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Abstract

Background—Dendritic cells (DCs) play an important role in the induction and regulation of 

adaptive immune responses by polarizing T-helper (Th) cells. In allergic disease this response is 

dominated by Th2 cells. It is still unclear whether the activation of Th cells by DCs in atopic 

individuals is allergen specific.

Methods—Monocyte-derived DCs (MoDCs) obtained from polysensitized patients were 

stimulated with purified Bet v 1, Phl p 5 and Act d 10, and the surface marker expression was 

analysed. Proliferation and cytokine profiles of autologous naïve CD4+ T cells co-cultured with 

allergen-pulsed MoDCs were assessed.

Results—The addition of either Bet v 1 or Phl p 5 did not further increase the expression of 

surface markers from matured MoDCs in all study groups. In co-cultures, autologous naïve CD4+ 

T cells proliferated when DCs obtained from individuals allergic to birch and grass pollen were 

stimulated with Bet v 1 and Phl p 5, respectively. In the co-culture supernatants, significantly 

increased levels of IL-5 and IL-13 were detected. This effect correlated with the sensitization 

background and was absent when applying an unspecific allergen, Act d 10. The levels of IL-10 in 

supernatants of MoDCs and the levels of IL-10 and IFN-γ in supernatants of T cells remained 

unchanged upon stimulation with allergens.

Conclusions—In this study we observed that allergen-specific stimulation of MoDCs induces 

T-cell proliferation and upregulation of Th2-type cytokines. Interestingly, this Th2 polarization 

was only observed in cells stimulated with the allergen to which the patients were sensitized.
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Introduction

Allergic diseases are recognized as a serious health problem affecting both industrialized 

and developing countries, and the prevalence of allergic diseases (e.g. allergic 

rhinoconjunctivitis, asthma and eczema) has increased rapidly [1].

Dendritic cells (DCs) are the most potent antigen-presenting cells of the innate immune 

system, with the potential to regulate adaptive immune responses, and play an important role 

in the allergic sensitization phase. They recognize, capture and present foreign antigens to T 

cells and subsequently stimulate the immune response via activation and differentiation of 

T-helper (Th) cells into their various subtypes [2, 3]. Allergy is driven by allergen-specific 

CD4+ Th2 cells, which produce the cytokines IL-4, IL-5 and IL-13 [4]. These cytokines 

play a major role in IgE production by allergen-specific B cells [5].

Allergen uptake and processing by DCs is a pivotal step in the induction of Th2 responses. 

In vitro, monocyte-derived DCs (MoDCs) have shown upregulation of surface marker 

expression (e.g. CD80, CD83, CD86, and HLA-DR) after stimulation with 

lipopolysaccharides (LPS) [6, 7], Bet v 1 [8–10], Pru p 3 [11], and Der p 1 [12]. 

Furthermore, differentiation of naïve T cells into Th2 cells, as assessed by T-cell 

proliferation or the preferential production of Th2 cytokines, were reported in response to 

Bet v 1 [8], Mal d 1 [9], Pru p 3 [11], Ara h 1 [13], and grass pollen extract [14] with the 

help of MoDCs. Studies performed with Phl p 5 are less clear, showing attenuated 

maturation in Langerhans cells [15].

In previous studies we investigated the influence of Bet v 1 isoforms and Bet v 1 

homologous food allergens on the polarization of Th cells from patients allergic to birch 

pollen [9]. In the present study we asked whether the effect seen with Bet v 1 in cells 

derived from birch-pollen-allergic patients is comparable to other inhalant allergens (e.g. Phl 

p 5) in grass-pollen-allergic patients. Therefore, we analysed the impact of purified allergens 

Bet v 1 and Phl p 5 in a group of polysensitized patients suffering from inhalant allergies. In 

parallel, we used Act d 10 as a control allergen. The previously established in vitro model 

for MoDCs was applied as well as the co-culture experiments with autologous T cells.

Materials and Methods

Study Subjects

Allergic individuals suffering from inhalant allergies (birch pollen, grass pollen and house 

dust mite) were included in this study. The diagnosis of allergy was based on a characteristic 

history of clinical symptoms (allergic conjunctivitis, rhinitis, urticaria, and asthma) and on at 

least one of the following diagnostic criteria: a positive skin prick test or a positive 

ImmunoCAP. Serum IgE specific for Bet v 1, Phl p 5, Der p 2, and Act d 10 (negative 

control) was determined by ELISA as previously described [16]. OD values were counted 

positive if they exceeded the mean OD of the negative controls by more than three standard 

deviations (data not shown). Based on the sensitization pattern, allergic individuals (n = 18) 

were classified as follows: a Bet v 1 positive (B+; n = 9) and a Bet v 1 negative (B−; n = 9) 
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group, and in parallel a Phl p 5 positive (P+; n = 11) and a Phl p 5 negative (P−; n = 7) 

group, respectively. None of the serum samples displayed IgE recognition directed against 

the control allergen Act d 10. Blood samples from 6 non-allergic healthy donors (NA group) 

without any allergic symptoms or allergen-specific IgE antibodies were used as a control 

group (table 1). The characteristics of the patients are summarized in table 1. The study was 

authorized by the Ethics Committee of the Medical University of Vienna (ethics committee 

approval number: 038/2009).

Allergens

Recombinant Bet v 1.0101 was expressed and purified as previously described [9]. 

Recombinant Phl p 5 was purchased from Biomay AG (Vienna, Austria). Natural Act d 10 

was purified from green kiwifruit as previously described [17]. LPS was obtained from 

Sigma-Aldrich (Steinheim, Germany). Bacterial endotoxin concentration of the allergen 

batches as determined by the Limulus Amebocyte Lysate QCL-1000 assay (Cambrex, 

Walkersville, Md., USA) were below 3 endotoxin units/mg.

Preparation of Cells and Stimulation

Heparinized blood samples were obtained from donors, and immature MoDCs were 

generated as previously described [8]. Briefly, monocytes were isolated from purified 

PBMCs by a Percoll (GE Healthcare, Uppsala, Sweden) gradient (2,100 g, 45 min). After 

isolation the cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM; Bio-

Whittaker, Walkersville, Md., USA) containing gentamycin (86 mg/l; Lactan, Graz, Austria) 

and 10% fetal calf serum (FCS; Invitrogen, Carlsbad, Calif., USA) supplemented with GM-

CSF (500 U/ml) and IL-4 (250 U/ml; both R&D Systems, Minneapolis, Minn., USA) in 24-

well culture plates (Greiner Bio-ONE, Kremsmuenster, Austria). On day 7, maturation of 

MoDCs was induced by the addition of 25 ng/ml TNF-α (Strathmann GmbH & Co. KG, 

Hamburg, Germany) and 10 ng/ml IL-1β (PeproTech, Inc., Rocky Hill, N.J., USA) referred 

to in the text as maturation-inducing factors (MFs) for 48 h. Simultaneously, MoDCs were 

stimulated with either 10 μg/ml rBet v 1, rPhl p 5 or natural Act d 10. As controls, cells were 

either treated with 1 μg/ml LPS (Sigma-Aldrich) or MFs or were used without any 

treatment. After 48 h, supernatants were collected and stored in aliquots at −20 °C until 

cytokine measurement. All subsequent tests were performed after harvesting and extensive 

washing of the cells to remove allergens, MFs and LPS.

Naïve CD4+ T-Cell Purification

Peripheral blood lymphocytes were isolated using Percoll density gradient centrifugation 

(Sigma-Aldrich) as previously described [8]. Naïve CD4+CD45RA+ cells were isolated by 

negative selection using the naïve CD4+ T-Cell isolation Kit II (Miltenyi Biotech, Bergisch-

Gladbach, Germany). Briefly, total CD4+ T-cell population was depleted of non-Th cells 

and memory CD4+ T cells via magnetic beads loaded with biotin-conjugated monoclonal 

antibodies. Afterwards, T cells were frozen in IMDM containing 50% (v/v) FCS 

(Invitrogen) and 10% (v/v) dimethyl sulfoxide (Merck KGaA, Germany) for 7 days until use 

(survival rate after thawing: 60–80%).
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Flow Cytometry

MoDCs stimulated for 48 h were harvested, washed and suspended in FACS buffer 

consisting of PBS, 1% BSA, 0.1% sodium azide, 2% FCS (GIBCO; Invitrogen), and 1% 

human serum (Lonza, Basel, Switzerland). The cells were washed twice and incubated for 

45 min at 4 °C with saturating concentrations of FITC-conjugated anti-CD80 or 

phycoerythrin-conjugated anti-CD83, anti-CD86 and anti-OX40L, allophycocyanin-

conjugated anti-HLA-DR and anti-CD11c antibodies (all from BD Biosciences, San Jose, 

Calif., USA) or FITC-conjugated anti-Jagged 1 antibody (R&D Systems). Fluorescence was 

measured on a FACS Canto flow cytometer (BD Biosciences), and 10,000 events were 

acquired and analysed using the BD FACS Diva software.

Proliferation Assay

Stimulated MoDCs (1 × 10 4 cells) and autologous naïve T cells (1 × 10 5 cells) were co-

cultured in IMDM supplemented with 86 μg/l gentamycin (Lactan) and 10% (v/v) FCS in 

96-well plates (Corning Life Sciences, Lowell, Mass., USA) in triplicate at 37 °C and 5% 

CO2. After 5 days, supernatants were collected and stored in aliquots at −20 °C until the 

determination of cytokine levels. Subsequently, 1.85 × 1010 s−1 3H-thymidine (GE 

Healthcare) was added to the wells for 16 h. The cells were harvested and counted in a 

scintillation β-counter (MicroBeta Trilux; PerkinElmer, Waltham, Mass., USA). Results 

were reported as stimulation indices calculated as a ration between the counts per minute of 

stimulated and unstimulated cells.

Cytokine Assays

The concentrations of human IL-5, IL-10, IL-12(p70), IL-13, and INF-γ in culture 

supernatants were determined by ELISA according to the instructions from the distributor of 

the used pairs of antibodies (Thermo Scientific, Rockford, Ill., USA). OD values were 

measured by the Spectra Max system (Molecular Devices, Sunnyvale, Calif., USA) 

according to the manufacturer’s instructions, and the detection limits were as follows: IL-5: 

1.0 pg/ml, IL-10: 2.2 pg/ml; IL-12p70: 0.5 pg/ml; IL-13: 21.0 pg/ml, and INF-γ: 11.4 pg/ml.

Statistics

The allergen-induced changes in proliferation and cytokine levels were analysed using the 

Wilcoxon signed-rank test. p values <0.05 were considered statistically significant.

Results

Maturation of MoDCs Upon Allergen Stimulation and Maturation Factors

After 7 days of culture, generated MoDCs were analysed for the expression of CD11c and 

CD14. Results showed that the cells displayed a high expression level of CD11c (91–98%, 

mean 95 ± 3.6) and were negative for CD14, indicating specificity for immature DCs (online 

suppl. fig. S1; for all online suppl. material, see www.karger.com/doi/10.1159/000375405). 

Subsequently, costimulatory molecule expression of MoDCs was analysed upon stimulation 

with Bet v 1 and Phl p 5. Our experiments demonstrated that exposure of MoDCs to MFs 

alone induced an upregulation of the co-stimulatory molecules CD80 and CD86 and 
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maturation markers CD83 and HLA-DR, thus verifying the mature status of the MoDCs (fig. 

1) compared to untreated cells. The addition of either Bet v 1 or Phl p 5 did not further 

increase the expression of these surface markers in all 4 allergic study groups and non-atopic 

controls (fig. 1). Also, cells stimulated with LPS showed an upregulation of costimulatory 

molecules (fig. 1). In parallel, the expression of Jagged-1 and OX40L was analysed. In all 5 

groups, the addition of neither Bet v 1 nor Phl p 5 induced changes of Jagged-1 expression 

and OX40L expression levels (fig. 1). For these experiments only 4 samples were analysed 

per group. Therefore, no statistical analysis was performed.

Bet v 1- and Phl p 5-Specific T-Cell Proliferation

T cells were obtained from peripheral blood lymphocytes from allergic, atopic and non-

allergic donors. The purity of the naïve T-cell population was in the range of 90–97%; a 

representative FACS example is given in online supplementary figure S1. Afterwards, the 

proliferation of these naïve T-cell populations was activated by stimulated MoDCs pulsed 

with Bet v 1, Phl p 5, MFs, and LPS. The proliferation index of allergen-treated cells was 

then assessed and compared to the indices of MFs or LPS alone. In the B+ and P+ groups, T 

cell proliferation was significantly increased upon addition of Bet v 1 and Phl p 5, 

respectively, compared to cells stimulated only with MFs or LPS (fig. 2). No additional 

proliferation of T cells from individuals non-sensitized to Bet v 1 and Phl p 5 (B− and P− 

groups) and healthy individuals (NA group) were observed upon the addition of either Bet v 

1 or Phl p 5.

MoDCs Pulsed with Bet v 1 and Phl p 5 from Allergic Patients Enhance Th2-Type Cytokine 
Secretion

Cytokine patterns of matured MoDCs were analysed after stimulation with either Bet v 1 or 

Phl p 5. The addition of Bet v 1 reduced IL-12p70 levels in the B+ group compared to MFs 

alone (fig. 3a). This effect was similar in response to Phl p 5 in the P+ group, but in both 

cases it did not reach statistical significance. In the B− and P− groups, stimulation with 

neither Bet v 1 nor Phl p 5 altered the production of IL-12p70 and IL-10, respectively (fig. 

3a). As expected, LPS-pulsed MoDCs produced high IL-12p70 and IL-10 levels in the B+, 

B−, P+, and P− groups (fig. 3a), with the exception of the NA group, where most of the 

IL-12p70 and IL-10 levels were rather low.

Supernatants from co-culture of MoDCs and autologous naïve T cells were analysed for 

IL-5, IL-10, IL-13, and IFN-γ levels (fig. 3b). IL-5 and IL-13 levels were significantly 

increased in the B+ group upon stimulation with Bet v 1 (fig. 3b). The addition of Phl p 5 

induced the upregulation of IL-5 (p = 0.06) and IL-13 (p < 0.05) in the P+ group (fig. 3b). 

This effect was not observed in response to the allergens in the B− or P− group, nor was it 

observed in the NA group. The addition of Bet v 1 and Phl p 5, respectively, did not affect 

the levels of IL-10 and INF-γ in any of the allergic groups (fig. 3b).

Control Experiments with Act d 10

To evaluate the effect of Act d 10 (the non-specific lipid transfer protein from kiwifruit) – an 

allergen with no specificity for all allergic groups – control experiments were performed in 

parallel.
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The addition of Act d 10 to matured MoDCs derived from all study groups did not change 

surface marker expression levels of CD80, CD83, CD86, HLA-DR, Jagged-1, and OX40L 

compared to Bet v 1, Phl p 5 and MFs. As an example, CD86 analyses for the B+, P+ and 

NA groups are shown in figure 4a.

MoDCs pulsed with Act d 10 were unable to induce higher levels of T-cell proliferation or 

Th2-type cytokines (IL-5, IL-13) compared to MFs (fig. 4b). Furthermore, this effect was 

significantly lower compared to Bet v 1 and Phl p 5 in the respective study groups.

Discussion

Among all known proteins, only a minority have been identified as allergens inducing a 

Th2-type immune response in genetically predisposed individuals. However, the underlying 

mechanisms and shared physicochemical features of the causative proteins are still 

unknown. In the recent past it became evident that the interaction of allergens with the 

innate immune system seems to be crucial for inducing an allergic response [18]. However, 

it is still unknown whether the polysensitized status of the allergic patient impacts on the 

immune response to individual allergens without discriminating between the individual 

allergens or whether different responses are mounted. Therefore, the current study included 

a patient population that is polysensitized, which is normally seen in daily practice in an 

allergy clinic.

DCs are specialized for the uptake, processing and presentation of antigens to T cells [19, 

20]. Upon activation, DCs undergo a process of maturation and become efficient in 

presenting antigens to T lymphocytes. A variety of danger signals can lead to the activation 

and maturation of DCs, including pathogen components like LPS, cytokines released during 

inflammation such as TNF-a and IL-1 and T-cell ligands like CD40L [19, 21–24]. For 

example, Der p 2, a house dust mite allergen, activates the MyD88 and TRIF inflammatory 

pathways by binding to TLR4 and LPS. In a recent study by Deifl et al. [25], the MoDC 

uptake of Bet v 1 was enhanced when LPS was added. Other studies have provided evidence 

that allergens such as Bet v 1, Fel d 1 and group 1 grass pollen allergens and their binding 

activity to lipids may mimic pathogen-associated molecular patterns and thus facilitate 

cellular uptake [18]. Similarly, glycosylated allergens such as Der f 1, Fel d 1 and Ole e 1 

can be readily taken up via the mannose receptor [18].

However, for full activation of T cells additional signals are required. So far, a range of 

costimulatory signals has been identified and their significance as important regulators of 

immune pathological processes has been elucidated. Members of the B7 and TNF 

superfamilies interacting with members of the CD28 and TNF-R superfamilies play an 

important role in costimulatory processes [26]. The ICOS-L-ICOS signalling pathway 

promotes Th cell differentiation and B-cell response [26]. There is increasing evidence from 

mouse experiments that ICOS signalling is crucial during the effector phase of an already 

established allergic immune response [27]. In contrast, the PD-L1-PD-1 system is regarded 

as a negative regulator by inhibiting T-cell proliferation and cytokine production [26]. In 

murine models the blocking of PD-1 and PD-L1 lead to increased allergic responses, 

suggesting that PD-L1 provides an inhibitory role during the sensitization phase [27], 
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whereas PD-L2 signalling seems to contribute to asthma exacerbation [28]. Taken together, 

studying the function of costimulatory molecules in both the allergic sensitization and 

effector phases may help to develop new therapeutic intervention strategies.

Previous studies have shown a significant increase in CD86 expression in immature DCs in 

response to Der p 1, a major house dust mite allergen [12], and Pru p 3, the non-specific 

lipid transfer protein from peach [11], in the allergic individuals. This is in contrast to our 

observation, where we did not see an increase of both CD86 and CD80 upon addition of Bet 

v 1 and Phl p 5 in the respective sensitized patients. Hammad et al. [12] showed that Der p 1 

induced the upregulation of CD86 in DCs from patients allergic to house dust mite at a dose 

of 100 ng/ml, while this was not the case for CD80. In contrast to the protocol used by 

Hammad et al., we applied the individual allergens together with maturation factors (IL-1β, 

TNF-α). Comparing the addition of MFs alone versus MFs and allergen did not significantly 

differ in the upregulation of both CD86 and CD80, respectively. However, upregulation was 

observed in both cases. Also, the intrinsic properties of the allergen could have contributed 

to the differential upregulation of costimulatory molecules. For example, it is known that the 

mannose receptor is involved in the Der p 1 uptake of DCs, which is not the case for Bet v 1 

and Phl p 5.

In summary, we think that the upregulation of costimulatory molecules – a very important 

event for the interaction of DCs with T cells – is dependent on various factors such as the 

amount of allergen/antigen administered, the nature of the allergen/antigen and the 

individual cytokine environment.

Cytokine production by DCs such as IL-10 and IL-12 drives the type of T-cell response [3, 

13, 29]. IL-12p70 under the control of TLR8 and TLR4 plays a crucial role in polarizing T 

cells to an IFN-γ-producing Th1 phenotype [30, 31], while IL-4 induces Th2 differentiation 

[32, 33]. It has been proposed that stimuli that fail to induce IL-12 expression in DCs 

programme them to induce Th2 responses, as shown for allergic rhinitis [34, 35]. This 

reduced IL-12 production by DCs might be regulated by IL-10 or TNF-α [36]. Furthermore, 

common allergen sources such as house dust mite and peanut extract inhibited DC IL-12 

production similarly to thymic stromal lymphopoietin, resulting in the induction of a Th2 

response [37]. Accordingly, we found no induction of IL-12p70 and IL-10 by DCs 

stimulated with either Bet v 1 or Phl p 5, although it has to be noted that there is substantial 

variability in IL-12p70 production between individuals [38], and up to 30% of donors fail to 

secrete IL-12p70 in response to LPS [39–41]. Interestingly, low levels of IL-12p70 were 

also found in our control group, even upon stimulation with LPS.

The ability of human DCs to endocytose, process and present antigens is tightly related to 

their functional state. In addition, human DCs constitute a heterogeneous population. 

Therefore, the establishment/generation of a highly functional in vitro cell system 

mimicking the in vivo situation is needed when studying the antigen-presenting T-cell 

interaction. In some studies myeloid DCs, blood CD11c+ DCs and in vitro MoDCs were 

investigated for their surface marker expression, endocytotic activity and T-cell polarization 

[42, 43]. While expression levels of HLA-DR, CD40, CD86, and CD83 were comparable 

between freshly isolated blood CD11c+ DCs and MoDCs, the endocytotic activity was much 
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higher in blood DCs than in MoDCs [43]. In addition, T-cell proliferation was higher upon 

stimulation by blood CD11c+ and pointed towards Th1 polarization. These functional 

differences in the individual DC subsets suggest that careful handling of this cellular system 

is mandatory to obtain reliable data.

In summary, we could show that, similarly to Bet v 1, Phl p 5 is capable of inducing a Th2-

type polarization via autologous DCs in sensitized patients. However, the underlying 

mechanisms of the tight interplay between DCs and T cells and their role in the allergic 

responses are still unknown. Although crucial components such as LPS contamination and 

glycan moieties could be ruled out, it remains to be investigated whether and how the innate 

immune response is involved in mounting an allergic response and whether via activation of 

this pathway certain immune response control points are to be identified that decide upon 

developing an allergic response versus developing a tolerizing status [18]. In this context 

further studies are needed to investigate the imbalance and down-regulation of regulatory 

cytokines and the role of costimulatory molecules. These studies should apply single, 

purified allergens to assess the individual allergenic capacity of these molecules. This in turn 

will not only contribute to a better understanding of the onset of the allergic immune 

response but also identify new promising targets for treatment strategies of allergic diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Surface marker expression of MoDCs from patients diagnosed with inhalant allergies (birch 

pollen, grass pollen and house dust mite; n = 18; all samples were grouped into Bet v 1+ or 

Bet v 1− groups and in parallel into Phl p 5+ and Phl p 5−, respectively). MFI = Mean 

fluorescence intensity. MoDCs were stimulated for 48 h with either MFs alone or together 

with either Bet v 1 or Phl p 5 or LPS (48 h), or kept untreated as control (−). The stimulated 

MoDCs were stained with fluoro-chrome-labelled antibodies specific for CD80, CD83, 
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CD86, HLA-DR, Jagged-1, and OX40L analysed by flow cytometry. Data are expressed as 

box plot summary of the mean fluorescence intensity.
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Fig. 2. 
Proliferation of autologous naïve T cells from grass and birch pollen allergic patients after 

activation with autologous MoDCs pulsed with Bet v 1, Phl p 5, MFs, and LPS. SI = 

Stimulation indices. After 5 days of co-culture, proliferation was assessed by 3H-thymidine 

incorporation. The results are shown as stimulation indices. Statistical significance was 

determined by the Wilcoxon signed-rank test. * p < 0.05, ** p < 0.01.
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Fig. 3. 
Detection of cytokine production by stimulated MoDCs and naïve Th cells after stimulation 

with allergens (Bet v 1, Phl p 5). a Supernatants of MoDCs were assayed by ELISA for the 

cytokines IL-12 (the active form IL-12p70 was analysed) and IL-10. b Supernatants of co-

cultures of stimulated MoDCs with naïve T cells were tested for IL-5, IL-13, IL-10, and 

INF-γ levels. Statistical significance was determined by the Wilcoxon signed-rank test. * p < 

0.05.
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Fig. 4. 
Effect of MoDCs pulsed with Act d 10 on the autologous T-cell activation from patients 

with inhalant allergies. MFI = Mean fluorescence intensity; SI = stimulation indices. a Upon 

addition of an unspecific allergen (kiwifruit allergen: Act d 10), the expression of surface 

markers from MoDCs were analysed. CD86 is presented as a representative marker. b 
MoDC-dependent autologous T-cell proliferation pulsed with Act d 10 was investigated and 
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shown as stimulation indices. In addition, Th2-type cytokine levels were assessed. Statistical 

significance was determined by the Wilcoxon signed-rank test. * p < 0.05.
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