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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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1

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 

18



G
EN

ER
A

L IN
TR

O
D

U
C

TIO
N

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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ABSTRACT
Background: The vitamin D metabolite 1,25(OH)2D3 (VitD3) is a potent immunosuppressive 

drug and, amongst others, used for topical treatment of psoriasis. A proposed mechanism of 

VitD3 mediated suppression is priming of dendritic cells (DCs) to induce regulatory T (Treg) cells.

Objective: Currently, there is confusion about the phenotype of VitD3-induced Treg cells and the 

DC-derived molecules driving their development. We investigated Treg cell induction after VitD3-

priming of the two distinct skin DC subsets, Langerhans cells (LCs) and dermal dendritic cells (DDCs). 

Methods: LCs and DDCs primed with VitD3 were cocultured with allogeneic naive T cells. The 

phenotype and function of the DCs and induced T cells were analyzed. 

Results: Both VitD3-primed DC subtypes induced T cells with regulatory activity. Unexpectedly, 

whereas the Treg cell populations generated by VitD3-primed LCs were CD25hiCD127lo forkhead 

box protein 3 (Foxp3)-positive cells, which meet the criteria of classical inducible Treg cells, 

the T cells developing in response to VitD3-primed DDCs were Foxp3- Tr1 cells expressing IL-10. 

Inhibition experiments revealed that LC-derived TGF-β is a key factor in the induction of Foxp3+ 

Treg cells, whereas DDC-derived IL-10 is important for their induction of IL-10+ Tr1 cells. 

Conclusion: Thus, we report the novel finding that distinct, but closely related DC subsets are 

differentially programmed by VitD3 to support development of either TGF-β-dependent Foxp3+ 

Treg cells or IL-10-dependent IL-10+ Treg cells. 

Key words:  Skin, Langerhans cells, dendritic cells, regulatory T cells, Vitamin D3, Foxp3, IL-10, 

TGF-β 

ABBREVIATIONS 
VitD3   vitamin D metabolite 1,25(OH)2D3

DCs  dendritic cells

LCs   Langerhans cells 

DDCs  dermal dendritic cells 

Treg cell  regulatory T cell

MF  maturation factors

SIT  allergen-specific immunotherapy
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INTRODUCTION
The vitamin D metabolite 1,25(OH)2D3 (VitD3) and related compounds are potent 

immunosuppressive drugs. Various studies have shown beneficial effects of VitD3
 
in mouse 

models for autoimmune-, allergic- and inflammatory diseases (1). Although the exact mechanism 

underlying the immunosuppressive effects of VitD3 remains unclear, the appearance of Treg 

cells may play an important role (2-4). Taher et al. recently demonstrated that subcutaneously 

administered VitD3 can potentiate suppressive effects of immunotherapy in a mouse model of 

allergic asthma by induction of increased levels of the regulatory cytokines IL-10 and TGF-β (5). 

The involvement of both IL-10 and TGF-β suggests that VitD3 can induce various subpopulations 

of Treg cells, indicating that different mechanisms or cell subsets are involved. 

There are strong indications that the immunosuppressive effects of VitD3 are mediated 

by modulation of dendritic cell (DC) function. VitD3 arrests cytokine- or pathogen-induced 

maturation of DCs while upregulating the expression of molecules associated with tolerogenic 

functions such as immunoglobulin-like transcript (ILT) 3 (6). Moreover, VitD3-treatment 

induces a cytokine profile known to favor differentiation of T cells with suppressive activity 

(6-12), and indeed, numerous studies have shown that VitD3 can prime for tolerogenic DCs that 

can induce Treg cells (6,9,11-15).

VitD3 analogues are currently successfully used as topical treatment for the T cell-mediated 

skin disease psoriasis. By using VitD3-containing vaccine formulations administered into the 

skin Enioutina et al. demonstrated that skin DCs are a target for VitD3 (16). 
 
In the skin 2 different 

conventional DC subsets, epidermal Langerhans cells (LCs) and dermal dendritic cells (DDCs), 

basically determine the induction of T cell responses. However, the specific effects of VitD3 

on different skin DCs have not been investigated yet. Since LCs and DDCs are heterogeneous 

in terms of origin, phenotype, and function, they may respond differently to VitD3 and 

display distinct expression profiles of factors that drive Treg cell development. Therefore, we 

investigated whether VitD3 primes both DC subsets for induction of Treg cells, and if so, to what 

extent these Treg cells are different. In this study, we show that VitD3-priming of LCs and DDCs 

results in the induction of different types of Treg cells from naive CD4+ T cells. Whereas VitD3-

treated DDCs induce forkhead box protein 3 (Foxp3)-negative IL-10+ Treg cells through an IL-

10-dependent mechanism, VitD3-treated LCs are programmed to support the development of 

TGF-β-dependent Foxp3+ Treg cells.

MATERIALS & METHODS
Priming of DDCs and LCs. In vitro equivalents of DDCs and LCs were generated from monocytes 

as described previously (17). LC differentiation was confirmed based on expression levels of 

E-cadherin, CD1a and Langerin (supplementary Fig. 1). Ex vivo LCs and DDCs were derived from 

normal human skin as described previously (17).  Immature DCs were stimulated for 48 h with 

IL-1β (25 ng/ml) and TNF-α (50 ng/ml) together (both purchased from PBH, Hannover, Germany; 

the combination is further referred to as maturation factor [MF]) in the presence or absence of 
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1α25 dihydroxyvitamin D3 (2,5-0.025 µM, Sigma, St Louis, MO) and analyzed for the expression 

of cell surface molecules by flow cytometry (Canto II; BD, Franklin Lakes, NJ) as described 

elsewhere (18)  using mouse anti-CD86-allophycocyanain, anti-CD83-phycoerythrin (PE), anti-

HLA-DR-peridinin-chlorophyll-protein, and anti-programmed death ligand (PDL)-2/CD273- 

allophycocyanain (BD PharMingen, San Jose, Calif); anti-ILT3/CD85k-PE, anti-ILT4/CD85d-PE 

(R&D Systems, Minneapolis, Minn), and anti-PDL-1/CD274-PE-Cy7 (eBioscience, San Diego, Calif). 

Stimulation of naive CD4 T cells. Primed DCs were washed extensively before co-culture 

with naive T cells at a ratio of 1:4 in 200 µl of Iscove modified Dulbecco medium/5% human 

serum (Lonza, Basel, Switzerland) containing superantigen Staphylococcus aureus enterotoxin 

B (0.5 pg/ml; Sigma) as described previously (18).  Naive CD4+ T cells were isolated as described 

previously using CD4+ MACS MultiSort beads, supplemented with anti-CD45RO-PE (Dakopatts, 

Hamburg, Germany) and anti-PE beads (Miltenyi Biotec, Bergisch Gladbach, Germany) (19). 

When indicated, neutralizing antibodies for human TGF-β1 (R&D Systems), IL-10, ILT3, and ILT4 

(R&D Systems), or an inhibitor of the downstream TGF-β signaling molecules SMAD3 (SMAD3i, 

Sigma) were added during co-culture with appropriate control Abs (goat anti-mouse IgG+A+M; 

Zymed, South San Francisco, Calif) or anti-human IgG1κ (BD PharMingen). On day 7, 12 or 14 

cells were analyzed by flow cytometry for CD25, CD127, ctyotoxic T lymphocyte-associated 

antigen 4 (both from BD PharMingen) and Foxp3 (eBioscience) per the manufacturer’s 

protocol. Furthermore, resting T cells were restimulated at day 11 with phorbol 12-myristate 

13-acetate (100 ng/ml)/ionomycin (1 µg/ml; Sigma) and analyzed for the expression of IFN-γ 

and IL-4 as described previously (18). In parallel, 10x104 T cells were restimulated with soluble 

murine mAb to human CD3 (0.5 µg/ml; Sanquin research, Amsterdam, The Netherlands) and 

CD28 (1 µg/ml, Sanquin research) in 200 µl culture medium. 16-h supernatants were taken for 

analysis of IL-10 by means of ELISA. IL-10 production by T cells was also measured using an 

IL-10 secretion assay (Miltenyi Biotec) performed according to the instruction manual. T cell 

proliferation was determined as described previously by coculturing 4 X 104 naïve CD4+ T cells 

with DCs and measurement of tritiated TdR incorporation on day 5 (18).  

Analysis of cytokine production by DCs. Mature DCs (2 X 104) were stimulated with 

2 X 104 CD40L-expressing mouse plasmacytoma cells (J558; a gift from Dr. P. Lane, University 

of Birmingham, Birmingham, United Kingdom). ELISAs were performed to determine 

concentrations of IL-12p70 (Clone 20C2), IL-10 (BD Pharmingen), and TNF-α (eBioscience) in 

24-h culture supernatants as previously described (18). For the measurement of immunoreactive 

TGF-β1, 96-wells plates were precoated with a TGF-β1-specific mAb before adding cells and 

stimuli into the wells. After 24 hours cells and unbound substances were washed away and 

bound active TGF-β1 was measured by means of ELSIA according to the manufacturer’s 

instructions (R&D Systems).    

T cell suppressor assay. The T cells induced upon coculture with MF- or MF/VitD3-primed 

DDCs and LCs  (test cells) were harvested after 6 days, extensively washed, counted, irradiated 

(30 Gy) to prevent expansion, and stained with the cell cycle tracking dye PKH-26 (3x10-5 mol/l, 

Sigma). Memory T cells were purified as described previously (19), labeled with 5,6-carboxy 
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fluorescein diacetate succinimidyl ester (CFSE, 0,5 µM; Molecular Probes, Eugene, Ore) and 

subsequently used as bystander target cells. Test cells (25 X 103 or 50 X 103) were cocultured 

in a round-bottom 96-well plate (Costar) with 25 X 103 target cells and MF-matured DCs. After 

5-7 days, the proliferation of the target T cells was determined by flow cytometry. 

Statistics. Student t tests were performed for paired measurements with GraphPad software 

(GraphPad InStat, GraphPad software, Inc, La Jolla, Calif). P values of less than 0.05 were 

considered significant.

RESULTS
VitD3-primed DDCs and LCs induce regulatory activity in naive Th cells

It is well known that VitD3 has profound effects on DC function, however little is known about 

whether VitD3 has differential effects on distinct conventional DC subtypes. Therefore, we first 

investigated the effects of VitD3 on the ability of in vitro-generated DDCs and LCs to stimulate 

allogeneic naive CD4+ T cells. DCs primed with VitD3 alone did not promote T cell proliferation 

(data not shown). DDCs and LCs activated with MF strongly induced proliferation of allogeneic 

naive CD4+ T cells. As shown in Fig. 1, the presence of VitD3 during activation of DDCs and LCs 

with MF significantly hampered the ability of both subsets to promote T cell proliferation. No 

differences were found in the viability of the DC subsets activated with MF in the presence or 

absence of VitD3 (data not shown). To investigate whether the T cell populations generated 

by VitD3-primed DDCs and LCs acquired regulatory capacities, we tested their ability to 

suppress proliferation of activated naive bystander CD4+ T cells (target cells). Proliferation of 

Figure 1. VitD3 priming hampers the ability of DDCs and LCs to promote T cell proliferation. 
Proliferation of allogeneic naive CD4+ T cells stimulated by DDCs or LCs that were primed with MF (TNF-α/
IL-1β) in the presence or absence of 2.5µM VitD3. Data are shown as means ± SDs of triplicates of one 
representative experiment (n=5). * P < .05. 
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the bystander T cells in the presence of T cells that were generated by MF-primed DDCs or LCs 

was set at 100%.  Indeed, T cells promoted by either VitD3/MF-primed DDCs or -LCs were able 

to suppress proliferation of these bystander T cells, as indicated by a significant reduction in 

proliferation compared with the T cells generated by DDCs and LCs primed with MF (Fig. 2A 

and Supplementary Fig. 2). The level of suppression by the T cells was dependent on the VitD3 

concentration. Moreover, the suppressive capacity of the T cells prompted by LCs decreased 

rapidly on the use of lower VitD3 concentrations. Reducing the amount of VitD3-promoted 

test cells in the coculture with target cells resulted in a diminished suppression of target cell 

proliferation (Fig. 2B), further confirming the specific suppressive activity of these T cells. 

We next investigated whether LCs and DDCs derived from human skin are also capable 

to induce Treg upon treatment with VitD3. The highest concentration of VitD3 that was used 

Figure 2. VitD3-primed DDCs and LCs induce regulatory activity in CD4+ T cells. Proliferation of 
target cells in the presence of  T cells stimulated by in vitro-generated MF/VitD3-primed DDCs or LCs (A), 
different ratios of T cells stimulated by in vitro-generated MF/VitD3-primed DDCs or LCs (B), or  T cells 
stimulated by skin-derived MF/VitD3-primed DDCs or LCs (C). Data are shown as means ± SDs of 5 (A, C) 
or 2 (B) independent experiments. * P < .05, ** P < .01.
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for the in vitro-generated DCs  induced relatively high levels of cell death, indicating that 

skin-derived DCs are more sensitive to VitD3 than in vitro generated DCs (data not shown). 

However, the T cells induced in the presence of skin-derived DDCs and LCs primed with lower 

concentrations of VitD3 indeed also inhibited the proliferation of the bystander T cells (Fig. 2C). 

These data show that the presence of VitD3 during maturation of both DDCs and LCs results in 

the acquirement of tolerogenic capacities, which drive the development of Treg cells. 

VitD3-primed DDCs and LCs induce distinct Treg cell phenotypes

In search for the types of Treg cells that develop upon VitD3 treatment, we investigated the 

phenotypic characteristics of the T cells induced by VitD3-primed DDCs and VitD3-primed LCs. 

Naïve, alloreactive, CD4+ T cells that were activated by MF-primed DDCs and LCs differentiate 

mainly into Th1 cells and not Th2, as determined by intracellular staining for IFN-γ and IL-4 

(Fig. 3). Although LCs were superior to DDCs in induction of IFN-γ-producing T cells, VitD3-

priming markedly reduced the induction of IFN-γ-producing CD4+ T cells by both DC subsets. 

No substantial IL-17 was detected in either of the conditions we used (data not shown), which is 

not surprising as in contrast to the induction of murine Th17 cells, the mechanism of induction 

of human Th17 cells from naive Th cells remains elusive. 

To further investigate the phenotype of the Treg cells, we analyzed the Foxp3 expression 

levels intracellularly, as well as the expression levels of the cell surface molecules CD25 and CD127 

by means of flow cytometry. Strikingly, about 20 to 30% of the T cells that developed in the 

presence of VitD3-primed LCs showed high expression of Foxp3, whereas this Foxp3 population 

was almost absent in the T cells promoted by VitD3-primed DDCs at all VitD3 concentrations 

tested (Fig. 4A and B). In line with the results for the suppressor assay, the induction of Foxp3+ 

Treg cells by VitD3-treated LCs was dose-dependent (Fig. 4B).  Further characterization of 

the Foxp3+ T cells demonstrated a low expression of CD127 (Fig. 4A) and high levels of CD25 

(data not shown), resembling previously described inducible Foxp3+ Treg cells (20). To exclude 

the possibility that the observed differences are due to differences in kinetics and transient 

Foxp3 expression, a phenomenon that has been shown previously (21,22), we determined 

Foxp3 expression on day 7, 11, and 14. As shown in Fig. 4C, the expression of Foxp3 in the T cells 

Figure 3. VitD3 inhibits Th1 cell-inducing capacity of DDCs and LCs. IFN-γ and IL-4 production by 
CD4+ T cells activated by MF/VitD3-primed DDCs and LCs. The graph shows means ± SDs of 5 independent 
experiments. * P < .05.
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Figure 4. VitD3-primed LCs induce Foxp3+ T cells, whereas VitD3-primed DDCs do not. (A) 
Representative Foxp3 and CD127 expression by CD4+ T cells stimulated by DDCs and LCs primed with MF/ 
2.5 µM VitD3. (B) Induction of CD127- Foxp3+ T cells by DDCs and LCs primed with different concentrations 
VitD3. (C) Kinetics of Foxp3 expression of T cells stimulated with VitD3-primed DDCs and LCs. (D) Induction 
of CD127- Foxp3+ T cells by skin-derived DDCs and LCs primed with 0.5 µM VitD3. Data show a representative 
experiment (A, n=12; C, n=3) or the mean ± SD of 3 independent experiments (B, D). * P < .05, ** P < .01.

induced by VitD3-primed LCs was optimal around day 11, but was still expressed highly at day 

14. To determine the in vivo relevance of these findings, we also analyzed the induction of Treg 

cells by genuine skin-derived DCs. In line with the data obtained with in vitro generated DCs, 

VitD3-treated skin-derived LCs induced Foxp3+ T cells compared to MF alone, whereas skin-

derived DDCs did not (Fig. 4D). 

In sharp contrast, VitD3-primed DDCs induced a pronounced population of IL-10-secreting 

T cells (average: MF-primed DDCs 4.37 ±4.07%; average MF/VitD3-primed DDCs 12.03 ±6.86 %, 

P = .01), which was almost absent in the T cells stimulated with VitD3-primed LCs (average: 

MF-primed LCs 4.96 ±4.86%; average MF/VitD3-primed LCs 4.73 ±4.09 %; Fig. 5A). The IL-10 

producing T cells generated by DDCs co-expressed CTLA-4 (data not shown). The preferential 

IL-10 production by the T cells generated by VitD3-primed DDCs was confirmed by measuring 

IL-10 levels in the supernatant of re-stimulated resting Treg cells after using different 

concentrations of VitD3 (Fig. 5B). Moreover, also the Treg cells induced by skin-derived DDCs 

on priming with VitD3 produced high levels of IL-10 production compared with that seen in 

skin-derived LCs primed with VitD3 (Fig. 5C). Together, these data show that priming DDCs and 

LCs with VitD3 results in the induction of distinct types of Treg cells.
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Figure 5. VitD3-primed DDCs induce IL-10 producing Treg cells. (A) T cells stimulated with MF and 
MF/VitD3-primed DDCs and LCs were gated on CD4 and analyzed for IL-10 secretion by means of flow 
cytometry. Data show 1 representative experiment of 5. (B) IL-10 in the supernatant of T cells induced by 
MF/VitD3-primed DDCs and LCs. (C) IL-10 production by T cells induced by skin-derived DDCs and LCs 
primed with 0.5 µM VitD3. Results are a representative experiment of 5 (A) or the mean ± SD of 3 (B) or 2 (C) 
independent experiments. * P < .05, ** P < .01.

Effects of VitD3-priming on DDC and LC phenotype and function

To understand the mechanism of the induction of different types of Treg cells by VitD3-primed 

DDCs and LCs we examined the expression cell surface molecules indicative for DC activation 

and differentiation in more detail. On both DDCs and LCs, VitD3 concentration dependently 

enhanced CD14 expression and strongly inhibited the expression of CD83 on MF stimulation 

(Fig. 6A and suppl. Fig. 3, averages in supplementary table 1). VitD3 exerted moderate inhibitory 

effects on the induction of HLA-DR, CD86, and CD80 (Fig. 6A, supplementary table 1, and suppl. 

Fig. 3) by both DC subtypes, but the effects were stronger on DDCs than on LCs. Altogether, 

these differences are relatively small and therefore, not likely to cause the differential Treg 

cell development by itself. More marked differences were observed on the expression of 

markers associated with tolerogenic functions. The inhibitory receptors ILT3 and ILT4 were 

selectively upregulated by VitD3 in LCs, but not in DDCs (Fig. 6B). No considerable effects were 

observed on the inhibitory molecules PDL-1 and PDL-2 in both DC subsets (Fig. 6B).  Strikingly, 

in DDCs VitD3-priming induced a significantly higher production of IL-10, a key cytokine in the 

induction of Treg cells (23), compared to LCs (Fig. 6 C). Moreover, VitD-priming resulted in 

lower production of the inflammatory cytokines IL-12 and TNF-α, which correlates well with the 

reduced induction of T
H

1 cells. VitD3 did not enhance expression of the active protein form of 

TGF-β, however LCs constitutively already expressed high levels compared with DDCs (Suppl. 

Fig. 4), indicating a possible role for TGF-β in the induction of Foxp3+ Tregs cells. 
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Figure 6. Effects of VitD3 on the phenotype of DDCs and LCs. CD14, CD86, CD83, and HLA-DR expression 
(A) and PDL-1, PDL-2, ILT3, and ILT4 expression (B) by unstimulated, MF-primed and MF/2.5µM VitD3-primed 
DDCs and LCs. Graphs show one representative experiment out of at least 10 experiments. (C) IL-12-p70, 
TNF-α, and IL-10 production by MF- and MF/VitD3-primed DDCs and LCs (n=5). * P < .05, ** P < .01.

IL-10 and TGF-β production are key factors for the induction of specific subtypes 

of Treg cells by VitD3-primed DDCs and LCs, respectively 

To establish which molecules are used by VitD3-primed DCs to promote Treg cells, we applied 

neutralizing antibodies during stimulation of the naive T cells by VitD3-primed DDCs and LCs. ILT3 

and ILT4 blocking did not affect the induction of either Foxp3highCD25highCD127low T cells by LCs or IL-

10-secreting Treg cells by DDCs (data not shown). Neutralization of IL-10 significantly reduced the 

amount of IL-10 produced by the Treg cells induced by DDCs (Fig. 7A), as well as the percentage of IL-10 

secreting cells (suppl. Fig. 5A), whereas blocking of TGF-β did not (Fig. 7A). In contrast, neutralization 

of TGF-β clearly abrogated the induction of Foxp3highCD25highCD127low T cells by LCs, which were not 

affected by neutralizing IL-10 antibodies (Fig. 7B and suppl. Fig 6). Identical results were obtained 

with an inhibitor of SMAD3, which is a cytoplasmatic mediator involved in signaling from the TGF-β1 

receptor to the nucleus, confirming the role of TGF-β (Fig. 7B and suppl. Fig 6). Neutralizing IL-10 

or blocking TGF-β signaling, by SMAD3i, also abrogated the suppressive capacity of the induced 
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T cells on the proliferation of activated bystander CD4+ T cells (Fig. 7C,D), further substantiating 

their roles in the induction of Treg by DDCs and LCs respectively. Moreover, also for genuine skin-

derived DDCs and LCs the induction of IL-10-secreting Treg cells or Foxp3highCD25highCD127low T cells 

was abrogated by blocking IL-10 and TGF-β respectively (Fig. 7E, F). These results show that VitD3-

primed DDCs induce Treg cells in an IL-10 dependent manner, whereas LCs utilizes TGF-β to induce 

Treg cells, resulting in Treg cells with specific phenotypes. 

Figure 7. IL-10 is essential for the induction of IL-10 producing Treg cells by DDCs, whereas TGF-β 
is essential for the induction of Foxp3high T cells by LCs. (A) Induction of IL-10 producing CD4+ T cells 
by MF/VitD3-primed DDCs in the absence and presence anti-IL10 or anti-TGF-β/SMAD3i. (B) Induction 
of CD127- Foxp3+ T cells by MF/VitD3-primed LCs in the absence and presence of anti-TGF-β, SMAD3i or 
anti-IL-10. (C, D) Suppression of target cell proliferation by T cells stimulated by DDCs or LCs primed 
with MF/VitD3 in the presence of anti-IL-10 and SMAD3i, respectively. (E, F) Induction of IL-10 producing 
T cells and CD127- Foxp3+ T cells by skin-derived DDCs and LCs after priming with MF/VitD3 in the presence 
of anti-IL10 or anti-TGF-β/SMAD3i, respectively. Data show the mean ± SD of 5 (A, B), 3 (C) or 2 (D, E) 
independent experiments. * P < .05, ** P < .01. DMSO, Dimethyl sulfoxide.
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DISCUSSION
VitD3 can promote the induction of Treg cells by modulating DC function. In this study we show 

for the first time that the type of Treg cells induced by VitD3 is dependent on the targeted 

DC subset. Previously, it was shown that VitD3 modulates tolerogenic properties in myeloid 

blood DCs and not in plasmacytoid DCs (11).  However, specific effects of VitD3 on closely 

related conventional DCs had not been reported yet. Whereas VitD3-primed DDCs induced 

IL-10 expressing Foxp3- T cells, which could be inhibited by neutralization of DDC-derived IL-10, 

VitD3-primed LCs induced CD25hiCD127loFoxp3hi T cells via a TGF-β dependent mechanism. These 

findings are in analogy with the previously proposed roles of IL-10 and TGF-β in the induction 

of different subsets of Treg cells (20,23-25). VitD3 did not induce enhanced TGF-β expression 

above the high constitutive expression of LCs; however the induction of Foxp3+ Treg cells could 

be blocked by neutralizing TGF-β suggesting that this cytokine acts in conjunction with an 

unknown factor. An intriguing question is why and how VitD3 differentially programs DDCs and 

LCs to induce distinct Treg cells. Microarray analyses showed comparable expression of the 

vitamin D receptor by DDCs and LCs (data not shown). A possible underlying mechanism is 

the intrinsic predisposition of the different DC subtypes to produce certain molecules. Indeed, 

there are indications that specific DC subtypes can be specialized to promote specific types of 

Treg cells. For example, a subset of gut DCs expressing CD103 in mice is specialized to induce 

Foxp3+ Treg cells in the absence of any exogenous factors (26,27). In contrast, murine pulmonary 

DCs were reported to mainly induce the development of IL-10-producing Treg cells (28). The 

immunobiology of LCs is strongly associated with TGF-β, which is produced by keratinocytes 

in the epidermis. Most of the phenotypic characteristics as well as the development of LCs are 

dependent on TGF-β (29,30). The constitutive TGF-β production by LCs in combination with the 

changes in phenotype induced by VitD3 may be sufficient for the induction of Foxp3+ Treg cells. 

In contrast to another study, we found only significant VitD3-induced suppression of CD83 

induction and not of MHC-II, CD80, and CD86 induction (10), which may be due to the fact 

that we used TNF-α/IL-1β and not LPS to mature the cells. The reason for this is that LCs are 

unresponsive to LPS due to a lack of Toll-like receptor 4 expression (17). VitD3 did have a more 

profound inhibitory effect on MHC-II, CD80, and CD86 expression in LPS-primed DDCs (data 

not shown). In other studies the effects of VitD3 on CD80, CD86, and HLA-DR levels also varied, 

which was associated with differences in DC source and DC treatment as well (7-9,12,14). The 

findings in this study highlight the necessity to investigate the effects of VitD3 on distinct DC 

subsets and the effects of combining VitD3 with specific stimulating factors in order to create 

optimal therapy designs. The report that VitD3 modulates tolerogenic properties in myeloid 

blood DCs and not in plasmacytoid DCs further emphasizes this observation (11). 

Knowledge about Treg cells is still limited, and currently, it is unclear whether Treg cells 

with different phenotypes actually have differential functions. However, there are indications 

that specific cytokines or Treg cells are important in the prevention or improvement of certain 

immune diseases. For example, CD4+CD25+ Treg cells from IL-10-deficient mice fail to protect 

immunodeficient mice from a T cell-mediated wasting disease (31). Moreover, TGF-β production 
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by CD4+CD25+ Treg cells was reported to be essential for suppression of experimental colitis in 

mice (32). With regard to the differential effects VitD3 has on distinct DC subtypes, inducing 

specific types of Treg cells by targeting specific DCs may be beneficial for obtaining optimal 

responses during clinical applications of VitD3. 

Although VitD3 has clear cut effects on the skin disease psoriasis, the effects of VitD3 on the 

different DC subsets that reside in the skin had not been investigated previously. In addition, 

the skin is a major site of interest for the induction of allergen specific immunotherapy (SIT). 

SIT is the only treatment currently available to affect the natural course of allergic diseases. 

This treatment involves desensitization by repeated administration of allergens to patients 

either via the sublingual route or by subcutaneous injections. Treg cells are thought to be 

important mediators of the beneficial effects of SIT, for instance the activity of both allergen-

specific IL-10-secreting Tr1 and CD4+CD25+ Treg cells is compromised in allergic diseases, but 

can be boosted by SIT (33). Several studies support an important role for DCs in the induction 

of these Treg cells and especially TGF-β has been shown to be associated with their regulatory 

function (34). Targeting specific (skin) DCs in the presence of VitD3 may be a useful tool for 

the improvement of SIT. In addition, VitD3 also reduces Th1 responses whereas the beneficial 

effects of SIT are associated with an increase of the ratio of Th1 cytokines to Th2 cytokines 

(35-37). Further clinical and experimental studies have to be performed to prove its benefits. 

Nevertheless, the beneficial effects of VitD3 on allergen immunotherapy of Th2-driven asthma 

manifestations are promising (5). 

In conclusion, our data sheds new light on the multifaceted properties of VitD3 and may 

contribute to exploit its regulatory functions for successful treatment of immune related 

diseases. 
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figure 1. Phenotype of in vitro-generated LCs and DDCs. Representative results for 
E-cadherin and CD1A(A) and  langerin (B) expression of in vitro-generated LCs and DDCs.
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Supplementary Figure 2. T cells stimulated by DDCs or –LCs primed with MF/VitD3 suppress 
proliferation of bystander T cells. Representative CFSE pictures showing proliferation of bystander 
T cells (target cells) in the presence of T cells stimulated by in vitro-generated DDCs or LCs primed with 
MF and various VitD3 concentrations (n=3).
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Supplementary Figure 4. LCs have a high constitutive TGF-β expression, which is not enhanced by 
VitD3.  Expression of active TGF-β1 by DDCs and LCs on stimulation with MF or MF/VitD3, as measured by 
means of capture ELISA, is shown. Data show mean of two independent experiments. iDC, Immature DC.

Supplementary Figure 5. DDC-derived IL-10 is essential for the induction of IL-10 producing Treg 
cells by DDCs. Induction of IL-10 secreting cells by MF/VitD3-primed DDCs in the presence of anti-IL-10 
measured by means of IL-10 secretion assay (n=1).

Supplementary Figure 6. LC-derivedTGF-β is essential for the induction of Foxp3+ T cells by LCs. 
Representative pictures showing the induction of CD127- Foxp3+ T cells by MF/VitD3-primed LCs in the 
absence and presence of anti-TGF-β, SMAD3i or anti-IL-10. 
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Supplementary Table 1. Mean values of cell surface molecule expression on DDCs and LCs. 

Mean MFI SD

CD14
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

91
99
279
83
93
221

24
29
72
23
18
36

CD83
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

243
966
419
131
487
360

242
817
272
45
163
186

CD86
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

804
5657
4044

239
3294
2770

377
3154
3992
143

1678
2099

HLA-DR
 
 
 
 
 

immature DDC
MF-primed DDC
MF/VitD3 primed DDC
immature LC
MF-primed LC
MF/VitD3 primed LC

2564
4653
2742
515

2407
1476

1759
1899
1702

83
628
652

ILT3
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

1613
1798
330
772

1037
850
194
360

ILT 4
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

1100
830
663
864

819
165
811

1124

PD L1
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

7368
6112
2794
3554

14761
9623
4637
5051

PD L2
 
 
 

MF-primed DDC
MF/VitD3 primed DDC
MF-primed LC
MF/VitD3 primed LC

876
598
305
321

695
339
147
184

50



V
ITD

3 D
IFFER

EN
TIA

LLY
 PR

O
G

R
A

M
S SK

IN
 D

C
S

2

REFERENCE LIST
1. Adorini, L. 2007. Vitamin D receptor agonists 

as anti-inflammatory agents. Future Drugs 3(4): 
477-489.

2. Adorini, L. 2002. 1,25-Dihydroxyvitamin D3 
analogs as potential therapies in transplantation. 
Curr. Opin. Investig. Drugs 3: 1458-1463.

3. Adorini, L., G. Penna, N. Giarratana, et al. 
2004. Dendritic cells as key targets for 
immunomodulation by Vitamin D receptor ligands. 
J. Steroid Biochem. Mol. Biol. 89-90: 437-441.

4. Ghoreishi, M., P. Bach, J. Obst, et al. 2009. 
Expansion of antigen-specific regulatory T cells 
with the topical vitamin d analog calcipotriol. J. 
Immunol. 182: 6071-6078.

5. Taher, Y. A., B. C. van Esch, G. A. Hofman, 
et al. 2008. 1alpha,25-dihydroxyvitamin D3 
potentiates the beneficial effects of allergen 
immunotherapy in a mouse model of allergic 
asthma: role for IL-10 and TGF-beta. J. Immunol. 
180: 5211-5221.

6. Penna, G., A. Roncari, S. Amuchastegui, et al. 
2005. Expression of the inhibitory receptor 
ILT3 on dendritic cells is dispensable for 
induction of CD4+Foxp3+ regulatory T cells by 
1,25-dihydroxyvitamin D3. Blood 106: 3490-3497.

7. Berer, A., J. Stockl, O. Majdic, et al. 2000. 
1,25-Dihydroxyvitamin D(3) inhibits dendritic 
cell differentiation and maturation in vitro. Exp. 
Hematol. 28: 575-583.

8. Griffin, M. D., W. H. Lutz, V. A. Phan, et al. 2000. 
Potent inhibition of dendritic cell differentiation 
and maturation by vitamin D analogs. Biochem. 
Biophys. Res. Commun. 270: 701-708.

9. Griffin, M. D., W. Lutz, V. A. Phan, et al. 2001. 
Dendritic cell modulation by 1alpha,25 
dihydroxyvitamin D3 and its analogs: a vitamin 
D receptor-dependent pathway that promotes 
a persistent state of immaturity in vitro and in 
vivo. Proc. Natl. Acad. Sci. U. S. A 98: 6800-6805.

10. Penna, G., and L. Adorini. 2000. 1 Alpha,25-
dihydroxyvitamin D3 inhibits differentiation, 
maturation, activation, and survival of dendritic 
cells leading to impaired alloreactive T cell 
activation. J. Immunol. 164: 2405-2411.

11. Penna, G., S. Amuchastegui, N. Giarratana, et 
al. 2007. 1,25-Dihydroxyvitamin D3 selectively 
modulates tolerogenic properties in myeloid 
but not plasmacytoid dendritic cells. J. 
Immunol. 178: 145-153.

12. Piemonti, L., P. Monti, M. Sironi, et al. 2000. 
Vitamin D3 affects differentiation, maturation, 

and function of human monocyte-derived 
dendritic cells. J. Immunol. 164: 4443-4451.

13. Adorini, L., G. Penna, N. Giarratana, et al. 2003. 
Tolerogenic dendritic cells induced by vitamin 
D receptor ligands enhance regulatory T cells 
inhibiting allograft rejection and autoimmune 
diseases. J. Cell Biochem. 88: 227-233.

14. Anderson, A. E., D. J. Swan, B. L. Sayers, et al. 
2009. LPS activation is required for migratory 
activity and antigen presentation by tolerogenic 
dendritic cells. J. Leukoc. Biol. 85: 243-250.

15. Gregori, S., M. Casorati, S. Amuchastegui, et al. 
2001. Regulatory T cells induced by 1 alpha,25-
dihydroxyvitamin D3 and mycophenolate 
mofetil treatment mediate transplantation 
tolerance. J. Immunol. 167: 1945-1953.

16. Enioutina, E. Y., D. Bareyan, and R. A. Daynes. 
2007. Vitamin D3-mediated alterations to 
myeloid dendritic cell trafficking in vivo 
expand the scope of their antigen presenting 
properties. Vaccine 25: 1236-1249.

17. van der Aar, A. M., R. M. Sylva-Steenland, J. 
D. Bos, et al. 2007. Loss of TLR2, TLR4, and 
TLR5 on Langerhans cells abolishes bacterial 
recognition. J. Immunol. 178: 1986-1990.

18. de Jong, E. C., P. L. Vieira, P. Kalinski, et al. 2002. 
Microbial compounds selectively induce Th1 
cell-promoting or Th2 cell-promoting dendritic 
cells in vitro with diverse th cell-polarizing 
signals. J. Immunol. 168: 1704-1709.

19. van Beelen, A. J., Z. Zelinkova, E. W. Taanman-
Kueter, et al. 2007. Stimulation of the intracellular 
bacterial sensor NOD2 programs dendritic cells 
to promote interleukin-17 production in human 
memory T cells. Immunity. 27: 660-669.

20. Jonuleit, H., and E. Schmitt. 2003. The 
regulatory T cell family: distinct subsets and 
their interrelations. J. Immunol. 171: 6323-6327.

21. Wang, J., A. Ioan-Facsinay, E. I. van der Voort, 
et al. 2007. Transient expression of FOXP3 in 
human activated nonregulatory CD4+ T cells. 
Eur. J. Immunol. 37: 129-138.

22. Zhou, X., S. Bailey-Bucktrout, L. T. Jeker, et al. 
2009. Plasticity of CD4(+) FoxP3(+) T cells. Curr. 
Opin. Immunol. 21: 281-285.

23. Roncarolo, M. G., R. Bacchetta, C. Bordignon, et 
al. 2001. Type 1 T regulatory cells. Immunol. Rev. 
182: 68-79.

24. Chen, W., W. Jin, N. Hardegen, et al. 2003. 
Conversion of peripheral CD4+. J. Exp. Med. 
198: 1875-1886.

51



2

25. Yamazaki, S., and R. M. Steinman. 2009. Dendritic 
cells as controllers of antigen-specific Foxp3+ 
regulatory T cells. J. Dermatol. Sci. 54: 69-75.

26. Coombes, J. L., K. R. Siddiqui, C. V. Arancibia-
Carcamo, et al. 2007. A functionally specialized 
population of mucosal CD103+ DCs induces 
Foxp3+ regulatory T cells via a TGF-beta and 
retinoic acid-dependent mechanism. J. Exp. 
Med. 204: 1757-1764.

27. Sun, C. M., J. A. Hall, R. B. Blank, et al. 2007. Small 
intestine lamina propria dendritic cells promote 
de novo generation of Foxp3 T reg cells via 
retinoic acid. J. Exp. Med. 204: 1775-1785.

28. Akbari, O., G. J. Freeman, E. H. Meyer, et al. 
2002. Antigen-specific regulatory T cells 
develop via the ICOS-ICOS-ligand pathway and 
inhibit allergen-induced airway hyperreactivity. 
Nat. Med. 8: 1024-1032.

29. Strobl, H., and W. Knapp. 1999. TGF-beta1 
regulation of dendritic cells. Microbes. Infect. 
1: 1283-1290.

30. Thompson, N. L., K. C. Flanders, J. M. Smith, 
et al. 1989. Expression of transforming growth 
factor-beta 1 in specific cells and tissues of adult 
and neonatal mice. J. Cell Biol. 108: 661-669.

31. Annacker, O., R. Pimenta-Araujo, O. Burlen-
Defranoux, et al. 2001. CD25+ CD4+ T cells 
regulate the expansion of peripheral CD4 T cells 
through the production of IL-10. J. Immunol. 
166: 3008-3018.

32. Fuss, I. J., M. Boirivant, B. Lacy, et al. 2002. The 
interrelated roles of TGF-beta and IL-10 in the 
regulation of experimental colitis. J. Immunol. 
168: 900-908.

33. Larche, M., C. A. Akdis, and R. Valenta. 2006. 
Immunological mechanisms of allergen-
specific immunotherapy. Nat. Rev. Immunol. 6: 
761-771.

34. Jutel, M., M. Akdis, F. Budak, et al. 2003. IL-10 
and TGF-beta cooperate in the regulatory T 
cell response to mucosal allergens in normal 
immunity and specific immunotherapy. Eur. J. 
Immunol. 33: 1205-1214.

35. Ebner, C., U. Siemann, B. Bohle, et al. 1997. 
Immunological changes during specific 
immunotherapy of grass pollen allergy: reduced 
lymphoproliferative responses to allergen and 
shift from TH2 to TH1 in T-cell clones specific for 
Phl p 1, a major grass pollen allergen. Clin. Exp. 
Allergy 27: 1007-1015.

36. Secrist, H., C. J. Chelen, Y. Wen, et al. 1993. 
Allergen immunotherapy decreases interleukin 
4 production in CD4+ T cells from allergic 
individuals. J. Exp. Med. 178: 2123-2130.

37. Varney, V. A., Q. A. Hamid, M. Gaga, et al. 1993. 
Influence of grass pollen immunotherapy 
on cellular infiltration and cytokine mRNA 
expression during allergen-induced late-phase 
cutaneous responses. J. Clin. Invest 92: 644-651.

52



VITAMIN D3 METABOLITE 
CALCIDIOL PRIMES  
HUMAN DENDRITIC  
CELLS TO PROMOTE  
THE DEVELOPMENT  
OF IMMUNOMODULATORY 
IL-10-PRODUCING T CELLS

Ghaith Bakdash1, Toni M.M. van Capel1, 

Lauren M.K. Mason1, Martien L. Kapsenberg1 

& Esther C. de Jong1

1 Department of Cell Biology & Histology, Academic 
Medical Center,  University of Amsterdam, Amsterdam, 
the Netherlands

Manuscript in preparation

3



3

ABSTRACT
Vitamin D is recognized as a potent immunosuppressive drug. The suppressive effects of vitamin 

D are attributed to its physiologically active final metabolite 1,25 -dihydroxy vitamin D3 (calcitriol), 

which was shown, to prime dendritic cells (DCs) to promote the development of regulatory T 

(Treg) cells. Despite the potential benefit in treating autoimmune diseases, clinical application of 

calcitriol is hindered by deleterious side effects manifested by hypercalcemia and hypercalciuria. 

Conversely, the physiological precursors of calcitriol, vitamin D3 (cholecalciferol) and its first 

metabolite 25-hydroxy vitamin D3 (calcidiol) are widely applied in the clinic due to their low 

calcimic burden. However, the mechanisms by which cholecalciferol and calcidiol may modulate 

adaptive immunity remain elusive. This prompted us to unravel the immunosuppressive capacity 

of these precursors by assessing their influence on DC functions and the subsequent polarization 

of naïve CD4+ T cells. In this study we show that, whereas cholecalciferol has insignificant effects 

on DC maturation and cytokine production, it only weakly primed DCs to induce suppressive 

T cells. However, like calcitriol, calcidiol not only exerted an inhibitory effect on DC maturation 

and altered DC cytokine production, but also primed DCs to promote the development 

of IL-10-producing Treg cells that act as regulatory T cells suppressing the proliferation of 

bystander cells. Strikingly, in contrast to the population of IL-10-producing Treg cells induced 

by calcitriol-primed DCs, the IL-10-producing Treg cells induced by calcidiol-primed DCs 

exhibited sustained IFN-γ production in face of their suppressive capacity. Experiments with the 

steroid synthesis inhibitor ketoconazole indicated that the immunomodulatory features of the 

precursors are dependent on their conversion into calcitriol. Collectively, calcidiol is a potent 

immune modulator, which may be more adequate than calcitriol for the treatment of chronic 

inflammatory diseases, since it is less hypercalcimic. This may be of particular interest for the 

treatment of allergic disease, where concurrent suppression and sustained IFN-γ production by 

Treg cells effectively counterbalance the Th2-dominated immune responses. 

ABBRVIATIONS
DC  dendritic cell

MF  maturation factors

Treg  regulatory T cell

SIT  allergen-specific immunotherapy
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INTRODUCTION
Best known for its vital role in calcium homeostasis and bone metabolism, vitamin D 

influence extends to cover a broad spectrum of biological processes. Amongst others, 

vitamin D deficiency is correlated to high risk of developing certain chronic inflammatory 

disorders, including multiple sclerosis, type I diabetes and Crohn’s disease (1). In addition, the 

vitamin D active metabolite, 1,25-dihydroxyvitamin D3 (calcitriol) was shown to be a potent 

immunosuppressant with beneficial effects in mouse models of inflammatory diseases (2-6). 

In spite of its vast immunomodulatory effects, systemic application of calcitriol to prevent and 

cure chronic inflammatory disorders is hindered by deleterious side effects manifested mainly 

by hypercalcemia and hypercalciuria. Factually, clinical application of calcitriol and its analogues 

as immunosuppressants is limited to the topical treatment of psoriasis (7,8). This obstacle was 

resolved by using calcitriol-related forms of vitamin D, which may maintain the immunological 

effects of calcitriol, but bare minimal hypercalcemic liability. Among the closest calcitriol 

relatives are the two calcitriol precursors: vitamin D3 (cholecalciferol) and 25-hydroxyvitamine 

D3 (calcidiol). Calcitriol, the active form of vitamin D, is physiologically generated from 

cholecalciferol and calcidiol through a sequential hydroxylation process mediated by the P450 

enzymes CYP27A1 and CYP27B1 respectively (9), which mainly takes place in the liver and kidneys. 

However, active calcitriol synthesis from its precursors can also happen in immune cells like the 

antigen-presenting dendritic cells (DCs) and macrophages, which were shown to express the 

required enzymatic machinery (10,11). The binding affinity of these precursors to the vitamin D 

receptor (VDR), through which calcitriol exerts its effects, is minimal in comparison to calcitriol 

(12). Although this suggests that they lack both beneficial and side effects, a growing number 

of studies demonstrated calcidiol-specific functionality, independent of its transformation into 

calcitriol (13-15). Furthermore, and due to its low calcimic burden, cholecalciferol is the most 

commonly used form of vitamin D in clinical trials, proving both safe and effective (16-18).

Studies on the mechanisms of immunosuppression of vitamin D have mainly been performed 

using calcitriol and demonstrated marked inhibitory effects on adaptive immune responses. 

This inhibition is exerted through two routes: direct effect on T cells and indirect inhibition via 

DCs. Calcitriol directly affects T cells by inhibiting their proliferation and expression of IL-2 and 

inflammatory cytokines (19-21), and promoting their development into regulatory T (Treg) cells 

from naïve precursors (22,23). Alternatively, calcitriol has an indirect effect on T cell function by 

inhibiting the expression of MHC-II and co-stimulatory molecules by DCs, leading to a reduced 

immunostimulatory capacity (24,25). Additionally, calcitriol endows DCs with tolerogenic 

qualities by inhibiting the secretion of pro-inflammatory IL-12 and increasing the secretion 

of anti-inflammatory IL-10 and the expression of immunoglobulin-like transcript 3 (ILT3) and 

programmed death-1 ligand (PD-L1), which inhibits the development of inflammatory of Th1 

effector cells  and promotes the development of Treg cells (26-29).On the other hand, little is 

known about the immunological implications of calcitriol’s precursors. Calcidiol was recently 

reported to inhibit DC maturation, inflammatory cytokine production and T cell stimulatory 

capacity (30).However, many questions concerning the putative role of cholecalciferol and 

calcidiol in inducing immune tolerance remain unanswered. This prompted us to investigate 
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whether calcidiol and cholecalciferol can modify DCs and grant them tolerogenic attributes 

allowing them to induce Treg cells. In this study we report that cholecalciferol had marginal 

inhibitory effects on DCs and the subsequently induced T cells. On the other hand, calcidiol-

primed DCs were capable of promoting the development of IL-10-producing Treg cells, albeit 

these cells sustained their IFN-γ expression. The regulatory properties of induced T cells were 

completely dependent on transforming calcidiol into calcitriol in DCs. These findings may be 

of clinical significance in the treatment of allergic diseases, where Th2-dominated immune 

responses can be overridden by concurrent suppression and IFN-γ production resulting from 

cholecalciferol and calcidiol application.  

MATERIALS AND METHODS
In vitro generation and activation of DCs. Monocyte-derived DCs were generated as described 

previously (31). Immature DCs were stimulated for 48h with IL-1β (10 ng/ml) and TNF-α (25 ng/ml), 

both purchased from Miltenyi Biotech (Bergisch Gladbach, Germany) in the presence or absence 

of optimal concentrations of: calcitriol (2.5 µM), calcidiol (0.1 µM) or cholecalciferol (0.1 µM), all 

purchased from Sigma-Aldrich (St. Louis, MO). When indicated Ketoconazole (5 µM) (Sigma-

Aldrich) was also added. Mature DCs were analyzed for the expression of cell-surface molecules 

by flow cytometry with anti-CD86 allophycocyanain (APC), anti-CD83–phycoerythrin (PE), 

anti–HLA-DR–peridinin-chlorophyll-protein (PerCP) and anti-CD14- Fluorescein isothiocyanate 

(FITC); all purchased from BD Biosciences (San Jose, CA).

Analysis of cytokine production by DCs. Mature DCs (20x103) were stimulated with 20x103 

CD40 ligand–expressing murine plasmacytoma cells (J558; a gift from Dr P. Lane, University 

of Birmingham, Birmingham, United Kingdom). ELISAs were performed to determine 

concentrations of IL-12p70 (Clone 20C2), IL-10 (BD Biosciences), and TNF-a (eBioscience, San 

Diego, CA) in 24-hour culture supernatants, as previously described (31). 

Isolation of naïve and memory CD4+ T cells. Human PBMC were isolated from heparinized 

human peripheral blood by density gradient centrifugation on Lymphoprep (Nycomed, 

Glattpark-Opfikon, Switzerland).  The total CD4+ T cell population was first isolated from PBMC 

by negative magnetic selection using MACS CD4+ T cell isolation kit (Miltenyi Biotech). Naïve 

CD45RA+CD45RO- CD4+ T cells were separated from memory T cells by applying anti-CD45RO-

PE (Dako Cytomation, Glostrup, Denmark) and anti-PE beads (Miltenyi Biotech). Purity levels 

higher than 98% were achieved, determined by flow cytometry. 

Stimulation of naïve CD4+ T cells. Primed DCs were washed extensively before co-culture with naïve 

CD4+ T cells at a ratio of 1:4 in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% 

(v/v) fetal calf serum (FCS) (Lonza, Cologne, Germany) containing superantigen Staphylococcus 

aureus enterotoxin B (SEB, 10 pg/mL; Sigma), as described previously (31). At day 5 proliferating T 

cells were refreshed with medium supplemented with 20 U/ml of IL-2 (Chiron, Emeryville, CA). When 

resting (around day 11), the expression of Foxp3 was determined by performing an intracellular 

staining using Foxp3 staining kit (Biolegend, San Diego, CA) along with surface staining of CD127 
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(anti-CD127-PE, BD Biosciences). Furthermore, resting T cells were restimulated phorbol 12-myristate 

13-acetate (PMA) (100 ng/mL)/ionomycin (1 µg/mL) in the presence of brefeldin (10 µg/ml) (all 

purchased from Sigma-Aldrich) and analyzed for expression of IFN-γ and IL-4 by using anti-IFN-γ-

FITC and anit-IL-4-APC (both from BD Biosciences). In parallel, 100x103 T cells were restimulated with 

plate bound anti-CD3 (16A9, 1 µg/ml) and anti-CD28 (15E8, 1ug/ml) (both purchased from Sanquin 

research Amsterdam, the Netherlands). 24 hours supernatants were taken for analysis of IL-10 and 

IFNγ (U-Cytech, Utrecht, the Netherlands) by ELISA. 

To determine T cell proliferation induced by DCs, 11 KBq/well [3H]-TdR (Radiochemical 

Center, Amersham, Little Chalfont, U.K.) was added on day 3-5 of co-culture of naïve CD4+ T 

cells (50x103) with the indicated numbers of DCs. The incorporated [3H]-TdR was measured 

after 16h by liquid scintillation spectroscopy.

T cell suppressor assay. The T cells induced on co-culture with DCs (test cells) were harvested after 

5 days, extensively washed, counted, irradiated (30 Gy) to prevent expansion, and stained with the 

cell-cycle tracking dye PKH-26 (11.8 µM, Sigma-Aldrich). Memory T cells, from the same donor as test 

cells, were purified as mentioned above, labeled with 5,6-carboxy fluorescein diacetate succinimidyl 

ester (CFSE) (0.5 µM; Molecular Probes, Eugene, OR) and subsequently used as bystander target 

cells. Test cells (50x103) were co-cultured with 25x103 target cells and 1000 MF-matured DCs. After 

5-7 days, the proliferation of the target T cells was determined by flow cytometry.

Flow cytometry. Flow cytometry analysis was performed on FACS Canto II (BD Biosciences, 

Franklin Lakes, NJ). Data analysis was done using FlowJo software (Tree Star, Ashland, OR).

Statistics. Data are presented as mean±SEM. Student t tests were performed for paired 

measurements with GraphPad Prism software (GraphPad, La Jolla, CA). Values of P < 0.05 were 

considered significant.

RESULTS
Calcitriol precursors inhibit DC maturation and alter DC cytokine production

Previous studies have indicated that calcitriol inhibits DC maturation and modulates the 

cytokine profile of DCs. However, the effects of the two calcitriol precursors, calcidiol and 

cholecalciferol, on DCs remain elusive. To test their effect on DC maturation, human monocyte-

derived DCs were activated by a combination of TNF-α and IL-1β, referred to as maturation 

factors (MF), in the presence or absence of calcitriol or its precursors. In line with the effects 

of calcitriol, both calcidiol and cholecalciferol inhibited DC maturation as reflected by reduced 

upregulation of MHC-II and the co-stimulatory molecule CD86, complete ablation of the 

induction of the maturation marker CD83, and partial persistence of the monocyte marker 

CD14 (Fig. 1A). Whereas the levels of inhibition by calcitriol and calcidiol were comparable, the 

effect of cholecalciferol was less pronounced for all parameters. 

Subsequently, we determined the effect of DC priming by the vitamin D and its metabolites 

on the ability of DCs to produce cytokines following stimulation by CD40 ligation. Similar to 

the priming by calcitriol, priming by calcidiol significantly reduced the production of pro-

57



3

Figure 1. Calcitriol precursors inhibit DC maturation and alter DC cytokine production. (A) CD14, 
CD83, CD86, and HLA-DR expression by unstimulated (dashed histograms), MF-primed (open histograms) 
and MF/calcitriol-, MF/calcidiol-, MF/cholecalciferol-primed (filled histograms) DCs. (B) Production 
of IL-12, TNF-α and IL-10 by MF-,  MF/calcitriol-, MF/calcidiol-, MF/cholecalciferol-primed DCs after 24 
h stimulation by CD40 ligation. The upper panel shows IL-12 and TNF-α fold reduction and IL-10 fold 
induction compared to the MF condition. The lower panel is a representative experiment. Results are 
a representative out of 6 (A) or 5-8 (B lower panel) independent experiments, or the mean±SEM of 5-8 
independent experiments (B upper panel). *P < 0.05, **P <0 .01, ***P < 0.001.
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inflammatory TNF-α and induced the production of anti-inflammatory IL-10. Surprisingly, in 

contrast to calcitriol priming, calcidiol priming did not affect the production of Th1-polarizing 

cytokine IL-12 (Fig. 1B). Notably, cholecalciferol priming did not affect the ability of production 

of any of these cytokines. Collectively these data show that calcidiol is as adequate as calcitriol 

in modulating MF-induced DC maturation and cytokine production, albeit a difference in the 

ability to produce IL-12, suggesting variations in the ability of calcitriol and calcidiol to prime 

DCs to induce the development of effector T cells.  

Calcidiol- or cholecalciferol-primed DCs induce the development of Treg cells

To compare the effect of the priming of maturing DCs by the various vitamin D forms on the 

ability of DCs to support the T cell development, the differently primed DCs were co-cultured 

with allogeneic naïve CD4+ T cells. MF-activated DCs strongly promoted T cell proliferation, but 

the mere presence of calcitriol or calcidiol during DC maturation significantly hampered their T 

cell stimulating capacity of DCs (Fig. 2A). In line with data on the weak effects of cholecalciferol 

on the DC phenotype, the presence of cholecalciferol treatment during DC maturation did not 

significantly influence the capacity of DCs to induce T cell proliferation. 

The reduced T cell stimulatory capacity displayed by calcidiol-treated DCs may be explained 

by the presence of Treg cells, as it was shown previously (32) for calcitriol-primed DCs. In order 

to determine to what extent T cells induced by calcidiol- or cholecalciferol-primed DCs have 

regulatory qualities, we tested their capacity to inhibit the proliferation of bystander activated 

CD4+ T cells. T cells generated by DCs primed by any of the three forms of vitamin D were 

able to suppress proliferation of bystander activated T cells. Compared to calcitriol, calcidiol 

was weaker and cholecalciferol was much weaker in their ability to prime DCs to promote Treg 

cells (Fig. 2B).  Overall, this data suggest that calcitriol precursors can prime DCs to induce the 

development of Treg cells, albeit less efficiently compared to calcitriol itself. 

Calcidiol-primed DCs induce L-10-producing Treg cells that maintain IFN-γ production 

Calcitriol-primed DCs were shown to promote the development of IL-10 producing Treg cells (32). 

In order to determine whether calcitriol precursors had the same effect, the phenotype of induced 

Treg cells was characterized. First, the intracellular expression of the transcription factor Foxp3, 

which is associated with a subset of Treg cells, in induced T cells was assessed. Just like calcitriol, 

neither calcidiol- nor cholecalciferol- primed DCs were able to promote Foxp3+ Tregs (Fig. 3A). Next, 

we analyzed IL-10 levels in supernatants of these T cells upon restimulation when resting after a first 

cycle of expansion, with αCD3/αCD28 antibodies. Interestingly, calcitriol, and to a lesser extent, 

calcidiol could prime DCs to promote IL-10 expression in the induced effector T cells (Fig. 3B). In 

line with their weak suppressive capacity, T cells induced by cholecalciferol-primed DCs were poor 

producers of IL-10, which was not significantly higher compared to the MF control. 

Thus far, calcitriol precursors induced a pattern of effects similar, albeit less efficient, to 

calcitriol. Earlier studies clearly demonstrated that Treg cells promoted by calcitriol-primed DCs 

are characterized by abrogated expression of the inflammatory Th1 cytokine IFN-γ (26,29,32). 

Interestingly, in sharp contrast to calcitriol-priming of DCs, which strongly downregulated IFN-γ 
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Figure 2. Calcitriol precursors prime DCs to promote the development of suppressive T cells. (A) 
Proliferation of allogenic naïve CD4+ T cells stimulated by DCs that were primed with MF in the presence 
or absence of calcitriol, calcidiol or cholecalciferol. Data are shown as the mean±SEM of triplicates of 
one representative experiment out of 5 independent experiments. (B) Suppressive capacity of T cells 
primed by MF/calcitriol, MF/calcidiol-, or MF/cholecalciferol-primed DCs expressed as the percentage of 
proliferating cells relative to the MF condition. Results are a representative (lower panel) or the mean±SEM 
(upper panel) of 9 independent experiments. **P <0 .01, ***P < 0.001.

60



C
A

LC
ID

IO
L PR

O
G

R
A

M
S D

C
S TO

 PR
O

M
O

TE IM
M

U
N

EM
O

D
U

LA
TIO

N

3

expression, calcidiol- or cholecalciferol-priming of DCs did not influence the percentages of 

IFN-γ+ T cells (Fig. 3C), or the levels of secreted IFN- γ (Fig. 3D), as they were both comparable 

to those of the MF control. Moreover, the same pattern in IFN-γ expression was found in 

memory CD4+ T cells when they were activated by calcitriol-, calcidiol- or cholecalciferol-

primed DCs (Fig. 3C low panel). IFN-γ, the Th1-hallmark cytokine, is induced by several factors 

among which IL-12 is the most important. As shown above, compared to calcitriol, calcidiol and 

cholecalciferol did not significantly inhibit the production of IL-12 by MF-matured and CD40-

activated DCs. This suggests that the induction of IFN- γ in T cells, induced by cholecalciferol- 

or calcidiol-primed DCs resulted from persistent IL-12 production by these DCs. In order to 

test this possible mechanism, IL-12 was neutralized in the DC and T cell co-cultures by applying 

αIL-12 antibody. IL-12 blocking crippled the ability of cholecalciferol- or calcidiol-primed DCs 

to induce IFN-γ in T cells as demonstrated by reduced of IFN-γ+ T percentages, which were 

comparable to those of calcitriol-primed DCs (Fig. 3 E). Altogether, these findings show that 

analogous to calcitriol, calcidiol programs DCs to induce the development of IL-10+ Treg cells, 

but does not regulate the induction of IFN-γ expression in these T cells. 

The immunomodulatory effects of calcidiol and cholecalciferol depend on their 

conversion into active calcitriol

Although they vary in efficacy, the effects of calcidiol on DC phenotype and function in promoting 

IL-10-producing Treg cells bare a lot of similarities to those of calcitriol. In  previous studies 

monocyte-derived DCs were shown to express the enzymatic machinery required to metabolize 

calcitriol precursors into calcitriol, the metabolically most active form of vitamin D (10,11). In order 

to test the possibility that calcidiol and cholecalciferol become active as a result of their conversion 

into calcitriol, we blocked CYP27B1, the enzyme responsible of transforming calcidiol into calcitriol, 

by the addition of ketoconazole during DC priming with the precursors. Strikingly, ketoconazole 

dramatically reversed the calcidiol and cholecalciferol-mediated inhibition of DC maturation as 

demonstrated by restored expression of CD86 and MHC-II and partially abolished CD14 expression 

(Fig. 4A). Moreover, ketoconazole treatment depleted calcidiol- or cholecalciferol-primed DCs of 

their capacity to induce Treg cells as reflected by abrogated suppressive activity of induced T cells 

(Fig. 4B). In addition to inhibited suppression, ketoconazole also blocked the ability of calcidiol-

primed DCs to enhance IL-10 production by T cells (Fig. 4C). As anticipated, blocking calcidiol and 

cholecalciferol transformation into calcitriol did not have any influence on IFN-γ production by T 

cells as reflected by unaffected total IFN-γ amounts and the percentage of IFN-γ-expressing cells 

(Fig. 4D). Collectively, our findings imply that the immunomodulatory effects displayed by calcidiol 

and cholecalciferol are completely dependent on their transformation into calcitriol.

DISCUSSION   
In this study we show for the first time that not only calcitriol, but also the calcitriol precursor 

calcidiol is capable of modifying DC functions to promote the development of T cells that 

suppress the proliferation of bystander T cells, the functional hallmark of Treg cells. Despite 
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Figure 3. Calcidiol-primed DCs induce L-10-producing Treg cells that maintain IFN-γ production. 
(A) Percentages of Foxp3+ cells were determined by flow cytometry. FACS plots from a representative 
experiment are shown in the lower panel. (B) IL-10 production by T cells induced by MF-primed DCs in 
the presence or absence of calcitriol, calcidiol or cholecalciferol was measured upon restimulation of 
resting T cells by αCD3/αCD28 in 24-h supernatants. The upper panel shows the fold induction of IL-10 
production compared to the MF condition. The lower panel is a representative experiment. (C) DCs primed 
as above were used to stimulate either naïve or memory allogenic CD4+ T cells. Percentages of IFN-γ and 
IL-4 producing T cells were determined by intracellular staining of IFN-γ and IL-4, following restimulation 
of resting cells with PMA/ionomycin in the presence of brefeldin. (D) IFN-γ production by T cells was 
measured upon restimulation of resting T cells by αCD3/αCD28 in 24-h supernatants. (E) Allogenic naïve 
CD4+ T cells were stimulated by DCs as above, in the presence or absence of IL-12 neutralizing antibody. 
Percentages of IFN-γ and IL-4 producing T cells were determined as in (C), Results are a representative out 
of 9 (A lower panel, B lower panel), 14 (C lower panel), 3 (E) independent experiments or the mean±SEM of 9 
(A upper panel, B upper panel), 14 (C upper panel), or 11 (D) independent experiments, *P < 0.05, ***P < 0.001. 

▶

their suppressive qualities, Treg cells induced by DCs primed by calcidiol, and in particular 

cholecalciferol were less efficient suppressors in comparison to those induced by calcitriol-

primed DCs. These varying suppressor capabilities can be attributed to the variable effects of 

the different forms of vitamin D on DC maturation, cytokine production and function, in which 

the effects of cholecalciferol were mostly insignificant. 

There is no consensus on the underlying mechanisms of the cellular effects of calcidiol. 

Despite the low binding affinity of calcidiol to VDR, in comparison to calcitriol (12),some studies 

suggest that calcidiol may exert its effects by directly binding to VDR (14,15). For example, Lou 

et al. showed that calcidiol remained efficient in primary prostate cells of Cyp27b1-deficient 

mice, but lost its effect in Vdr knock-out mice (13). Alternatively, calcidiol can act after being 

converted into calcitriol under the effect of CYP27B1, which was also found to be expressed 

in immune cells of monocytic origin i.e. macrophages and DCs (10,11). This suggests that 

treating DCs with calcidiol will eventually lead to the production of calcitriol, which would exert 

its inhibitory effect on DCs in an autocrine fashion. In order to assess to what extent the DC-

mediated conversion of calcidiol into calcitriol accounts for the observed effects of calcidiol, 

CYP27B1 was blocked using ketoconazole. This blockade not only reversed DC maturation 

inhibition but also abolished the induction of Treg cells and IL-10 production in primed T 

cells. Expectedly, IFN-γ production by T cells was not influenced by this blocking. Overall, this 

indicates that the immunomodulatory effects accomplished by priming DCs with calcidiol are 

actually dependent on its transformation into calcitriol. 

Similar to calcidiol, cholecalciferol may also be expected to affect DCs since these cells 

express both CYP27A1 and CYP27B1 (10,11), required to convert cholecalciferol into calcitriol 

according to a two-step procedure. The marginal effects of cholecalciferol may point a very 

low yield of such a two-step conversion. Unfortunately, we could not test this hypothesis by 

priming DCs with higher doses of cholecalciferol, since cholecalciferol concentrations higher 

than applied in our experimental setup were cytotoxic to DCs in culture (data not shown).

The phenotype of the T cells induced by the DCs primed with different vitamin D precursors 

is related to cytokine profile of these DCs. The present experiments extend our previous finding 
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that calcitriol-primed monocyte-derived DCs express elevated IL-10 levels and promote the 

development of IL-10-producing Treg cells (32) by showing that calcidiol-primed DCs have similar 

properties. A striking difference, however, is that, in contrast to calcitriol-primed DCs that cannot 

produce IL-12 and induce IFN-γ-negative T cells, calcidiol-primed DCs are still able to produce 

IL-12 and induce the expansion of T cells with normal IFN-γ expression in an IL-12 dependent 

manner. The mechanisms underlying the inability of calcidiol to inhibit IL-12 production are 

unclear, but may arise from differential kinetics between the two forms of vitamin D3. Calcitriol 

was shown to inhibit induced IL-12 transcription as early as 1 hour following calcitriol application 

by introducing repressive epigenetic changes (33). However, calcidiol needs first to be converted 

into calcitriol, which will lead to a delay in the repression of IL-12 transcription. Such mechanism 

cannot be extended to IL-10 expression, which takes up to 24 hours to be upregulated under 

the effect of calcitriol (34), allowing enough time for calcidiol to be converted into calcitriol 

and consequently upregulate IL-10 expression. Further investigation is required to explain the 

difference in the effects of calcidiol and calcitriol on IL-12 production by DCs.

In this study we demonstrated that calcidiol-treated DCs prime naive T cells to produce IL-10 

without inhibiting IFN-γ production in the primed T cell population. The population of IL-10-

producing T cells resemble Tr1 cells that can be found in a variety conditions in vitro and in vivo 

at variable percentages (35). CD4+ T cells coproducing IL-10 and inflammatory cytokines, such 

as IFN-γ or IL-17, with regulatory properties have also been extensively described (36-38). The 

concurrent production of IFN-γ in the regulatory T cells may be further helpful in the treatment 

of allergies, which result from immune responses dominated by Th2 cells, the development and 

function of which is counteracted by IFN-γ. Currently the only disease-modifying treatment 

of mono allergies is allergen specific immunotherapy (SIT) which is based on desensitization 

by repetitive administration of allergens to patients (39). A substantial effort is being invested 

in enhancing SIT efficacy through co-administration of Th1- or Treg-driving adjuvants to 

counter-balance Th2 responses (5,40). Applying calcidiol as an adjuvant may potentiate SIT 

by tipping the immunological balance against Th2 responses through both anti-inflammatory 

cytokines and IFN-γ. In this respect, calcidiol may prove more beneficial than calcitriol, which 

Figure 4. The immunomodulatory effects of calcidiol and cholecalciferol depend on their conversion 
into active calcitriol. (A) CD14, CD83, CD86, and HLA-DR expression by MF-primed DCs (dashed histogram) 
and MF/calcitriol-, MF/calcidiol-, MF/cholecalciferol-primed DCs in the presence (open histogram) or 
absence (filled histogram) of ketoconazole. (B) Suppressive capacity of T cells primed by MF/calcidiol-, 
or MF/cholecalciferol-primed DCs in the absence (black bars) or presence (whit bars) of ketoconazole, 
expressed as the percentage of proliferating cells relative to the MF condition. (C) IL-10 production by 
T cells induced by MF/calcidiol- or MF/cholecalciferol-primed DCs in the absence (black bars) or presence 
(white bars) of ketoconazole was measured upon restimulation of resting T cells by αCD3/αCD28 in 24-h 
supernatants. The upper panel shows the fold induction of IL-10 production compared to the MF condition. 
The lower panel is a representative experiment. (D) IFN-γ production (upper panel) by induced T cells was 
determined in 24h supernatants following restimulation by αCD3/αCD28. The percentages of IFN-γ and 
IL-4 producing cells (lower panel) were determined by intracellular staining of IFN-γ and IL-4, following 
restimulation of resting cells with PMA/ionomycin in the presence of brefeldin. Results are a representative 
out of 5 (A), 6 (C lower panel) or 3 (D lower panel) independent experiments, or the mean±SEM 4 (B), 6 
(C upper panel) or 3 (D upper panel) independent experiments, *P < 0.05.

▶
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was shown to potentiate SIT solely through the regulatory route (5). However, harnessing the 

immunomodulatory effects of calcidiol in autoimmune diseases in which Th2 pathogenesis is 

not involved, such as multiple sclerosis and rheumatoid arthritis, may not be suitable due to the 

persisting IFN-γ production in primed T cells.

Calcitriol precursors are the main physiologically available forms of vitamin D. Whereas 

cholecalciferol is the prevailing form in the skin where vitamin D metabolism is initiated; calcidiol 

is the dominant form in circulation. The most advantageous serum concentration of calcidiol 

begins at 75 nM and the best are between 90-100 nM (41). Whereas viamin D deficiency is 

defined by calcidiol serum concentrations below 50 nM, vitamin D intoxication occurs when this 

concentration exceeds 374 nM (1). In this study, calcidiol-induced immunomodulatory effects 

were achieved with concentrations falling within the physiological, non-toxic range. Our findings 

support previous studies correlating low calcidiol concentrations with autoimmune diseases 

(42-44). A major concern about clinical application of vitamin D is the calcemic liability. Several 

clinical trials applying calcidiol or high doses of cholecalciferol revealed no signs of hypercalcemia 

or hypercalceuria in treated subjects (16,18,45,46). Collectively, calcidiol may provide a safe, 

albeit slightly less effective, alternative to calcitriol. This precursor form would be selectively 

transformed into calcitriol in DCs, eventually leading to the development of Treg cells.
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ABSTRACT
The active form of vitamin D3 (VitD) is a potent immunosuppressive drug. Its effects are 

mediated in part through dendritic cells (DCs) that promote the development of regulatory 

T cells (Tregs). However, it remains elusive how VitD would influence the different human 

skin DC subsets, e.g. CD1a+/langerin+ Langerhans cells, CD14+ DDCs and CD1a+ DDCs upon 

administration through the skin route in their natural environment. We addressed this issue by 

intradermal (ID) administration of VitD in a human skin explant system that closely resembles 

physiological conditions. ID injection of VitD selectively enhanced the migration of CD14+ 

DDCs, a subset known for the induction of tolerance. Moreover, ID injection of VitD repressed 

the LPS-induced T cell stimulatory capacity of migrating DCs. These migrating DCs collectively 

induced T cells with suppressive activity and abolished IFN-γ productivity. Those induced 

T cells were characterized by the expression of Foxp3. Thus, we report the novel finding that 

ID injection of VitD not only modifies skin DC migration, but also programs these DCs in their 

natural milieu to promote the development of Foxp3+ Tregs.

KEYWORDS
Vitamin D, Skin dendritic cells, Tolerance, Regulatory T cells, Intradermal injection 

ABBREVIATIONS
DC  dendritic cell

DDC  dermal dendritic cell

ID  intradermal

LC  Langerhans cell

LPS  lypopolysaccharide

KC  keratinocyte

SC  subcutaneous

SIT  allergen-spcific immunotherapy

Treg  regualtory T cell

VitD  1,25-dihydroxyvitamin D3.
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INTRODUCTION
Regulatory T cells (Tregs) are crucial for sustaining tissue homeostasis and preventing 

immunopathology in peripheral tissues. Defects in Treg numbers or functions contribute to the 

development and progression of autoimmunity (1,2). Restoring the immune balance in those 

diseases can be achieved through immunosuppressive agents such as 1,25-dihydroxyvitamin D3 

(VitD) (3). Many autoimmune diseases are correlated with VitD deficiency, including multiple 

sclerosis, type I diabetes and Crohn’s disease (4). VitD is a potent immunosuppressive drug in 

mouse models of autoimmune, inflammatory and allergic diseases (5-9) . Currently, VitD and its 

analogues are successfully used as a topical treatment of psoriasis, an inflammatory skin disease 

characterized by hyperproliferation of keratinocytes (KCs) and large lymphocyte infiltrations (10). 

VitD is thought to normalize the proliferation and differentiation of KCs (11), and to reduce the 

inflammation by modulating the functions of T cells and dendritic cells (DCs). Direct exposure 

to VitD inhibits T cell proliferation, IL-2 expression and inflammatory cytokines production and 

promotes the development of T cells into Tregs (12-16). VitD represses the expression of MHC-II 

and co-stimulatory molecules by DCs, leading to reduced immunostimulatory capacity (17,18). 

Furthermore, VitD renders DCs tolerogenic by downregulating the synthesis of IL-12, while 

boosting IL-10 secretion and inducing the expression of ILT3 and PD-L1, altogether leading to Treg 

priming and inhibiting Th1 cell development (19-21). Furthermore, VitD induces the expression of 

skin epidermal homing receptor CCR10 on T cells, which guides these cells to the epidermis (22).

The skin is an interesting site for vaccination as it is equipped with an extensive network of 

DCs. Mouse models have shown that topical or subcutaneous (SC) application of VitD induces 

significant migration of skin DCs to skin draining lymph nodes (23,24), abolishes T cell responses 

in draining lymph nodes (23,25) and expands antigen-specific Treg cells (26). SC application of 

VitD was shown to potentiate the regulatory effects of allergen-specific immunotherapy (SIT) in 

a mouse model of allergic asthma (9). However, skin contains different DC types — epidermal 

Langerhans cells (LCs) and CD1a+ and CD14+ dermal dendritic cells (DDCs) (27-30) — and it 

is unclear to what extent these individual DC types are influenced by VitD. We have recently 

shown that human skin-derived LCs and CD1a+ DDCs are differentially programmed by VitD to 

support the development of either TGF-β-dependent Foxp3+ Tregs (LCs) or IL-10-dependent IL-10 

producing Tregs (DCs) (21). In this study we analyzed the effect of VitD on the migratory and 

functional properties of skin DC subsets in a human skin explant model (31,32). We show that 

intradermal (ID) injection of VitD results in selective migration of CD14+ DDCs. The unseparated 

total DC population from VitD-injected skin promoted development of Foxp3+ Tregs that actively 

suppressed bystander T cells. These promising findings bare possibilities for the development of 

new therapies for autoimmune diseases, and improvement of current immunotherapies, like SIT.

MATERIALS AND METHODS
Human skin explants. Skin specimens were obtained from healthy subjects undergoing breast 

or abdominal reduction. ID injections with 50 µl of PBS, LPS (20 µg/ml; E. Coli, Sigma Aldrich, St. 
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Louis, MO), VitD (1,25(OH)2 Vitamin D3, 25 µM; Sigma Aldrich, St. Louis, MO) or LPS and VitD 

together were preformed. Both LPS and VitD were diluted in PBS ID injections were applied by 

insulin needles (0.5x16 mm Microlance; BD Biosciences, Mountain View, CA). A biopsy, 6 mm in 

diameter and 3-4 mm in thickness, was taken from the injected site and placed temporarily for 1 h 

in 0.5 ml IMDM (Life Technologies, Paisley, UK) containing 1%FCS (HyClone, Logan, UT) and then 

cultured in 1 ml IMDM supplemented with 10%FCS and GM-CSF (100 ng/ml; Schering-Plough, 

Uden, The Netherlands). After 3 days, the migrating cells were harvested, while the medium was 

used to determine the levels of IL-6, IL-10, IL-12p70 and TNF-α as described previously (51). 

Phenotypical analysis. We used anti-HLA-DR-PerCP, anti-CD1a-APC, anti-CD14-FITC (all from BD 

Biosciences, San Jose, CA), anti-CD11c-PE-Cy7 (eBioscience, San Diego, CA), and anti-langerin-PE 

(Beckman Coulter, Brea, CA) to identify DC subsets. As maturation markers we used anti-CD86-PE 

and anti-CD83-PE (BD Biosciences). Flow cytometry analysis was performed on a FACS Canto II 

(BD Biosciences) and FlowJo software (Tree Star, Ashland, OR) was used for data analysis.

Isolation and stimulation of naive CD4+ T cells. Naïve CD4+ T cells were isolated as described 

previously (21). Prior to T cell stimulation by crawl-out cells, the latter were γ-irradiated 

(30 Gy) to prevent any possible proliferation of contaminating skin T cells. This procedure 

has no effect on T cell priming functions of DCs as reported previously (32). To determine the 

stimulatory capacity of DCs, 4 x 104 naive CD4+ T cells were cocultured with indicated numbers 

of γ-irradiated crawl-out cells in 200 µl IMDM 10%FCS in 96-well flat-bottom plates (Costar). 

After 5 days, 11 KBq/well [3H]-TdR (Radiochemical Center, Amersham, Little Chalfont, U.K.) was 

added and incorporation of [3H]-TdR was measured 16h later. Furthermore, 2 x 104 naive CD4+ 

T cells were stimulated by 2 x 104 γ-irradiated crawl-out cells in the presence of superantigen 

Staphylococcus aureus enterotoxin B (SEB, 10 pg/ml; Sigma Aldrich) and medium was refreshed 

at day 5 with culture medium supplemented with 40 U/ml of IL-2 (Chiron, Emeryville, CA). The 

intracellular expression of Foxp3 (BioLegend, San Diego, CA) and surface expression of CD127 

(BD Biosciences) was determined around day 11. Furthermore, T cells were re-stimulated with 

phorbol 12-myristate 13-acetate (100 ng/mL)/ionomycin (1 µg/mL) in the presence of brefeldin 

(10 µg/ml) (all purchased from Sigma-Aldrich) and analyzed for expression of IFN-γ and IL-4 by 

using anti-IFN-γ-FITC and anti-IL-4-APC (both from BD Biosciences). In parallel, 100x103 T cells 

were restimulated with plate bound αCD3 (16A9, 1 µg/ml) and αCD28 (15E8, 1ug/ml) (both from 

Sanquin, Amsterdam, Netherlands). 24 hours supernatants were taken for analysis of IL-10 and 

IFN-γ (U-Cytech, Utrecht, Netherlands) by ELISA.

T cell suppressor assay. The suppressive capacity was assessed as described previously (21). 

In brief, T cells induced by crawl-out DCs (test cells) were harvested after 5 days, extensively 

washed, counted, irradiated (30 Gy) to prevent expansion, and stained with the cell-cycle 

tracking dye PKH-26 (11.8 µM, Sigma-Aldrich). Memory T cells, from the same donor as test 

cells, were labeled with 5,6-carboxy fluorescein diacetate succinimidyl ester (CFSE) (0.5 µM; 

Molecular Probes, Eugene, OR) and subsequently used as bystander target cells. Test cells 

(50x103) were co-cultured with 25x103 target cells and 1000 LPS-matured monocyte-derived 

DCs. After 5-7 days, the proliferation of the target T cells was determined by flow cytometry.
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Statistics. Data are presented as Mean±SEM. Student t tests were performed for paired 

measurements with GraphPad Prism software (GraphPad, La Jolla, CA). Values of P < 0.05 were 

considered significant.

RESULTS
ID-injected VitD selectively induces the migration of CD14+ DDCs

We tested if ID administration of VitD, alone or together with LPS, would influence the migratory 

patterns of skin DCs. The numbers of DCs crawling out of injected skin biopsies were determined 

and compared to those obtained from PBS-injected skin. As shown previously (32), DCs were 

distinguished by their side scatter and forward scatter properties, in addition to high expression 

levels of both HLA-DR and CD11c (Supplementary Figure 1). Substantial DC migration from PBS-

injected skin explants was observed, with an average of around 10000 DCs from each biopsy. 

LPS-injected biopsies showed similar numbers of crawl-out DCs, and injection of VitD, alone or 

together with LPS did not cause a significant change as compared to PBS or LPS (Fig. 1A).

Next, we evaluated whether the migration of the three skin DC subsets is differentially 

affected by ID-injected VitD, using the differential expression of CD1a, CD14 and langerin: 

CD1a– CD14+ DDCs (referred to as CD14+ DDC), CD1a+/low CD14– DDCs (referred to as CD1a+ DDC), 

and CD1ahigh CD14– langerin+ LCs, as shown before (32), and as demonstrated in Supplementary 

Figure 2. In all conditions, the majority of migratory skin DCs belonged to the CD1a+ DDC subset. 

Strikingly, VitD selectively boosted both the percentages and absolute numbers of migratory 

CD14+ DDCs, when injected alone or with LPS in comparison to the control conditions with 

PBS or LPS alone (Fig. 1B). This increase was accompanied by significantly reduced percentages 

and counts of CD14– DDCs. In line with our previous findings (32), injection of LPS selectively 

enhanced the percentages of migratory LCs and this enhancement persisted when VitD 

was concomitantly injected, while VitD by itself failed to induce any significant LC migration 

(Fig. 1B). A similar trend was observed with LC counts, though the LPS-induced increase was not 

significant (Fig. 1B, lower panel). 

ID-injected VitD does not influence DC maturation, but modulates local cytokine 

production

VitD is able to block the maturation of monocyte-derived DDCs and LCs (21). In order to determine 

whether VitD maintained this capacity when injected directly in the skin, we determined the CD83 

and CD86 expression on the different DC subsets. Regardless of the injected compounds, the 

CD14+ DDC subset always appeared less mature compared to LCs and CD1a+ DDCs, as reflected by 

the lower expression of both CD86 and CD83 (Fig. 2A). Mean fluorescence intensity (MFI) values 

of both markers were significantly lower in the CD14+ DDC subset, when compared to LCs and 

CD1a+ DDCs (Fig. 2B). Despite relatively high expression levels of CD86 by LCs and CD1a+ DDCs 

upon PBS injection, administered LPS could further enhance this expression. Enhanced CD83 

expression following LPS injection was only observed for the CD1a+ DDC, albeit the increase in 

MFI values was not significant (Fig. 2B). LPS-induced maturation was also modestly observed for 
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Figure 1. ID injected VitD induces the migration of CD14+ DDCs from human skin explants. 6 mm 
biopsies were obtained from human skin immediately after injection of PBS, LPS, VitD or LPS/VitD followed 
by a 3 days culture. Skin crawl-out DCs were identified by their typical high side (SSC) and forward (FSC) 
scatter characteristics and the expression of HLA-DR and CD11c. (A) DC counts from one skin biopsy 
following ID injection. (B) Representative dot plots from each treatment (upper panel), and the percentages 
(middle panel) and absolute numbers (lower panel) of the three skin DC subsets were determined based 
on their expression of CD1a, D14 and langerin. Results are the mean±SEM of 7 independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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the CD14+ DDC subset, which maintained lower maturation level compared to the other subsets. 

However, this increase was not observed in the MFI values of several experiments (Fig. 2B). In 

contrast to our earlier findings with isolated skin DCs and LCs in vitro (21), ID-injected VitD was 

not able to inhibit LPS-induced maturation. On the contrary, VitD supported LPS-induced DC 

maturation by slightly upregulating the expression of CD86 in the CD14+ DDC subset and CD83 

expression in the CD1a+ DDC subset (Fig. 2A). However, these changes were marginal and could 

not be observed in the MFI values of several experiments (Fig. 2B).

VitD is also known for modulating cytokine production by various tissue cells, including DCs. 

The levels of IL-6, IL-10, IL-12 and TNF-α, the last three known to be modulated by VitD (21), were 

determined in the medium surrounding the biopsies after 72 hours of injection. Injected VitD slightly 

reduced LPS-induced IL-6 production, yet this reduction was insignificant. The combined injection 

of LPS and VitD induced a significant 2-fold increase in IL-10 production (Fig. 2C), corroborating 

in vitro observations. We were not able to measure any detectable levels of IL-12 and TNF-α. 

So, unlike in vitro studies, ID-injected VitD has a weak impact on skin DC maturation, but 

significantly induced IL-10 production in the injected tissue while causing slight and significant 

reduction in IL-6 levels. 

DCs from VitD-injected skin have enhanced capacity to induce regulatory T cells

We determined whether VitD would influence the T cell stimulatory capacity of skin DCs in 

our ex vivo model. The co-administration of VitD and LPS significantly hampered the ability 

of crawl-out cells to promote the proliferation of allogenic naïve CD4+ T cells when compared 

to cellular crawl-outs obtained after injection of LPS alone (Fig. 3). This limited proliferation 

could be due to the presence of Tregs. Therefore, we assessed to what extent the VitD-exposed 

crawl-out cells supported the development of Tregs. Compared to T cells induced by LPS-

driven crawl-out cells, those induced by LPS/VitD-driven crawl-out cells were significantly more 

efficient in suppressing bystander T cells as reflected by 30% reduced proliferation (Fig. 4A). 

These data show that presence of VitD during LPS injection promoted the development of 

Tregs. We have previously reported that under the influence of VitD, purified and cultured skin 

LCs and DDCs do induce Foxp3+ Tregs and IL-10 producing Tregs, respectively. Unfortunately, 

we were unable to perform such experiments due to the low number of crawl-out DCs from the 

skin explants. We have to take into account that the crawl-out population contained all three 

skin DC subsets, but that the ratio between CD14+ DDCs and CD1a+ DDCs is strongly increased 

by VitD. Next, we investigated the phenotype of the induced regulatory T cells by this particular 

blend of DCs. LPS/VitD-primed crawl-outs did not induce any significant IL-10 productivity in 

T cells (Fig. 4B). On the contrary, IL-10 levels in the supernatants of these cells tended to be 

lower, yet not significantly, than their LPS counterparts. Interestingly, T cells induced by LPS/

VitD-primed crawl-out cells showed a significantly higher frequency of Foxp3+ T cells (Fig. 4C). 

Finally, we investigated whether VitD would have any influence on the ability of the 

crawl-out cells to induce the expression of Th1 (IFN-γ) and Th2 (IL-4) cytokines in primed 

T cells. Crawl-out cells derived from LPS-injected skin mainly promoted Th1 cell development. 

However, adding VitD to LPS markedly reduced the capacity of crawl-out cells to induce IFN-
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Figure 2. ID injection of VitD does not inhibit 
LPS-induced maturation and modifies cytokine 
production at the site of injection. The 
maturation status of migrating DC subsets was 
determined by the expression of CD86 and CD83. 
(A) Crawl-out cells were gated on HLA-DR+ and 
CD11c+ and the different DC populations were 
identified by their expression of CD1a and CD14. 
The expression of CD86 and CD83 by the three 
subsets  following the injection of PBS (closed 
histograms), LPS or LPS/VitD (open histograms) 
were compared. (B) The mean fluorescence 
intensity (MFI) values of CD86 and CD83 by the 
three subsets: LCs (white bars), CD1a+ DDCs (black 
bars) and CD14+ DDCs (grey bars) were compared 
following the injection of PBS, LPS or LPS/VitD.  (C) 

Fold induction of IL-10 or reduction of IL-6 (compared to LPS) in 72 h-culture medium of skin biopsies. 
Mean values of IL-10 and IL-6 produced in LPS condition, which was set to 1, were 113.66 ± 57.41 pg/ml for 
IL-10 and 126.85 ± 58.06 ng/ml for IL-6. Results are a representative of 6 (A and C) or the mean±SEM of 6 
independent experiments (B and C). *P < 0.05, **P < 0.01, ***P < 0.001.
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γ-producing T (Fig. 5A). This was also accompanied by modest and insignificant reduction in 

IL-4-producing T cell percentages. Reduced IFN-γ levels were also measured in supernatants 

of T cells activated by LPS/VitD-primed crawl-out cells (Fig. 5B).

Collectively, ID-injected VitD modulated the function of resident skin DCs by enhancing 

the capacity to generate Foxp3+ Tregs, and concomitantly, reducing the potential of the DCs to 

induce IFN-γ production in T cells.  

DISCUSSION
Exploiting skin as a route of vaccination is founded by Edward Jenner, who demonstrated 

that inoculating cowpox-causing vaccinia virus into human skin rendered protection against 

smallpox (33). Although ID application is efficient, the SC route is the most prominent 

administration method utilizing skin. Currently ID vaccines are limited to rabies and Bacille 

Calmette-Gurein (BCG) vaccines (30). Unlike the SC route, ID application allows utilizing the 

extensive skin network of DCs, which plays a central role in generating immune responses (34). 

By granting access to skin antigen presenting cells, ID administration may also be more superior 

to transcutaneous, i.e. topical, application of vaccines which is hindered by the barrier functions 

of stratum corneum, the most superficial layer of the epidermis. However, new approaches 

in transcutaneous vaccination are circumventing this obstacle by applying novel formulations 

like microemulsions and liposomes, and novel application techniques like  microneedles 

(35). Although LCs are directly exposed to transcutaneous vaccines, neighboring KCs are 

also affected. Stimulated KCs may also influence LC migration and stimulation status (35). In 

contrast, ID application guarantees delivery to dermal DC subsets and further proof is required 

to demonstrate that ID vaccines actually reach the epidermis and that  LCs are exposed directly 

to these vaccines. Based on these differences, we speculate that ID vaccination might be more 

efficient in inducing immune responses. In light of increased prevalence of autoimmune and 

allergic diseases, the concept of ID vaccination can be extended from promoting immunity to 

inducing tolerance. In this study we show for the first time that ID application of VitD modulates 

the functions of human skin DCs to induce the development of Tregs.

The human skin DC network comprises epidermal LCs and two types of DDCs having 

differential expression of CD1a and CD14 (27,29,30). We demonstrate a selective significantly 

increased number of migratory CD14+ DDCs accompanied by reduced numbers of migratory 

CD1a+ DDCs. A plausible explanation for this observation is that the CD1a+ DDC subset 

upregulated the expression of CD14 under the influence of VitD. This hypothesis is supported 

by previous in vitro studies showing that monocyte-derived DDCs and LCs, as well as CD1c+ 

blood DCs, exhibit enhanced CD14 expression under the influence of VitD (20,21,36). An 

alternative explanation could be that VitD caused retention of CD1a+ DDCs while promoting 

the migration of CD14+ DDCs. Regarding LC migration, we observed that VitD did not block 

the previously reported LPS-induced migration of LCs (32). The influence of injected VitD on 

skin DC migration may provide a mechanism by which VitD promotes tolerance, as it favors the 

migration of CD14+ DDCs that are known for their tolerogenic effects (36).
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Figure 3. ID injection of VitD reduces the LPS-induced T cell stimulatory capacity of skin crawl-outs. 
Proliferation of allogenic naïve CD4+ T cells stimulated with crawl-out cells derived from LPS or LPS/VitD 
injected skin was determined by [3H]-thymidine incorporation. Data are shown as mean±SEM of triplicates 
of 1 representative experiment (n=4). **P < 0.01.

In addition to phenotypical variations between the different skin DC populations, functional 

specialization of these populations has become more defined in recent years. Whereas human 

LCs seem to specialize in inducing cytotoxic CD8+ T cell responses (37,38), human CD1a+ DDCs, 

which constitute most of DDCs, mediate CD4+ T cell responses (39), while CD14+ DDCs are 

proposed to promote antibody production by B cells through the induction of follicular helper 

T cells (40). Compared to other crawl-out DC types, the CD14+ DDC subset expresses lower levels 

of the DC co-stimulatory molecules CD80 and CD86 and the DC maturation marker CD83 (41-43), 

which was also observed in this study. This maturation profile was accompanied by a lower T cell 

stimulatory capacity in comparison to other skin DC subsets (40,41), which may be a reflection 

of the tolerogenic nature of this CD14+ DDC subset. Indeed, the tolerogenic function of this 

subset was stressed in a recent study demonstrating that CD14+ DDCs induce IL-10-producing 

Tregs (36). Collectively, the tolerogenic effect resulting from ID-injected VitD may be caused 

by selective VitD-induced enhanced migration of the CD14+ DDC subset. However, we did not 

observe enhanced IL-10 production in T cells primed by DCs crawling out of LPS/VitD-injected 

skin. One explanation is that VitD not only promotes migration of CD14+ DDCs, but also primes 

these DDCs for the induction of Foxp3 Tregs that are suppressive without the contribution of 

IL-10. Another explanation is that the other two skin DC subsets are vital as well in inducing 

tolerance. We previously showed that under the effect of VitD, LCs would induce Foxp3+ Tregs in 

a TGF-β dependent mechanism; whereas CD1a+ DDCs would induce IL-10 producing Tregs in an 

IL-10 dependent manner (21). Although VitD-primed crawl-out DCs comprise high percentages 

of CD14+ DDCs, they also contain LCs and CD1a+ DDCs, also determining the type of induced 

Tregs. IL-10 is a major factor in driving the development of Tr1 type Tregs that are characterized 

by high IL-10 production. However, the mere presence of TGF-β during Tr1 priming by IL-10 

would diminish IL-10 productivity by the induced T cells (44). Since LCs are a major source of 

TGF-β, they may hinder the induction of IL-10 producing T cells by the other two subsets and 

endorse the development of Foxp3+ Tregs. Purifying the three different subsets following ID 
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Figure 4. Skin DCs migrating out of VitD-injected skin induce the development of Foxp3+ Tregs. 
T cells induced by LPS- or LPS/VitD-primed skin crawl-out cells were analyzed for regulatory characteristics. 
(A) The suppressive capacity of induced T cells expressed as the proliferation of bystander T cells. This 
proliferation is depicted as the percentage of T cell proliferation of the LPS condition, which was set as a 
base line. (B) IL-10 fold induction in 24h-supernatants of T cells restimulated by αCD3/αCD28. (C) Foxp3 
expression by resting T cells was determined by flow cytometry. Results are representative of 5 (A right 
panel), 6 (B right panel) or 7 (C right panel) or the mean±SEM of 5 (A left panel), 6 (B left panel) or 7 (C left 
panel) independent experiments. *P < 0.05, **P < 0.01.
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Figure 5. ID-injected VitD hinders the Th1 cell-inducing capacity of injected LPS. (A) The percentages 
of IFN-γ and IL-4 producing T cells were determined by flow cytometry after restimulating T cells by PMA/
ionomycin in the presence of brefeldin. (B) IFN-γ reduction in 24h-supernatants of T cells restimulated 
by αCD3/αCD28. Results are representative of 4 (A, B right panel) or the mean±SEM of 4 (A, B left panel) 
independent experiments.  *P < 0.05.

injection of VitD would allow pinpointing the contribution of each subset to tolerance, but this 

was impossible in this study due to the limited number of in crawl-out cells. 

The immunosuppressive effect exerted by VitD has been related to its influence on DCs. 

Several in vitro studies (17,18) demonstrated that VitD downregulates the expression of MHC-II 

and co-stimulatory molecules, to represses IL-12 production and boosts IL-10 production. 

In our skin explant model we were not able to observe this inhibitory effect on LPS-induced 

maturation. It is noteworthy that LC maturation was enhanced by ID-injection of LPS, though 

LCs do not express TLR4 (37). Both observations may be attributed to KCs, the main constituent 

of the epidermis, which express both TLR4 and vitamin D receptors (45,46). LPS-stimulated KCs 

were shown to release TNF-α, which may explain enhanced LC migration and maturation (45). 

Treatment of KCs with VitD also induces the release of TNF-α and thymic stromal lymphopoietin 

(TSLP) (47,48), the latter being known to instruct DCs to promote Th2 cell development (49). Yet, 

we were not able to detect enhanced Th2 priming by VitD-conditioned crawl-out cells, implying 

that the effect of TSLP may be overridden by other factors. In line with in vitro data, we were 

able to detect elevated IL-10 levels in the cultures of skin biopsies injected with VitD, though 

this elevation may also result from cells other than DCs, but not KCs (50). Nevertheless, KCs 
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may be a major contributor in shaping immune responses following ID injection of VitD through 

the release of mediators that can influence DC functions.Although intradermally injected VitD 

rendered skin DCs tolerogenic, VitD concentrations applied in this model were 10 times higher 

than usually used in vitro on monocyte-derived or purified DCs and LCs (21). Injecting lower 

concentrations did not have any effect (data not shown). However, it is noteworthy that LPS 

effects in this model are also observed at concentrations 10 times higher than those applied 

in vitro. This may have to do with the complexity of the skin model, as VitD being injected in a 

tissue and not simply applied on purified cells. This concentration factor should be addressed for 

any toxic effects, especially calcimic toxicity, before any clinical application of intradermal VitD.

We demonstrated that VitD is a potent inducer of Tregs when administered into the dermis. 

This may have great implications for innovating or potentiating old therapeutic approaches for 

the treatment of autoimmune and allergic diseases. SIT, currently the only cure for allergies, 

depends on the induction of Tregs to quench the Th2-led allergic responses. However, this 

therapy is characterized by poor efficiency and long treatment periods. Since SIT is usually 

applied through the skin, VitD would be a suitable regulatory adjuvant that maintains its 

tolerogenic effects when applied into the skin. 
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Skin crawl-out DCs were identified by their typical high sideward (SSC) 
and forward (FSC) scatter properties and their distinctive high expression of HLA-DR and CD11c.

Supplementary Figure 2. Within crawl-out DCs, three skin DC subsets could be distinguished based 
on their expression of CD1a, CD14 and langerin: LCs were langerin+CD1ahighCD14−, whereas the two 
populations of DDCs both lacked expression of langerin and were either CD14+CD1a− or CD14−CD1alow. 
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ABSTRACT
Allergen-specific immunotherapy (SIT) is currently the only disease-modifying cure for allergies. 

It is based on repetitive administration of increasing doses of allergen leading eventually to 

desensitization through the induction of allergen-specific regulatory T cells (Treg). However, 

classical SIT protocols are burdened by two major caveats that hinder its application on a wide scale. 

The first caution is the risk of developing life-threatening systemic anaphylactic reactions, arising 

from the binding of the applied allergen to specific IgE antibodies on mast cells and basophils. The 

second is the low efficacy, reflected by long treatment durations, probably due to a relatively poor 

induction of Treg cells. We hypothesized that systemic reactions might be reduced by targeting 

the sensitizing allergen directly to antigen-presenting dendritic cells (DCs). On the other hand, the 

effects of SIT could be potentiated using regulatory adjuvants, which would promote the induction 

of Treg cells. In this study we report for the first time that targeting one of the major allergens of 

birch pollen, Bet v 1d, to DCs via the DC-specific surface molecule DEC205 effectively activates 

allergen-specific T cells. Furthermore, the concomitant presence of 1,25-dihydroxyvitamin D3 

(VitD) during Bet v 1d targeting impedes the proliferation of Bet v 1d-specific T cells and modifies 

their cytokine production. These findings suggest that combined allergen targeting and regulatory 

adjuvant might be a promising approach to enhance the quality of SIT.

ABBREVIATIONS
DC  dendritic cell

MF  maturation factors

SIT  allergen-specific immunotherapy

Treg  regulatory T cell

VitD  1,25-dihydroxyvitamin D3
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INTRODUCTION
Allergen-specific immunotherapy (SIT) is a disease-modifying treatment with a long lasting 

effect and represents the sole curative therapeutic approach of mono allergies (1,2). The anti-

inflammatory effects endowed by SIT are the outcome of modifying immunological pathways 

involved in the allergic reaction. Initially, SIT was demonstrated to shift cytokine expression 

of allergen-specific T cells from the pro-allergic Th2 profile to a Th1 profile (3). However, 

recent studies clearly showed that the key immunological basis of SIT is the restoration of the 

immunomodulatory role of regulatory T (Treg) cells. This repair is demonstrated by increased 

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

(4-6). In addition to suppressing Th2 responses, SIT-induced Treg cells alter antibody profile by 

directly inhibiting IgE production and triggering the production of blocking IgG, in particular 

IgG4 (4,7). A classical SIT regime is based on the administration of increasing doses of the 

sensitizing allergen over a long period of time reaching approximately five years (8). The long 

treatment duration reflects low therapeutic efficacy, whereas the increasing doses exposes 

patients to a risk of developing life-threatening anaphylactic reactions (9). The low efficacy and 

safety concerns weigh heavily on patient compliance. Therefore, improvements tackling such 

issues are required for optimizing the classical SIT protocol.

Dendritic cells (DCs) play a central role in the pathogenesis of allergies and in mediating 

the immunological effects of SIT by taking up, processing and presenting allergens to T cells. 

In the context of SIT, the administered allergen would eventually induce allergen-specific 

Treg cells after being taken up by DCs. The specific delivery of allergen to DCs by coupling 

allergen to a DC-specific antibody may reduce the probability of allergen interactions with 

IgE-sensitized mast cells and basophils. Pioneering studies using antibodies directed to the 

DC-specific surface molecule DEC205 demonstrated that in vivo targeting of DCs resulted in 

amplified antigen-specific CD4+ and CD8+ T cell proliferation and enhanced IFN-γ production 

when combined with an inflammatory adjuvant (10,11). DEC205 is a C-type lectin expressed at 

high levels exclusively by DCs (12), and was shown to target late endosomes and lysosomes 

rich in MHC-II molecules (13). In addition to providing a DC-specific delivery system, antigen 

targeting to DCs by αDEC205 in the absence of adjuvant results in the expansion of the Treg 

cell population (14,15). This was attributed to DEC205-mediated antigen delivery to steady state 

DCs, characterized by a rather immature phenotype. This activation state of DCs would permit 

proliferation of induced T cells, but would render them anergic (16). 

Potentiating the immunomodulatory effects of SIT may serve as a solution for the efficacy 

hurdle. This can be realized through the application of regulatory adjuvants, capable of 

skewing DCs into priming Treg cells. Among the most potent immunosuppressive drugs is 

1,25-dihydroxyvitamin D3 (VitD), known for its inhibitory effects on adaptive immune responses, 

exerted partially through the effects of VitD on DCs. Under the influence of VitD, DCs downregulate 

the expression of MHC-II and co-stimulatory molecules, leading to reduced immunostimulatory 

capacity (17,18). Additionally, VitD renders DCs tolerogenic by inhibiting DC synthesis of IL-12, 

boosting the synthesis of IL-10 and inducing the expression of immunoglobulin-like transcript 
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3 (ILT3) and programmed death-1 ligand (PD-L1), eventually favoring the development of Treg 

cells over inflammatory Th1 effector cells (19-22). Moreover, VitD was shown to augment the 

beneficial effects of SIT in a murine model of allergic asthma (23).

In this study we show that targeting Bet v 1d, the major allergen of Betula verrucosa (birch) 

pollen, to DCs by coupling this allergen to αDEC205, efficiently induces allergen-specific 

T cell responses. Furthermore, simultaneous Bet v 1d targeting and VitD conditioning of DCs 

endowed the allergen-specific T cells with tolerogenic characteristics, reflected by lower 

proliferative capacity, reduced Th1- and Th2-cytokine production and the secretion of the 

immunomodulatory cytokine IL-10. These results pave the way for the development of a new 

generation of safer and more efficient SIT protocols. 

MATERIALS AND METHODS
Conjugation of Bet v 1d to αDEC205. Monoclonal αDEC205 antibodies were purified from 

the supernatant of MG38 hybridoma (Manassas, VA) and coupled to recombinant Bet v 1d 

(Kind gift from Dr. M. Wallner, University of Salzburg, Salzburg, Austria) using sulfosuccinimidyl 

4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC; Pierce Biotechnology, 

Rockford, IL). First, additional sulfhydryl groups were added to Bet v 1d using 5 molar excess 

of N-Succinimidyl S-Acetylthioacetate (SATA, Pierce Biotechnology) at 4° C overnight. The 

following day, the newly added sulfhydryl groups were demasked using Hydroxlyamine (0.5 M 

solution at pH 7.2-7.5; Pierce Biotechnology). In parallel, αDEC205 antibodies were activated 

by 5 molar excess of Sulfo-SMCC at 37° C for half an hour. Both activated antibodies and Bet v 

1d were desalted (Zeba desalting columns; Pierce Biotechnology) and incubated at 1:1 ratio in 

phosphate buffer (pH 7.2) at 4° C overnight. The reaction was stopped by adding 1 mM L-cystein 

solution. The conjugate was purified from remainders of free Bet v 1d and αDEC205 by running 

it on a gel filtration column (Superdex 75 10/300 GL) using AKTATM Purifier 10 FPLC system (both 

purchased from GE Healthcare, Uppsala, Sweden). As a control, Bet v 1d was also coupled to an 

isotype control antibody (Iso). 

Characterization of the chemical conjugate. The conjugate was confirmed to contain 

Bet v 1d by immunoblotting using human sera positive for birch followed by mouse anti-human 

IgE antibodies (Sanquin research Amsterdam, the Netherlands) that was custom labeled 

by IRDye800CW (LI-COR Biosciences, Lincolon, NE) and the immunoblot was visualized by 

ODYSSEY infrared imaging system (LI-COR Biosciences). In order to determine the Bet v 1d 

content in the conjugate, total protein concentration was determined by Bio-Rad protein 

assay (Bio-Rad laboratories, Munich, Germany), followed by total mouse IgG ELISA (Southern 

Biotech, Birmingham, AL) following manufacturer’s instructions; and the difference between 

these two values represents the amount of Betv 1d in the conjugate.  

In vitro generation and activation of DCs. Monocyte-derived DCs were generated as 

described previously (24). Immature DCs were stimulated for 48h with IL-1β (10 ng/ml) and 

TNF-α (25 ng/ml), both purchased from Miltenyi Biotech (Bergisch Gladbach, Germany) in the 
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presence or absence of: 1,25-dihydroxyvitamin D3 (VitD) (2.5 µM; Sigma-Aldrich, St. Louis, MO), 

αDEC205-Bet v 1d conjugate, free αDEC205 (equivalent to the antibody concentration in the 

conjugate), or a combination of VitD and the conjugate. Mature DCs were analyzed for the 

expression of cell-surface molecules by flow cytometry with anti-CD86 allophycocyanain (APC), 

anti-CD83–phycoerythrin (PE), anti–HLA-DR–peridinin-chlorophyll-protein (PerCP) and anti-

CD14- Fluorescein isothiocyanate (FITC); all purchased from BD Biosciences (San Jose, CA).

To determine the binding capacity of αDEC205-Bet v 1d to DCs, the conjugate or αDEC205 

were incubated with mature DCs for 30 min at 4° C. The conjugate was then detected by staining 

αDEC205 with goat-anti mouse-PE (Jackson ImmunoResearch, West Grove, PA),.

Isolation of naïve CD4+ T cells. Human PBMCs were isolated from heparinized human peripheral 

blood by density gradient centrifugation on Lymphoprep (Nycomed).  The total CD4+ T cell 

population was first isolated from PBMC by negative magnetic selection using MACS CD4+ T cell 

isolation kit (Miltenyi Biotech). Naïve CD45RA+CD45RO- CD4+ T cells were separated from memory 

T cells by applying anti-CD45RO-PE (Dako Cytomation, Glostrup, Denmark) and anti-PE beads 

(Miltenyi Biotech). Purity levels higher than 98% were achieved, determined by flow cytometry. 

Stimulation of naïve CD4+ T cells. Primed DCs were washed extensively before co-culture with 

naïve CD4+ T cells at a ratio of 1:4 in Iscove’s modified Dulbecco’s medium (IMDM) supplemented 

with 10% (v/v) fetal calf serum (FCS) (Lonza, Cologne, Germany) containing superantigen 

Staphylococcus aureus enterotoxin B (SEB, 10 pg/mL; Sigma-Aldrich), as described previously 

(24). At day 5 proliferating T cells were refreshed with medium supplemented with 20 U/ml of 

IL-2 (Chiron, Emeryville, CA). When resting (around day 11 T cells were restimulated phorbol 

12-myristate 13-acetate (PMA) (100 ng/mL)/ionomycin (1 µg/mL) in the presence of brefeldin 

(10 µg/ml) (all purchased from Sigma-Aldrich) and analyzed for expression of IFN-γ and IL-4 by 

using anti-IFN-γ-FITC and anit-IL-4-APC (both from BD Biosciences). In parallel, 100x103 T cells 

were restimulated with plate bound anti-CD3 (16A9, 1 µg/ml) and anti-CD28 (15E8, 1ug/ml) (both 

purchased from Sanquin research). 24 hours supernatants were taken for analysis of IL-10 and 

IFN-γ (U-Cytech, Utrecht, the Netherlands) by ELISA. 

To determine T cell proliferation induced by DCs, 11 KBq/well [3H]-TdR (Radiochemical 

Center, Amersham, Little Chalfont, U.K.) was added on day 3-5 of co-culture of naïve CD4+ T 

cells (50x103) with the indicated numbers of DCs. The incorporated [3H]-TdR was measured 

after 16h by liquid scintillation spectroscopy.

Generation of Bet v 1d-specific T cell clones. PBMCs obtained from allergic donors were 

labeled with CFSE (0.5 µM; Molecular Probes, Eugene, OR) and stimulated with 10 µg/ml rBet 

v 1d (a kind gift of Dr. Michael Wallner, University of Salzburg, Salzburg, Austria) in IMDM 

supplemented with 5% human serum (Lonza). After 7 days, the cells were harvested and 

stained for CD4 expression using anti-CD4-APC (BD Biosciences). CFSElow/CD4+ T cells were 

sorted using FACS Aria and cultured for 7 days in IMDM 5% HS in the presence of 20 U/ml IL-2. 

Those cells were subsequently cloned by limiting dilution and expanded in the presence of 

the IL-2- and PHA-containing feeder mix as described previously (25). When the cells were 

resting the specificity of the clones was measured by stimulating the cells with bet v 1d in 
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the presence of PBMCs (ratio 1:2). Proliferation was determined by [3H]-TdR incorporation as 

described above. Clones with a stimulation index of 10 or higher were considered as Bet v 1d 

specific T cell clones.

Stimulation of Bet v 1d specific T cell clones. Monocyte-derived DCs were matured with MF 

for 16 hours in the presence or absence of VitD, and then pulsed with either nothing, αDEC205, 

Iso, Iso- or αDEC205-Bet v 1d conjugates or for 2 hours at 37° C. The cells were washed twice 

and cocultured with autologous Bet v 1d-specific T cell clones at a ratio of 1:10 for 48 hourrs. 

Alternatively, those T cells clones were stimulated by αCD3/αCD28 as a positive control. 

Supernatants were collected to measure cytokine levels by ELISA as described above. T cell 

proliferation was determined by [3H]-TdR incorporation.

RESULTS 
Targeting Bet v 1d to DCs via DEC205

To test to what extent allergen targeting to DCs would allow its processing and presentation 

to allergen-specific T cells, we coupled Bet v 1d, one of the major allergens of birch pollen, 

to an antibody against DEC205, which is selectively expressed at high levels by DCs. This 

coupling was achieved by chemical conjugation using the heterobifunctional cross-linker 

Sulfo-SMCC, which reacts with the amine group of one protein and the sulfhydryl groups of 

another, joining these proteins together. First, the amine containing αDEC205 was attached to 

the N-hydroxysuccinimide ester group of Sulfo-SMCC. In parallel, protected sulfhydryl groups 

were added to Bet v 1d using SATA. This step is necessary since the single sulfhydryl group 

existing in Bet v 1d is not sufficient for chemical coupling (data not shown). Finally, those newly 

added sulfhydryl groups were demasked and allowed to react with the maleimide groups of 

Sulfo-SMCC, already attached to αDEC205, resulting in a stable αDEC205-Bet v 1d conjugate 

(Fig. 1A). Following the chemical coupling reaction, remnants of uncoupled molecules were 

removed by running the reaction mix on a gel filtration column which allows the separation 

of the mix components based on their sizes (Fig. 1B). UV absorption may be indicative of 

concentration, but it also depends on the absorption properties of every compound. Based on 

previous calibration of the column, fractions B11- B5 correspond with the expected weight of 

the chemical conjugate at different Bet v 1d: αDEC205 binding ratios. In order to confirm our 

findings, western blot analysis of these fractions was performed using the serum of birch pollen 

allergic patients, containing antibodies against Bet v 1d, for detection. As shown in Fig. 1C, Bet v 

1d was detected at a molecular weight higher than 17 kDa, the molecular weight of Bet v 1d, and 

150 kDa, the approximate molecular weight of monoclonal antibodies, indicative of efficient 

chemical coupling. However, the multiple bands, detected sometimes even in a single fraction, 

imply variable Bet v 1d: αDEC205 ratios. Finally, all fractions that contained Bet v 1d, judged by 

western blot, were pooled and concentrated. Since there is no direct method to determine 

Bet v 1d concentration, an indirect approach was followed by determining the total protein 

concentration and determining the concentration of αDEC205 antibody by a mouse IgG ELISA. 
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Figure 1. Chemical conjugation of Bet v 1d to αDEC205. (A) Schematic representation of the chemical 
coupling reactions. (B) Chromatogram resulting from the purification of the chemical conjugate by FPLC. 
The X axis represents the eluted fractions and Y axis represents the UV absorption of these fractions. (C) 
Immunoblotting of αDEC205-Bet v 1d chemical conjugates using sera from birch-allergic patients. Results 
are representative of two independent experiments (B and C). 
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The difference between total protein concentration and αDEC205 concentration represents 

the concentration of Bet v 1d. Based on those concentrations and the molecular weights of 

αDEC205 and Bet v 1d, the average αDEC205:Bet v 1d binding ratio was determined. This binding 

ratio varied between different batches of prepared chemical conjugate and was 1:2.5, 1:6.2 and 

1:6, reflecting difficulties in controlling the chemical coupling reaction. In parallel, Bet v 1d was 

also chemically coupled to a nonspecific antibody of the same isotype as αDEC205 (Iso). This 

conjugate (Iso-Bet v 1d) would serve as a control in the targeting experiments. 

Bet v 1d targeting by αDEC205 facilitates its delivery to DCs and does not affect DC 

functions

To verify that chemical linking of Bet v 1d to αDEC205 did not have any influence on the capacity 

of the antibody to bind to its target while linked to Bet v 1d, we compared the binding capacity 

of free and Bet v 1d-conjugated αDEC205 to monocyte-derived DCs at 4° C. Surface binding to 

DCs was determined by flow cytometry following the detection of αDEC205 by fluorescent-

labeled secondary antibodies. As shown in Fig. 2A, the binding of free and conjugated αDEC205 

to DCs was almost equal at all tested doses, suggesting minimal loss of DEC205 binding capacity 

of αDEC205 upon conjugation to Bet v 1d.

Although DEC205 ligation by its specific antibody was not reported to trigger any signaling 

cascades (26), it is possible that this property is altered by chemically linking Bet v 1d to αDEC205. 

In order to exclude this possibility, the effect of the chemical conjugate on DC functions in T 

priming T cells was assessed. First, DCs were matured by IL-1β and TNFα (maturation factors; 

abbreviated MF) and the expression of maturation markers was determined in the presence 

of free or conjugated αDEC205. DC expression of the co-stimulatory molecule CD86, the 

maturation marker CD83 and MHC-II was not influenced by either the conjugate or any of its 

free constituents (Fig. 2B). Furthermore, the conjugate did not affect the T cell stimulatory 

capacity of MF-matured DCs as determined by the proliferation of allogenic naïve CD4+ T cells 

(Fig. 2C). Finally, the chemical conjugate did not have any influence on the capacity of DCs to 

promote Th1 or Th2 cytokines in CD4+ T cells (Fig. 2D). Altogether, this data show that Bet v 1d 

targeting to DCs via αDEC205 does not affect the essential DC function.

Bet v 1d targeting to DCs through DEC205 efficiently induces allergen-specific T cell 

responses

To determine whether Bet v 1d, delivered to DCs by αDEC205, is processed for presentation by 

MHC-II to CD4+ T cells, Bet v 1d-specific CD4+ T cell clones where stimulated by MF-matured 

DCs that were pulsed with αDEC205-Bet v 1d or Iso-Bet v 1d. Clearly, only DCs targeted by 

αDEC205-Bet v 1d were capable of triggering proliferation of Bet v 1d-specific clones (Fig. 3A). 

This specific T cell stimulation, elicited by αDEC205-Bet v 1d-treated DCs was only matched, 

to a certain extent, by the nonspecific activation of the T cell clones by the combination of 

antibodies against CD3 and CD28. This implies that upon αDEC205-mediated binding by DCs, Bet 

v 1d is adequately taken up and processed for presentation and T cell activation. Furthermore, 

at all tested concentrations αDEC205-Bet v 1d maintained its superiority over Iso-Bet v 1d in 
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Figure 2. Bet v 1d targeting facilitates 
its uptake by DCs and does not 
affect DC functions. (A) Monocyte-
derived DCs were incubated with 
either αDEC205 (dotted histograms),or 
αDEC205-Bet v 1d (open histograms) 
and cell surface-bound DEC205 was 
determined by detecting αDEC205 
using goat-anti-mouse antibody. Single 
stainings with the detection antibody 
were also performed (filled histograms). 
The conjugate’s content of Bet v 1d, 
in µg/ml, is indicated in the corner of 
every figure. Uncoupled αDEC205 was 
used at concentrations equivalent to 
those present in the applied amounts 
of the conjugate. (B) Immature DCs 
(dotted histograms) were stimulated 
with MF in absence (open histograms) 
or presence of αDEC205 or αDEC205-
Bet v 1d (filled histograms) and DC 
expression of CD14, CD83, CD86 and 
HLA-DR was determined by flow 
cytometery. (C) T cell stimulatory 
capacity of DCs matured as above was 

determined by [3H] thymidine incorporation. Data are shown as mean±SEM of triplicates of 1 representative 
experiment. (D) T cells induced by DCs, treated as in A, were analyzed for the expression of IFN-γ and IL-4 
by intracellular staining of these cytokines following restimulation with PMA/ionomycin in the presence of 
brefeldin. All figures are a representative of 3 independent experiments. **P < 0.01.
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inducing Bet v 1d-specific responses of different T cell clones from different donors (Fig. 3B). 

The failure of the nonspecific Iso-Bet v1d to induce T cell responses, even when used at high 

concentrations, excludes any possible off-target effects resulting from fluid phase endocytosis 

of any of the Bet v 1d conjugates.

Combination of Bet v 1d-targeting via αDEC205 and VitD-conditioning of DCs impedes 

allergen-specific T cell responses

Concurrent allergen targeting and the conditioning of DCs by VitD may allow benefiting from 

both allergen-specific and tolerogenic effects respectively. In order to test this hypothesis, 

we first assessed to what extent the presence of αDEC205-Bet v1d conjugate influenced the 

VitD-conditioning of DCs. Exposing DCs to both VitD and αDEC205-Bet v 1d resulted in an 

inhibitory profile similar to the single application of VitD: downregulated expression of CD83, 

CD86 and to a lesser extent MHC-II and enhanced CD14 expression (Fig. 4A). Furthermore, the 

reduced capacity of VitD-conditioned DCs to induce allogenic naïve CD4+ T cell proliferation 

persisted in DCs exposed to both VitD and αDEC205-Bet v 1d (Fig. 4B). The ablated T cell IFN-γ 

production upon DC conditioning with VitD persisted when αDEC205-Bet v 1d was added to 

Figure 3. Bet v 1d targeting to DCs through DEC205 induces allergen-specific T cell responses. (A) 
Bet v 1d-specific T cell clones were stimulated by αCD3/αCD28 or by MF-primed DCs that were pulsed by 
either nothing, αDEC205, Isotype control antibody (Iso) or 1 µg/ml of Bet v 1d conjugated to αDEC205 
or the isotype control antibody. (B) Alternatively, T cell clones were stimulated by MF-primed DCs that 
were pulsed by the indicated concentrations of Bet v 1d conjugated to αDEC205 (○) or the isotype control 
antibody (●). In both cases, proliferation of Bet v 1d-specific clones was determined by [3H] thymidine 
incorporation. Results are the mean±SEM of 6 different clones (A) or the mean±SEM of triplicates of 1 
representative experiment for 4 different clones (B). *P < 0.05. 
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VitD during DC maturation (Fig. 4C). Surprisingly, combined treatment with αDEC205-Bet 

v 1d further augmented IL-10 production by induced T cells (Fig. 4D). These findings clearly 

demonstrate that allergen targeting DCs does not disrupt in the inhibitory influence of VitD. 

On the contrary, this influence is corroborated by elevated IL-10 production, implying that 

targeting and tolerogenic adjuvant strategies are compatible with each other. 

In order to determine whether VitD can influence the Bet v 1d-spcific responses, elicited by 

αDEC205-Bet v 1d, specific T cell clones were stimulated by MF/VitD-conditioned DCs that were 

pulsed by αDEC205-Bet v 1d. As demonstrated in Fig. 5A, the mere conditioning of DCs by VitD 

significantly reduced the proliferation of most of the Bet v 1d-specific clones. This inhibitory 

effect persisted at several Bet v 1d concentrations (Fig. 5B). Next, production levels of the Th1 

cytokine IFN-γ, the Th2 cytokine IL-13 and the immunomodulatory cytokine IL-10 by of the 

specific T cell clones were determined. As shown in Fig. 5C, the tested clones displayed unique 

cytokine profiles. VitD-conditioning of DCs led to clear reduction in IFN-γ and IL-13 production 

in only clone (F4), but upregulated IL-10 secretion was evident in 3 out of 4 clones at the highest 

concentration of Bet v 1d. Notably, cytokine production increased in a Bet v 1d dose-dependent 

manner. Thus, VitD-conditioning of DCs during targeted Bet v 1d delivery strongly limits the 

expansion of allergen-specific T cell responses, in spite of a less clear effect on the cytokine 

repertoire of the allergen-specific clones.

DISCUSSION
Presently, SIT is the sole curing therapeutic approach that actually interferes in and modifies 

disease development of allergies. However, classical SIT protocols, based on the administration 

of the sensitizing allergen, are challenged by major hurdles such as low efficacy and detrimental 

side effects. In this study we attempted to devise new strategies to enhance the quality 

of traditional SIT protocols. Our approach was based on specific allergen delivery to DCs 

through the DC-specific cell surface molecule DEC205. Indeed, targeted allergen delivery was 

successful in activating allergen-specific T cell responses. Moreover, VitD-conditioning of DCs 

in conjunction with allergen targeting, limited the expansion of these allergen-specific T cells 

and modified their cytokine production.

Birch pollen allergy is one of the most prominent allergies in developed countries of the 

northern hemisphere (27). The major allergen for birch pollen allergy is the 17.4 kDa protein Bet 

v 1 which has multiple isoforms (28). These isoforms vary in their immunogenic properties as 

demonstrated by differential IgE-binding capacity and T cell activating potency (29). Based on 

this criterion, Bet v 1 isoforms were divided into hyperallergenic isoforms, with high IgE reactivity 

such as Bet v 1a, and hypoallergenic isoforms, with low IgE reactivity such as Bet v 1d. Therefore, 

hypoallergenic are postulated to improve the safety of SIT. It was also shown that Bet v 1d has 

higher T cell stimulatory capacity compared to Bet v 1a (29). A recent study attributed these 

special Bet v 1d qualities to structural differences that allow the formation of disulfide-linked 

aggregates, which lead to enhanced uptake by DCs and increased activation of T cells thereafter 

(30). High efficiency of Bet v 1d uptake by DCs may explain why there was no observed advantage 
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Figure 4. Allergen targeting to DCs does not conflict with the regulatory effects of VitD. (A) 
Immature DCs (dotted histograms) were stimulated with MF in absence (open histograms) or presence 
of VitD alone or with αDEC205-Bet v 1d (filled histograms) and DC expression of CD14, CD83, CD86 and 
HLA-DR was determined by flow cytometery. (B) The  capacity of DCs,treated as A, to induce proliferation 
of allogenic naïve CD4+ T cells stimulatory was determined by [3H] thymidine incorporation. Data are 
shown as mean±SEM of triplicates of 1 representative experiment. (C) T cells induced by previous DCs 
were analyzed for the expression of IFN-γ and IL-4 as described previously. (D) Induced T cells were 
restimulated, when resting, with αCD3 and α CD28 and IL-10 levels were measured in 24h supernatants 
by ELISA. Data are shown as mean±SEM of triplicates of 1 representative experiment. All figures are a 
representative of 3 independent experiments. *P < 0.05, **P < 0.01.
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of αDEC205-Bet v 1d over untargeted Bet v 1d in our experimental setting that is based on direct 

pulsing of pure DCs with the allergen (data not shown). However, we hypothesize that a great 

advantage will be gained upon in vivo application, since αDEC205 will lead Bet v 1d straight to 

DCs and bypass uptake by other cell types. Although there is contradicting data about the effect 

of Bet v 1d on DC maturation and the ensuing T cell priming (30,31), we did not observe any 

changes exhibited by either free Bet v 1d (data not shown) or targeted Bet v 1d. 

Antigen targeting to DCs is usually accomplished by coupling antigens to antibodies 

recognizing DC-specific surface molecules. Initial targeting studies were based on chemical 

conjugation of the targeting antibody with the targeted cargo (11,32). Despite its efficiency, the 

chemical consistency of these conjugates is difficult to control. As demonstrated in this study, 

chemical coupling resulted in variable antibody/antigen binding ratios in different batches. An 

alternative approach is genetic fusion of antigen to the Fc tail of the antibody leading to a more 

reliable product with comparable activity (15,33). Antigen targeting to DCs can also be achieved 

by genetic fusion of antigens to single chain antibody fragments. A single chain antibody is 

composed of the variable regions of both heavy and light chains of an antibody, connected by a 

linker. This approach neutralizes any possible host reactions towards the antibodies since single 

chain fragments lack the Fc part of immunoglobulin chains. Furthermore, the small size of these 

single chain antibodies allows the conjugation of a wide array of antigens (34). Proven efficient 

in triggering immune responses both in vitro and in vivo (35,36), this elegant method bares a lot 

of promises in the field of targeting. In addition to variable coupling methods, antigen delivery 

can be achieved through different target molecules. The first attempts in antigen targeting were 

based on antigen delivery to antigen presenting cells (APCs) via MHC-II or Fc receptors (37,38). 

However, a more elegant targeting approach was developed by coupling antigens to antibodies 

against DC-specific endocytic surface receptors. This was convincingly demonstrated through 

the extensive studies on antigen targeting through the C-type lectin DEC205 (10,11,32,39). DEC205 

is expressed at high levels exclusively by different DC subsets including monocyte-derived DCs 

(12,40). It is worth mentioning that DEC205 is also expressed by skin Langerhans cells and a 

subset of dermal DCs (40,41), which is of great importance for SIT, typically applied through skin. 

Unlike some other receptors, like the mannose receptor, ligated DEC205 becomes localized in 

lysosomal compartments rich with MHC-II, which confers boosted antigen presentation to CD4+ 

T cells (13). Taken together, DEC205 is a valid DC marker for targeting allergens in the context 

of SIT. In this study we showed that Bet v 1d via DEC205 could activate allergen-specific T cell 

proliferation and cytokine production. This effect was the result of DEC205-mediated uptake 

and not due to fluid phase endocytosis, as the nonspecific construct Iso-Bet v 1d did not induce 

specific T cell responses even when used at high concentrations. Ongoing experiments are 

aimed to relate the absence of effects of Iso-Bet v 1d to disruption of structural properties of 

Bet v 1d inflicted by chemical coupling, which has abrogated the weak binding and uptake of 

negatively charged Bet v 1d by DCs. This possible loss of uptake is compensated for when Bet 

v 1d is coupled to αDEC205 that successfully directs Bet v 1d to DCs. Moreover, the apparent 

absence of Iso-Bet v 1d binding and uptake by macropinocytosis may be explained by the fact 

that in these experiments we have used mature DCs to stimulate T cell clones. The uptake 
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capacity of DCs by macropinocytosis is downregulated upon maturation (42), prohibiting any 

possible uptake of Iso-Bet v 1d through this route. However, mature DCs are characterized by 

upregulated expression of DEC205, allowing the binding and uptake of DEC205-Bet v 1d.  

The efficacy of SIT in counterbalancing Th2-mediated allergic responses can be further 

potentiated by the additional application of adjuvants. Initially, Th1-priming adjuvants were 

utilized in SIT to stir away immune responses from the pathological Th2-led reactions. Toll-like 

receptor ligands that favor Th1 responses, such as CpG and the LPS-derived monophsophoryl 

lipid (MPLA), were demonstrated to have a beneficial effect during SIT (43,44). However, such 

adjuvants were not active in boosting the immunoregulatory arm of SIT, inciting the application 

of regulatory adjuvants. Among the regulatory adjuvants that potentiated SIT is the recombinant 

S-layer bacterial surface protein of Geobacillus stearothermophilus, which was shown to prime 

DCs from allergic patients to induce IL-10-producing Treg cells (45). Another bacterial product 

that exerts anti-inflammatory effects during SIT is the B subunit of choler toxin, which by itself 

does not result in Treg induction but suppresses allergy through the induction of IgA secretion by 

B cells (46). Our study explored the possibilities of the use of the promising regulatory adjuvant 

VitD. In a murine model of allergy the addition of VitD to the classical SIT protocol enhanced the 

effects of SIT and increased the levels of IL-10, TGF-β and IgA (23). In a murine model of cat allergy, 

covalent coupling of VitD to Fel d 1, the major allergen of cat dander, improved the effects of SIT 

(47). This is corroborated by accumulating evidence suggesting that VitD deficiency is associated 

with increased airway hyperresponsiveness, lower pulmonary functions, worse asthma control 

and possibly steroid resistance (48). The data of the present study supports these findings by 

showing that DC programming by VitD did hamper the expansion of allergen-specific T cells. 

However, the effect of DC conditioning by VitD on cytokine production by Bet v 1d-spcific T cell 

clones was dependent on the tested clone, since different clones displayed variable cytokine 

profile alterations. This variability might be related to the applied method. In the regular assays 

with human cells in vitro, adjuvants like VitD are tested for their ability to prime DCs to promote 

a certain effector profile in naïve T cells. In the present assay, we used allergen-specific T cell 

clones with an established effector function and their cytokine profiles may be less prone to 

modulation. In addition, it cannot be excluded that different effector T cells are differently 

affected by adjuvants. Furthermore, our Bet v 1d-specific T cell clones have been prepared in 

neutral conditions without the addition of any T cell polarizing factors. Although the original T 

cells were obtained from birch pollen-allergic donors, these T cells clones did not consistently 

Figure 5. Concurrent Bet v 1d targeting to DCs through DEC205 and VitD application induces specific 
T cells with regulatory characteristics. (A) Bet v 1d-specific clones were stimulated MF-primed DCs 
that were pulsed by either nothing or 1 µg/ml of Bet v 1d conjugated to αDEC205 or the isotype control 
antibody (Iso) in the absence (black bars) or presence of VitD (white bars). (B) T cell clones were stimulated 
by MF-primed DCs in the presence (●) or absence of (○) VitD. These DCs were also pulsed by the indicated 
concentrations of Bet v 1d conjugated to αDEC205. In both (A) and (B) proliferation of Bet v 1d-specific 
clones was determined by [3H] thymidine incorporation. (C) IFN-γ, IL-13 and IL-10 production by T cell 
clones, stimulated as in (B), was determined in 48 hours supernatants by ELISA. Results are the mean±SEM 
of 6 different clones (A) or or the mean±SEM of triplicates of 1 representative experiment for 4 different 
clones (B and C). *P < 0.05, **P < 0.01. 
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show the expected Th2 profiles. Further experiments will have to include the analysis of the 

effect of VitD-conditioned DCs on T cell clones that are raised under Th2 polarizing conditions.  

Collectively, this study indicates that the combination of Bet v 1d targeting via DEC205 to DCs 

that are already programmed with VitD, targets Bet v 1d-specific T cells for reduced proliferation 

and modified cytokine production. These data support the concept that allergen targeting in 

the context of a regulatory adjuvant may help to make SIT it safer and more efficacious. 
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ABSTRACT
The vitamin A metabolite all-trans retinoic acid (RA) is an important determinant of intestinal 

immunity. RA primes dendritic cells to express CD103 and produce RA themselves, which 

induces the gut-homing receptors α4β7 and CCR9 on T cells and amplifies TGF-β-mediated 

development of Foxp3+ regulatory T (Treg) cells. Here we investigated the effect of RA on 

human DCs and subsequent development of T cells. We report a novel role of RA in immune 

regulation by showing that RA-conditioned human CD103+ RA-DCs did not substantially enhance 

Foxp3 but induced α4β7+CCR9+ T cells expressing high levels of IL-10, which were functional 

suppressive Treg cells. IL-10 production was dependent on DC-derived RA and was maintained 

when DCs were stimulated with TLR ligands. Furthermore, the presence of TGF-β during CD103+ 

RA-DC-driven T cell priming favored the induction of Foxp3+ Treg cells over IL-10+ Treg cells. 

Experiments with naïve CD4+ T cells stimulated by αCD3 and αCD28 antibodies in the absence 

of DCs emphasized that RA induces IL-10 in face of inflammatory mediators. The data thus show 

for the first time that RA induces IL-10-producing Treg cells and postulates a novel mechanism 

for IL-10 in maintaining tolerance to the intestinal microbiome.

ABBREVIATIONS
DC  dendritic cell

cDC  conventional dendritic cell

CD103+ RA-DC RA-conditioned dendritic cell

LP  lamina propria

LPS  lypopolysaccharide

poly IC  Polyinosinic:polycytidylic acid

RA  retinoic acid

TGF-β  transforming growth factor beta
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INTRODUCTION
Vitamin A modulates immunity through its active metabolite all-trans retinoic acid (RA), which 

is generated in cells expressing retinal aldehyde dehydrogenases (RALDH) and acts on retinoid 

receptors in various cell types. Studies utilizing various animal models of vitamin A or retinoid 

receptor deficiency have revealed an integral role for RA in immunity and tolerance. Impaired 

and/or dysregulated T cell responses have been observed in various models of infection and 

vaccination strategies during vitamin A and/or retinoid receptor deficiency (1). Whereas RA 

is found at low concentrations throughout the body, RA is present at high concentrations in 

the small intestine as a result of the metabolizing dietary vitamin A by gut epithelial cells. In 

this local environment, RA primes lamina propria (LP) dendritic cells (DCs) to express RALDH2 

and to become CD103+ DCs that produce RA themselves (2,3). CD103+ DCs are migratory cells 

that activate naïve T cells in mesenteric lymph nodes (MLN) to become effector T cells that 

contribute to both intestinal homeostasis and immunity. A key event is that CD103+ DC-derived 

RA ensures the targeting of effector T cells to intestinal tissues by priming naïve T cells to 

express the gut-homing integrin α4β7 and chemokine receptor CCR9 (4). Furthermore, RA is 

implicated in inducing these gut-homing receptors on developing plasma cells and their switch 

to production of IgA, the predominant protective immunoglobulin at mucosal surfaces (5). 

A different RA-related issue is that the MLN is a site for the generation of inducible Foxp3+ 

regulatory T (Treg) cells, which has been attributed to the synergistic effects of RA derived from 

CD103+ DCs and bystander TGF-β (6-9). This pathway is believed to underlie T cell tolerance to 

antigens derived from commensal flora or dietary origin. Another essential immune regulator in 

mucosal tolerance, however, is IL-10. A key study revealed that  IL-10-deficient mice develop lethal 

colitis in specific-pathogen-free facilities (10). T cell activation or colitis is inhibited when IL-10-

deficient mice are raised under germ-free conditions, (10,11). demonstrating that IL-10 functions 

to maintain T cell tolerance to resident enteric bacterial antigens. A role of IL-10 in mucosal 

tolerance is in line with a recent mouse model study (12). indicating that oral tolerance requires 

T cells expressing α4β7, CCR9 and IL-10. Interestingly, this oral tolerance additionally depends on 

the presence of RA, suggesting a link between RA and the induction of IL-10 in mucosal T cells.

Although the relation between RA and IL-10 was investigated in murine models, the link 

between those two factors in maintaining tolerance in human intestine remains elusive. In 

mice, Maynard et al. demonstrated that RA actually inhibits IL-10 production, initially induced 

by TGF-β (13).Here we show that in a human setting RA has an opposite role, being important 

in the induction of human IL-10-producing regulatory α4β7+ CCR9+ T cells. Our data show that 

RA programs CD103+ DCs that express RALDH2 and thereby generates RA. These CD103+ RA-DCs 

induce differentiation of α4β7+ CCR9+ T cells that produce high levels of IL-10 and suppress T cell 

proliferation. Further analyses show that the ability of CD103+ RA-DCs to prime IL-10-producing 

regulatory T cells is dependent on RA and is maintained in presence of inflammation. Thus, RA 

controls T cell dependent mucosal tolerance at multiple levels: RA not only induces Foxp3+ Tregs 

cells in the presence of TGF-β, but also IL-10-producing Tregs cells in the absence of TGF-β.  
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MATERIALS AND METHODS 
In vitro generation and activation of cDCs and CD103+ RA-DCs. Monocytes were isolated from 

PBMCs using density centrifugation. Immature DCs were generated by culturing monocytes for 

6 days in IMDM (Gibco, Paisley, UK) containing gentamicin (86 µg/l; Duchefa, Haarlem, The 

Netherlands) and 10% FCS (Gibco), supplemented with GM-CSF (500 U/ml; Schering-Plough, 

Uden, The Netherlands) and IL-4 (10 IU/ml; Miltenyi Biotech, Bergisch Gladbach, Germany). 

CD103+ RA-DCs were generated by supplementation with 1 µM of retinoic acid (Sigma-Aldrich, 

St.Louis, MO). Expression of surface molecules was determined using the following antibodies: 

anti-CD103-biotin (Beckman Coulter, Marseille, France) followed by Streptavidin-PE, anti-

CCR6-PE (BD Biosciences, San Jose, CA), anti-CX3CR1-PE (MBL, Nagoya, Japan).Immature DCs 

were stimulated (48h)  with either 100ng/ml LPS (E. Coli) or 20µg/ml poly IC (both from Sigma-

Aldrich) and analyzed for the expression of cell-surface molecules by means of flow cytometry 

using the following antibodies: anti-CD86-APC, anti-CD83-PE, anti–HLA-DR-PerCP and anti-

CD14-FITC (all from BD Biosciences, San Jose, CA).

Aldefluor assay. The aldehyde dehydrogenase activity of DCs was determined by the 

ALDEFLUOR staining kit (Aldagen, Durham, NC) following manufacturer’s instructions.

Quantitative real-time PCR. DC mRNA was isolated using RNA isolation kit (Machery-

Nagel, Duren, Germany) followed by cDNA synthesis (Fermentas, St.Leon Rot, Germany). 

Real-time quantitative PCR was performed on iCycler using SYBR green fluorescence 

detection (both purchased from Bio-Rad, Hercules, CA). Used primers: ALDH1A1  

5′TGGCTTATCAGCAGGAGTGT, 3′ACCGTACTCTCCCAGTTCTCTTC; ALDH1A2 5′GGTGACCTTTCT

CCTGTC, 3′TGCCCCAGAATGAGCTCA; GAPDH 5′GAAGGTGAAGGTCGGAGTC, 3′GAAGATGGTGAT

GGGATTTC. Gene expression was normalized to GAPDH.

Analysis of DC-derived cytokine production. Immature DCs (2x104) were stimulated with one 

of the following TLR ligands: LPS, poly IC (as mentioned above), 10µg/ml PGN (Staphylococus 

Aureus, Sigma-Aldrich), 2µg/ml resiquimod (R848) and 1µg/ml flagellin (Salmonella Thyphimurium) 

(Invivogen, San Diego, CA). The levels of IL-12p70 IL-6 and IL-10 in 24h-culture supernatants were 

determined by specific solid phase sandwich ELISA as described previously (14).

Isolation of naïve and memory CD4+ T cells. The total CD4+ T cell population was isolated 

from PBMC by negative magnetic selection using MACS CD4+ T cell isolation kit (Miltenyi 

Biotech). Naïve CD45RA+CD45RO- CD4+ T cells were separated from memory T cells by applying 

anti-CD45RO-PE (Dako Cytomation, Glostrup, Denmark) and anti-PE beads (Miltenyi Biotech). 

Purity levels higher than 98% were achieved, determined by flow cytometry.

Stimulation and analysis of naïve CD4+ T cells. 50x103 CD4+ naïve T cells were stimulated with 

plate-bound anti-CD3 (16A9, 1µg/ml) and soluble anti-CD28 (15E8, 1µg/ml; both from Sanquin 

research Amsterdam, the Netherlands) in the presence or absence of indicated concentrations 

of RA, TGF-β and IL-12 (R&D Systems, Minneapolis, MN). Naïve CD4+ T cell stimulation by DCs 

was done as described previously (15). In short, primed DCs were washed extensively before co-
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culture with naïve CD4+ T cells at a ratio of 1:4 (5x103 DCs and 20x103 T cells) in IMDM 10% FCS 

containing superantigen Staphylococcus aureus enterotoxin B (SEB, 10 pg/mL; Sigma). When 

indicated, 1µM of the RA receptor blocker LE540 (Wako Pure Chemical Industries, Osaka, Japan) 

or 10 ng/ml TGF-β were used. At day 5 proliferating T cells were refreshed with IMDM 10%FCS 

supplemented with 20 U/ml of IL-2 (Chiron, Emeryville, CA). When resting (around day 11), T 

cells were assessed for the expression of cell-surface molecules using the following antibodies: 

anti-α4-PE (eBioscience, San Diego, CA), anti-β7-FITC (Biolegend, San Diego, CA), anti-CCR9 

(R&D systems), followed by goat-anti-mouse-PE (Jackson ImmunoResearch, West Grove, PA). 

Furthermore, the expression of Foxp3 was determined by performing an intracellular staining 

using Foxp3 staining kit (Biolegend) following manufacturer’s instructions. In parallel, 100x103 T 

cells were restimulated with plate bound anti-CD3 (16A9, 1 µg/ml) and anti-CD28 (15E8, 1ug/ml). 

Restimulation was done for 16h followed by an IFN-γ/IL-10 double secretion assay (Miltenyi Biotec) 

performed following manufacturer’s instructions or for 24h and supernatants were taken for 

analysis of IL-10 (BD Biosciences) and IFN-γ (U-Cytech, Utrecht, the Netherlands). Alternatively, 

resting T cells were restimulated with PMA/ionomycin in the presence of brefeldin (all purchased 

from Sigma-Aldrich) and the percentages of IL-10and IFN-γ producing cells were determined by 

intracellular staining using anti-IL-10-APC and anti-IFN-γ-FITC (all from BD Biosciences). 

To determine T cell proliferation induced by DCs, 11 KBq/well [3H]-TdR (Radiochemical 

Center, Amersham, Little Chalfont, U.K.) was added on day 3-5 of co-culture of naïve CD4+ T 

cells (50x103) with the indicated numbers of DCs. The incorporated [3H]-TdR was measured 

after 16h by liquid scintillation spectroscopy.

T cell suppressor assay. The T cells induced by co-culture with DCs (test cells) were harvested 

after 5 days, extensively washed, counted, irradiated (30 Gy) to prevent expansion, and stained 

with the cell-cycle tracking dye PKH-26 (11.8 µM, Sigma-Aldrich). Alternatively, IL-10 secretion 

assay was performed on resting DC-induced T cells (day 11) and IL-10+ and IL-10- T cells were sorted 

by FACS and subjected to irradiation and PKH-26 staining as mentioned above. Memory T cells, 

from the same donor as test cells, were labeled with 5,6-carboxy fluorescein diacetate succinimidyl 

ester (CFSE) (0.5 µM; Molecular Probes, Eugene, OR) and subsequently used as bystander target 

cells. Test cells (50x103) were co-cultured with 25x103 target cells and 1000 LPS-matured cDCs. 

After 5-7 days, the proliferation of the target T cells was determined by flow cytometry.

T cell sorting and flow cytometry. DC-primed T cells were sorted following staining with 

anti-CCR9 and anti-CD4-APC (BD Biosciences) or after performing IL-10 secretion assay on 

restimulated T cells. Sorting was performed using FACS Aria, and flow cytometry analysis was 

performed on FACS Canto II (both from BD Biosciences, Franklin Lakes, NJ). Data analysis was 

done using FlowJo software (Tree Star, Ashland, OR).

Statistics. Student t tests were performed for paired measurements with GraphPad Prism 

software (GraphPad, La Jolla, CA). Values of P < .05 were considered significant.
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RESULTS
RA-conditioned DCs express CD103, RALDH2 and RA 

Mouse model experiments have stressed that LP CD103+ DCs are the main source of RA to 

affect the T cell responses in the MLN. The phenotype of this DC type is believed to be crucially 

dependent on RA produced in the gut mucosa. Therefore, a first series of in vitro experiments 

was set up to evaluate the effect of RA-priming of DCs in the human setting. Human DCs 

generated from monocytic precursors in the presence of RA indeed did express CD103, the 

signature molecule of RALDH-expressing DCs in the mouse LP. These cells did not express 

CX3CR1 or CCR6, molecules that are expressed by other local DC subsets (Fig 1A). The CD103 

expression levels depended on the RA concentration used for DC conditioning (Supplementary 

Figure 1A). The CD103+ RA-DCs exhibited a moderately elevated expression of the co-stimulatory 

molecules CD86 and MHC-II in comparison to conventional DC (cDC) raised in the absence 

of RA (Supplementary Fig 1B), but the cells fully matured upon activation by TLR4-ligand LPS 

or TLR3-ligand poly IC, judged by the expression of CD83, CD86, MHC-II (Fig 1B) and CD40 

(Supplementary Figure 2A). This maturation was comparable to maturation of cDCs, indicating 

that RA-conditioning does not modify DC maturation. Moreover, CD103 expression was not 

influenced by maturation (Supplementary Figure 2B). In addition, production of IL-12 (Figure 

1C) and IL-6 (Supplementary Figure 2C) in response to various TLR ligands was not significantly 

different for CD103+ RA-DCs and cDCs, but IL-10 production was significantly lower in CD103+ 

RA-DCs (Figure 1C). Finally, no influence of RA variable concentrations on DC maturation was 

observed (Supplementary Figure 3).

A key feature of murine LP CD103+ DCs is their capacity to produce RA as a result of 

expression of the RADLH2 enzyme, responsible for transforming retinal into RA. Examining in 

cDCs and CD103+ RA-DCs the mRNA expression of ALDH1A1 and ALDH1A2, genes encoding for 

RALDH1 and RALDH2, respectively, by real time PCR, we found that ALDH1A2 but not ALDH1A1 

expression is upregulated in CD103+ RA-DCs (Fig 1D). Compared to cDCs, CD103+ RA-DCs also 

showed a higher activity of total aldehyde dehydrogenase (ALDH) as determined by Adelfluor 

assay. Both the percentages of enzymatically active cells (Supplementary Figure 4A) and the 

level of this activity, judged by mean fluorescence intensity (MFI) (Figure 1E) were higher in 

CD103+ RA-DCs. Upon activation, more CD103+ RA-DCs demonstrated ALDH enzymatic activity 

(Supplementary Figure 4A), however no drastic increase in the total level of activity (MFI) was 

detected (Supplementary Figure 4B). This enzymatic activity was completely abolished using 

diethylaminobenzaldehyde (DEAB), an ALDH inhibitor (Fig 1E), indicating that the CD103+ 

RA-DCs are potent producers of RA. Collectively, these data show that conditioning developing 

DCs with RA yields a distinct subset that shares key characteristics with LP CD103+ DCs. 

CD103+ RA-DC cells induce gut-homing, IL-10-producing regulatory T cells

To explore the particular effects of CD103+ RA-DCs on T cell responses, we first evaluated their 

ability to induce the gut-homing integrin α4β7 and chemokine receptor CCR9 in the allogenic 

T cell model. Indeed, CD103+ RA-DCs exclusively induce a strong expression of α4β7 in all 

developing T cells, independently of the DCs activation state (Figure 2A). In addition, only 
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CD103+ RA-DCs induce CCR9 in varying percentages of T cells (Figure 2B). Notably, reduced 

expression levels of α4β7and completely absent CCR9 expression were observed when lower 

RA concentrations were used for DC conditioning (Supplementary Figure 5). Interestingly, 

CD103+ RA-DCs also differ from cDCs in their ability to support proliferation in allogenic CD4+ 

naïve T cells. Although CD103+ RA-DCs expressed equal or even higher levels of co-stimulatory 

and MHC-II molecules than cDCs, they were significantly less potent in stimulating naïve T 

cell proliferation (Figure 2C). The reduced CD103+ RA-DC-induced T cell proliferation may be 

explained by induction of Treg cells. In order to determine whether CD103+ RA-DC-primed T 

cells have regulatory qualities, we tested their capacity to inhibit proliferation of bystander 

Figure 1. RA-conditioned DCs express CD103, RALDH2 and RA. RA-conditioned DCs and cDC were analyzed 
before activation by FACS for (A) expression of CCR6, CX3CR1 and CD103 and (B) CD83, CD86 and HLA-DR of 
CD103+ RA-DCs and cDCs after 48 h stimulation with (filled histograms) or without (open histograms) poly 
IC or LPS. (C) Fold induction of IL-12 and fold reduction of IL-10 (compared to cDC) after 24 h stimulation 
with LPS or poly IC of cDCs or CD103+ RA-DCs. (D) Fold induction (compared to cDC) of  mRNA expression of 
ALDH1A1 (n=8) and ALDH1A2 (n=11) in cDC and CD103+ RA-DC. (E) Aldehyde dehydrogenase activity of cDC 
and CD103+ DC with or without DEAB as determined by Aldefluor assay (n=7). Results are a representative out 
of 4 (A), 6 (B) or the mean±SEM of 5 (C) or 7 (E) independent experiments. *P < .05, **P < .01, ***P < .001.

113



6

Figure 2. CD103+ RA-DC cells induce gut-homing regulatory T cells. Expression of α4 and β7 (A) and 
CCR9 (B) on T cells primed by cDC or CD103+ RA-DC as determined by FACS. One representative FACS plot 
of 6 is shown. (C) T cell stimulatory capacity of cDCs and CD103+ RA-DCs as determined by [3H] thymidine 
incorporation. (D) Suppressive capacity of T cells primed by cDC or CD103+ RA-DC expressed as the 
percentage of proliferating cells relative to cDC condition. The lower panel is a representative out of 7. 
Results are the mean±SEM of 5 (C), or 7 (D) independent experiments. *P < .05, **P < .01.

CD4+ T cells in a suppressor assay. Indeed, bystander CD4+ T cell significantly proliferated less in 

the presence of CD103+ RA-DC-primed T cells compared to cDC-primed T cells, which persisted 

when CD103+ RA-DCs were activated by LPS or poly IC (Figure 2D). 

A surprising finding was that compared to naïve T cells primed by cDCs, naïve T cells primed 

by immature or matured CD103+ RA-DCs did not show significantly enhanced Foxp3 expression 

(Figure 3A). Strikingly, T cells primed with CD103+ RA-DCs produced higher amounts of IL-10 
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compared to T cells primed by cDCs, which was 10- or 4-fold higher in T cells promoted by LPS- or 

poly IC-matured CD103+ RA-DCs, resp. (Figure 3B). In order to determine whether IL-10 secreting 

cells were mediating the observed suppression, those cells were purified by performing IL-10 

secretion assay followed by FACS sorting. The potential of IL-10+ T cells to suppress the proliferation 

of bystander T cells was compared to IL-10- T cells. The data show that the enhanced suppressor 

capacity of the CD103+ RA-DC-primed T cells was entirely confined to the IL-10+ T cell fraction 

(Figure 3C).This observation indicates a central role for IL-10+ T cells in the enhanced suppression 

of CD103+ RA-DC-primed T cells and further suggests that IL-10 may mediate this bystander T cell 

Figure 3. CD103+ RA-DC induce IL-10-producing regulatory T cells. (A) Percentages of Foxp3+ cells were 
determined by flow cytometry. FACS plots from a representative experiment are shown in the lower panel. 
(B) IL-10 production by T cells primed by cDCs or CD103+ RA-DCs measured upon restimulation of resting 
T cells by αCD3/αCD28 in 24-h supernatants. The left panel shows the fold induction of IL-10 production 
compared to the cDC condition. The right panel is a representative experiment. (C) IL-10 secretion assay 
was performed on resting CD103+ RA-DC-primed T cells (day 11) and IL-10+ cells were isolated by FACS and 
used in a suppressor assay. They were compared to IL-10- cells and to the total T cell population and to T 
cells primed with cDC. Results are a representative out of 9 (A lower panel), 11 (B, right panel), 3 (left panel) 
independent experiments or the mean±SEM of 9 (A upper panel), or 11 (B left panel), or 3(C right panel) 
independent experiments.  **P < .01, ***P < .001.

115



6

suppression. In contrast to this expectation, neutralization of IL-10 during suppressor assays 

by antibodies against IL-10 and IL-10 receptors (on target T cells) did not have an influence on 

suppression (data not shown). In an attempt to determine the suppression mechanism of the 

IL-10+ T cells, other potential mediators of bystander T cell suppression like TGF-β, CTLA-4 and 

granzyme B were blocked, but no influence on suppression was observed (data not shown).Thus, 

although IL-10 identifies a suppressive T cell population induced by CD103+ RA-DCs, IL-10 by itself 

does not mediate suppression in the bystander T cell suppressor assay. 

In spite of their strongly elevated IL-10 production, T cells primed by immature LPS- or poly 

IC-matured CD103+ RA-DCs preserved their ability to produce IFN-γ. This was concluded from 

comparable percentages of IFN-γ+ T cells and the comparable amounts of produced IFN-γ 

determined by ELISA (Figure 4A). To analyze to what extent IL-10 and IFN-γ are produced by 

the same cells, we performed an IL-10/IFN-γ co-production assay. Expectedly, CD103+ RA-DCs 

induced higher IL-10+ T cells compared to cDCs. In almost all conditions both types of DCs 

induced both IL-10 single producers and IL-10/IFN-γ double producers, with a preference for IL-10 

single producers (Figure 4B). Data acquired from several experiments showed that inducing IL-10 

single producers is indeed favored by CD103+ RA-DCs, though it becomes less clear upon poly IC 

priming of these DCs (Figure 4C). Similarly, intracellular staining of both IL-10 and IL-4 in activated 

T cells revealed that the vast majority of IL-10 producing T cells did not co-express IL-4 (data not 

shown). Notably, CD103+ RA-DCs did not induce higher percentages of IL-4+ T cells compared to 

cDCs (data not shown). In addition to IFN-γ and IL-4, IL-17 production was also assessed, but in 

these conditions no IL-17+ cells were detected (data not shown). Taken together, the data indicate 

that RA conditions DCs to enable T cells to home to the intestinal mucosa and to produce high 

amounts of immunoregulatory IL-10 without affecting the capacity to produce IFN-γ.

Intestinal homing and IL-10 production depends on RA produced by CD103+ RA-DCs

In order to determine to what extent CD103+ RA-DC-derived RA is responsible for the induction of 

gut-homing receptors and IL-10, RA signaling during T cell priming was inhibited by RA receptor 

blocker LE540. As expected, RA blockade reduced the expression of α4β7 to the levels observed in 

cDC-primed T cells and completely abolished the expression of CCR9 (Figure 5A). The application 

of LE540 during T cell priming with cDCs did not result CCR9 expression on primed T cells 

(Supplementary Figure 6). Surprisingly, RA blocking also significantly inhibited IL-10 production 

and reduced the percentages of IL-10+ T cells induced by CD103+ RA-DC-primed T cells (Figure 5B 

Figure 4. CD103+ RA-DC-induced Treg cells maintain their effector cytokine producing capacity. (A) 
Percentages of IFN-γ producing T cells was determined by intracellular staining of IFN-γ following restimulation 
with PMA/ionomycin in the presence of brefeldin (upper panel). IFN-γ production by T cells primed by cDC 
or CD103+ RA-DC measured upon restimulation of resting T cells by αCD3/αCD28 in 24h supernatants (lower 
panel). (B) IL-10 co-expression with IFN-γ was determined by IL-10/IFN-γ double secretion assay following 
overnight restimulation with αCD3/αCD28. (C) The percentages of IL-10 single producers and IL-10/IFN-γ 
double producers within the whole IL-10+ T cell population was determined in restimulated cells by the double 
secretion assay mentioned in B. Results are a representative out of 4 (B) independent experiments or the 
mean±SEM of 9 (A upper panel), 6 (A lower panel) or 4 (C) independent experiments. *P < .05.
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Figure 5. Intestinal homing and IL-10 production depends on RA produced by CD103+ RA-DCs. (A) 
Expression of α4β7, CCR9 as determined by FACS in the absence or presence of LE540. (B) ELISA of IL-10 
and IFN-γ levels in supernatants of αCD3/αCD28 restimulated T cells initially primed with CD103+ RA-DCs 
and expressed as fold reduction or induction (respectively) in comparison to untreated condition. (C) 
Cytokine production of CCR9+ expressed as fold induction in comparison to CCR9- T cells (upper panel) 
with a representative experiment (lower panel). Results are a representative out of 6 (A, C, lower panel), or 
the mean±SEM of 5 (B) or 6 (C) independent experiments. *P < .05, **P < .01, ***P < .001.

and Supplementary Figure 7). On the other hand, blocking of RA signaling affected neither T cell 

IFN-γ production nor the percentages of IFN-γ+ cells (Figure 5B and Supplementary Figure 7). 

In order to rule out the possibility that the RA-mediated effects are caused by RA carried 

over by CD103+ RA-DCs during DC conditioning and not by genuinely produced RA, ALDH 
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activity was blocked during T cell priming using DEAB. This RALDH inhibitor was successfully 

used to block RA-mediated effects caused by RA-conditioned bone marrow-derived murine 

DCs (16).Unfortunately, this inhibition did not yield any influence on the expression of α4β7, 

CCR9 or IL-10 (data not shown). The lack of influence was caused by the short-lived effect of 

DEAB. CD103+ RA-DCs were incubated with DEAB up to 48h and Aldefluor assay was performed 

at different time points. As demonstrated in Supplementary Figure 8, the effect of DEAB started 

wearing off after only 2h of incubation and completely vanished by 48h, implying that DEAB 

is not a proper inhibitor for long term experiments. Thus, although RA-treated DCs have an 

enhanced expression of RALDH mRNA as well as an enhanced RALDH enzymatic activity, we 

cannot exclude that carry over of RA from the DC to the T cells plays a role.

The full dependency of both CCR9 expression and IL-10 production in T cells on RA suggests 

that they are both expressed by the same T cells. To test this in more detail, T cells primed by 

CD103+ RA-DCs were sorted by FACS into CCR9+ and CCR9- T cells and subsequently restimulated 

to determine their ability to produce IL-10 and IFN-γ. Indeed, CCR9+ T cells were main producers 

of IL-10 (Figure 5C). Also, CCR9+ T cells produced more IFN-γ compared to CCR9- T cells, but 

only twice as much whereas the difference in IL-10 production is approximately 5-fold. This data 

support the concept that RA provides CCR9+ T cells with anti-inflammatory properties.

Retinoic acid induces gut homing, IL-10-producing effector CD4+ T cells

Another key role of RA in immune regulation is to enhance Foxp3 expression in T cells 

induced by TGF-β (17,18) Indeed, addition of TGF-β to co-cultures of naïve CD4+ T cells and 

the RA-producing CD103+ RA-DCs, strongly enhanced Foxp3 expression in the harvested T cells 

(Figure 6A). Remarkably, adding TGF-β to cDC/CD4+ naïve T cell co-cultures did not have any 

influence on Foxp3 expression by these T cells. Simultaneously, IL-10 amounts produced by T 

cells, even those primed by cDCs, were dramatically decreased, suggesting that TGF-β blocks 

IL-10 production including RA-induced IL-10 (Figure 6B). TGF-β had no influence on CCR9 

induction by CD103+ RA-DC (data not shown) and did not introduce CCR9 expression on cDC-

primed T cells (Supplementary Figure 6). In addition to IL-10, TGF-β inhibited the expression of 

both IFN-γ by T cells primed by either cDCs or CD103+ RA-DCs (Supplementary Figure 7). 

In order to evaluate the direct effect of RA, TGF-β or the combination on the development 

of IL-10-producing T cells and Foxp3+ Treg cells, human naïve CD4+ T cells were stimulated by 

αCD3/αCD28 in the absence of DCs. These experiments unequivocally confirmed that RA is a 

unique inducer of IL-10 production in human naïve CD4+ T cells (Figure 6C). The induction of 

IL-10 was dependent on the dose of RA. Interestingly, RA-induced IL-10 production persisted 

during inflammatory conditions i.e. the presence of IL-12, which induces the development of 

naïve T cells into Th1 cells. As reported previously, IL-12 by itself induced IL-10, but at modest 

amounts compared to RA. RA-induced IL-10 was abrogated by the additional presence of 

TGF-β (Figure 6D). Compared to TGF-β, RA is a poor inducer of Foxp3 expression in naïve T 

cells, whereas the combination of RA and TGF-β was superior (Figure 6E). Although IL-12 did 

not modify RA-induced IL-10 production, it did reduce the number of Foxp3+ T cells induced 

by RA, TGF-β and the combination (Supplementary Figure 9). These data confirm previously 
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published studies in both mouse models and human in vitro experiments showing that RA 

mainly amplifies TGF-β-induced development of Foxp3+ Treg cells. Moreover, IL-12-promoted 

IFN-γ production by T cells was not modulated by the additional presence of RA (Figure 6F). 

Altogether, these data indicate that RA promotes T cell tolerance through two mechanisms. 

In the presence of TGF-β, RA amplifies the TGF-β-induced development of Foxp3+ Treg cells, 

which is downregulated in inflammatory conditions. In the absence of TGF-β, RA induces IL-10 

production, which is maintained in inflammatory conditions.  

Known as a key factor in mediating intestinal homing of T cells, RA did induce the expression 

of CCR9 on activated naïve T cells (Figure 7A). Surprisingly, these CCR9 levels were significantly 

enhanced upon simultaneous RA and IL-12 exposure, though IL-12 by itself did not induce CCR9 

expression (Figure 7A and 7B). In contrast, TGF-β did not influence RA-induced CCR9 expression 

(data not shown). Thus, the ability of RA to prime activated CD4+ T cells for the expression of IL-10 

and the intestinal homing receptors is preserved, or even amplified, in inflammatory conditions.

DISCUSSION 
Intestinal homeostasis is based on a critical balance between tolerance towards innocuous 

antigens, generously available in the intestine, and immunity towards invasive pathogens. Among 

the multiple mechanisms that are present in the intestine to safeguard the host from excessive 

microbial invasion and inflammation, Treg cells have been implicated as a dominant feature. 

The main representatives of Treg cells in the gut mucosa are Foxp3+ Tregs and IL-10-producing 

T cells (19). Foxp3+ Tregs are easily induced from naïve T cells in the gut by the combination of 

RA and TGF-β (6-9). Mouse model experiments have indicated that LP CD103+ DCs play a critical 

role in the decision between regulatory and inflammatory T cell responses. Indeed, a series of 

studies have demonstrated that RA-producing mouse CD103+ DCs induce the development of 

Foxp3+ Treg cells in the presence of bystander TGFβ (6-9). It is, however, of interest to note that 

Foxp3- or TGF-β-deficient mice (20-22), as well as Immune dysregulation, Polyendocrinopathy, 

Enteropathy, X-linked (IPEX) syndrome patients lacking Foxp3 T cells (23), mainly suffer from 

massive general inflammation affecting the heart, lungs and skin and are not primarily prone to 

develop severe colitis, suggesting that the role of TGF-β in the maintenance of gut homeostasis 

may be limited. In sharp contrast, IL-10 is pivotal to maintain immune homeostasis mainly and 

Figure 6. Retinoic acid induces gut homing, IL-10-producing effector CD4+ T cells. (A) Naive CD4+ T 
cell were stimulated with CD103+ DC in the presence or absence of TGF-β (10ng/ml) and the expression 
of Foxp3 (A) and IL-10 (B) was determined. (C-F) Naïve CD4+ T cells were stimulated by αCD3/αCD28 in 
the indicated conditions and analyzed for Foxp3 or IL-10 expression. (C) Effect of RA and IL-12 on IL-10 
production, expressed as fold induction compared to untreated T cells. (D) The effect of RA and TGFβ 
on IL-10 production, expressed as fold reduction compared to RA-treated condition. (E) The effect of RA 
and TGF-β on Foxp3. FACS plots (left) are representative of 5 independent experiments. A pile up of 5 
experiments (right) shows percentages of Foxp3+ T cells with or without one concentration of RA (1 µM) 
and TGF-β (1 ng/ml). (F) Effect of IL-12 and RA on IFN-γ production. Results are a representative out of 3 (A, 
B) or 6 (C right panel), 5 (E left panel) or the mean±SEM of 6 (C left panel), 4 (D), 5 (E right panel) or 6 (F) 
independent experiments. *P < .05, **P < .01, ***P < .01.
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Figure 7. RA-induced expression of CCR9 by activated T cells is further boosted in the presence 
of IL-12. (A, B) CCR9 expression by RA-primed T cells in the absence or presence of IL-12. Results are the 
mean±SEM of 6 (A) or a representative out of 6 (B) independent experiments. *P < .05, **P < .01.

specifically in gut tissue. IL-10-deficient (10) or IL-10 receptor-deficient (24) mice suffer from 

severe colitis, following microbial colonization of the gut (10,11). Moreover, IL10 was identified as a 

susceptibility locus for the development of inflammatory bowel disease (IBD) in humans(25), and 

more importantly, patients with homozygote mutation in either IL-10 or its receptor suffer from 

early onset IBD (26). Additionally, CD4+ T cell-specific IL-10-deficient mice spontaneously develop 

colitis, which stresses the crucial role of T cell-derived IL-10 in intestinal homeostasis (27). These 
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data strongly suggest that IL-10-producing T cells may be more important than Foxp3+ Tregs in 

the maintenance of intestinal tolerance. However, the way these cells develop is unclear.

Since CD103+ DCs are essential in the maintenance of intestinal homeostasis (28), we 

suspected that they are also important for the induction of IL-10. As we were unable to isolate 

sufficient numbers of ex vivo CD103+ DCs, we developed a procedure to generate human CD103+ 

DCs in vitro, based on the ability of RA to condition mouse DCs for CD103 expression (29). In this 

report we show that the RA-induced CD103+ RA-DCs resemble LP CD103+ DCs by harboring high 

levels of RALDH2 with enzymatic activity. Like mouse and human LP CD103+ DCsm,(30), the in 

vitro generated CD103+ RA-DCs induce RA-dependent expression of the gut-homing receptors 

α4β7 and CCR9 on stimulated T cells, linking RA to the development of intestinal immunity. 

Interestingly, RA-induced CCR9 expressed was considerably elevated upon additional priming 

of the naïve T cells by IL-12, an inflammatory cytokine that by itself primarily induces expression 

of IFN-γ and no CCR9. The IL-12-mediated amplification of RA-induced gut-homing receptors 

further stresses the importance of CD103+ DCs in promoting intestinal T cell immunity.

The notion that DC-derived RA promotes either IL-10 secretion or Foxp3 expression by human 

T cells is surrounded by controversy. Whereas T cells primed by RA-treated DCs were shown to 

express weakly elevated IL-10 levels, in an RA dependent mechanism (31), another study showed 

that RA-treated DCs induce Foxp3 expression in primed T cells (32). We showed here that CD103+ 

RA-DCs did not impressively promote Foxp3 expression in naïve T cells, but did induce high 

levels of IL-10 and immunoregulatory properties. The induction of immunoregulatory IL-10+ T 

cells is RA-dependent as demonstrated by blocking the RA pathway. However, the presence 

of bystander TGF-β favored the outgrowth of Foxp3+ T cells, corroborating results from earlier 

studies (6-9), but overruled at the same time the induction of IL-10+ T cells. The paradigm that 

CD103+ RA-DC-derived RA induces IL-10 and that environmental TGF-β induces Foxp3 in naïve T 

cells was evaluated in a more simplistic approach by testing the direct effects of RA and TGF-β 

on naïve CD4+ T cells in the absence of DCs. RA triggered low expression of Foxp3 in CD4+ T 

cells but far less efficiently compared to TGF-β but Foxp3 expression was further augmented by 

combining RA and TGF-β, in line with previous studies (17,18). Only RA induced strong expression 

of IL-10, which was downregulated by TGF-β in line with the experiments with CD103+ RA-DCs. 

The upregulation of IL-10 in RA-primed T cells was not reported in similar studies. However, 

this lack of enhanced IL-10 is probably due to the low RA concentration used in such studies 

(2-10 nM), compared to the range applied in the current experiments (10-1000 nM). Whereas 

the low RA concentration range meets the physiological RA concentrations in blood (33), 

the small intestine is the primary site for enzymatic processing of vitamin A into RA and is 

believed to contain uniquely high concentrations of RA (34). Although it was shown that the RA 

concentration in murine tissues of the gastro-intestinal tract is around 15 pM/g tissue (16), it is 

difficult to translate such a measurement into our experimental setting. In tissues, the presence 

of bioactive substances close to the producing cells, in particular within immune synapses, will 

be much higher and will account for a need of much higher concentrations of the substance to 

be present in the culture medium. Analogous to our experimental setting, 1000 nM of RA were 

applied to generate murine RA-producing DCs from mouse bone-marrow cells (16). 
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Taken together, RA primes CD103+ RA-DCs for the development of two types of regulatory T 

cells. The type of regulatory T cell is determined by TGF-β. In the absence of exogenous TGF-β, 

RA primes for the generation of IL-10+ regulatory T cells, whereas RA boosts Foxp3+ Treg cells in 

the presence of bystander TGF-β. Until recently, it was assumed that this TGF-β would be provided 

by the epithelial cells present at close proximity of the CD103+ DCs. Alternatively, recent reports 

showed that mouse CD103+ DCs have the unique capacity to activate latent TGF-β into active 

TGF-β by expressing the β8 subunit of αvβ8 (35,36). However, in our experiments the expression 

of β8 on in vitro generated cDCs and CD103+ RA-DCs did not significantly differ (data not shown).

An interesting question is to what extent the regulatory properties of CD103+ RA-DC are overruled 

by inflammatory conditions. Activation of CD103+ RA-DCs by TLR agonists did enhance IFN-γ, but 

did not modulate IL-10 expression in the naïve T cells. Likewise, in experiments with T cells directly 

primed by RA in the presence of IL-12, RA-induced IL-10 production was not inhibited by IL-12 and IL-

12-induced IFN-γ was not inhibited by RA either. This concurrent upregulation of IL-10 and IFN-γ is 

probably meant to allow enhanced IL-10 to keep pace with enhanced IFN-γ in preventing excessive 

damage of host tissue inflicted by IFN-γ. In contrast, IL-12 inhibited Foxp3 expression induced by the 

o RA/TGF-β combination suggesting that this route of tolerance is inhibited during inflammation. 

Vice versa, TGF-β is known to suppress the IL-12-driven production of IFN-γ and differentiation of 

Th1 cells by inhibiting the expression of the IL-12 receptor β2 chain (37), T-bet (38) and STAT4 (39). 

Therefore, limited development of TGF-β-induced Foxp3+ Treg cells will not necessarily imply more 

IFN-γ-induced inflammation. Altogether, the data indicate that CD103+ RA-DC-derived RA primes 

naïve T cells to produce IL-10 resulting in the development of effector T cells that produce IL-10 

with or without IFN-γ. The IL-10 producing T cells are reminiscent of Tr1 cells that can be raised in 

vitro under the effect of IL-10. and are characterized by a distinct cytokine profile, which includes 

in addition to IL-10 other effector cytokines like IFN-γ and IL-5 (40). CD4+ T cells coproducing 

IL-10 and inflammatory cytokines, such as IFN-γ or IL-17, with regulatory properties have also been 

extensively described. (41-43). IL-10-producing capacity by effector T cells can be achieved under 

certain conditions and in response to a variety of pathogens. It can be generated through strong T 

cell receptor triggering in the presence of IL-12 (41). IL-10 production by all these subsets of effector 

T cells requires the activation of extracellular signal-regulated kinase (ERK) (44). Interestingly, RA 

was reported to activate ERK (45) insinuating a mechanism by which RA induce IL-10 production in T 

cells. These reports support the concept that RA-induced IL-10 production in effector T cells reflects 

a gut-specific negative feedback mechanism that may assure protective T cell responses.

The mechanism by which RA exerts its effects is not completely clear. Recently it was 

demonstrated by Ohoka et al that CCR9 gene contains a RA response element (RARE) half 

site critical for RA-induced promoter activity (46). Upon analyzing the IL-10 gene promoter 

region using the MatInspector computer program (http://www.genomatix.de/online_help/

help_matinspector/matinspector_help.html), we were not able to find a RARE site, or a RARE 

half site in close relation to an NFATc2 site as is the case for the CCR9 gene. The fact that the 

IL-10 gene does not contain a RARE or RARE half site is also corroborated by the fact that DCs 

treated with RA do not show enhanced IL-10 production. However, RA has been shown to 

activate ERK2, one of the important players in relating IL-10 production. Indeed, analyzing the 
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human ERK2 promoter regions, by the aforementioned computer program, revealed a putative 

RARE binding site at position 155-179. ERK2 is induced upon TCR ligation, indicating that this may 

be the mechanism how RA induces enhance IL-10 production in T cells.

Although the experiments using sorted IL-10+ and IL-10- T cells clearly identified IL-10+ 

fraction of the CD103+ RA-DC-induced T cells to be the suppressor cells in the classic T cell 

bystander suppressor assay, IL-10 did not convey suppression in this assay. This advocates 

the involvement in this assay of another inhibitory molecule, specifically expressed by this 

regulatory IL-10+ T cell subset. Unfortunately, neutralization of plausible inhibitory factors, 

such as TGF-β, CTLA-4 and granzyme B, did not reveal the suppressive mechanism of IL-10+ T 

cells, which is yet to be characterized. The role of IL-10 in mediating direct T cell suppression is 

debatable. Whereas, IL-10 seems to be instrumental for T cell suppression exerted by Tr1 cells, 

it is not important for the suppressive activity of naturally occurring Treg cells (47). Indeed, 

other modes of direct T cell suppression has been described for Treg cells, including Tr1 cells. 

Those modes include cell-to-cell contact, which depends on surface inhibitory molecules, and 

metabolic disruption that is based on generating an immunosuppressive environment (48.) 

A role for regulatory T cell-derived IL-10 could be demonstrated in a T cell suppressor 

assays, using human naïve (and not memory) bystander cells as target cells (49,50). This subtle 

difference in bystander cells may be of significance, as IL-2, abundantly produced by memory 

T cells, was shown to abrogate IL-10-induced inhibition even at low concentrations,(51). In 

addition IL-10 is known to indirectly affect T cells by down regulating the function of antigen 

presenting cells (40), and naïve T cells are more susceptible to dysfunctional antigen presenting 

cells than memory T cells. Unfortunately, in our hands a T cell suppressor assay with naïve T cells 

as target cells does consistently perform unreliably due to strong donor-related variations. 

The observation that the IL-10+ regulatory T cells do not exert their effect via IL-10 in the 

memory T cell suppressor assay, therefore, does not imply that this IL-10 has no major role 

in T cell tolerance. As mentioned above, IL-10 inhibits the stimulatory capacity, cytokine and 

chemokine production by antigen presenting cells (40). Indeed, supernatants of CD103+ RA-DC-

primed T cells were able to inhibit inflammatory cytokine production by stimulated monocytes 

(Supplementary Figure 10), which was abrogated in the additional presence of neutralizing 

antibodies against IL-10 and IL-10R, indicating a role for IL-10. This finding is in accordance 

with the observation that monocytes from IBD patients with mutations in IL-10R secrete higher 

levels of inflammatory cytokines in comparison to healthy controls (26). Furthermore, IL-10 

can control effector T cells as indicated by a recent report showing that Treg-derived IL-10 

controlled the in vivo expansion of murine Th17 cells, which expressed high levels of IL-10R (52). 

Thus, IL-10 exerts a multifaceted inhibitory effect on T cell immunity by both indirect effects via 

antigen presenting cells and direct effects on Th17 cell expansion.     

Collectively, we identified a novel mechanism by which CD103+ RA-DC-derived RA 

contributes to T cell function. RA primarily targets naïve T cells to the intestine by inducing 

the expression of gut-homing receptors, which is enhanced by IL-12. This finding unexpectedly 

indicates that RA is key to maintenance of intestinal homeostasis mediated by IL-10-expressing 

T cells, which prevents the development of inflammatory bowel diseases. 
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Supplementary figure 1. (A) CD103 expression by RA-conditioned DCs upon using different RA 
concentrations (solid line) compared to cDCs (dotted line). Numbers provided are MFI values for every 
condition. MFI value for cDC is 125. (B) The expression of CD86 and MHC-II by the immature CD103+ RA-DCs 
(grey) and cDCs (white) was determined by flow cytometry. Results are a representative out of 3 (A) or 5 
(B) independent experiments.

SUPPLEMENTARY FIGURES 

Supplementary figure 2. The expression 
of both CD40 (A) and CD103 (B) by 
immature (white) and LPS- or poly IC-
stimulated CD103+ RA-DCs or cDCs (grey). 
(C) cDCs (white bars) and CD103+ RA-DCs 
(black bars) were stimulated by the 
indicated TLR ligand for 24h and IL-6 levels 
were determined in cell supernatants by 
ELISA. Results are a representative out of 
3 (A, B) or 4 (C) independent experiments.
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Supplementary figure 3. Applying different RA concentrations during CD103+ RA-DC conditioning 
does not influence their maturation status. CD103+ RA-DCs were generated as described using 
decreasing RA concentrations. The expression of co-stimulatory molecules and MHC-II was determined 
on the immature (white) or LPS-stimulated (grey) DCs by flow cytometry. Results are a representative out 
of 3 independent experiments.
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Supplementary figure 4. (A) Representative histograms displaying the percentages ALDH active cells upon 
performing Aldefluor assay on immature or stimulated cDCs or CD103+ RA-DCs with (dotted) or without 
(solid) DEAB. (B) Mean fluorescence intensity (MFI) of Aldefluor assay performed on non-stimulated, LPS- 
or poly IC-stimulated cDCs or CD103+ RA-DCs with (white bars) or without (black bars) DEAB. Results are a 
representative out of 5 (A) or the mean±SEM of 5 (B) independent experiments. *P < .05, **P < .01.  
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Supplementary figure 5. Monocyte-derived dendritic cells were generated as described earlier in 
the presence of different RA concentrations (1000-1 nM). The resulting DCs were used to stimulate 
allogenic naïve CD4+ T cells as described previously. The expression of α4β7 and CCR9 was determined on 
resting T cells, around day 11, by means of flow cytometry.
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Supplementary figure 6. The addition of LE540 or TGF-β during T cell priming by cDCs, either 
immature or stimulated, did not induce CCR9 expression on these T cells. Results are a representative 
out of 3 independent experiments.
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Supplementary figure 7. Naïve CD4+ T cells were primed by cDCs or CD103+ RA-DCs in the presence 
or absence of LE540 or TGF-β. Percentages of IFN-γ and IL-10 producing T cells were determined by 
intracellular staining of these cytokines in T cells following restimulation of resting T cells with PMA/
Ionomycin in the presence of brefeldin. Results are a representative out of 6 independent experiments. 
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Supplementary figure 8. DEAB is a short-lived inhibitor of ALDH activity. Aldefluor assay was 
performed on CD103+ RA-DCs that were incubated with or without DEAB for 2, 5, 24 or 48 hours. Every 
time Aldefluor assay was performed, a DEAB control (dotted line) that reflects the immediate effect of 
DEAB, was taken along according to the manufacturers protocol.  Results are a representative out of 3 
independent experiments. 

Supplementary figure 9. Naïve CD4+ T cells were activated by αCD3/αCD28 in the presence or 
absence of RA (1 µM), TGF-β (1 ng/ml) and IL-12 (10 ng/ml). Foxp3 expression by resting T cells was 
determined. Results are a representative out of 5 independent experiments. 
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Supplementary figure 10. IL-10 derived from CD103+ RA-DC-primed T cells reduces inflammatory 
cytokines production by monocytes. Monocytes were isolated from PBMCs by density centrifugation 
and subsequent MACS depletion of T, NK and B cells, using anti-CD3-FITC, anti-CD56-FITC (both BD 
Biosciences) and anti-CD19-FITC (Dako) and anti-FITC beads (Miltenyi Biotech). Monocytes were 
stimulated for 3h with Poly IC (20 µg/ml) in the presence of supernatants of anti-CD3/anti-CD28 
restimulated T cells initially primed with cDCs or CD103+ RA-DCs. IL-10 was neutralized by pre-incubating 
the supernatants with 10 µg/mL anti-IL-10 (BD Pharmingen) and 10 µg/mL anti-IL-10-Rα (R&D Systems) 
blocking antibodies. Real-time quantitative PCR was performed using the following primers: IL-6 
5’TGACAAACAAATTCGGTACATCCT, 3’AGTGCCTCTTTGCTGCTTTCAC; TNF-α 5’GGCTCCAGGCGGTGCTTG, 
3’CAGATAGATGGGCTCATACCA; IL-8 5’GGTGCAGTTTTGCCAAGGAG, 3’TTCCTTGGGGTCCAGACAG; IL-23p19  
5’GTGGGACACATGGATCTAAGAGAAG, 3’TTTGCAAGCAGAACTGACTGTTG; IL-1β 5’TTTGAGTCTGCCCAGT
TCCC, 3’TCAGTTATATCCTGGCCGCC; GAPDH 5’GAAGGTGAAGGTCGGAGTC, 3’GAAGATGGTGATGGGATTTC; 
UBC 5’GTACCCTGTCTGACTACAACATC, 3’GTGATGGTCTTGCCAGTGAG; β2 microglobulin 5’AAGATTCAGG
TTTACTCACGTC, 3’TGATGCTGCTTACATGTCTCG. Gene expression was normalized to the mean of GAPDH, 
UBC and β2 microglobulin. Fold induction or reduction in comparison to cDC conditions (white bars) 
was determined for CD103+ RA-DCs without (black bars) or with IL-10 blocking (grey bars). Results are 
mean±SEM of 5 independent experiments. *P < .05, **P < .01.
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TREG-BASED THERAPY OF AUTOIMMUNE  
AND ALLERGIC DISORDERS
Efficient immune tolerance, carried out by Treg cells, is crucial for maintaining homeostasis. Treg cells 

prevent self-reactivity as their absence sparks autoimmune diseases (1). In addition to autoimmune 

responses, Treg cells also suppress excessive immune reactions towards harmless non-self 

antigens, like environmental substances involved in allergies and commensal microbes involved in 

inflammatory bowel diseases (2,3). T cell tolerance is mediated by different Treg cell types. Besides 

the naturally occurring Foxp3+ Treg cells, tolerogenic activities are also carried out by induced 

Treg cells. Inducible Foxp3+ Treg (iTreg) cells can be raised under certain conditions. Inducible 

Foxp3- Tr1 cells, distinct for the immunoregulatory IL-10, also strongly contribute to peripheral 

tolerance. Interestingly, the Tr1 subset and in contrast to other Treg subsets is characterized by 

IFN-γ production (4). This is consistent with accumulating evidence pointing out the importance of 

immunoregulatory cytokines produced by effector T cells. Those cytokines play a critical role in self-

regulating the effector functions of T cells and amplifying the activity of Treg cells; eventually limiting 

the risk of harmful immunopathology as a result of progressing pathogen-induced T cell-mediated 

immune responses (5). Thus, Treg cells are pivotal regulators of the adaptive arm of immunity. 

Since autoimmune and allergic diseases are correlated with the absence or defective 

functions of Treg cells, the upregulation of these cells form an attractive target for the treatment 

of these diseases (6). Treg-based therapy is postulated to have a long lasting effect despite the 

limited lifespan of Treg cells. This effect is attributed to the capacity of Treg cells to convey 

a tolerant phenotype to other cells; a phenomenon denoted “infectious tolerance”. Thus far, 

utilizing Treg cells for therapeutic purposes has been developed in three directions: first by 

isolating fully differentiated Treg cells and expanding them in vitro; second by generating and 

expanding Treg cells in vitro; and finally by enhancing Treg numbers and functions in vivo (7). 

Notably, all three approaches depend on DCs to generate Treg cells, corroborating the central 

role of DCs in immune tolerance. 

UNDERSTANDING ALLERGY
It is becoming evident that allergic diseases are the consequence of subverted reactivity of 

innate immune cells, including epithelial cells and DCs, towards allergens that promote allergic 

sensitization of adaptive immune cells. Although the allergic diseases are manifested by IgE-

mediated reactions with Th2 effector responses, the underlying etiology leading to these 

responses remains elusive. Allergies are multifaceted disorders that are governed by multiple 

variables including the age and the genetic makeup of the subject, the timing of exposure 

to the sensitizing allergen, and the assortment of factors that can influence immunological 

responses including the diversity of commensal microbes (8). Gaining a deeper insight into the 

causes of allergies and identifying what makes certain environmental or dietary components 

allergenic and why certain individuals are more susceptible to sensitization than others, will be 

crucial in the design of effective therapies.  
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The functional properties and structural features of allergens are probably key determinants of 

its allergenicity. In addition to allergenic antigens, comprising T and B cell epitopes, allergenic entities 

(e.g. house dust mite fecal pellets, pollen, and peanut) include a complex mixture of biologically 

active constituents such as proteases, glycans, endoxtoxins and a variety of unidentified molecules. 

This bioactivity can be intrinsic to the allergen itself. For instance, one of the major allergens of 

house dust mite (HDM), Der p 2, was reported to be homologous to MD2, the LPS-binding member 

of the TLR4 signaling complex, implying that Der p 2 promotes TLR4 signaling (9). Moreover, the 

protease activity of HDM allergens was revealed to mediate NLRP3 inflammasome activation (10). In 

addition to intrinsic properties of allergens, the induction of danger signals by allergen-associated 

molecules can be attributed to allergen-associated components. Activating TLR4 of airway epithelia 

by HDM-associated LPS was found to be central for asthma induction (11). Another example of the 

role of accompanying molecules is chitin particles, ubiquitously associated with allergens, that were 

demonstrated to set off a wide array of immune responses in a TLR2 dependent manner (12). Those 

allergen-associated compounds may account for the allergenicity of allergens devoid of any known 

bioactivity. More than half of defined major allergens, including Bet v 1, appear to be lipid-binding 

proteins and it is postulated that the lipid cargo of these allergens underlies their allergenicity (13). 

Another example of how allergenicity can be endowed by allergen-accompanying compounds is 

adenosine, which is identified in the water-soluble fractions of birch pollen and other tree pollen. 

Adenosine was found to be responsible for cyclic AMP accumulation and subsequently blocking 

IL-12 production by LPS-stimulated DCs. In healthy individuals this resulted in blocking IFN-γ and 

enhancing IL-10 production by induced T cells. On the other hand, DCs derived from allergic 

individuals failed to induce IL-10 production in stimulated T cells (14). Moreover, it is speculated 

that the oxidative activity of pollen grains may contribute to the allergenicity of allergens. Such 

pollen grains were shown to induce high levels of reactive oxygen species in cultured cells and 

trigger airway inflammation in experimental animal models (15,16). Finally, it is plausible that the net 

immunological effect of a given allergen may result from the simultaneous triggering and interplay 

of several PRRs by the diverse constituents of that allergen.

Apart from allergen-related factors contributing to the development of allergies, 

individual-related factors also play a role in predisposition for atopy. A genetic component 

in the development of allergies has been identified since 1916 when about half of asthma and 

allergic rhinitis patients were recognized for a positive family history (17). Genome-wide linkage 

studies revealed that allergies are associated with a plethora of chromosomal regions (18). 

Polymorphisms in one of these regions (17q21) were recently shown to be involved in regulating 

the expression of IL-17, which is implicated in the development of asthma (19). On the other 

hand, candidate gene linkage studies established a connection between atopic disorders and 

a variety of genes including IL4, IL13, IL4RA, TNF, HLA-DRB1, HLA-DQB1, FCER1B, CD14 and 

ADAM33 (20). However, the strong association of atopic dermatitis and mutations in filaggrin, 

central for the skin barrier function, remains to date the most robust genotype-phenotype 

linkages reported for atopic disorders (21). Interestingly and in relation to allergen bioactivity, 

susceptibility to asthma is associated with polymorphisms in molecular elements through 

which allergens trigger innate immunity like TLRs and oxidative stress-related genes (22,23). 
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However, the bioactive nature of allergenic entities or level of exposure to allergens and 

the genetic make-up of the population, cannot explain why the prevalence of allergies has 

dramatically increased over the last 50 years. Notably, this increase was concurrent with drastic 

socioeconomic changes, implying a central role of environmental factors in the etiology of 

allergy. This was  initially addressed by the “hygiene hypothesis”, which suggested that exposure 

to infections reduces the tendency to develop allergic diseases by altering the Th1/Th2 balance 

(24). This hypothesis was optimized later on by linking atopy to defects in immune tolerance 

and its executive arm: Treg cells (25). The effect of surrounding environment starts from early 

on during the fetal and neonatal period. It has been recently demonstrated that the maternal 

sensitization status may have an influence on hematopoietic progenitors in utero, influencing 

the risk of subsequent allergy. Cord blood CD34+ hematopoietic progenitors from high-atopic-

risk infants, defined by maternal allergic sensitization, had significantly lower expression of 

TLR2, TLR4 and TLR9. Interestingly, these progenitors gave rise to significantly more eosinophils 

and basophils when cultured in vitro (26). Moreover, farm exposure during pregnancy was 

shown to augment the count and function of cord blood Treg cells, which coincided with lower 

Th2 responses upon innate exposure to allergens (27).  Environmental effects are also exhibited 

through gastrointestinal microbes. Reduced diversity of enteric flora during infancy was linked 

to increased risk of allergic disease later on in life (28). 

In addition to unraveling the factors surrounding the development of allergic disorders, 

delineating the immunological mechanisms underlying those disorders is of utmost relevance 

for innovating therapeutic interventions. Although immunological processes leading to a full-

blown Th2-dominated allergic response are well-defined, new players have been emerging. 

In the initiating events of allergic asthma, airway epithelial cells seem to play a key role in 

orchestrating immune responses. Expressing a variety of PRRs, these cells can sense allergenic 

insults and respond by secreting multiple cytokines and endogenous danger signals (GM-CSF, 

TSLP, IL-25, IL-1 family, IL-33 and uric acid), which collectively drive tissue-resident DCs to induce 

Th2 responses (29). Additionally, impaired barrier functions of airway epithelia is suggested to 

promote allergic asthma by allowing close interaction between allergens and immune cells and 

by launching a wide array of inflammatory and airway remodeling responses (30). In a similar 

fashion, keratinocytes in barrier-disrupted skin are believed to promote Th2 responses to 

allergens taken up by skin DCs and LCs. This suggests the skin as a primary site of sensitization 

and may help explaining the so-called “allergic march” where atopic dermatitis is the earliest 

atopic disorder followed by the other atopic disorders such as allergic rhinitis, asthma and 

food allergy (31). At the other end of allergic reactions, and although the inflammatory phase 

is dominated by Th2 responses, compelling evidence is pointing out the involvement of other 

types of effector T cells in this phase. Th1 cells are documented to emerge in the chronic 

phase of atopic dermatitis as a consequence to rising IL-12 levels in the local environment (32). 

Furthermore, the participation of Th17 effector cells in allergic inflammation was observed. Th17 

cells are distinct for secreting IL-17, important for the activation and recruitment of neutrophils 

to infected tissues (33), Interestingly, airway neutrophelia, observed in severe asthmatic 

patients, is correlated with elevated IL-17 levels in both lung tissue and serum (34). However, 
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the role of Th17 cells in developing allergic asthma is undermined by the fact that these cells 

appear in patients with severe asthma. Additionally, mouse models of allergic asthma failed to 

establish any functional significance of Th17 cells in allergic airway inflammation. This prompts 

the suggestion that Th17 cells may arise subsequently to insults other than allergic reactions, 

such as bacterial infections (35). Another type of effector T cells, involved in atopic reactions, is 

the Th22 cells characterized by secreting IL-22. This cytokine possesses dual effects as on one 

hand it induces the expression of antimicrobial peptides, promoting immunity, and on the other 

it confers protection against tissue damage (36). IL-22 levels were found to be elevated in both 

chronic asthma and atopic dermatitis. However, and unlike IL-17, IL-22 is less pro-inflammatory 

and more protective due to its regenerative and wound healing functions that contribute 

to restoring epithelial cell functions (35).The recently established correlation between the 

chromosomal region containing the IL9 gene and atopy may implicate another type of effector T 

cells: Th9 cells. However, the functional relevance of this subset to allergic reactions is still to be 

defined, especially that IL-9 may be derived from Th2 cells and eosinophils (37). Delineating the 

mechanisms by which these different effector cells home to the allergic sites is essential for any 

targeting-based therapeutic strategies. The integrins α4 and β2 were revealed to be crucial for 

the development of allergic asthma, as mice deficient in either integrins had ablated leukocyte 

migration into the lungs and airways, resulting in protection against asthma (38). Collectively, 

optimal therapeutic approaches to treat allergic disorders should take into consideration factors 

related to the nature of the allergen, the genetic makeup and surrounding milieu of patients and 

the interplay between different cellular compartments and immunological pathways.

102 YEARS OF SIT: WHERE DO WE STAND?
After a century of the first successful trial of SIT, this treatment remains the only disease-modifying 

cure of mono-allergies. In addition to the compelling body of evidence regarding its safety and 

efficacy, SIT is also recognized by the World Health Organization as a well-tolerated treatment 

indicated for allergic rhinitis, Hymenoptera hypersensitivity and allergic asthma (39). Among the 

most appealing attributes of SIT is the long lasting effect, as SIT-induced immunological tolerance 

and thus clinical benefits persist after cessation of therapy (40). However, the widespread use 

of SIT is hampered by the small but real risk of developing anaphylactic reactions. Although this 

risk has been further minimized in the recent years by standardizing all procedures related to 

SIT administration, systemic reactions remain the major drawback of SIT (41). Another concern 

about SIT is the longevity of treatment regimes, reflecting low efficacy. A recent study, comparing 

4-years SIT to 2-years SIT, demonstrated that longer SIT regimes are required to induce substantial 

increase in IgG4 antibodies, crucial for blocking IgE-mediated effects (42). 

Standardizing allergen extracts, used in SIT, in terms of content and activity would contribute 

to reducing the risk of systemic reactions. Allergen standardization can also be realized by using 

recombinant allergens, which are currently used for diagnostic purposes. In addition to using 

recombinant native allergens, which resemble the natural molecule in sequence and conformation, 

modified allergens are being created to reduce allergenic reactivity and/or increase immunogenicity 
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of wild type allergens. Compared to native Bet v 1, recombinant Bet v 1 fragments, trimers or trimers 

of hypoallergenic fragments were dramatically less allergenic (43,44). A recent study also showed 

that substituting certain amino acids in the Bet v 1 sequence resulted into a molecule with a lower 

IgE-binding capacity, elevated T cell reactivity and the capacity to skew immunity into Th1 responses 

(45). Thus, subtle alterations in the structure of classical allergens may change their immunological 

properties, rendering them safer and more efficacious for SIT purposes.

Although SIT is typically applied through the subcutaneous route (SCIT), the desire to enhance 

safety and improve patient compliance motivated an increased interest in alternative delivery 

modalities of SIT. The most prominent among suggested alternatives is the sublingual route (SLIT), 

which is gaining clinical acceptance especially in Europe. SLIT is recognized as a safe and clinically 

efficient for of SIT (46), albeit its late onset of action and treatment benefit that is half what is 

achieved by SCIT (47). A genuine approach in delivering SIT resulted from combining SCIT for the 

build-up phase and SLIT for maintenance, which allowed benefiting of the early onset achieved by 

SCIT and safety and injection avoidance achieved by SLIT (48). Other plausible ways for applying SIT 

that have been investigated are nasal, bronchial, epicutaneous, oral and intralmyphatic routes (49). 

Further studies are required to confirm the safety and efficacy of these approaches. 

Mechanistically, SIT depends on intercepting allergic pathogenesis via inducing allergen-

specific Treg cells that would quench Th2 responses, and IgG antibodies that would block the 

effects of IgE. Further intervention in immunological pathways contributing to allergy may 

potentiate the effects of SIT. Following that principle, several attempts had been made to 

modulate innate immunity, namely DCs, to support the SIT-induced adaptive alterations. Linking 

allergens to TLR agonists like monophosphoryl lipid A (TLR4) and CpG sequences (TLR9) was 

shown to reduce allergic symptoms and reduce IgE levels (50,51). An emerging strategy to 

augment the activity of SIT is based on conditioning DCs to drive the induction of allergen-specific 

Treg cells. Several studies had pointed out that infection with certain pathogens (bacterial or 

parasitic) lead to the induction of Treg cells that would suppress allergic responses in mouse 

models of allergic asthma (52). The active components of these pathogens driving this tolerance 

need to be identified and fully characterized before any potential clinical application. Another 

bacterial component that is beneficial for SIT is the cholera toxin B subunit, which was shown to 

stimulate DCs to induce the production of the anti-inflammatory IgA antibodies by B cells (53)..

Furthermore, the active metabolite of vitamin D3, 1,25-dihydroxy vitamin D3 (VitD), got a lot of 

attention recently as a potent immunosuppressor that can possibly potentiate SIT. This issue will 

be discussed in details below. Finally, interfering at the other end of immunological processes, 

like IgE and inflammatory mediators, was also shown to be advantageous for SIT. Blocking IgE by 

specific antibodies (Omalizumab) or the administration of levocetirizine (antihistamine) during 

SIT, led to a decrease in the risk of systemic reactions (54,55).

VITAMIN D AND ALLERGY
Evidence suggests that VitD deficiency is associated with increased airway hypersensitivity, 

lower pulmonary functions, worse asthma control and possibly steroid resistance (56). This 
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is supported by genomic analysis, which unraveled a link between VDR polymorphisms and 

increased susceptibility to asthma (20). Indeed, VitD effects span the different cell types and 

pathways involved in the development of allergic asthma. First of all, respiratory epithelium 

was shown to express CYP27B1, crucial for transforming VitD precursor into the active form, 

providing a local source of VitD (57). Moreover, VitD was shown to inhibit the proliferation and 

matrix metalloproteinases production of sensitized bronchial smooth muscle cells, implying the 

importance of VitD in arresting airway remodeling associated with asthma (58). Angiogenesis, 

a process associated with airway remodeling, is also influenced by VitD, which was shown to 

suppress the proliferation of nonquiescent vascular smooth muscle cells (59). 

In addition to its effects on airway cells, VitD profoundly modulates the functions of the 

immune system. VitD was found to repress differentiation and promote apoptosis of precursors 

of mast cells, which are known for their central role in the effector phase of allergic reactions 

(60). However, the immunosuppressive properties of VitD are mainly manifested by marked 

inhibition of adaptive immune responses. This inhibition is exerted through two routes: direct 

effect on T cells and indirect inhibition via DCs. The direct effect of VitD on T cells is to inhibit T 

cell proliferation, IL-2 expression and inflammatory cytokines production and to promote their 

development into Treg cells (61-65). Alternatively, VitD modulate DC functions by reducing their 

immunostimulatory capacity and inhibiting IL-12 production (66,67). Furthermore, VitD endows 

DCs with tolerogenic qualities reflected by inducing the expression of IL-10, immunoglobulin-

like transcript 3 (ILT3) and programmed death-1 ligand (PD-L1). Those acquired tolerogenic 

qualities lead eventually to Treg cell priming and inhibiting the induction of other types of 

effector T cells (68-71). Those findings were corroborated by observations in VDR null mice, 

which exhibited higher proportions of more mature DCs in lymph nodes (67). Interestingly, 

we obtained evidence that the type of induced Treg cells completely depends on the type of 

DCs being primed by VitD. Whereas VitD conditioning drives epidermal LCs to induce Foxp3+ 

Treg cells, it drives dermal DCs to give rise to IL-10-producing Treg cells (Tr1 cells) (Chapter 2). 

Although the aforementioned findings were mainly in vitro observations, resulting sometimes 

from applying supraphysiological concentrations of VitD, there are strong indications of the 

role of physiological VitD in maintaining immune tolerance. Many autoimmune diseases are 

correlated with VitD deficiency, including multiple sclerosis, type I diabetes and Crohn’s disease 

(72). Another argument linking physiological VitD to immune tolerance is the correlation 

between areas with insufficient sunlight exposure, meaning low VitD supply, with increased 

incidence of different autoimmune diseases (73). As mentioned above, VitD-achieved immune 

tolerance is dependent on the induction of Treg cells. The observation that VitD leads to the 

induction of different types of Treg cells (Chapter 2), may suggest a mechanism by which VitD 

assures tolerance. The variable functions and properties of Tr1 and Foxp3+ Treg cells (6), induced 

by VitD, may complement each other in enforcing tolerance. It is of relevant importance to 

investigate how VitD endows other types of tissue-resident DCs, like airway and mucosal DCs, 

with tolerogenic capacities and the type of resulting Treg cells. 

In addition for its role in maintaining homeostatic immune tolerance, VitD was also shown to 

be a potent immunosuppressive drug with beneficial effects in mouse models of autoimmune, 
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inflammatory and allergic diseases (74-77). Indeed combined SIT/VitD application enhanced SIT 

efficacy by inhibiting airway hypersensitivity, augmenting IgE and Th2 cytokines reduction and 

increasing the Treg-characteristic cytokines, IL-10 and TGF-β (74). Consistent with this study, 

we found that DC conditioning by VitD in conjunction with Bet v 1d targeting to DCs promoted 

the development of allergen-specific Treg cells (Chapter 5). Furthermore, performing SIT 

using VitD-linked allergen markedly reduced eosinophelia and enhanced IgG production in 

comparison to classical SIT protocol (78). 

Despite the clinical potential of VitD, its systemic application is hindered by deleterious 

side effects manifested mainly by hypercalcemia and hypercalciuria. Factually, VitD clinical 

application as an immunosuppressor is limited to the topical treatment of psoriasis (79). 

Interestingly, the VitD precursor calcidiol, had the same effect on DCs and promoted the 

development of Treg cells, albeit IFN-γ expression by these cells was not altered (Chapter 3). 

Using VitD precursors may prove even more beneficial than active VitD to potentiate SIT, since 

T cell expression of IFN-γ is sustained, which may corroborate the effect of Treg cells in 

overweighing Th2-dominated responses. Moreover, those precursors were proven safe for 

clinical application as their application does not lead to the calcemic liability usually associated 

with VitD (80-83). Although the effects of calcidiol are mediated by transforming it into active 

VitD (Chapter 3), this transformation occurs specifically in DCs that are equipped with the 

required enzymatic machinery (84). Thus, DCs are specifically targeted with the VitD effects 

through the application of the VitD precursors, which may dramatically reduce the deleterious 

side effects reported with systemic application of active VitD. 

IT IS ALL ABOUT LOCATION: SKIN AS AN EXAMPLE
Equipped with an extensive network of DCs, skin is a major site of interest for vaccination 

purposes. The concept of exploiting the cutaneous route for vaccination was introduced 

by Edward Jenner, who managed to raise protection against smallpox by exposing skin DCs 

through skin scarification. This method, which was later on substituted by intradermal 

injection (ID), appears to be superior to subcutaneous and intramuscular routes that fail to 

deliver vaccines to a DC-dense tissue like the skin compartment. Despite being an efficient 

route of administration, ID vaccines are currently limited to rabies and Bacille Calmette-Gurein 

(BCG) vaccines (85). In addition to inducing protection against pathogens, the concept of 

ID vaccination can be extended to induce tolerance as a treatment to allergic disorders. As 

mentioned earlier, skin is hypothesized to be a primary site of sensitization in case of allergies. 

Disrupted barrier functions of skin not only exposes skin DCs to allergens, but also induces 

keratinocytes to release inflammatory mediators that influence DC functions and lead to Th2 

responses (31). Therefore, targeting skin DCs, which may be responsible for triggering atopy, 

may be a sound therapeutic approach. This advocates for ID administration of classical SIT or 

in combination with an immunomodulatory adjuvant, like VitD. In a skin explant model, ID 

application of VitD resulted into enhanced migration of CD14+ DDCs and primed the whole 

skin DC population to promote the development of Foxp3+ Treg cells (Chapter 4). In contrast, 
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isolated skin DC subsets induce distinct types of Treg cells. As shown previously (Chapter 2), LCs 

induce Foxp3+ Treg cells, whereas CD1a+ DDCs induce IL-10-producing Treg cells. Furthermore, 

CD14+ DDCs were reported to promote the development of IL-10-producing Treg cells (86). 

However, the collective effect of injecting VitD intradermally was the induction of Foxp3+ Treg 

cells. This discrepancy may be explained by the different mechanisms used by the separate DC 

subsets to induce Treg cells. Whereas the induction of Foxp3+ Treg cells by LCs depend on the 

production of TGF-β by LC, the induction of IL-10 producing Tr1 type of Treg cells by both DDC 

subsets depend on their production of IL-10. The dominant induction of Foxp3+ Treg cells by the 

total population of skin DCs may be explained by the fact that the induction of IL-10+ Tr1 cells 

by IL-10 from VitD-primed DDCs is counteracted by the mere presence of LC-derived TGF-β, 

which favors the induction of Foxp3+ Treg cells. TGF-β was shown to inhibit IL-10 production 

by T cells activated in the presence of IL-10 (87), or RA (Chapter 6). Collectively, This implies 

the importance of utilizing models like the skin explant model, which allows determining how 

certain interventions affect different cell types and the interactions between these cells leading 

to the net effect in a close to reality setting.

DC TARGETING
Antigen delivery to DCs in vivo can be achieved through the administration of antigens coupled 

to antibodies specific for particular DC surface molecules. Targeted delivery of allergens may 

have a great potential in enhancing the quality of SIT. This approach may help limiting allergen 

interactions to DCs, thereby reducing the possibility of IgE cross-linking on mast cells and 

basophils and subsequently minimizing the risk of systemic reactions. Moreover, allergen 

targeting in SIT may trigger antigen-specific responses at lower allergen concentrations, 

further reducing the chances of developing anaphylaxis. 

When DC targeting approaches are applied, certain issues should be considered. First of 

all, the expression pattern of the targeted molecule should be determined, i.e. to what extent 

this molecule is specific for DCs or even a certain DC subset. In this way, desired immune 

responses can be induced by targeting molecules that are solely expressed by functionally 

well-defined DC subsets. For example, allergen targeting via CD103, which is widely expressed 

by mucosal DCs that are known for their ability to induce tolerance, was shown to suppress 

the development of allergic airway inflammation in a mouse model (88). On the other hand, 

targeting tumor antigens via CLEC9A, specifically expressed by the cross-presenting BDCA3+ 

DCs, resulted in cross-presenting these antigens to CD8+ T cells (89). Furthermore, targeting 

DC-surface molecules should take into account that some of these molecules are associated 

with signaling cascades which may influence DC functions and the ensuing immunological 

responses. Despite being widely used as targets in animal models and in vitro experiments, 

C-type lectins like Dectin-1 and DC-SIGN can activate DCs when ligated (90). Interestingly, the 

C- type lectin DEC205 is not linked to any signaling pathways rendering it an interesting target 

as it will not interfere with immunological outcome. Another key determinant of efficient 

DC targeting is the route through which the targeted antigen is administered. Different DC 
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subsets can be reached depending on the administration modality. Logically, when skin is 

employed as a site of administration, targeting should be done through molecules expressed 

on migratory skin DC subsets, assuring that antigen would reach the draining lymph nodes 

where T cell induction takes place. ID administration of DEC205-coupled antigen was shown 

to result in rapid antigen uptake and presentation by LCs (91). Finally, the activation state of 

targeted DCs is crucial in defining the final immune response. Antigen targeting to DCs without 

the concomitant application of an adjuvant induced immune tolerance towards the antigen 

(92). Although this is not desired in anti-viral or anti-tumor vaccines, this quality may prove 

beneficial for treating allergies and autoimmune diseases. This tolerogenic profile can be 

further potentiated by applying regulatory adjuvants such as VitD (Chapter 5).

Another variable that may play a role in targeting is the method followed in coupling the 

cargo (antigen) to the antibody. Initial studies depended on chemical conjugation (92,93). 

Albeit efficient, this method cannot be easily controlled and lacks standardization with varying 

antigen: antibody binding ratios and variations between different batches of the chemically 

coupled conjugates. An alternative for chemical coupling is genetic fusion of antigen to the Fc 

tail of the antibody leading to a more reliable product with comparable activity (94). Antigen 

delivery can also be achieved by genetic fusion to single chain antibody fragments which are 

composed of the variable regions of both heavy and light chains of an antibody. This approach 

neutralizes any possible host reactions towards the antibodies since single chain fragments 

lack the Fc part of immunoglobulin chains. Furthermore, the small size of these single chain 

antibodies allows the conjugation of a wide array of antigens (95). Proven to be efficient in 

triggering immune responses both in vitro and in vivo (96,97), this elegant method bares a lot 

of promises in the field of targeting. However, the absent capacity to cross link the DC surface 

target by single chain antibodies may represent a plausible caveat for this approach, as it may 

lead to reduced binding and antigen uptake by DCs. 

RETINOIC ACID: AN OLD PLAYER WITH HIDDEN 
TALENTS
Similar to VitD, vitamin A is a potent immunomodulator that can be exploited in potentiating 

SIT. The physiologically active form of vitamin A, retinoic acid (RA),is produced by specific DC 

subsets at tissues known to be plausible sites of allergic sensitization, such as the airways, skin 

and gut (98), which may predict a role of RA in protection against or pathogenesis of atopy. 

Recently, a lot of controversy has been raised about the role of RA in promoting tolerance 

vs. immunity. The seminal observation that lamina propria CD103+ DCs produce the Treg-

driving RA, has framed RA as a tolerance-committed factor. However, the influence of RA 

on immunological health was first recognized upon the discovery that vitamin A deficiency 

is associated with dampened immunity and that its replenishment drastically reduced fatality 

in children suffering from malnutrition (99,100). On one hand this may be explained by the 

important role of RA in inducing the differentiation and influencing the permeability of gut 
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epithelia (101). On the other hand, RA contribution to immunity was demonstrated by impaired 

or dysregulated T cell functions in response to infection during vitamin A or RA receptor 

deficiency (102-104). This may be attributed to the positive effect of RA, at low concentrations, 

on IL-2-mediated CD4+ T cell proliferation (105) and its suggested effect on effector CD4+ T cell 

differentiation. In a mouse model for systemic infection with Toxoplasma Gondii, RA signaling 

was found to be important for the development of both Th1 and Th17 responses, which were 

ablated in RA-deficient or RAR-α null mice (104). Notably, the effect on T cell differentiation 

was found to be secondary to impaired T cell proliferation caused by disrupted RA signaling. 

In accord with this finding, RA did not induce IFN-γ production in human CD4+ T cells, nor 

did it influence IL-12-induced differentiation of Th1 cells (Chapter 6). Interestingly, effector 

T cells generated in the presence of RA and the Th1-skewing IL-12, co-produced IFN-γ and 

the regulatory cytokine IL-10 (Chapter 6). A similar phenomenon was also observed in the 

mouse small intestine, where around 30% of IL-10+ T cells coproduced IFN-γ (106). Effector T 

cell-derived IL-10 is believed to facilitate the suppressor functions of tissue-resident Treg cells 

by inducing IL-10 production in these cells (106,107). During infections, IL-10 production by 

CD4+ effector T cells is recognized for preventing immune responses from exacerbation and 

progression into lethal immunopathology without fully compromising the pathogen-directed 

effector functions of these cells (5). In addition to T cell responses, RA is of great importance 

in shaping humoral immunity. This is demonstrated by its role in sustaining IgG responses 

(108), and by being an essential factor in driving the generation of IgA-secreting B cells (109). 

Furthermore, RA was shown to augment macrophage activation in response to infection (110). 

Thus, the role of RA is not only pivotal for development of immune tolerance but also for 

supporting immunity and protection against pathogens.

DC-derived RA contributes to a lot of the RA-mediated effects on T cells. Although, retinal 

aldehyde dehydrogenase activity, important for converting retinal into RA, was reported for 

several DC subsets, including skin and airway resident DCs, lamina propria CD103+ DCs are 

recognized as the major RA-producing DC subset. This subset produces RA at levels sufficient to 

leave its signature on primed T cells, manifested by high CCR9 expression (98). In this respect, 

vitamin A is indispensible to imprint this DC subset with RA-producing capacity. Local vitamin A 

can come from different sources like dietary intake and bile (111). Furthermore, both gut epithelia 

and mesenteric lymph node stromal cells were defined as providers of intestinal RA, crucial for 

DC imprinting (112,113). Although RA is known to be a key inducer of RA production in DCs 

In vitro, several factors, including IL-4, GM-CSF and IL-13, had been implicated in this process 

(114). However, human monocyte-derived DCs, generated in the presence of both IL-4 and 

GM-CSF, were solely dependent on external RA in order to produce RA themselves (Chapter 6). 

This may be explained by interspecies differences and using different DC progenitors (bone 

marrow vs. monocytes). Additionally, microbial stimulation seems to influence RA-mediated 

education of gut DCs, as disrupted TLR signaling resulted into ablated RA production by these 

DCs (115). This effect might take place indirectly through epithelial cells which are known to 

express TLRs and contribute to DC conditioning by producing RA. The concept of a critical 

role of TLR-stimulation of bystander cells and not DCs in RA production is corroborated by our 
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observations that neither viral nor bacterial stimulation augmented RA production by human 

monocyte-derived CD103+ DCs or the subsequent RA effects on T cells (Chapter 6). Dissecting 

the interactions between RA and TLR pathways, specifically in DCs, is important to understand 

the possible effects of gut microbiota on DCs. Similar to airway epithelia; gut epithelial cells play 

a major role in shaping immune responses in their local environment. Equipped with a series of 

PRRs, gut epithelial cells are capable of recognizing microbes and transmitting resulting signals 

to gut DCs. Besides being a major source of RA, epithelial cells secrete other factors like TGF-β 

and TSLP, which are recognized to promote intestinal tolerance and skew T cells away from 

Th1 responses (116). Thus local tissue milieu is vital in dictating the immunological outcome, 

and should be considered in any therapeutic strategies exploiting RA. In an inflammatory 

environment, RA-driven signals can foster vigorous responses instead of promoting the desired 

tolerance. A recent study by DePaolo et al. clearly demonstrated that RA collaborates with IL-15, 

a cytokine generously available in the intestinal milieu of celiac disease patients, in amplifying 

inflammatory circuits (117). Therefore, it is essential to delineate the immunological outcomes 

resulting from RA interactions with inflammatory cytokines before applying it clinically as a 

treatment for inflammatory or autoimmune diseases

In addition to tailoring immune responses, RA is a key determinant of lymphocyte 

homing. In an RA-dependent manner, gut CD103+ DCs induce the expression of the mucosal 

homing integrin α4β7 and chemokine receptor CCR9 (see intro) on stimulated effector T cells 

(Chapter 6), directing them back to the intestine. Gut-homing specificity was confirmed by 

showing that DC-derived RA did not induce the expression of other tissue homing markers 

like α4β1 (lung) or CCR10 (skin) (unpublished data). A recent study revealed that α4 expression 

by murine T cells is preferentially regulated by RA, whereas β7 expression is under the control 

of TGF-β (118). However, human T cell activation readily triggered α4 expression, whereas β7 

levels were under the control of RA (Chapter 6), deepening the discrepancy about the differing 

RA effects in humans and mice. It is noteworthy that the expression of CCL25, the ligand of 

CCR9, by gut epithelia is highest at proximal small intestine (duodenum) and is reduced at distal 

sites (ileum) and it is almost absent in the colon (119). This expression pattern is correlated with 

a similar pattern of RA synthesis in the aforementioned parts of the bowel, indicating that RA, 

by inducing CCR9 expression, has the potential to compartmentalize T cell-mediated immune 

responses within the intestine. 

Thus far RA has not been implicated in the pathogenesis of atopy, though a compelling body 

of evidence indicates that RA may have useful effects in therapy. Being one of the key factors 

produced by lamina propria CD103+ DCs, RA is postulated to be crucial in promoting tolerance 

to dietary antigens, a process denoted “oral tolerance” (120). In addition to food allergy, RA 

may prove useful in treating allergic asthma. RA was shown to inhibit eosinophil and basophil 

differentiation, eosinophil recruitment to airways and smooth muscle migration, the last being 

important in airway remodeling associated with asthma (121-123). These observations were further 

corroborated by a rat model of asthma, in which RA application dramatically reduced airway 

inflammatory cell counts and attenuated pathological changes in lung tissue (124). Considering 

these effects, in addition to its Treg-inducing capacity, RA can be exploited to potentiate SIT. 
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CONCLUDING REMARKS
Conclusively, allergies are complex diseases that develop under the control of a wide range of 

variables. Although SIT is considered the only curative treatment of allergy, its weak efficacy 

and the accompanying risk of systemic reactions are impeding exploiting it on a large scale. This 

study was focused on harnessing DCs to enhance the quality of SIT. As shown, allergen targeting 

to DCs has a high potential in improving the safety of SIT by reducing allergen concentrations 

used to elicit T cell responses. On the other hand, DC programming by regulatory adjuvants to 

induce Treg cells is a promising approach for potentiating SIT. VitD proved to be competent 

in directing DCs for Treg induction. This was confirmed using human ex vivo DCs and in a skin 

explant model. VitD precursors may provide a safer and efficient substitute for active VitD. 

Finally, RA can be exploited as a regulatory adjuvant in SIT as it primes T cells to produce IL-10, 

predicted to be essential for SIT therapeutic effects. 
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SUMMARY
Allergen-specific immunotherapy (SIT) is considered to be the sole curative therapeutic 

approach of mono allergies. However, the widespread use of SIT is hindered by the small but 

imminent risk of developing anaphylactic reactions. Another major drawback of SIT is the 

relatively low efficacy reflected by the long treatment duration. The work described in this 

thesis aims at establishing the foundations for novel efficacious modalities of SIT. Since the 

development of immune tolerance mediated by regulatory T (Treg) cells is an essential element 

for successful SIT, this study focused on the use of regulatory adjuvants, compounds that via 

their effect on antigen-presenting dendritic cells (DCs) promote the development of Treg cells.

Chapter 1 is a general introduction summarizing current knowledge about the role of DCs 

in shaping adaptive immunity and immune tolerance, allergy and the principle of SIT along with 

the mechanisms proposed to mediate its effects. Furthermore, the existing knowledge about 

the immunological impact of the two regulatory adjuvants used in this thesis: vitamin D3 (VitD) 

and retinoic acid (RA) was thoroughly introduced.

In Chapter 2 we investigate the differential effects of VitD on two distinct skin DC subsets: 

epidermal Langerhans cells (LCs) and dermal dendritic cells (DDCs). VitD-Conditioning of both 

DC subsets inhibited their maturation, inflammatory cytokine production and T cell stimulatory 

capacity. Furthermore, we found that VitD-treatment of these DC subsets promotes immune 

tolerance by inducing the development of two distinct types of regulatory T (Treg) cells. 

Whereas VitD-primed LCs induced the development of CD25hiCD127lo Foxp3+ Treg cells, VitD-

primed DDCs gave rise to Foxp3-, IL-10-producing Treg cells. Blocking experiments revealed 

that LC-derived TGF-β is a key factor in the induction of Foxp3+ Treg cells, whereas DDC-

derived IL-10 is important for the induction of IL-10-producing Treg cells. These findings can be 

exploited to enhance the quality of SIT, which is usually applied through the cutaneous route.  

Chapter 3 addresses the possible effects of calcidiol, the precursor calcitriol (the 

physiologically active form of VitD), on DCs. Calcidiol not only exerted an inhibitory effect 

on DC maturation and altered DC cytokine production, but also primed DCs to promote 

the development of IL-10-producing Treg cells that act as regulatory T cells suppressing the 

proliferation of bystander cells. Strikingly, in contrast to the population of IL-10-producing Treg 

cells induced by calcitriol-primed DCs, the IL-10-producing Treg cells induced by calcidiol-

primed DCs exhibited sustained IFN-γ production in face of their suppressive capacity. Blocking 

experiments showed that the immunomodulatory features of calcidiol are dependent on its 

conversion by DCs into calcitriol. The calcidiol-mediated effects may be of particular interest 

for the treatment of allergic disease, where concurrent suppression and sustained IFN-γ 
production by Treg cells effectively counterbalance the Th2-dominated immune responses. 

The study presented in Chapter 4 aims at elucidating the influence of VitD on the human 

skin DC subsets, i.e. LCs, CD14+ DDCs and CD1a+ DDCs, in their natural environment. This issue 

was addressed by intradermal (ID) administration of VitD in a human skin explant system 

that closely resembles physiological conditions. ID injection of VitD selectively enhanced 

the migration of CD14+ DDCs. Moreover, ID injection of VitD repressed the LPS-induced T 
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cell stimulatory capacity of migrating DCs. These migrating DCs collectively promoted the 

development of suppressive T cells that lacked IFN-γ productivity. Those induced T cells were 

characterized by the expression of Foxp3. 

In Chapter 5 we show that targeting of the major allergen of birch pollen, Bet v 1d, to 

DCs via the DC-specific surface molecule DEC205 effectively activates allergen-specific T 

cells. Furthermore, the concomitant presence of VitD during Bet v 1d targeting impedes the 

proliferation of Bet v 1d-specific T cells and modifies their cytokine production. These findings 

suggest that combined allergen targeting and regulatory adjuvant might be a promising 

approach to enhance the quality of SIT.

In Chapter 6 we investigate the immunomodulatory properties of RA on human DCs and 

subsequent development of T cells. RA primes DCs to express CD103 and produce RA themselves. 

These RA-conditioned human CD103+ RA-DCs did not substantially enhance Foxp3 expression 

by primed T cells but rather induced gut-homing T cells producing high levels of IL-10, which 

were functional suppressive Treg cells. IL-10 production was dependent on DC-derived RA and 

was maintained when DCs were stimulated. In parallel, RA-conditioning of DCs did not affect 

inflammatory cytokine production by DCs and IFN-γ production by induced T cells thereafter. 

Furthermore, the mere presence of TGF-β during CD103+ RA-DC-driven T cell priming favored 

the induction of Foxp3+ Treg cells over IL-10+ Treg cells. Similar results were acquired when naïve 

CD4+ T cells were stimulated by αCD3 and αCD28 antibodies, instead of DCs, in the presence of 

RA. These findings not only introduces a novel role of RA in maintaining intestinal tolerance, but 

also poses RA as an effective immunomodulatory adjuvant that can be applied for the treatment 

of chronic inflammatory diseases, like autoimmune and allergic disorders.

In Chapter 7 our findings in this thesis are discussed in relation to the current knowledge 

in relevant fields. We also address how these findings can be integrated into clinically applied 

SIT protocols, and the obstacles limiting the application of the novel approaches introduced in 

this thesis. 
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SAMENVATTING
Allergeen-specifieke immunotherapie (SIT) kan worden beschouwd als de enige behandeling 

met een genezende potentie ten aanzien van mono-allergieën. De brede toepassing van 

SIT wordt echter gehinderd door een kleine, maar zeer gevaarlijke, kans op de ontwikkeling 

van anafylactische reacties. Een ander nadeel van SIT is de relatief lage efficiëntie, zoals de 

noodzaak tot langdurige behandeling, wat tot gevolg heeft dat een aanzienlijk aantal patiënten 

de therapie niet afmaken. Het werk dat in dit proefschrift wordt beschreven heeft tot doel 

om een aanzet te geven tot de ontwikkeling van nieuwe, efficiëntere vormen van SIT. Omdat 

de ontwikkeling van immuuntolerantie door regulatoire T (Treg) cellen als essentieel wordt 

beschouwd voor succesvolle SIT, ging in dit onderzoek de aandacht uit naar regulatoire 

adjuvanten, stoffen die via een effect op antigeen-presenterende dendritische cellen (DCs) de 

ontwikkeling van Treg cellen bevorderen.

Hoofdstuk 1 is een introductie waarin de kennis wordt samengevat omtrent de rol van DCs 

in de vorming van verworven immuniteit en tolerantie, de principes van de allergische reactie 

en SIT, alsmede de immunologische mechanismen die gedacht worden aan SIT ten grondslag 

te liggen. Daarnaast wordt in deze introductie een samenvattend overzicht gegeven van de 

bestaande kennis omtrent de immunologische werking van twee regulatoire adjuvanten die in 

het proefschrift worden gehanteerd: vitamine D3 (VitD) en retinoinezuur (RA).

In Hoofdstuk 2 onderzoeken we de onderscheidende effecten van VitD3 op twee 

verschillende typen DCs in de huid: de epidermale Langerhans cellen (LCs) en de dermale 

DCs (DDCs)  Het in vitro conditioneren van deze DC typen door VitD3 verhinderde in beide 

DCs de mogelijkheid om te rijpen, om ontsteking-bevorderende cytokinen te produceren, 

en om T cellen te stimuleren. Verder vonden we dat VitD-behandelde DCs immuuntolerantie 

induceren via de ontwikkeling van verschillende typen regulatoire T (Treg) cellen. Waar 

VitD-behandelde LCs aanzetten tot de ontwikkeling van CD25hiCD127lo Foxp3+ Treg cellen, 

sturen VitD3-behandelde DDCs aan tot de ontwikkeling van Foxp3-, IL-10-producing Treg 

cellen. Experimenten met selectieve remmers lieten zien dat de ontwikkeling van de Foxp3+ 

Treg cellen het gevolg is van de productie van TGF-β door VitD-behandelde LCs, terwijl de 

IL-10-producerende Treg cellen ontstaan als gevolg van de productie van IL-10 door de VitD-

behandelde DDCs. Omdat SIT wordt verricht door het toedienen van allergeen via de huid, kan 

deze specifieke kennis mogelijk bijdragen tot een verbetering van het effect SIT.

Hoofdstuk 3 behandelt de mogelijke effecten van calcidiol op DCs. Calcidiol is de 

voorloper van calcitriol, de fysiologisch actieve vorm van VitD. Evenals calcitriol, had 

calcidiol een remmend effect op de rijping en cytokine productie van DCs en liet de DCs  IL-

10-producerende Treg cellen ontwikkelen. Opvallenderwijs en in tegenstelling tot calcitriol, 

bleven deze IL-10-producerende Treg cellen ook nog het effector cytokine IFN-γ produceren. 

Desondanks waren deze Treg cellen nog steeds functionele suppressor cellen. Experimenten 

met selectieve remmers lieten zien dat het effect van calcidiol op DCs het resultaat was van de 

omzetting van calcidiol tot calcitriol door de DCs. De afwijkende effecten van calcidiol kunnen 

van speciaal belang zijn voor de behandeling van allergische ziekten, omdat de extra productie 
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van IFN-γ door Treg cellen mogelijkerwijs de allergie-bevorderende effector T cel cytokinen 

(zoals IL-4)  verder kan doen afremmen.

De studie beschreven in Hoofdstuk 4 heeft tot doel het effect van VitD op verschillende 

typen DCs in de huid, de LCs en de CD14+ DDCs en CDC1a+ DDCs, in hun natuurlijke omgeving 

te bestuderen. Daartoe werd VitD (calcitriol) in de dermis ingespoten, vervolgens een biopt 

genomen en deze gekweekt. Verrassenderwijs bleek VitD injectie selectief CD14+ DDCs te 

activeren tot migratie, waarbij VitD de T cel-stimulerende eigenschappen van deze DCs werden 

onderdrukt en de ontwikkeling werd bevorderd van Treg cellen die Foxp3 tot expressie brengen 

en geen IFN-γ produceren. 

In Hoofdstuk 5 laten we zien dat Bet v 1d (het belangrijkste “major” allergeen van 

berkenpollen)-specifieke T cellen beter kunnen worden geactiveerd na targetten van Bet v 1d via 

de binding aan het DC-specifieke cel oppervlakte molecule DEC205. Bovendien leidt additionele 

aanwezigheid van VitD tot de verwachte afremming van de celdeling van de T cellen en 

veranderingen in het cytokine profiel. De resultaten suggereren dat de combinatie van allergeen 

targetting en een regulatoire adjuvant kan bijdragen tot verbetering van het effect van SIT.

In Hoofdstuk 6 onderzochten we de effecten van RA op de DCs van de mens en het gevolg 

ervan voor de ontwikkeling van T cellen. RA bleek DCs aan te zetten tot de expressie van CD103 

en om zelf RA te produceren. Deze RA-geconditioneerde DCs induceerden functionele Treg 

cellen, die niet zozeer Foxp3 maar wel IL-10 tot expressie brengen. De IL-10 productie in de 

T cellen was afhankelijk van het door de DCs geproduceerde RA en bleef in stand als de DCs 

gestimuleerd werden tot productie van inflammatoire cytokinen. In die condities werden 

functionele Treg cellen gevonden die inflammatoire cytokinen maken. Alleen bij toevoeging van 

TGF-β gedurende de RA conditionering van DCs bleken Foxp3+ Treg cellen het over te nemen 

van IL-10+ Treg cellen. De cruciale rol van RA in de ontwikkeling van IL-10-producerende, Foxp3-, 

Treg cellen werd bevestigd in proeven waarin T cellen werden gestimuleerd in afwezigheid van 

DCs. De resultaten werpen niet alleen een nieuw licht op wijze waarop RA immuuntolerantie in 

de darm handhaaft, maar openen ook beter omschreven perspectieven voor het gebruik van 

RA als immuunmodulerend adjuvant voor de behandeling van chronisch ontstekingsziekten als 

auto-immuunziekten en allergiene. 

In Hoofdstuk 7 worden de in het proefschrift beschreven bevindingen bediscussieerd in 

relatie met de literatuur. We kaarten hierbij ook aan op welke wijze de resultaten van waarde 

zouden kunnen zijn voor de in de kliniek toegepaste SIT protocollen en welke obstakels de 

toepassing ervan zullen beperken.
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