG), also recruiting the complement system. 

The fourth and last type is mediated by T cells. T lymphocytes kill target cells or activate 

effector mechanism of delayed type hypersensitivity (3).  

The present thesis focuses on the immediate type hypersensitivity or IgE-mediated allergy.  

 

3.1.1 Allergens 

Type I allergy is provoked by a single antigen, an allergen. Allergens are common 

environmental proteins and chemicals. They do not stimulate the innate immune response, 

which would lead to a TH1 response. There is as yet no known common structure or 
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function which is characteristic for allergens. Many allergens have low molecular weight, 

glycosylation and are highly soluble in body fluids. Some of them are enzymes like 

phospholipase A (bee venom) and the cysteine protease (house dust mite). Allergens 

provoke an immune response through repeated exposure. Healthy individuals can also 

produce allergen-specific antibodies but they develop IgM or IgG and only low levels of 

IgE. Therefore, they do not develop the typical allergic symptoms common in atopic 

patients (3). 

 

3.1.2 Atopy 

Atopy is the genetic predisposition to develop IgE-mediated allergy. The greatest 

susceptibility is given when hereditary and environmental factors come together. 

Susceptibility for the development of allergy and asthma were found together with genes 

triggering the immune system and directing to CD4+ cell differentiation (e.g. TLR2, TLR4, 

STAT3) and regulation of TH2-cell differentiation and effector function (e.g. GATA3, IL-

4, IL-13, IL-5). Moreover, susceptibility to asthma was found in genes associated with 

mucosal immunity, epithelial biology and lung function (4). HLA genes might also play an 

important role in susceptibility to allergy. Increased IgE responses are associated with 

HLA-DR, -DQ and -DP polymorphism. Polymorphic residues are located within or next to 

the antigen-binding cleft, contributing to antigen presentation and T cell recognition. 

However, expression of the disease-associated HLA does not necessarily cause allergy 

because it is designed by several factors (4). 

Interestingly, CD4+ cells of healthy and atopic individuals recognize the same T-cell 

epitopes. Both develop allergen-specific TH1 cells, TH2 cells and IL-10 secreting T 

regulatory cells (TR1). It is the balance of the different T cell subsets which causes the 
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allergic phenotype. An atopic individual would display a dominant TH2 cell response, 

secretion of IL-4 and suppression of regulatory cells (5) and therefore develop allergy. 

 

3.1.3 Sensitization Phase and Memory Induction  

In order to provide a short overview of the development of IgE-mediated allergy, the 

allergic disease can be divided into sensitization phase and memory induction, immediate 

phase type 1 reaction and late phase allergic inflammation (6). 

Sensitization to an allergen occurs after the first contact. The antigen enters through the 

epithelia. Dendritic cells capture and process the antigen and transport it to the draining 

lymph node. As the allergen is brought in from extracellular space it is presented by MHC 

class II molecule to naive T cells. Primed allergen-specific TH2 cells release IL-4 and IL-

13, leading to IgE class switch in B cells. B cells require the costimulatory signal of CD40 

and IL-4 for heavy chain isotype switching. Moreover, the TH2-produced cytokines IL-4, 

IL-5, IL-9 and IL-13 mediate development, survival and recruitment of eosinophils and 

mast cells, and lead to hypersecretion of mucus.  

IgE circulates as a bivalent antibody and binds to the high affinity FcεRI receptor on mast 

cells and basophils. IgE also binds to a lower affinity FcεRII (CD23) at the surface of B 

cells. Binding of IgE to FcεRI/II amplify the process of allergen uptake by APC and 

presentation of peptides to CD4+ cells. B cells undergo differentiation and secrete IgE as 

plasma cells (Fig. 1) (6). 
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Figure 1: Mechanism of allergic reactions (6) 

3.1.4 Immediate Phase Reaction 

Allergen-specific IgE attaches to FcεRI/II on mast cell, eosinophils and basophils. 

Crosslinking of the bound IgE by an allergen leads to release of vasoactive substances, 

lipid mediators, chemokines and various cytokines.  
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Mast cells, basophils and eosinophils are essential elements of immediate hypersensitivity. 

These cells contain cytoplasmic granules (e.g. histamine, serine poteases), lipid mediators 

(e.g. prostaglandine D2, leukotriene) and cytokines (e.g. IL-4, IL-5, TNF-α) that induce 

inflammation (2).  

Mast cells are derived from progenitors in the bone marrow. Immature mast cells migrate 

to the peripheral tissue and undergo differentiation. The typical TH2 cytokines IL-4 and IL-

5 upregulate expression of FcεRI and promote proliferation. Mast cells contribute to the 

immediate phase reaction as well as to late-phase reaction. 

Basophils are circulating granulocytes; they represent a separate lineage. Basophils express 

FcεRI and FcεRII. They produce leukotriens and histamine like mast cells, but no 

prostaglandin or IL-5. Recruitment to inflammatory sites contributes to the immediate 

hypersensitivity by release of IL-4 and IL-13. 

TH2 cells also secrete IL-5, IL-9 and IL-13, increasing mucus production and activating 

eosinophils. IL-5 recruits eosinophils to allergic sites of inflammation. Differentiation and 

proliferation of eosinophils is also mediated by IL-5 (Fig. 1) (2).  

 

3.1.5 Late Phase of the Allergic Reaction 

The late phase reaction of immediate hypersensitivity starts about four hours after allergen 

exposure and lasts up to 48 hours. Late phase reaction is manifested by the production of 

IL-4, IL-5, IL-9 and IL-13 by allergen-specific T cells, survival and recruitment of 

eosinophils, differentiation of mast cells and hypersecretion of mucus. Production of IFNγ 

and tumor necrosis factor together with CD95 ligand (Fas ligand) on TH1 cells lead to 

apoptosis of epithelial cells and impaired barrier function (Fig. 1) (6). 

 



 - 10 - 

3.2 Current Therapies of IgE-Mediated Allergy 

3.2.1 Treatment of Symptoms 

The typical allergic symptoms induced by inhalation of allergens such as plant pollen and 

house dust mite are manifested in the upper respiratory tract. The symptoms appear as 

allergic rhinitis, coughing, sneezing, difficulty in breathing and conjunctivitis. They are 

most commonly medicated with anti-histamines. Ingested allergens lead to food allergies 

causing vomiting, diarrhoea and enhanced peristalsis. Food allergens such as peanuts and 

shellfish can trigger severe systemic reactions even in very small quantities. Urticaria, a 

symptom of the skin, is also often associated with food allergy. These symptoms are also 

medicated with anti-histamines. 

In worse cases, a systemic response can lead to anaphylaxis. Life threatening systemic 

anaphylaxis is characterized by fall in blood pressure caused by vasodilatation and can be 

treated with epinephrine, glucocorticoids and antihistamines (3). 

Repeated immediate hypersensitivity and late phase reactions can induce bronchial asthma. 

The bronchial inflammation is characterized by eosinophil infiltration, reversible airway 

obstruction and bronchoconstriction. The most important bronchoconstricting mediators 

are leukotriens C4 and its breakdown products. The treatment aims to reverse 

inflammation, e.g. with corticosteroids and relaxation of airway smooth muscles. 

Leukotriene inhibitors block the bronchoconstricting effect.   

 

3.2.2 Allergen-Specific Immunotherapy (SIT) 

Allergen-specific immunotherapy is the only causative and antigen-specific approach 

currently available for the treatment of allergy. The curative characteristics of low dose 

allergen-application were discovered about a hundred years ago. SIT consists in the 
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repeated application of the sensitizing allergen in increasing doses, modulating the 

immune response towards the allergen. The ratio of TH1 cells to TH2 cells is renewed to 

favour TH1 cytokines.  

SIT alters the response of APC, T cells, B cells and the number and function of effector 

cells. APC, especially dendritic cells play a major role in tolerance induction. Immature 

dendritic cells mediate tolerance when they encounter and present an antigen in the 

absence of a danger signal. Repeated stimulation of T cells with immature DC lead to the 

generation of a regulatory cell population, the TR1 cells. These cells secrete the 

immunodulatory cytokine IL-10. IL-10 production is also increased in APC, monocytes 

and macrophages. IL-10 mediate T cell anergy, increase regulatory cells and cytokines like 

TGFβ. IL-10 also modulates the function of effector cells by inhibiting further activation 

and production of IL-5 and IgE. Following SIT, production of allergen specific IgG 

increase. Induced IgG compete with IgE, if the same epitopes are recognized and therefore 

reduce IgE-mediated degranulation of mast cells and basophils. Moreover allergen 

presentation to T cells over IgE is decreased, so IgE producing B cells lose their signals for 

affinity maturation. In human patients SIT mainly results in production of IgG1 and IgG4. 

IgG4 does not induce the complement cascade and has anti-inflammatory characteristics 

(6).  

Nowadays SIT is optimized by different protocols such as routes of administration. Routes 

of administration can be subcutaneous injection, sublingual, epicutaneous or, in recent 

protocols intralymphatic (7-8).  

Furthermore, modifications of SIT, such as the replacement of allergen extracts with 

recombinant allergens are also under investigation. Currently, allergen extracts are widely 

used, although these extracts can cause various side effects. In contrast, recombinant 

allergens allow standardization of the amount and quality of the allergen. Thus, the 
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occurrence of other allergens, which harbour the risk of additional sensitization, can be 

avoided in the extracts. A number of studies exist which investigate modification of 

recombinant allergens. This technique would allow the reduction of allergenicity by 

changing IgE epitopes. Allergens can be optimized in the laboratory for optimal efficiency 

in SIT with minimal risk of side effects.  

In a clinical study, hypoallergenic derivates of the major birch pollen allergen, Bet v 1, 

were used for treatment. The derivates were designed to exhibit reduced allergenic 

activity. Treatment led to enhanced allergen-specific IgG production in patients. 

Administration of the genetically engineered allergen diminished production of IgE 

towards the natural allergen during the birch pollen season (9). 

Another strategy to reduce IgE-mediated side effects of SIT is the treatment with T cell 

peptides. T cell peptides represent only fragments of the native allergen and therefore 

reduced allergenicity. Treatment was shown to decrease systemic TH1 and TH2 cells, 

induce regulatory cells and production of IL-10.  

First clinical trials with the cat allergen Fel d 1 were accompanied by frequently adverse 

effects caused by T cell recognition, however clinical efficacy was observed. The adverse 

effects were diminished through the use of a peptide mix with shorter peptides. Again a 

significant improvement of disease could be detected after challenge with cat dander 

allergen extracts. The protocol was optimized and a peptide vaccine was developed which 

consists of seven different peptides. The new vaccine was well tolerated and is under 

further investigation (10). 
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3.2.3 Future Perspectives for Treatment and Prevention 

To investigate further potential strategies for causative treatment of allergen we translated 

two promising protocols from transplantation to IgE-mediated allergy, chimerism and 

costimulation blockade. The following studies examine mainly preventive approaches.  

In transplantation and autoimmunity, successful therapies were achieved by blockade of 

costimulatory molecules, which contribute to full activation, B cell class switch and 

tolerance induction. Manipulation of these interactions has the potential to alter the 

immune response and induce non-responsiveness towards antigens. Costimulatory 

molecules, their families and how they contribute to a TH2 response are briefly described 

below.  

Induction of tolerance by chimerism has achieved promising results in transplantation and 

autoimmune diseases. This protocol is able to provide stable tolerance without the need of 

constant medication. An overview of chimerism is given in the next chapter where the 

potential of molecular chimerism in allergy is discussed. 

 

3.3 Costimulatory Molecules in Allergy 

Full T cell activation needs two independent signals, the T cell receptor stimulation by 

antigen-MHC complex and a second interaction by costimulatory molecules. Signal 

transduction needs the interaction of ligands to membrane bound molecules. Costimulatory 

molecules can provide activating and inhibitory signals. Recently, many new 

costimulatory molecules have been described and the two signal model has become more 

complex. Costimulatory molecules can be divided into groups according to their structure, 

like B7:CD28 superfamily and TNF/TNFR family.  
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3.3.1 CD28 Superfamily 

The CD28 superfamily consists of seven structurally related ligands: CD80 (B7.1), CD86 

(B7.2) – both binding to CD28 and the cytotoxic T-lymphocyte-associated antigen 4 

(CTLA4) furthermore, the programmed death-1/2 ligands (PD-L1, PD-L2)  which bind to 

PD-1, the  inducible costimulatory molecule ligand (ICOS-L) binding ICOS and lastly B7-

H3 and B7-H4, where the receptors have not yet been identified. Binding mediates 

costimulatory (CD28, ICOS) or coinhibitory (CTLA4, PD-1) signals (11, 3).  

 

Ligands

Receptors

APC

T cell

B7-1

(CD80)

B7-2

(CD86)
ICOS-L PD-L1 PD-L2 B7-H3 B7-H4

CD28

+

CTLA-4

-

PD-1

-

ICOS

+

? ?
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(CD80)

B7-2

(CD86)
ICOS-L PD-L1 PD-L2 B7-H3 B7-H4

CD28

+

CTLA-4

-

PD-1

-

ICOS

+

? ?

 

Figure 2: B7:CD28 family. Seven known B7 ligands are expressed on APCs. The ligands 

are transmembrane proteins, consisting of two Ig-like domains, V-like and C-like. 

Receptors are expressed on T cells. The transmembrane proteins harbour a single variable 

domain and a cytoplasmic tail. 

 

CD80/CD86 is expressed on APC, DC, macrophages and B cells. Low levels of CD86 can 

be found on resting B cells, DC and macrophages. Activation of cells results in enhanced 

CD86 expression and de novo expression of CD80. CD80/CD86 deficient mice have 

profound deficits in humoral and cellular immune responses. 
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CD28 is constitutively expressed on T cells. CD28 mainly engages during initiation and 

amplification of the immune responses. Engagement enhances antigen-specific 

proliferation and cytokine production. TCR stimulation in the absence of CD28 signalling 

was initially shown by CD28 blockade in vitro and induces classical T cell anergy (11).  

Binding of CD80/CD86 to CTLA4 (CD152) provides an inhibitory signal to T cells (12). 

CD80 binds with higher affinity to CTLA4 and CD86 to CD28. CTLA4 is a master switch 

for peripheral tolerance; it is upregulated upon activation. CTLA4 deficient mice develop 

multiple organ autoimmune pathologies and lymphoproliferative disease due to defects in 

immune regulation (12). 

CD28-deficient mice are unable to express TH2 cytokines or produce IgE and IgG1. The 

development of asthma was blocked and levels of IL-4, serum IgG1 and IgE were reduced. 

Interestingly, blockade of CTLA4 in CD28-deficient mice restores lung inflammation in a 

model of allergic airway inflammation. But the inflammation was qualitatively different as 

that in wild type mice, cell infiltrates consisted of lymphocytes and lack eosinophils; 

suggesting an inhibitory role of CTLA4 in this model (13). 

 

3.3.2 TNF/TNFR – Family 

The tumor necrosis factor family receptor (TNFR) consists of OX40 (CD134), CD40, 4-

1BB (CD137), CD30 and CD27. These molecules are induced or upregulated on the T cell 

surface hours or days after antigen recognition. Signals seems to take part in controlling 

the ongoing immune response in respect of continued cell division, prevention of excessive 

cell death, number of effector T cells and proportion of memory cells.  
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3.3.2.1 OX40 - OX40 Ligand Pathway 

OX40 (CD134) is transiently expressed after activation of naïve T cells starting after about 

12 – 24 hours, peak of expression is reached after about 3 days. Memory and effector T 

cells are able to re-express OX40 4 hours after reactivation (14). OX40 Ligand (OX40L, 

gp34 or CD252) is expressed hours to days after activation on APC (dendritic cells, B 

cells, macrophages), endothelial cells, mast cells, activated NK cells and also on 

responding CD4 T cells themselves (15). OX40L expression can be triggered by CD40 

stimulation (16) or thymic stromal lymphopoietin (TSLP) (17). The OX40 pathway plays a 

critical role in the late primary T cell immune response and also in the generation and 

survival of memory T cells. OX40 transmits an anti-apoptotic signal, Bcl-2, Bcl-xL and 

survivin, and prevents excessive T cell death (16).  

OX40 deficient mice are severely impaired in their ability to generate a TH2 response. In a 

model of OVA induced airway disease, OX40 deficient mice exhibited diminished lung 

inflammation, reduced mucus production and eosinophilia infiltration. Moreover the 

typical TH2 cytokines IL-4, IL-5 were reduced in bronchoalveolar lavage, and IgE levels in 

serum were diminished (18).  

Seshasayee et al. investigated the role of OX40 pathway in a mouse model by blocking 

OX40L or depleting OX40L positive cells. Lung inflammation was induced by intranasal 

TSLP and anti-OX40L antibody was administrated, DC activated by TSLP expressed 

OX40L. Treatment resulted in significantly reduced levels of TH2 cytokines (IL-4, IL-5, 

IL-13), reduced numbers of lymphocytes in BAL and also IgE and IgG1 in serum. 

Furthermore, blockade of OX40L in allergic asthma in rhesus monkeys led to reduction of 

effector/memory CD4 T cells, IL-5 and IL-13 in the BALF (17).  

The activating potential of OX40 has been described in several studies. OX40 antibody 

(OX86) has been observed to break peripheral tolerance when mice were immunized with 
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soluble peptide (19). Administration of OX86 can trigger an immune response towards 

tumor cells, which is possibly due to the abrogation of Treg function. OX86 treatment was 

even more effective than CD25 depletion in regard to anti-tumor response (20). 

Furthermore, breaking tolerance by LPS was shown to be dependent on OX40 interaction 

(21). 

FoxP3+ Tregs constitutively express OX40, OX40 has been shown to abrogate the 

suppressive effects (22). OX40 engagement inhibits TGFβ-mediated conversion of CD4+ 

cells to FoxP3 regulatory cell (23). 

 

3.3.2.2 CD40 – CD154 Pathway 

CD40L (gp39, CD154) is expressed primarily on activated T cells but also on B cells and 

platelets. CD40 is constitutively expressed on B cells, macrophages and DCs and is 

upregulated upon activation (24). CD40/CD40L interaction is sufficient for T cell 

dependent immunoglobulin heavy chain class switching, development of memory B cells, 

formation of germinal centers, activation and maturation of DCs, upregulation of MHC 

molecules and costimulatory molecule and increased inflammatory cytokine production. 

The importance of CD40L in humoral immunity is highlighted in patients with hyper IgM 

X-linked syndrome. Patients have profound defects in the generation of T cell dependent 

antibodies and isotype class switching (25). 

In allergy, CD40/CD40L interaction is fundamental for development of allergen-specific 

antibodies. The interaction is only necessary during allergic sensitization. The time from 

CD40L blockade to allergen challenge had no effect on the amount of allergen-specific 

antibodies. On the contrary, T cell response was diminished regardless of whether CD40L 

was blocked due to sensitization or challenge (26).  
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3.4 Tolerance Strategies in Allergy 

3.4.1 Costimulation Blockade 

As described above, many costimulatory molecules exist with different and partly 

overlapping functions. The molecules guide the specification, strength and duration of the 

immune response. More and more, costimulatory molecules offer the possibility of 

modulating the immune response. 

 

3.4.1.1 Prominent costimulation blockades 

OX40 is a promising target in the creation of new therapeutic strategies for allergic 

inflammation, autoimmune disease, graft-versus-host diseases and anti-tumor-treatment. 

OX40L blockade is currently being assessed in a clinical trial of allergen-induced airway 

obstruction in adults with mild allergic asthma (NCT00983658). Blockade of the OX40 

pathway inhibits activated cells which would allow specific targeting of activated effector 

T cells. While some studies suggest that long-term application would be necessary in 

diseases such as EAE, this would entail an undesireable suppression towards other 

inflammatory processes. Triggering the OX40-OX40L interaction was shown to be 

successful in cancer treatment (27).  

Also blocking CD40L is widely and effectively employed in animal models prolonging 

allograft survival and preventing acute rejection (28). In autoimmune disease, blockade of 

CD40 interaction can abrogate or suppress the disease, especially in diseases with 

fundamental preponderance of B cells like systemic lupus erythematosus and myasthenia 

gravis (29). In a murine allergy model, blockade of CD40L led to prevention of 

sensitization and suppressed T cell response (26). 
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Figure 3: Schematic drawing of T cell–APC interaction with the costimulatory molecules 

CD40 and B7. Blockade of CD40-CD40L with anti-CD40L (MR1) prevents the activating 

signal. Blockade of B7 by CTLA4Ig prevents the interaction to CTLA4 (inhibitory signal) 

and CD28 (activating signal) (30-31). 

 

Translation to human application is still an unmet goal. Human anti-CD154 antibodies 

were associated with severe thromboembolic complications in a clinical phase I trial, 

therefore, the clinical trial was put on hold, however, encouraging murine studies are 

ongoing (32). The adverse effect was caused by the function of CD40L in stabilizing 

thrombi. CD40L -/- mice exhibit unstable thrombi but exhibit a normal phenotype. 

Therefore investigations targeting CD40 are underway (24).  

An outstanding way to block the CD28 pathway is through the chimeric protein CTLA4 

immunoglobulin (CTLA4Ig). CTLA4Ig prevents the interaction of CD80/CD86 and 

CD28. Moreover, CTLA4Ig leads to a production of indolamine 2,3-dioxygenase (IDO) in 

APC which breaks down tryptophan, resulting in suppression of T cell proliferation and 

cell death.  

MR1

CD40L mAb
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In transplantation, blockade of CD28 signalling by CTLA4Ig was shown to prevent acute 

allograft rejection and induce donor-specific transplantation tolerance in certain strains 

(33). While the results in rodent models were very promising, the effect in non-human 

primates was moderate on allograft survival. CTLA4Ig, abatacept, was more effective in 

treatment of autoimmunity disease such as rheumatoid arthritis or psoriasis vulgaris. A 

second generation CTLA4Ig was developed (LEA29Y, belatacept) with a higher affinity to 

CD86 which has been successfully tested in a clinical phase III study (34). 

The prominence of the CD28 pathway led to efforts in developing more specific treatment 

possibilities by targeting CD28 directly. However, a superagonistic CD28 antibody 

implementation had a fatal outcome in a clinical phase I trial. The antibody was considered 

for a possible treatment of chronic lymphocytic B cell leukemia. Six healthy volunteers 

experienced systemic inflammation following administration of the anti-CD28 antibody. 

Previously, the antibody had been successfully tested in non-human primates, the fatal 

consequences in humans could not have been predicted on the basis of this study (24, 35).  

 

3.4.1.2 Synergy between CD40/CD28 and OX40 

Blockade of a single costimulatory molecule may have a redundant function in the 

development of an immune response. Synergistic effects are often described. In the 

following section the synergy between CD40, CD28 and OX40 pathways are discussed, as 

it is these costimulatory molecules that are subject to the ensuing investigations. 

In transplantation some models are resistant to the otherwise potent effect of CD28/CD40L 

blockade. Interestingly, OX40L was discovered to mediate CD28/CD40L independent 

rejection. In CD28/CD40L double knock out mice blockade of OX40L induced successful 

prolongation of skin graft survival (36). 
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Synergy of CD28 and CD40 has been reported in many studies. In a model of TH2-

mediated contact hypersensitivity (CHS), administration of CTLA4Ig led to inhibition of 

primary response, but secondary response was little affected. Interestingly, CTLA4Ig 

together with anti-CD40L during the primary response induced long-lasting 

unresponsiveness also towards secondary response in TH2-mediated CHS. These results 

indicate a synergistic function of CD28 and CD40L pathway in a TH2 response (37). In 

systemic lupus erythematosus, coadministration of anti-CD40L and CTLA4Ig led to 

significant improvement of the disease in contrast to treatment with only one molecule 

blocked (38). 

In transplantation, the combined blocking of both costimulatory pathways has also led to 

long term survival of skin and cardiac allografts in fully MHC-mismatched model, while 

blockade of only one molecule, CD40L or CD28, has led to only slightly prolonged 

tolerance (39). Furthermore, costimulation blockade of CD28 and CD40 are able to induce 

mixed chimerism and long term allograft acceptance without cytoreductive treatment of 

the host (40). 

CD28 deficient mice express OX40 on T cells after activation but expression is delayed 

and OX40L is minimally induced on APC. Costimulation of CD28 deficient T cells can be 

circumvented by OX40L expression on stimulated B cells which can provide CD28-

independent costimulatory signals to T cells (41).  

In an EAE model of CD28-deficient mice, antagonistic anti-OX40L therapy protects mice 

from EAE (induced by double immunization) but anti-OX40L treatment alone did not 

protect wild type mice. These data suggest that OX40 interaction can act as alternative 

costimulatory pathway and mediate CD28 independent immune responses (42). These 

results also support a redundant role of costimulatory molecules.  
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3.4.2 Chimerism  

The following short overview of chimerism discusses cellular chimerism in the 

transplantation setting first, followed by molecular chimerism in transplantation, 

autoimmune disease and allergy. 
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Figure 4: Difference between cellular and molecular chimerism. Cellular chimerism 

describes the coexistence of donor and recipient HSC, leading to tolerance towards donor 

organs. Molecular chimerism describes the coexistence of genetically modified recipient 

HSC and recipient HSC, tolerizing towards the new antigen. 

 

3.4.2.1 Cellular Chimerism 

Today, transplantation of organs is the therapy of choice for end-stage organ failure. 

However, long-term graft acceptance is hindered by immunological barriers and chronic 

rejection is a widespread complication. Patients are dependent on life-long 

immunosuppressive treatment. Besides the advantageous effects of immunosuppressive 
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drugs to prevent graft loss, unspecific suppression of the immune systems leads to 

increased morbidity and mortality and chronic graft rejection can still occur. A state of 

immunological tolerance without the loss of a functioning immune system is the major 

goal in transplantation medicine.  

A promising approach is tolerance induction by a state of hematopoietic chimerism, also 

known as mixed cellular chimerism; this describes a state of coexistence of hematopoietic 

donor and recipient cells in the host. Once stable chimerism is induced, the immune 

system can also accept solid organ grafts from the BMC donor without further 

immunosuppressive treatment. To induce hematopoietic chimerism over MHC barriers, 

intense and cytotoxic treatment of the recipient previous to BMT is usually necessary. 

Host conditioning in early experiments was based on myeloablation and T cell depletion. 

The development of costimulation blockers could obviate the need for myeloablation and 

global T cell depletion (43). Irradiation could only be avoided with the use of huge doses 

of BMC in combination with costimulatory blocking antibodies (anti-CD40L, CTLA4Ig), 

inducing long-term macrochimerism (40). However, these BMC doses are not feasible for 

clinical application.  

Regulatory T cells were identified to play an important role in BMT. The cells are critical 

during the early phase but appear to be dispensable for maintenance of chimerism (44). 

Regulatory T cells are supported by costimulation blockers, like CD40L blockade, which 

was found to be dependent on CD4+CD25+ cells (45). Moreover, regulatory cells gained 

prominence as they allowed the development of protocols with less toxic host 

conditioning. Replacement of cytoreductive treatment was achieved with a clinically 

feasible BMC dose combined with anti-CD40L, CTLA4Ig, a short-course of rapamycin 

and cotransfer of regulatory T cells in a murine model (46-47). 
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Chimerism-induced tolerance includes both central and peripheral tolerance mechanisms. 

Central tolerance is established by donor bone-marrow derived dendritic cells, which 

migrate into the thymus and contribute to negative selection of newly developing 

thymocytes. Pre-existing donor reactive T cells undergo peripheral deletion early after 

BMT induced by costimulation blockade. Deletion was demonstrated to be thymus-

independent, passive cell death as well as activation-induced cell death played an 

important role (30-31).  

The chimerism induction protocol is still very toxic so that there are few studies on 

deliberate induction of chimerism in the clinical setting. Megan Sykes and colleagues 

published a study with six patients suffering from end-stage renal disease due to multiple 

myeloma. The patients simultaneously received kidney and BMT from HLA identical 

siblings. Chimerism was transient in four patients and turned into full chimerism in two 

patients, which also developed GVHD. Three patients remain operationally tolerant 

without any immunosuppression after a reported follow-up of up to 7 years. All in all, the 

study showed that renal allograft tolerance could be achieved with combined kidney and 

BMT (48).  

In a subsequent study, David Sachs and colleagues showed successful transplantation of 

HLA single haplotype mismatched kidney transplants together with bone marrow. In four 

of five patients renal function remained stable after stopping immunosuppressive 

treatment. In one patient irreversible humoral rejection led to organ loss (49).  

These results show that translation to the clinical setting is possible but still harbours many 

potential hurdles. A less toxic recipient treatment protocol would allow more clinical 

investigations and would also open the possibility to applying this concept to a broader 

range of diseases.  
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3.4.2.2 Molecular Chimerism 

Not only in transplantation is chimerism a promising strategy towards establishing 

tolerance. Tolerance induction by chimerism would also be a causative treatment for 

autoimmunity and allergy. Molecular chimerism is induced by transplantation of ex vivo 

genetically-modified cells expressing the disease-causing antigen into a syngeneic 

recipient. 

 

3.4.2.2.1 Molecular Chimerism in Transplantation 

Nowadays, stable tolerance can be achieved by molecular chimerism in rodent and large 

animal models introducing MHC class I and MHC class II molecules. Long-term tolerance 

can only be achieved by persistent expression and presentation of the retroviral integrated 

gene on hematopoietic cells. Therefore, hurdles such as stable retroviral transduction, in 

vitro culture of HSC and engraftment of modified cells had to be overcome. 

In a transplant model of molecular chimerism, lethally irradiated mice were transplanted 

with modified cells, expressing a disparate MHC class I. Chimeric mice developed 

chimerism and accepted skin grafts with the disparate MHC class I, where skin grafts 

represent the most stringent model in transplantation (50). 

Iacomini and his team identified mature T cells as tolerizing cell population in a non-

myeloablative pre-conditioning regime. Cells were originated from congenic mice, which 

were disparate in MHC class I (Kk → Kb). Chimerism could be induced successfully and 

skin graft survival was followed over 100 days (51).  

Presensitization is a major problem in transplantation, however, in all these models, 

chimerism was induced in mice which were not presensitized. Xenotransplantation could 

be a solution to organ shortage, but the human immune system harbours natural 

xenoantibodies towards gal carbohydrates. Recipients would thus be presensitized. As a 
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mouse model, αGT-/- knockout mice are used; they lack αGT and therefore the gal 

carbohydrate. These mice produce natural anti-αGal antibodies similar to humans. 

Chimerism was established successfully in αGT-/- knockout mice. B cells were 

successfully tolerized even in presensitized mice. Anti-αGal antibody production was 

stopped even after challenge with αGal-expressing cells. Furthermore, in a non-

myeloablative murine model, heart acceptance over 100 days was followed after 

chimerism induction (52).  

Although numerous studies on molecular chimerism have been carried out in the mouse 

model, there are few data regarding chimerism in large animal models.  

Transplantation of autologous MHC class II transduced cells in a swine model led to 

chimerism and graft survival of subsequent transgene matched renal allograft (53).  

In a non-human primate xenotransplantation model, molecular chimerism was established 

with autologous cells transduced with swine MHC class II genes in baboons. Expression of 

the transgene was transient and could be detected for 6 weeks, the proviral DNA was 

detected up to 123 weeks. Baboons were grafted with MHC class II matched renal and 

skin xenografts. Anti-Gal IgM and IgG were reduced at the day of transplantation; 

however, grafts were rejected after 8-22 days. Reduced production of non-anti-Gal IgG 

was observed (54). 

Rhesus macaques also display a low serum level of preexisting anti-Gal IgM and IgG 

similar to human anti-Gal antibodies. In monkeys transplanted with autologous αGT 

transduced BMCs chimerism was still detectable after 5 months. Anti-Gal antibody 

production could be inhibited after immunization with porcine cells. IgM antibodies to 

other porcine xenoantigens were produced at similar levels in the chimeric monkeys (55). 

 

 



 - 27 - 

3.4.2.2.2 Molecular Chimerism in Autoimmune Disease   

Autoimmune diseases are an immune response towards self antigens resulting in pathology 

and clinical disease dependent on the culprit antigen. In some autoimmune disease models 

where a single defined antigen is known to cause disease, molecular chimerism can be 

applied. Induction of tolerance towards a specific antigen through chimerism has been 

achieved in autoimmune disease models such as type 1 diabetes, multiple sclerosis and 

autoimmune gastritis. Moreover, successful data were gained in the therapeutical 

approach.   

NOD mice develop spontaneous type 1 diabetes. A successful preventive approach uses 

molecular chimerism to induce a protective MHC class II by transplantation of genetically 

modified HSC. Chimeric mice lose the susceptibility to develop diabetes (56). 

The murine model of multiple sclerosis is experimental autoimmune encephalomyelitis 

(EAE). EAE is a T-cell mediated autoimmunity; mice develop a CD4+ T cell response 

when immunized (with e.g. myelin basic protein, MBP). The disease manifests in 

ascending paralysis caused by demyelination and inflammation. Molecular chimerism was 

able to abrogate the induction of EAE even after repeated challenge in a preventive and 

therapeutic approach (57-58). These results were verified in different studies but there was 

also a study with disappointing results. Myelin basic protein-expressing BMC failed to 

induce tolerance or prevent susceptibility although the protein expression was verified 

(59).  

 

3.4.2.2.3 Molecular Chimerism in Allergy  

Since molecular chimerism has been shown to induce tolerance in autoimmune disease 

models in preventive as well as in curative approaches, we investigated the potential in 
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IgE-mediated allergy. Allergens are well characterized molecules and are therefore 

suitable candidates for molecular chimerism.  

The first proof of principle experiment of molecular chimerism was done with Phl p 5, the 

major allergen of Phleum pratense (timothy grass). Phl p 5 is a highly immunogenic and 

clinically relevant respiratory allergen. For molecular chimerism, BMC were transduced 

with a retrovirus encoding the allergen Phl p 5 fused to a signal peptide and a 

transmembrane domain, thus, the allergen was membrane-anchored. Transduced BMCs 

were transplanted into syngeneic recipients preconditioned with a lethal dose of total body 

irradiation and T cell depleting antibodies one day prior BMT. The anti-CD40L-antibody 

was injected directly after BMT into recipients. Six weeks after BMT, the mice were 

repeatedly immunized with Phl p 5 adsorbed to aluminium hydroxide (and a second 

allergen as specificity control) within a time-span of three weeks. Expression of Phl p 5 

within the peripheral blood of the recipients was assessed during the whole follow-up and 

was found to be detectable up to 40 weeks. Phl p 5-specific antibody levels in chimeric 

mice were not detectable throughout the whole follow-up in contrast to antibodies towards 

the control allergen. Moreover, T cell reactivity in response to the allergen Phl p 5 was 

prevented, thus, B-cell, T-cell and tolerance at the effector level could be established (60). 

In conclusion, a stable long-term tolerance towards the allergen Phl p 5 was induced 

through molecular chimerism.  

Since allergens vary in their structure, function and source, we investigated whether 

molecular chimerism can be induced towards a Phl p 5-unrelated allergen. Therefore, we 

used the major birch pollen allergen, Bet v 1 (of the birch Betula verrucosa). More than 

96% of tree pollen allergic individuals recognize Bet v 1, and over 60% exclusively 

display Bet v 1-specific IgE. Besides its frequent occurrence, Bet v 1 is a  further cause of 
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symptoms because of the high cross-reactivity to food allergens like soy (61), cherry (62), 

celery (63) and others.  

Molecular chimerism would be a promising tool to prevent type I allergy by induction of 

stable long-lasting tolerance (chapter 4.1.2).  
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4 Aim of the Thesis 

IgE-mediated allergy is a steadily rising disease. To date, the only causative treatment is 

allergen-specific immune therapy, while other current treatments primarily focus on 

allergic symptoms. Further prevention of IgE-mediated allergy is still a challenging goal. 

The specific aim of my thesis was to investigate two preventive approaches in a murine 

model, the blockade of costimulation molecules and induction of molecular chimerism. 

One potent immunomodulating strategy is the blockade of costimulatory molecules. Non-

responsiveness towards alloantigens can be induced by costimulation blockade e.g. in allo-

transplantation. Effective approaches are not clinically applicable so far. Therefore we 

aimed to investigate the potential suppressive effect of blocking the costimulatory 

molecule OX40L. OX40L was recently shown to play an important role in the 

development of a full TH2 response. Moreover, the combination of blockade of different 

molecules (CD28/CD40L) additional to OX40L blockade was tested to assess the potential 

bypass of OX40L.  

We have recently shown that molecular chimerism induces stable tolerance towards one 

allergen in a preventive approach. Since allergens differ in their function and structure we 

investigated whether this approach can be extended to several allergens from different 

sources. Therefore we chose the well described clinically highly relevant major birch-

pollen allergen Bet v 1 as a possible candidate for induction of tolerance. 
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Abstract 

IgE-mediated allergy is a common disease characterized by a harmful immune response 

towards an otherwise harmless antigen. Induction of specific immunological non-

responsiveness towards allergens would be a desirable goal. Blockade of costimulatory 

pathways is a promising strategy to modulate the immune response in an antigen-specific 

manner. Recently OX40 (CD134) was identified as a costimulatory receptor important in 

Th2 mediated immune responses. Moreover, synergy between OX40 blockade and 

‘classical’ costimulation blockade (anti-CD40L, CTLA4Ig) was observed in models of 

alloimmunity. Here we investigated the role of the OX40 pathway in an established murine 

model of IgE-mediated allergy in which BALB/c mice are immunized with the clinically 

relevant grass pollen allergen Phl p 5. Early or late blockade of OX40 (anti-OX40L mAb) 

did not modulate the allergic response on the T cell, humoral or effector cell levels, 

whereas early administration of a combination of anti-CD40L/CTLA4Ig delayed the 

allergic immune response. Antibody-production could not be inhibited after repeated 

immunization independent of long-term suppressed T cell response. Additional blockade 

of OX40 had no detectable supplementary effect. Delayed response was partly mediated 

by regulatory T cells as depletion of CD25+ cells led to restored T cell proliferation. To 

conclude our results, the allergic immune response towards Phl p 5 was independent of 

OX40. No synergistic function of OX40 to CD40L/CD28 could be detected. According to 

the literature OX40 is more effective in T cell mediated disease like allergic lung 

inflammation. In contrary blockade of CD40L/CD28 led to non-responsiveness of T cells 

without prevention of antibody production. 

 



 - 33 - 

Introduction 

IgE-mediated allergy is a hypersensitivity disorder whose prevalence is still increasing (1). 

The main feature of type I allergy is the development of IgE which is bound on mast cells. 

Crosslinking by an allergen leads to the release of cytokines and vasoactive substances, 

causing the typical allergic symptoms (2). A desirable but still unmet goal would be the 

induction of antigen-specific immunological non-reactivity towards these antigens. 

Blockade of costimulatory molecules is a promising approach to modulate the immune 

response. Induction of an immune response requires engagement of the T cell receptor 

simultaneously with costimulatory molecules. One of the first discovered costimulation 

molecules was CD28. Ligation of CD28 is important for activation of T cells. Missing 

CD28 signalling leads to anergy, what means functional deficiency of T cells (3). Another 

well-known costimulation molecule is CD40. Interaction of CD40 - CD40L is required for 

generation of high titers of isotype-switched antibody, survival, maturation and allograft 

rejection (4). Blocking CD40L is widely and effectively employed in animal models 

prolonging allograft survival and preventing acute rejection (5). More effective is the 

blockade of both, CD28 together with CD40 in diminishing allo-immunity (6). 

In recent years, OX40 was shown to participate in Th2 mediated immune responses (7-8). 

OX40, a member of the TNF/TNF-R superfamily, has a critical role in the late primary T 

cell response and in the generation and survival of memory T cells. Stüber and Strober 

observed decreased production of IgG1, IgG2a, IgG2b and IgG3 when anti-OX40 

antibodies were administered together with TNP-KHL immunization, provoking a T cell-

dependent immune response. T cell independent immune responses were not influenced 

(9). In OVA induced lung inflammation blockade of OX40L was able to attenuate disease 

with suppressed production of IgE, IgG and decreased Th2 cytokines after anti-OX40L 
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treatment (10). Anti-OX40L was currently tested in a clinical trial for allergen-induced 

airway obstruction in adults with mild asthma (NCT00983658). 

OX40 is also expressed on regulatory T cells (Tregs). Tregs of OX40-deficient mice are 

present in normal numbers and function whereas OX40 ligation on mature T cells 

abrogates Treg function and conversion. In some studies enhanced OX40 stimulation 

preferentially converts T cells to memory cells instead of Tregs (11-12). So OX40 is not 

only a costimulatory molecule to activated effector T cells but also negatively regulates 

FoxP3+ Tregs. 

Synergistic functions of OX40L to the costimulatory molecules CD28 and CD40L have 

been reported in the literature in various models (13-15). For example CD28 interaction 

was shown to be necessary for high and early expression of OX40 and OX40L (16-17). In 

transplantation, CD40L blockade-induced cardiac allograft acceptance can be overridden 

by agonistic OX40 antibodies (14). Another model describes that mice, resistant to 

CD28/CD40L blockade exhibit prolonged skin graft survival when OX40L is blocked 

(18).  

In experimental autoimmune encephalomyelitis (EAE) OX40L was shown to be able to 

bypass CD28 independent development of disease. Blockade of OX40L in CD28 deficient 

mice prevented induction of EAE (19). 

In allergy, blockade of CD28 and CD40L during allergic sensitization and ongoing disease 

was assessed. Blocking CD40L prevented allergic sensitization but had no influence when 

administrated to already sensitized mice. Blocking CD28 (CTLA4Ig) early or late had no 

influence on the humoral response but allergen-specific T cell proliferation was diminished 

(20).  
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In order to delineate the potential of costimulatory molecules in IgE-mediated allergy, we 

applied a well-defined mouse model of IgE-mediated allergy, focusing the humoral 

response (20).  

Our results demonstrate that OX40 is negligible for an IgE-mediated allergic response 

towards Phl p 5. Surprisingly this effect was not caused by redundant function of OX40 to 

CD40 or CD28. Interestingly, blockade of the costimulatory molecules CD28 and CD40L 

led to delayed humoral response contrary to long-term extended T cell non-responsiveness. 

These findings together with published data of OX40 underline that maybe OX40 mainly 

takes part in T cell mediated responses like allergic lung inflammation. Moreover there is 

lots of potential in modulation of immune responses by costimulatory molecules in allergy 

but the effect mainly targets T cells as humoral immunity is only temporary suppressed. 

 

Material and Methods 

 
Animals 

Female BALB/c mice were obtained from Charles River (Sulzfeld, Germany). All mice 

were housed under specific pathogen free conditions and were used between 6 and 12 

weeks of age. All experiments were approved by the local review board of the Medical 

University of Vienna, and were performed in accordance with national and international 

guidelines of laboratory animal care. 

 

Recombinant Allergens and Immunization 

Purified recombinant (r) timothy grass pollen allergen (rPhl p 5) and birch pollen allergen 

(rBet v 1) were obtained from Biomay (Vienna, Austria). Mice were immunized 

subcutaneously with 5 µg rPhl p 5 (major grass pollen allergen) and in selected groups 

with 5 µg rBet v 1 (major birch pollen allergen), adsorbed to Al(OH)3 (Alu-Gel-S, Serva, 
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Ingelheim, Germany). Immunization started at day 0 and was repeated every three weeks 

(days 0, 21, 42, …) till the end of follow-up.  

 

Costimulation Blockade 

Treatment with anti-CD40L (MR1) and human CTLA4Ig (abatacept, 0.5 mg/mouse) was 

given by intraperitoneal (i.p.) injection  early (days 0, 2, 4) or late (days 21, 23, 25) (20). 

OX40L was blocked by i.p. injection of RM134 (0.5 mg/mouse) early (days 0, 2, 4, 8) or 

late (days 21, 23, 25, 29) (18). For depletion of CD25+ cells a cytotoxic anti-CD25 mAb 

(PC61) was given i.p. at days 0 (0.5 mg/mouse), 4 and 8 (0.25 mg/mouse) or days 21, 25, 

29. In combination to anti-CD40L/CTLA4Ig/anti-OX40L treatment CD25+ cells were 

depleted at day 16 (PC61, 1 mg/mouse). Anti-CD40L and anti-OX40L were purchased 

from BioXCell (West Lebanon, NH, USA), hCTLA4Ig (abatacept) was generously 

provided by Bristol-Myers, Squibb Pharmaceuticals (Princeton, NJ, USA).  

 

Flow Cytometry and Antibodies 

For analysis of Tregs mAbs with specificity against CD4 (RM4-4) and CD25 (7D4) were 

used. Antibodies were conjugated to FITC and PE and detected in FL1 and FL2. Surface 

staining was performed according to standard procedures and flow cytometric analysis was 

done on a Coulter Cytomics FC500. CXP software (Coulter, Austria) was used for 

acquisition and analysis. 

 

ELISA 

To measure antigen-specific antibodies in the sera of immunized mice ELISAs were 

performed as described previously (21). Blood samples were taken from the tail vein and 

serum was stored at -20°C until analysis. Plates were coated with rBet v 1 or rPhl p 5 (5 
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µg/ml), sera were diluted 1:20 for IgE, 1:100 for IgM, IgA, IgG2a, IgG3 and 1:500 for 

IgG1, bound antibodies were detected with monoclonal rat anti-mouse IgE, IgG1, IgG2a, 

IgG3, IgA and IgM antibodies (BD Pharmingen) diluted 1:1000 and a HRP-coupled goat 

anti-rat antiserum (Biosciences, UK) diluted 1:2000. The substrate for HRP was ABTS (60 

mM/l citric acid, 77 mM/l Na2HPO4 x 2H2O, 1.7 mM/l ABTS (Sigma-Aldrich, MO), 3 

mM/l H2O2). Absorbance was measured at 405 nm (0.1 s) and 490 nm (0.1 s). For 

calculation values obtained at 490 nm were abstracted from 405 nm values. 

 

Lymphocyte Proliferation Assay 

Spleens were removed under sterile conditions and homogenized. Single cell suspension 

was filtered through a 70 µm Nylon cell strainer to remove remaining tissue. Erythrocytes 

were removed by adding cold lysing buffer (Red Blood Cell Lysing Buffer, Sigma-

Aldrich). Cells were diluted to a final concentration of 5 x 105 cells/well, 2 µg/well 

allergen-stimulant was added and 0.5 µg/well Concanavalin A (Sigma-Aldrich) as control. 

The 96 well-plates were incubated at 37°C, 5% CO2. On day 4, 0.5 µCi H3 thymidine 

([methyl-3H] Thymidine, Amersham) per well were added. Sixteen hours later cells were 

harvested and thymidine uptake was measured in a beta counter (Beta scintillation liquid, 

Wallac) (21).  

 

Rat Basophile Leukaemia (RBL) Cell Degranulation Assay 

RBL-2H3 cell subline was cultured as described previously (22), in RPMI 1640 medium 

(Biochrome AG, Berlin, Germany) containing 10 % fetal calf serum. 6 x 104 cells were 

plated in 96 well tissue culture plates (Greiner, Bio-One, Germany), loaded with 1:30 

diluted mouse sera and incubated for 2 hours at 37°C and 5 % CO2. Supernatants were 

removed and the cell layer was washed 2x with Tyrode´s buffer (137 mM NaCl, 2.7 mM 
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KCL, 0.5 mM MgCl2, 1.8 mM CaCl2, 0.4 mM NaH2PO4, 5.6 mM D-glucose, 12 mM 

NaHCO3, 10 mM HEPES and 0.1% w/v BSA, pH 7.2). Preloaded cells were stimulated 

with rPhl p 5 or rBet v 1 (0.03 µg per well) for 30 min. at 37°C. The supernatants were 

analyzed for ß-hexosaminidase activity by incubation with the substrate 80 µM 4-

methylumbelliferyl-N-acetyl-ß-D-glucosamide (Sigma-Aldrich) in citrate buffer (0.1 M, 

pH4.5) for 1 hour at 37°C. The reaction was stopped by addition of 100 µl glycine buffer 

(0.2 M glycine, 0.2 M NaCl, pH 10.7) and the fluorescence was measured at λex: 360/λem: 

465 nm using a fluorescence microplate reader (Wallac, Perkin Elmer, Vienna, Austria). 

Results are reported as percentage of total ß-hexosaminidase released after addition of 1 % 

Triton X-100. Determinations were done in triplicates. 

 

Statistical analysis 

Means, standard deviations (SD) and standard error of the mean (SEM) were calculated for 

statistical documentation. P values were calculated with an unpaired two tailed T-test. 

Values of p < 0.05 were considered as statistical significant. 
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Results 

Blockade of OX40L has no detectable effect on the humoral and cellular response towards 

Phl p 5 

To investigate the role of OX40, a well characterized model of IgE-mediated allergy was 

employed in which BALB/c mice are repeatedly immunized with recombinant Phl p 5 

(days 0, 21) (table I: group A, untreated control group). Groups of mice (n=6/group) 

received anti-OX40L mAb early, at the time of first immunization (group B) or late, at the 

time of second immunization (group C). Consistent with previous reports (20), untreated 

immunized mice (control group) produced high levels of allergen-specific IgE, IgG1, 

IgG2a, IgA and IgM (Fig. 1a–1f). Treatment with anti-OX40L early or late had no 

detectable effect on the levels of allergen-specific antibody production (Fig. 1a–1f).  

The impact of anti-OX40L treatment was further demonstrated using RBL cell 

degranulation assay. RBL cells were sensitized by transfer of serum, challenge with Phl p 

5 led to a release of β-hexosaminidase in the control group. Anti-OX40L treatment did not 

affect mediator release in in vitro RBL assays (Fig. 1g). 

We further investigated the T cell response to Phl p 5 by in vitro T cell proliferation 

assays. Splenocytes of immunized controls strongly proliferated in response to Phl p 5. 

Treatment with anti-OX40L early or late did not significantly reduce the proliferative 

response (Fig. 1h).  

According to these data, blockade of OX40L does not significantly alter the primary or 

secondary immune response towards Phl p 5.  

 

Blockade of OX40L has no additive effect when combined with anti-CD40L and CTLA4Ig 

The OX40 pathway is described in the literature to act synergistically with the 

costimulatory molecules CD40 and CD28 (16, 18-19). To investigate the effect of 
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blocking OX40L in combination with CD40L (anti-CD40L) and CD28 (CTLA4Ig) 

blockade, groups of mice were treated early with anti-CD40L/CTLA4Ig (group D) with or 

without additional anti-OX40L (group E). Mice receiving anti-CD40L/CTLA4Ig showed 

significantly delayed allergen-specific antibody production compared to the control mice. 

IgE levels were increased after the third immunization (by day 63, Fig. 2a). Also the other 

Ig isotypes (IgG1, IgG2a, IgG3, IgA, IgM) were significantly suppressed for at least that 

long, in case of IgG2a and IgG3 even longer (day 84, Fig. 2b-2f). Unexpectedly, additional 

treatment with anti-OX40L had no detectable additive effect on the course or levels of 

allergen-specific antibody production.  

IgE reactivity was assessed in RBL assays as described previously. β-hexosaminidase 

release was due to IgE levels (Fig. 2g). No significant difference was observed when mice 

were treated with anti-CD40L/CTLA4Ig or additional anti-OX40L. 

T cell proliferation in response to Phl p 5 was significantly suppressed (Fig. 2h) in anti-

CD40L/CTLA4Ig treated mice in comparison to the control group. Again no difference 

was detectable in mice treated additionally with anti-OX40L. 

Late treatment with anti-CD40L/CTLA4Ig had no effect on an already ongoing allergic 

response (20). Since anti-OX40L, in contrast, was effective in modulating a primed 

response in models of allotransplantation (13), we tested the effect of anti-OX40L in 

addition to anti-CD40L/CTLA4Ig (late) in a primed allergic response (group F). Allergen-

specific IgG1, IgG2a levels stayed constant after second immunization and late treatment. 

IgE and IgA were unaffected by late administration of anti-CD40L/CTLA4Ig/anti-OX40L 

(data not shown).  

Early treatment with anti-OX40L had no additional effect on the prolonged non-

responsiveness achieved with anti-CD40L/CTLA4Ig. No synergistic effect of blocking 

OX40L was discovered in this model focusing humoral allergy response. Also late 
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administration of anti-CD40L/CTLA4Ig/anti-OX40L had no effect on IgE, as levels staed 

constant. 

 

CD25 positive cells partly mediate costimulation blockade induced suppression 

Our results demonstrate that blocking CD40L, CD28 and OX40L results in non-

responsiveness towards Phl p 5. Blocking CD40L acts in part through the induction of 

Tregs, as shown in a transplant model (23). To shed some light on the mechanism of this 

immune modulation we investigated the role of CD25+ T cells, T regulatory cells (Tregs).  

Therefore, CD25+ cells were depleted shortly before the second immunization (day 16) of 

anti-CD40L/CTLA4Ig/anti-OX40L early treated mice (group H). Delayed antibody 

production in response to the allergen was reversed by depletion of Tregs. The reversing 

effect was first detected at day 63 and still significant at day 84 (Fig. 3a). In T cell 

proliferation assays, mice treated with anti-CD40L/CTLA4Ig/anti-OX40L exhibited 

significantly suppressed T cell proliferation (week 15), whereas proliferation was 

completely restored by depletion of CD25+ cells (Fig. 3b).  

Influence of Tregs alone on Phl p 5 immunization was investigated by single CD25+ 

depletion early or late (group I and J). Allergen-specific IgE levels were not influenced and 

comparable to those of the control group. No influence of CD25+ depletion alone on 

antibody production was detected (Fig. 3c). Successful depletion of CD25+ was verified in 

flow cytometric analysis (Fig. 3d).  

Tregs are activated in an antigen-specific manner but their suppressive function is reported 

to be antigen non-specific (24). Therefore, we designed an experiment to test whether 

Tregs activated with one allergen suppress the immune response towards another, 

unrelated allergen, Bet v 1 (major birch pollen allergen). Mice were immunized with Phl p 

5 and treated with anti-CD40L/CTLA4Ig +/- anti-OX40L early. Three weeks later mice 
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were immunized with Phl p 5 and additionally Bet v 1 (group L and M). Double 

immunized control mice (group K) developed Bet v 1-specific IgE after the first 

immunization. Noteable, IgE levels of immunized mice, treated with anti-

CD40L/CTLA4Ig +/- anti-OX40L early exhibited a delayed immune response, also 

towards Bet v 1. Bet v 1-specific IgE levels were significantly suppressed till day 63 (Fig. 

3e). Once again, no significant difference between mice receiving anti-OX40L or not was 

detected.  

In Fig. 3f Bet v 1-specific β-hexosaminidase release of RBL cells (week 12) was assessed. 

Sera of mice treated with anti-CD40L/CTLA4Ig +/- anti-OX40L early led to diminished 

Bet v 1-specific release. Notable, depletion of CD25+ cells (group N) reversed the effect 

partly, β-hexosaminidase release was comparable to the double immunized control group.  

Also T cell proliferation in response to Bet v 1 was investigated. Proliferation was 

significantly lower in anti-CD40L/CTLA4Ig +/- anti-OX40L treated groups than in the 

double immunized control group. Depletion of CD25+ cells was able to restore 

proliferation partly but significant (Fig. 3g).  

These results demonstrate that regulatory cells, induced by anti-CD40L/CTLA4Ig 

modulate the allergic response towards Phl p 5 in an antigen non-specific manner, 

although the effect on the T cell level was more pronounced. 

 

Persistent in vivo antibodies are capable to delay humoral response towards Phl p 5 

Delayed immune response towards Bet v 1 is partly mediated by Tregs as shown in Fig. 

3g. To exclude the possibility of immunosuppression caused by remaining anti-

CD40L/CTLA4Ig/anti-OX40L in the sera, we investigated how long blocking antibodies 

stay therapeutically effective after in vivo administration. Anti-CD40L/CTLA4Ig/anti-

OX40L were injected into naïve mice three weeks before the first immunization with Phl p 
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5 (group G) and compared with the control group (A) and mice receiving anti-

CD40L/CTLA4Ig/anti-OX40L early (group E). 

As previously observed control mice produced high levels of IgE after the first 

immunization and mice treated with anti-CD40L/CTLA4Ig/anti-OX40L early exhibited 

delayed development of IgE (day 63). Surprisingly mice receiving antibody treatment 

three weeks before the first immunization also showed delayed antibody production. In 

both cases allergen-specific antibodies developed upon the immunization 6 weeks after 

anti-CD40L/CTLA4Ig/anti-OX40L treatment, independent of the time of the first 

immunization (d 0) (Fig. 4a). Thus, a suppressive effect on antibody production was still 

detectable three weeks after costimulation blockade.  

Interestingly, T cell proliferation was different. Proliferation was only suppressed when 

mice received anti-CD40L/CTLA4Ig/anti-OX40L early together with the first 

immunization. Delayed immunization led to normal T cell proliferation in response to the 

allergen Phl p 5 (Fig. 4b).  

These results indicate that the remaining antibodies are still capable to delay the humoral 

immune response whereas for suppression of T cell response simultaneous treatment and 

immunization is obligatory. 
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Discussion 

OX40L is currently discussed in the literature as a potent costimulatory molecule 

triggering Th2 responses. These findings are further investigated in a clinical trial for 

allergen-induced airway obstruction in adults with mild asthma (NCT00983658).  

We investigated the effect of costimulation blockade, especially blockade of 

OX40:OX40L pathway in IgE-mediated allergy. Surprisingly, our results did not reveal 

any influence of OX40 pathway blockade on the allergic response towards Phl p 5. Early 

or late blockade of OX40L did not significantly influence humoral, T cell or effector cell 

response.  

In T cell mediated diseases, like allergic lung inflammation, OX40 pathway was shown to 

play an important role in antibody and cytokine production as well as T cell responses. The 

present model focuses on the humoral response, which seems to be independent of OX40L 

signalling (Fig. 1).   

Moreover, we wanted to investigate potential synergy of OX40 to CD28 and CD40L, as 

synerigstic effects are described in the literature (15) (18). Therefore the potency of a 

costimulation blockade based combination-therapy (anti-CD40L/CTLA4Ig/anti-OX40L) 

was tested in the humoral allergy model. Blockade of CD40L led to similar results as 

shown in the literature, prevention of allergic sensitization and suppressed T cell response 

(data not shown). We also investigated the effect of combined blockade of CD40:CD40L 

and CD28:B7 pathway by anti-CD40L/CTLA4Ig treatment. Consistent with published 

data, T cell response was suppressed. But contrary to the literature of the humoral response 

(20), antibody production was prevented for several weeks. But additional effect of 

blocking CD28 and CD40L was observed in many other models like in transplantation (6) 

and murine allergic contact dermatitis (25). 
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As we aimed to investigate the synergistic potential of OX40L, we analyzed the effect of 

anti-OX40L together with anti-CD40L/CTLA4Ig treatment. Nevertheless no effect due to 

additional anti-OX40L treatment was observed in our experiments (Fig. 2). These data 

suggest that OX40L plays a negligible role in emerging an allergic response towards Phl p 

5. Moreover OX40L did not bypass delayed development of allergen-specific antibodies in 

anti-CD40L/CTLA4Ig treated mice. Notably, also IgE production was only delayed, 

despite the longterm suppressed T cell response induced by costimulation blockade. As 

IgE is the reason for mast cell degranulation and subsequent allergic symptoms, reduction 

IgE production would be desirable.  

Combined treatment of mice with anti-CD40L/CTLA4Ig had a significant suppressive 

effect. We wanted to gain insight into the underlying mechanism. So we further 

investigated the role of regulatory cells in the combinational treatment with anti-

CD40L/CTLA4Ig/anti-OX40L. The suppressive effect of anti-CD40L in allergy is partly 

caused by CD4+CD25+ cells, as depletion of CD25+ cells reverse suppression to some 

extent (data not shown). Importance of CD25+ cells was shown in our model of 

CD40L/CTLA4Ig/anti-OX40L treatment, where these cells maintained T cell 

unresponsiveness and depletion restored proliferation (Fig. 3b). Moreover, allergen-

specific IgE was significantly higher in mice treated with CD25+ depleting Ab.  

As regulatory T cells can suppress non-specific, upon TCR-specific activation; we 

investigated suppression towards an additional administrated allergen, Bet v 1. 

Nonspecific suppression was shown by delayed antibody production and suppressed T cell 

proliferation. Bet v 1-specific IgE production was similar to Phl p 5-specific antibody 

production (Fig. 3g). 

To test whether delayed antibody production is not caused by persistent serum levels of in 

vivo antibodies, mice were immunized three weeks after in vivo antibody treatment. 
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Interestingly antibody production was delayed, even when mice were treated three weeks 

before the immunization (Fig. 4a). Suggesting that unspecific suppression of antibody 

production was shown to result from persisting anti-CD40L and CTLA4Ig in the sera. In 

the literature, application of 3 x 250µg anti-CD40L (MR1) was demonstrated to be still 

biological active (5%) 3 weeks after administration (26). Furthermore, CTLA4Ig was 

found to be functionally active 5 weeks after treatment (6 x 200 µg). These data suggest 

that prolonged costimulation blockade-based suppression of allergic response was induced 

but no permanent tolerance (27). Interestingly, only antibody production was effected by 

unspecific immunosuppression. Persisting anti-CD40L/CLTA4Ig/anti-OX40L in the sera 

of mice did not affect T cell response. T cell response was suppressed only when mice 

were immunized at the day of in vivo antibody treatment. 

In allergy, regulatory T cells were shown to inhibit allergic disease. Tregs secrete the 

immunoregulatory cytokine IL-10, capable to indirectly modulate allergen-specific B-

cells. Also in peptide-immunotherapy T cells were shown to play a protective role. We 

have shown that antibodies were produced despite non-responsive T cells, whereas the 

effect of induced regulatory cells has to be further investigated in vivo. 

All in all, costimulation blockade can only provide limited suppression of the allergic 

immune response, mainly effective during sensitization. Currently, the only causative 

therapy of allergy is specific immunotherapy, modulating the allergic immune response. 

The only approach to induce longterm robust tolerance is molecular chimerism (28-29). 

But this therapy is still in an early development state of proof-of-principle testing.  
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Figures and Tables 

Figure 1: Blockade of OX40L has no detectable effect on the allergen-specific response in 

an IgE-mediated allergy model.   

Serum samples were collected at baseline (preimmune, d 0), three weeks after the first 

immunization (d 21) and three weeks after the second immunization (d 42). Allergen-

specific antibody production was analyzed by ELISA (IgE, IgG1, IgG2a, IgG3, IgA, IgM). 

Three groups (described in table I) are shown on every diagram a – f. Immunized mice 

(group A, designated as control group), immunized mice with early anti-OX40L treatment 

(day 0, 2, 4, 8, group B) and immunized mice with late anti-OX40L treated mice (day 21, 

23, 25, 29, group C). Antibody levels are displayed as OD values in box-and-whisker 

plots, 6 mice per group are shown. (g) To analyze the effector function of IgE in the sera, 

allergen-specific β-hexosaminidase release of serum coated RBL cells in response to Phl p 

5 was assessed of the control group or groups with anit-OX40L early and anti-OX40L late 

treatment. Serum samples of day 0, 21, 42 were tested and are represented in a scatter plot 

(n=6). (h) T cell reactivity was tested in a proliferation assay, (week 7). Bars represents 

means of 6 mice per group with SEM, immunized mice without treatment or treated with 

anti-OX40L early or anti-OX40L late. Legends are shown in the figure. 

 

Figure 2: OX40L blockade together with anti-CD40L/CTLA4Ig treatment has no 

detectable additional effect 

Shown are three groups, control group (group A), immunized mice treated early with anti-

CD40L/CTLA4Ig (group D) and mice treated early with anti-CD40L/CTLA4Ig/anti-

OX40L (group E) (n=6). Serum samples were collected every three weeks for a follow-up 

of 15 weeks. Results of group D and E are representative for two and three independent 

experiments, respectively. Allergen-specific antibody levels of different isotypes were 
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analyzed over the whole follow-up. a) shows Phl p 5-specific IgE, b) IgG1, c) IgG2a, d) 

IgG3, e) IgA and f) IgM. OD values are represented in box-whiskers blots. Effector 

function of IgE was analyzed in RBL assays. β-hexosaminidase release in response to Phl 

p 5 of serum coated cells, collected to the different time points is shown in a box-and-

whiskers plot (n=6). Fig. 2g presents the whole follow-up of the control group, of 

immunized mice treated early with anti-CD40L/CTLA4Ig and mice treated early with anti-

CD40L/CTLA4Ig/anti-OX40L. To analyze the tolerizing effect on allergen-specific T 

cells, proliferation was analyzed at about week 15 and mean SI values of 6 mice per group 

are shown in a column bar graph with SEM (h). 

 

Figure 3: Depletion of CD25 positive cells restores allergic T cell response 

Effect of CD25+ cells was assessed by depletion at day 16, 5 days before the second 

immunization. Shown are a), control group (group A), anti-CD40L/CTLA4Ig/anti-OX40L 

(early) treated mice (group E) and same regime with CD25+ cell depletion (group H). 

Serum samples were collected every three weeks. Allergen-specific IgE levels are depicted 

in OD values (n=6) and presented in box-and-whiskers plot. One of two independent 

experiments is shown. b) T cell proliferation was assessed in response to Phl p 5 at week 

15, suppressed proliferation was restored when CD25+ cells were depleted in the antibody 

treated group. Mean SI values of 6 mice per group are shown in a column bar graph with 

SEM. c) Influence of CD25+ cell depletion in allergen-specific IgE production was tested. 

Groups of mice received anti-CD25 early (group I) or late (group J) and IgE levels were 

compared to the control group. Mean OD values are shown in a box-and-whiskers plot. 

Depletion of CD25+ was verified in flow cytometric analysis (d). To analyze Treg function 

mice were immunized with additional Bet v 1 starting at day 21 (group K, L, M, N, n=6). 

Serum samples of double immunized mice were collected (group K) and represent the 
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control group in this graph. Further groups shown are mice treated with anti-

CD40L/CTLA4Ig (group L), anti-CD40L/CTLA4Ig/anti-OX40L (group M) and the last 

group with CD25 depletion on day 16 (group N). OD values of Bet v 1-specific IgE are 

shown in a box-and-whiskers blot, groups are described in the figure e. f) shows the β-

hexosaminidase release of serum coated RBL cells in response to Bet v 1 at week 12. 

Groups are described in the figure. g) T cell proliferation was assessed at week 12 (n=3). 

Shown are mean Bet v 1-specific SI values with SEM in a column bar graph. 

 

Figure 4: Potency of remaining anti-CD40L/CTLA4Ig/anti-OX40L three weeks before 

immunization 

a) Remaining function of circulating anti-CD40L, CTLA4Ig and anti-OX40L was tested 

by administration 21 days prior the first immunization. Three different groups were 

followed, the control group (group A), mice treated with anti-CD40L/CTLA4Ig/anti-

OX40L early (group E) and mice receiving the same treatment at day -21 (group G). 

Serum samples were collected as depicted in the diagram. Shown is a box-and-whisker 

plot with OD values (n=6). b) T cell response of mice receiving antibodies at day -21 was 

analyzed at week 12 and compared to the other groups in a T cell proliferation assay. Mean 

values of 3 mice with SEM are shown.  
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Table I: Immunization and treatment protocol 

start day 21+K

earlyearlystart day 21+L

earlyearly+D

16earlyearlyearlystart day 21+N

earlyearlyearlystart day 21+M

21, 25, 29+J

0, 4, 8+I

16earlyearlyearly+H

earlyearlyearlystart day 21G

latelatelate+F

earlyearlyearly+E 

late+C

early+B

+A

anti-CD25anti-CD154CTLA4Iganti-OX40LBet v 1Phl p 5

TreatmentImmunizationGroups

start day 21+K

earlyearlystart day 21+L

earlyearly+D

16earlyearlyearlystart day 21+N

earlyearlyearlystart day 21+M

21, 25, 29+J

0, 4, 8+I

16earlyearlyearly+H

earlyearlyearlystart day 21G

latelatelate+F

earlyearlyearly+E 

late+C

early+B

+A

anti-CD25anti-CD154CTLA4Iganti-OX40LBet v 1Phl p 5

TreatmentImmunizationGroups

 

Groups of BALB/c mice (6/group) were immunized with the allergen rPhl p 5 and/or rBet 

v 1 adsorbed to aluminium hydroxide, in a span of three weeks (days 0, 21, 42, ..). 

Additional mice were treated with anti-CD40L (early, days 0, 2, 4 or late, days 21, 23, 25) 

and CTLA4Ig (early, days 0, 2, 4 or late, days 21, 23, 24) and/or anti-OX40L (early, days 

0, 2, 4, 8 or late, days 21, 23, 25, 29) and/or anti-CD25, days of antibody administration 

are described in the table. Group A is used as control group. 
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anti-CD40L, CTLA4Ig, anti-OX40L, d0
anti-CD40L, CTLA4Ig, anti-OX40L, d-21

no treatment
anti-CD40L, CTLA4Ig, anti-OX40L, d0
anti-CD40L, CTLA4Ig, anti-OX40L, d-21

no treatment
anti-CD40L, CTLA4Ig, anti-OX40L, d0
anti-CD40L, CTLA4Ig, anti-OX40L, d-21

no treatment
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Abstract 

Background Molecular chimerism is a promising strategy to induce tolerance to disease-

causing antigens expressed on genetically modified haematopoietic stem cells. The 

approach was employed successfully in models of autoimmunity and organ 

transplantation. Recently, we demonstrated that molecular chimerism induces robust and 

lasting tolerance towards the major grass pollen allergen Phl p 5.  

Objective Since allergens are a group of antigens differing widely in their function, origin 

and structure we further examined the effectiveness of molecular chimerism using the Phl 

p 5-unrelated major birch pollen allergen Bet v 1, co-expressed with the reporter GFP. 

Besides, inhibition of CD26 was used to promote engraftment of modified stem cells. 

Methods Retrovirus VSV-Betv1-GFP was generated to transduce 5-FU-mobilized BALB/c 

hematopoietic cells to express membrane-bound Bet v 1 (VSV-GFP virus was used as 

control). Myeloablated BALB/c mice received Betv1-GFP or GFP expressing bone 

marrow cells, pre-treated with a CD26 inhibitor. Chimerism was followed by flow 

cytometry. Tolerance was assessed by measuring allergen-specific isotype levels in sera, 

RBL assays and T-cell proliferation assays. 

Results Mice transplanted with transduced BMC developed multi-lineage molecular 

chimerism which remained stable long-term (>8 months). After repeated immunizations 

with Bet v 1 and Phl p 5 serum levels of Bet v 1-specific antibodies (IgE, IgG1, IgG2a, 

IgG3 and IgA) remained undetectable in Betv1-GFP chimeras while high levels of Phl p 5-

specific antibodies developed. Likewise, basophil degranulation was induced in response 

to Phl p 5 but not to Bet v 1 and specific non-responsiveness to Bet v 1 was observed in 

proliferation assays. 

Conclusions and Clinical Relevance These data demonstrate successful tolerization 

towards Bet v 1 by molecular chimerism. Stable long-term chimerism was achieved under 
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inhibition of CD26. These results provide evidence for the broad applicability of molecular 

chimerism as tolerance strategy in allergy. 

 

Keywords: Molecular chimerism, tolerance, allergy 
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Introduction  

The immune system protects the body from harmful events, but the immune response can 

become destructive in case of an overwhelming response to otherwise harmless antigens. 

Such exaggerated immune responses can result in autoimmune diseases or allergy. In case 

of transplantation, donor-specific immune responses can mediate graft loss. Specific non-

responsiveness towards the disease-causing antigens in these settings can be achieved by 

the induction of chimerism by hematopoietic stem cell transplantation. Successful 

application of this approach has been shown in mouse models for allotransplantation and 

autoimmune diseases [1-2]. 

In case of cellular chimerism, allogeneic hematopoietic stem cells (HSC) are transplanted 

into an appropriately conditioned host. This strategy has been used to induce donor-

specific tolerance and permanent acceptance of allogeneic grafts in transplantation in the 

mouse model as well as in the clinical setting [3-4]. The remaining toxicity of host 

preconditioning and the risk of graft versus host disease, however, currently still prevent 

this strategy from widespread clinical application. Molecular chimerism presents an 

alternative in which only the disease causing antigens are integrated into (autologous) 

hematopoietic cells. HSCs, genetically modified to express the antigen(s) of interest, are 

transplanted in a syngeneic setting. Transplantation of bone marrow cells (BMC) 

expressing an allogeneic MHC class I led to long-term skin graft acceptance of MHC class 

I disparate skin grafts [5-6]. Molecular chimerism was also successfully tested in 

autoimmune diseases like experimental autoimmune encephalomyelitis (EAE), type I 

diabetes [7-8] and autoimmune gastritis [9]. Induction of disease was prevented and even 

remission of ongoing disease was achieved in some settings. In EAE, the mouse model for 

multiple sclerosis, different antigens were used for expression in syngeneic BMC [10-12]. 

Interestingly, not every protocol was able to induce tolerance in EAE [13]. 



 - 61 - 

Type I allergy is caused by IgE-mediated responses towards well defined antigens, making 

it a technically suitable candidate for molecular chimerism. Recently we successfully 

applied the concept of molecular chimerism in a mouse model for type I allergy using the 

grass pollen allergen Phl p 5 [14]. Allergens originate from a broad variety of sources like 

animal dander, tree pollen or dust mites. The common features of allergens are still largely 

unknown [15] and there is great diversity in structure and function. Therefore the 

effectiveness of the molecular chimerism strategy needs to be confirmed with an allergen 

unrelated to Phl p 5, ruling out that molecular chimerism’s effectiveness is limited to 

certain protein families. Bet v 1 is such a Phl p 5-unrelated protein, belonging to 

pathogenesis-related protein family 10 [16]. It is the major allergen of the birch pollen of 

the birch Betula verrucosa, located in the cytoplasm of birch pollen grains [17]. It is of 

particular clinical relevance, as more than 96% of tree pollen allergic individuals recognize 

Bet v 1, and more than 60% exclusively display Bet v 1-specific IgE [18]. Bet v 1 is also 

causing symptoms because of the high cross-reactivity to food allergens in soy, cherry, 

celery and others [16, 19-21]. In regard of its clinical relevance we chose the Phl p 5-

unrelated allergen Bet v 1 for our investigations. 

 

In the present study engraftment of transduced cells was supported by inhibition of CD26 

which was shown to promote HSC engraftment in other models. Optimized homing would 

allow transplantation of lower numbers of transduced cells. BMC were pretreated with the 

CD26 inhibitor (Diprotin A), shown to inhibit CD26 specifically. CD26 would otherwise 

cleave CXCL12 (SDF-1α) and prevent the interaction with CXCR4 which is critical for 

homing of BMC [22-23]. Moreover the integrated cDNA of the allergen Bet v 1 was fused 

to an IRES-eGFP construct to allow better tracking of the transplanted BMC.  
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Materials and Methods 

Animals  

Female BALB/c mice were obtained from Charles River (Sulzfeld, Germany). All mice 

were housed under specific pathogen-free conditions and were used between 6 and 12 

weeks of age. All experiments were approved by the local review board of the Medical 

University of Vienna, and were performed in accordance with national and international 

guidelines of laboratory animal care. 

 

Retroviral constructs and virus production 

A retroviral construct was created for transduction of murine cells to express the allergen 

Bet v 1 in a membrane-anchored fashion. Three different plasmids were used for 

transfection, MD.G (envelope expression plasmid), encoding for vesicular stomatitis virus 

G (VSV)-G protein, MLV (murine leukemia virus) encoding for viral proteins gag pol and 

MMP-Bet v 1-TMD-IRES-eGFP. The plasmid pMMP-Bet v 1-TMD-IRES-eGFP was 

composed of the Bet v 1 cDNA (accession number X15877) [24], and an IRES-eGFP side 

flanked by long terminal repeats (LTR). Previously cDNA of Bet v 1 (pMW172 [25]) was 

fused to a murine Ig signal sequence (S) and a transmembrane domain (TM) (pDisplay, 

Invitrogen, Carlsbad, CA) by overlapping PCR technique [26]. Overlapping primers were 

used to fuse the sequences: NcoI restriction site and start ATG fused to S:  5´ GGC G CC 

ATG GAG ACA GAC ACA CTC CTG-3´; S fused to cDNA of Bet v 1: forward 5´-TCC 

ACT GGT GAC GGT GTT TTC AAT  TAC-3´, reverse 3´-GTA ATT  GAA  AAC ACC  

GTC ACC AGT GGA-5´; cDNA of Bet v 1 fused to the TMD: forward 5´-GAT GCC 

TAC AAC GCT GTG GGC CAG-3´, reverse 3´-CTG GCC CAC AGC GTT GTA GGC 

ATC-5´; TMD fused to a XhoI restriction site and a stop codon. pMMP-IRES-eGFP was 

used as control. For virus production 293T (human embryonic kidney cell line) cells were 
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cotransfected with the three plasmids using calcium phosphate precipitation method [27]. 

Viral supernatant was concentrated by ultracentrifugation (33620 x g for 2h), replication 

deficient viruses are named VSV-Bet v 1-GFP and VSV-GFP (control virus). Titers were 

evaluated by infection of NIH 3T3 (murine fibroblast cell line) cells.  

 

Bone marrow transduction and transplantation  

Bone marrow transduction (BMT) was performed as described previously [14, 28]. 

Briefly, bone marrow of 5-FU-treated BALB/c mice [29] was collected and transduced 

with VSV-Bet v 1- GFP or control virus VSV-GFP three times with multiplicity of 

infection of 2.4 and 2.8. One day before BMT, recipients received 8 Gy total body 

irradiation and a depleting dose of anti-CD8 (2.43; 0.5mg/mouse) and anti-CD4 (GK1.5; 

0.5mg/mouse) mAbs [30]. On the day of reconstitution mice were transplanted with 

2.5x106 transduced BM cells [31]. For induction of Bet v 1-GFP or GFP chimerism, BMC 

were additionally incubated with 5mM Diprotin A (Sigma-Aldrich) at 37°C for 15 min 

[22]. Immediately after BMT mice received anti-CD40L mAb (MR1; 0.5mg/mouse) [30]. 

All in vivo mAbs used in vivo were purchased from BioXCell (West Lebanon, NH, USA). 

 

Recombinant allergens and immunizations 

Purified recombinant (r) birch pollen allergen (rBet v 1) and timothy grass pollen allergen 

(rPhl p 5) were obtained from Biomay (Vienna, Austria). All groups of mice were 

immunized subcutaneously (s.c.) with 5µg rBet v 1 and 5µg rPhl p 5, adsorbed to Al(OH)3 

(Alu-Gel-S, Serva, Ingelheim, Germany) [32] at weeks 6, 9, 12, 22 and 37. 
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Flow cytometric analysis 

To detect transduced cells among various leukocyte lineages, white blood cells were 

stained with PE-conjugated antibodies against CD3, B220, Mac-1, CD45.2 and isotype 

controls (Abs from BD Pharmingen) and analyzed by flow cytometry (FCM). Two-colour 

FCM was used to determine the percentage of GFP positive cells of particular lineages. 

The percentage of transduced cells was calculated as the net percentage of GFP positive 

cells among leukocyte lineages. To detect Bet v 1 expression on GFP-positive cells, Bet v 

1 polyclonal antiserum against rBet v 1 was purified from rabbit serum by a protein G 

column (Pierce). Polyclonal anti-Bet v 1 IgG was biotinylated and developed with PE 

streptavidin (PEA, BD Pharmingen). A Beckman Coulter (Werfen, Austria) flow 

cytometer (FC500) was used for acquisition, and Beckman Coulter CXP software (for 

FC500) was used for analysis of flow cytometric data. 

 

ELISA  

To measure antigen-specific antibodies in the sera of immunized mice ELISAs were 

performed as described previously [33]. Plates were coated with rBet v 1 or rPhl p 5 

(5µg/ml), sera were diluted in PBS/0.05% Tween 1:20 for IgE, 1:100 for IgM, IgA, IgG2a 

and IgG3 respectively and 1:500 for IgG1. Bound antibodies were detected with 

monoclonal rat anti-mouse IgM, IgG1, IgE, IgA, IgG2a and IgG3 antibodies (BD 

Pharmingen) diluted 1:1000 and a HRP-coupled goat anti-rat antiserum (Biosciences, UK) 

diluted 1:2000. The substrate for HRP was ABTS (60mM/l citric acid, 77mM/l Na2HPO4 x 

2H2O, 1.7mM/l ABTS (Sigma-Aldrich, MO), 3mM/l H2O2). 

 

 

 



 - 65 - 

Lymphocyte proliferation assay  

Spleens were removed under aseptic conditions and homogenized. Single cell suspensions 

were filtered through a 70µm nylon cell strainer to remove remaining tissue. Erythrocytes 

were removed by adding cold lysing buffer (Red Blood Cell Lysing Buffer, Sigma-

Aldrich). Cells were diluted to a final concentration of 2x106 cells/ml and triplicates of 

100µl/well were seeded in 96-well round-bottom plates. Stimulants were added at a 

concentration of 2µg/well allergen and 0.5µg/well concanavalin A (Sigma-Aldrich) used 

as proliferation control. The plates were incubated at 37°C, 5% CO2, on day 4, cells were 

pulsed with 0.5µCi H3 thymidine ([methyl-3H] thymidine, Amersham) per well. Sixteen 

hours later cells were harvested and thymidine uptake was measured in a beta counter 

(Beta scintillation liquid, Wallac).  

 

Rat basophil leukaemia (RBL) cell degranulation assay 

RBL-2H3 cell subline was cultured as described previously [14]. Aliquots of 4x104 

cells/well were plated in 96-well tissue culture plates (Greiner, Bio-One, Germany), loaded 

with 1:50 diluted mouse sera in completed RPMI medium and incubated for 2 hours at 

37°C and 5% CO2. Supernatants were removed and the cell layer was washed with 2x 

Tyrode´s buffer (137mM NaCl, 2.7mM KCL, 0.5mM MgCl2, 1.8mM CaCl2, 0.4mM 

NaH2PO4, 5.6mM D-glucose, 12mM NaHCO3, 10mM HEPES and 0.1% w/v BSA, pH 

7.2). Preloaded cells were stimulated with rPhl p 5 or rBet v 1 (0.03µg per well) for 30 min 

at 37°C. Supernatants were analyzed for ß-hexosaminidase activity by incubation with the 

substrate 80µM 4-methylumbelliferyl-N-acetyl-ß-D-glucosamide (Sigma-Aldrich) in 

citrate buffer (0.1M, pH4.5) for 1 hour at 37°C. The reaction was stopped by addition of 

100µl glycine buffer (0.2M glycine, 0.2M NaCl, pH 10.7) and the fluorescence was 

measured at λex:360/λem:465nm using a fluorescence microplate reader (Wallac, Perkin 
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Elmer, Vienna, Austria). Results are reported as percentage of total ß-hexosaminidase 

released after addition of 1% Triton X-100. Determinations were done in triplicates and 

are displayed as mean values with standard deviations (SD). 

 

Immunofluorescence microscopy  

Transduced NIH 3T3 cells were grown on gelatine coated glass slides. Cells were washed 

twice with PBS, fixed for 10 min with 3% paraformaldehyde and incubated with antiserum 

of rabbits immunized with rBet v 1 and rPhl p 5 were diluted 1:200 and stained with 

fluorochrome-conjugates as secondary antibodies (goat α-rabbit IgG Alexa-Fluor 546nm, 

Invitrogen, Oregon, USA). Samples were treated with ProLong Gold antifade reagent 

(Molecular probes, Invitrogen, Oregon, USA). Samples were analyzed with confocal laser 

scanning microscope LSM 510 Meta (Zeiss, Jena, Germany). 

 

Statistical analysis  

Mean, SD and standard error of the mean (SEM) were calculated for statistical 

documentation. P values were calculated with an unpaired two tailed T-test. Values of p < 

0.05 were considered as statistical significant (* p < 0.05, ** p < 0.01, *** p < 0.001). 



 - 67 - 

Results 

Surface expression of Bet v 1 in mammalian cells 

For production of retroviral particles the fusion gene S-Bet v 1-TMD was cloned into a 

viral vector (pMMP-IRESeGFP) containing an IRESeGFP site flanked with long terminal 

repeats, resulting in pMMP-Bet v 1-TMD-IRESeGFP. pMMP-IRESeGFP without the 

transgene was used as control vector (Fig. 1a). Viral particles were produced by 

cotransfection with pMLV, pMD.G and pMMP-Bet v 1-TMD-IRESeGFP or control 

pMMP-IRESeGFP in 293T cells resulting in VSV-Bet v 1-GFP and VSV-GFP. Co-

expression of Bet v 1 and GFP was confirmed after transduction of NIH 3T3 with VSV-

Bet v 1-GFP by flow cytometry (data not shown). Moreover localization of Bet v 1 was 

analyzed by immunofluorescence microscopy and clearly showed surface-expression of 

Bet v 1 and cytoplasmic co-expression of GFP (Fig. 1b). As control NIH 3T3 cells were 

transduced with VSV-Phl p 5 and stained with a Phl p 5-specific rabbit antiserum (Fig. 1b) 

[14].  

 

Induction of molecular chimerism in BMC chimeras 

Based on our previous work that long-term molecular chimerism can be established with 

modified BMC [14], we examined the induction of chimerism by transplantation of VSV-

Bet v 1-GFP transduced BMC. Since GFP is co-expressed with Bet v 1 (Fig. 1b), GFP was 

used as a surrogate marker for Bet v 1 expression in flow cytometry when analyzing levels 

of Bet v 1-chimerism. In vitro transduction of BMC with VSV-Bet v 1-GFP virus led to 

4.5% GFP-positive cells (transduction with VSV-GFP control virus led to 25.6% positive 

cells) (Fig. 2a). Transduced cells were additionally treated with Diprotin A (a CD26 

inhibitor) prior to transplantation which was described to enhance homing and engraftment 

of BMCs [22]. To avoid rejection of modified transplanted cells, recipients were irradiated 
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(8 Gy total body irradiation), T cell depleted (anti-CD4, anti-CD8, 0.5mg/mouse) and 

treated with the costimulation blocker anti-CD40L (0.5mg/mouse) (Fig. 2b). 

Preconditioned recipients received 2.5x106 transduced BMCs [31]. 

 

Chimerism was successfully induced in all recipients (4/4 Bet v 1-GFP chimeras, 4/4 GFP 

chimeras). Mean leukocyte chimerism of Bet v 1-GFP (% GFP+) was 3%, 15 weeks post 

BMT and remained relatively stable throughout the follow-up of 35 weeks (Fig. 2c). 

Moreover, chimerism was of multi-lineage nature and as it was detected in T cells (CD3+), 

B cells (B220+) and myeloid cells (Mac-1+). Although the transduction efficiency was low 

in the Bet v 1-GFP chimeric group, the modified allergen-expressing cells were detectable 

in FCM through the whole follow-up (Fig. 2c). Chimerism was higher in the group that 

received GFP- transduced BMCs (e.g. leukocyte chimerism 19%, 15 weeks post BMT, 

Fig. 2d) correlating with the higher transduction efficiency (~25%). The experiment was 

terminated at week 40, at this time point cells in spleen (B220+, CD3+, CD45.2+) and bone 

marrow (B220+, Mac-1+, CD45.2+) were subjected to FCM analysis. GFP positive cells 

were found in every tested lineage in both spleen and BM in recipients of both groups 

(GFP positive leukocytes in spleens of Bet v 1-GFP chimeric mice: 1.4%, 1.8%, 19.5%, 

4.2% and GFP chimeric mice: 33.6%, 26.6%, 31.2%, 27.4%). 

 

These data provide evidence that transplantation of Diprotin A-treated Bet v 1-GFP-

transduced BM leads to long-term molecular chimerism. Chimerism remained remarkably 

stable over time while chimerism levels declined in our previous study without CD26 

inhibition [14]. 
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Molecular chimerism prevents Bet v 1-specific antibody production 

BALB/c mice were repeatedly immunized with Al(OH)3 adsorbed rBet v 1 and rPhl p 5 as 

specificity control (weeks 6, 9, 12, 22 and 37 after BMT) (Fig. 2b). To assess the humoral 

response to these two allergens, immunoglobulin isotypes IgE, IgA, IgM and IgG subtypes 

were measured in a Bet v 1-specific ELISA (Fig. 3 left column) or Phl p 5-specific ELISA 

(specificity control; Fig. 3 right column). Non-BMT immunized mice and GFP chimeric 

mice, produced Bet v 1 specific IgE and Phl p 5-specific IgE after immunization with the 

recombinant allergens (w9 to w40). In contrast, Bet v 1-GFP chimeras failed to produce 

IgE over the whole follow-up even after repeated immunizations. The specificity of 

unresponsiveness is shown by Phl p 5-specific ELISAs, in which Bet v 1-GFP chimeric 

mice were able to produce IgE in response to the control allergen Phl p 5. Likewise, no Bet 

v 1-specific IgG1 could be detected in Bet v 1-GFP chimeric mice in contrast to the 

control groups (Fig. 3b). Moreover IgG2a, IgG3 and IgA levels of Bet v 1-specific 

antibodies were not detectable in Bet v 1-GFP chimeric mice (Fig. 3c, d, e). Bet v 1-

specific IgM was elevated in Bet v 1-GFP chimeric mice after BMT (in contrast to control 

group and GFP chimeras), however levels of IgM remained constant in spite of repeated 

allergen challenge (Fig. 3f). A similar pattern was also observed in our previous study 

transducing Phl p 5. In general control mice without BMT (Fig. 3, white bars) showed a 

more rapid allergen-specific humoral response than BMT controls, probably due to the 

toxicity of BMT protocol. These results demonstrate that long-term stable tolerance was 

established at the humoral level in molecular chimeras.  
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Basophils, loaded with sera of Bet v 1-GFP chimeric mice degranulate only in response to 

the control allergen Phl p 5 but not to Bet v 1 

Tolerance on the effector cell level was assessed in rat basophilic leukaemia cell (RBL) 

assay. ß-Hexosaminidase release of basophils triggered by sera of Bet v 1-GFP chimeric 

mice was significantly lower in response to rBet v 1 compared to sera of GFP chimeric 

mice or immunized mice that did not receive BMT (control group; Fig. 4a). Sera of Bet v 

1-GFP chimeric mice were still able to mount ß-hexosaminidase release in response to rPhl 

p 5 (Fig. 4b). On the contrary, sera of control mice and GFP chimeric mice were able to 

induce ß-hexosaminidase release in response to both allergens, rBet v 1 and rPhl p 5. Thus 

allergen-specific tolerance was induced also at the effector cell level 

 

T cell tolerance in Bet v 1 chimeras 

To test tolerance on the T cell level proliferation assays were performed at week 40 (Fig. 

5). Unseparated splenocytes were stimulated with rBet v 1 and rPhl p 5. Splenocytes of Bet 

v 1-GFP chimeric mice (Fig. 5, black bars) proliferated in response to rPhl p 5 (Fig. 5b) 

but not in response to rBet v 1 (Fig. 5a). Splenocytes of GFP chimeric mice (Fig. 5, grey 

bars) showed proliferation in response to both allergens. Hence, Bet v 1-specific T cell 

tolerance is induced in Bet v 1-GFP chimeric mice. 
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Discussion 

In a proof-of-principle study performed with the major timothy grass pollen allergen Phl p 

5, we have previously shown that molecular chimerism is a possible strategy for 

prevention of IgE-mediated allergy through induction of durable tolerance [14]. Given the 

available literature that molecular chimerism is not universally successful but fails to 

induce tolerance towards some antigens [13], we felt it necessary to investigate whether 

molecular chimerism is capable of tolerizing an unrelated allergen. In the current study, 

tolerance towards the allergen Bet v 1 was established. Our results provide evidence that 

molecular chimerism is working also for different types of allergen families.  

 

To promote engraftment of transduced cells – which only accounted for 4.5% of total 

BMCs in the current study – we used Diprotin A (CD26 inhibitor). Diprotin A is described 

to enhance homing and engraftment even of low numbers of transduced BMC [22]. The 

beneficial effect was demonstrated by transplanting limited numbers of HSC which were 

retrovirally transduced with an allogeneic MHC class I gene and transplanted into lethally 

treated mice. The results of the current study show that multilineage chimerism was 

successfully induced over a long-term follow-up despite low transduction efficiency, 

underlining the fact that retrovirally transduced stem cells engrafted [22]. Only 4.5% 

transduced cells of 2.5x106 BMC were sufficient to induce stable chimerism when 

engraftment was enhanced by Diprotin A treatment. In fact, chimerism was more stable 

than in previous experiments without Diprotin A. 

 

Investigation of levels of different immunoglobulin isotypes showed successful induction 

of tolerance on the B cell level. Production of IgE was successfully suppressed over the 

whole follow-up, likewise no Bet v 1-specific production of IgG1, IgG2a, IgG3 and IgA 
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was detected after BMT treatment or repeated allergen challenge. IgM levels, however, 

were elevated after transplantation of Bet v 1-transduced BMC, even before immunization 

with recombinant Bet v 1. These antibodies had no detectable untoward effect on the 

longterm outcome as chimerism remained stable. Interestingly, this phenomenon has also 

occurred in our previous experiments with Phl p 5-transduced BM [14], in which only 

limited time points were analyzed. Here, we show that IgM levels rise after BMT 

independent of immunization. Likely, IgM production is due to a T cell-independent 

response which is induced by BMT and surface expression of an allergen. Notably, 

elevated levels of allergen-specific IgM were not observed in chimerism studies 

investigating the cytoplasmatic (as opposed to cell surface) expression of an allergen 

(Baranyi et al, manuscript submitted). Notably, no class switch was induced after contact 

with the Bet v 1-positive BM or recombinant allergen indicating that T cell help was 

suppressed. 

 

For clinical translation of this tolerizing protocol, several hurdles need to be overcome, 

including the toxicity of irradiation, the hazards currently associated with retroviral 

transduction and the risk of anaphylaxis. The development of minimally toxic conditioning 

regimens is a major focus of research in the area of cellular chimerism [1, 34]. Irradiation-

free protocols have recently become feasible even for the transplantation of MHC-

mismatched BMT and should thus be an attainable goal for allergen-transduced BM as 

well. Current concerns regarding the proto-oncogenic potential of retroviral transduction of 

HSCs could be alleviated in the future through the development of advanced transduction 

techniques [35]. Anaphylaxis can be avoided through the use of hypoallergenic derivatives 

for transduction [36]. 
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While many problems still have to be solved, induction of tolerance is a much needed goal 

for the treatment of allergies [37]. Molecular chimerism is a promising approach in this 

context. Its potential has been shown in many different mouse models [38]. Moreover, 

clinical observations of tolerance induction through cellular chimerism in transplant 

patients underline the potential of chimerism as future treatment strategy [3, 39]. 

In conclusion, the present study supports the further development of the molecular 

chimerism approach for tolerance in IgE-mediated allergy. 
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Figure Legends 

Figure 1: Vector constructs and localization of Bet v 1 in the murine cell line, NIH 3T3.  

(a) Schematic drawing of pMMP-based retroviral vector encoding Bet v 1 fused to a signal 

peptide (S) and a transmembrane domain (TMD), resulting in S-Bet v 1-TMD construct. 

The start codon was inserted with a NcoI site, the stop codon was inserted immediately 

after the XhoI site and fused to IRESeGFP, resulting in MMP-Bet v 1-TMD-IRESeGFP. 

The control vector, MMP-IRESeGFP is shown below. LTR, long terminal repeat, SD 

splicing donor, SA splicing acceptor. (b) Immunofluorescence of transduced NIH 3T3 

cells, expressing Bet v 1 on the cell surface and GFP in the cytoplasm (upper image) or Phl 

p 5 on the surface of cells (lower image). Allergens are shown in red.  

 

Figure 2: Transduction efficiency of BMCs and stable long-term chimerism.  

(a) Transduction efficiency of infected BMC was analyzed by GFP expression in FCM. 

On the left side VSV-Bet v 1-GFP infected BMC are shown, exhibiting a transduction 

efficiency of 4.5% and on the right side a histogram of the control group is shown, where 

25% of VSV-GFP infected cells were transduced. Black lines in the histograms represent 

non-transduced cells (b) Experimental design of the in vivo experiment. Mice were treated 

with anti-CD4 mAb (0.5mg, d -1), anti-CD8 mAb (0.5mg, d -1) and total body irradiation 

(8 Gy on d -1). Transduced BMCs were transplanted on day 0, BM recipients additionally 

received anti-CD40L (MR1, 0.5mg, d 0). Mice were immunized with rBet v 1 and rPhl p 5 

(specificity control) starting 6 weeks after BM reconstitution and challenged 9, 12, 22 and 

37 weeks after BMT. Stable multilineage chimerism was detected by GFP expression in 

FCM analysis of Bet v 1-GFP chimeric mice (c) and GFP chimeric mice (d) every 5 weeks 

over a follow-up of 40 weeks. Mean multilineage chimerism was analyzed in B cells 
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(B220 ), T cells (CD3 ), myeloid lineages (Mac1 ) and whole lymphocyte 

population (CD45.2 ). Mean values of 4 mice/group are shown. 

 

Figure 3: Suppressed Bet v 1-specific antibody production in Bet v 1-GFP chimeric mice 

Antibody isotypes were detected by ELISA, 6 different time points are shown. Left side 

columns show Bet v 1-specific antibody levels and right columns show Phl p 5-specific 

antibody levels. Three groups of mice were tested: immunized mice without BMT (n = 5, 

), GFP chimeric mice (n = 4, ) and Bet v 1-GFP chimeric mice (n = 4, ). Week 0 

represents baseline antibody levels of mice previously to treatment; week 6 shows 

antibody levels after BMT and week 9, 12, 22, and 40 show the ongoing development. OD 

values corresponding to allergen-specific levels of (a) IgE,  (b) IgG1, (c) IgG2a, (d) IgG3, 

(e) IgA and (f) IgM are shown (y-axes). Data shown represent mean values with SD 

obtained from 4 to 6 mice, significant statistical differences (* p < 0.05, ** p < 0.01, *** p 

< 0.001) are indicated. 

 

Figure 4: Tolerance towards the allergen Bet v 1 on the B cell level 

ß-Hexosaminidase release of rat basophilic leukaemia cells coated with serum of the 

different groups (n=4) in response to rBet v 1 (a) or rPhl p 5 (b) was analyzed. Three 

different groups were tested, immunized mice without BMT (n = 5, ), GFP chimeric 

mice (n = 4, ) and Bet v 1-GFP chimeric mice (n = 4, ). Data shown are the mean 

values with SD obtained from 4 to 6 mice per group, significant statistical differences (* p 

< 0.05) are indicated. 
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Figure 5: Tolerance towards the allergen Bet v 1 on the T cell level 

Splenocyte proliferation assays were performed 40 weeks after BMT, immunized mice 

without BMT mice were used as controls (n = 4, ). GFP chimeric mice (n = 4, ) are 

shown in grey and Bet v 1-GFP chimeric mice (n = 4, ) in black. Cpm values in response 

to Bet v 1 are shown in (a) and to Phl p 5 in (b). Data shown are the mean values with 

standard error of the mean (SEM) obtained from 4 mice per group. 
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Abstract 

Background Development of antigen-specific preventive strategies is a challenging goal in 

IgE-mediated allergy. We have recently shown in proof-of-concept experiments that 

allergy can be successfully prevented by induction of durable tolerance via molecular 

chimerism. Transplantation of syngeneic hematopoietic stem cells genetically modified to 

express the clinically relevant grass pollen allergen Phl p 5 into myeloablated recipients 

led to high levels of chimerism (i.e. macrochimerism) and completely abrogated Phl p 5-

specific immunity despite repeated immunizations with Phl p 5.  

Objective It was unclear, however, whether microchimerism (drastically lower levels of 

chimerism) would be sufficient as well which would allow development of minimally 

toxic tolerance protocols.  

Methods Bone marrow cells were transduced with recombinant viruses integrating Phl p 5 

to be expressed in a membrane-anchored fashion. The syngeneic modified cells were 

transplanted into non-myeloablated recipients that were subsequently immunized 

repeatedly with Phl p 5 and Bet v 1 (control). Molecular chimerism was monitored by flow 

cytometry and PCR. T-cell, B-cell and effector-cell tolerance was assessed by allergen-

specific proliferation assays, isotype levels in sera and RBL assays. 

Results Here we demonstrate that transplantation of Phl p 5-expressing bone marrow cells 

into recipients having received non-myeloablative irradiation resulted in chimerism 

persisting for the length of follow-up. Chimerism levels, however, declined from transient 

macrochimerism levels to persistent levels of microchimerism (followed for 11 months). 

Notably, these chimerism levels were sufficient to induce B-cell tolerance as no Phl p 5-

specific IgE and other high affinity isotypes were detectable in sera of chimeric mice. 

Furthermore T-cell and effector-cell tolerance were achieved.  

Conclusion and Clinical Relevance Low levels of persistent molecular chimerism are 
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sufficient to induce long-term tolerance in IgE-mediated allergy. These results suggest that 

it will be possible to develop minimally toxic conditioning regimens sufficient for low 

level engraftment of genetically modified bone marrow. 

 

Key words: Molecular chimerism, allergen Phl p 5, membrane-expression, T-cell 

tolerance, B-cell tolerance,  
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Introduction 

IgE-mediated allergy is a hypersensitivity disease and a growing problem in developed 

countries. Development of antigen-specific therapeutic and preventive strategies implies 

fundamental knowledge of antigens causing allergy (i.e. allergens). In the last decades a 

variety of allergens has been cloned, characterized and three-dimensional structures have 

been decoded [1, 2]. Currently, the only antigen-specific, disease-modulating and long-

lasting treatment can be provided by allergen-specific immunotherapy (SIT). An obvious 

risk of SIT using crude allergen-containing extracts is that of provoking a systemic allergic 

reaction which may lead to fatalities [3, 4]. Therefore prevention would be a desirable goal 

especially for individuals with high risk. It remains an unmet challenge to develop 

tolerance strategies that avoid the occurrence of pathogenic immunological responses 

towards allergens. Although some prophylactic approaches such as mucosal tolerance have 

been explored [5] additional strategies are necessary to avoid T cell priming and antibody 

production (mainly IgE). 

 

Molecular chimerism is a strategy to induce tolerance by transplantation of autologous (or 

syngeneic in experimental models) hematopoietic stem cells (HSC) genetically modified to 

express the disease-causing antigen [6, 7]. This approach has been demonstrated in 

predominantly TH1-dependent models of organ transplantation as well as in selected 

autoimmune disease models [8, 9]. Induction of T cell tolerance has been demonstrated in 

several studies in molecular chimerism suggesting central T cell tolerance and peripheral 

regulation [10-14]. Nevertheless, only few studies in molecular chimerism exist regarding 

humoral responses towards the introduced antigens [15, 16]. In a proof-of-concept study 

we showed for the first time that molecular chimerism is a promising tool for prevention of 

IgE-mediated allergy [17]. However, intense preconditioning of recipients [i.e. 
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myeloablative total body irradiation (TBI)] is a major hurdle for clinical application. 

 

The degree of conditioning (e.g. the dose of irradiation) directly correlates with the 

ensuing chimerism levels. However, the minimum level of chimerism necessary to induce 

tolerance still remains unclear. Donor bone marrow transplantation (BMT) into a 

conditioned host establishing mixed cellular chimerism (denoting a state of 

macrochimerism with a donor fraction >1% <100 %) reliably leads to immunological 

tolerance towards a donor allograft in several settings including clinical pilot trials [18-23]. 

In contrast, the spontaneous persistence of “passenger” leukocytes after organ 

transplantation (i.e. microchimerism), seems to have no causal role in graft acceptance [24, 

25]. Moreover, in experimental models microchimerism is not sufficient for tolerance 

induction towards MHC-mismatched grafts [26, 27]. Contrarily, microchimerism can lead 

to the tolerization of certain antigens (i.e. viral antigens) [28, 29].  

 

In the study presented herein we investigated if both, B cell- and T cell-tolerance towards a 

clinically relevant major allergen can be achieved with a reduced-intensity BMT protocol 

which results only in low molecular chimerism.  
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Materials and Methods 

Animals 

Female BALB/c mice were purchased from Charles River Laboratories (Sulzfeld, 

Germany). All mice were housed under specific pathogen-free conditions and were used 

between 6 and 12 weeks of age. All experiments were approved by the local review board 

of the Medical University of Vienna, and were performed in accordance with national and 

international guidelines of laboratory animal care. 

 

Retroviral constructs and production of retroviruses 

To generate membrane-anchored Phl p 5, full length Phl p 5 was fused to a signal sequence 

and a transmembrane domain (TMD) (both pDisplay, Invitrogen, Carlsbad, CA) by 

overlapping PCR technique as described in Baranyi et al [17] As control vector, the 

membrane-anchored GFP was fused to a signal sequence and a transmembrane domain by 

overlapping PCR technique as described above. Primer sequences are as follows: leader 

peptide: 5’-GGCGCCATGGAGACAGACACACTCCTG-3’, 5’-CTTGCTCACGTCACCAGT-3’ eGFP: 

5’-ACTGGTGACGTGAGCAAG-3’, 5’-GCCCACAGCTCTAGATCC-3’ 

TMD: 5’-GGATCTAGAGCTGTGGGC-3’, 5’-CCGGCCTCGAGCTAACGTGGCTTCTTCTG-3’ 

PCR product was cloned into the retroviral vector pMMP NcoI and Xho I sites resulting in 

pMMP-GFP-TM. The start codon was inserted with the Nco I site, the stop codon was 

inserted with the Xho I site. For virus production plasmids pMMP-Phl p 5-TM or pMMP-

eGFP-TM, VSV-G protein and pMLV, encoding for viral proteins gag and pol, were co-

transfected using the calcium phosphate method into 293 T cells resulting in VSV-Phl p 5-

TM or VSV-GFP-TM viruses [30]. Viral supernatants were concentrated by 

ultracentrifugation (16500 rpm 2h). 
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Retroviral transduction of bone marrow cells 

BALB/c donor mice were injected i.p. with 5-fluorouracil (150mg/KG) 7 days before BM 

isolation. Mice were sacrificed and BM was harvested from tibiae, femurs, humeri and 

pelvis [31]. BM cells were cultured and transduced with VSV-Phl p 5-TM or transduced 

with VSV-GFP-TM as described in [17] with a multiplicity of infection (MOI) of 5 [32].  

 

Bone marrow transplantation 

One day before BMT, recipients received 6 Gy total body irradiation (TBI) and a depleting 

dose of anti-CD8 (2.43; 0.5mg/mouse) and anti-CD4 (GK1.5; 0.5mg/mouse) monoclonal 

antibodies (mAb). On the day of reconstitution mice were transplanted with 4x106 

transduced BM cells i.v. After BMT mice received anti-CD40L mAb (MR1; 

0.5mg/mouse). Anti-CD4, anti-CD8 and anti-CD40L were used as they were shown to 

enhance engraftment of transduced BM. All mAb used in vivo were purchased from 

BioXCell (West Lebanon, NH). 

 

Recombinant allergens and immunization of mice 

Purified recombinant (r) timothy grass pollen and birch pollen allergens (rPhl p 5, rBet v 

1) were obtained from Biomay (Vienna, Austria). All groups of mice were immunized s.c. 

with 5 µg rPhl p 5 and 5µg rBet v 1 adsorbed to aluminum hydroxid (Alu-Gel-S, Serva, 

Ingelheim, Germany) as described previously [33].  

 

Flow cytometric analysis 

Non-specific Fcγ receptor binding was blocked with mAb against mouse FcγII/III receptor 

(CD16/CD32). Phl p 5 polyclonal antiserum against full length rPhl p 5 was purified from 

rabbit serum (Charles River) by a protein G column (Pierce, Rockford, USA) according to 
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the manufacturer’s instructions. Polyclonal anti-Phl p 5 IgG was biotinylated and 

developed by counterstaining with phycoerythrin streptavidin. To detect Phl p 5+-

expressing cells among various leukocyte lineages white blood cells were stained with 

FITC-conjugated antibodies against CD4, CD8, B220, Mac-1 and isotype controls (all 

antibodies from Pharmingen, San Diego, CA) and analyzed by flow cytometry. Propidium 

iodide staining was used to exclude dead cells. Two-color flow cytometric analysis was 

used to determine the percentage of Phl p 5-expressing cells of particular lineages. The 

percentage of Phl p 5+ cells (i.e. molecular chimerism) was calculated by subtracting 

control staining from quadrants containing Phl p 5+ and Phl p 5 negative cells expressing a 

particular lineage marker, and by dividing the net percentage of Phl p 5+ cells by the total 

net percentage of Phl p 5+ plus Phl p 5 negative cells of that lineage as described in [17]. 

An Cytomics FC500 flow cytometer (Coulter Werfen, Austria) was used for acquisition 

and the CXP software (Coulter Werfen, Austria) was used for analysis of flow cytometric 

data. 

  

Isolation of genomic DNA and detection of Phl p 5-specific products 

Genomic DNA of splenocytes was isolated as described in [29]. A 250-bp Phl p 5-specific 

product was amplified and sequenced (for confirmation) using primers: Phl p 5 fw: 5’-

CTGCAGGTCATCGAGAAGGT-3’, Phl p 5 rev: 5’-TTTCAGTGCGGTCTCAAAGA-3’, 

ß-actin fw: 5’-TGGAAATCCTGTGGCATCCATGAAAC-3’. ß-actin specific primers: ß-

actin rev. 5’-TAAAACGCAGCTCAGTTACAGTCCG-3’. PCR products were separated 

on a 5% Acrylamidgel (Bio-Rad) in 1xTBE and visualized by EthBr. 

 

ELISA 

To measure allergen-specific antibodies in the sera of immunized mice ELISAs were 
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performed as described previously [34]. Plates were coated with rPhl p 5 (5µg/ml), sera 

were diluted 1:20 for IgE, 1:100 for IgM, IgA, IgG2a and IgG3 respectively and 1:500 for 

IgG1. Bound antibodies were detected with monoclonal rat anti-mouse IgM, IgG1, IgE, 

IgA, IgG2a and IgG3 antibodies (Pharmingen, San Diego, CA) diluted 1:1000 and a HRP-

coupled goat anti-rat antiserum (Amersham, Biosciences, UK) diluted 1:2000. The 

substrate for HRP was ABTS (60mM/l citric acid, 77mM/l Na2HPO4 x 2H2O, 1.7mM/l 

ABTS [Sigma, St. Lois, MO.], 3mM/l H2O2). 

 

Lymphocyte proliferation assay 

Spleens were removed under aseptic conditions (week 44) homogenized and erythrocytes 

were lysed. Suspended splenocytes were plated into 96-well round-bottom plates at a 

concentration of 2x105 cells / well in triplicates and stimulated with concanavalin A (Con 

A; 0.5µg/well, Sigma), rPhl p 5 (2µg/well) and rBet v 1 (2µg/well). On day 5 cultures 

were pulsed with 0.5µCi/well [3H]thymidine (Amersham, Biosciences, UK) and harvested 

approximately 16 hours thereafter. The proliferative response was measured by 

scintillation counting. The stimulation index (SI) was calculated as the ratio of the mean 

proliferation after allergen stimulation and medium control values.  

Rat basophil leukaemia (RBL) cell degranulation assay 

RBL-2H3 cell subline was cultured as described previously, in RPMI 1640 medium 

(Biochrome AG, Berlin, Germany) containing 10 % fetal calf serum. Aliquots of 4x104 

cells were plated in 96 well tissue culture plates (Greiner, Bio-One, Stuttgart, Germany), 

loaded with 1:50 diluted mouse sera and incubated for 2 hours at 37°C and 5 % CO2. 

Supernatants were removed and the cell layer was washed with 2x Tyrode´s buffer (137 

mM NaCl, 2.7 mM KCL, 0.5mM MgCl2, 1.8mM CaCl2, 0.4mM NaH2PO4, 5.6mM D-

glucose, 12mM NaHCO3, 10mM HEPES and 0.1 % w/v BSA, pH 7.2). Preloaded cells 
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were stimulated with optimal concentrations of rPhl p 5 or rBet v 1 (i.e., 0.03µg per well) 

for 30 min. at 37°C. The supernatants were analyzed for ß-hexosaminidase activity by 

incubation with the substrate 80µM 4-methylumbelliferyl-N-acetyl-ß-D-glucosamide 

(Sigma-Aldrich, Vienna, Austria) in citrate buffer (0.1M, pH4.5) for 1 hour at 37°C. The 

reaction was stopped by addition of 100µl glycine buffer (0.2M glycine, 0.2M NaCl, pH 

10.7) and the fluorescence was measured at λex: 360/λem: 465nm using a fluorescence 

microplate reader (Wallac, Perkin Elmer, Vienna, Austria). Results are reported as 

percentage of total ß-hexosaminidase released after addition of 1 % Triton X-100. 

Determinations were done in triplicates and are displayed as mean value + SD. 

 

Statistical analysis 

The reported p-values are results of two-sided Student's T tests. P-values < 0.05 were 

considered statistically significant. Error bars indicate standard deviations (SD). 
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Results 

Transplantation of Phl p 5-transduced BM cells in non-myeloablatively conditioned 

syngeneic recipients 

A previously established murine model was used to determine whether long-term tolerance 

in IgE-mediated allergy can be induced via molecular chimerism under non-myeloablative 

host conditioning [17]. The molecularly well-defined, clinically relevant major timothy 

grass pollen allergen Phl p 5 was retrovirally transduced into HSC to be expressed on the 

cell surface. BM cells (BMC) of BALB/c mice (treated with 5-FU seven days earlier) were 

transduced with recombinant virus VSV-Phl p 5-TM in vitro. As control the reporter gene 

GFP was fused to an signal peptide and a transmembrane domain and cloned into the 

retroviral vector pMMP and retroviruses VSV-GFP-TM were produced as described in 

[17, 35] (Fig. 1a). Transduction of VSV-Phl p 5-TM and VSV-GFP-TM showed an 

efficiency of 7% Phl p 5- and 6% GFP-expression, respectively on the surface of BMC as 

determined by flow cytometry (Fig. 1b).  

 

BMT of Phl p 5- transduced cells leads to low level chimerism in an irradiation reducing 

protocol 

BALB/c recipients, known to be a high IgE responder strain [analogous to the susceptible 

(atopic) human phenotype] [36] were preconditioned with non-myeloablative TBI of 6 Gy 

in addition to T cell-depleting antibodies and anti-CD40L mAb which were shown to 

enhance BM engraftment [37]. Levels of molecular Phl p 5-chimerism were determined by 

flow cytometry (FCM) at multiple time points (weeks 3, 6, 15 and 23) after BMT (Fig.2a). 

Although mean levels of Phl p 5-positive cells within the myeloid line were clearly 

macrochimeric at week 15 (1.51% ± 0.44%), blood cells expressing Phl p 5 declined over 

time to less than 1% in most (7 of 10) mice, the cut-off level commonly defined as 
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indicating microchimerism [29]. Mean levels of Phl p 5 positive cells at week 23 post 

BMT were only 0.7 % ± 0.9% in myeloid subtypes. Similarly, within the B cells 

chimerism was 0.67% ± 0.5 % at week 23 (vs. 1.81% ± 1.11% 6 weeks after BMT) and 

within CD4+ T cells 0.67% ± 0.29% (n=10). These levels of expression reached the 

detection limit in FCM. Indeed, by FCM none of the chimeric mice showed any Phl p 5+ 

CD8 cells at week 23. Therefore macrochimerism was no longer detectable at 23 weeks 

post BMT and hence FCM analysis was not performed thereafter (Fig. 2a). 

 

To distinguish between the possibilities that molecular chimerism either persisted at lower 

levels or disappeared (i.e. were of transient nature), Phl p 5-specific PCR was performed at 

the end of follow up (week 44; Fig. 2b). Chromosomal DNA of splenocytes, described to 

develop similar chimerism levels as BM, was isolated at the time of sacrifice [17]. In 

recipients transplanted with Phl p 5-transduced BMC (n=10), Phl p 5-specific products 

were detectable in 9/10 mice suggesting that Phl p 5-expressing cells were still available 

and chimerism was persistent. In chromosomal DNA of splenocytes of one Phl p 5-BM 

transplanted mouse (Fig. 2b, marked with *) no Phl p 5-specific PCR-product could be 

detected suggesting that chimerism in this mouse might have been lost. Thus, almost all 

recipients of Phl p 5-transduced BM developed persistent microchimerism. 

 

B cell tolerance in low level Phl p 5-chimeric mice 

Recipients of syngeneic Phl p 5-transduced BMC (n=10) were immunized with 

recombinant (r) Phl p 5 and the unrelated major birch pollen allergen Bet v 1 at weeks 6, 9 

and 12 after BMT [17]. To assess if low level chimerism is sufficient to induce humoral 

tolerance, sera of chimeric mice were tested for Phl p 5-specific antibodies by ELISA (Fig. 

3-5). Eight of 10 recipients developed no detectable amounts of Phl p 5-specific IgE, IgG1 
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or IgA, while recipients of GFP-transduced BM and naïve controls developed high levels 

(Fig. 3a and 4a). Interestingly, in chromosomal DNA of one mouse developing low level 

Phl p 5-specific IgE and IgG1 no Phl p 5-specific product was detectable suggesting that 

loss of chimerism in this mouse had led to loss of tolerance (Fig. 2b*). In contrast, mice of 

all groups developed high levels of Bet v 1-specific IgE, IgG1 and IgA (Fig. 3a and b, 4a 

right panels). Interestingly recipients of Phl p 5-tranduced BMC developed high amounts 

of Phl p 5-specific IgM, a phenomenon also observed in recipients of Phl p 5-transduced 

BMC after myeloablative conditioning [17]. Bet v 1-specific IgM levels were similar in all 

groups of mice (Fig. 4b right panel). None of the 10 mice receiving Phl p 5-transduced 

BMC developed detectable Phl p 5-specific IgG2a or IgG3 (Fig. 5 a and b left panels) at late 

time points but high levels of Bet v 1-specific IgG antibody levels (Fig. 5a and b right 

panels). These results demonstrate that low-level persistent Phl p 5 molecular chimerism 

leads to long-lasting humoral tolerance. 

 

Tolerance at the T cell level in low chimeric recipients 

To assess if recipients of Phl p 5-transduced BM showed T-cell unresponsiveness towards 

Phl p 5, splenocytes of these mice were isolated at the end of follow up (week 44) and 

stimulated with r Phl p 5 in in vitro proliferation assays. Phl p 5-chimeric mice (n=10) 

showed a significantly reduced proliferation rate upon Phl p 5 stimulation compared to 

control groups (Fig. 6). These results demonstrate that Phl p 5-chimeric mice are tolerant 

at the T cell level.  

 

Unresponsiveness at the effector cell level in sera of Phl p 5-chimeric mice 

The rat basophilic leukaemia (RBL) cell degranulation assay allows evaluation of 

activation and mediator release of effector cells in vitro [38]. To determine if Phl p 5-
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chimeric mice are tolerant at the effector cell level, RBL cells were loaded with sera of 

recipients of Phl p 5-transduced BMCs, or sera of control groups and stimulated with rPhl 

p 5 or rBet v 1. Phl p 5-specific release of ß-hexosaminidase was induced when cells were 

loaded with sera of control groups (Fig. 7a), whereas sera of Phl p 5-chimeric mice did not 

induce Phl p 5-specific release above the spontaneous release similar as when cells were 

loaded with pre-immune sera. Bet v 1-specific release was detectable in sera of all groups 

of mice (Fig. 7b). Thus, recipients of Phl p 5-transduced BMC showed tolerance towards 

Phl p 5 at the effector cell level. 
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Discussion 

Here it is shown that low levels of molecular chimerism following non-myeloablative 

recipient conditioning are sufficient for tolerance induction in IgE-mediated allergy. These 

results may be considered as an important step for advancing allergen-specific gene 

therapy towards clinical application in allergy. In preclinical studies stable long-lasting 

macrochimerism is required for robust tolerance towards alloantigens but the minimum 

level of chimerism has not been defined. However, about 2 % of myeloid chimerism at late 

time points post BMT is sufficient to induce tolerance in some murine protocols [39, 40]. 

In molecular chimerism protocols levels of 1% - 5 % of persistent leukocyte chimerism 

were required to maintain tolerance towards skin grafts in an MHC I-congeneic and an 

experimental autoimmune encephalitis (EAE) model [9, 14, 26]. Therefore 

macrochimerism seems to be indispensable for induction of long-term tolerance in cellular 

and molecular chimerism protocols. Yet it was found that microchimerism was sufficient 

for maintaining peripheral tolerance towards a viral antigen [29], but not MHC antigens 

[26].  

 

Transient mixed macrochimerism seems to be sufficient also for operational tolerance in 

clinical pilot trials. Following combined kidney and BMT taken from an HLA-mismatched 

donor, macro- and microchimerism became undetectable after some weeks [20, 22]. 

Mechanistically, it was suggested recently that regulatory T cells may play an early role 

during the lymphopenic period in tolerance induction, while deletion or anergy 

mechanisms might be responsible for long-term tolerance in clinical studies [41]. 

Similarly, in mice regulation contributes to tolerance induction early after BMT, while 

clonal deletion of donor-reactive T cells is the main mechanism maintaining tolerance 

long-term [40, 42]. These data are encouraging in that transient chimerism might be 
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sufficient (with further less toxic preconditioning protocols) for tolerance induction also 

for IgE-mediated allergy.  

Molecular chimerism is a gene-therapeutic approach integrating transgenes into HSC with 

viral vectors. Gene therapeutic trials in infants suffering e.g. from SCID–X1 (X-linked 

severe combined immune deficiency) were successfully transferring modified viral 

transgene-integrated autologous HSCs but with the risk of severe immunological side 

effects by insertional mutagenesis in some patients resulting from the gene transfer vector 

used. Therefore ongoing research is focusing on improving safety and efficiency of 

different gene transfer systems [43]. An alternative to the gene-therapeutic approach 

integrating transgenes would be coupling of allergens to hematopoietic cells. In fact, in a 

recently published study prevention of food allergy was demonstrated by fixing proteins 

from whole peanut extracts to syngeneic splenocytes before transfer into recipient mice. 

After several oral challenges with these extracts mice were at least partially tolerant (no 

specific IgE but IgG1) towards these extracts short term indicating that prevention of 

allergy using allergen-modified stem cells may be a feasible strategy [44]. 

 

In our approach we show that non-myeloablative recipient conditioning leads to robust B-

cell tolerance by persistent low level chimerism avoiding the production of any high 

affinity Phl p 5-specific isotypes, mainly Phl p 5-specific IgE. Additionally no 

anaphylactic activity was triggered by this approach as determined in commonly accepted 

basophil in vitro assays testing for allergenic activity. Interestingly, Phl p 5-specific IgM 

was produced in detectable amounts but no class switch recombination seems to occur 

possibly due to the lack of T-cell help [45]. In mice, IgG1 and IgE antibodies are both 

generated during T cell-dependent B cell responses mediated by Th2 lymphocytes, IgG2a 

and IgG3, in contrast, by Th1 lymphocytes [46-48]. Here we demonstrate tolerance at the B 
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cell level regarding Phl p 5-specific IgE and IgG1 as well as complete avoidance of Phl p 

5-specific IgG2a and IgG3 production, suggesting that both Th1 and Th2 cells were 

tolerized. 

The allergen Phl p 5 is a highly immunogenic and allergenic protein even when expressed 

in mammalian cells and therefore a very stringent model for induction of tolerance via 

molecular chimerism [7]. This approach can be extended to a variety of different allergens. 

In fact we have data suggesting that tolerance can also be induced to the unrelated allergen 

Bet v 1 with this approach (Gattringer et al, submitted). Also tolerance induction against 

several clinical allergens should be possible because it has been demonstrated that 

functional or hypoallergenic hybrid allergens/allergen derivatives can be constructed by 

fusion of the DNAs coding for several different allergens [49-51]. It should therefore be 

possible to transduce stem cells with DNA constructs coding for several allergens or 

immobilize hybrid molecules consisting of several allergens on their surfaces for tolerance 

induction. Furthermore, intracellular expression of allergens or the use of hypoallergenic 

derivatives allows to targeting selectively either T cells alone or both, T and B cells and 

thus risks of allergic sensitization or anaphylaxis can be potentially minimized.  

 

Our findings show a robust tolerance protocol that permanently prevents IgE-mediated 

allergy and may advance molecular chimerism strategies towards clinical application for 

the prevention of allergy.  
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Figure Legends 

Figure 1: Expression levels of membrane anchored Phl p 5 and GFP in retrovirally 

transduced BM 

(a) Schematic representation of pMMP-Phl p 5-TM retroviral construct and pMMP-eGFP-

TM retroviral construct. Full length Phl p 5 and eGFP were fused to a leader peptide (S) 

and a transmembrane domain (T) and ligated into retroviral vector pMMP. LTR-long 

terminal repeats. (b) Expression levels of membrane-anchored Phl p 5 (left histogram) and 

membrane-anchored GFP as control (right histogram) in BM cells before BMT 

demonstrated in flow cytometric analysis. Dashed lines represent untransduced cells.  

 

Figure 2: Phl p 5-chimerism is detectable in flow cytometry at early and PCR at late time 

points 

(a) Phl p 5-specific expression within lineages of WBC as indicated was detected by flow 

cytometry at early time points. Data represent the mean % of Phl p 5 chimerism in 

recipients of Phl p 5-transduced BM (n=10). Arrows in grey indicate time points of FCM 

analysis, arrow in black indicates PCR analysis at 44 weeks post-BMT. Note: Phl p 5-

expressing CD4+ and CD8+ cells became detectable only 6 to 15 weeks after BMT due to 

delayed recovery of T cells after administration of T-cell depleting antibodies (b) Upper 

gel: Phl p 5-specific PCR-products (lane 1-4) shown in genomic DNA of recipients 

transplanted with GFP-transduced BM (GFP-transduced) and recipients of Phl p 5-

transduced BM (Phl p 5-transduced; lane 5 to 14). In chromosomal DNA of mouse 9 (lane 

13) no Phl p 5-specific product was detectable (*). Lower gel: Lane 1-14 show ß-actin 

specific PCR-products in genomic DNA of splenocytes of recipients of GFP-transduced 

BM (lane 1-4) and Phl p 5-transduced BM (lane 5-14). 
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Figure 3: Lack of Phl p 5-specific IgE and IgG1 in Phl p 5-chimeric mice 

Allergen-specific IgE and IgG1 levels in sera of recipients of Phl p 5-transduced BM 

(n=10), sera of recipients of GFP-transduced BM (n=4) and sera of non-transplanted 

immunized mice (n=5), were demonstrated before (pre imm), and after BMT (week 

9,12,15,37 and 44) and analyzed by ELISA. Mean antibody levels (+SD) are shown for 

each group. (a) Left panel: Phl p 5-specific IgE levels. Right panel: Bet v 1-specific IgE 

levels. (b) Left panel: Phl p 5-specific IgG1 levels. Right panel: Bet v 1-specific IgG1 

levels. P-values for Phl p 5-specific IgE and IgG1 in sera of recipients of Phl p 5-

transduced BM versus recipients of GFP-transduced BM are demonstrated. 

 

Figure 4: Phl p 5-chimeric mice do not develop Phl p 5-specific IgA but IgM 

Allergen-specific IgA and IgM levels in sera of recipients of GFP-transduced BM (n=4), 

recipients of Phl p 5-transduced BM (n=10) and non-BMT sensitized mice (n=10) were 

analyzed by ELISA at late time points (weeks 37 or 44, pooled data) compared to pre 

immune (pre imm) sera. Mean antibody levels (+SD) are shown for each group. (a) Right 

panel: Phl p 5-specific IgA levels. Right panel: Bet v 1-specific IgA levels. (b) Left panel: 

Phl p 5-specific IgM levels. Right panel: Bet v 1-specific IgM levels. P-values for Phl p 5-

specific IgA and IgM in sera of recipients of Phl p 5-transduced BM versus recipients of 

GFP-transduced BM are demonstrated and recipients of Phl p 5-transduced BM versus 

non-transplanted immunized mice. 

 

Figure 5: Phl p 5-chimeric mice do not develop Phl p 5-specific IgG2a and IgG3 

Allergen-specific antibody levels in sera of recipients of GFP-transduced BM (n=4), 

recipients of Phl p 5-transduced BM (n=10) and non-BMT sensitized mice (n=10) were 

analyzed by ELISA at late time points (weeks 37 or 44, pooled data) compared to pre 
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immune (pre imm) sera. Mean antibody levels (+SD) are shown for each group. (a) Left 

panel: Phl p 5-specific IgG2 levels. Right panel: Bet v 1-specific IgG2a levels. (b) Left 

panel: Phl p 5-specific IgG3 levels. Right panel: Bet v 1-specific IgG3 levels. P-values for 

Phl p 5-specific IgG2a and IgG3 in sera of recipients of Phl p 5-transduced BM versus 

recipients of GFP-transduced BM are demonstrated. 

 

Figure 6: T-cell non-responsiveness of splenocytes of Phl p 5-chimeric mice. 

Splenocytes of recipients of GFP-transduced BM (n=4), Phl p 5-transduced BM (n=10), 

non-transplanted sensitized mice (n=5) and naïve mice (n=3) were stimulated with r Phl p 

5. Proliferation rates are shown for splenocytes of each group after H3-labeled thymidine 

incorporation and demonstrated by Phl p 5-specific stimulation indices (SI). P-values for 

recipients of Phl p 5-transduced versus recipients of GFP-transduced BM are 

demonstrated. 

 

Figure 7: Complete lack of Phl p 5-specific effector cell degranulation in Phl p 5-chimeric 

mice 

RBL cells were loaded with sera of Phl p 5-chimeric mice (n=10) collected at time points 

indicated, sera of recipients of GFP-transduced mice (n=4) and sera of non-BMT 

immunized mice and the corresponding preimmune sera (pre imm). Subsequently cells 

were challenged with r allergens. (a) Phl p 5-specific release of ß-hexosaminidase. (b) Bet 

v 1-specific release of ß-hexosaminidase. The mean percentages of allergen-specific ß-

hexosaminidase release (+ SD) are shown for each group. P-values for recipients of Phl p 

5-transduced versus recipients of GFP-transduced BM are demonstrated.  
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5.1.4 Tolerization of a Type I Allergic Immune Response through Transplantation 

of Genetically Modified Hematopoieitic Stem Cells 
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5.1.5 Expression of a Major Plant Allergen as Membrane-Anchored and Secreted 

Protein in Human Cells with Preserved T Cell and B Cell Epitopes 
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5.1.6 Therapeutic Efficacy of Polyclonal Tregs does not Require Rapamycin for the 

Induction of Tolerance in a Low-Dose Irradiation BMT Model 

 



 - 131 - 



 - 132 - 



 - 133 - 



 - 134 - 



 - 135 - 



 - 136 - 



 - 137 - 



 - 138 - 

 
 



 - 139 - 

5.2 Reviews 

5.2.1 A Chimerism-Based Approach to Induce Tolerance in IgE-Mediated Allergy 
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performed research (supported ELISAs, proliferation assays and in vivo work), 
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Crit Rev Immunol. 2009;29(5):379-97 
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Contributed to scientific writing and figures 
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6 Conclusion  

 
Currently, the risks of immunotherapy are under intensive investigation and some adverse 

effects could be reduced, e.g. by the exchange of allergen extracts to recombinant allergens 

or peptides. However, prevention of allergies would be a desirable alternative to 

symptomatic treatment and SIT. 

Modification of the immune response by blockade of costimulatory molecules would be a 

strategy to renew the allergic response. Models of allergic inflammation revealed an 

important role of the costimulatory molecules OX40-OX40L, where blocking OX40L lead 

to diminished cell infiltration and antibody production. Therefore we investigated the role 

of the OX40 pathway. In our studies OX40L was negligible in the development of a TH2 

response towards an allergen. Furthermore, combined treatment of blocking CD28/CD40L 

and OX40L did not lead to an additional effect (chapter 4.1.1).  

A successful, preventive strategy for allergy was achieved in a pilot project by induction of 

life-long tolerance towards Phl p 5 through molecular chimerism (chapter 4.1.3, 4.1.4, 

4.2.1). In order to extend this approach of molecular chimerism to different clinically 

relevant allergens, tolerance towards Bet v 1 was investigated. Bet v 1 is structurally and 

functionally completely unrelated to Phl p 5.  We were able to induce tolerance towards 

Bet v 1 in T-cell, B-cell and effector cell responses, even after repeated challenges of 

allergens, suggesting that this strategy is robust, specific and translatable for several 

allergens (chapter 4.1.2).  

Although cellular and molecular chimerism are strategies with a high potential for 

inducing tolerance towards specific antigens, the development of low-toxicity protocols is 

still a major aim. In allo-transplantation, a strong immunological barrier, which is caused 

by pre-existing donor-reactive cells, has to be overcome. Recently, we published a 
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protocol for the transplantation of allogeneic BMC with only a low dose irradiation 

together with costimulation blockade and regulatory T cells with a clinically feasible dose 

of bone marrow cells (chapter 4.1.5). Not long ago, regulatory T cells in combination with 

rapamycin were shown to be able to fully replace irradiation (46). In allergy, identification 

of costimulatory molecules which are able to specifically block the immune response 

towards the allergen would possibly allow engraftment of allergen-expressing HSC. In this 

work, the potential of OX40L was tested yet this costimulatory molecule seems to play a 

negligible role in the development of an allergic immune response. It is noticeable that the 

immune response induced by allergen-expressing HSC is not necessarily identical with the 

TH2 response induced by injection of alumn-adsorbed allergen. Therefore the role of 

costimulatory molecules is possibly not comparable and has to be tested separately.  

Other hurdles such as the toxicity of retroviral transduction of BMC, the necessity for 

clinically unfeasible costimulation blockers, and the risk of anaphylaxis still exist (chapter 

4.2.2). However, all these aspects are currently under investigation and promising 

strategies such as the use of modified recombinant allergens are being painstakingly 

developed. Successful translation to the clinical setting would allow molecular chimerism 

as a preventive and therapeutic strategy not only in allergy but also in autoimmunity. This 

protocol has the potential to induce stable and long-term tolerance, thus making ongoing 

medication dispensable. 
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7 Appendix 

7.1 Abbreviations 

APC antigen presenting cell 

Bet v 1 betula verrucosa allergen number 1 

BMT bone marrow transplantation 

BMC bone marrow cells 

CHS contact hypersensitivity 

DC dendritic cells 

DNA desoxyribonucleinacid 

EAE experimental autoimmune encephalomyelitis 

Fel d 1 feline domesticus allergen number 1 

GFP green fluorescent protein 

α GT  α-1,3 galactosyltransferase (αGT) 

GVHD graft versus host disease 

HLA human leucocyte antigen 

HSC hematopoietic stem cell 

ICOS inducible costimulatory ligand 

IDO indolamine 2,3-dioxygenase 

IL  interleukin 

IFN interferon 

MHC major histocompatibility complex 

NK natural killer cells 

OVA ovalbumin 

PD programmed death 

Phl p 5 phleum pratense allergen number 5 

SIT specific immunotherapy 

TBI total body irradiation 

TIM  T cell immunoglobulin and mucin-domain containing molecule 
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