
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Harnessing dendritic cells to promote immune tolerance: Opportunities for
allergen-specific immunotherapy

Bakdash, G.

Publication date
2013

Link to publication

Citation for published version (APA):
Bakdash, G. (2013). Harnessing dendritic cells to promote immune tolerance: Opportunities
for allergen-specific immunotherapy. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/harnessing-dendritic-cells-to-promote-immune-tolerance-opportunities-for-allergenspecific-immunotherapy(cf46c4d8-ef65-463c-829e-6547bd71dd03).html


1 GENERAL INTRODUCTION
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1DENDRITIC CELLS AND ADAPTIVE IMMUNITY
The immune system is endowed with the unique capacity to protect against invading pathogens, 

yet not react to self. Among the various elements of the immune system, dendritic cells (DCs) 

play a central role in drawing the fine line between immunity and tolerance. Epidermal DCs, 

also known as Langerhans cells (LCs), were initially described by the German physician Paul 

Langerhans in 1868 (1). However, it was till 1973 when DCs were identified in murine spleen (2) and 

eventually recognized as the most potent antigen-presenting cells (APCs). Their ability to initiate 

and modulate the various forms of T cell-mediated immune responses earned them the position 

of being master orchestrators of adaptive immunity (2,3). DCs are spread throughout the body, 

residing in different tissues as sentinels, monitoring surrounding environment for any signs 

of danger. Equipped with pathogen recognition receptors (PRRs), DCs are capable of sensing 

pathogens (4). Additionally, and through PRRs, DCs can also identify self structures associated 

with cellular stress (5). Danger sensing by DCs triggers a series of events that eventually initiate 

adaptive immunity through activating naïve T cells. First, activated DCs will undergo functional 

changes, also known as maturation, crucial for the ensuing induction of T cell responses. DC 

maturation entails upregulating MHC molecules, enhancing DC antigen presenting capacity, 

and co-stimulatory molecules that are required for full activation of naïve T cells. Another 

hallmark of DC maturation is the expression of the chemokine receptor CCR7 that allows mature 

DCs to migrate to draining lymphoid tissues where naïve T cell activation takes place. Naturally, 

optimal defense against the wide variety of invading pathogens requires specialized pathogen-

specific T cells. Together with CD8+ ctyotoxic T lymphocytes, different subsets of CD4+ T helper 

cells provide protection against a wide spectrum of microorganisms. Th1 cells, characterized by 

interferon-γ (IFN-γ) production, are crucial for protection against intracellular infections like 

viruses and Mycobacterium Tuberculosis. Th2 cells, secreting interleukin-4 (IL-4), IL-5 and IL-13, 

mediate defense against helminthes (6). The recently described Th17 cells, characterized by IL-17 

secretion, contribute to host defense against extracellular bacteria and fungi (7). The pivotal 

role of DCs in defining the features of adaptive responses is realized by educating naive T cells 

in a process comprising four signals (Fig. 1). The first signal results from the ligation of T cell 

receptors (TCRs) by pathogen-derived peptide antigens that are presented by MHC molecules 

of DCs (MHC-I in case of CD8+ T cells and MHC-II in case of CD4+ T cells). This principle stimulation 

signal is important to assure the antigen specificity of the immune response. The second signal 

is the co-stimulatory signal which results from the engagement of the T cell CD28 with the DC 

co-stimulatory molecules of the B7 family (CD80 and CD86). Co-stimulation is crucial for the 

clonal expansion of antigen-specific T cells and initiating protective immunity (8). The selective 

development of naïve T cells into pathogen class-specific protective types of effector cells is 

dictated by the third signal (9). T cell polarization signal 3 is mediated by cytokines and surface 

molecules expressed by DCs. For example, IL-12 family members (IL-12, IL-23 and IL-27), type-1 

IFNs and cell surface intercellular adhesion molecule-1 (ICAM-1) are factors that polarize naïve 

T cells to become Th1 cells. Alternatively, monocytic chemotactic proteins 1 (MCP1) and OX40 

ligand (OX40L) are polarizing factors involved in the development of Th2 cells. Th17-polarizing 
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factors are not completely characterized, though IL-1β, IL-6 and IL-23 seem to play a role. 

On the other hand IL-6 and transforming growth factor-β (TGF-β) are crucial in murine Th17 

priming (10). In addition to the induction of these different classes of effector T cells, crucial 

for protection against infections, DCs also contribute to immune tolerance by promoting naïve 

T cells to develop into regulatory T cells (Treg). Constitutive ablation of DCs in mice disrupts self-

tolerance leading to fatal autoimmunity, demonstrating the essential role of DCs in maintaining 

tolerance (11). The mechanisms by which DCs induce Treg cells are discussed in details in the 

next section. Finally and in order to be fully functional, the polarized T cells should home to the 

site of infection or injury where they are needed. Via a fourth signal, DCs direct T cell homing to 

tissues where the antigen was first encountered (12). For instance, retinoic acid (RA) produced 

by intestinal CD103+ DCs induce the mucosal homing markers integrin heterodimer α4β7 and 

chemokine receptor 9 (CCR9) on developing effector T cells enabling them to migrate from 

lymphoid tissues towards intestinal lamina propria (LP) (13). Alternatively, DCs may utilize 

vitamin D to program T cell expression of the chemokine receptor 10 (CCR10), which directs T 

cells towards skin epidermis (14).

Figure 1. Dendritic cells educate naïve T cells into effector T cells. Upon recognizing danger, DCs 
undergo fundamental changes, referred to as maturation. Mature DCs migrate to draining lymph nodes 
where they initiate adaptive immune responses by priming naïve T cells into fully functional effector T cells. 
This priming is mediated through 4 signals. The primary trigger is provided through the antigen (Ag) 
presented within the MHC molecule to the T cell receptor (TCR) (Signal 1). Clonal expansion of antigen-
specific T cells is mediated through co-stimulatory molecules (CD80/86) activating CD28 on T cells (Signal 
2). Furthermore, DCs provide polarizing signals (Signal 3) skewing activated T cells into the appropriate 
type of helper T cells (Th) or ctyotoxic T cells in case of CD8+ T cells. Finally, T cells are provided by homing 
instructions (Signal 4) allowing them to exert their effector functions where they are required.
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1The functional characteristics of DCs, which determine the shape of T cell responses, are 

dictated by several factors. First, DC lineage seems to be a key determinant of DC functions. 

Based on their origin, blood DCs can be divided into two major subsets: plasmacytoid DCs 

(pDCs) and conventional DCs (also known as myeloid DCs). These distinct subsets are 

characterized by the differential expression of surface markers and PRRs, which dictates 

specialized functions (15). The existence of functionally distinct subsets also extends to tissue-

resident DCs. For example, in the extensive DC network of the skin, three DC subsets can be 

distinguished: epidermal LCs, CD1a+ and CD14+ dermal dendritic cells (16). Another example is 

the intestinal compartment, where two DC subsets were identified: CD103+ DCs and CX3CR1+ 

DCs (17). In addition to DC ontogeny, conditioning by the local tissue environment also plays a 

role in shaping the DC profile. The tolerogenic capacity of intestinal CD103+ DCs is presumably 

attributed to the mucosal milieu generated mainly by intestinal epithelial cells, which are a rich 

source for a variety of homeostatic factors like TGF-β, RA and thymic stromal lymphopoietin 

(TSLP). Moreover, these epithelial cells possess their own set of PRRs rendering them responsive 

to microorganisms. PRR ligation with the cognate ligand leads to the activation of the gut 

epithelia and the release of proinflammatory cytokines that participate further in programming 

DCs (18). In a similar fashion cancerous cells may enrich the tumor microenvironment with 

tolerogenic factors like IL-10 and TGF-β, conferring tolerogenic properties on DCs and leading 

to the accumulation of Treg cells which would abrogate any efficient immune response against 

the tumor (19). Finally, pathogen-derived signals also participate in defining the functional 

features of DCs. Depending on the pathogen type and the set of PRRs it triggers, DCs will 

be further programmed to induce the appropriate type of effector T cells. However, certain 

pathogens can exploit this step to evade immune responses by manipulating DCs to induce 

Treg cells instead of other types of effector T cells important for fighting infections (20).

REGULATORY T CELLS
Immunological tolerance is by definition unresponsiveness of the host immune system to 

self antigens and environmental innocuous antigens, while retaining the capacity to react 

specifically to countless foreign antigens. Initially, it was suggested that a special type of T cells, 

referred to as suppressor T cells, maintained self tolerance by preventing self-reactive cells from 

exerting their tissue-damaging functions (21). Being debatable for a long time, this concept 

was eventually firmly underlined by identifying a subset of CD4+ T cells expressing CD25 (the 

IL-2 receptor α chain) and being responsible for maintaining tolerance in mice (22). These cells, 

denoted naturally occurring regulatory T cells (nTreg), were found to protect from autoimmunity 

in murine models, and to inhibit the T cell proliferation and the functions of effector T cells in 

a cytokine-independent, contact-dependent manner (22-25). nTreg cells are generated in the 

thymus on the basis of self-MHC recognition, and therefore their TCR repertoire is mainly self-

reactive (26). Later on, nTreg cells were also identified in humans as a CD4+CD25+ population, 

forming approximately 13% of peripheral CD4+ T cells (27). Although CD25 was successfully used 

to define nTreg cells in mice, it is not reliable to identify nTreg cells in humans since other T 
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1 cells may express it even without activation. The most specific marker distinguishing nTreg cells 

in both mouse and man is the transcription factor Foxp3 which is considered as a molecular 

signature of nTreg cells (28,29). The central role of Foxp3 in the development of nTreg cells helped 

in understanding the pathogenesis of the IPEX (immune dysfunction/polyendocrinopathy/

enteropathy/X-linked) syndrome in which mutations in the Foxp3 gene or other genes encoding 

for products interacting with Foxp3 were detected (30). Another useful marker in identifying 

nTreg is CD127 (IL-7 receptor α chain) which is expressed only at low levels by nTreg (31). DCs 

substantially contribute to central tolerance as thymic DCs mediate the negative selection of 

T cells in the thymus (32) and the induction of the Foxp3+ nTreg cells (33)

In addition to nTreg cells that develop in the thymus, other types of Treg cells are induced 

in peripheral lymphoid tissues. DCs are vital in promoting peripheral tolerance via several 

mechanisms including deletion of antigen-specific T cells, generation of peripheral Treg cells 

and expansion of already existing Treg cells (34). At physiological conditions, DCs are in an 

immature state and characterized by modest expression levels of MHC molecules and absent 

expression of co-stimulatory molecules. Failing to deliver signal 2, immature DCs prime either 

anergic or tolerogenic T cells. Antigen delivery to steady-state DCs (i.e. immature) leads to 

T cell deletion and T cell unresponsiveness (35,36), and induction of Treg cells (37,38). However, 

while DC immaturity implies tolerogenic qualities, mature DCs are not immunogenic per se.  

DC-induced tolerance may also result from DC-derived tolerogenic factors (Signal 3). Among 

these factors is TGF-β, known for its unique capacity in inducing Foxp3+ Treg cells (39). It was 

demonstrated that the absence of DC-derived TGF-β leads to autoimmunity and colitis (40). 

Moreover, TGF-β was revealed to mediate Treg induction by intestinal CD103+ DCs and under 

certain circumstances by epidermal LCs (41-43). RA, secreted by specific types of DCs, is also 

involved in promoting the differentiation of CD4+ T cells into Foxp3+ Treg cells (44). Although 

RA-mediated tolerance is usually associated with mucosal tissues, where RA is present at 

high concentrations, there are indications that it may play a role in skin Treg differentiation 

(45). Besides the DC-induced Foxp3+ Treg cells (iTreg), other distinct peripheral Treg subsets 

also exist. Among these subsets is the Th3 population. Those TGF-β-secreting cells were 

first observed in multiple sclerosis patients following oral administration of myelin (46). The 

differentiation of naïve CD4+ T cells into Th3 cells is prompted by the presence of TGF-β, IL-4 

and IL-10 and by blocking IL-12 (47). DC-derived IL-10 was demonstrated to induce a unique type 

of Treg cells, characterized by high production of IL-10 and known as Tr1 cells (48-50). Despite 

lacking specific surface markers, Tr1 cells can be distinguished by their cytokine profile. Upon 

TCR activation, Tr1 cells produce high amounts of IL-10, considerable amounts of TGF-β, IFN-γ 

and IL-5 and neither IL-4 nor IL-2. Tr1-mediated suppression depends on the production of 

IL-10 and TGF-β (51,52). In addition to IL-10, other factors contribute to Tr1 cell induction. IFN-α 

synergizes with IL-10 in priming Tr1 cells, whereas TGF-β inhibits IL-10-induced differentiation 

of Tr1 cells (53). Moreover, IL-27 was demonstrated to induce IL-10 production in murine T cells 

(54). Tr1 cells induction can be triggered indirectly through influencing DCs. Treating DCs with 

IL-10, vitamin D3 or dexamethasone endows them with the capacity to induce Tr1 cells (37,55,56). 

Tr1 cells induction may also take place in response to certain infections as a mean to limit the 
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1collateral tissue damage subsequent to the immune response (57). In addition to secreted 

factors, DC-regulatory signals can be conveyed to T cells through membrane receptors. 

Among these are the immunoglobulin-like transcript 3 and 4 (ITL3, ILT4) which were revealed to 

regulate immune responses and support Treg induction (55,58). DCs also express programmed 

death-1 ligand 1 (PD-L1) which has a pivotal role in the development and maintenance of Treg 

cells (59,60). Moreover, DCs are also capable of stirring effector T cell differentiation into Treg 

cells by releasing indoleamine 2, 3 dioxygenase (IDO). This tryptophan-degrading enzyme 

forbids effector T cells from this essential amino acid and consequently compromises their 

proliferation and endorses Treg differentiation (61). 

A shared feature and main characteristic between Treg cells, regardless of their origin and 

phenotype, is their capacity to suppress T cell-mediated immune responses. Regulatory effects 

on T cells include inhibition of proliferation, induction of apoptosis and suppression of cytokine 

release. These effects also include inhibition of antigen presentation by directly influencing DCs 

and other APCs. Treg cells exert suppression through different mechanisms, among which is the 

release of inhibitory soluble factors like IL-10 and TGF-β. Whereas IL-10 down-regulates cytokine 

production by effector T cells and antigen presentation and maturation of DCs, TGF-β directly 

inhibits T cell proliferation and differentiation by inhibiting the release of several cytokines 

including IL-1 and IL-2 and their receptors (62). The recently characterized cytokine IL-35 also 

contributes to Treg suppression and is highly expressed by Foxp3+ Treg cells (63). Furthermore, 

Treg cells may exploit cytotoxic molecules like granzyme A and B to induce apoptosis in target 

cells as a mean of suppression (64). Treg cell suppression can also be mediated via cell surface 

molecules, a mechanism which is usually directed at DCs in order to inhibit antigen presentation 

and costimulation and the subsequent T cell expansion and differentiation. An example of 

these surface molecules is CTLA-4 which binds CD80/86 molecules on DCs sequestering them 

from CD28 molecules on naïve T cells resulting in blocked signal 2 rendering T cells anergic. 

Furthermore, CTLA-4-mediated ligation of CD80/86 was found to induce IDO expression by 

DCs, promoting Treg priming by these DCs (65). An additional method by which Treg cells 

exercise suppression is by competing with effector T cells for essential growth factors like IL-2. 

Treg cells were found to induce effector T cell apoptosis through IL-2 deprivation (66). 

ALLERGY
The term allergy, derived from the Greek words allos (other) and ergon (reaction), was 

introduced by von Pirquet to discriminate harmful immune reactions from protective immunity. 

In allergic responses the immune system exerts exaggerated responses towards innocuous 

antigens which are referred to as allergens. These allergens are usually proteins encountered 

regularly in the surrounding environment such as diet-derived proteins (food allergies) and 

the components of plant pollen (allergic asthma and hay fever). The most common type of 

allergy is the IgE-mediated type I hypersensitivity which affects around 25% of the population 

in industrialized countries (67). The immune mechanisms of the development of allergic 

diseases consist of two phases: a sensitization phase and an effector phase. The sensitization 
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1 phase commences upon the first exposure to the allergen. DCs play a vital role in this phase by 

picking up the allergen from the periphery, processing it and presenting it to allergen-specific 

CD4+ naïve T cells in draining lymph nodes. This results into the priming of allergen-specific 

Th2 cells that produce IL-4 and IL-13 essential for the induction of B cell class-switch to the 

ε-immunoglobulin heavy chain leading to the production of allergen-specific IgE antibodies. 

Subsequently, allergen-specific IgE binds to the high affinity receptor of IgE (FcεRI) expressed 

at the surface of mast cells and basophils. The effector phase, which is further subdivided into an 

immediate phase and a late phase, ensues upon a second encounter of the allergen. Exposure 

to the sensitizing allergen initiates the cross-linking of IgE-FcεRI complexes on sensitized mast 

cells and basophils triggering their activation, degranulation and the release of vasoactive 

amines (mainly histamine), lipid mediators (prostaglandins and cysteinyl leukotrienes) and a 

variety of cytokines and chemokines responsible for the symptoms of the immediate phase of 

the allergic reaction. Furthermore, IgE also binds FcεRI at the surface of DCs and monocytes, 

as well as the low affinity receptor of IgE (FcεRII) at the surface of B cells (68). This augments 

allergen uptake by those APCs and consequently leads to further priming and activation of 

allergen-specific Th2 cells which lead the late phase reactions. The Th2 signature cytokines IL-4, 

IL-5, IL-9 and IL-13 play are central for maintaining IgE levels (IL-4, IL-13), recruiting eosinophils 

(IL-5, IL-9), mucus hypersecretion (IL-4, IL-9, IL-13) and reducing contraction threshold of 

smooth muscles (IL-9, IL-13) (67,69,70). The late phase is clinically manifested in the form of 

chronic persistent allergic asthma, allergic rhinitis and atopic dermatitis. 

Although immune responses in allergies are highly regarded as Th2-led reactions, other 

types of effector T cells may contribute to these reactions at certain stages and depending on 

the specific allergic disorder. Th1 cells were revealed to exacerbate the effector phase through 

inducing apoptosis of keratinocytes in atopic dermatitis (71). IL-17, the signature cytokine of 

Th17 cells, participates in the pathogenesis of allergic asthma by recruiting neurtophils into the 

airways (72). Moreover, the newly described Th9 and Th22 cells are proposed to be potential 

players in allergic disorders (73,74).

The risk to develop allergy is determined by a multitude of factors including genetic makeup, 

environmental conditions, the nature of the antigen initiating the disease, and the possibility of 

coinciding infections during exposure to antigen which influences immune responses (75). The 

conspicuous widespread of atopic disorders, especially in industrialized countries, indicates 

a central role of environmental factors in the etiology of allergy. This increase was explained 

by the so called “hygiene hypothesis”, which suggests that reduced exposure to Th1-driving 

environmental elements leads to predominance of Th2 responses. In other words a change 

in life style characterized by improved sanitation, mass vaccination programs and the use of 

antibiotics not only reduced immunological interaction with microorganisms but completely 

altered immune responses towards foreign antigens (76). Importantly, the accompanying 

increase in the rate of Th1-mediated autoimmune diseases like type-I diabetes and multiple 

sclerosis was suggested to be an immunological irregularity common to both Th1- and Th2-

mediated disorders (77). Therefore, the hygiene hypothesis is nowadays mainly linked to 

defects in the tolerogenic arm of the immune system, which results in both allergic and auto-
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1immune diseases. While healthy individuals retain efficient Treg cells that prevent Th2-driven 

immune responses, atopic individuals demonstrate functionally impaired Treg cells, tipping the 

balance in favor of Th2 reactions presumably leading to the development of allergy (78,79). In 

addition to inhibiting Th2 cells, fully functional Treg cells may also participate in protection 

against allergic reactions by suppressing the capacity of DCs to prime effector T cells and to 

support the potential of DCs to induce Treg cells (80). In addition, Treg cells inhibit ongoing 

production of allergen-specific IgE by B cells by promoting B cell class-switch to IgG4 and IgA 

(81), and by directly inhibiting mast cell degranulation (82). 

ALLERGEN-SPECIFIC IMMUNOTHERAPY
The principle of allergen specific immunotherapy (SIT) was introduced in 1911 by Leonard Noon 

who successfully prevented grass-pollen allergy using subcutaneous injection of grass-pollen 

extract (83). Being a disease-modifying treatment with a long lasting effect (84,85), SIT currently 

represents the sole curative therapeutic approach of mono allergies. A typical SIT regime is 

based on the subcutaneous administration of the sensitizing allergen, starting at low doses and 

building up gradually till a maintenance dose is reached and thereafter maintenance doses are 

given at long intervals for approximately five years (86). Clinical efficacy of SIT is manifested 

by enhanced quality of life, reduced allergic symptoms, reduced usage of medicines (like 

corticosteroids, β2 adrenergic receptor blockers and anti-histamines), reduced skin-prick test 

reactivity, and most importantly SIT prevents disease progression and new sensitizations (67). 

The anti-inflammatory effects conferred by SIT are the consequence of modifying the 

functions and responses of immune cells involved in allergic reactions. SIT is shown to adjust 

T cell responses by boosting the ratio of allergen-specific Th1 cytokines to Th2 cytokines (87,88). 

Compelling evidence implies that the therapeutic effects of SIT are mediated by restoring the 

immunomodulatory role of Treg cells. This was demonstrated by the increased production 

of the anti-inflammatory cytokines IL-10 and TGF-β by allergen-specific Treg cells following 

SIT (78,89-91). Although DCs are the initiators of allergic reactions by priming Th2 cells, it is 

postulated that DCs themselves are responsible for launching the series of events leading to 

an efficacious SIT by priming the aforementioned Treg cells. In addition to suppressing effector 

functions of T cells, SIT-induced Treg cells have a strong impact on antibody production by B 

cells. Treg-derived IL-10 inhibits both total and allergen-specific IgE, and triggers B cell class-

switching to IgG4 (81,89). Allergen-specific IgG4 is suggested to block the IgE-mediated effects 

by competing with it on allergen binding and thus preventing IgE cross-linking on mast cell and 

basophil surfaces (92). Furthermore, IgG4 blocks IgE-mediated antigen presentation via Fcε 

receptors, resulting in impaired T cell proliferation and reduced production of T cell cytokines 

(93,94). The enhanced IgG4 blocking activity is associated with successful SIT, though it may 

not always correlate with an increase in the total serum IgG4 (95). In addition to IgG4, there 

is evidence of IgA induction following SIT (91). This induction may be explained by increased 

levels of TGF-β which is known to trigger IgA class-switching in B cells (96). Besides altering 

allergen-specific adaptive immune responses following SIT, innate immune cells involved in the 
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1 allergic process are also regulated. Treg-derived IL-10 is involved in debilitating mast cell and 

basophil activation and degranulation leading to reduced secretion of inflammatory mediators 

(97,98). Moreover, SIT results in reduced eosinophilia, eosinophil activation and adhesion as 

well as chemotactic factors for eosinophils and neutrophils (99-101).

Despite being the only cure for allergy, SIT has certain drawbacks. As mentioned earlier, SIT 

is based on the administration of increasing concentrations of the sensitizing allergen, exposing 

the patient to a high risk of developing life-threatening anaphylactic reactions (102). Therefore, 

as a precautionary measure, SIT is applied at specialized clinics and treated patients are monitored 

for at least 30 minutes after injecting the allergen preparation so they can be treated immediately 

in case of developing systemic reactions. In addition to safety issues, the relatively low efficacy of 

SIT reflected by the long treatment duration (up to 5 years) with so many visits to the clinic, leads 

to low patient compliance. Another major concern about SIT is the allergen preparations used 

during treatment. Although these preparations are standardized in terms of allergenic activity 

and possibly the concentration of one major allergen, many of these preparations are actually 

crude extracts derived from natural materials which may contain varying amounts of immune-

activating substances such as lipopolysaccharid (LPS) and CpG which may cause unwanted side 

effects. This can be circumvented by using recombinant allergens that can be produced with 

standardized procedures yielding pure and well-characterized product (103). Recombinant 

allergens were proven to be as efficient as natural allergen upon using them in SIT (104). 

New approaches to SIT are considered to improve its safety and efficacy. It is proposed that a 

successful, anaphylaxis risk-free SIT can be achieved by using the T cell epitopes of the sensitizing 

allergen, which may allow achieving SIT-induced T cell tolerance while lacking antibody-binding 

sites that mediate IgE cross-linking. Ultimately, this method would allow the use of high doses of 

the allergen and consequently higher efficacy in establishing T cell tolerance (105). Initially, the T 

cell epitope principle was applied by modifying allergens with aldehyde, a treatment that destroys 

B cell epitopes while retaining the original immunization capacity of the allergen (106,107). 

Although aldehyde-modified allergens, referred to as allergoids, proved clinical efficiency, their 

reduced T cell reactivity is a major concern that limits the application of this method (108). 

Another way to achieve reduced IgE binding while preserving T cell reactivity is by using major 

recombinant allergens without being refolded to their native conformation (109). Promising 

clinical trials were also performed using non-IgE binding fragments or trimers of the allergen 

(110,111). Another technique to create hypoallergenic vaccines is by introducing point mutations 

on the allergen IgE-binding sites without disturbing the allergen structure (112). Another novel 

SIT strategy depends on using allergen-derived peptide fragments that are too small for IgE 

cross-linking yet big enough to preserve T cell reactivity (113). Several clinical trials employing the 

peptide strategy gave promising results in treating bee venom and cat allergies (114-116).

Other attempts to improve the efficacy of SIT were based on supporting the shift of immunity 

towards Th1 or Treg responses by manipulating DCs. For instance, co-administration of toll-like 

receptors (TLR) ligands that favor Th1 responses may result in enhanced SIT quality. When 

combined with allergen, monophosphoryl lipid A (MPLA), a low toxic TLR4 agonist derived from 

LPS, was shown to reduce allergic symptoms and induce high levels of IgG4 after a short treatment 
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1course (117,118). In several mouse models of asthma and allergy, the synthetic lipopeptide and 

TLR2 ligand LP40 was shown to inhibit Th2 responses, IgE production and eosinophilia (119). 

Another example of employing TLR ligands in SIT is the TLR9 agonist CpG. Immunomodulation 

by CpG was found to protect from early and late allergic responses in a mouse model of asthma 

(120). Furthermore, systemic application of CpG protects against airway remodeling by inhibiting 

the development of airway hyper-responsiveness, eosinophilic inflammation and airway mucus 

production and by reducing the bronchoalveolar lavage fluid and lung levels of the pro-fibrotic 

cytokine TGF-β (121). Initial clinical trials applying allergen conjugation with CpG demonstrated 

to be a safe treatment with long-lasting clinical effects and prolonged shift from Th2 responses 

to Th1 immunity (122,123). However, a phase II/III trial resulted in marginal clinical improvement, 

leading to the cessation of exploiting CpG motifs in SIT (124). 

As mentioned previously, induction of allergen-specific Treg cells is probably crucial for a 

successful SIT. Adjuvants able to skew DC function into priming Treg cells would promote the 

efficiency of SIT and may prove useful in reducing SIT duration. In a mouse model of allergic 

asthma, vitamin D was demonstrated to potentiate the efficacy of typical SIT in an IL-10 and 

TGF-β dependent mechanism that led to reduced allergen-specific IgE, eosinophelia and Th2 

cytokines, and induced allergen-specific IgA (125). The fusion protein of Bet v1 (the major 

allergen of birch pollen) and a recombinant S-layer bacterial surface protein of Geobacillus 

stearothermophilus (rSbsC) was also shown to influence DCs from allergic patients to prime 

IL-10 producing Treg cells, implying a useful approach that can be exploited in SIT (126). Another 

bacterial product that exerts anti-inflammatory effects during SIT is cholera toxin B subunit (CTB), 

which stimulates DCs to suppress allergy through inducing IgA secretion by B cells (127). Finally, 

it is worth mentioning that glucocorticoids and β2 adrenergic agonists, used for instantaneous 

relief of allergic symptoms, seem to promote the number and activity of Treg cells (128).

The typical SIT route of administration is subcutaneous injection (SCIT), however 

alternative modes of delivery were also considered as a mean to avoid the adverse effects of 

SCIT. Intralymphatic administration of allergens was reported to render SIT faster and safer, 

with reduced treatment time from 3 years to 8 weeks (129). Epicutaneous patch administration 

was also found to reduce allergic symptoms, though eczema at the patch site was reported 

as a frequent side effect (130). Oral immunotherapy against peanut allergy was found to 

induce clinical desensitization to peanut accompanied by durable cellular and humoral 

changes reflected by reduced IgE, increased IgG4 and increasing the number of Foxp3+ Treg 

cells (131). Among the investigated alternative routes, sublingual immunotherapy (SLIT) is the 

most studied and is an approved treatment in many countries. Although SLIT was found to be 

clinically efficacious, the treatment benefit is about half that achieved by SCIT (132).     

Finally, recent studies demonstrated that SIT efficacy and safety can be improved by 

combining SIT with novel immunomodulatory drugs. The addition of Omalizumab, an anti-IgE 

antibody, during SIT treatment protocol resulted in fivefold decrease in the risk of anaphylaxis 

(133). A similar effect was also achieved by the co-administration of levocetirizine, an 

antihistamine, which also enhanced T cell production of IL-10 (134). Future use of these drugs 

may allow the use of higher allergen doses and reduce SIT duration.
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1 VITAMIN D EFFECTS ON THE IMMUNE SYSTEM
Vitamins (vital amines) are essential nutrients that cannot be synthesized in sufficient quantities 

by an organism and therefore should be supplemented through the diet. Among their multi-

faceted effects, vitamins have a role in regulating immune functions. Some vitamins influence 

the immune system in a nonspecific manner by acting as antioxidants like vitamins C, E and 

members of the B complex. On the other hand, vitamins A and D have specific effects on both 

innate and adaptive immunity (135).

Although best known for its vital role in calcium homeostasis and bone metabolism, vitamin 

D influences a broad spectrum of biological processes that extend to a direct influence on the 

immune system in both its innate and adaptive arms. Vitamin D functions are demonstrated 

through its active metabolite 1,25-dihydroxyvitamin D3, also known as calcitriol, which is 

generated from vitamin D precursors (Fig. 2, left panel). Calcitriol synthesis starts in the skin 

from 7-dehydrocholesterol which is transformed into vitamin D3, also known as cholecalciferol, 

through a process dependent on ultraviolet B radiation coming with sunlight. Alternatively, 

cholecalciferol can be also supplemented by the diet. Cholecalciferol is then hydroxylated 

into 25-hydroxyvitamin D3, referred to as calcidiol, the main circulating form of vitamin D. 

This hydroxylation takes place mainly in the liver and is mediated by enzymes belonging to 

the cytochrome P450 family; CYP2R1 and CYP27A1. Finally, calcidiol is further hydroxylated 

by CYP27B1 in the kidneys to become the active metabolite calcitriol (136,137). In addition to 

being processed in the liver and the kidneys, VitD3 metabolism can also take place in other 

cells such as DCs, which own the aforementioned enzymatic machinery (14,138). The generated 

calcitriol exerts its effects by binding to the vitamin D receptor (VDR), a member of the nuclear 

receptor family, which subsequently relocates to the nuclease where it heterodimerizes with 

retinoid X receptor (RXR). The formed VDR-RXR heterodimer then binds to vitamin D response 

elements (VDREs) in the promoter region of vitamin D-responsive genes, and other co-factors 

are recruited resulting in promoting or suppressing the expression of these genes (137). Among 

the upregulated genes in response to vitamin D is 24-hydroxylase (CYP24A1), responsible for 

calcitriol catabolism by converting it to calcitroic acid that is then exerted in the bile (139).  

The effects of vitamin D on innate immune cells range between stimulation and inhibition. 

On one hand, calcitriol was found to induce monocyte and macrophage productivity of the 

antimicrobial peptide cathelcidin enhancing their capacity to kill Mycobacterium Tuberculosis 

(140,141). On the other hand, calcitriol has an inhibitory influence on DCs. This inhibition is 

characterized by inhibited expression of the MHC-II and co-stimulatory molecules, leading 

to reduced immunostimulatory capacity (142,143). Additionally, calcitriol endows DCs by 

tolerogenic properties reflected by inhibited DC synthesis of IL-12, boosted IL-10 secretion and 

induced ILT3 expression, collectively leading to Treg cell priming and inhibiting the induction 

of Th1 cells (144-146). Besides its DC-mediated inhibitory effect on T cells, calcitriol directly 

inhibits T cell proliferation, IL-2 expression, inflammatory cytokines production (IFN-γ, IL-17) 

and CD8+ T cell cytotoxicity (147-151). Overall, the net influence of calcitriol on T cells is blocking 

the induction of Th1 and Th17 cells, promoting Th2 cell responses, and inducing different types 
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of Treg cells (Foxp3+ Treg and IL-10 producing Tr1 cells) (148,152-154). Calcitriol modulation of 

adaptive immune responses extends to the B cell compartment where calcitriol was found to 

inhibit B cell proliferation, plasma cell differentiation and antibody secretion, and to induce 

B cell apoptosis (155). In addition to shaping immune responses, calcitriol is also an important 

regulator of lymphocyte trafficking. Calcitriol directs T cells and terminally differentiated 

B cells to migrate into the epidermis by inducing the expression of the skin epidermal homing 

receptor CCR10 on these cells (14,156).

VITAMIN A EFFECTS ON THE IMMUNE SYSTEM
Vitamin A is another vital nutrient with pleiotropic influence ranging from eye vision and 

organogenesis to metabolism and immunological responses. Vitamin A is acquired from the 

Figure 2. Vitamin D and vitamin A metabolism in dendritic cells. DCs were shown to posses the enzymatic 
machinery necessary for vitamin D metabolism (left). The active vitamin D precursor, cholecalciferol, is 
generated in the skin from 7-dehydrochlolestrol upon exposure to solar ultraviolet B radiation (UVB). In 
DCs cholecalciferol is hydroxylated into calcidiol in a reaction mediated by the P450 enzyme CYP27A1. 
Calcidiol is further hydroxylated into the active form of vitamin D, also known as calcitriol, in a reaction 
carried out by another P450 enzyme CYP27B1. Calcitriol exerts its effects by binding to vitamin D receptor 
(VDR) which in turn translocates to the nucleas where it promotes or suppresses the expression of multiple 
genes. On the other hand, only special DC subsets express the vitamin A metabolizing enzymes (right). 
Vitamin A is derived from the diet in the form of retinol (liver), or carotinoids (plants) that are transformed 
into retinol. Subsequently, retinol is converted into retinal by alcohol dehydrogenases (ADH). Retinal is 
then oxidized in an irreversible reaction into all-trans-retinoic acid (RA) in a reaction catabolized by retinal 
aldehyde dehydrogenase (RALDH). Retinoic acid demonstrates its influence by binding to retinoic acid 
receptor (RAR), another nuclear receptor which relocates to the nucleus where it promotes or suppresses 
the expression of a variety of genes. 
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1 diet in the form of β-carotene or retinyl esters which are stored mainly in the liver where they 

undergo continuous hydrolyzation into retinol and deployed into circulation. Upon entering a 

cell, retinol is oxidized into retinal by the ubiquitously expressed alcohol dehydrogenases (ADH). 

Retinal is further oxidized into retinoic acid (RA) according to an irreversible reaction mediated 

by retinal dehydrogenases (RALDH), of which the expression is tightly regulated (Fig. 2). 

RA is the active metabolite of vitamin A and it can be generated in multiple isoforms, including 

all-trans and 9-cis retinoic acid; however the all-trans form is predominant in most tissues (135). 

Although RA is present in serum at low levels, the primary site for enzymatic processing of 

vitamin A precursors into RA is the small intestine (157). This is owed to the high expression of 

RALDH genes by multiple cellular elements of the intestine and the lymph nodes associated 

with the gastrointestinal tract. For instance, intestinal epithelial cells are characterized by high 

expression of RALDH1, encoded by ALDH1A1 (158), whereas stromal cells of mesenteric lymph 

nodes express all of three RALDH isoforms, encoded by ALDH1A1, ALDH1A2 and ALDH1A3 (159). 

Furthermore, high expression of RALDH2 was observed in the lamina propria CD103+ DC subset 

(41). This differential expression of RALDH isoforms between the aforementioned cell types 

implies that RA production is regulated differently in these cell types. In addition to intestinal 

CD103+ DCs, RALDH activity was also revealed in skin and lungs DCs. Surprisingly, in the skin RA 

productivity was not restricted to CD103+ DCs indicating that CD103 is not a specific marker for 

RA-producing DCs (45) . Subsequent to its production, RA exerts its functions by binding to the 

retinoic acid receptor (RAR) which has three isoforms: α, β and γ. Then, RAR-RXR heterodimers 

are formed to interact thereafter with retinoic acid response elements within the promoters of 

RA-responsive genes (160).

Being a key constituent of local intestinal milieu, RA profoundly influences mucosal 

immunity. Among other factors produced by the gut epithelia, RA was found to be vital for 

conditioning the local CD103+ DC subset and enabling it to actively produce RA (161). CD103+ DC-

derived RA potently contribute to the differentiation of Foxp3+ iTreg cells (41,42). Additionally, 

RA can exert direct regulatory effects on T cells. For instance RA inhibits IFN-γ production by 

Th1 cells by promoting Th2 cell development (162,163). Although RA seems to be a committed 

tolerogenic factor, recent studies provide compelling evidence of an important role of RA in 

inducing effector T cells. Hall et al. demonstrated that vitamin A-deficient mice have impaired 

mucosal and systemic CD4+ T cell immunity, reflected by ablated Th1 and Th17 responses (164). 

In concert with this finding, RA signaling was revealed to be spatially and temporally restricted 

to inflammatory sites, a phenomenon that disappeared in vitamin A-deficient mice (165). In 

stressed intestinal environment, and in conjunction with IL-15, RA was found to promote, 

instead of inhibiting inflammation (166). Moreover, vitamin A deficiency leads to impaired 

vaccine-induced gastrointestinal immunity (167).These contradicting findings about the role 

of RA in immunity and tolerance suggest the involvement of RA in different immunological 

processes. Dissecting the contribution of RA to these processes and its interplay with other 

factors is crucial to form an understanding about RA immunological functions. 

In addition to its major influence on T cell functions, RA also affects B cells. In collaboration 

with IL-5 or IL-6, intestinal DC-derived RA induces B cell class-switching to IgA antibodies (168) 
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1which form a crucial component of mucosal immunity forming the first line of defense against 

pathogens (169). Similar to calcitriol, RA not only participates in shaping immune responses, 

but is also involved in lymphocyte trafficking. RA derived from mucosal DCs was shown to guide 

activated T and B cells to the intestinal lamina propria by inducing the expression of the mucosal 

homing integrin α4β7 and intestinal chemokine receptor CCR9 on these cells (13,168,170).

SCOPE OF THIS THESIS
Allergen specific immunotherapy (SIT) is currently the only curing remedy for allergies. 

However, this treatment has serious caveats that in certain situations may outweigh the clinical 

benefits of SIT. Among drawbacks of SIT are the high risk of developing anaphylactic reactions, 

owed to the administration of high allergen doses, and the low efficacy reflected by long 

treatment regimes. Therefore, in this thesis we set out to develop methods to circumvent the 

aforementioned obstacles, aiming to deliver a well-tolerated efficacious SIT (Fig 3).

Induction of Treg cells is probably vital for a successful SIT. In conventional SIT protocols, 

shifting towards Treg responses may not be very efficient, which may explain the requirement of 

long treatment protocols. This low efficacy in inducing Treg cells can be enhanced by modifying 

DC functions and hijacking signal 3 to prime Treg cells, which can be achieved through applying 

regulatory adjuvants. Vitamin D was used successfully for this purpose in a mouse model of 

allergic asthma (125). Therefore, in this thesis we extensively evaluated the regulatory qualities 

of vitamin D in a human setting and whether it meets the requirements of allergy treatment. 

Since SIT is usually applied through the subcutaneous route, we investigated in chapter 2 the 

differential in vitro effects of the active metabolite of vitamin D, calcitriol, on (LCs) and dermal 

DCs (DDCs), the two major subsets of skin DCs. Therapeutic application of calcitriol bears the 

risk of hypercalcemia, therefore chapter 3 was devoted to investigate the immunomodulatory 

properties of the better-tolerated vitamin D precursors cholecalciferol and calcidiol. Former 

reports investigating vitamin D effects on DCs were performed on monocyte-derived DCs or 

isolated ex vivo DCs. Therefore, in chapter 4 we focused on analyzing the effects of calcitriol 

on different skin DC subsets while residing in their local environment, i.e. by intradermally 

injecting calcitriol in an ex vivo skin explant model.

The risk of anaphylaxis accompanying SIT can be diminished if clinical benefits of SIT are 

reached by allergen targeting to DCs. In chapter 5 we tackled this issue by examining to what 

extent targeting allergen to DCs in vitro, through conjugation to αDEC205 antibody and in the 

concomitant presence of calcitriol, would induce allergen-specific Treg cell responses.

Being produced by lung dendritic cells, RA may play a crucial role in maintaining immune 

tolerance in the lungs. Therefore, in chapter 6 we try to elucidate the mechanisms underlying 

the tolerogenic effects of RA using a novel model of RA-primed DCs in vitro.  

Finally, in chapter 7 the findings of the previous experimental chapters are discussed in 

relation to the current knowledge in relevant fields.
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Figure 3. Different modalities of allergen specific immunotherapy (SIT). The classical protocol of SIT 
is based on the administration of the sensitizing allergen (in pink). Classical SIT protocol is hypothesized 
to be effective through the induction of allergen-specific regulatory T cells (Treg). Dendritic cells (DCs) 
are central for this process as antigen presenting cells that promote the development of Treg cells. 
Other regimes are proposed to enhance the efficacy and the safety of the classical protocol. Efficacy can 
be boosted by applying a regulatory adjuvant (in light green), which would target DCs to induce Treg 
cells through regulatory factors (RF) (Regulatory adjuvant protocol). On the other hand, better safety 
may be realized by targeting the allergen to DCs through a DC-specific antibody (in dark green), by 
possibly reducing unwanted systemic reactions (DC targeting protocol). The optimal protocol would be 
a combination of targeting and application of regulatory adjuvant to enhance both efficacy and safety 
(Combined protocol). 
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