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Abstract 

Background: Human plasmacytoid dendritic cells (pDC) have a dual role as interferon‑producing and antigen‑
presenting cells. Their relevance for allergic diseases is controversial. and the impact of pDC on allergic immune 
responses is poorly understood.

Methods: This in vitro study on human pDC isolated from peripheral blood was designed to compare side by side 
the uptake of three clinically relevant representative allergens: fluorochrome‑labeled house dust mite Der p 1, Bee 
venom extract from Apis mellifera (Api) and the food allergen OVA analyzed flow cytometry and confocal microscopy.

Results: We found that the internalization and its regulation by TLR9 ligation was significantly different between 
allergens in terms of time course and strength of uptake. Api and OVA uptake in pDC of healthy subjects was faster 
and reached higher levels than Der p 1 uptake. CpG ODN 2006 suppressed OVA uptake and to a lesser extent Der p 1, 
while Api internalization was not affected. All allergens colocalized with LAMP1 and EEA1, with Api being internalized 
particularly fast and reaching highest intracellular levels in pDC. Of note, we could not determine any specific differ‑
ences in antigen uptake in allergic compared with healthy subjects.

Conclusions: To our knowledge this is the first study that directly compares uptake regulation of clinically relevant 
inhalative, injective and food allergens in pDC. Our findings may help to explain differences in the onset and severity 
of allergic reactions as well as in the efficiency of AIT.
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Key points
Side by side comparison of inhalative, injective and food 
allergen uptake by pDC

Uptake of allergens Der p 1, ovalbumin, bee venom sig-
nificantly differs in pDC

Allergens colocalize with LAMP1 and EEA1 the fastest 
with bee venom.

Introduction
Plasmacytoid dendritic cells (pDC) are a unique natu-
rally occurring dendritic cell (DC) subset with two 
outstanding capabilities, one as interferon (IFN)-proå-
ducing and the other as antigen-presenting cells (APC), 
thereby mediating both innate and adaptive immune 
responses [1, 2]. Apart from their particular role in 
mediating and promoting antiviral immune responses, 
they modulate immunity in autoimmune and neoplas-
tic [3–5], but also in allergic diseases. Whether pDC 
play a rather tolerogenic [6, 7], or allergy-promoting 
role [8, 9] is controversial. Moreover, it is hypothesized 
that a primary defect of pDC function contributes to 
the development of asthma [10]. The latter may match 
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observations of an inverse correlation of pDC blood 
counts with childhood respiratory tract infections and 
wheezing [11].

Although accounting for only 0.1–0.5% of peripheral 
blood cells, pDC produce more than 95% of type I IFN 
among circulating lymphocytes [12], of which IFN-
alpha is the main representative. Allergic diseases have 
been shown to impair IFN-alpha production, contrib-
uting to the susceptibility of allergic patients to viral 
infections, particularly subjects with asthma [13, 14]. 
Interestingly, CpG oligodeoxynucleotides, which act via 
TLR9 as one of the TLRs mainly expressed in pDC, can 
modulate these proallergic effects and convert pDC-
driven immune responses towards a Th1 phenotype [9].

The allergens ovalbumin (OVA, equals the allergen 
component Gal d 2) from hen’s egg, bee venom from 
Apis mellifera (Api) and the major allergen of house 
dust mite (HDM), Dermatophagoides pteronyssimus 
1 (Der p 1), represent examples of the three major 
groups of allergens: food allergens, injective allergens 
and inhalative allergens, respectively. To what extent 
pDC internalize and process these allergens has not 
been elucidated yet. As for other antigens, it can be 
assumed that allergens are taken up and presented to 
other immune cells such as B and T cells. It has been 
described that antigen endocytosis by pDC in general 
is not as efficient as by conventional DC [15], but suf-
ficiently effective to rapidly cross-present antigens, e.g. 
of viral origin, on MHC class I [16, 17].

IL-3, a cytokine mainly released by mast cells and 
activated T cells, is a key survival factor for pDC, and 
essential to keep this DC type in culture for up to 6 days 
[18]. IL-3 is the major cytokine promoting IL-4 and 
IL-13 expression and the most potent priming cytokine 
of basophils [19]. IL-4, and IL-13 are major mediators 
of allergy and asthma. They are produced by basophils 
and are released in large quantities after stimulation 
with IL-3 [19]. Therefore, these cytokines may affect 
pDC function in allergic settings.

For certain DC subsets such as monocyte-derived 
dendritic cells (moDC) allergen uptake has been 
described in great detail [20, 21], however respective 
data in pDC is lacking so far. A recent study on moDC 
revealed trafficking of the grass pollen allergen Phl p 5 
and the sunflower allergen SF-nsLTP via early and late 
endosomal markers, Early Endosome Antigen 1 (EEA-
1) and Lysosome-Associated Membrane protein 1 
(LAMP-1) [21].

In the current study, we investigated the uptake of the 
three clinically relevant allergens Der p 1, purified Api 
and OVA by pDC. Using FACS analysis and confocal 
microscopy, we characterized the time course of their 
uptake and their colocalization with endosomal markers.

Materials and methods
Reagents and labeling of allergens
The TLR9 agonist CpG oligodeoxynucleotide ODN 2006 
(CpG B) with the specific sequence 5’-TCG TCG TTT 
TGT CGT TTT GTC GTT-3’ and the cytokines IL-3, 
IL-4 and IL-13 were purchased from Miltenyi Biotec 
(Bergisch Gladbach, Germany). Unlabeled purified OVA 
was purchased from Thermo Fisher Scientific (Eugene, 
USA) and used in a subset of experiments after labeling 
(see below). Purified unlabeled house dust mite major 
allergen Der p 1 and unlabeled Apis mellifera bee venom 
extract were purchased from Citeq biologics (Gronin-
gen, the Netherlands). For analysis of allergen uptake, 
unlabeled allergens were stained with an Alexa Fluor 555 
labeling kit, Cat. No. A30007 from Thermo Fisher Sci-
entific. To enable proper labeling of Der p 1 with Alexa 
Fluor 555 Der p 1 had to be desalted, using Zeba™ Spin 
Desalting method (Thermo Fisher). Api was sufficiently 
labeled without desalting. Labeling of allergens was con-
firmed using a microplate reader Tecan Infinite PRO 
200 (280  nm excitation, 555  nm emission). In addition, 
DQ™ ovalbumin, a self-quenched OVA conjugate labeled 
with BODIPY® FL dye (Molecular probes, provided by 
Thermo Fisher) was used to detect processed antigen. 
It exhibits bright green fluorescence upon proteolytic 
degradation. In addition, the Alexa Fluor 647 Ovalbu-
min conjugate (Molecular probes, provided by Thermo 
Fisher) was used to detect the amount of internalized 
OVA.

Human blood samples, cell isolation and cell culture
The present study was approved by the Ethics Commit-
tee at Ulm University. Peripheral blood from healthy vol-
unteers was acquired after obtaining informed consent. 
Mononuclear cells from peripheral blood (PBMC) were 
either isolated from fresh peripheral blood or buffy coats 
by Ficoll density gradient centrifugation or enriched via 
leukapheresis at the Institute of Transfusion Medicine, 
Ulm University. For the latter, 10% Acid-Citrate-Dextrose 
formulation A (ACD-A) was added as anticoagulant and 
cell viability optimized by adding 50% human plasma. 
Red blood cells were lysed using ACK lysis buffer (0.15 M 
 NH4Cl, 10  mM  KHCO3, 0.1  mM  Na2EDTA, pH = 7.3). 
PDC were isolated by positive magnetic bead selection 
using the BDCA-4+ cell isolation kit (Miltenyi Biotec). 
Purity was usually > 90%, with pDC defined as lin-1−, 
BDCA-2+,  CD123++. In some experiments, peripheral 
blood from individuals who were either allergic to HDM 
or Api where only limited blood volume was available, a 
panDC enrichment kit (Miltenyi Biotec) was used and 
pDC gated as above, with a fraction of enriched pDC of 
about 20–50%. For allergic subjects, age and sex matched 
volunteers served as controls. After isolation, pDC or 
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panDC were cultured in AIM-V medium (Gibco, Thermo 
Fisher Scientific) in the presence of IL-3 (10  ng/ml for 
purified pDC, 20  ng/ml for panDC). 1 ×  106 cells/ml, 
200  µl/well, were cultured in 96-well round-well plates 
for 16 h or 24 h at 37 ºC and 5%  CO2 in the presence or 
absence of CpG ODN 2006 (2.5 µg/ml), IL-4 (100 ng/ml, 
equals 500 U/ml) or IL-13 (250 ng/ml, equals 100 U/ml) 
or allergens. Allergen concentrations were used as indi-
cated and ranged between 10 and 50 µg/ml.

Flow cytometry
V450, FITC, PE, PerCP-Cy5.5, APC, APC-H7 or PE-Cy7 
labeled antibodies to CD45, lin-1, CD123, CD40, CD80, 
CD83, CD86, MHC class I and MHC class II were pur-
chased from Becton Dickinson (Heidelberg, Germany), 
PE- or VioBlue labeled antibodies to BDCA-2 (CD303) 
from Miltenyi Biotec. Anti-CD45 APC was purchased 
from R&D Systems, Minneapolis, Minnesota, USA. Cells 
were harvested at the indicated time points and stained 
as previously described [22, 23]. Briefly, washed and 
resuspended pDC were surface-stained with previously 
determined antibody volumes, incubated for 14  min at 
room temperature in the dark, washed, spun down and 
resuspended for analysis. Identification of pDC was car-
ried out by gating on lin-1−,  CD123++ cells after culture 
since BDCA-2 is often internalized upon pDC activation 
[24]. For pDC gating strategy see Additional file  1: Fig. 
S1. Flow cytometric analysis was performed on an LSRII 
(Becton Dickinson Immunocytometry Systems, San Jose, 
CA). Alexa Fluor 555-labeled allergens were measured in 
the PE channel, Alexa Fluor 647-labeled OVA in the APC 
channel, DQ OVA BODIPY in the FITC channel. Data 
were analyzed using FlowJo software (version 10.5.3; Tree 
Star, Stanford, CA).

Confocal microscopy
Alexa Fluor 488-labeled anti-LAMP-1 and an appro-
priate isotype control were purchased from Invitrogen 
(Carlsbad, CA, USA), Anti-EEA-1 Alexa Fluor 488 was 
derived from R&D Systems (Minneapolis, Minnesota, 
USA) and from Abcam (Cambridge, UK). Isolated pDC 
from buffy coats (BDCA-4 positive selection, Miltenyi 
Biotec. Purity > 90%) were cultured in AIM-V serum free 
medium in the presence of IL-3 (10  ng/ml), in 96-well 
round-well plates (200  µl, 5 ×  105 cells per well) with 
40  µg/ml Alexa Fluor 555- labeled allergen Api extract, 
Der p 1 or OVA at 37  °C, 5%  CO2, for either 90 min or 
16 h. After transfer to 5 ml tubes and washing with 2 ml 
PBS, cells were centrifuged at 400 × g for 5  min and 
supernatants aspirated to a remaining volume of 200 µl. 
Cells were stained with 25 µl anti-CD123 APC (Miltenyi 
Biotec) and incubated for 15  min at room temperature 
in the dark. After washing and removal of supernatants, 

pDC were resuspended in 200 µl BSA 2% (Acros Organ-
ics, distributed by ThermoFisher Scientific) and incu-
bated for 30 min on ice in the dark. After centrifugation 
at 400  g for 5  min, supernatants were completely aspi-
rated and 100 µl fixation buffer (BD biosciences, Franklin 
Lakes, New Jersey, USA) was added. This was followed 
by incubation for 20 min at 4 °C. Cells were washed with 
1  ml permeabilization/wash buffer, supernatants com-
pletely aspirated and cells taken up in 100 µl permeabi-
lization/wash buffer (BD biosciences). For intracellular 
staining, 25  µl of either anti-EEA-1 Alexa Fluor 488 or 
Alexa Fluor 488-labeled anti-LAMP-1 were added, fol-
lowed by incubation for 15 min at 4 °C in the dark. After 
washing, supernatants were aspirated, pDC resuspended 
in 150 µl PBS and then placed onto dried, Poly-D-Lysine- 
coated coverslips. After incubation for 90–120  min at 
37  °C, PBS was aspirated from the coverslips and cov-
erslips were dried at room temperature. DAPI for cell 
nucleus staining (Biolegend, San Diego, CA, USA) was 
added to the mounting medium (Vectashield, 1  ng/ml 
in PBS, Vector Laboratories, Burlingame, CA, USA) at a 
concentration of 1.5  µl DAPI in 1  ml. 5  µl of mounting 
medium were then placed on the slide and dried cover-
slips put onto the mounting medium (cells facing down). 
Coverslips were fixed using clear nail polish and let dry. 
For confocal microscopy, a Leica TCS SP8 inverse con-
focal microscope with an HC PL APO CS2 objective 
63 × magnification was used. Images were collected and 
stored using Leica Application X (version 3.1.5.16308) 
software and processed using FIJI 2.1.0.

Statistics
Summarized data are expressed either as box plots, with 
box central horizontal lines indicating medians, box 
borders representing interquartile ranges (IQR), and 
whiskers indicating minima and maxima. To determine 
statistical differences between nonparametric related 
samples, the Friedman test, for samples with unequal 
numbers, the Kruskal–Wallis-Test or Mixed-effects anal-
ysis was used, each followed by Dunn’s multiple compari-
sons test. To compare multiple related data sets, the 2way 
ANOVA, followed by Tukey’s multiple comparisons test 
were performed. For unrelated samples, Šídák multiple 
comparisons test was used. Results were considered sig-
nificant with p-values < 0.05, and highly significant with 
p-values < 0.01.

Results
Allergen uptake in pDC is differentially regulated
The ability of pDC to take up small molecules was 
described before, but no specific focus was set on the 
quantitative uptake of clinically relevant allergens such 
as Api, Der p 1 and OVA. To assess allergen uptake into 
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pDC of healthy individuals, pDC were isolated, cultured 
for 16 h with fluorochrome-labeled allergens in the pres-
ence or absence of TLR agonists or known pro-allergic 
cytokines, and analyzed via flow cytometry. Additional 
file 1: Fig. S1 shows the gating strategy. Allergen uptake 
during different culture settings varied depending on 
the allergens used (Fig.  1). Relevant internalization of 
Der p was detected in up to 55% of pDC, whereas OVA 
was internalized up to 65% and Api were taken by up to 
80% of pDC (Fig.  1). With TLR9 agonist ODN 2006, a 
proven activator of pDC, the uptake of Der p 1 was mark-
edly decreased. The interleukins IL-4 and IL-13, which 
imitate a pro-allergic cytokine milieu, did not affect the 
percentage of Der p 1 internalization. Similar to Der p1, 
OVA uptake was significantly suppressed in the pres-
ence of TLR9 agonist ODN 2006. OVA uptake is there-
fore strongly influenced by the activation of TLRs and 
the resulting downstream signals. Furthermore, OVA 
was by trend decreased in the presence of IL-4, which 
was not significant for OVA Alexa Fluor 555, but for 
commercially labeled OVA, DQ™ ovalbumin conjugated 
to BODIPY® FL dye, to detect processed antigen and 
Alexa Fluor 647-Ovalbumin conjugate, where ODN 2006 
and IL-4 had strong inhibitory effects (Additional file 1: 
Fig. S2). In contrast, IL-13 had no impact on allergen 
uptake (Fig. 1C and Additional file 1: Fig. S2). Api uptake 
(Fig.  1D) was neither altered by the Th2-cytokines IL-4 
and IL-13 nor by ODN 2006.

Allergen uptake by pDC is an active process and has minor 
effects on pDC phenotype
To confirm that allergen uptake into pDC of healthy 
individuals takes place is an active process, pDC were 
isolated and cultured for 16 h either at 37 °C, or at 4 °C 
with allergens previously labeled with Alexa Fluor 555 
as described. FACS analysis revealed significant intra-
cellular antigen uptake by pDC only at 37 °C, but not at 
4 °C, confirming the allergens Api, Der p 1 and OVA were 
actively taken up into pDC (Fig. 2). Moreover, we meas-
ured expression of surface markers CD40, CD80, CD83, 
CD86, MHC class I and MHC class II in the presence of 
allergens and pro-allergic cytokines IL-4 and IL-13 after 
24  h, the time point with maximum allergen uptake. In 
the presence of IL-4, we observed a decrease of CD40, 

CD83 and MHC class I expression, with no significant 
change on CD80 or CD86 expression. Allergen uptake 
had only minor effects on pDC phenotype, only Api 
significantly enhanced CD80, Api plus IL- 4 enhanced 
expression of CD86, whereas Der p 1 plus IL-4 decreased 
CD80 expression. In contrast, IL-4-induced MHC class 
I suppression was even more pronounced after uptake 
of Api or Der p 1, a phenomenon, which was largely 
reversed by IL-13. Finally, expression of MHC class II was 
neither affected by allergens nor by proallergic cytokines 
after 24 h. (Additional file 1: Fig. S3).

Allergen uptake by pDC occurs in a concentration‑ 
and time‑dependent manner
To compare the time course of uptake between the 
various allergens, a kinetics was performed and aller-
gen internalization of Alexa Fluor 555-labeled aller-
gens Api, Der p 1 and OVA determined at five different 
time points as indicated in Fig.  3. Notably, Api reached 
its uptake maximum earlier than OVA, whereas Der p 
1 uptake occurred at the slowest rate. More than 95% of 
pDC took up Api within 24 h, faster reaching higher lev-
els than with OVA and Der p 1 (Fig. 3A, ). This indicated 
that internalization by pDC varies among the three aller-
gens tested. To investigate concentration dependency of 
uptake, Api, Der p 1 and OVA were used at different con-
centrations as indicated in Fig. 3C and . When compar-
ing uptake within the same concentrations, Api reached 
higher uptake levels than OVA and Der p 1, with Der p 
1 requiring the highest concentration to achieve simi-
lar uptake levels than the other allergens (Fig. 3C). This 
effect was somewhat more pronounced when looking at 
percentage of positive pDC than at the MFI (Fig. 3D).

To ensure that the data obtained by FACS indeed 
reflect internalization of allergens and to confirm that Api 
uptake occurred faster than uptake of Der p 1 or OVA, 
confocal microscopy was performed after allergens were 
incubated at different time points. We observed that after 
90 min Api extract was taken up into pDC and could be 
clearly visualized intracellularly. In contrast, Der p 1 and 
OVA were not intracellularly detectable at this time point 
(Fig. 4). After 16 h, all three allergens could be visualized 
in the cytoplasm of pDC.

Fig. 1 Regulation of allergen uptake of pDC varies among different allergens. PDC isolated from fresh peripheral blood or buffy coats by BDCA‑4 
positive magnetic bead selection were cultured overnight in AIM‑V medium containing 10 ng/ml IL‑3 in the presence or absence of CpG ODN 2006 
(2,5 µg/ml), IL‑4 (500 U/ml) or IL‑13 (100 U/ml) or allergen as indicated. Prior to incubation, allergens were labeled using an Alexa Fluor 555 staining 
kit as described in Material and Methods. Allergen concentrations were 20 µg/ml for Der p 1 and 10 µg/ml for OVA and Api. After incubation, 
surface staining was performed with FITC conjugated Lin‑1 and PerCP Cy5.5 conjugated CD123 and allergen uptake was analyzed by flow 
cytometry. PDC were defined as Lin‑1−/CD123++ cells with pDC comprising 24–50%. A Dot plots show examples of allergen uptake regulation, 
which are summarized in (B–D), where box plots show percentages of allergen‑positive pDC, central horizontal lines indicate medians, box borders 
represent IQR, whiskers indicate minima and maxima. B n = 6, C n = 5, D n = 8 experiments. Significance levels were assessed by Friedman test with 
p‑values: ** p < 0.005 and * p < 0.05

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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Allergen in pDC colocalizes with endosomal and lysosomal 
markers
To characterize intracellular allergen transport in pDC, 
we investigated colocalization with early and late endo-
somal markers. Early Endosome Antigen 1 (EEA-1) and 

Lysosome-Associated Membrane Protein 1 (LAMP-1), 
the former associated with mildly acidic endosomes, the 
latter with more acidic endosomes and lysosomes [21] 
could both be visualized in pDC (Fig. 5). EEA-1 staining 
was already visible 90 min after culture, whereas LAMP-1 
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Fig. 2 Allergen uptake into pDC is an active process. PDC were isolated from buffy coats by BDCA‑4 positive selection. Lin‑1−/BDCA‑2+ staining 
revealed a pDC purity of > 95%. After overnight incubation at 4 °C or 37 °C in AIM‑V medium containing 10 ng/ml IL‑3 and 10 µg/ml Alexa Fluor 
555 labeled allergens (Api, OVA or Der p 1) allergen uptake was analyzed by flow cytometry. A FACS dot plots show results from one representative 
experiment. B Individual results from three independent experiments show percentages of allergen positive pDC. Significance levels were assessed 
by Šídák’s multiple comparisons test, matching each allergen across the two temperatures, with p‑values: **** p < 0.00005 and * p < 0.05
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Fig. 3 Time and concentration dependency of allergen uptake in pDC. PDC purified from buffy coats by BDCA4‑positive selection were cultured 
in 96‑round‑well plates at a density of 1–1.5 ×  105 cells/well and cultured in AIM‑V medium containing 10 ng/ml IL‑3 and Alexa Fluor 555 labeled 
Api, Der p 1 or OVA. A, B PDC were incubated with 20 µg/ml allergen for 1.5 h, 4,5 h, 18 h, 24 h or 48 h. C, D Allergen concentrations were used as 
indicated and pDC cultured overnight. After incubation, surface staining was performed with FITC‑conjugated Lin‑1 and PerCP‑Cy5.5‑conjugated 
anti‑CD123 as described and analyzed by flow cytometry. PDC were gated as Lin‑1− /CD123++. Allergen uptake was analyzed as percentage of 
Alexa Fluor 555‑positive pDC and as median fluorescence intensity (MFI) in pDC. Allergen uptake by pDC from n = 3–7 (Der p 1) and n = 3 (Api and 
OVA) independent experiments is shown in A, C as median of percent, and in B, D as median of MFI. Error bars indicate ranges. (At some time points 
error bars are too small to be visible.) Significant differences were assessed using Tukeys multiple comparisons test with * p < 0.05, ** p < 0.005 and 
*** p < 0.0005

(See figure on next page.)
Fig. 4 Api is internalized more rapidly by pDC than Der p 1 or OVA. PDC were isolated from buffy coats by positive selection. Then, they were 
cultured for either A 90 min or B 16 h in the presence of IL‑3 at 10 ng/ml and 40 µg/ml Alexa Fluor 555‑labeled Api, Der p 1 or OVA. After incubation, 
pDC were stained with CD123 APC and incubated for 15 min at room temperature in the dark. After washing with PBS, supernatants were 
completely aspirated and pDC resuspended in 200 µl BSA (2%) and incubated for 30 min on ice in the dark. After centrifugation, supernatants 
were completely aspirated and 100 µl fixation buffer was added. PDC were incubated for 20 min at 4 °C in the dark before washing with 1 ml 
permeabilization/wash buffer. Supernatants were removed and pDC resuspended in 100 µl permeabilization/wash buffer and incubated for 15 min 
at 4 °C in the dark. Cells were washed with 2 ml PBS, supernatants aspirated and pDC resuspended in 150 µl PBS. The cell suspension was then 
placed on dried, Poly‑D‑Lysine coated coverslips and incubated for 90–120 min at 37 °C. After incubation, PBS was aspirated from the coverslips 
and coverslips were let dry at room temperature. DAPI for cell nucleus staining was used as described and the dried coverslips were put onto the 
mounting medium cells facing down. Coverslips were fixed on the slide using clear nail polish and let dry. For confocal microscopy, a Leica TCS SP8 
inverse confocal microscope was used, objective HC PL APO CS2 with 63 × magnification
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Fig. 4 (See legend on previous page.)
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was visible after 16 h, with EEA-1 being also detectable 
at this time point (Fig.  5A). Since Api was internalized 
by pDC after 90  min (see above), this allergen could be 
detected in the intracellular compartment at the same 
time as EEA-1 became detectable (Fig. 5B). Der p 1 and 
OVA uptake could be visualized in pDC at 16 h, with Api 
still being visible at this time point (Fig.  6). While Api 
and OVA appeared to completely colocalize with EEA-1 
after 16  h, Der p 1 showed a partial colocalization only 
with this endosomal marker (Fig. 6A). Similarly, complete 
colocalization with LAMP-1 was detectable for Api and 
OVA, but only partial colocalization for Der p 1 (Fig. 6B).

No significant differences in allergen uptake 
between allergic and healthy individuals
To determine potential differences between allergic and 
healthy individuals with regard to allergen uptake, pDC 
enriched from peripheral blood were incubated with the 
allergens Der p 1 or Api from allergic subjects and inter-
nalization of allergen was compared with that by pDC 
from healthy controls. FACS analysis was performed by 
gating on pDC as described. We observed a suppres-
sion of Der p 1 uptake by ODN 2006 both in pDC from 
healthy and allergic individuals, with no significant dif-
ferences between both groups (Fig. 7A). Api, which was 
overall internalized by a higher percentage of pDC than 
Der p 1, both in healthy and allergic subjects, was not 
affected by the different stimulation patterns. Similarly, 
no significant differences were found between healthy 
control subjects and individuals allergic to Api, although 
here a trend towards a lower rate of antigen uptake in 
allergic individuals may be stated.

Discussion
Several studies have been executed to characterize the 
role of DC in allergic diseases and tolerance induction 
in animal models or by investigating in  vitro-generated 
monocyte-derived DC (moDC). Uptake of allergens such 
as OVA or Api has been investigated in mouse mod-
els and in murine bone marrow-derived pDC [25, 26] 

or moDC [27, 28]. However, detailed studies on human 
pDC that compare quantitative internalization of various 
allergens have been lacking so far.

PDC are capable of antigen presentation both to 
CD4 + and CD8 + T cells after they have been licensed 
to do so, e.g. via pattern recognition receptor activation 
[29, 30]. Whether this capacity contributes to an aller-
gic inflammatory response or, to the contrary, may even 
dampen such a response, remains unclear to date. Recent 
literature points towards a tolerogenic role of pDC [6, 
7] by regulating tolerance to self and nonself antigens 
[10], e.g. by TLR9 mediated regulatory T cell induction 
[31]. However, the contribution of pDC to either a pro- 
or an antiinflammatory response may not only depend 
on co-stimulation, but may also vary between different 
allergens.

In this work we performed a detailed side-by-side com-
parison of the uptake of three clinically relevant allergens 
by human pDC from peripheral blood, revealing differ-
ences in uptake quantities and time courses depending on 
the allergen subtype. Quantity and time course of aller-
gen uptake showed differences between Der p 1, OVA 
and Api. Bee venom extract Api was internalized at the 
fastest rate and reached the highest intracellular levels 
compared with the other allergens tested. After as little as 
90 min, Api was intracellularly detectable in pDC, when 
Der p 1 and OVA had not yet entered the intracellular 
compartment. It may be speculated that the magnitude 
of allergen uptake and kinetics affect the allergic immune 
response and tolerance induction, but this has been not 
addressed in recent publications to date. Also, the impact 
that pDC may have on allergies may rather depend on the 
way allergens are processed and presented, rather than 
on the quantity of their uptake.

For other DC such as moDC and Langerhans cells, a 
dose and time dependency of allergen uptake has been 
demonstrated [21, 32], with 10 µg/ml being the minimum 
of detectable allergen. In pDC, we observed a higher 
uptake of the allergens OVA and Api compared to Der p 
1. Similarly, others observed a higher internalization of a 

Fig. 5 Bee venom extract Api can be colocalized with early endosome EEA1 after 90 min incubation. PDC were isolated from buffy coats by 
positive selection and then cultured for either 90 min or 16 h in the presence of 10 ng/ml IL‑3 and 40 µg/ml Alexa Fluor 555‑labeled bee venom, 
Der p 1 or OVA. After incubation, pDC were stained with anti‑CD123 APC and incubated for 15 min at room temperature in the dark. After 
washing with PBS, supernatants were completely aspirated, pDC resuspended in 200 µl BSA (2%) and incubated for 30 min on ice in the dark. 
After centrifugation at 400 × g for 5 min, supernatants were completely aspirated and 100 µl fixation buffer was added. PDC were incubated for 
20 min at 4 °C in the dark before washing with 1 ml permeabilization/wash buffer. Supernatants were removed and pDC resuspended in 100 µl 
permeabilization/wash buffer. For intracellular staining, 25 µl of either anti‑EEA‑1 or ‑LAMP‑1 conjugated with Alexa Fluor 488 were added, followed 
by incubation for 15 min at 4 °C in the dark. PDC were washed with 2 ml PBS (400 × g, 5 min), supernatants aspirated and pDC resuspended in 
150 µl PBS. The cell suspension was then placed on dried, Poly‑D‑Lysine coated coverslips and incubated for 90–120 min at 37 °C. After incubation, 
PBS was aspirated from the coverslips and coverslips were let dry at room temperature. DAPI for cell nucleus staining was used as described and the 
dried coverslips were put onto the mounting medium cells facing down. Coverslips were fixed on the slide using clear nail polish and let dry. For 
confocal microscopy, a Leica TCS SP8 inverse confocal microscope was used, objective HC PL APO CS2 with 63 × magnification. A Staining for EEA‑1 
and LAMP‑1, B Intracellular localization of bee venom and EEA‑1 after 90 min

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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food allergen versus an inhalative allergen using moDC 
incubated with sunflower LTP versus grass pollen aller-
gen [21]. Moreover, for OVA we could demonstrate that 
it is proteolytically degraded in pDC after its uptake. Even 
though Der p 1 was the allergen with the lowest uptake in 
our study, Der p 1-pulsed pDC have been shown to dys-
regulate T cell responses derived from HDM-sensitized 
allergic patients, but not from heathy subjects, which 
may contribute to a steady state in healthy donors, but to 
allergenic Th2 responses in allergic donors [33]. For bee 
venom extract (Api) up to now 12 allergen components 
have been defined (http:// www. aller gen. org/ viewa llerg en. 
php, accessed Oct 10th 2021). Api m 4, comprising about 
50% of dry weight of bee extract [34] and the major aller-
gen Api m1 are the smallest of the three allergens inves-
tigated here, with a molecular weight of 3 and 16  kDa, 
respectively, while Der p 1 has 24 kDa, the allergen Gal 
d 2, with the biochemical name OVA, has 44 kDa (http:// 
www. aller gen. org/ viewa llerg en. php, accessed Oct 10th 
2021). The small molecule size of Api components may 
therefore speed up internalization.

Another aspect which can influence allergen uptake are 
different extents of posttranslational modification such as 
allergen glycosylation which has been described for many 
allergens [35] including Api [36], OVA [37] and Der p 1. 
Glycosylation has been shown to affect Der p 1 internali-
zation in moDC [20] but may also affect other allergens. 
Also pDC express mannose receptors [38]. To our knowl-
edge, there is no publication on direct comparison of the 
effect of glycosylation patterns of Api, OVA and Der p 
1, but it stands to reason that variable glycosylation pat-
terns may result in different time course and quantities of 
allergen uptake.

It is yet unclear, which receptors mediate uptake of 
which allergen subtype into pDC. It is likely that some 
allergens use not only one but a variety of receptors for 
receptor-mediated endocytosis. For Der p 1 uptake in 
moDC, not only involvement of the mannose receptor 
[39], but also a role of ”Dendritic cell-specific intercel-
lular adhesion molecule-3-grabbing non-integrin” (DC-
SIGN) [40] has been described. For pDC no such studies 
have been carried out so far. In macrophages, Api m 1 

(phospholipase A2) is recognized by mannose receptors 
[41]. Mannose receptors have been shown to mediate 
uptake of glycosylated antigens in myeloid DC subsets 
[42], which are involved in mediating Der p 1 uptake in 
DC subsets [43]. For pDC, this uptake mechanism for 
allergens has not been demonstrated yet.

In addition, simultaneous TLR9 stimulation in our 
study inhibited internalization and processing of OVA 
and Der p 1 uptake, indicating a relevant modulation by 
the TLR signaling pathway. It is well known that TLR7/9 
signaling affects the overall impact of pDC on other 
immune cells, primarily T cells. It has been shown that 
TLR9 affects allergen presentation, and that TLR9 sign-
aling preferably induces nonallergic Th1 cell differen-
tiation [44]. For grass pollen it was described that pDC 
from patients with upper airway allergy induced allergen-
dependent T-cell proliferation and Th2 cytokine produc-
tion in the presence of grass pollen extract in coculture 
with  CD4+ T cells [9]. In contrast, pDC activated with 
CpG ODN 2216 inhibited allergen-dependent prolifera-
tion of Th2 cells and markedly increased Th1 cytokine 
and IFN-gamma production [9]. As recently shown for 
tumor antigens [45], in the current study CpG ODN 
2006 inhibited the uptake of the inhalative allergen Der 
p 1 and the food allergen OVA. These effects might point 
to a regulatory role of TLR9 agonists, an effect, which 
may be therapeutically relevant [46]. Since TLR9 ligands 
have been considered to be useful as therapeutic agents 
including as adjuvants in AIT formulations [47, 48], our 
results suggest they may not have the same effects in all 
types of allergy.

Of note, while internalization and processing of OVA 
and Der p 1 uptake was inhibited by TLR9 stimulation, 
Api uptake was not affected. The finding is surprising, 
since antigen uptake in general is reduced by soluble 
TLR ligands [49, 50] at least when it is mediated by the 
FcgammaRII receptor [51]. One reason why Api uptake 
was not affected by TLR9 may be due to the very quick 
internalization that took place before TLR9 ligation 
could be effective, since TLR9 ligands have to enter the 
endosomes to interact with TLR9. Due to the small size 
of the main bee venom components as described above, 

(See figure on next page.)
Fig. 6 Bee venom, Der‑p1 and OVA colocalize with EEA‑1 and LAMP‑1 after 16 h. PDC were isolated from buffy coats by positive selection and then 
cultured for 16 h in the presence of IL‑3 at 10 ng/ml with 40 µg/ml Alexa Fluor 555‑labeled bee venom, Der p 1 or OVA. After incubation, pDC were 
stained with anti‑CD123 APC as described. After washing with PBS, supernatants were completely aspirated, pDC resuspended in 200 µl BSA (2%) 
and incubated for 30 min on ice in the dark. After centrifugation at 400 g for 5 min, supernatants were completely aspirated and 100 µl fixation 
buffer was added. PDC were incubated for 20 min at 4 °C in the dark before washing with 1 ml permeabilization/wash buffer. Supernatants were 
removed and pDC resuspended in 100 µl permeabilization/wash buffer. For intracellular staining, 25 µl of either anti‑EEA‑1 or ‑LAMP‑1 conjugated 
with Alexa Fluor 488 were added followed by incubation for 15 min at 4 °C in the dark. After washing as described, pDC were placed on dried, 
Poly‑D‑Lysine coated coverslips and incubated for 90–120 min at 37 °C. Then PBS was aspirated from the coverslips and coverslips were let dry at 
room temperature. DAPI for cell nucleus staining was used as described and the dried coverslips were put onto the mounting medium. Coverslips 
were fixed on the slide using clear nail polish and let dry. For confocal microscopy, a Leica TCS SP8 inverse confocal microscope was used, objective 
HC PL APO CS2 with 63 × magnification. A Colocalization of EEA‑1, B of LAMP‑1 with indicated allergens

http://www.allergen.org/viewallergen.php
http://www.allergen.org/viewallergen.php
http://www.allergen.org/viewallergen.php
http://www.allergen.org/viewallergen.php
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Fig. 6 (See legend on previous page.)
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Api may utilize a wider range of uptake mechanisms than 
the other analyzed allergens.

Another reason why bee venom uptake follows a differ-
ent kinetics than other allergens may be the unique bind-
ing properties of certain Api components. In an in vitro 
model with moDC, bee venom phospholipase A2 was 
shown to directly interact with cell membranes, which 
enabled internalization of a large quantity of antigen 
[52]. In addition, bee venom phospholipase A2 has bind-
ing properties through hydrophobic and electrostatic 

interaction with anionic phospholipids suggestive of a 
suitable tumor antigen vector [52, 53]. These outstanding 
properties may explain the lack of effect of TLR9 ligation.

Clearly, our descriptive data set cannot resolve these 
mechanistic possibilities but they do provide a basis for 
future mechanistic studies.

Regarding the impact of pro-allergic cytokines on 
allergen uptake by pDC, IL-4 decreased only the inter-
nalization of the allergen OVA and possibly Der p 1. In 
contrast, IL-4 did not affect uptake of Api. IL-4 and IL-13 

Der 
p 1

Der 
p 1 

+ O
DN 20

06

Der 
p 1 

+ I
L-4

Der 
p 1 

+ I
L-13

0

20

40

60

80

100

U
pt

ak
e 

of
 D

er
 p

 1
 in

 %

Der 
p 1

Der 
p 1 

+ O
DN 20

06

Der 
p 1 

+ I
L-4

Der 
p 1 

+ I
L-13

0

20

40

60

80

100
U

pt
ak

e 
of

 D
er

 p
 1

 in
 %

Der 
p 1

Der 
p 1 

+ O
DN 20

06

Der 
p 1 

+ I
L-4

Der 
p 1 

+ I
L-13

0

20

40

60

80

100

U
pt

ak
e 

of
 D

er
 p

1 
in

 %

Api

Api +
 O

DN 20
06

Api +
 IL

-4

Api +
 IL

-13
0

20

40

60

80

100

U
pt

ak
e 

of
 B

ee
 v

en
om

in
 %

Api

Api +
 O

DN 20
06

Api +
 IL

-4

Api +
 IL

-13
0

20

40

60

80

100
U

pt
ak

e 
of

 B
ee

 v
en

om
in

 %

Controls

Bee-Allergic

Controls

HDM-Allergic

Api

Api +
 O

DN 20
06

Api +
 IL

-4

Api +
 IL

-13
0

20

40

60

80

100

U
pt

ak
e 

of
 B

ee
 v

en
om

 in
 %

 

Fig. 7 ODN 2006 suppresses uptake of Der p 1, but not Api in healthy and allergic subjects. PBMC from fresh blood samples were enriched for 
panDC and cultured overnight in AIMV medium containing 20 ng/ml IL‑3 in the presence or absence of CpG ODN 2006 (2,5 µg/ml), IL‑4 (500 U/ml) 
or IL‑13 (100 U/ml) or allergen as indicated. Prior to incubation allergens were labeled using an Alexa Fluor 555 staining kit as described. Allergen 
concentrations were 20 µg/ml for Der p 1 and 10 µg/ml for bee venom. After incubation, allergen uptake was analyzed using flow cytometry. 
Frequencies of pDCs in the DC‑enriched samples reached 24–50% as defined by Lin‑1−/CD123++ staining. A Results from healthy controls without 
house dust mite (HDM) allergy (white boxes, n = 6) and individuals allergic to HDM (grey boxes, n = 5) are shown. B Data from healthy controls 
without bee allergy (white boxes, n = 8) and individuals allergic to bee venom (grey boxes, n = 12) are shown. Box plots illustrate percentages of 
allergen‑positive pDC, central horizontal lines indicate medians, box borders represent IQR, whiskers indicate minima and maxima. Significance 
levels were **p < 0.005 and *p < 0.05, assessed by Friedman test, followed by Dunn’s multiple comparisons test
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are major mediators of allergy and asthma. They are pro-
duced by basophils and are released in large quantities 
after stimulation with IL-3 [19], a cytokine that pDC also 
need for survival [18]. One may therefore assume that 
uptake of allergens is basically controlled by these three 
cytokines, which thereby indirectly contribute to their 
allergenic effects.

To confirm that uptake of OVA, Der p 1 and Api is an 
active process we compared allergen internalization at 4° 
and 37  °C and observed intracellular allergen only after 
incubation at 37  °C. This is in line with observations in 
moDC, where grass pollen and sun flower allergens Phl 
p 5 and SF-ns-LTP used at similar concentrations were 
not internalized into moDC at 4  °C [21]. Instead, aller-
gen particles were detected at the cell surface by confocal 
microscopy. In our study, we analyzed these tempera-
ture experiments by flow cytometry and saw no detect-
able labeling of pDC at 4 °C, which may be explained by a 
lower binding of allergen to the pDC surface.

With respect to pDC surface molecule expression, 
allergen uptake after 24 h had only minor effects on pDC 
phenotype Api by itself enhanced CD80 expression and 
Api plus IL- 4 increased expression of CD86, whereas Der 
p 1 plus IL-4 decreased CD80. In contrast, the presence 
of IL-4 significantly decreased CD40, CD83 and MHC 
class I expression, with MHC class I expression even 
more suppressed with additional allergens Der p 1 or Api. 
MHC class I suppression by allergens may hinder a cross-
talk with CD8 + T cells and therefore indirectly favor a 
proallergic Th2 response. Expression of MHC class II, 
constitutively expressed on pDC at high levels, was nei-
ther affected by allergens, nor by IL-13 or IL-4. These 
findings support earlier observations that phenotypic 
changes in pDC are primarily TLR-mediated [23, 54] or 
occur after CD40 ligation [55]. HDM allergens have been 
described to have stimulatory TLR-mediated effects on 
DC subsets other than pDC, but these effects may have 
been induced at least in part by contaminating micro-
bial compounds such as LPS which activates TLR4 [56]. 
Also, in the presence of CpG ODN, adding IL-4 or IL-13 
enhances CD86, decreases MHC class I and increases 
MHC class II in pDC [57]. Other authors used a cytokine 
cocktail to stimulate pDC including IL-3, IL-4, anti-IL-12 
and anti-IFN-gamma to imitate Th2-like conditions and 
compared its effect to a Th1 cocktail comprising IL-3, 
anti-IL-4, IL-12 and IFN-gamma. Among the obtained 
results was a reduction of MHC class II and costimula-
tory molecules such as CD86 as well as suppression of 
the proinflammatory cytokines IL-6, TNF-alpha and 
IFN-alpha by the Th2-like cytokine cocktail [58].

The observed differences in time course and quan-
tity of allergen uptake in pDC may be clinically relevant. 
The typical allergic response to bee venom apart from 

isolated skin symptoms is anaphylaxis, which occurs with 
variable severity within minutes after the bee sting [59], 
and which is usually attributed to an IgE-mediated reac-
tion that leads to release of mediators from mast cells and 
basophiles. However, since pDC are directly present at 
the site of the bee sting by circulating in peripheral blood 
and are capable of quick internalization of Api, they may 
contribute to the reaction. In contrast, after hen’s egg 
consumption, allergen uptake including OVA may be 
mediated by a greater variety of APC including pDC in 
the gut or in the skin, particularly with defective skin bar-
rier. This may result in a wide range of time courses and 
symptoms including pollen-related food syndromes, with 
anaphylaxis being one of many possibilities of reactions, 
and with a higher prevalence in children [60].  On the 
contrary, a reaction to house dust mite allergen Der p 1 
does not occur in form of an anaphylactic reaction but 
rather in allergic rhinoconjunctivitis or asthma [61].

After prolonged incubation times up to 16  h all 
allergens colocalized with EEA-1 and LAMP-1 in 
human pDC. Since these are markers for early and late 
endosomes respectively, our results suggest that both 
endosomal compartments are involved in allergen pro-
cessing. This is in line with studies in moDC, in which 
grass pollen, birch pollen and sunflower allergens also 
colocalized with EEA-1 and LAMP-1 [21, 62]. However, 
trafficking to EEA-1 was detected already after 15  min 
and to LAMP-1 after 30–45 min, which suggests allergen 
arrival at late endosomes occurs earlier in moDC than in 
pDC.

It is known that in individuals suffering from hymenop-
tera venom allergy, numeric and phenotypic changes in 
blood pDC are occurring during allergen-specific immu-
notherapy [63]. These findings are in line with the obser-
vation of a decrease of circulating pDC and phenotypic 
changes in patients with HDM allergy during subcuta-
neous immunotherapy [64]. Furthermore, it has been 
described that pDC are generally critical for tolerance 
induction by inducing Treg cells in a mouse model for 
uptake and presentation of oral allergen OVA [65].

Based on these differences, we hypothesized that simi-
lar differences may be present for allergen uptake by 
pDC. Nevertheless, in our hands, allergen uptake was not 
significantly different between pDC from healthy versus 
allergic subjects. This again is in line with observations 
by independent groups, who demonstrated that pDC 
from allergic and healthy individuals internalized Der p 
1 without significant differences [33]. Similar results were 
described in moDC from individuals allergic to grass pol-
len allergen [21], or from individuals allergic to birch pol-
len [62], in all of which no major differences were found 
in comparison with healthy controls. Therefore, not 
quantity, but time course, processing and presentation of 
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allergens in dendritic cells, activation status as well as the 
cytokine milieu and genetic factors may be more decisive 
for distinguishing allergic from healthy individuals.

In summary, our findings strengthen previous observa-
tions suggesting a more prominent role of pDC in allergy 
pathogenesis than generally anticipated. In our study we 
compared the uptake kinetics of representative inhala-
tive, injective and food allergens by human pDC, namely 
Der p 1, Api extract and OVA. In general, internalization 
was significantly different between allergens in terms of 
time course and strength of uptake, as well as its regu-
lation by TLR9 ligation. All allergens colocalized with 
LAMP1 and EEA1, Api was internalized particularly fast 
and reached high intracellular levels in pDC. Our find-
ings therefore suggest peripherally circulating pDC play 
a major role for the uptake and processing of allergen. 
Although we could not determine specific differences in 
allergen uptake in allergic compared with healthy sub-
jects, we observed variations between the various anti-
gens themselves, which may explain disparities in the 
onset and severity of allergic reactions and may also be 
relevant for hymenoptera AIT, where bee or wasp venom 
is subcutaneously injected. Further studies are required 
to shed more light into the long-time underestimated 
role of pDC in allergic disease and tolerance induction.
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Additional file 1: Figure S1. Gating strategy of pDC analysis. PDC isolated 
from fresh peripheral blood, buffy coats or leukapheresis products by 
BDCA‑4 positive magnetic bead selection were analyzed at day 0 for 
purity using flow cytometry. For this purpose, cells were stained with Lin‑1 
FITC, a lineage cocktail including antibodies to CD3, CD14, CD19, CD20, 
CD56) and with anti‑BDCA‑2 PE, with pDC being defined as Lin‑1neg/
BDCA‑2pos cells. If purity was > 95% pDC were analyzed without further 
gating after culture. If purity was <95%, cultured pDC, which tend to 
downregulate BDCA‑2, were stained with Lin‑1 FITC and anti‑CD123 Per‑
CPCy5.5 and gated as Lin‑1neg/  CD123highly pos cells. Figure S2. CpG‑ODN 
and IL‑4 suppress OVA‑uptake. PDC isolated from leukapheresis products 
by BDCA‑4 positive magnetic bead selection with a purity of 95% were 
cultured in 10 ng/ml IL‑3‑containing AIM‑V medium for 16h in the pres‑
ence or absence of allergens, CpG ODN 2006 (2.5 μg/ml), IL‑4 (500 U/
ml) or IL‑13 (100 U/ml). Allergens included DQ OVA Bodipy or Alexa Fluor 
647‑labeled OVA at a final concentration of 30 μg/ml. After incubation, 
OVA uptake (OVA Alexa 647) and OVA processing (DQ OVA Bodipy) was 
quantified using flow cytometry. (A) Dot plots show one out of at least 6 
representative experiments. (B) Box plots show percentage of allergen‑
positive pDC, central horizontal lines indicate medians, box borders rep‑
resent IQR, whiskers indicate minima and maxima, n = 5‑12 experiments. 
Significance levels were **** p < 0.00005 and * p < 0.05, assessed with 
Kruskal‑Wallis test, followed by Dunn‘s multiple comparisons test. Figure 

S3. Allergen exposure has only minor effects on pDC phenotype. Isolated 
pDC were incubated for 24 h in 10 ng/ml IL‑3 containing AIM‑V medium 
with Der p 1 (20 μg/ml) or Api (bee venom extract, 10 μg/ml), IL‑4 (500 
U/ml) or IL‑13 (100 U/ml) or combinations as indicated and measured by 
flow cytometry. CD40, CD80, CD83, CD86 , MHC class I and MHC class II 
expression is shown as mean fluorescence intensity (MFI) relative to non‑
stimulated cells (medium), box plot central lines represent medians, box 
borders show IQR, whiskers indicate minima and maxima, dots represent 
individual values of at least 3 independent experiments. Significant 
differences between medium and various stimuli were assessed with 
Kruskal‑Wallis test or Mixed effects analysis, followed by Dunett’s multiple 
comparisons test comparing all culture conditions to non‑stimulated cells 
(medium), significance level was p < 0.05.
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