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Abstract  

Beta-lactoglobulin (BLG)-derived peptides may facilitate oral tolerance to whey and 

prevent cow’s milk allergy (CMA). Loading of BLG-peptides in poly(lactic-co-

glycolic acid) (PLGA) nanoparticles (Pep-NP) may improve this. Here we studied the 

uptake of NP and the capacity of NP and Pep-NP to activate bone marrow dendritic 

cells (BMDC). Furthermore, CMA prevention was evaluated by orally exposing 

three-week-old female C3H/HeOuJ mice to Pep-NP, NP or free peptides (PepMix) for 

6 days before oral sensitization with whole whey protein and effects on the spleen and 

small intestine lamina propria (SI-LP) were studied. In BMDC, NP and Pep-NP 

enhanced CD40 expression and IL-6 and TNF-a secretion, while tended to decrease 

CD80 expression and prevented PepMix-induced IL-12 secretion. In vivo, oral 

exposure to Pep-NP, but not NP or PepMix, prior to whey sensitization tended to 

partially prevent the acute allergic skin response to whole whey protein. Splenocytes 

of NP-pre-exposed mice secreted increased levels of whey specific IL-6, but this was 

silenced in Pep-NP-pre-exposed mice which also showed reduced TNF-α and IFN-γ 

secretion. In the SI-LP, Pep-NP pre-exposure reduced the CD4
+
 T cell frequency in 

CMA mice compared to PBS pre-exposure. In addition, while NP increased whey-

specific IL-6 secretion in the SI-LP, Pep-NP did not and maintained regulatory TGF-b 

secretion. This study presents a proof-of-concept that PLGA nanoparticles facilitate 

the capacity of BLG peptides to suppress the allergic response to whole whey protein. 

Hence, PLGA nanoparticles may be further developed as an adjunct strategy for 

BLG-peptide-based oral tolerance induction and CMA prevention.  

Key words: 

Beta-lactoglobulin, cow’s milk allergy, peptide, PLGA nanoparticle, oral tolerance, 

prevention   
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1. Introduction  

Cow’s milk allergy (CMA) is the most prevalent food allergy in children younger 

than 5 years (Koletzko et al., 2012; Venter and Arshad, 2011). Even though most 

children outgrow CMA by developing tolerance, they have an increased risk of 

developing other atopic disorders later in life, such as asthma, rhinoconjunctivitis or 

functional gastrointestinal disorders (Nissen et al., 2013; Saps et al., 2011). The many 

approaches being investigated for the prevention or treatment of CMA aim to induce 

or restore oral tolerance – the state of local and systemic immune unresponsiveness 

established upon oral exposure to harmless antigens, such as food proteins (Pabst and 

Mowat, 2012). Oral tolerance is an antigen-dependent process and therefore the use of 

the allergen is unavoidable (Prescott et al., 2008). Recent clinical studies reported that 

early introduction of whole peanut protein to high-risk infants has some efficacy in 

reducing the prevalence of peanut allergy (Du Toit et al., 2015; Perkin et al., 2016), 

but studies with egg protein were less successful and reported safety concerns in a 

relevant number of patients (Bellach et al., 2017; Palmer et al., 2013). Furthermore, 

whole allergen is introduced only after 4 months of age (Du Toit et al., 2015), which 

encourages the search for other, safer, strategies that would allow active intervention 

in the first months of life when breastfeeding is not possible.  

To avoid potential sensitization or allergic symptoms in infants at high risk of 

developing CMA, specific allergen-derived peptide sequences containing T cell 

epitopes may be utilized instead. When taken up and presented by antigen-presenting 

cells in the intestine, those epitopes will possibly initiate the development of a 

tolerogenic response. For instance, beta-lactoglobulin (BLG)-derived peptides have 

been shown to decrease the sensitizing capacity of the BLG protein (Bogh et al., 

2013) and to facilitate oral tolerance to BLG (Pecquet et al., 2000a) or to whole whey 
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protein in mice (Kostadinova et al., 2016; Meulenbroek et al., 2013). However, 

proteolytic enzymes present in the stomach can lead to peptide degradation and 

consequently loss of bioavailability, emphasizing the interest in a delivery vehicle.  

Poly(lactic-co-glycolic acid) (PLGA) is a FDA-approved biodegradable polymer 

which is under investigation for the oral and subcutaneous delivery of vaccines 

(Bolhassani et al., 2014; McHugh et al., 2015; Pavot et al., 2014; Rahimian et al., 

2015). In oral antigen delivery, PLGA nanoparticles offer protection from enzymatic 

degradation and facilitate uptake via M-cells (Brotons-Canto et al., 2016). 

Furthermore, PLGA particles are taken up by macrophages and dendritic cells (DC) 

(Lutsiak et al., 2002; Nicolete et al., 2011) and might also directly activate humoral or 

cellular responses (Nicolete et al., 2011; Silva et al., 2015). Previous reports describe 

that delivering BLG in PLGA microparticles increased the efficacy of BLG to induce 

oral tolerance (Pecquet et al., 2000b).  

In the current study, we encapsulated a low dose of BLG-derived peptides in PLGA 

nanoparticles to investigate whether their capacity to prevent the allergic response to 

the cow’s milk protein whey in a mouse model of CMA will be improved.  

 

 

2. Materials and Methods 

2.1. Peptides 

Four 18-AA-long peptides spanning the B variant of the BLG sequence were 

purchased from JPT Peptide Technologies (Berlin, Germany). The peptide sequences 

are sequential and each peptide has a 12-AA-long overlap with the preceding peptide 

(Table 1). The peptides, as indicated here by 1, 2, 3 and 4, were previously tested in 

human T cell lines (Meulenbroek et al., 2013) as well as in an in vivo mouse model of 
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CMA (Kostadinova et al., 2016; Meulenbroek et al., 2013). Compared to a previous 

study where PepMix alone was found effective in preventing the allergic response in a 

CMA model (Meulenbroek et al., 2013), in the current study a 100-fold lower dose 

was administered to allow for the better detection of a potential improving effect due 

to the encapsulation as well as for cost reduction. The four peptides were either 

dissolved in sterile phosphate buffered saline (PBS; Lonza, Walkerville, MD, USA) 

and combined in a mixture until each peptide was at a concentration of 0.08 mg/ml or 

were used for encapsulation in the PLGA nanoparticles as described in the 

Supplementary information.  

 

2.2. PGLA nanoparticles preparation and characterization 

Methods on PLGA NP preparation, characterization and peptide release are available 

in the Supplementary information. 

 

2.3 In vitro studies 

 

2.3.1. Culture of bone marrow-derived dendritic cells (BMDC) 

Bone marrow cells were isolated from sham-sensitized C3H/HeOuJ mice as 

previously described (Lutz et al., 1999). Bone marrow cells were resuspended in 

RPMI1640 medium (Lonza) and transferred through a 70 mm strainer. Red blood cells 

were removed by 1 min incubation in 5 ml lysis buffer (8.3 g/L NH4Cl, 1 g/L KHCO3, 

and 37.2 mg/L EDTA) and the bone marrow cells were resuspended in complete 

medium (RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Bodinco, 

Alkmaar, The Netherlands), 1% penicillin/streptomycin (Sigma-Aldrich), 1 mM 

sodium pyruvate (Gibco, Carlsbad, USA), 1 mM MEM NEAA (Gibco) and 50 mM 2-
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mercaptoethanol (Gibco)). For the BMDC culture, 10 ml bone marrow cell 

suspension (4 x 10
5
 cells/ml) was plated in a petri dish (Corning Inc., Corning, NY, 

USA) in the presence of 20 ng/ml recombinant mouse GM-CSF (R&D Systems, 

Minneapolis, USA) and incubated at 37°C and 5% CO2. After three days of culture, 

an equal amount of medium containing 20 ng/ml GM-CSF was added. At day 6, 10 

ml medium from the culture was replaced by 10 ml fresh medium containing 20 ng/ml 

GM-CSF and 7-8-day old BMDC were used for further analysis.  

 

2.3.2. Analysis of nanoparticle uptake by BMDC 

To analyze the uptake of nanoparticles by BMDC, 1 ml of cell suspension (1 x 10
6
 

cells) per well was plated in a 24-well plate. Fluorescent particles (concentrations 

from 0.01-0.5 mg/ml) were added and the cells were incubated at 37°C and 5% CO2. 

Cells were then harvested after 2, 4, 6 or 24 h of incubation, passed through 70 mm 

cell strainer to remove potential clumps, washed and analyzed by flow cytometry as 

described below.  

 

2.3.3. BMDC stimulation and cytokine production 

At day 7 or 8, BMDC were collected and plated at 1 x 10
6
 cells/well (1 ml) in a 24-

well culture plate. For investigating the capacity of the empty (NP) and the mixture of 

the peptide-loaded nanoparticles (Pep-NP) to stimulate DC, BMDC were incubated 

with 0.2 mg/ml NP or Pep-NP. The Pep-NP mixture contained 0.067 mg for each of 

the peptide-loaded nanoparticles (peptide 1, 3, 4). As a control, the amount of the free 

peptides corresponding to the peptides present in the Pep-NP (0.36 μg/ml, 0.96 μg/ml 

and 1.36 μg/ml for peptides 1, 3 and 4, respectively) was directly added to the BMDC 

(referred to as PepMix). As positive controls for BMDC activation, 100 ng/ml LPS 
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(Invivogen, San Diego, CA, USA) or 10 ng/ml IFN-g (R&D Systems) and 1 mg/ml 

prostaglandin E2 (Pfizer, New York, NY, USA)) (referred to as OX40L-inducing 

mixture) were used. After 24 h of incubation, concentrations of the cytokines IL-6, 

IL-10, IL-12p70 and TNF-a were measured in the supernatants by means of an 

ELISA (all from eBioscience) according to manufacturer’s instructions. Cells were 

harvested for flow cytometric analysis. 

 

2.4. In vivo studies 

 

2.4.1. Animals 

Three-week-old pathogen-free female C3H/HeOuJ mice were purchased from Charles 

River Laboratories (Sulzfeld, Germany) and housed under normal conditions at the 

animal facility of Utrecht University. The study protocol was approved by the Animal 

Ethics committee of Utrecht University and the Central Commission for Animal use 

(CCD) (approval number AVD108002015262). Animal care and use were according 

to the guidelines of the Animal Ethics committee of Utrecht University.  

 

2.4.2. Tolerance induction, sensitization and challenge  

To study oral tolerance induction prior to whey sensitization, mice received daily, for 

a period of 6 days, an oral gavage with 1) 0.5 ml PBS, 2) 50 mg whey protein (DMV 

International, Veghel, The Netherlands), 3) a mixture of free peptides (0.04 mg of 

each BLG-derived peptide; referred to as PepMix), 4) empty nanoparticles (21.6 mg; 

referred to as NP), 5) a mixture of encapsulated peptides 1, 3 and 4 combined with 

free peptide 2 because this peptide could not be loaded (referred to as Pep-NP; Pep-

NP contained 0.04 mg of each peptide and 21.6 mg PLGA matrix) (all amounts were 
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dissolved or dispersed in 0.5 ml PBS) (Fig. 1). The NP and Pep-NP suspensions were 

prepared fresh and administered within 30 min after preparation. Next, mice were 

sensitized by means of weekly oral gavage with 20 mg whey protein (in 0.5 ml PBS) 

supplemented with 10 mg cholera toxin (CT; List Biological Laboratories, Inc. 

California, USA) as an adjuvant. Non-sensitized control mice received 10 mg CT in 

0.5 ml PBS. Five days after the last sensitization, an intradermal (i.d.) and an oral 

challenge were conducted as previously described (van Esch et al., 2011) with 10 mg 

and 50 mg whey protein respectively. 18 h After the oral challenge with whey, mice 

were bled and euthanized. 

 

2.4.3. Evaluation of the allergic response 

To evaluate the possible allergic response against whey, mice were i.d. challenged in 

the ear pinnae with 10 mg whey protein/20 ml PBS per ear. Before and 1 h after the 

i.d. injection, the ear thickness was evaluated using a digital micrometer (Mitutoyo, 

Veenendaal, The Netherlands). Isoflurane was used for inhalational anesthesia during 

the ear measurements and the i.d. injection. The acute allergen-specific skin response, 

measured as the ear swelling, is calculated as the difference between the average ear 

thickness at 1 h time point and the average basal ear thickness (D = ear thickness at 1 

h – basal ear thickness) and is expressed as delta micrometer.  

 

2.4.4. Antibody detection in serum 

Whey-specific antibody titers were detected in sera 18 h after the oral challenge with 

whey as previously described (van Esch et al., 2011). 

 

2.4.5. Cell isolation from tissues 
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Spleen and mesenteric lymph nodes (MLN) cells were obtained by crushing the tissue 

through 70 mm cell strainers. Red blood cells in splenocyte suspensions were removed 

by 4-min incubation on ice with lysis buffer (composition described in section 2.3.1.). 

For the small intestine lamina propria (SI-LP) cell isolation, the small intestine was 

cleared of Peyer’s patches, washed in cold PBS, opened longitudinally, and minced in 

0.5 cm segments. After an initial wash in Hank’s Balanced Salt Solution (HBSS; 

Invitrogen, Life Technologies, Carlsbad, CA, USA) supplemented with 15 mM 

HEPES (Gibco, Life Technologies, Carlsbad, CA, USA) pH 7.2, fragments were 

incubated 4 × 15 min in HBSS supplemented with 15 mM HEPES, 5 mM Na2-EDTA, 

10% FBS and penicillin (100 U/ml)/streptomycin (100 μg/ml), pH 7.2.  Samples were 

washed in RPMI 1640 supplemented with 5% FBS and penicillin (100 

U/ml)/streptomycin (100 μg/ml) and incubated 2 × 45min in RPMI 1640 containing 

5% FBS, 1% penicillin (100 U/ml)/streptomycin (100 μg/ml) and 0.5 mg/ml 

collagenase type VIII (Sigma-Aldrich). Tissue fragments were vortexed for 10 s after 

each incubation and poured over a 70 mm cell strainer to collect cells. Digestion was 

stopped by adding FBS up to 10% and washing cells in HBSS/15 mM HEPES 

solution. SI-LP cells were then purified by means of Percoll gradient centrifugation.  

 

2.4.6. Allergen-specific re-stimulation and cytokine measurements 

Spleen and SI-LP cells were resuspended in RPMI 1640 supplemented with 10% FBS 

and 1% penicillin (100 U/ml)/streptomycin (100 μg/ml). Next, 6 x 10
5
 splenocytes or 

4 x 10
5
 SI-LP cells (200 ml) per well were cultured in a round-bottom culture plate 

and either incubated with medium or with 500 mg/ml whey protein at 37°C, 5% CO2. 

Supernatants were collected 5 days later and stored at -20°C until further analysis. 

The concentrations of the cytokines IL-5, IL-13, IL-10, IL-17A and IFN-g in the 
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supernatants were measured using a Cytometric Bead Array (CBA) Flex Set assay 

(BD Biosciences) following manufacturer’s instructions. Cytokine measurements in 

serum samples were performed using the CBA Mouse Th1/Th2/Th17 Cytokine kit 

(BD Biosciences) and IL-13 CBA Flex Set assay according to BD Biosciences 

protocol. Results were obtained with BD FACSCanto II flow cytometer (Becton 

Dickinson, Franklin Lakes, NJ, USA) and analyzed with FCAP v.3.0 software 

(Becton Dickinson). IL-6, TNF-a and TGF-b concentrations were measured using 

ELISA according to manufacturer’s protocol (eBioscience). Absorbance was 

measured at 450 nm on a Benchmark plate reader (Bio-Rad, Veenendaal, The 

Netherlands). To determine the whey-induced cytokine response, cytokine 

concentrations measured in the medium-stimulated wells were subtracted from the 

cytokine concentrations measured in the whey-stimulated wells. Any negative values 

resulting from the subtraction were replaced by zero in order to reflect levels 

specifically induced by the re-exposure to the whole whey allergen.  

 

2.5. Flow cytometry 

Spleen, MLN, SI-LP or BMDC cells were resuspended in PBS-1% BSA. Non-

specific binding sites were blocked by incubating the cells for 15 min with anti-mouse 

CD16/CD32 (Mouse BD Fc Block; BD Pharmingen, San Jose, CA, USA) in PBS- 1% 

BSA-5% FBS buffer. DC and BMDC were extracellularly stained for 30 min on ice 

with CD11c-PerCp-Cy5.5, CD11b-PE, CD11b-PE-Cy7, MHC class II-PE, MHC class 

II-PE-Cy7, CD40-FITC, CD80-APC, CD86-FITC, OX40L-APC and F4/80-APC-Cy7 

(all from eBiosciences, San Diego, CA, USA). For analyzing T cell subsets in the in 

vivo study, cells were first extracellularly stained with CD4-PerCp-Cy5.5, and CD25-

AlexaFluor488 (all from eBiosciences). To exclude dead cells, fixable viability dye 
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eFluor780 (eBioscience) was used. For detecting Foxp3 transcription factor, cells 

were first fixated and permeabilized with Foxp3 Staining Buffer Set (eBioscience) 

according to manufacturer’s protocol and then incubated with Foxp3-PE-Cy7 

antibody (eBioscience). BMDC from the uptake study were only extracellularly 

stained with CD11c-FITC and fixable viability dye eFluor450 (both from 

eBioscience). Results were collected with BD FACSCanto II flow cytometer and 

analyzed with FlowLogic software (Inivai Technologies, Mentone, VIC, Australia). 

 

2.6. Statistical analysis 

All data were analyzed with GraphPad Prism 6.0 software for Macintosh (GraphPad 

Software, San Diego, CA, USA). Multiple comparison test for selected pairs was 

applied with the following comparisons: i) all treatment groups were compared to 

PBS, ii) NP was compared to Pep-NP and iii) PepMix was compared to Pep-NP. For 

data analysis, one-way ANOVA followed by Bonferroni’s multiple comparison post 

hoc test was used. When data were not normally distributed or variance between the 

groups significantly differed, an appropriate data transformation was applied before 

the one-way ANOVA analysis. When ANOVA’s assumptions were not met after 

transformation, the non-parametric Kruskal-Wallis test followed by a Dunn’s post hoc 

test was used. Data are presented as mean ± S.E.M. of 5-8 animals per group and 

immunoglobulin levels are presented in Tukey box-and-whisker plots. P<0.05 is 

considered statistically significant.  
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3. Results  

3.1. Preparation and characteristics of the PLGA nanoparticles loaded with synthetic 

BLG-derived peptides  

Both the empty and the peptide-loaded PLGA formulations were prepared by a double 

emulsion solvent evaporation technique and showed similar characteristics with sizes 

of 302±17 nm (n=9 independent batches) and 328±30 nm (n=8 independent batches) 

respectively (Table 2). Peptide 2 could not be successfully encapsulated 

(encapsulation efficiency 0-3%), resulting in the addition of peptide 2 in free form to 

the Pep-NP mixture.  

The in vitro release kinetics of the peptide-loaded NP revealed that two of the 

encapsulated peptides presented a biphasic release profile with an initial burst release 

of 55% for peptide 3 and 10% for peptide 4 (Fig. S1). After a week of low or no 

release, a phase of sustained release was observed for those peptides. Peptide 1, on the 

other hand, was rapidly released from the PLGA nanoparticles (complete burst release 

within 2 days; data not shown).  

 

3.2. BMDC efficiently internalize empty PLGA nanoparticles 

BMDC uptake studies showed that already after 2 h of incubation, the lowest amount 

of NP (0.01mg/ml) resulted in about 70% of cells being positive for the fluorescent 

label. Increasing the incubation time as well as increasing the amount of NP resulted 

in higher nanoparticle uptake (Fig. 2A). Cell viability was not compromised when 

BMDC were incubated with NP for an increasing amount of time (Fig. 2B). However, 

the highest dose of NP (0.5 mg/ml) resulted in lower percentages of live cells. After 

24 h incubation, already the lowest NP concentration (0.01 mg/ml) led to 

approximately 90% of the cells being positive for the fluorescent label demonstrating 
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that the cells efficiently internalized the PLGA NP (Fig. 2C). Importantly, a dose-

dependent increase was observed in the amount of label per cell as indicated by the 

increase in median fluorescence intensity (MFI) (Fig. 2C). Based on these data and 

literature (Elamanchili et al., 2004), in follow-up BMDC experiments the 0.2 mg/ml 

dose of NPs was used and cells were incubated for 24 h.  

 

3.3. Activation of BMDC by peptide-loaded PLGA nanoparticles  

After 24 h of incubation, surface expression of activation and co-stimulation markers 

was studied. Representative flow cytometry plots and histograms show the gating 

strategy used (Fig. 3A). Both NP and Pep-NP increased the expression of CD40 

compared to medium whereas Pep-NP led to more CD40 expression compared to 

PepMix (Fig. 3B). CD80 expression, on the other hand, tended to be lower in the Pep-

NP group compared to medium (P=0.798) (Fig. 3B). Incubation of BMDC with NP, 

PepMix and Pep-NP did not affect the expression of CD86 and OX40L (Fig. 3B). In 

contrast, LPS reference control induced the expression of all four co-stimulatory 

molecules, while the OX40L mix stimulated the expression of OX40L, CD80 and 

CD86. 

Next, either NP or Pep-NP resulted in BMDC secreting more IL-6 and TNF-a 

compared to medium (Fig. 3C). Further, comparing PepMix with Pep-NP, it is 

observed that encapsulating the BLG-peptides stimulates production of IL-6 and 

TNF-a, while preventing IL-12 secretion (Fig. 3C). IL-10 remained below detection 

limit for all groups. 

 

3.4. Oral delivery of BLG-derived peptides loaded in PLGA nanoparticles tends to 

reduce the acute allergic skin response to whole whey protein 
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After an i.d. challenge with whey, it was observed that prior exposure to the empty 

NP showed a similar result as the PBS control, while pre-exposure to the Pep-NP 

mixture containing encapsulated peptides partially prevented the acute allergic skin 

response to whole protein when compared to the empty NP (Fig. 4A). The same 

tendency was observed when Pep-NP was compared to PBS-pre-exposed allergic 

mice. Administration of PepMix alone was not effective possibly due to the low dose 

used. The effect of Pep-NP on the acute allergic skin response was associated with the 

encapsulation as the simultaneous administration of the PepMix and the PLGA matrix 

was not effective (data not shown). 

When examining the effect of the pretreatments on the sensitization to whey protein, 

we observed that PBS-pre-exposed whey-sensitized mice had significantly elevated 

whey- and BLG-specific IgE and whey-specific IgG1 levels, while IgG2a was not 

affected (Fig. 4B and C). Pre-exposure to whole whey protein, but no other 

pretreatments, prevented the increase in these immunoglobulins.  

 

3.5. No effect on co-stimulatory molecules expression on DC and regulatory T cells in 

vivo 

To investigate the effect of peptide-loaded PLGA nanoparticles on DC activation in 

vivo, we studied the expression of costimulatory molecules on CD11c
+
MHC-II

+
F4/80

-
 

DC in the MLN and SI-LP. Exposure to the various treatments prior to sensitization 

did not affect the frequency of the DC (data not shown) or the expression of CD40, 

CD80 and CD86 molecules (Fig. S2) in both the MLN and SI-LP. Further, in all 

groups hardly any OX40L expression was detected on in vivo DC (data not shown).  
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Investigating the involvement of regulatory T (Treg) cells in this CMA mouse model, 

it was observed that the frequency of CD25
+
Foxp3

+ 
Tregs in the spleen, MLN and SI-

LP remained unaffected in all groups (data not shown).  

 

3.6. Low cytokine secretion by spleen cells from Pep-NP-pretreated mice after re-

exposure to the allergen  

To determine the functional response of immune cells upon direct exposure to the 

whole whey protein, splenocytes and SI-LP cells were ex vivo re-stimulated with 

whey. Spleen cells did not differ in their frequency of CD4
+
 T cells at the start of the 

re-stimulation (Fig. 5A). After a 5-day incubation with whole whey protein, whey 

specific IL-6 secretion was increased in the NP group but this was prevented when the 

BLG-derived peptides were loaded in the NP (Fig. 5B). Pep-NP pre-exposure also 

resulted in significantly lower production of the inflammatory TNF-a (Fig. 5B), the T 

helper 1 (Th1)-polarizing IFN-γ (Fig. 5C) and the regulatory TGF-b (Fig. 5D) 

cytokines compared to the NP and/or PepMix pre-exposures, maintaining these levels 

similar to those in the PBS pre-exposed mice. Furthermore, whey-induced IL-17A 

and IL-10 secretion remained low in the Pep-NP group (Fig. 5D), while no effect of 

the different pretreatments was detected on the T helper 2 (Th2)-associated IL-5 and 

IL-13 production compared to PBS-pretreatment (Fig. 5C). In addition, cytokine 

levels in serum were measured 18h after the oral challenge with whole whey and they 

were found to follow the same pattern as in the splenocyte supernatants (Fig. S3). 

 

3.7. Exposure to Pep-NP prior to sensitization lowers the CD4
+
 T-cell frequency in 

the SI-LP and maintains whey specific TGF-b secretion 
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SI-LP cells were isolated and re-stimulated with whole whey protein to study the 

effect of the NP, PepMix and Pep-NP pretreatments on the mucosal immune response 

in the gut. Prior to re-stimulation, flow cytometric analysis revealed that Pep-NP 

pretreatment reduced the CD4
+
 T cell frequency in the SI-LP compared to PBS-

pretreatment (Fig. 6A). NP or PepMix pre-exposures increased IL-6 secretion (Fig. 

6B) compared to the PBS-pre-exposed group, but on the contrary, IL-6 remained low 

in the Pep-NP group and resembled levels in the PBS-pretreatment group. Also IL-5 

(Fig. 6C), IL-17A and IL-10 (Fig. 6D) concentrations remained low in the Pep-NP 

group and resembled those in the PBS-pretreated mice. On the other hand, whey-

specific TGF-b concentration in the SI-LP supernatant of the Pep-NP group was 

increased compared to this of the PBS-pretreated CMA controls (Fig. 6D). IL-13, 

IFN-γ, and TNF-a levels remained below detection limit in all SI-LP supernatants.  
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4. Discussion  

In the current study, the applicability of encapsulating a low dose of BLG-derived 

peptides in PLGA nanoparticles for CMA prevention was investigated.  

For the current study, three of the four BLG-derived peptides were successfully 

loaded in PLGA nanoparticles, of which peptide 3 and 4 were released in a biphasic 

manner as expected for PLGA particles (Makadia and Siegel, 2011), indicating 

successful encapsulation with a sustained release profile. Indeed oral administration 

of the mixture containing the encapsulated peptides tended to partially prevent the 

acute allergic skin reaction to the whole whey allergen while the free PepMix did not. 

This shows a proof-of-concept for the PLGA delivery system to facilitate the 

tolerogenic properties of the PepMix.  

PLGA NP were successfully taken up in vitro by BMDC. However, incubation of 

BMDC with NP and Pep-NP did not enhance the expression of conventional co-

stimulatory molecules, except for CD40. High CD40 expression during antigen 

presentation to T cells is suggested to result in effector T cell activation (Chen and 

Flies, 2013), however, in vivo cross-linking of CD40 is shown not to abrogate oral 

tolerance induction (Chung et al., 2004). Importantly, Pep-NP had no effect on the 

expression of the Th2-skewing OX40L, while, as expected, the prostaglandin E(2)-

containing cytokine cocktail which served as a positive control, did induce the 

expression of this surface molecule  (Blazquez and Berin, 2008; Krause et al., 2009). 

This suggests that uptake of the BLG peptides-loaded PLGA nanoparticles does not 

induce Th2-skewing DC.  

BMDC exposed to NP or Pep-NP produced more IL-6 and TNF-a, pointing at a more 

mature and pro-inflammatory state of the BMDC (Lutz and Schuler, 2002), although 

these levels were very low compared to the LPS control. Alike Braun et al., the 
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current study demonstrates that the expression of CD80 and CD86 costimulatory 

molecules does not necessarily associate with IL-6 and TNF-a production (Braun et 

al., 2010). Interestingly, PepMix enhanced IL-12 secretion by BMDC which may 

contribute to Th1 polarization (Berin and Shreffler, 2008), however loading the 

peptides in PLGA NP prevented this IL-12 secretion. This suggests that Pep-NP may 

induce incomplete maturation and activation of the BMDC, which might link to the 

underlying immunomodulatory mechanism (Lutz and Schuler, 2002). In addition, 

recent data revealed that GM-CFS-induced BMDC cultures comprise a heterogeneous 

population of CD11c
+
MHC-II

+
 DC and macrophages (Helft et al., 2015). Even though 

in our study we observed clear LPS-driven expression of maturation markers, which 

Helft et al. (2015) report to be more pronounced in CD11c
+
MHC-II

+ 
DC rather than 

macrophages, the measured cytokines might not be exclusively produced by DC, but 

also macrophages may have contributed.  

Even though the in vitro results revealed some cell activation by NP and Pep-NP, the 

in vivo pretreatment with Pep-NP significantly prevented the acute allergic skin 

response to the whole whey protein compared to the NP. However, this effect was not 

accompanied by reduction of the allergen-specific immunoglobulin levels. Also in 

previous reports, suppression of allergic symptoms by pretreatments using protein 

fragments, such as hydrolyates (van Esch et al., 2011) or peptides (Hoyne et al., 1997; 

Kostadinova et al., 2016; Meulenbroek et al., 2013; Pecquet et al., 2000a) was shown 

despite unaltered levels of allergen-specific immunoglobulins. In addition, the 

PepMix covers only a limited part of the BLG sequence which may be insufficient to 

prevent the generation of a broad panel of immunoglobulins directed against all 

allergenic epitopes present in whole whey protein. Therefore, in our future studies we 

will aim to expand the number of BLG-derived peptides and add peptides of other 
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major allergens in whey, such as alpha-lactalbumin, in order to cover a broader 

spectrum of epitopes. Interestingly, however, NP stimulated high whey-specific 

IgG2a levels, which by contrast to IgE in mice reflect a Th1 or regulatory T cell 

driven humoral response driving away from the allergic phenotype. This indicates 

some immune priming by NP which hereby may contribute to allergy prevention 

induced by the encapsulated BLG-derived peptides.  

In contrast with the in vitro data, the CD40 surface expression on DC in the mouse 

model was not affected. This discrepancy might be due to different times between 

exposure to Pep-NP and the DC phenotyping (24 h for in vitro and 6 weeks for in 

vivo). It further implies that in vivo mechanistic investigation at earlier stages is 

necessary to reveal the location of nanoparticles uptake as well as any effects due to 

the potential uptake of NP, PepMix or Pep-NP by DC. Interestingly, IL-6 and TNF-α 

concentrations in supernatants of re-stimulated splenocytes of NP-pretreated mice 

resembled the results from the in vitro studies, while in vivo Pep-NP exposure resulted 

in significantly less IL-6 and TNF-α compared to the NP-pretreated mice. This 

suggests a different mechanism of action of the Pep-NP when administered in vivo 

and underlies the partial silencing of the adaptive immune response for the whole 

whey protein when NP are loaded with the BLG-peptides. 

Pretreatment with Pep-NP showed a tendency to reduce the acute skin response upon 

intradermal challenge with whole whey compared to the PBS control group. Neither 

NP, nor PepMix alone showed such tendency. This suggests that the Pep-NP approach 

might have a potential to improve the preventive capacity of PepMix. Even though 

Pep-NP did not ameliorate the levels of several cytokines (IL-6, TNF-a, IFN-g, IL-5, 

IL-17A, and IL-10) as compared to the PBS group, we observed that in mice 

pretreated with Pep-NP the frequency of CD4
+
 T cells in the SI-LP was decreased 
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while TGF-b was increased upon re-stimulation with the whole whey allergen when 

compared to the PBS group. Hence, these results found locally in the SI-LP suggest 

modulation in the mucosal immunity which is associated with the effect observed on 

the acute skin response. It further suggests that the Pep-NP might have an immune 

suppressive effect compared to the PBS control group. This, in combination with 

maintaining low levels of whey-induced pro-inflammatory cytokines, suggests that 

Pep-NP might stimulate a more tolerogenic cytokine microenvironment in the small 

intestine (Fig. 7) upon whole whey exposure (Yu et al., 2016). Further improvements 

of the Pep-NP approach, such as improving the encapsulation efficiency and covering 

more epitopes from BLG, might enhance the preventive effect of Pep-NP.  

Typically, NP alone enhanced IL-6 secretion by splenocytes and SI-LP cells, which 

indicates NP to prime the mucosal immune response. However, this priming might 

facilitate the tolerogenic capacity of the BLG-derived peptides since in the Pep-NP 

group this whey-induced immune activation was silenced and this was also associated 

with low levels of most of the whey-induced cytokines in the systemic compartment 

and in the gut, and most importantly, associated with a partial suppression of the 

allergic symptoms. This again suggests that the NP create a milieu that facilitates the 

tolerogenic properties of the BLG-derived peptides. 

In conclusion, this study provides a proof-of-concept that PLGA nanoparticles are a 

promising strategy for BLG peptides delivery which also facilitates the capacity of 

those peptides to induce tolerance to the whole whey protein. Here we show that 

BLG-derived peptides encapsulated in PLGA tend to reduce the allergic skin response 

in CMA mice. PLGA NP induce local intestinal and systemic immune priming 

resulting in increased production of whey-induced cytokines. However, this was 

silenced when the NP were loaded with BLG-peptides, while regulatory TGF-b 
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production in the intestine was preserved. This adjuvant action of PLGA may possibly 

underlie the mechanism by which PLGA NP facilitate tolerance induction by the 

BLG-derived peptides. Optimizing the efficacy of the Pep-NP approach by 

broadening the specter of T cell epitope-containing peptides could contribute to 

improving the effect on the humoral and effector cell responses and hence to 

contribute to the future development of effective strategies for CMA prevention in 

early life.   
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Figure legends 

Fig 1. 

Treatment groups and a schematic overview of the animal model for CMA 

prevention; CT, cholera toxin 

 

Fig 2.  

Cellular uptake of the empty PLGA delivery vehicle. Fluorescent-labeled empty 

PLGA NP were incubated with BMDC and the uptake (A) and the viability of the 

BMDC (B) were evaluated by flow cytometry. Percentage of cells positive for the 

fluorescent dye and the amount of dye taken up per cell (presented as MFI) for the 24 

h time point are presented in (C). MFI, median fluorescent intensity 

 

Fig 3.  

Effect of empty and peptide-loaded PLGA NP on BMDC activation in vitro. 7-8 days-

old BMDC were incubated for 24 h with empty NP, PepMix or Pep-NP, followed by 

BMDC phenotyping and cytokine measurement in the supernatants. Stimulation with 

LPS or OX40L-inducing mix was included as a positive control. Representative plots 

of the gating strategy including MFI are presented in (A). The expression of CD40, 

CD80, CD86 and OX40L was determined using the MFI of the 

CD11
+
MHCII

+
CD11b

+
 BMDC population (B). Concentrations of TNF-a, IL-6 and 

IL-12 measured in the BMDC supernatants are presented in (C). Data are presented as 

mean ± S.E.M. of n=5-6, except for CD86 and OX40L where n=2-3. * P<0.05, ** 

P<0.01, *** P<0.001, **** P<0.0001 as analyzed with one-way ANOVA followed 
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by Bonferroni’s post hoc test for selected pairs (TNF-a, IL-6 and IL-12 after LOG 

transformation). Comparisons between medium and LPS or OX40L were analyzed 

with one-way ANOVA (TNF-a, IL-6 and IL-12 after LOG transformation), except 

for CD40, IL-6 and IL-12 where the non-parametric Kruskal-Wallis test, followed by 

Dunn’s post hoc test was used; FMO, fluorescence minus one control 

 

Fig 4. 

Acute allergic skin response and allergen-specific serum immunoglobulin levels. Five 

days after the last sensitization, mice were i.d. challenged with whey and the acute 

allergic skin response was measured (A). Whey-specific (B) and BLG-specific (C) 

IgE, IgG1 and IgG2a levels were measured in serum 18 h after oral challenge with 

whey. Data are presented as Tukey box-and-whisker plots for n = 7-8 per group. * 

P<0.05, ** P<0.01, *** P<0.001. **** P<0.0001; analysis with one-way ANOVA 

followed by Bonferroni’s post hoc test for selected pairs without (A), or after LOG 

transformation (B); (C) is analyzed with Kruskal-Wallis non-parametric test, followed 

by Dunn’s post hoc test for selected pairs. BLG, beta-lactoglobulin; CT, Cholera toxin  

 

Fig 5.  

Cytokine production by splenocytes. Spleen cells were isolated and the percentage of 

CD4
+
 cells was evaluated by flow cytometry (A). Spleen cells were re-stimulated with 

medium or whole whey for 5 days and inflammatory (B), Th1- and Th2-associated (C) 

or Th17- and Treg-associated cytokines were measured in the supernatants. Data are 

presented as mean ± S.E.M. for n = 7-8 per group. * P<0.05, ** P<0.01, *** P<0.001. 

**** P<0.0001; as analyzed with one-way ANOVA followed by Bonferroni’s post 
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hoc test for selected pairs (IL-10, IL-6 and TNF-a after square root transformation, 

the rest after LOG transformation); CT, Cholera toxin 

 

Fig 6. 

Cytokine production by cells in the gut. SI-LP cells were isolated and used for flow 

cytometry or re-stimulated with medium or whole whey protein for 5 days. 

Percentage CD4
+
 T cells within the live cells (A) was determined by flow cytometry. 

Concentrations of inflammatory (B), Th2-associated (C) or Th17- and Treg-associated 

(D) cytokines was measured in the re-stimulation supernatants. Data are presented as 

mean ± S.E.M. of n=6-8 per group. ** P<0.01, *** P<0.001. **** P<0.0001; as 

analyzed with one-way ANOVA followed by Bonferroni’s post hoc test for selected 

pairs (IL-6, IL-10 after square root transformation, the rest after LOG transformation); 

CT, Cholera toxin 

 

Fig 7. 

Overview of the proof-of-concept. Encapsulating the BLG-derived peptides in PLGA 

NP maintains low levels of whey-induced cytokines, while enhances whey-induced 

regulatory TGF-β. This suggests that Pep-NP stimulates a more tolerogenic cytokine 

microenvironment in the small intestine which might contribute to the tendency of 

Pep-NP to partially suppress the acute allergic response.   
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Tables 

 

Table 1 Sequences and chemical characteristics of the BLG-derived peptides  

 Sequence pI  logP 

Peptide 1 QKVAGTWYSLAMAASDIS 6.03 -11 

Peptide 2                  WYSLAMAASDISLLDAQS 3.48 -10.51 

Peptide 3                                    AASDISLLDAQSAPLRVY 4.20 -11.62 

Peptide 4                                                  LLDAQSAPLRVYVEELKP 4.40 -8.64 

pI, isoelectric point;  

 

Table 2 Characteristics of nanoparticle preparations (mean ± S.D.) 

Nanoparticles  

(NP) 

Particle Size  

(nm) 

Poly dispersity 

index  

Zeta potential 

(mV) 

Encapsulation 

efficiency (%) 

Empty NP (n=9) 302.4 ± 16.9 0.15 ± 0.04 -3.4 ± 0.6 NA 

Peptide 1-NP (n=4) 322.1 ± 21.7  0.16 ± 0.03 -3.8 ± 0.5 19.8 ± 8.4 

Peptide 3-NP (n=2) 357.2 ± 49.3  0.20 ± 0.02 -3.2 ± 0.2 29.4 ± 0.9 

Peptide 4-NP (n=2) 309.0 ± 6.7 0.16 ± 0.05 -3.5 ± 0.3 46.9 ± 0.1 

 



Group name Pre-exposure Sensitization Challenge 

Non-sensitized PBS CT in PBS Whey  

Whey Whey CT+Whey Whey 

PBS PBS CT+Whey Whey 

NP Empty nanoparticles CT+Whey Whey 

PepMix Mixture of free peptides CT+Whey Whey 

Pep-NP Mixture of encapsulated peptides CT+Whey Whey 

-7 -2 

Oral pre-exposure 

0 7 14 21 28 

Oral whey sensitization; 20 mg whey+CT  

33 

Intradermal challenge; 10 µg whey 

• Acute allergic skin response 

Oral challenge; 50 mg whey 

• Blood 18 h after i.g. 

•  Sacrifice 18 h after i.g. 

-9 Days 34 
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!"#$%%"

PLGA 

Pep-NP BLG peptides 

PLGA

Lamina propria  

!"#$%"&'

()%*%"#"$'+%,,'

-,.".+/,'

*01(231*'

'

45&6'

45&78'

Peyer’s patch 

9:;&<'

45&='

9>;&?'

Double emulsion method

BLG peptides

QKVAGTWYSLAMAASDIS       Peptide 1!

!!!!!!!!!!!!!!!!WYSLAMAASDISLLDAQS             Peptide 2!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!AASDISLLDAQSAPLRVY       Peptide 3!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!LLDAQSAPLRVYVEELKP Peptide 4!

 !

45&6'

45&78'

45&='

9>;&?' 9:;&<'



0 10 20 30 40 50
0

50

100

Time (days)

%
 R

el
ea

se
Peptide 3

Peptide 4

Figure S1 Release profile of the peptide-loaded PLGA 
nanoparticles. After encapsulation, the cumulative release 
of the encapsulated peptides was determined after 
resuspension in PBS. Amounts of released peptides were 
measured using UPLC. Result for peptide 1 is not shown 
due to complete burst release upon resuspension, while 
peptide 2 was not successfully encapsulated in PLGA 
nanoparticles.  
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Figure S2 Effect on in vivo DC activation. On day 34 mice were killed and lymphocytes from the small intestine lamina propria (SI-
LP) (A) and mesenteric lymph nodes (MLN) (B) were isolated and analyzed by flow cytometry for the surface expression of CD40, 
CD80 and CD86 costimulatory markers. Expression is determined using the median fluorescence intensity (MFI) of the 
CD11c+MHCII+F4/80- DC population. Data are presented as the Tukey box-and-whisker plots of n=7-8 mice per group; CT, Cholera 
toxin  



Figure S3 Cytokine levels in serum 18 h after the oral challenge with whole 
whey. IL-2 (A), IL-4 (B), IL-17A (C), and IL-6 (D) cytokines were measured 
using BD CBA kit and Flex Set assay. IL-13, IL-10, IL-5, IFN-γ, and TNF-α 
were not detected in serum.   Data are presented as mean ± S.E.M. for n = 7-8 
per group. CT, Cholera toxin 
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Supplementary information

PLGA nanoparticles preparation

Empty nanoparticles and nanoparticles loaded with single peptides were prepared

using the double-emulsion method as previously described [43, 44]. Briefly, single

peptides were suspended in an aqueous phase containing 95% milli-Q, 5% acetonitrile

(ACN; Biosolve, Valkenswaard, The Netherlands) and 0.1% trifluoroacetic acid

(TFA; Sigma-Aldrich, Steinheim, Germany). The suspended peptides (2 ml) were

added to 20 ml dichloromethane (DCM) (Bisolve) solution containing 5% w/v

uncapped PLGA (lactide/glycolide molar ratio 50:50, IV = 0.4dl/g) (Corbion,

Amsterdam, The Netherlands) and the mixture was sonicated for 1 min in a Sonifier

S-450A (Branson Ultrasonics B.V., Soest, the Netherlands) to obtain a water-in-oil

emulsion. This emulsion in turn was added dropwise to a vortexing secondary water

phase containing 3% polyvinyl alcohol (Sigma-Aldrich) and 0.9% NaCl and stirred

and sonicated for 1 min to form a water-in-oil-in-water emulsion that was

subsequently stirred for 3 h at room temperature to evaporate DCM (for nanoparticles

loaded with peptide 3 or 4). On the other hand, the DCM in the emulsions of the

empty nanoparticles and nanoparticles loaded with peptide 1 was evaporated directly

under vacuum conditions at room temperature. The resulting suspensions were then

centrifuged at 21,000×g for 45 min at 4°C and the obtained pellets were washed

twice, resuspended in milli-Q water and lyophilized overnight in a Christ Alpha 1-2

freeze-dryer. The freeze-dried nanoparticles were stored at 4°C until use.

Fluorescent-labeled nanoparticles were prepared in the same manner as described

above with the addition of 0.006% w/v fluorescent DiD (ThermoFisher, Waltham,



MA, USA) to the organic phase, resulting in encapsulation of the fluorescent dye.

Excess DiD was washed away after evaporation of the organic phase.

Characterization of the PLGA nanoparticles

The size, poly dispersity index (PDI), and zeta potential of the PLGA particles were

measured. For the purpose, freeze-dried nanoparticles were dissolved in 1 ml 5 mM

HEPES pH 7.4 and analyzed by dynamic light scattering (DLS) using a CGS-3

compact goniometer system (ALV, Langen, Germany) and by Zetasizer Nano-Z

(Malvern Instruments, Malvern, UK) respectively. To determine the amount of

peptide encapsulated in the nanoparticles, freeze-dried peptide-loaded NP were

dissolved in DCM and sonicated for 30 min, after which milli-Q water was added

until approx. 10 mg/ml of peptide-loaded NP in milli-Q was reached. Next, mixtures

were heated to 41C under intense stirring to allow the evaporation of the DCM. The

remaining mixture of solid polymer and dissolved peptide was filtered through 0.2

m filter and peptide concentration in the filtrate was determined using Acquity ultra

performance liquid chromatography (UPLC) system and BEH300 C18 1.7 μm

column (both from Waters Corporation, Milford, MA, USA). The procedure consisted

of increasing the eluent gradient from ACN/milli-Q (5/95%) + 0.1% TFA to

ACN/milli-Q (40/60%) + 0.1% TFA in 6 min, followed by 1 min at ACN/milli-Q

(100/0%) + 0.1% TFA and finalized with 2 min at ACN/milli-Q (20/80%) + 0.1%

TFA. Peptides were detected by measuring UV absorbance at 210 and 280 nm. For

UPLC calibration, solutions of free peptides were used.

To study the release kinetics of the Pep-NP, 10 mg of the freeze-dried peptide-loaded

nanoparticles were suspended in 1 ml PBS (pH 7.4; B. Braun, Melsungen, Germany)

containing 0.06% w/v sodium azide and incubated at 37C. At different time points,



samples were centrifuged at 22,000×g at 4C for 30 min and 500 l supernatant was

removed for UPLC analysis (as described above). Next, 500 l of the same buffer was

added to the samples, pellets were resuspended and samples were incubated again at

37C. The percentage of released peptide was calculated as the total amount of

peptides detected in the supernatant relative to the loaded amount of peptide present

in the suspended nanoparticles.
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