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Abstract
Roasting has been implicated in the increase of peanut al-
lergenicity due to the chemical reactions that occur during 
the process. However, this increase is not fully understood, 
and little information is available regarding the role of roast-
ed peanut allergens in the initial phase of allergy, where den-
dritic cells (DCs) play a key role. We sought to analyze differ-
ences in the internalization of Ara h 3 from raw and roasted 
peanut by immature monocyte-derived DCs (MDDCs) and 
the implication of the mannose receptor in the uptake. Ara 
h 3 was purified from raw and roasted peanut (Ara h 3-raw 
and Ara h 3-roas) and labeled with a fluorescent dye. The la-
beled allergens were added to MDDCs obtained from 7 do-
nors and internalization was analyzed after 10, 30, and 120 
min by flow cytometry. In parallel, mannan, which blocks the 
mannose receptor, was added 30 min before adding the la-
beled allergens. Results showed that the internalization of 
Ara h 3-roas by MDDCs was significantly increased at every 
time point. However, the increase in the internalization  

of Ara h 3-raw was only significant after 2 h of incubation.  
Ara h 3-roas had an enhanced capacity to be internalized by 
MDDCs in comparison with Ara h 3-raw at every time point. 
Blocking the mannose receptor decreased the internaliza-
tion of Ara h 3-roas but not Ara h 3-raw. In conclusion, the 
internalization of Ara h 3-roas by the MDDCs is enhanced 
when compared to Ara h 3-raw, and the mannose receptor 
might be implicated in this enhancement.

© 2018 S. Karger AG, Basel

Peanut allergy represents one of the most severe food 
allergies due to its persistence and life-threatening nature 
[1]. Up to now, 16 allergens from peanut have been de-
scribed and officially registered [2]. Peanuts are frequent-
ly subjected to thermal processing prior to consumption, 
and the method used for this can impact on the allerge-
nicity of peanut. Allergens from roasted peanut have a 
higher capacity to bind peanut-specific IgE from the sera 
of peanut-allergic patients than raw, boiled, or fried pea-
nut [3–5]. The chemical reactions that occur during 
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roasting seem to play a pivotal role in the increased capac-
ity of peanut allergens to bind peanut-specific IgE in the 
elicitation phase of the allergic response [3, 6, 7]. How-
ever, little information is available regarding the role of 
roasted peanut allergens in the initial phase of allergy, the 
so-called “sensitization” phase, where an immunological 
priming towards an allergic response takes place. At the 
initial stage of sensitization, DCs, with several mecha-
nisms and pathways for antigen uptake, are specialized 
for antigen capture, processing, presentation to T cells, 
and the priming of these cells into CD4+ Th1, Th2, Th0, 
tolerogenic T-cell subtypes (among others) to initiate an 
adaptive immune response. DCs are thus thought to play 
a key role in the induction of immune responses such as 
allergy or tolerance [8, 9]. Some previous studies have 
found that glycosylated allergens can be recognized by 
DCs through specific type of receptors [10], increasing 
the allergen uptake by the DCs [11–14]. DCs use several 
mechanisms for antigen uptake such as receptor-mediat-
ed endocytosis, micropinocytosis, or phagocytosis. The 
different antigen uptake mechanisms and receptors in-
volved may depend on the characteristics of the specific 
antigens. For many allergens, the uptake mechanisms and 
their consequences still need to be elucidated.

We hypothesized that the roasting-related changes in 
the chemistry of peanut allergens would increase the po-
tential of those allergens to be recognized by specific re-
ceptors expressed by DCs, and favor an enhanced aller-
gen uptake. In this study, we investigated differences in 
the internalization of Ara h 3 purified from raw and roast-
ed peanut by MDDCs and the implication of the mannose 
receptor in the uptake.

Ara h 3 was purified from raw or roasted peanut by 
ammonium sulfate precipitation followed by ion-ex-
change chromatography. Raw peanut flour was defatted 
for 6 h using petroleum ether. Roasted peanut flour was 
a generous gift from Golden Peanut Co. (Modesto, CA, 
USA). The defatted flour (10 g) was solubilized in 500 mL 
of extraction buffer (50 mM Tris-Cl, pH 8.3, 10 mM DTT, 
5 mM EDTA, and 1 mM PMSF) containing 200 mM NaCl. 
The solution was homogenized with ultrasound treat-
ment on ice at 40% power using a heat systems disrupter. 
The homogenate was cleared by centrifugation at 13,000 
rpm for 30 min at 4  ° C. Ara h 3 was precipitated from the 
cleared homogenate by addition of a saturated solution of 
ammonium sulfate while stirring, and stirring was con-
tinued for 30 min on ice. The ammonium sulfate precip-
itated proteins were collected by centrifugation at 13,000 
rpm for 30 min at 4  ° C and stored stably at 4  ° C. The am-
monium sulfate pellet was solubilized in extraction buffer 

(50 mM Tris, and 1 mM EDTA; pH 7). Solubilized pro-
teins were then subjected to ion-exchange chromatogra-
phy and eluted with a salt gradient. Purified Ara h 3 from 
raw (Arah 3-raw) or roasted (Ara h 3-roas) peanut was 
labeled with the DyLight amine-reactive dye 488 NHS es-
ter system (Thermo Fisher Scientific, Bremen, Germany) 
according to the manufacturer’s instructions. Briefly, la-
beling solution containing NHS-ester dye was added to 
Ara h 3-raw and Ara h 3-roas solution (2.5 mg/mL), and 
then incubated at room temperature for 1 h in the dark. 
Nonreacted dye was removed by dialyzing for 4 h. The 
labeled proteins were stored at –20  ° C and protected from 
light until use.

After obtaining informed consent, peripheral blood 
samples were drawn from 7 healthy, nonallergic donors. 
The study was approved by the Ethics Committee of the 
University of Bonn. Monocytes were isolated from pe-
ripheral blood with a modified density gradient protocol 
using Nycoprep (Progen Biotechnik GmbH, Heidelberg, 
Germany) [15]. They were cultured for 6 days in VLE-
RPMI 1640 (Biochrom AG, Berlin, Germany) with 1% 
antibiotics/antimycotics and 10% inactivated FCS, 500 
U/mL GM-CSF (Berlex Laboratories, Richmond, CA, 
USA), and 500 U/mL IL-4 (Miltenyi Biotec GmbH, Ber-
gisch Gladbach, Germany). They were fed every second 
day with half of the cytokine dosage to generate MDDCs 
at immature stage. CD1a expression was used as a mark-
er of immature MDDCs, measured by flow cytometry, 
using an anti-human CD1a APC-conjugated antibody 
and the corresponding isotype control (BD Biosciences, 
Heidelberg, Germany).

MDDCs were collected by gentle pipetting, washed, 
and resuspended in RPMI 1640 with 1% antibiotics/anti-
mycotics and 10% inactivated FCS. They were then plated 
in 96-well, tissue-culture, flat-bottom plates (Corning 
Inc., NY, USA) at 5 × 104 cells/well, and incubated at 
37  ° C in the same medium with labeled Ara h 3-raw or 
labeled Ara h 3-roas at 50 µg/mL. They were collected af-
ter 10, 30, and 120 min of allergen incubation. The end-
time point of 120 min was selected based on previous 
studies [11, 16]. MDDCs were washed, and fixed with 
formaldehyde 4% in PBS during 20 min at RT. Cells were 
washed and allergen internalization was measured by 
FACSCanto flow cytometer (BD Biosciences). Uptake 
was measured as mean fluorescence intensity (MFI). In 
addition, mannan, a mannose receptor blocker [11, 12, 
17] (Sigma-Aldrich, Taufkirchen, Germany), was added 
at 20 µg/mL to the MDDCs 30 min before stimulation 
with labeled Ara h 3-raw/-roas, and it was present during 
this step of allergen stimulation.
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The results obtained from the different donors are ex-
pressed as mean ± SEM. Student’s t test was used to ana-
lyze the statistical significances. Differences were consid-
ered significant with p < 0.05. The statistics software 
GraphPad Prism v7 for Windows (GraphPad Software, 
San Diego, CA, USA) was used.

We analyzed allergen internalization of Ara h 3  
from raw and roasted peanut by immature MDDCs.  
Online supplementary Figure 1 (see www. 
karger.com/doi/10.1159/000489277) shows the purified 
Ara h 3-raw and Ara h 3-roas used in this study. The high 
expression of CD1a by immature MDDCs is also depict-
ed. Figure 1a shows that fluorescence intensity progres-
sively increased from 10 to 120 min of allergen incuba-

tion, demonstrating that Ara h 3 uptake by MDDCs was 
time-dependent. Interestingly, the increase in the inter-
nalization of Ara h 3-roas was significant at every time 
point, with a robust significant increase at 120 min (p < 
0.0001); in contrast, the increase in the internalization of 
Ara h 3-raw was only significant after 2 h of allergen in-
cubation (p < 0.01) (Fig. 1a, annexed table).

In the same experiment, we compared Ara h 3-raw and 
Ara h 3-roas internalization by MDDCs. Figure 1b shows 
that the internalization of Ara h 3-roas by MDDCs was 
significantly enhanced in comparison with Ara h 3-raw 
after 10 (p < 0.05), 30 (p < 0.01), and 120 min (p < 0.01) 
of allergen incubation.
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Fig. 1. a Internalization of Ara h 3-raw and Ara h 3-roas by MD-
DCs at different time points. MDDCs were incubated with labeled 
Ara h 3-raw, Ara h 3-roas, or medium alone for 10, 30, and, 120 
min. Allergen internalization was measured by flow cytometry and 
expressed as mean fluorescence intensity (MFI); n = 7 donors. Re-
sults are expressed as mean ± SEM. The annexed table shows the 
statistical results for each time interval. b Comparison in the same 

experiment of the internalization of Ara h 3-raw (white bars) and 
Ara h-roas (grey bars) by MDDCs at 10, 30, and 120 min of allergen 
incubation. Allergen internalization was measured by flow cytom-
etry and expressed as MFI; n = 7 donors. Results are expressed as 
mean ± SEM. Individual values are also shown. ns, not significant; 
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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We were next interested in the role of the mannose 
receptor in the uptake and internalization of Ara h 3-raw 
and Ara h 3-roas by MDDCs. Therefore, we added man-
nan to MDDCs as a blocker of the mannose receptor [11, 
12, 17], 30 min before incubation with the labeled aller-
gens. The internalization of the allergens was measured 
at 10, 30, and 120 min, and compared with internaliza-
tion in a mannan-free medium. The results showed that 
mannan was able to significantly decrease the internal-
ization of Ara h 3-roas after 30 (p < 0.05) and 120 min  
(p < 0.05) of allergen incubation (Fig. 2b, c). The addition 
of mannan did not significantly decrease the uptake of 
Ara h 3-raw at any time point (Fig.  2). Interestingly, 
blocking of the mannose receptor by mannan decreased 
the internalization of Ara h 3-roas up to levels of fluores-
cence intensity similar to Ara h 3-raw (Fig. 2b, c), which 
suggests that the mannose receptor might be responsible 
for the increased internalization observed for Ara h 
3-roas.

It is commonly agreed that allergens from roasted pea-
nut have an increased capacity to bind preformed peanut-
specific IgE compared to raw peanut, as this has been 
demonstrated for several peanut allergens, including the 
Ara h 3 samples of this study [3, 6, 7, 18]. However, the 
interaction of such thermal-processed peanut allergens 
with DCs in the sensitization phase of allergy is poorly 
understood. In this study, we focused on Ara h 3 purified 
from raw and roasted peanut, and showed that Ara h 

3-roas had an enhanced capacity to be taken up and in-
ternalized by immature MDDCs in comparison with Ara 
h 3-raw. This result indicates that increased and/or differ-
ent receptors could be involved in the enhanced uptake 
and internalization of Ara h 3-roas by MDDCs. During 
roasting, chemical reactions occur, which can modify 
peanut allergens and their interaction with the immune 
system [6, 7, 9]. One of the reactions that may favor this 
mechanism is the Maillard reaction, which is a nonenzy-
matic chemical reaction that occurs during roasting that 
implies modifications of amino groups of proteins by re-
ducing sugars, thereby generating glycated proteins called 
advanced glycation end (AGE) adducts [3, 19]. The high 
temperatures reached during roasting (around 170  ° C) 
would facilitate this reaction.

The chemical modifications taking place during roast-
ing would therefore alter Ara h 3 chemistry in a way that 
is recognized by more/different receptors than the same 
allergen from raw peanut. We were able to confirm this 
hypothesis, demonstrating that the mannose receptor is 
involved in the enhanced capacity of MDDCs to take up 
and internalize Ara h 3-roas. The mannose receptor, a 
member of the C-type lectin receptor family, has been 
implicated in the recognition of glycosylated allergens 
through its carbohydrate-recognition domains [11, 12, 
17]. This supports the hypothesis that the mannose re-
ceptor might be responsible for the increased recognition 
of Ara h 3-roas in this study. Other members of the C-
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Fig. 2. Role of mannose receptor in the uptake and internalization 
of Ara h 3-raw and Ara h 3-roas by MDDCs. Mannan was added 
(+) to MDDCs 30 min before Ara h 3-raw or Ara h 3-roas incuba-
tion, internalization of the allergens was measured after 10 min  
(n = 7 donors) (a), 30 min (n = 5 donors) (b), and 120 min (n = 6 

donors) (c), and compared with internalization in a mannan-free 
medium (∅). Allergen internalization was measured by flow cy-
tometry and expressed as MFI. Results are expressed as mean ± 
SEM. Individual values are also shown. ns, not significant; * p < 
0.05.
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type lectin receptor family have been implicated in the 
recognition of other peanut allergens, such as Ara h 1, by 
MDDCs playing a direct role in priming a Th2 response 
[14].

In conclusion, our study demonstrated that, even in 
healthy donors, the uptake and internalization of Ara h 
3-roas by MDDCs is enhanced when compared to Ara h 
3-raw, and the mannose receptor might be implicated in 
this enhancement. Our study focused on Ara h 3, since it 
has been described as a major allergen in specific allergic 
study populations [2, 20, 21]. However, further studies 
would be necessary to analyze if similar results can be 
achieved for other allergens from peanut.

The results of this study may stimulate further re-
search into the role of roasted peanut allergens in the im-
munological priming toward an allergic response in the 
sensitization phase of allergy.

Disclosure Statement

The authors have no conflicts of interest to declare.

Funding Sources

This study was supported by Cluster of Excellence Immuno-
Sensation of the German Research Foundation (DFG) and a BON-
FOR Grant from the University of Bonn, Bonn, Germany.

Author Contributions

Study concept and design: B.C., N.N.; purification of Ara h 3: 
H.C., S.J.M.; protein labeling and MDDC experiments: B.C.; and 
data analysis: B.C., N.N. All authors contributed to the drafting of 
the manuscript and/or to its critical revision for important intel-
lectual content.

References

  1	 Sicherer SH, Wood RA: Advances in diagnos-
ing peanut allergy. J Allergy Clin Immunol 
Pract 2013; 1: 1–13.

  2	 Cabanillas B, Jappe U, Novak N: Allergy to 
peanut, soybean, and other legumes: recent 
advances in allergen characterization, stabili-
ty to processing and IgE cross-reactivity. Mol 
Nutr Food Res 2018, DOI: 10.1002/mnfr. 
201700446.

  3	 Maleki SJ, Chung SY, Champagne ET, 
Raufman JP: The effects of roasting on the al-
lergenic properties of peanut proteins. J Al-
lergy Clin Immunol 2000; 106: 763–768.

  4	 Verhoeckx KC, Vissers YM, Baumert JL, Fa-
ludi R, Feys M, Flanagan S, et al: Food pro-
cessing and allergenicity. Food Chem Toxicol 
2015; 80: 223–240.

  5	 Cabanillas B, Novak N. Effects of daily food 
processing on allergenicity. Crit Rev Food Sci 
Nutr 2017, DOI: 10.1080/10408398.2017. 
1356264.

  6	 Maleki SJ, Viquez O, Jacks T, Dodo H, Cham-
pagne ET, Chung SY, Landry SJ : The major 
peanut allergen, Ara h 2, functions as a trypsin 
inhibitor, and roasting enhances this func-
tion. J Allergy Clin Immunol 2003; 112: 190–
195.

  7	 Nesbit JB, Hurlburt BK, Schein CH, Cheng H, 
Wei H, Maleki SJ: Ara h 1 structure is retained 
after roasting and is important for enhanced 
binding to IgE. Mol Nutr Food Res 2012; 56: 

1739–1747.
  8	 Novak N, Bieber T: 2. Dendritic cells as regu-

lators of immunity and tolerance. J Allergy 
Clin Immunol 2008; 121:S370–S374.

  9	 Ruiter B, Shreffler WG: The role of dendritic 
cells in food allergy. J Allergy Clin Immunol 
2012; 129: 921–928.

10	 Mueller GA, Maleki SJ, Johnson K, Hurlburt 
BK, Cheng H, Ruan S, et al: Identification of 
Maillard reaction products on peanut aller-
gens that influence binding to the receptor for 
advanced glycation end products. Allergy 
2013; 68: 1546–1554.

11	 Deslée G, Charbonnier AS, Hammad H, An-
gyalosi G, Tillie-Leblond I, Mantovani A, Pes-
tel J: Involvement of the mannose receptor in 
the uptake of Der p 1, a major mite allergen, 
by human dendritic cells. J Allergy Clin Im-
munol 2002; 110: 763–770.

12	 Royer PJ, Emara M, Yang C, Al-Ghouleh A, 
Tighe P, Jones N, et al: The mannose receptor 
mediates the uptake of diverse native aller-
gens by dendritic cells and determines aller-
gen-induced T cell polarization through 
modulation of IDO activity. J Immunol 2010; 

185: 1522–1531.
13	 Ilchmann A, Burgdorf S, Scheurer S, Waibler 

Z, Nagai R, Wellner A, et al: Glycation of a 
food allergen by the Maillard reaction en-
hances its T-cell immunogenicity: role of 
macrophage scavenger receptor class A type I 
and II. J Allergy Clin Immunol 2010; 125: 175–
183.

14	 Shreffler WG, Castro RR, Kucuk ZY, Char-
lop-Powers Z, Grishina G, Yoo S, Burks AW, 
Sampson HA: The major glycoprotein aller-
gen from Arachis hypogaea, Ara h 1, is a li-
gand of dendritic cell-specific ICAM-grab-
bing nonintegrin and acts as a Th2 adjuvant 
in vitro. J Immunol 2006; 177: 3677–3685.

15	 Gros E, Petzold S, Maintz L, Bieber T, Novak 
N: Reduced IFN-γ receptor expression and 
attenuated IFN-γ response by dendritic cells 
in patients with atopic dermatitis. J Allergy 
Clin Immunol 2011; 128: 1015–1021.

16	 Smole U, Balazs N, Hoffmann-Sommergru-
ber K, Radauer C, Hafner C, Wallner M, et al: 
Differential T-cell responses and allergen up-
take after exposure of dendritic cells to the 
birch pollen allergens Bet v 1.0101, Bet v 
1.0401 and Bet v 1.1001. Immunobiology 
2010; 215: 903–909.

17	 Hilmenyuk T, Bellinghausen I, Heydenreich 
B, Ilchmann A, Toda M, Grabbe S, Saloga J: 
Effects of glycation of the model food allergen 
ovalbumin on antigen uptake and presenta-
tion by human dendritic cells. Immunology 
2010; 129: 437–445.

18	 Dyer SA, Nesbit JB, Cheng H, Bahana SL, 
Maleki SJ: Contribution of chemical modifi-
cations and structural epitopes to IgE binding 
by Ara h 3. J Allergy Clin Immunol 2009; 

123:S245
19	 Toda M, Heilmann M, Ilchmann A, Vieths S: 

The Maillard reaction and food allergies: is 
there a link? Clin Chem Lab Med 2014; 52: 61–
67.

20	 Restani P, Ballabio C, Corsini E, Fiocchi A, 
Isoardi P, Magni C, et al: Identification of the 
basic subunit of Ara h 3 as the major allergen 
in a group of children allergic to peanuts. Ann 
Allergy Asthma Immunol 2005; 94: 262–266.

21	 Vereda A, van Hage M, Ahlstedt S, Ibañez 
MD, Cuesta-Herranz J, van Odijk J, Wickman 
M, Sampson HA: Peanut allergy: clinical and 
immunologic differences among patients 
from 3 different geographic regions. J Allergy 
Clin Immunol 2011; 127: 603–607.

D
ow

nl
oa

de
d 

by
: A

. M
ar

i -
 3

12
98

U
ni

ve
rs

ita
 d

eg
li 

S
tu

di
, B

ib
l. 

A
re

a 
B

io
m

ed
. T

or
 V

er
ga

ta
 

16
0.

80
.2

.3
8 

- 
9/

8/
20

18
 8

:1
3:

02
 A

M

http://dx.doi.org/10.1159%2F000489277



	2018-177-35-9.pdf
	IAA489277_FigS1.pdf

	CitRef_1: 
	CitRef_10: 
	CitRef_15: 
	CitRef_2: 
	CitRef_16: 
	CitRef_11: 
	CitRef_3: 
	CitRef_12: 
	CitRef_17: 
	CitRef_4: 
	CitRef_5: 
	CitRef_18: 
	CitRef_13: 
	CitRef_6: 
	CitRef_19: 
	CitRef_14: 
	CitRef_7: 
	CitRef_20: 
	CitRef_8: 
	CitRef_21: 
	CitRef_9: 


