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The lipocalin beta-lactoglobulin (BLG) is a major protein compound in cow’s milk, and we
detected it in cattle stable dust. BLG may be a novel player in the farm protective effect
against atopic sensitization and hayfever. In previous studies, we demonstrated that only
the ligand-filled holo-form of BLG prevented sensitization to itself. Here, we investigated
whether holo-BLG could, in an innate manner, also protect against allergic sensitization to
unrelated birch pollen allergens using a murine model. BALB/c mice were nasally
pretreated four times in biweekly intervals with holo-BLG containing quercetin—iron
complexes as ligands, with empty apo-BLG, or were sham-treated. Subsequently,
mice were intraperitoneally sensitized two times with apo-BLG or with the unrelated
birch pollen allergen apo-Bet v 1, adjuvanted with aluminum hydroxide. After subsequent
systemic challenge with BLG or Bet v 1, body temperature drop was monitored by
anaphylaxis imaging. Specific antibodies in serum and cytokines of BLG- and Bet v 1-
stimulated splenocytes were analyzed by ELISA. Additionally, human peripheral blood
mononuclear cells of pollen allergic subjects were stimulated with apo- versus holo-BLG
before assessment by FACS. Prophylactic treatment with the holo-BLG resulted in
protection against allergic sensitization and clinical reactivity also to Bet v 1 in an
unspecific manner. Pretreatment with holo-BLG resulted in significantly lower BLG-as
well as Bet v 1-specific antibodies and impaired antigen-presentation with significantly
lower numbers of CD11c+MHCII+ cells expressing CD86. Pretreatment with holo-BLG
also reduced the release of Th2-associated cytokines from Splenocytes in BLG-sensitized
mice. Similarly, in vitro stimulation of PBMCs from birch pollen allergic subjects with holo-
BLG resulted in a relative decrease of CD3+CD4+ and CD4+CRTh2 cells, but not of
CD4+CD25+CD127- Treg cells, compared to apo-BLG stimulation. In conclusion,
prophylactic treatment with holo-BLG protected against allergy in an antigen-specific
and -unspecific manner by decreasing antigen presentation, specific antibody production
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and abrogating a Th2-response. Holo-BLG therefore promotes immune resilience against
pollen allergens in an innate manner and may thereby contribute to the farm protective
effect against atopic sensitization.

Keywords: allergy, beta-lactoglobulin, holo-BLG, ligands, tolerance, cross-protection, immune resilience,

protective farm effect

INTRODUCTION

Cow’s milk allergy (CMA) is associated with a low quality of life
in children and their families, as milk and milk products are
considered essential food in early lifetime. As milk avoidance can
be difficult (1), different preventive strategies to reduce the
allergenicity of major allergens in cow’s milk have been
conducted all over the world (2-9).

The phenomenon of CMA is in striking contrast to studies
showing that consumption of unprocessed cow’s milk is considered
to represent an important factor associated with the protective effect of
cattle farms against atopic sensitization, asthma, and hayfever (10-13).

Milk processing, especially pasteurization, can affect the
physiologic structure of several milk proteins, thereby increasing
their allergenic potential (12, 14, 15). Heating milk above 65°C
structurally alters the thermolabile milk proteins, in particular the
whey fraction, and causes aggregates (16). This leads to an increase
in the antigenicity of the whey protein beta-lactoglobulin (BLG)
(16) and the appearance of several new epitopes on BLG (17)
during protein unfolding (18). Several other milk constituents may
be affected by processing, too. For example, during the defatting
process involving centrifugation and homogenization, the milk
lipid fraction, e.g. @-3 polyunsaturated fatty acids, which is
considered to be a precursor of anti-inflammatory mediators
(19), is diminished.

BLG belongs to the lipocalin protein family (20, 21), which is capable
of carrying molecules such as retinoids (22), fatty acids, hormones,
vitamins, and iron-chelating agents (20, 23, 24) in their large, calyx-like
pocket (25). In our previous studies, we showed that the holo-BLG loaded
with the flavonoid quercetin-iron complex is not allergenic (22). Holo-
BLG rather created a tolerogenic environment through promotion of
regulatory cells (23) by delivering ligands, thereby activating the anti-
inflammatory aryl hydrocarbon receptor (AHR) pathway and down-
tuning the antigen presentation skills of antigen presenting cells. BLG is
not only present in milk, but is also secreted in the cattles’ urine. Its
presence can be detected in air samples and in dust samples in and
around cattle stables (26) and (Pali-Scholl et al, manuscript in review).

Here, we went a step further, showing in vivo that the spiked
holo-BLG is not an allergen, but protects against the onset of
allergies in an antigen-specific as well as antigen-non-specific
manner, similar to the observed allergy-protective farm effect.

MATERIALS AND METHODS
Preparation of Apo-BLG

Commercially available bovine beta-lactoglobulin (=90% pure,
Sigma Aldrich, Steinheim, Germany) was dialyzed four times

against 10 uM deferoxamine mesylate (DFO) by using snakeskin
dialysis tube (ThermoScientific, MWCO 3.5 K), followed by four
times dialyzation against deionized water.

Generation of Holo-BLG

The holo-form of BLG was generated by incubating apo-BLG
with flavonoid quercetin-iron complexes (FeQ2) in a molar ratio
BLG:quercetin:iron of 1:2:1 as previously described (23).

Animals

5-7 weeks old female BALB/c mice were purchased from Charles
River (Sulzfeld, Germany), maintained on milk-free chow and
treated under conventional housing conditions according to the
European Community rules of animal care. All experiments were
approved by the Animal Experimentation Ethics Committee of
the University of Vienna and the Ministry of Education, Science
and Culture (BMWEF-66.009/0133-WF/V/3b/2016).

Experimental Design: Intranasal
Prophylaxis and Protection Against the
Same Allergen (BLG)

Sample sizes for the mouse experiments were based on the
literature. No randomization was performed and protocols
were designed as follows:

Prophylaxis: Mice (n = 11 per group) were intranasally (i.n.)
pretreated with 10 ul per mouse (5 pl per nostril) containing apo-
BLG (10 pg of apo-BLG (0.5 nM) plus 0.3 mg of deferoxamine
(0.5 nM) to prevent loading of BLG during nasal application) or
holo-BLG, corresponding to BLG loaded with the flavonoid
quercetin-iron complex (10 ug BLG plus 338 ng quercetin and
28 ng iron) four times on two consecutive days at 14 days interval
or sham-pretreated with distilled water (n = 10).

Sensitization: For systemic sensitization, BLG (5 pg/mouse)
adjuvanted with 50 pl aluminum hydroxide (alum, Serva,
Heidelberg, Germany), was intraperitoneally (i.p.) injected two
times in a 10-day interval. Two weeks after the last sensitization, all
mice were intraperitoneally (i.p.) challenged with apo-BLG (50 g/50
ul 0.9% NaCl/mouse) to induce an acute allergic response before they
were sacrificed by gradual introduction of CO,. Pooled results from
two independent experiments were compared. A schematic overview
of the experimental design is depicted in Figure 1A.

Experimental Design: Intranasal
Prophylaxis and Protection Against
Allergen Bet v 1

The experimental design of the second experiment is comparable
to the one described above (Figure 1B). Shortly, a new/another
set of mice were in. pretreated four times on two consecutive
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FIGURE 1 | Schematic overview of the in vivo protocols. (A) Intranasal prophylactic treatment of mice to protect against sensitization to the same allergen (BLG).
Mice were intranasally treated four times in biweekly intervals with either apo-BLG (n = 11), holo-BLG (n = 11), or water (as a control, n = 10). This was followed by

activity was monitored before euthanasia.

two i.p.-sensitization steps with with BLG (5 ng/mouse) adjuvanted with 50 ul aluminum hydroxide within ten days. Thereafter, mice were i.p. challenged with apo-
BLG (50 pg/mouse) and allergic response was monitored before euthanasia. (B) Intranasal prophylactic treatment of mice to protect against sensitization to an
unrelated, non-milk allergen (Bet v 1). Mice were pre-treated as in protocol A, but were subsequently immunized twice i.p. with Bet v 1 (5 ug Bet v 1/mouse
adjuvanted with 50 ul aluminum hydroxide). Thereafter, they were challenged with Bet v 1 (50 ug Bet v 1/mouse i.p.), and body temperature as well as physical

days at 14 days interval with distilled water as sham-treatment,
apo-BLG (20 pug) or holo-BLG (20 ug BLG plus 676 ng quercetin
and 56 ng iron). Each group consisted of 11 mice except for the
sham-treated group, consisting of 10 mice. Two weeks after the
last treatment, mice were i.p. sensitized with Bet v 1 (5 ug/
mouse) adjuvanted with 50 pl aluminum hydroxide two times at
14-day intervals. Two weeks later, all mice were i.p. challenged
with Bet v 1 (50 pg/50 pl 0.9% NaCl/mouse) to assess the
occurrence of allergen-induced acute anaphylactic reaction.
Results of two independently performed experiments
were combined.

In Vivo Evaluation of the Allergic Reaction:
Anaphylaxis Read-Outs

Two weeks after the last sensitization, all mice were i.p.
challenged with the allergen BLG or Bet v 1 (50 Lg allergen/50
1l 0.9% NaCl). Over a period of 20 min, the anaphylactic shock-
induced drop in body temperature and horizontal movement
impairment were measured using a non-invasive heat imaging
system (Biomedical Int. R+D, Vienna) (27). The severity of
symptoms after the challenge was evaluated according to the
scoring system previously described (16): 0 = no symptoms; 1 =

scratching and rubbing around the nose and head; 2 = puffiness
around the eyes and mouth, diarrhea, pilar erection, reduced
activity and/or decreased activity with increased respiratory rate;
3 = wheezing, labored respiration and cyanosis around the
mouth and the tail; 4 = No activity upon stimuli, tremor or
convulsion; 5 = death. All assessments were performed in a
blinded fashion.

Antigen-Specific Antibodies

BLG and Bet v 1 specific IgG1, IgA, IgG2a, and IgE levels were
measured by ELISA. Microtiter plates (Maxisorp, Nunc, Roskilde,
Denmark) were coated (100 pl/well) with either BLG (10 pug/ml) or
Bet v 1 (5 ug/ml) in carbonate coating buffer (pH 9.6) and
incubated overnight at 4°C. Serum was added diluted 1:100 for
IgGl, IgA, 1gG2a, and 1:15 for IgE (100 pl/well) after washing and
blocking with 1% BSA in PBS (RT/1 h) and incubated overnight at
4°C. Also, serial dilutions of mouse IgG1 (Southern Biotech, clone
15H6), IgG2a (Southern Biotech, clone HOPC-1), IgE (BD
Biosciences, Clone IgE-3), and IgA (Southern Biotech, S107)
standards were used and were directly coated. Monoclonal rat
anti-mouse antibodies (eBiosciences), IgG1 (clone A85-1), IgG2a
(clone R19-15), IgG2b (clone R12-3), IgA (clone c10-1), or IgE
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(clone R35-72) were applied, followed by incubation with
polyclonal peroxidase-labeled goat anti-rat IgG antibodies (GE
Healthcare). Tetramethylbenzidine (eBiosciences) was used as
substrate and 1.8 M sulfuric acid was used as stop solution
followed by optical density measurement at 450 nm.

In Vitro Stimulation

After sacrifice, the spleens were harvested. Cell suspensions of
individual spleens were prepared immediately by grinding and
filtering through 40 pm nylon meshes (BD Biosciences,
Schwechat, Austria) under sterile conditions. After erythrocytes
lysis and washing, cells were counted and plated (4 x 10° cells/
well) in sterile round-bottom 48-well tissue culture plates
(ThermoScientific) in RPMI medium. Splenocytes were
stimulated with apo-BLG (5 and 25 pg/ml), Bet v 1 (25 pg/
ml), and positive control concanavalin A (Con A) (2.5 pg/ml) or
left unstimulated for 96 h at 37°C and 5% CO,. The supernatants
were harvested and stored at —20°C until further use for
cytokine measurement.

Cytokines Detection

Cytokine concentrations in the undiluted supernatants of
stimulated splenocytes were analyzed using an ELISA specific
for murine IL-5, IL-10, IL-13, and IFN-y (eBiosciences),
according to the manufacturer’s instructions.

Flow Cytometric Assessment of
Co-Stimulatory Molecules on DCs

Single-cell suspensions of splenocytes (0.5 million cells) were
incubated for 30 min under dim condition with anti-CD11c PE
(eBioscience, clone N418), anti-MHC Class II I-Ad APC (clone
AMS-32.1) and anti-CD86 FITC (clone GL1) in staining buffer
(eBioscience). Afterwards, cells were washed two times with
Hepes-buffer (20 mM Hepes, 150 mM NaCl, pH 7.2). Doublets
were excluded, before gating on the living cells and using calcein-
AM (Thermo-Fisher), as a living marker. Afterwards, cells were
gated on CD11c+ in the living population, before gating on MHC
Class II I-Ad+ CD86+ cells. Fluorescence Minus One (FMO)
controls were used to identify gating boundaries. Acquisition
and analysis were performed on a FACS Canto II flow cytometer
(BD Bioscience, San Jose, CA, USA) using the FACSDiva
Software 6.0.

Isolation and Stimulation of Human
PBMCs From Pollen Allergic Donors

The study was approved by the institutional ethics committee of
the Medical University of Vienna and conducted in accordance
with the Helsinki Declaration of 1975. Fourteen birch and/or
grass pollen allergic volunteers donated 15 ml blood. All subjects
gave their full written informed consent.

Heparin-treated blood was mixed with equal volumes of 0.9%
sodium chloride solution before applying to 10 ml Ficoll-Paque
(GE Healthcare) and centrifuged at 400 g for 30 min without
brake as already described. After density gradient separation, the
lymphocyte fraction was isolated and washed twice with 0.9%
sodium chloride solution before being diluted to a concentration

of 1 x 10° cells/ml in DMEM medium containing neither phenol
red nor fetal calf serum. Isolated PBMCs (0.5 Mio/ml) were
incubated with apo-BLG (5 uM) and holo-BLG (5 uM BLG plus
10 UM quercetin and 5 UM iron) for 18 h.

Subsequently, cells were stained with combinations of Calcein
Violet 450 AM (Thermo-Fisher) as a living marker, CD3-APC-
Cy7 (Biolegend, clone SK7), CD4-PE-Cy7 (Biolegend, clone
SK3), CD25-APC (biolegend, clone BC96), CD127-PE
(Biolegend, clone A019D5) and CRTH2-FITC (Biolegend,
clone BM16) and combinations of Calcein Violet 450 AM
(Thermo-Fisher), CD14-APC (Biolegend, clone M5EZ),
HLADR-PE (Biolegend, San Diego, Calif, clone L243PC), and
CD86-PE-CY7 (Biolegend,clone IT2.2) for flow cytometric
analysis. Doublets were excluded before gating the living
lymphocytic population for CD3+ cells, and on the living
monocytic population for CD14+ gating on the FSC/SSC plot.
Samples were acquired by FACS Canto II machine (BD
Bioscience, San Jose, CA, USA). Recorded events were
analyzed with the Flow]Jo software version 10.3.

Supernatants of stimulated PBMCs were investigated for
cytokines IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, TNF-o; and IFN-
¥ by multiplex system in FACS (LEGENDplex'  Human Th1/
Th2 Panel 8-plex, Biolegend).

Statistical Analyses

Mouse groups and cellular studies were compared by performing
ANOVA following the Tukey multiple comparisons test.
Anaphylactic shock symptom score was analyzed with Kruskal-
Wallis non-parametric test with Dunn’s multiple correction. To
compare the effects of different treatments on primary cells, we
applied repeated measures one-way ANOVA following the Tukey
multiple comparisons test. All tests were two sided, and the results
were considered significant when P was less than 0.05.

RESULTS

Intranasal Application of Holo-BLG
Decreases Sensitization Levels in Mice

We first investigated whether the loading condition of BLG is
decisive for protection against BLG sensitization. Therefore, mice
were intranasally treated four times at biweekly intervals with the
ligand-filled holo-BLG, with empty apo-BLG, or sham-treated
with water, then i.p. sensitized and challenged with BLG (scheme
of treatment in Figure 1). As depicted in Figures 2A, B, treating
mice with holo-BLG prior to BLG-sensitization decreased the
sensitization level and therefore protected against clinical
reactivity upon BLG challenge and significantly prevented the
anaphylactic temperature drop when compared to the group
pretreated with apo-BLG. This was also reflected by the
significantly lower mean symptom score of one in the holo-
BLG group compared to apo-BLG exposed group with a mean
score of three (Figure 2C). Also, horizontal movements of
individual mice monitored upon the specific allergen challenge
showed that the physical capacity was better—though not
reaching statistical significance—in mice exposed to holo-BLG
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FIGURE 2 | Holo-BLG pre-treatment protected against acute allergic symptoms to BLG. Pretreated mice were sensitized to BLG and thereafter challenged with
BLG i.p., and allergic response was monitored. (A) Body temperature drop 20 min after i.p. challenge (ANOVA followed by Tukey’s multiple comparison test).

(B) Representative examples of temperature drop during 20 min. observation period, x-axis represents number of frames (1 frame/s). (C) Anaphylactic shock
symptom score (Kruskal-Wallis test). (D) Representative images of horizontal movements (lines) recorded by the imaging cage after systemic challenge with BLG in
the differently treated groups. Pooled results from two independents experiments are shown. Panels in (A, C) show medians represented by a box whisker plot;

compared to the group pretreated with apo-BLG in which the
reduced horizontal physical activity reflected their anaphylactic
reactions (Figure 2D).

Holo-BLG Protects Against Sensitization
to Itself With Strong Suppression of Th2
Cytokines

We assessed which BLG-specific immunoglobulins were induced
in the mice to understand the differences in the differently treated
groups. Mice exposed to holo-BLG prior BLG-sensitization
showed significantly lower levels of BLG-specific IgE, IgGl,
IgA and IgG2a antibodies than the other groups despite the

sensitization regimen applied (two i.p.-shots with BLG in
combination with Alum as adjuvant) (Figure 3A).

In analogy to the humoral responses observed in the holo-BLG
pretreated group, the BLG-stimulated splenocytes secreted
significantly less IL-5, IL-13, but also IL-10 cytokines compared to
apo-BLG (Figure 3B) due to targeted delivery of ligands to immune
cells, synergizing in immune resilience (23). The Th2-associated
cytokines, IL-5 and IL-13, were significantly lower in the holo-BLG
groups, whereas IFN-y levels were comparable between the apo-
and holo-group. Hence, the Th2/Thl-ratio (IL-13/IFN-y) was
significantly higher in the apo-BLG group, emphasizing that the
empty form of BLG evoked a strong Th2-response (Figure 3B).
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Impaired Antigen Presentation by Holo-
BLG Pretreatment

Antigen-presenting cells are one of the first cells that encounter
and process antigens and hence are critical for activating or
suppressing the immune system. Consequently, we analyzed the
co-stimulatory molecules on splenic dendritic cells (DCs) of each
individual mouse. As depicted in Figure 4, the relative number
of CD11+ dendritic cells expressing MHC Class II I-Ad+ and
CD86+ was significantly reduced in mice pretreated with holo-
BLG despite the strong subsequent sensitization scheme. Hence,

FIGURE 3 | Holo-BLG pretreatment reduced antibody- and cytokine response in BLG-sensitized mice. (A) BLG-specific antibody-serum levels of mice treated with apo-
BLG, holo-BLG, or water prior to BLG-sensitization and challenge with apo-BLG. (B) Concentrations of IL-5, IL-13, IL-10, IFN-yand the ratio of IL-13/IFN-yin
supernatants of splenocytes stimulated with BLG for 4 days (37°C, 5% CO,). Pooled results from two independents experiments are shown. Groups were compared by
ANOVA following Tukey’s multiple comparisons test. The panels show medians represented by a box whisker plot; *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001;

holo-BLG pretreatment may impair the antigen presentation
capacity of the dendritic cell population causing immune
resilience (23) and may participate in tolerance induction, as
antigen presentation in the absence of co-stimulatory molecules
leads to anergy.

Holo-BLG Cross-Protects Against
Anaphylactic Reaction to Bet v 1

As holo-BLG seemed to promote tolerogenic dendritic cells, we
investigated whether this protective effect extends to the
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protection against other allergens. In a similar protocol as
mentioned before, mice were either sham-treated with water,
apo- or holo-BLG before sensitizing them twice, this time with
the major birch pollen allergen Bet v 1 adjuvanted with Alum
(Figure 1B). Indeed, as demonstrated in Figures 5A, B, initial
mucosal exposure of mice to holo-BLG protected against clinical
reactivity, preventing a body temperature drop (as a sign of
anaphylaxis) compared to mice pretreated with apo-BLG or
water alone before Bet v 1-sensitzation and challenge. This was
also reflected in a significantly lower anaphylactic symptom score
(Supplementary Figure 1) and protection from impaired
physical activity (Figure 5C), compared to mice that had
received apo-BLG or water prior to Bet v 1-sensitization.

Holo-BLG Prevents Cross-Sensitization to
Unrelated Allergen Bet v 1

The prevention of allergic reactions upon pretreatment with
holo-BLG before Bet v 1 sensitization was accompanied by
reduced levels of Bet v 1-specific IgG1 and IgE, besides a trend
towards lower Bet v 1-specific IgA, and 1gG2a levels (Figure 6A).
Hence, the reduced immune response to holo-BLG resulted in
protection against allergic sensitization also to non-related
antigens such as Bet v 1. However, we were not able to detect
differences in the 96 h cytokine-secretion pattern in Bet v 1-
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FIGURE 4 | Impaired antigen presentation by holo-BLG pre-treatment in mice. (A) Splenocytes of the differently treated groups were analyzed for relative number of
CD11c+ DCs expressing MHCII+CD86. (B) The mean fluorescence intensity (MFI) was measured for the co-stimulatory markers MHCII+CD86+ on CD11c+ DCs.
Pooled results from two independent experiments are shown. Groups were compared by ANOVA after testing for normal distribution, followed by Tukey’s multiple
comparisons test. The panels show medians and interquartile ranges represented by box whisker plots; *P < 0.05; P < 0.01; ***P < 0.001; ns, non-significant.

stimulated splenocytes in the differently treated groups (Figure
6B). As in these late time points cytokines derive mostly from T-
cells, the data suggest that prevention of allergy-development
takes place rather during antigen presentation by impaired cross-
presentation than on a T cellular level.

Holo-BLG Hinders Antigen Presentation
and Down-Regulates the Number of
CD3+CD4+ Th2 Cells

We investigated the impact of apo-BLG and holo-BLG on
surface marker expression of PBMCs from pollen allergic
individuals in vitro after 18 h incubation. As depicted in
Figure 7A, holo-BLG reduced the relative numbers of CD14+
monocytes/macrophages. Consequently, the relative numbers of
CD14+ cells, expressing the co-stimulatory molecules, HLADR+
and CD86+, were significantly decreased. Holo-BLG reduced
CD14+ expression, which is in line with the already described
impact on DCs in an in vivo murine model in previous studies
(23) and link holo-BLG exposure to an overall reduced antigen
presentation capacity.

We further analyzed in greater detail the impact of holo-BLG
on the T-cell compartment. As previously published, holo-BLG
reduced the relative numbers of T helper cells (CD3+CD4+,
Figure 7B). Within this compartment, holo-BLG suppressed the
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FIGURE 5 | Holo-BLG treatment protected against acute allergic symptoms in an antigen-unspecific manner. Pretreated mice were sensitized to Betv1, thereafter
challenged with Bet v 1, and the allergic response was monitored. (A) Body temperature drop determined 20 min after i.p. challenge (ANOVA followed by Tukey’s
multiple comparison test). (B) Representative examples of temperature drop during the 20 min. observation period. (C) Representative images of horizontal
movements (lines) recorded by the imaging cage after systemic challenge with Bet v 1 in the different treated groups, x-axis represents number of frames (1 frame/s).
Combined results from two independents experimental rounds are shown. Medians with interquartile ranges are represented in box whisker plots; *P < 0.05;

apo-BLG induced upregulation of CRTH2 on Th2-cells (Figure
7C). In contrast, the relative numbers of regulatory T-cells
(CD3+CD4+CD25+CD127-) remained stable and were
comparable to PBMCs stimulated with apo-BLG (Figure 7D).

Upon assessment of cytokine levels in supernatants of
PBMC s, stimulation with holo-BLG showed only a trend
towards lower levels of IL-4 and IL-13 (Supplementary Figure
2), which might reflect that all donors were allergic, and the
cytokine pattern of their PBMCs could not be influenced any
further in the ex vivo treatment.

DISCUSSION

Exposure to cattle stables and barns, as a consequence of growing
up on a farm, have been reported to protect against allergy in
humans (28-30). In addition, several studies have shown that
consumption of raw, unprocessed, cow’s milk is one of the
distinctive farm factors being inversely associated with allergy
and asthma (10, 13, 19). The allergy-protective effect of raw cow’s

milk is related to the heat-sensitive native whey proteins (10, 15,
31), which are known to have immunomodulatory function (25,
31, 32). However, also other factors in milk, such as microbial
components, fatty acids, TGF-beta, IL-10, IgG, microRNA and
oligosaccharides have been discussed to contribute to the
protective farm effect (33).

In our previous studies, we showed that proper loading of the
lipocalin BLG, the major whey compound of milk, with iron-
flavonoid complexes can modulate immune-reactivity and induce
immune resilience. Its iron-chelating ligands were found to
strongly activate the aryl hydrocarbon receptor (AHR) (23),
which is expressed by different immune cells (34-36) and
considered anti-inflammatory (37). Ligands such as retinoic acid
(22, 24) or iron-flavonoid complexes (23) in the calyx of BLG can
mask major T-cell linear epitopes, suggesting an increased stability
towards endolysosomal enzymes such as cathepsin S and
hampering antigen processing (22). The natural innate function
of holo-BLG delivering complexed iron particularly to antigen-
presenting cells provides an anti-inflammatory signal and further
dampens antigen presentation (38, 39).
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FIGURE 6 | Holo-BLG pretreatment reduced antibody production, but not cytokine response in mice sensitized to Bet v1. (A) Bet v 1-specific antibody-levels were
measured in serum of mice sensitized and challenged with Bet v 1 after being prophylactically treated intranasally with apo-BLG, holo-BLG, or water. (B) IL-5, IL-13,
and IFN-y concentrations were measured in supernatant after ex vivo stimulation of splenocytes with Bet v 1 for 4 days (37°C, 5% CO,). Pooled results from two

independents experiments are shown. Groups were compared by ANOVA following Tukey’s multiple comparisons test. The panels show medians represented by a

box whisker plot; “P < 0.05; ns, non-significant.

Indeed, all tested components are present in milk. BLG
content in milk ranges from 2 to 5 g/I (corresponding to 100 to
500 uM BLG) (40); the polyphenol content in milk depends on
the forage composition and ranges from 3.7 to 35.8 g per liter
milk. Quercetin concentration has been measured in milk to
be up to 0.68 g/l (this would correspond to up to 2 mM
quercetin) (41). Iron concentrations range from 57 pg to 1,500
ng/l (42) (corresponding to roughly 1 to 26 uM Fe).
Polyphenolic compounds are highly available in feed plants
and constitute part of regular cow diet (41) and polyphenols,
e.g. quercetin in milk increases after feeding polyphenol-rich
diets to lactating animals (43). There are numerous reports
showing the iron-binding abilities of BLG (44-47) as the
major component in whey (48), leading to improved iron
absorption (49-52). On the other hand, milk processing such
as pasteurization has been shown to cause aggregation of whey
proteins (16), as well as a decrease in copper and iron content

in milk. Therefore, there are numerous indirect evidences that
at least BLG from milk is indeed loaded with various ligands
and that processing can affect its ligand- and iron-
binding properties.

These data explain why raw, unprocessed cow’s milk is
protective, despite the presence of BLG, which otherwise is
best known as the major milk allergen Bos d 5. Our data
propose that loading of BLG with ligands possessing anti-
inflammatory properties, such as in unprocessed raw milk,
maintains it tolerogenic. The likelihood of losing these ligands
is particularly increased during industrial milk processing.
Additionally, animal welfare may play a role as stressful
situations, infections, and supply of forage may influence the
ligand loading process.

In the present in vivo study, we demonstrate that prophylactic
treatment with holo-BLG protects not only against the onset of
allergy to this milk protein itself, but the protective impact of
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holo-BLG is extended to another independent allergen, Bet v 1,
in an antigen-unspecific manner. In previous experiments, we
could show that iron-quercetin complexes per se did not induce
a temperature drop or had any impact on serum antibodies and
splenocyte cytokine release. Therefore, FeQ2 was no longer
included as control group here. Therefore, we cannot fully
exclude that FeQ2 could have an allergy preventive effect in
the present experimental setup. Holo-BLG prophylaxis targeted
antigen presenting cells such as dendritic cells. Levels of the co-
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FIGURE 7 | Holo-BLG hinders antigen presentation and decreases the relative number of Th2 cells. PBMCs from 14 pollen allergic donors were stimulated with
apo-BLG or holo-BLG and incubated overnight in iron-free media before flow cytometric analysis. (A) CD14 positive cells were gated and further analyzed for their
HLADR+CD86+ expression. The percentage of different cell subsets was determined in PBMCs after antigen stimulation: (B) CD3+CD4+ cells, (C) CD4+CRTH2+
cells, (D) CD4+CD25+CD127-cells. Data from four independently performed experiments with a total of 14 subjects are shown. Groups were compared by repeated
measures one-way ANOVA following the Tukey multiple comparisons test. *P <.05; **P <.01; ns, non-significant.

stimulatory molecules CD86 were suppressed on dendritic cells
(DCs), blocking the co-stimulatory T-cell activation signals and
inducing immune tolerance. Several studies showed that CD86
level is upregulated in patients with asthma and allergic diseases
(53-55) and is closely associated with Th2 reactions and airway
inflammation (56). Importantly, decreasing the expression of the
co-stimulatory molecules CD80 and CD86 in DCs has been
reported as a potential target for the treatment of allergic diseases
(57, 58).
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Also, specific antibody production was prevented by
prophylactic exposure to holo-BLG in vivo. Binding of FeQ2
complex within the calyx of BLG may render BLG more stable
towards cathepsin S degradation during antigen processing,
resulting in a hampered T-cell-stimulation in an antigen-
specific manner (23). Additionally, holo-BLG might have a
direct impact on B-cells as antigen presenting cells itself may
affect antibody production. Similar to our previous findings, in
our mouse model, holo-BLG prevented allergy development,
inhibited antigen-specific antibody generation and abrogated
Th2 differentiation and Th2 cytokine release to the same
allergen. Holo-BLG also prevented allergy development,
inhibited antigen-specific antibody generation to the unrelated
pollen allergen Bet v 1. This points towards non-antigen specific
protection, presumably via tolerogenic aryl hydrocarbon
receptor pathways and blocking of mast cell degranulation via
iron transport into mast cells (23).

In line with the in vivo data, in vitro stimulation of human
PBMC:s of allergic patients with holo-, but not apo-BLG, lowered
the relative numbers of CD14+ monocytes/macrophages,
important contributors to the pathogenesis of allergic asthma
(59, 60). Consequently, this population revealed less CD86
surface expression, demonstrating an immunosuppressive effect
with impaired antigen presentation. Additionally, holo-BLG was
able to reduce the relative numbers of CD3+CD4+ T-cells
compared to cells stimulated with apo-BLG, and a significant
increase of CRTH2 expression was inhibited on CD3+CD4+ T-
cells. CRTH2 induces Th2 cells to release type 2 cytokines and is
involved in recruiting and activating eosinophils and basophils,
which further contribute to amplification of type 2 inflammation
(61-64), whereas blocking of CRTH2 by antagonists suppresses
allergic inflammation (65, 66). Furthermore, we show that spiked
holo-BLG repressed CRTH2 expression and thus seems able to
attenuate a Th2-associated response. Stimulation of these
PBMCs with holo-BLG showed only a trend towards lower
levels of IL-4 and IL-13, which might reflect that all donors
were allergic, and the cytokine pattern of their PBMCs could not
be influenced any further by ex vivo treatment.

Intriguingly, when the major milk protein BLG in its holo-
form transports ligands to immune cells, this will result in innate
immune resilience (23, 24). In line with this novel molecular
concept, the results of our current in vivo study suggest that
exposure to the loaded holo-BLG can in an antigen-nonspecific
manner protect against allergic sensitization. This phenomenon
might be due to targeted delivery of ligands from BLG to
immune cells, supplementation of intracellular iron, and
quercetin activating the AhR, altogether synergizing in non-
antigen-specific immune tolerance.

The results of the present study propose that ligand-bound
BLG contributes to the protective farm effect, as it is a major
constituent of raw milk, and its abundant presence has been
identified in the dust of cattle farms (26) and (Pali-Scholl et al.,
manuscript in review).

Further studies need to address i) how farming conditions,
the cows’ health status, as well as the forage composition, affect
the richness of ligands available for BLG in milk, and ii) how

industrial processing can be adapted to prevent changes in the
ligand composition and protein integrity.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the institutional ethics committee of the Medical
University of Vienna and conducted in accordance with the
Helsinki Declaration of 1975. The patients/participants provided
their written informed consent to participate in this study. The
animal study was reviewed and approved by the Animal
Experimentation Ethics Committee of the University of Vienna
and the Ministry of Education, Science and Culture (BMWE-
66.009/0133-WE/V/3b/2016).

AUTHOR CONTRIBUTIONS

SMA conducted all mouse and cell stimulation experiments,
performed statistical analysis, provided support and wrote the
manuscript. IP-S obtained the legal requirements for and helped
in the mouse experiments, provided support and contributed to
writing and editing of the manuscript. KH contributed in the
mouse experiments and to writing. GH provided support and
contributed to the writing. ME-B provided support and
contributed to writing. FR-W contributed in the mouse
experiments, conceived, and directed the research, interpreted
the data and contributed in writing. EJ-J financed and directed
research, designed the experiments, and contributed in
manuscript writing. All authors contributed to the article and
approved the submitted version.

FUNDING

The work was supported by the Austrian Science Fund FWF, SFB
F4606-B28, by Biomedical International R+D GmbH, Vienna,
Austria, and by Bencard Allergie GmbH, Munich, Germany.
SMA was also supported by a grant from the Ministry of Higher
Education, Egypt.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Rodolfo Bianchini for his
valuable methodological support during FACS-analyses.
Furthermore, we would like to thank Dr. Matthew Health for
language editing and proofreading the manuscript.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 611474


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Afify et al.

Protective Farm Effect With Holo-Beta-lactoglobulin

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
611474/full#supplementary-material

Supplementary Figure 1 | Holo-BLG treatment protected against acute allergic
symptoms in an antigen-unspecific manner. Pretreated mice were sensitized to

two independent experiments are shown. Medians with interquartile ranges are
represented in box whisker plots; *P < 0.05; ns = non-significant.

Supplementary Figure 2 | PBMCs from 14 pollen allergic donors were
stimulated with apo-BLG or holo-BLG and incubated overnight in iron-free
media. Supernatants of PBMCs were assessed for (A) IL-2, (B) IL-6, (C) IL-4,
(D) IL-13, (E) IL-10 and (F) IFN-y by multiplexing in FACS. Data from four
independently performed experiments with a total of 14 subjects are shown.
Groups were compared by repeated measures one-way ANOVA following the

Betv1, thereafter challenged with Bet v 1 and anaphylactic shock symptom score
(Kruskal-Wallis test) was monitored in a blinded fashion. Representative data from

REFERENCES

—

10.

11.

12.

13.

14.

. Fleischer DM, Perry TT, Atkins D, Wood RA, Burks AW, Jones SM, et al.

Allergic reactions to foods in preschool-aged children in a prospective
observational food allergy study. Pediatrics (2012) 130(1):e25-32. doi:
10.1542/peds.2011-1762

. BuG, Luo Y, Chen F, Liu K, Zhu T. Milk processing as a tool to reduce cow’s

milk allergenicity: a mini-review. Dairy Sci Technol (2013) 93(3):211-23. doi:
10.1007/s13594-013-0113-x

. Yang W, Tu Z, Wang H, Zhang L, Xu S, Niu C, et al. Mechanism of Reduction

in IgG and IgE Binding of beta-Lactoglobulin Induced by Ultrasound
Pretreatment Combined with Dry-State Glycation: A Study Using
Conventional Spectrometry and High-Resolution Mass Spectrometry.
J Agric Food Chem (2017) 65(36):8018-27. doi: 10.1021/acs.jafc.7b02842

. Bloom KA, Huang FR, Bencharitiwong R, Bardina L, Ross A, Sampson HA,

et al. Effect of heat treatment on milk and egg proteins allergenicity. Pediatr
Allergy Immunol (2014) 25(8):740-6. doi: 10.1111/pai.12283

. Meng X, Bai Y, Gao ], Li X, Chen H. Effects of high hydrostatic pressure on the

structure and potential allergenicity of the major allergen bovine beta-
lactoglobulin. Food Chem (2017) 219:290-6. doi: 10.1016/
jfoodchem.2016.09.153

. Zhong J, Tu Y, Liu W, Luo S, Liu C. Comparative study on the effects of

nystose and fructofuranosyl nystose in the glycation reaction on the
antigenicity and conformation of beta-lactoglobulin. Food Chem (2015)
188:658-63. doi: 10.1016/j.foodchem.2015.05.015

. Lopez-Exposito I, Chicon R, Belloque J, Lopez-Fandino R, Berin MC. In vivo

methods for testing allergenicity show that high hydrostatic pressure
hydrolysates of beta-lactoglobulin are immunologically inert. J Dairy Sci
(2012) 95(2):541-8. doi: 10.3168/jds.2011-4646

. Taheri-Kafrani A, Tavakkoli Koupaie N, Haertle T. beta-Lactoglobulin

mutant Lys69Asn has attenuated IgE and increased retinol binding activity.
] Biotechnol (2015) 212:181-8. doi: 10.1016/j.jbiotec.2015.08.006

. Kazem-Farzandi N, Taheri-Kafrani A, Haertle T. beta-lactoglobulin mutation

Ala86GIn improves its ligand binding and reduces its immunoreactivity. Int J
Biol Macromol (2015) 81:340-8. doi: 10.1016/j.ijbiomac.2015.08.013

Loss G, Apprich S, Waser M, Kneifel W, Genuneit J, Buchele G, et al. The
protective effect of farm milk consumption on childhood asthma and atopy:
the GABRIELA study. J Allergy Clin Immunol (2011) 128(4):766-73 e4. doi:
10.1016/j.jaci.2011.07.048

Ege MJ, Frei R, Bieli C, Schram-Bijkerk D, Waser M, Benz MR, et al. Not all
farming environments protect against the development of asthma and wheeze
in children. J Allergy Clin Immunol (2007) 119(5):1140-7. doi: 10.1016/
j-jaci.2007.01.037

Abbring S, Kusche D, Roos TC, Diks MAP, Hols G, Garssen J, et al. Milk
processing increases the allergenicity of cow’s milk-Preclinical evidence
supported by a human proof-of-concept provocation pilot. Clin Exp Allergy
(2019) 49(7):1013-25. doi: 10.1111/cea.13399

Abbring S, Wolf ], Ayechu-Muruzabal V, Diks MAP, Alhamwe BA,
Alhamdan F, et al. Raw Cow’s Milk Reduces Allergic Symptoms in a
Murine Model for Food Allergy-A Potential Role For Epigenetic
Modifications. Nutrients (2019) 11(8):1721. doi: 10.3390/nul11081721
Braun-Fahrlander C, von Mutius E. Can farm milk consumption prevent
allergic diseases? Clin Exp Allergy (2011) 41(1):29-35. doi: 10.1111/j.1365-
2222.2010.03665.x

Tukey multiple comparisons test. *P <.05; **P <.01; ***P < 0.0001; ns = non-
significant.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Abbring S, Xiong L, Diks MAP, Baars T, Garssen ], Hettinga K, et al. Loss of
allergy-protective capacity of raw cow’s milk after heat treatment coincides
with loss of immunologically active whey proteins. Food Funct (2020) 11
(6):4982-93. doi: 10.1039/DOFO01175D

Roth-Walter F, Berin MC, Arnaboldi P, Escalante CR, Dahan S, Rauch J, et al.
Pasteurization of milk proteins promotes allergic sensitization by enhancing
uptake through Peyer’s patches. Allergy (2008) 63(7):882-90. doi: 10.1111/
j.1398-9995.2008.01673.x

Davis PJ, Williams SC. Protein modification by thermal processing. Allergy
(1998) 53(46 Suppl):102-5. doi: 10.1111/§.1398-9995.1998.tb04975.x

Yang W, Tu Z, Wang H, Zhang L, Kaltashov IA, Zhao Y, et al. The mechanism
of reduced IgG/IgE-binding of beta-lactoglobulin by pulsed electric field
pretreatment combined with glycation revealed by ECD/FTICR-MS. Food
Funct (2018) 9(1):417-25. doi: 10.1039/C7FO01082F

Brick T, Schober Y, Bocking C, Pekkanen J, Genuneit J, Loss G, et al. omega-3
fatty acids contribute to the asthma-protective effect of unprocessed cow’s
milk. J Allergy Clin Immunol (2016) 137(6):1699-706 el3. doi: 10.1183/
13993003.congress-2015.0A4768

Roth-Walter F, Pacios LF, Gomez-Casado C, Hofstetter G, Roth GA, Singer J,
et al. The major cow milk allergen Bos d 5 manipulates T-helper cells
depending on its load with siderophore-bound iron. PloS One (2014) 9(8):
€104803. doi: 10.1371/journal.pone.0104803

Roth-Walter F, Gomez-Casado C, Pacios LF, Mothes-Luksch N, Roth GA,
Singer J, et al. Bet v 1 from birch pollen is a lipocalin-like protein acting as
allergen only when devoid of iron by promoting Th2 lymphocytes. ] Biol
Chem (2014) 289(25):17416-21. doi: 10.1074/jbc.M114.567875

Hufnagl K, Ghosh D, Wagner S, Fiocchi A, Dahdah L, Bianchini R, et al.
Retinoic acid prevents immunogenicity of milk lipocalin Bos d 5 through
binding to its immunodominant T-cell epitope. Sci Rep (2018) 8(1):1598. doi:
10.1038/s41598-018-19883-0

Roth-Walter F, Afify SM, Pacios LF, Blokhuis BR, Redegeld F, Regner A, et al.
Cow’s milk protein beta-lactoglobulin confers resilience against allergy by
targeting complexed iron into immune cells. J Allergy Clin Immunol (2020)
147(1):321-34.e4. doi: 10.1016/j.jaci.2020.05.023

Hufnagl K, Afify SM, Braun N, Wagner S, Wallner M, Hauser M, et al.
Retinoic acid-loading of the major birch pollen allergen Bet v 1 may improve
specific allergen immunotherapy: In silico, in vitro and in vivo data in BALB/c
mice. Allergy (2020) 75(8):2073-77. doi: 10.1111/all.14259

Jensen-Jarolim E, Pacios LF, Bianchini R, Hofstetter G, Roth-Walter F.
Structural similarities of human and mammalian lipocalins, and their
function in innate immunity and allergy. Allergy (2016) 71(3):286-94. doi:
10.1111/all.12797

Pali-Scholl I, Roth-Walter F, Bianchini R, Afify SM, Hofstetter G, Hann S,
et al. Beta-lactoglobulin (BLG) accumulates in stable dust associated with zinc:
Potential implications for the allergy- and asthma-protective effect. Allergy
(2019) 74(S106):817. doi: 10.1111/all.13961

Manzano-Szalai K, Pali-Scholl I, Krishnamurthy D, Stremnitzer C,
Flaschberger I, Jensen-Jarolim E. Anaphylaxis Imaging: Non-Invasive
Measurement of Surface Body Temperature and Physical Activity in Small
Animals. PloS One (2016) 11(3):¢0150819. doi: 10.1371/journal.pone.0150819
Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Waser M, Maisch S, et al.
Exposure to farming in early life and development of asthma and allergy: a
cross-sectional survey. Lancet (2001) 358(9288):1129-33. doi: 10.1016/S0140-
6736(01)06252-3

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 611474


https://www.frontiersin.org/articles/10.3389/fimmu.2021.611474/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.611474/full#supplementary-material
https://doi.org/10.1542/peds.2011-1762
https://doi.org/10.1007/s13594-013-0113-x
https://doi.org/10.1021/acs.jafc.7b02842
https://doi.org/10.1111/pai.12283
https://doi.org/10.1016/j.foodchem.2016.09.153
https://doi.org/10.1016/j.foodchem.2016.09.153
https://doi.org/10.1016/j.foodchem.2015.05.015
https://doi.org/10.3168/jds.2011-4646
https://doi.org/10.1016/j.jbiotec.2015.08.006
https://doi.org/10.1016/j.ijbiomac.2015.08.013
https://doi.org/10.1016/j.jaci.2011.07.048
https://doi.org/10.1016/j.jaci.2007.01.037
https://doi.org/10.1016/j.jaci.2007.01.037
https://doi.org/10.1111/cea.13399
https://doi.org/10.3390/nu11081721
https://doi.org/10.1111/j.1365-2222.2010.03665.x
https://doi.org/10.1111/j.1365-2222.2010.03665.x
https://doi.org/10.1039/D0FO01175D
https://doi.org/10.1111/j.1398-9995.2008.01673.x
https://doi.org/10.1111/j.1398-9995.2008.01673.x
https://doi.org/10.1111/j.1398-9995.1998.tb04975.x
https://doi.org/10.1039/C7FO01082F
https://doi.org/10.1183/13993003.congress-2015.OA4768
https://doi.org/10.1183/13993003.congress-2015.OA4768
https://doi.org/10.1371/journal.pone.0104803
https://doi.org/10.1074/jbc.M114.567875
https://doi.org/10.1038/s41598-018-19883-0
https://doi.org/10.1016/j.jaci.2020.05.023
https://doi.org/10.1111/all.14259
https://doi.org/10.1111/all.12797
https://doi.org/10.1111/all.13961
https://doi.org/10.1371/journal.pone.0150819
https://doi.org/10.1016/S0140-6736(01)06252-3
https://doi.org/10.1016/S0140-6736(01)06252-3
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Afify et al.

Protective Farm Effect With Holo-Beta-lactoglobulin

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Waser M, Michels KB, Bieli C, Floistrup H, Pershagen G, von Mutius E, et al.
Inverse association of farm milk consumption with asthma and allergy in rural
and suburban populations across Europe. Clin Exp Allergy (2007) 37(5):661—
70. doi: 10.1111/j.1365-2222.2006.02640.x

Riedler J, Eder W, Oberfeld G, Schreuer M. Austrian children living on a farm
have less hay fever, asthma and allergic sensitization. Clin Exp Allergy (2000)
30(2):194-200. doi: 10.1046/j.1365-2222.2000.00799.x

van Neerven RJ, Knol EF, Heck JM, Savelkoul HF. Which factors in raw cow’s
milk contribute to protection against allergies? J Allergy Clin Immunol (2012)
130(4):853-8. doi: 10.1016/j.jaci.2012.06.050

Chatterton DE, Nguyen DN, Bering SB, Sangild PT. Anti-inflammatory
mechanisms of bioactive milk proteins in the intestine of newborns. Int J
Biochem Cell Biol (2013) 45(8):1730-47. doi: 10.1016/j.biocel.2013.04.028
Stein MM, Hrusch CL, Gozdz J, Igartua C, Pivniouk V, Murray SE, et al.
Innate Immunity and Asthma Risk in Amish and Hutterite Farm Children.
N Engl ] Med (2016) 375(5):411-21. doi: 10.1056/NEJMoal508749

Gu YZ, Hogenesch JB, Bradfield CA. The PAS superfamily: sensors of
environmental and developmental signals. Annu Rev Pharmacol Toxicol
(2000) 40:519-61. doi: 10.1146/annurev.pharmtox.40.1.519

Mandal PK. Dioxin: a review of its environmental effects and its aryl
hydrocarbon receptor biology. ] Comp Physiol B (2005) 175(4):221-30. doi:
10.1007/s00360-005-0483-3

Frericks M, Meissner M, Esser C. Microarray analysis of the AHR system:
tissue-specific flexibility in signal and target genes. Toxicol Appl Pharmacol
(2007) 220(3):320-32. doi: 10.1016/j.taap.2007.01.014

Lamas B, Natividad JM, Sokol H. Aryl hydrocarbon receptor and intestinal
immunity. Mucosal Immunol (2018) 11(4):1024-38. doi: 10.1038/s41385-018-
0019-2

Wilkinson HN, Roberts ER, Stafford AR, Banyard KL, Matteucci P, Mace KA,
et al. Tissue Iron Promotes Wound Repair via M2 Macrophage Polarization
and the Chemokine (C-C Motif) Ligands 17 and 22. Am ] Pathol (2019) 189
(11):2196-208. doi: 10.1016/j.ajpath.2019.07.015

Agoro R, Taleb M, Quesniaux VFJ, Mura C. Cell iron status influences
macrophage polarization. PloS One (2018) 13(5):e0196921. doi: 10.1371/
journal.pone.0196921

Kuczynska B, Puppel K, Golebiewski M, Metera E, Sakowski T, Sloniewski K.
Differences in whey protein content between cow’s milk collected in late
pasture and early indoor feeding season from conventional and organic farms
in Poland. J Sci Food Agric (2012) 92(14):2899-904. doi: 10.1002/jsfa.5663
Besle JM, Viala D, Martin B, Pradel P, Meunier B, Berdague JL, et al.
Ultraviolet-absorbing compounds in milk are related to forage polyphenols.
] Dairy Sci (2010) 93(7):2846-56. doi: 10.3168/jds.2009-2939

Gulati A, Galvin N, Lewis E, Hennessy D, O’'Donovan M, McManus JJ, et al.
Outdoor grazing of dairy cows on pasture versus indoor feeding on total
mixed ration: Effects on gross composition and mineral content of milk
during lactation. J Dairy Sci (2018) 101(3):2710-23. doi: 10.3168/jds.2017-
13338

Kuhnen S, Moacyr JR, Mayer JK, Navarro BB, Trevisan R, Honorato LA, et al.
Phenolic content and ferric reducing-antioxidant power of cow’s milk
produced in different pasture-based production systems in southern Brazil.
J Sci Food Agric (2014) 94(15):3110-7. doi: 10.1002/jsfa.6654

Zommara M, Toubo H, Sakono M, Imaizumi K. Prevention of peroxidative
stress in rats fed on a low vitamin E-containing diet by supplementing with a
fermented bovine milk whey preparation: effect of lactic acid and beta-
lactoglobulin on the antiperoxidative action. Biosci Biotechnol Biochem
(1998) 62(4):710-7. doi: 10.1271/bbb.62.710

Wang X, Ai T, Meng XL, Zhou J, Mao XY. In vitro iron absorption of
alpha-lactalbumin hydrolysate-iron and beta-lactoglobulin hydrolysate-
iron complexes. J Dairy Sci (2014) 97(5):2559-66. doi: 10.3168/jds.2013-
7461

Guzzi R, Rizzuti B, Labate C, Zappone B, De Santo MP. Ferric Ions Inhibit the
Amyloid Fibrillation of beta-Lactoglobulin at High Temperature.
Biomacromolecules (2015) 16(6):1794-801. doi: 10.1021/acs.biomac.5b00371
Cruz-Huerta E, Martinez Maqueda D, de la Hoz L, da Silva VS, Pacheco MT,
Amigo L, et al. Short communication: Identification of iron-binding peptides
from whey protein hydrolysates using iron (III)-immobilized metal ion
affinity chromatography and reversed phase-HPLC-tandem mass
spectrometry. J Dairy Sci (2016) 99(1):77-82. doi: 10.3168/jds.2015-9839

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Banjare IS, Gandhi K, Sao K, Sharma R. Spray-Dried Whey Protein Concentrate-
Iron Complex: Preparation and Physicochemical Characterization. Food Technol
Biotechnol (2019) 57(3):331-40. doi: 10.17113/ftb.57.03.19.6228

Banjare IS, Gandhi K, Sao K, Arora S, Pandey V. Physicochemical Properties
and Oxidative Stability of Milk Fortified with Spray-Dried Whey Protein
Concentrate-Iron Complex and In Vitro Bioaccessibility of the Added Iron.
Food Technol Biotechnol (2019) 57(1):48-58. doi: 10.17113/ftb.57.01.19.5945
Wang J, Radics G, Whelehan M, O’Driscoll A, Healy AM, Gilmer JF, et al.
Novel Iron-Whey Protein Microspheres Protect Gut Epithelial Cells from
Iron-Related Oxidative Stress and Damage and Improve Iron Absorption in
Fasting Adults. Acta Haematol (2017) 138(4):223-32. doi: 10.1159/000480632
Kim J, Paik HD, Yoon YC, Park E. Whey protein inhibits iron overload-
induced oxidative stress in rats. ] Nutr Sci Vitaminol (Tokyo) (2013) 59
(3):198-205. doi: 10.3177/jnsv.59.198

Miglioranza LH, Matsuo T, Caballero-Cordoba GM, Dichi JB, Cyrino ES,
Oliveira IB, et al. Effect of long-term fortification of whey drink with ferrous
bisglycinate on anemia prevalence in children and adolescents from deprived
areas in Londrina, Parana, Brazil. Nutrition (2003) 19(5):419-21. doi: 10.1016/
50899-9007(02)00933-4

Wong CK, Lun SW, Ko FW, Ip WK, Hui DS, Lam CW. Increased expression
of plasma and cell surface co-stimulatory molecules CTLA-4, CD28 and CD86
in adult patients with allergic asthma. Clin Exp Immunol (2005) 141(1):122-9.
doi: 10.1111/.1365-2249.2005.02815.x

Shi HZ, Xie ZF, Deng JM, Chen YQ, Xiao CQ. Soluble CD86 protein in serum
samples of patients with asthma. Thorax (2004) 59(10):870-5. doi: 10.1136/
thx.2004.021840

Keane-Myers A, Gause WC, Linsley PS, Chen §J, Wills-Karp M. B7-CD28/
CTLA-4 costimulatory pathways are required for the development of T helper
cell 2-mediated allergic airway responses to inhaled antigens. J Immunol
(1997) 158(5):2042-9.

Chen YQ, Shi HZ. CD28/CTLA-4-CD80/CD86 and ICOS-B7RP-1
costimulatory pathway in bronchial asthma. Allergy (2006) 61(1):15-26.
doi: 10.1111/§.1398-9995.2006.01008.x

Beier KC, Kallinich T, Hamelmann E. T-cell co-stimulatory molecules: novel
targets for the treatment of allergic airway disease. Eur Respir J (2007) 30
(2):383-90. doi: 10.1183/09031936.00094406

Li JG, Du YM, Yan ZD, Yan ], Zhuansun YX, Chen R, et al. CD80 and CD86
knockdown in dendritic cells regulates Th1/Th2 cytokine production in asthmatic
mice. Exp Ther Med (2016) 11(3):878-84. doi: 10.3892/etm.2016.2989

Zhou T, Huang X, Ma J, Zhou Y, Liu Y, Xiao L, et al. Association of plasma
soluble CD14 level with asthma severity in adults: a case control study in
China. Respir Res (2019) 20(1):19. doi: 10.1186/s12931-019-0987-0

Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development,
heterogeneity, and relationship with dendritic cells. Annu Rev Immunol
(2009) 27:669-92. doi: 10.1146/annurev.immunol.021908.132557

Pettipher R. The roles of the prostaglandin D(2) receptors DP(1) and CRTH2
in promoting allergic responses. Br J Pharmacol (2008) 153(Suppl 1):S191-9.
doi: 10.1038/s}.bjp.0707488

Royer JF, Schratl P, Carrillo JJ, Jupp R, Barker J, Weyman-Jones C, et al. A
novel antagonist of prostaglandin D2 blocks the locomotion of eosinophils
and basophils. Eur ] Clin Invest (2008) 38(9):663-71. doi: 10.1111/j.1365-
2362.2008.01989.x

Xue L, Salimi M, Panse I, Mjosberg JM, McKenzie AN, Spits H, et al.
Prostaglandin D2 activates group 2 innate lymphoid cells through
chemoattractant receptor-homologous molecule expressed on TH2 cells. J
Allergy Clin Immunol (2014) 133(4):1184-94. doi: 10.1016/j.jaci.2013.10.056
Nagata K, Tanaka K, Ogawa K, Kemmotsu K, Imai T, Yoshie O, et al. Selective
expression of a novel surface molecule by human Th2 cells in vivo. ] Immunol
(1999) 162(3):1278-86.

Lukacs NW, Berlin AA, Franz-Bacon K, Sasik R, Sprague LJ, Ly TW, et al.
CRTH2 antagonism significantly ameliorates airway hyperreactivity and
downregulates inflammation-induced genes in a mouse model of airway
inflammation. Am ] Physiol Lung Cell Mol Physiol (2008) 295(5):L767-79.
doi: 10.1152/ajplung.90351.2008

Liu W, Min ], Jiang H, Mao B. Chemoattractant receptor-homologous
molecule expressed on Th2 cells (CRTH2) antagonists in asthma: a
systematic review and meta-analysis protocol. BMJ Open (2018) 8(4):
€020882. doi: 10.1136/bmjopen-2017-020882

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 611474


https://doi.org/10.1111/j.1365-2222.2006.02640.x
https://doi.org/10.1046/j.1365-2222.2000.00799.x
https://doi.org/10.1016/j.jaci.2012.06.050
https://doi.org/10.1016/j.biocel.2013.04.028
https://doi.org/10.1056/NEJMoa1508749
https://doi.org/10.1146/annurev.pharmtox.40.1.519
https://doi.org/10.1007/s00360-005-0483-3
https://doi.org/10.1016/j.taap.2007.01.014
https://doi.org/10.1038/s41385-018-0019-2
https://doi.org/10.1038/s41385-018-0019-2
https://doi.org/10.1016/j.ajpath.2019.07.015
https://doi.org/10.1371/journal.pone.0196921
https://doi.org/10.1371/journal.pone.0196921
https://doi.org/10.1002/jsfa.5663
https://doi.org/10.3168/jds.2009-2939
https://doi.org/10.3168/jds.2017-13338
https://doi.org/10.3168/jds.2017-13338
https://doi.org/10.1002/jsfa.6654
https://doi.org/10.1271/bbb.62.710
https://doi.org/10.3168/jds.2013-7461
https://doi.org/10.3168/jds.2013-7461
https://doi.org/10.1021/acs.biomac.5b00371
https://doi.org/10.3168/jds.2015-9839
https://doi.org/10.17113/ftb.57.03.19.6228
https://doi.org/10.17113/ftb.57.01.19.5945
https://doi.org/10.1159/000480632
https://doi.org/10.3177/jnsv.59.198
https://doi.org/10.1016/S0899-9007(02)00933-4
https://doi.org/10.1016/S0899-9007(02)00933-4
https://doi.org/10.1111/j.1365-2249.2005.02815.x
https://doi.org/10.1136/thx.2004.021840
https://doi.org/10.1136/thx.2004.021840
https://doi.org/10.1111/j.1398-9995.2006.01008.x
https://doi.org/10.1183/09031936.00094406
https://doi.org/10.3892/etm.2016.2989
https://doi.org/10.1186/s12931-019-0987-0
https://doi.org/10.1146/annurev.immunol.021908.132557
https://doi.org/10.1038/sj.bjp.0707488
https://doi.org/10.1111/j.1365-2362.2008.01989.x
https://doi.org/10.1111/j.1365-2362.2008.01989.x
https://doi.org/10.1016/j.jaci.2013.10.056
https://doi.org/10.1152/ajplung.90351.2008
https://doi.org/10.1136/bmjopen-2017-020882
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Afify et al.

Protective Farm Effect With Holo-Beta-lactoglobulin

Conflict of Interest: EJ-J is a shareholder of Biomedical International R+D
GmbH, Vienna, Austria.

EJ-J and FR-W are inventors of EP2894478, LCN2 as a tool for allergy diagnostic
and therapy. EP 14150965.3, Year: 01/2014; US 14/204,570, owned by Biomedical
International R+D GmbH, Vienna, Austria.

The authors declare that this study received funding from Biomedical
International R+D GmbH, Vienna, Austria and Bencard Allergy GmbH,
Germany. Both funders provided research grants for the laboratory work and
employment of S.M.A. as PhD student.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Afify, Pali-Scholl, Hufnagl, Hofstetter, El-Bassuoni, Roth-Walter
and Jensen-Jarolim. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 611474


http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Bovine Holo-Beta-Lactoglobulin Cross-Protects Against Pollen Allergies in an Innate Manner in BALB/c Mice: Potential Model for the Farm Effect
	Introduction
	Materials and Methods
	Preparation of Apo-BLG
	Generation of Holo-BLG
	Animals
	Experimental Design: Intranasal Prophylaxis and Protection Against the Same Allergen (BLG)
	Experimental Design: Intranasal Prophylaxis and Protection Against Allergen Bet v 1
	In Vivo Evaluation of the Allergic Reaction: Anaphylaxis Read-Outs
	Antigen-Specific Antibodies
	In Vitro Stimulation
	Cytokines Detection
	Flow Cytometric Assessment of Co-Stimulatory Molecules on DCs
	Isolation and Stimulation of Human PBMCs From Pollen Allergic Donors
	Statistical Analyses

	Results
	Intranasal Application of Holo-BLG Decreases Sensitization Levels in Mice
	Holo-BLG Protects Against Sensitization to Itself With Strong Suppression of Th2 Cytokines
	Impaired Antigen Presentation by Holo-BLG Pretreatment
	Holo-BLG Cross-Protects Against Anaphylactic Reaction to Bet v 1
	Holo-BLG Prevents Cross-Sensitization to Unrelated Allergen Bet v 1
	Holo-BLG Hinders Antigen Presentation and Down-Regulates the Number of CD3+CD4+ Th2 Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


