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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

88



PR
O

M
O

TIN
G

 SIT Q
U

A
LIT

Y
 BY

 A
LLER

G
EN

 TA
R

G
ETIN

G
 A

N
D

 V
ITD

 A
PPLIC

A
TIO

N

5

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 

94



PR
O

M
O

TIN
G

 SIT Q
U

A
LIT

Y
 BY

 A
LLER

G
EN

 TA
R

G
ETIN

G
 A

N
D

 V
ITD

 A
PPLIC

A
TIO

N

5

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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