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Abstract 

Background: Recently, the nature of the lipid-ligand of Pru p 3, one of the most common plant food 

allergens in Southern Europe,  has been identified as a derivative of the alkaloid camptothecin bound 

to phytosphingosine. However, the origin of its immunological activity is still unknown. 

 

Objective: We sought to evaluate the role of the Pru p 3 lipid- ligand in the immunogenic activity of 

Pru p 3. 

 

Methods: In vitro cultures of different cell types (monocyte-derived dendritic cells (moDCs), PBMCs 

and epithelial and iNKT-hybridoma cell lines) have been used to determine the immunological 

capacity of the ligand, by measuring cell proliferation, maturation markers and cytokine production. 

To study the capacity of the lipid-ligand to promote sensitization to Pru p 3 in vivo, a mouse model 

of anaphylaxis to peach has been produced and changes in the humoral and basophil responses have 

been analyzed. 

 

Results: The lipid-ligand of Pru p 3 induced maturation of moDCsc and proliferation of PBMCs. Its 

immunological activity resided in the phytosphingosine tail of the ligand. The adjuvant activity of the 

ligand was also confirmed in vivo, where the complex of Pru p 3-ligand induced higher levels of IgE 

than Pru p 3 alone. The immunological capacity of the Pru p 3 ligand was mediated by CD1d, as 

maturation of moDCs was inhibited by anti-CD1d antibodies and Pru p 3-ligand co-localized with 

CD1d on epithelial cells. Finally, Pru p 3-ligand presented by CD1d was able to interact with iNKTs. 
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Conclusions & Clinical Relevance: The Pru p 3 lipid-ligand could act as an adjuvant to promote 

sensitization to Pru p 3, through its recognition by CD1d receptors. This intrinsic adjuvant activity of 

the accompanying lipid cargo could be a general essential feature of the mechanism underlying 

the phenomenon of allergenicity. 
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Abbreviations  

ELISA: enzyme-linked immunosorbent assay 

FBS: fetal bovine serum 

GM-CSF: granulocyte macrophage-colony stimulating factor 

HPLC: high-performance liquid chromatography 

Ip: Intraperitoneal 

LPS: lipopolysaccharide 

moDCs: monocyte-derived dendritic cells 

MFI: median fluorescence intensity 

NF-B: nuclear factor kappa-light-chain enhancer of activated B cells 

nsLTPs: non-specific lipid transfer proteins 

PALMs: pollen-associated lipid mediators 

PAMPs: pathogen-associated molecular patterns 

PBMCs: peripheral blood mononuclear cells 

PBS: phosphate-buffered saline 

PDB: Protein Data Bank 
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RPMI: Roswell Park Memorial Institute 

SEAP: secreted embryonic alkaline phosphatase  

TLC: thin layer chromatography 

TLR4: toll-like receptor 4 

 

Introduction 

The prevalence of allergy is increasing in Europe where it has been predicted that over 50% 

of the population will have some form of allergy by 20501,2, with a most dramatic increase in 

children whose quality of life is severely affected3. The annual cost of allergic diseases for national 

health systems is as high as for seasonal influenza4, and it has been estimated that the annual cost of 

food allergy exceeds thousands of millions of euros in Europe alone5. 

Even though the role of proteins in allergic sensitization has been extensively studied6,7, the 

reasons why a specific protein may have allergenic activity are not yet well understood. Several 

hundred protein allergens have been described (www.allergen.org) and a large number of their 

epitopes identified8. However, only 1% of known protein families include allergens and besides, not 

all the members of those families are allergenic6,7,8. Although no biochemical feature common to 

allergenic proteins has been found, more than 50% of allergens have been shown to be lipid carriers, 

including Bet v 1 (the major allergen of birch pollen) and 2S allergens, which contain a large 

hydrophobic pocket able to harbour and store many lipid compounds and flavonoids as well8,9,10. 

Recently, the ligand of Pru p 3, the peach allergenic lipid transfer protein (LTP), has been identified 

as a derivative of the alkaloid camptothecin bound to phytosphingosine (Figure 1a), a lipidtail which 

is inserted into the Pru p 3 cavity9. Phytosphingosine is a structural component in membranes10, 

while camptothecin is widely used as a chemotherapeutic agent for its ability to inhibit the 

enzymatic activity of topoisomerase I11.  

 

Lipid ligands carried by allergens, or exposed together, might influence the host response to 

the specific allergen. Accordingly, immune-regulatory lipids could significantly contribute to the 

allergenicity of several proteins12. All of these molecules are attractive candidates as non-self 

structures recognized by the innate immune system as being capable of inducing Th2-skewed 

responses that contribute to allergy in susceptible individuals13.  Lipids from the pollen coat and 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

furry animals as well as the so-called pollen-associated lipid mediators are co-delivered together 

with the allergens and can modulate the immune responses of predisposed subjects by interacting 

with the innate immune system and invariant natural killer T (iNKT) cells13.   

iNKT cells are innate-like T lymphocytes with important immunomodulatory properties that 

can be damaging (e.g. allergic inflammation) or protective (e.g. maintenance of transplant 

tolerance, inhibition of autoimmunity)14. They express glycolipid-reactive αβ T cell receptors (TCRs) 

together with several characteristic markers of NK cells and they are “CD1-restricted”15.The CD1-

receptor family includes monomorphic major histocompatibility complex (MHC) class I-like 

glycoproteins that can present lipid antigens. The CD1 family in humans has five members, namely 

CD1a–e, while rodents only express CD1d16. Given the nonpolar nature of lipids, their mobilization 

across an aqueous endocytic environment likely requires extraction from membranes and, in most 

of the cases, transport across aqueous biological buffers into the lipid-binding grooves of CD1 

molecules. 

The results presented in the current report suggest that the lipid-ligand carried by the peach 

allergen Pru p 3 could act as an adjuvant with the ability to modulate the immune system towards a 

Th2 response. Pru p 3 could release its lipid ligand to CD1 receptors present in the epithelial and 

dendritic cells, which in turn would present it to iNKT cells, ultimately resulting in activation of the 

immune response. Activation of the mucosal immune system by allergen-associated lipids may 

provide an important missing link in our understanding about the genesis of food allergic responses. 

 

Materials and Methods 

Isolation of the lipid-ligand of Pru p 3. 

To carry out the assays, the recombinant Pru p 3 protein was used. In this way, the absence 

of pollutants (lipid-ligand residues) in the purified protein was ensured. As “complex”, it is referred 

to the mix of Pru p 3 and its purified ligand (10:1). The ratio was determined by binding assays 

between Pru p 3 and the lipid-ligand as previously described9.The recombinant Pru p 3 was 

produced in P Pastoris and isolated using the methods describe by Diaz-Perales et al. (2002)17. The 

presence of endotoxin in the protein-samples was measured using the Pierce LAL Chromogenic 

Endotoxin Quantitation Kit (Thermo Scientific, USA), following manufacturer’s instructions. 
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The lipid-ligand of Pru p 3 was extracted form peach peel. Briefly, peach peel extract was 

performed in PBS with 0.5 M NaCl and separated by cation-exchange chromatography on a Waters 

AccellTM Plus CM SepPakR cartridge (Waters Corp, Milford, MA, USA) with 20 mM formic acid, pH 

4.0. The cationic retained fraction was separated by size-exclusion LH-20 chromatography using 

methanol:water (70:30) as the mobile phase. Fractions were checked using thin layer 

chromatography (TLC) on silica gel–coated plates (Merck, USA), and developed with methanol:water 

(70:30 v/v) in a saturated chromatography chamber for about 20 min. The plates were visualized 

under UV light (254 nm) and stained with vanillin (1% in ethanol) and dichlorofluorescein (0.1% in 

ethanol-NaOH 2.5 mM) (Sigma-Aldrich, Germany). Fractions containing fluorescence were pooled 

and re-purified by HPLC as previously described18 with slight modifications. Isocratic analytical HPLC 

was performed using an RP-C18 column Nucleosil 120 C18 5 µm 250x4mm (Scharlab, Spain). The 

mobile phase for alkaloid elution was acetonitrile: water (85:15) at a flow rate 0.5 ml/min for 150 μl 

of sample. Sample peaks were detected using UV light at 254 nm. The standard was prepared using 

methanol 80% further diluted in 20% acetonitrile. All reagents were HPLC grade.  

 

Lymphocyte transformation test (LTT) with peripheral blood mononuclear cells (PMBCs) 

Buffy coat (cell-enriched plasma) samples were obtained from 8 healthy donors at the 

Transfusion Centre (Madrid, Spain) for isolation of PBMCs. The study was approved by the ethics 

committees of the Transfusion Centre (PO.DlS.09; Madrid, Spain) and the Technical University of 

Madrid (PIC 52-2013; Madrid, Spain). 

PBMCs isolated using a density gradient centrifugation on Lymphoprep (Axis-Shield, Oslo, 

Norway) were stained with CSFE stained following the manufacturer’s instructions (Bdbioscience, 

CA, USA). Then, cultures (5x105 cells per well) were established in the presence of 5 μg/ml of Pru p 3 

or Complex (Pru p 3 with its ligand) in triplicate in 96-well plates (Costar, NY, USA) for proliferation 

analysis in a total volume of 200 μl of RPMI media (Invitrogen), supplemented with 10% (v/v) of fetal 

calf serum (Invitrogen), 0.02 mM mercaptoethanol, 2 mM of glutamine, and 10 mM HEPES, for 5 

days at 37ºC, in a 5% CO2 humidified atmosphere.  The stimulation index (SI) was calculated as the 

ratio between counts of antigen-stimulated cultures and counts without any activator. Supernatants 

were obtained to measure cytokines. 

Statistically significant differences were analysed by GraphPad6 using Mann-Whitney test. P-

values<0.05 were considered significant for all assays. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Quantification of the cytokines produced by PMBCs 

To measure the PMBCs cytokines, Bio-Plex ProTM Assays (Bio-Rad 10014905) for 27 different 

proteins detection powered by Luminex xMAP technology was used following the instructions at 

www.bio-rad.com/bio-plex. The final analysis was performed with the Bio-Plex Manager™ Software 

using xMAP technology for analysis of multiplex data. Cytokines were quantified according to a 

calibration curve in pg/mL (Supplementary Table 1). The statistical analysis was performed using the 

two-way ANOVA with corrections for multiple comparisons. P values<0.001 were considered 

significant. Then, cytokines with statistically significant difference were also represented as fold 

change calculated as the ratio between the amount of cytokines present in the culture with stimulus 

and the cytokine content of the control without stimulation. 

 

Generation of human antigen-presenting cells (moDC) 

Monocytes were purified from human PBMCs by positive selection using CD14 Dynabeads 

(Invitrogen, Norway), following the manufacturer’s protocol. Purity was assessed by flow cytometry 

(BD Accuri Cytometers, USA) and found to be higher than 95%. Dendritic cells (DCs) were derived 

from monocytes (moDC) by culturing the CD14+ fraction in complete medium RPMI (Invitrogen, 

Norway) with L-glutamine (brand, country), 10% heat-inactivated fetal bovine serum (FBS, Lonza, 

Germany), 100 mg/ml antibiotics (streptomycin and penicillin; Invitrogen, Norway), 200 ng/ml rhIL4, 

and 100 ng/ml rhGM-CSF (Immunotools, Germany) for 4-5 days at 5% CO2 and 37°C, as described 

previously 19. Immature DCs (iDCs) derived from monocytes were incubated in complete medium at 

5 x 105 cells/ml in 24-well plates (Falcon BD Labware, France) with Pru p 3 at 20 μg/ml, with or 

without lipid-ligand (2 μg/ml). LPS at 10 g/ml (Sigma-Aldrich, USA) was used as a positive control. 

After 72 h stimulation at 37°C in 5% CO2, treated DCs were recovered, and maturation was assessed 

by up-regulation of CD80 and CD86 (Immunotools, Germany) in an Accuri cytometer (BD Accuri 

Cytometers, USA). Untreated DCs were used as a control. In order to determine the receptor 

involved in molecular recognition, cells were previously incubated with 1 ug of polyclonal antibodies 

anti TLR2, TLR4 (Invivogen, France) and anti CD1d (Thermo Fisher). Results were expressed as the 

activation of CD80 or/and C86 and the maturation index was calculated as the ratio between 

stimulated and non-stimulated DCs. The statistical analysis was performed using the Kruskal-Wallis 

test, and p-values <0.05 were considered positive.  

 

http://www.bio-rad.com/bio-plex
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NF-κB/AP-1 activation 

The transfected cell line THP1-XBlue™ (Invivogen, France) derived from the human 

monocytic THP-1 cell line was used according to the manufacturer’s instructions. In brief, THP1-

XBlue cells were seeded at a density of 1x106 cells/ml in cRPMI medium (RPMI 1640, 2 mM L-

glutamine, 10 mM HEPES, 10% heat-inactivated FBS, PenStrep cocktail (penicillin 50 µg/ml and 

streptomycin 50 μg/ml) and 200 μg/ml of Zeocin. One microgram of sample/per well (5 μg/μl) was 

added to the cells for 24 h. LPS (Sigma-Aldrich, USA) and PBS were used as positive and negative 

controls, respectively. Twenty microliters of cell suspension (~200,000 cells) per well was added to a 

flat-bottom 96-well plate containing 180 μl of QUANTI-Blue™ per well and incubated for 18-24 h. 

Soluble embryonic alkaline phosphatase (SEAP) levels were determined using a spectrophotometer 

at 620 nm. The statistical analysis was performed using the Kruskal-Wallis test, and p-values <0.05 

were considered positive.  

 

Epicutaneous sensitization of mice and Pru p 3 challenge.  

C3H/HeOuJ mice, which present normal TLR4, were obtained from Jackson Laboratories (Bar 

Harbor, ME) and used with the permission of the Institutional Animal Care and Use Committee 

(IACUC) (number LA11-00273).  Six- to eight-week-old female mice were anesthetized, and 

abdominal fur was removed with depilatory cream (Veet, Reckitt Benckiser, Parsippany, NJ), 

immediately followed by exposure to Pru p 3 (100 ug), with or without lipid-ligand (10ug) in 50 ul of 

PBS spread on the abdominal skin to dry.  

Mice were exposed weekly for a total of 6 exposures and challenged a week after the last 

exposure. Mice were challenged by intraperitoneal injection with increasing doses of Pru p 3. Body 

temperature was measured before and 30 minutes after challenge by rectal thermometer (WPI 

Instruments, Sarasota, FL).  

 

Antibody measurement 

Pru p 3-specific IgE and IgG1 were measured in serum obtained prior to challenge, by 

directly coating Pru p 3 on the plate and detecting with biotinylated anti-IgE or IgG1 (BD Biosciences, 

Franklin Lakes, NJ), followed by Avidin-HRP and TMB reagent (eBiosciences, San Diego, CA). A 

SpectraMax plate reader with background subtraction was used to measure absorbance (450 nm). 
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The statistical analysis was performed using SPSSS 17.0 and two ways ANOVA with corrections for 

multiple comparisons. P values<0.05 or p<0.01 were considered positives. 

 

Basophil activation tests 

Basophil activation tests were performed as previously described20. Blood was diluted in 

RPMI and incubated at 37°C for 90 minutes with Pru p 3 at different concentrations. Red blood cells 

were lysed, and cells were stained with CD49b and IgE to detect the population of basophils, after 

gating out T and B cells with CD3/CD19 staining. CD200R was used as basophil activation marker (all 

antibodies were from eBioscience). The statistical analysis was performed using SPSSS 17.0 and two 

ways ANOVA with corrections for multiple comparisons. P values <0.05 or <0.01 were considered 

positive. 

 

Epithelial cell culture 

The Caco-2 cell line was purchased from the American Type Culture Collection (ATCC; Manassas, 

VA, USA) and grown following the manufacturer’s instructions. Cells were seeded in 24-well 

Transwell® culture plates (0.4 mm pore diameter, Corning Inc., NY, USA) at a density of 8x104 cells 

per well and grown for 18-21 days, replacing the medium every 2 days. The integrity of the Caco-2 

cell monolayer was checked by measuring the transepithelial electrical resistance (TEER) using a 

Millicell-ERS device (Millipore, Bedford, MA, USA). Cell monolayers were used in transport studies 

when values of TEER reached a plateau exceeding 300 Wcm2. 

 

Immunolocalization of Pru p 3 and innate immune receptors (TLR2, TLR4 and CD1d). 

Monolayers of Caco 2 cells were cultured as described above. Pru p 3, without or with its 

lipid-ligand (Complex), was added in the apical chamber during short times (5 min, 10 min). Cells 

were then fixed with 4% formaldehyde in PBS, pH 7.4, at 4ºC for 15 min. After washing with PBS, 

samples were permeabilized by freeze-thaw cycles. After additional washing with PBS, specific anti-

Pru p 3 (1:50; Jimenez Díaz Foundation21), anti-TLR2 (Invivogen, France), anti-TLR4 (Invivogen, 

France) and anti-CD1d antibodies (Thermo Fisher) were incubated overnight at 4ºC. The binding was 

revealed using secondary antibodies produced in the appropriate host: anti-rabbit Alexa 647-

conjugated antibodies for detected Pru p 3 and anti-mouse Alexa 488-conjugated antibodies for 
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detected the innate receptors (Molecular Probes). The specimens were mounted with glycerol:PBS 

1:1 and observed with a Leica TCS-SP8 confocal microscope using the 488-nm/567-nm laser 

excitation. 

 

Generation of CD1d-based Artificial Antigen Presenting cell (aAPC) 

Dynabeads® M-450 epoxy beads (Invitrogen) were coated with dimeric murine CD1d:Ig 

fusion Protein (BD Biosciences) and with Leaf Tm purified anti-mouse CD28 clone CD28.2 (Biolegend) 

as costimulatory molecule at 4°C with rotation during 48 h. Subsequently, 5x107 beads/ml were 

incubated with α-Galactosylceramide (5 ug; Sigma) as a positive control, the complex (Pru p 3+lipid-

ligand; 5 μg) or lipid-ligand alone (0.5 ug) during 48 h at 37 °C. Then, beads were co-cultured with a 

murine iNKT cell line (DN32.D3 NKT cell hybridoma was kindly provided by Prof. Tonya Webb, 

University of Maryland School of Medicine, Baltimore, USA.) in 1:1 ratio in a 96 well flat bottom. The 

supernatant was collected after 24 h and the production of IL-2 was measured by ELISA assays. 

 

CD1d-Dextramer loaded with the lipid-ligand of Pru p 3. 

A standard protocol recommended by the company including some modifications according 

to the stability of the lipid-ligand was used to load the CD1d/unloaded Dextramers®(Immudex 

TF1037.01) with the lipid-ligand of Pru p 3. The lipid was dissolved in methanol at 1 mg/ml and 

dissolved completely at room temperature. Dextramer with the lipid was always kept at 2-8ºC in the 

dark until its use with cultured cells. The binding to experimental cells was performed at 37ºC for 10 

min, and then analysed by flow cytometry (BD-Accuri C6, BD-Biosciences, USA) or confocal 

microscopy (Leica TCS-SP8)  

 

Statistical analyses 

Statistical analyses were performed using SPSS 17.0 and GraphPad 6. The t test, Kruskal-

Wallis test, one-way ANOVA, and two-way ANOVA with corrections for multiple comparisons were 

used when applicable. p-values <0.05 were considered significant for all assays.  
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Structural analyses 

For Pru p 3, the chain B of the crystal structure PDB id. 2B5S22 was used. For saposins, the 

crystal structures from the following PDB id's were selected: 2DOB (saposin A), 1N69 (saposin B), 

2GTG (saposin C), and 2RB3 (saposin D). Identification of secondary structure in Pru p 3 and saposins 

was performed with DSSP23. Three methods to determine structural alignments were employed to 

compare the structures of Pru p 3 and saposins: (i) the rigid (no twists) version of FATCAT (Flexible 

structure AlignmenT by Chaining Aligned fragment pairs allowing Twists) algorithm24, (ii) TM 

(Template Modelling)-align superposition algorithm25 and (iii) CE (Combinatorial Extension) 

algorithm26. According to the prescriptions given in the references for these methods, aligned 

structures with FATCAT are considered to have structural relationship if the alignment p-value is < 

0.01, with lower values indicating higher similarity. Structural alignments obtained with TM-align are 

scored with a “TM-score” in the (0.0-1.0) scale, with values closer to 1.0 indicating better similarities 

and values between 0.40 and 0.50 suggesting structural relationship. For CE superpositions, Z-scores 

between 3.0 and 4.0 suggest some structural similarity and values > 4.0 indicate a stronger structural 

resemblance. Molecular graphics were prepared and rendered with PyMOL 1.8.2 (The PyMOL 

Molecular Graphics System, Version 1.8 Schrödinger, LLC). 

 

Results 

The lipid-ligand of Pru p 3 is responsible for the activation of antigen-presenting cells 

The immunological activity of Pru p 3 with or without its lipid-ligand was investigated using 

human PBMCs obtained from four healthy donors. PBMCs were stained with CSFE and after that, Pru 

p 3 and the complex were added. On the 5th day, PBMCs proliferation was quantified by flow 

cytometer, with strong activation in the presence of the ligand (Figure 1b; p 0.001). This activation 

was also measured as the production of pro-inflammatory cytokines (Supplementary Table 1). 

Significant differences were only observed in the production of IL8, IL10, INF, but especially in the 

production of IL13 in the presence of ligand (Figure 1c).  

In the same way, moDCs derived from peripheral blood of the same donors were also 

incubated with Pru p 3 and its ligand. As shown in Figure 1d, the presence of the lipid-ligand gave 

rise to significant induction of the maturation markers CD80 and CD86, while no changes were 

observed when only Pru p 3 was utilized (p 0.001).  
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Moreover, the immunological activity of the lipid-ligand was also confirmed using THP1-

XBlue™ cells (human monocyte cell line). The lipid-ligand, alone or in complex with Pru p 3, was able 

to stimulate NF-κB/AP-1 activation in these cells (Figure 1e; p=0.01). To identify the fraction of the 

lipid-ligand that had immunological activity, THP1-XBlueTM cells were again incubated in the 

presence of increasing amounts of the lipid-ligand, camptothecin and phytosphingosine. Thus, it was 

phytosphingosine the only one to be capable of inducing a similar response as that produced by the 

lipid-ligand (Figure 1f), indicating that the immunological activity was associated to the 

phytosphingosine hydrophobic moiety and not to the camptothecin polar head of the lipid-ligand 

(Figure 1a). 

 

The lipid-ligand of Pru p 3 increases the capacity to sensitize mice through the epicutaneous route 

To determine the role of the lipid-ligand of Pru p 3 in inducing allergic sensitization, mice 

were epicutaneously exposed to Pru p 3, with or without its lipid-ligand, once a week for six weeks, 

following a previously described protocol27 (Figure 2a). Briefly, hair was removed with depilatory 

cream, but no tape stripping was performed and the antigen was added topically in PBS without 

occlusive bandages. After six weeks of sensitization, blood was obtained for basophil activation test 

and specific immunoglobulin measurement. Mice exposed to Pru p 3 plus its lipid-ligand (Complex in 

Figure 2b) developed significantly more Pru p 3-specific IgE than Pru p 3 alone (Pru p 3, Figure 2b), 

while IgG1 levels were similar in both cases. Similarly, basophil activation was increased in mice 

sensitized with the complex, as reflected by a higher increase in CD200R MFI (Figure 2c). Despite the 

differences in IgE induction, when mice were intraperitoneally challenged with Pru p 3, no 

differences were observed in terms of drop in body temperature during anaphylactic responses 

(Figure 2d). 

 

Pru p 3 is bound by CD1d in the presence of the lipid-ligand. 

To determine which receptor mediated the recognition of the lipid-ligand, specific 

antibodies to TLR2, TLR4 and CD1d (receptors that recognize lipid ligands) were added to Pru p 3-

moDCs cultures and DC maturation was studied. Maturation of human moDC could be only inhibited 

in presence of anti-CD1d (Figure 3a), but not with polyclonal antibodies anti-TLR2 or anti-TLR4 

(p<0.001).   
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In the same way, polarized epithelial monolayers (Caco2 cells, Figure 3b) were also 

incubated with Pru p 3 (Pru p 3) and complex (Complex), during short times (5 min). After fixing cells, 

immune receptors (PRR) such as TLR2, TLR4 and CD1d were localized using specific antibodies. In the 

presence of the ligand, Pru p 3 colocalized with CD1d-type receptors (Figure 3c) but not when Pru p 

3 was alone (Figure 3d). In the case of TLR2 and TLR4, no differences in localization were observed in 

the presence of absence of the lipid-ligand (Supplementary Figure 1).  

 

The lipid-ligand presented by CD1d could stimulate iNKTs. 

According to the results above described, we studied the role of the lipid-ligand in the 

activation of iNKT cells through CD1d receptor. iNKTs have been described as  specialized cells in the 

recognitions of glycolipid antigens. Using a CD1d-based artificial antigen-presenting cell system 

(aAPC)28 and the murine DN32.D3 iNKT cell hybridoma, a clear increase in the secretion of IL-2 was 

observed in the presence of the lipid-ligand (Ligand) and the positive control α-Galactosylceramide 

(Positive), indicating the activation of iNKTs (Figure 4a).  

To further demonstrate that the lipid-ligand could interact with iNKTs through the CD1d 

receptor, the lipid-ligand was incubated with a CD1d unloaded human dextramer according to the 

manufacturer's instructions. This probe is capable of binding to the TCR present on the surface of 

iNKTs provided it has the appropriate lipid. As can be seen in Figure 4b, the fluorescent probe loaded 

with the lipid-ligand (labelled with APC) was able to interact with iNKT cells (labelled with FITC). In 

fact, most of the lipid-ligand-CD1d probes bound specifically to iNKTs (Figure 4b). In the figure 4c, it 

could be observed two examples of iNKT cell surrounded by CD1d-tetramers-lipid-ligand probe 

labelled with APC (red).  

 

Pru p 3 could play a putative role as an external saposin. 

The experimental structure of Pru p 3 shows similar features to those of saposins, small non-

enzymatic lipid transfer proteins that assist the loading of lipids onto CD1d. There are four saposins 

A, B, C, and D with pairwise sequence identity not higher than 39% that show a highly conserved 

structure with four -helices and three disulphide bridges. Although not essential for their activity, 

they have a conserved N-glycosylation site (Figure 5a). The spatial arrangement of the four -helices 

is nearly identical (Figure 5b). However, while in the absence of lipids, saposins adopt a compact 

form (saposins A, C and D in Figure 5b), in the presence of lipids they undergo a conformational 
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change adopting an open form (saposin B in figure 5b). The architecture of saposins also present 

some particular features: (i) the longest helix has a highly localized kink associated with a local 

disruption of two main-chain hydrogen bonds around a conserved Tyr54 residue which is not the 

classic example of disruption caused by a proline, (ii) the shortest 4 helix starts at a conserved 

proline, and (iii) with the exception of saposin C, they also have short 310 helices (Figure 5a and 5b). 

The structure of Pru p 3 (Figure 5c) presents significant structural similarities to saposins. 

Not only Pru p 3 has a similar architecture with four  helices, one 310 helix and disulfide bonds (four 

instead of three in saposins), but it also displays particular structural features analogous to those 

indicated above for saposins. In fact, Pru p 3 presents a kink in the longest  helix (although the 

disruption of main-chain hydrogen bonds is caused by a proline), its shortest 4 helix starts also at a 

proline and it exhibits also a three-residue 310 helix (Figure 5a and 5d). Besides these structural 

characteristics, Pru p 3 is similar to saposins in size, existence of an inner cavity and lipid transfer 

abilities that are known to span diverse lipidligands29. Three procedures used to obtain structural 

alignments based on different approaches (FATCAT, TM-Align, and CE: see Materials and Methods) 

found that the best structural similarity is actually that existing between Pru p 3 and saposin A 

(Figure 5e). Superposition scores for these three methods were the following. FATCAT (rigid 

algorithm) significance p-value score was 0.00196 for Pru p 3/saposin A while it ranged between 

0.00348 and 0.0101 for the remaining saposins. TM-Align TM-score was 0.403 for Pru p 3/saposin A 

while it ranged between 0.358 and 0.392 for the remaining saposins and CE significance Z-score was 

4.07 for Pru p 3/saposin A while it ranged between 1.99 and 3.50 for the remaining saposins. Within 

the confidence levels conveyed by those scores (see Materials and Methods), it can be concluded 

that Pru p 3 and saposin A have a significant structural relationship. 

 

Discussion 

According to our own results and evidence reported in the literature in recent years, we 

hypothesized that allergic sensitization is enhanced by the recognition of lipid-ligands carried by 

some allergens. These lipid-ligands could be exposed to immune cells at the time of first contact, 

inducing the production of specific IgE against the protein carrier associated with the ligands. In a 

later encounter, the interaction between the allergen and specific IgE bound to the high-affinity 

receptor (FcεRI) on the surface of effector cells (mast cells and basophils) would induce the 

symptoms associated with allergy.  
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In the case of Pru p 3, our results reported here suggest that the lipid-ligand of this LTP is a 

critical collaborator for activation of dendritic cells, CD1 presentation and iNKT cells, associated with 

enhanced induction of antigen-specific IgE in mouse models. 

The lipid-ligand carried by Pru p 3 seems to act as an adjuvant with the ability to modulate 

the immune system toward a Th2 response associated with class-switching towards IgE production, 

which is characteristic of allergy. Although Pru p 3 in the absence of the lipid-ligand was able to 

sensitize mice, the Pru p 3-lipid-ligand complex induced a much more robust IgE production. This 

result suggests that the presence of the lipid-ligand could increase susceptibility to peach allergy 

and decrease the exposure level to Pru p 3 required to induce sensitization to this allergen, thus 

acting as an adjuvant. In addition, we have shown for the first time that Pru p 3 is able to sensitize 

through the skin in a mouse model. The results presented here and the fact that the majority of 

peach allergic patients experience their first allergic reaction the first time they consume this food, 

together suggest that epicutaneous exposure is the main route of sensitization to peach, as it has 

been proposed for other allergens27,30,31.  

In this sense, Pru p 3 in the presence of its lipid-ligand was presented by CD1d receptors in 

epithelial and dendritic cells. CD1 proteins are expressed on professional APCs such as Langerhans 

cells, dendritic cells, monocytes, B lymphocytes, intestinal epithelium, smooth muscle and 

endothelial blood vessels. They can present lipids and glycolipids to T-cell subpopulations, which in 

turn mediate effector functions including cytokine secretion16,32. CD1 lipid loading seems to occur in 

endosomal compartments of many antigen presenting cells such as epithelial mucosa. In their 

trafficking and binding to lipid antigens for recognition of T-cell receptors, CD1 molecules are 

assisted by saposins, small lipid transfer proteins that facilitate non-enzymatically the hydrolysis of a 

variety of glycosphingolipids in lysosomes, 33,34 although the mechanism of this transfer and 

whether there is a direct CD1-saposin binding is still unknown. As CD1 molecules recycle through 

cellular compartments, they encounter in addition to saposins other proteins such as Niemann-Pick 

type C2 protein35 or apolipoprotein E36 that are also involved in the loading of lipids onto CD1. 

Based upon their similar structural features, we propose that there could also be a 

functional relationship between Pru p 3 and saposins. There are four homologous saposins A, B, C, 

and D that derive from a unique prosaposin precursor protein upon endosomal proteolytic 

cleavage. Saposins are cysteine-rich proteins with four -helices that exist in both isolated soluble 

and lipid-bound states. Although their sequences have pairwise identities not higher than 39%37, 

their topology is conserved and their architecture is rather similar. Structural alignments 

determined with three different algorithms reveal a significant relationship between Pru p 3 and 
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saposin A. Given these structural resemblances together with the similarities in size, cavity and lipid 

transfer abilities, we conjecture that Pru p 3 could play a role in the trafficking of molecules with 

lipidmoieties that are eventually loaded onto CD1d receptors.  

In any event, we have shown in this work that the lipid-ligand of Pru p 3, perhaps especially 

its phytosphingosin domain, is presented to iNKT cells by CD1 receptors. Although it is likely that 

this is not the only innate immune pathway involved in the recognition of Pru p 3, our results reveal 

that it is active in moDC and epithelial mucosa. This is not the first report associating iNKTs to 

allergen activation. iNKTs can be activated by phospholipids, particularly phosphatidylethanolamine 

and phosphatidylcholine present on the surface of cypress nuts16. A recent study analyzed the 

general ability of olive pollen lipids to activate DCs and stimulate iNKT cells and demonstrated that 

polar lipids isolated from olive pollen grains upregulated CD1d on DCs, which then activated iNKT 

cells in co-cultures38. In the same way, the 2S albumin from Brazil nut, Ber e 1, was not sufficient to 

cause IgE or IgG production in mice39. In contrast, the co-administration of the allergen with polar 

lipid fractions isolated from the same nut induced the production of Ber e 1-specific IgE and IgG1. In 

the absence of iNKT cells, the specific IgE levels were lower40. Lastly, it has been suggested that the 

activation of iNKT cells induce Th2-mediated inflammation to cow’s milk-derived sphingolipids41.  

In summary, we have shown that the lipid-ligand of Pru p 3 enhances the allergic activity 

and participates actively in the triggering of antigen-presenting cells. Pru p 3 would tend to be 

targeted by innate immune response because of its auto-adjuvant lipid-ligand. Moreover, Pru p 3 

has structural features that support its possible involvement in trafficking and loading of lipid 

compounds onto CD1d receptors. The fact that other allergens have been described as lipid binding 

proteins, suggest that intrinsic adjuvant activity by such proteins and their accompanying lipid cargo 

could be a general essential feature of the mechanisms underlying the phenomenon of allergenicity.  
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Legends to figures 

Figure 1. Characterization of immunogenic activity of the lipid-ligand of Pru p 3. (a) Structural 

formula of the lipid-ligand of Pru p 3 (10-hydroxy-camptothecin linked to phytosphingosine) (b) 

Proliferation assays of human PBMCs (n=6) stained with CSFE were incubated with Pru p 3 and 

Complex (Pru p 3; 10 µg/ml and the lipid-ligand 1 µg/ml). After 5 days, the proliferation of PBMCs 

was measured by loss of CSFE staining. Stimulation index (SI) was calculated as (% CSFEneg-PBMCs + 

antigen) / (% CSFEneg-PBMCs – antigen). Means and SE (bars) are shown. *p < 0.05. (c) Cytokine 

produced by PMBCs by Bioplex system. The results are expressed as the fold change between the 

amount (pg/mL) produced in the presence of the stimulus (Pru p 3, Complex), and the amount 

without stimulus. Means and SE (bars) are shown. *p < 0.001. (d) Phenotype of human monocyte-

derived DCs (moDC) induced by Pru p 3 and its lipid-ligand. Changes in the expression of 

costimulatory molecules (CD80 and CD86) in monocyte-derived DCs from healthy donors, after 

stimulation with Pru p 3 alone (Pru p 3; 10 g/mL), with the lipid-ligand (Complex; 10 g/ml), and 

with the lipid-ligand only (Ligand; 1 g/mL). Maturation indices of CD80 and CD86 expression are 

shown (p<0.05). (e, f) NF-κB/AP-1 activation using the transfected cell line THP1-XBlue™. Cells 

(1106 cells/ml) were incubated with Pru p 3 (Pru p 3; 5 g/ml), Pru p 3 with lipid-ligand (Complex; 5 

g/ml) and only lipid-ligand (Ligand; 1 g/ml) in (e), or with the lipid-ligand (Ligand), 

phytosphingosine (Phytosphingosine) and campthotecin (CPT) in (f). In both, LPS was used as 

positive control. Activation of NF-κB/AP-1 was revealed with QUANTI-Blue™. *p < 0.05 **p < 0.01 

***p<0.001.  

 

Figure 2. Impact of the lipid-ligand of Pru p 3 on peach allergy. (a) Mice were left naïve or 

topically exposed to 100 ug of Pru p 3 alone (Pru p 3 label) or Pru p 3 together with 10 ug of its lipid-

ligand (Complex) once per week for six weeks. After sensitization, intraperitoneal challenge was 

performed with Pru p 3. (b) Antigen-specific IgE and IgG were measured prior to allergen challenge. 

Data are mean  SEM. (c) Pru p 3-induced basophil activation was measured by up-regulation of 

CD200R. Change in MFI (median fluorescence intensity) was calculated with respect to the 

stimulation with media alone. Data are mean  SEM. (d) Mice were challenged with increasing doses 

of Pru p 3 by intraperitoneal challenge. Body temperature prior to the challenge and 30 minutes after 

each ip injection are shown. n = 5 mice per group. *p < 0.05, **p < 0.01. 
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Figure 3.  (a) Inhibitory effect in the activated phenotype (positive CD80 and/or CD86) of moDCs, 

after stimulation with Pru p 3 (Pru p 3; 10 g/mL) or Pru p 3 with its lipid-ligand (Complex; 10 g/ml) 

and specific antibodies against TLR2, TLR4 and CD1d. (*p < 0.05). (b-i)) Immunolocalization of Pru p 3 

(Red) or Complex (Red), and CD1d surface proteins (Green) in polarized CaCo 2 monolayer after 5 

minutes incubation. (b) DAPI staining (e) Phase contrast. (c, d) Co-localization was just found 

between CD1 protein expression and Pru p 3. Bar 20 microns.  

 

Figure 4. (a) CD1d-based artificial antigen-presenting cells (aAPC) were incubated with a positive 

control (α-Galactosylceramide; 5 μgr), and with the lipid-ligand (0.5 ug) during 48h at 37 °C.  After 

that, aAPC were co-cultured with iNKT cells at a 1:1 ratio in a 96 well flat bottom. The supernatant 

was collected at 24h and the production of IL-2 was measured by ELISA assays. (b) Cyc5-labeled 

CD1d-tetramers (red) were loaded with the lipid-ligand of Pru p 3 and incubated with healthy 

volunteer’s PBMCs during 2 h. iNKTs were detected with a monoclonal antibody specific for the TCR 

of iNKTs labelled FITC (Vα24-Jα18 combined with Vβ11). (c) Confocal microscopy image of CD1d-

tetramers-lipid-ligand probe (red) and TCR iNKTs (green) and phase contrast image of two different 

examples.  

 

Figure 5. Structures of saposins and Pru p 3. (a) Alignment of sequences of saposins A-D and 

sequence of Pru p 3. Colours labelling the residues that form  and 310 helices are also used in (b)-(d) 

below. Black lines connecting marked cysteines represent disulphide bridges. Red box indicates 

conserved N-linked glycosylation sites and green box indicates conserved tyrosines at the kink of 

helix 3 shown in (d) for saposin A. (b) X-ray crystal structures of saposins A-D. (c) X-ray crystal 

structure of Pru p 3. (d) Kink in the longest helix 1 in Pru p3 and 3 in saposin A. Dashed lines in 

these helices represent main chain hydrogen bonds. (e) Structural superposition of saposin A (blue) 

and Pru p 3 (orange) computed with FATCAT rigid. 

 

Supplementary figure 1:  Immunolocalization of Caco 2 monolayer after 5 minutes of incubation 

with Pru p 3 or Complex. Pru p 3 was detected by polyclonal antibodies in red (Alexa 647) and TLR2 

and TLR4 were detected in green (Alexa 488). From left to right: TLR2 (green), Pru p 3 (red), DAPI, 

phase contrast, triple combination (TLR/Pru p 3/DAPI) and colocalization of Pru p 3 and TLR. Bar 20 

microns.  
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Supplementary Table 1: Cytokine production of PBMCs from healthy donors.

Citokyne
(pg/mL) Control Complex Pru p 3

IL-1b 8,36 ± 11,58 ± 6,81 ±
11,48 19,24 10,08

IL-10 62,06 ± 66,39 ± 50,42 ±
13,24 2,86 13,27

IL-1ra 999,36 ± 1105,20 ± 585,15 ±
1147,53 1168,56 304,86

IL-2 ND ND ND

IL4 24,53 ± 33,53 ± 27,08 ±
30,58 29,71 24,33

IL5 ND ND ND

IL6 ND ND ND

IL7 279,67 ± 262,05 ± 250,69 ±
116,58 71,76 84,20

IL8 6781,23 ± 12150,06 ± 9315,71 ±
7082,21 11266,12 9241,23

IL10 97,98 ± 105,32 ± 81,40 ±
129,32 136,90 98,49

IL12 694,87 ± 740,14 ± 632,33 ±
122,99 95,20 176,93

IL13 28,86 ± 39,65 ± 28,81 ±
15,64 11,53 8,36

IL15 ND ND ND

IL17 33,81 ± 33,11 ± 37,42 ±
50,81 46,27 52,35

Eotaxin 331,16 ± 365,23 ± 309,94 ±
241,30 163,45 103,64

FGF basic 111,18 ± 79,77 ± 104,38 ±
55,47 20,76 58,08

G-CSF 57,58 ± 81,99 ± 121,83 ±
61,06 60,49 100,20

GM-CSF ND ND ND

IFN-γ 277,27 ± 360,44 ± 285,65 ±
286,14 182,14 121,41

IP10 8938,96 ± 15385,28 ± 12686,54 ±
7215,37 11246,47 10118,47

MCP-1 1221,35 ± 1288,37 ± ND
2442,71 2576,75 0,00

MIP-1a 27,85 ± 18,77 ± 7,15 ±
52,99 34,45 11,66

PDGF-bb 7906,00 ± 7444,10 ± 7394,45 ±
13282,38 12840,43 13354,97

MIP-1b 112,93 ± 75,04 ± 22,49 ±
172,62 103,32 20,20

Rantes 58940,23 ± 64969,43 ± 59924,48 ±
34494,60 34954,12 34279,81

TNF-α 9,64 ± 5,19 ± 2,00 ±
19,27 9,01 3,99

VEGF 15288,22 ± 16459,71 ± 13460,43 ±

*ND, non detected.
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