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Abstract 48 

Background: Beta-lactoglobulin (BLG) is a bovine lipocalin in milk with innate defense 49 

function. It is not understood under which circumstances BLG is associated with tolerance or 50 

allergy towards milk.  51 

Objective: Here we assessed the capacity of ligand-free (apo-) versus -loaded (holo-) BLG to 52 

protect mice against allergy using iron-quercetin as exemplary ligand, and studied the molecular 53 

mechanisms.  54 

Methods: Binding of iron-quercetin into BLG was modeled and confirmed by spectroscopy and 55 

docking calculations. Serum IgE binding of milk allergic and tolerant children to apo- and holo-56 

BLG was assessed. Mice were intranasally treated with apo- versus holo-BLG and after systemic 57 

challenge immunologically analysed. AhR activation was evaluated with reporter cells and 58 

Cyp1A1 expression. Treated human peripheral blood mononuclear cells and human mast cells 59 

were assessed by FACS and degranulation, respectively.  60 

Results: Modelling predicted masking of major IgE and T cell epitopes of BLG by ligand-61 

binding. In line, IgE binding of milk allergic children was reduced towards holo-BLG which also 62 

impaired degranulation of mast cells. In mice, only treatments with holo-BLG prevented allergic 63 

sensitization and anaphylaxis, while sustaining regulatory T cells. BLG facilitated quercetin-64 

dependent AhR-activation and, downstream AhR, lung Cyp1A1 expression. Holo-BLG shuttled 65 

iron into monocytic cells and impaired their antigen-presentation.  66 

Conclusion: The cargo of holo-BLG is decisive in preventing allergy in vivo. BLG without 67 

cargo acted as allergen in vivo and further primed human mast cells for degranulation in an 68 

antigen-independent fashion. Our data provide mechanistic explanation why the same proteins 69 

can either act as tolerogen or allergen.  70 

 71 

72 
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Key Messages 73 

•  Ligands of beta-lactoglobulin, such as iron-quercetin complexes, are decisive in preventing 74 

allergic sensitization in vitro and in vivo. 75 

• Ligand-binding mask major IgE- and T cell epitopes of BLG with milk-allergic patients’ IgE 76 

showing reduced binding to the ligand-loaded holo-form of beta-lactoglobulin.  77 

• Delivery of iron-quercetin complexes by BLG to antigen presenting cells, increased 78 

intracellular iron levels while decreasing their antigen presentation capacities  79 

• The released complexes activated the aryl hydrocarbon receptor pathway sustaining the 80 

numbers of regulatory T cells in vivo.  81 

• Immune reactions to the empty, unloaded beta-lactoglobulin were in significant contrast to 82 

the observations with the loaded holo-form, and resulted in specific allergy 83 

 84 

Capsule summary 85 

The ligands of beta-lactoglobulin are decisive in preventing milk sensitization in vitro and in 86 

vivo by synergistic molecular mechanisms causing a non-response. 87 

 88 

Key Words: allergen, allergy, beta-lactoglobulin, BLG, Bos d 5, cow milk, iron, ligand, 89 

lipocalin, milk, quercetin, tolerance 90 
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Introduction 99 

The prevalence of allergies is rising in the westernized world, which is partly attributed to living 100 

in a “too clean” environment and which is also affected by life-style factors1. Numerous studies 101 

have shown that exposure to farms 2, as well as consumption of unprocessed farm milk during 102 

the first years of life protects against atopic eczema, hay fever and asthma 3. For farm milk the 103 

reduced allergy risk 4-6 is particularly associated with the whey protein content: the more native, 104 

undestroyed whey proteins are present the more it is considered protective 7, 8. Notably, roughly 105 

half of the whey proteins are constituted by beta-lactoglobulin. It seems a paradox that at the 106 

same time beta-lactoglobulin is considered a major milk allergen, to which the majority of milk 107 

allergic individuals are sensitized to 9, 10. Importantly, despite comparable milk consumption only 108 

certain individuals will become milk allergic, strongly suggesting that co-factors such as their 109 

ligands might be decisive in the sensitization process.  110 

Beta-lactoglobulin belongs to the lipocalin, LCN, protein family, to which nearly all major 111 

allergens from mammals belong, and which show a highly conserved fold despite having very 112 

low amino acid sequence homology 11.  113 

In humans BLG is found immune-cell associated12, implying that transport of BLG occurs via 114 

the lymphatics rather than the blood vessels. Cellular BLG uptake in humans occurs via specific 115 

receptors 13-16 that are originally tailored for endogenous human LCN proteins such as LCN2 17, 116 

18 or LCN1 19. We have previously demonstrated the high molecular similarity of human LCN2 117 

and BLG 20, implying receptor sharing.  118 

Similarly to LCN2 21 and LCN1 22, BLG can bind to catechol-type siderophores 18, 23, small 119 

molecules with a strong affinity to ferric iron, thereby withholding iron and impeding bacterial 120 

growth 24.  121 
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Other BLG ligands that have been described include fatty acids 25, retinoic acid 26 and 122 

polyphenols/flavonoids,27 such as quercetin 28 and catechin 25, 27, 29, 30, which also have a very 123 

strong affinity to iron at physiological pH 31, 32. The reported complex stability constant log ß of 124 

these polyphenols range from 44-47 31. which is comparable to the iron-sequestering abilities of 125 

siderophores of bacterial origin 20, 33, 34.  126 

In the present study, quercetin was chosen as exemplary ligand for BLG as: 1) quercetin can 127 

complex iron with a similarly high affinity 23, 31, 35 to bacterial siderophores, thus better 128 

mimicking the natural innate function of BLG compared to fatty acids only; 2) it is a ligand 129 

described to bind to BLG 36, 37 and other allergens 38-40; 3) it is present in milk, as it is transferred 130 

via the cow’s plant chow to the milk 41 and consequently may represent a natural interaction 131 

partner of BLG in milk; and 4) quercetin per se has known anti-inflammatory properties 42.  132 

As siderophore-binding of human LCN2 17, 18, 43-46 is decisive in activating or suppressing our 133 

immune system 23, we sought to investigate whether BLG, that already exploits LCN-pathways, 134 

may similarly modulate our immune response by ligand-binding.  135 

In previous work we have already demonstrated that the loaded holo-form of BLG is 136 

immunosuppressive and that only the ligand-free apo-form was able to evoke an immune 137 

response in vitro23. Consequently, we address here the in vivo relevance as well as mechanistic 138 

explanations for the observed “immune shut-down”.  139 

We show that the immunosuppressive tolerogenic properties of BLG are closely linked with 140 

shuttling the iron-quercetin complex to innate cells. Ligand-binding masked a major B cell 141 

epitope on BLG, affected specific antigen recognition and both iron and quercetin per se 142 

promoted a resilience to immune activation by impairing antigen presentation, via transport of 143 

iron and activating the aryl hydrocarbon receptor pathway. The results identify the transport of 144 
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environmental or nutritional ligands by BLG to immune cells to be pivotal in the induction of 145 

immune tolerance, and underscore the potential in preventing and treating allergic disorders.  146 
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Materials and Methods 147 

Ethical approval 148 

Volunteers donated blood after providing written informed consent. The study was approved by 149 

the ethic committee (#1972/2017) of the Medical University of Vienna and conducted in 150 

accordance with the Helsinki Declaration of 1975. Sera of milk allergic patients (20 patients 151 

positive and 20 patients negative to oral cow’s milk allergen challenge); were retrospectively 152 

collected in accordance with the Helsinki Declaration of 1975 and under approval of the ethical 153 

committee of the Bambino Gesù Pediatric Hospital, Rome; individual informed consent from all 154 

donors was collected by Dr. Alessandro Fiocchi, Children’s hospital Bambino Gesú, Rome, 155 

Italy. Open food challenges as described in the AAAAI/Europrevall protocol47were performed to 156 

confirm milk allergy. Children who had no symptoms with the cumulative administration of the 157 

entire milk dose corresponding to 144 mL were considered negative. 158 

 159 

Animals 160 

Female BALB/c mice, 5–7 weeks of age, were obtained from Charles River Laboratories and 161 

kept under conventional housing and treated according to European Union rules of animal care, 162 

with the permission of the Austrian Ministry of Sciences (BMWF-66.009/0133-WF/V/3b/2016). 163 

 164 

Structural and docking analysis  165 

BLG structure was taken from the complex with retinoic acid, PDB entry 1GX9 48. The 166 

geometries of quercetin were obtained upon energy minimization with the MM2 force field of 167 

initial structures drawn using the ChemBioDraw/ChemBio3D Ultra 12.0 package. Docking input 168 
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files for protein and ligands were prepared with AutoDockTools 49. A grid box of 22 Å x 22 Å x 169 

22 Å with origin at a point corresponding to the C6 atom in the retinoic acid molecule in the 170 

1GX9 structure was used for docking calculations, which were performed with AutoDock Vina 171 

50. The docking geometry with the lowest affinity energy Eaff was selected. Estimates of 172 

dissociation equilibrium constants Kd were then calculated for the protein-ligand complexes by 173 

assuming Eaff ~ ∆G with Kd = exp(-∆G/RT) at T = 298.15.  174 

Protein structural diagrams were prepared by UCSF Chimera and Pymol (The PyMOL 175 

Molecular Graphics System, Version 1.8 Schrödinger, LLC, 2015 51, 52). Surface area, solvation 176 

energy and solvation effect calculations were performed using PISA module of CCP4 package 53. 177 

Ligand Explorer was used to analyze the ligand-protein interaction and to measure distances, 178 

which was further validated by NCONT module of CCP4 54. 179 

 180 

Spectral analysis 181 

For spectral analysis 0.9% NaCl (for Fig 1C) or deionized water (Fig 1D) was used as buffer to 182 

minimize iron-contamination from the air. The pH was kept constant at pH 7 by addition of 183 

NaOH. Fluorescence was measured by exiting samples at 450nm and measuring emission in 184 

20nm steps starting from 480 to 800nm, using a Tecan InfiniteM200 PRO reader. Optical density 185 

was measured at a constant concentration of 100µM quercetin or 50µM iron, BLG or 186 

deferoxamine and combinations thereof. All measurements were repeated at least three times 187 

with similar results.  188 

 189 

Generation of apo- and holo BLG  190 
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Commercially available bovine beta-lactoglobulin (L0130, Sigma) was dissolved in deionised 191 

water (20 mg/ml) and dialyzed three-times against 10 µM deferoxamine mesylate salt. Further 192 

dialyzation against deionized water was performed (apo-Bos d 5). Holo-BLG was generated by 193 

forming iron-quercetin complexes (FeQ2) with quercetin (Sigma 1592409) and iron (Iron-194 

standard AAS, Sigma 16596) at a ratio 2:1 and adjusting the pH to 7.2 with 10mM NaOH and 195 

adding apo-BLG to a final concentration of 1µM BLG, 2µM quercetin and 1µM iron. 196 

 197 

Allergic sensitization and challenge of mice.  198 

Sample size for the mouse experiments were based on the literature. No randomization was 199 

performed. We estimated natural exposure to BLG for a 20kg child consuming daily one 200ml 200 

glass cow milk being roughly 1g BLG, corresponding to 1mg BLG/20 g mouse. In our settings, 201 

we estimated a 100fold lower local mucosal concentration by applying 10µg BLG (5µg/nostril) 202 

to the respected groups. As such, mice were split into groups of 5-7 animals and treated six times 203 

on two consecutive days intranasally with 10µl/mouse (5µl per nostril) containing 1) apoBLG: 204 

10µg apoBLG (≈0.5nM) and 0.3µg deferoxamine (≈0.5nM, DFO); 2) holoBLG: 0.5nM BLG 205 

with 0.5nM iron (=28ng, Fe) and 1nM quercetin (=338ng, Q2); 3) FeQ2: 0.5nM iron (=28ng, Fe) 206 

and quercetin (=338ng, Q2); or 4) DFO. One week later, mice were intranasally challenged with 207 

20µg BLG on two consecutive days and challenged 24 hours later intraperitoneally with 50µg 208 

BLG in 0.9% NaCl. Four mice from different groups were challenged at each cycle. An 209 

investigator that challenged and scored the animals, was blinded to which group the mice 210 

belonged to. The animals were scored as previously described 12 giving 0 points for no 211 

symptoms; 1 for scratching and rubbing around the nose and head; 2 for puffiness around the 212 

eyes and mouth, diarrhea, pilar erecti, reduced activity, and/or decreased activity with increased 213 
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respiratory rate; 3 wheezing, labored respiration, cyanosis around the mouth and the tail and 4 214 

for no activity after prodding, or tremor and convulsion. Body temperature and movements were 215 

monitored for 20 minutes using an Imaging system (Biomedical Int. R+D GmbH, Austria) 55. 216 

After euthanasia with CO2, blood was collected by cardiac puncture and sera were stored at 217 

−80°C until further processing. Spleens and lungs were collected. Lungs were perfused with 218 

0.9% NaCl, before fixation in 3.7 % neutral paraformaldehyde and paraffin-embedding. For 219 

histological analysis, sections of 5 µm thickness were taken. Results of three separate, 220 

independent experiments were compared.  221 

 222 

Measurement of mouse serum antigen-specific antibodies by ELISA 223 

BLG-specific IgG1, IgA, IgG2a and IgE levels were measured by ELISA. Briefly, BLG 224 

(1µg/well) or serial dilutions of mouse IgG1, IgG2a, IgE, and IgA standards (highest 225 

concentration for IgG1, IgG2a and IgA 1000 ng/ml, for IgE standard 100ng/ml) were coated, 226 

blocked with 1% BSA in phosphate buffer saline, PBS, and incubated with diluted sera (1: 100 227 

for IgG1, IgG2a, IgA and 1:15 for IgE) overnight at 4°C. Specific antibodies were detected with 228 

monoclonal rat anti-mouse antibodies IgG1 (clone A85–1), IgG2a (clone R19-15), IgA (clone 229 

c10-1), or IgE (clone R35-72), followed by polyclonal peroxidase-labeled goat anti-rat IgG (GE 230 

Healthcare). Tetramethylbenzidine (eBioscience) was used as substrate and 1.8 M sulfuric acid 231 

was used as stop solution, followed by optical density measurement at 450 nm.  232 

 233 

Measurement of BLG-specific antibodies of milk sensitized children by ELISA 234 
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5µg/ml apoBLG, BLG with equimolar concentration of deferoxamine or holoBLG diluted in 235 

0.89% NaCl were coated (100 µl/well) overnight at 4 °C. After 2 h blocking at room temperature 236 

with 200 µl/well 0.89% NaCl containing + 0.05% Tween 20 and 0.05% albiomin (20%, 200g/L 237 

Biotest, CSL Behring), wells were incubated with 100 µl of human serum diluted 1:10 in 0.89% 238 

NaCl/0.05% Tween-20 overnight at 4 °C. Detection was performed using horseradish 239 

peroxidase, HRP,- conjugated goat anti-human IgE antibody (Invitrogen A18793) diluted at 240 

1:4000 in 0.89% NaCl/0.05% Tween-20 , using tetramethylbenzidine (e Bioscience) as a 241 

substrate and 1.8 M sulfuric acid to stop color development. The optical density was measured at 242 

405 nm using an Infinite M200Pro microplate reader (Tecan, Austria). Between the steps 243 

rigorous washing was performed with 0.89% NaCl/0.05% Tween-20. 244 

 245 

In vitro cytokine response of stimulated splenocytes and human peripheral blood 246 

mononuclear cells  247 

Isolated splenocytes of individual mice were plated at a density of 5 × 106 cells/ml and cultured 248 

with 5 and 25 μg/ml BLG or 5µg/ml holoBLG, 2.5 μg/ml concanavalin A (Sigma) or medium 249 

alone for 72 h at 37°C/5% CO2.  250 

Blood cells were lysed for 10 min with red blood cell lysis buffer (eBioscience) and washed 251 

before peripheral blood cells were incubated with BLG (10µM), iron, quercetin and 252 

combinations thereof in media containing neither phenol red nor fetal calf serum, FCS, for 18h 253 

35. Secreted mouse and human cytokines were measured with the corresponding commercial 254 

ELISAs (Invitrogen/eBioscience, for human or mouse IL10, IL13 and IFNγ) according to the 255 

manufacturer’s instructions. 256 
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 257 

AZ-AhR cells 258 

AZ-AhR cell line are human hepatoma HepG2 cells transfected with pGL-4.27-DRE construct 259 

containing several AhR binding sites upstream of luciferase reporter gene, as previously 260 

described 56, 57. AZ-AHR were cultured in Dulbecco’s modified Eagle’s medium (Gibco) without 261 

phenol red, supplemented with 10% of fetal calf serum, 100 U/ml streptomycin, 100 μg/mL 262 

penicillin, 4 mM L-glutamine, 1% nonessential amino acids, and 1mM sodium pyruvate. In 263 

biweekly intervals 0.2mg/ml hygromycin B (Sigma) was added to the culture. Cells were 264 

maintained at 37 °C and 5% CO2 in a humidified incubator. During stimulation experiments, the 265 

same medium as described above, but without 10% FCS, was used. Cells were routinely tested 266 

for mycoplasma contamination. 267 

 268 

AZ-AhR reporter assay  269 

AZ-AhR cells were incubated at 37°C, 5% CO2 on 96-well plates at a density of 2 x 104 cells/ 270 

well for 18h. Subsequently cells were stimulated for 18h in triplets with 90µM quercetin alone or 271 

in complex with iron and increasing concentrations of BLG (5µM, 10µM). Compounds were 272 

first incubated together for 15 minutes and the pH was adjusted to pH 7 before addition of BLG. 273 

The positive control was treated with 20nM indirubin. Cells were washed once with 0.89% NaCl 274 

and lysis buffer was added. After a single freeze-thaw cycle 20 μl/well of lysates were 275 

transferred into a black 96-well flat-bottom plate (Thermo Scientific) and bioluminescent 276 

reaction were started with addition of 100 μl/well of luciferase assay reagent (Promega). 277 
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Chemiluminescence was measured (10 sec/well) using a spectrophotometer Tecan InfiniteM200 278 

PRO. 279 

 280 

Flow cytometric analyses  281 

Peripheral blood mononuclear cells were isolated by Ficoll-Paque (GE Healthcare)23, 35, 57, 282 

washed with 0,9% NaCl, before peripheral blood cells were incubated with BLG (10µM), iron, 283 

quercetin and combinations thereof in media containing neither phenol red nor fetal calf serum 284 

for 18h 35. We only measured a single time-point due to the technical limitations that we 285 

encounter when working with iron. All media and buffers have to be iron-free and devoid of 286 

potential interaction partners e.g. phenol red, though it is essential for cell survival. As such, 287 

PBMCs had to be cultivated without any FCS and longer time points would had overshadowed 288 

the “immediate” impact of iron.  289 

Subsequently, cells were stained with combinations of Calcein-AM (ThermoFisher), CD3-APC-290 

Cy7 (eBioscience, clone SK7), CD14-APC-Cy7 (Biolegend, clone M5EZ), HLADR-PE 291 

(Biolegend, clone L243PC), CD86-PE-CY7 (Biolegend,clone IT2.2) for flow cytometric 292 

analysis.   293 

For murine splenocytes, single-cell suspensions (0.5 million cells) were stained for CD4+Foxp3+ 294 

T-regulatory cells using anti-forkhead-box-protein 3 (FOXP3) PE (eBioscience, clone FJK-16s) 295 

and anti-CD4-FITC (eBioscience, clone RM4-5) antibodies, according to the manufacturer's 296 

instructions (eBioscience, #88-8111). Doublets were excluded before gating to the lymphocytic 297 

and plotting to CD4+Foxp3+ cells. A second set of cells were stained for CD71+ as a marker for 298 

proliferation using anti-CD71 PE (eBioscience, clone R17217) and using Calcein as a living 299 
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marker. Here, first doublets were excluded, before gating on the living cells as Calcein+, gating 300 

on the lymphocytic population on the FSC/SSC plot, followed by gating on the CD71+ 301 

population. Cells were acquired by flow cytometry (BD Bioscience Canto II machine). Acquired 302 

cells were analyzed using the FACSDiva Software 6.0. Figure preparation for the PBMCs was 303 

conducted with cytoflow 1.0.  304 

 305 

Immune-histochemical staining 306 

Lung sections were stained for Cyp1A1. Briefly, unlabeled CYP1A1 (clone B-4, Santa Cruz 307 

Biotechnology) was conjugated to alkaline phosphatase using a commercial kit (Lightning-308 

Link® Alkaline Phosphatase Conjugation Kit, Innova Biosciences, Cambridge UK) according to 309 

the manufacturer’s recommendation. After deparaffinization, heat-mediated antigen retrieval 310 

(30min in 1mM Tris- EDTA, pH9) and blocking with anti-mouse CD16/CD32 (1:100, in 2% 311 

FCS/tris buffered saline,TBS, 30min), slides were incubated overnight at 4°C with alkaline-312 

phosphatase conjugated anti-mouse Cyp1A1-antibody (1:50 in TBS), before adding BCIP-NBT 313 

as a substrate. Slides were counterstained with methyl green and mounted with resinous 314 

mounting medium (Sigma). Between each step, vigorous washing was performed with TBS. 315 

Images were acquired and manually quantified with a Zeiss Axio Imager Z1 microscope at 20x 316 

magnification.  317 

 318 

Human mast cell generation 319 

CD34+ derived human mast cells were generated from surplus autologous stem cell concentrates 320 

as previously described 58. Briefly, frozen stem cell concentrates were rapidly thawed at 37◦C 321 
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under sterile conditions and poured into a large cell culture flask (Greiner). 20% human serum 322 

albumin clinical solution (HSA) (Sanquin), 6% hydroxyethyl starch clinical solution (Braun) and 323 

RPMI 1640 containing 10 U/ml Heparin (LEO pharma) were then added slowly and 324 

consecutively to the cell concentrate. Cells were then filtered through a cell dissociation sieve 325 

(Sigma) and incubated with DNAse (200 U.I./ml, Roche) for 15min. After washing, cells were 326 

re-suspended in PBS containing 4% HSA and then incubated with Fc-Block (Miltenyi) for 327 

15min, CD34+ positive selection cocktail (StemCell) for 15min and nanoparticles for 10min. 328 

Subsequently, CD34+ cells were sorted with an EasySep R Magnet (StemCell) according to the 329 

manufacturer’s protocol. Finally, sorted cells were re-suspended in serum-free expansion 330 

medium (SFEM) (StemCell) supplemented with human low-density lipoprotein, LDL, (50μg/ml, 331 

StemCell). On day 1, human recombinant IL-3 (100 ng/ml, Biolegend), and SCF (100 ng/ml, 332 

Miltenyi) were added. Every three to four days, IL-3 and SCF were added at a final concertation 333 

of 20 ng/ml. At the end of the second week, mast cells were maintained under 20 ng/ml SCF 334 

with the withdrawal of IL-3. After 4 weeks, the cells were cultured in Iscove’s modified 335 

Dulbecco’s medium/ 0.5% bovine serum albumin with human IL-6 (50 ng/mL, Peprotech, 336 

Rocky Hill, NJ), and 3% supernatant of Chinese hamster ovary transfectants secreting murine 337 

stem cell factor (a gift from Dr P. Dubreuil, Marseille, France). The mature MCs were identified 338 

by flow cytometry based on positive staining for CD117 (eBioscience) and FcεRIa (eBioscience) 339 

using BD FACSCanto II (approximately 90%).  340 

 341 

Human mast cell degranulation assay 342 

Antigen-independent approach: primary human mast cells (0.8 Mio/ml) were sensitized with 343 

10% mouse hybridoma IgE supernatant (clone 26-82) overnight, washed with RPMI 1640 344 
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without phenol red/1%FCS/1mM Glutamax, counted and a 50µl cell suspension (40 000 345 

cells/well) was incubated for 2 hours without or with a 5, 50, 500, 5000nM BLG, holoBLG, 346 

quercetin2, iron-quercetin2 , before cross-linking with rat anti-mouse IgE (1ug/ml, BD 347 

Pharmingen) for 60 min at 37°C. For beta-hexosaminidase (β-hex) assay, cell-free supernatants 348 

were collected after 60 min and incubated with 200 μM 4-methylumbelliferyl-β-d- 349 

glucosaminide (4-MUG) in 100mM citric acid, pH4.5 for 1 h at 37 °C. Enzymatic reaction was 350 

then terminated by adding 0.1 M glycine buffer, pH 10.7. As positive control, cells were lysed 351 

with 0.2% Triton X-100 in order to quantify the total β-hex content. The β-hex content was 352 

quantified by measuring fluorescence at ex360/em452 nm. For the antigen-dependent approach, 353 

human mast cells were incubated with serum pools from milk -allergic (n=10) and milk-tolerant 354 

(n=10) donors, followed by incubation with apo- or holo-BLG (5 nM). Degranulation was 355 

assessed by measurement of released ß-hexosaminidase in the supernatant and of unreleased 356 

enzyme in the respective cell lysate. The presented results were calculated as percentage release 357 

of total ß-hexosaminidase content, with a release from unstimulated controls of 0.041 %, from 358 

positive controls with anti-human IgE only of 35 % and with ionomycin of 94 %. 359 

 360 

Statistical analyses 361 

Mice groups and cellular studies were compared by ANOVA following Tukey’s multiple 362 

comparisons test or using mixed-effects analysis following Sidak’s multiple comparisons test, 363 

when some data points were missing. When comparing different treatment on primary cells or 364 

binding of patient sera. Wilcoxon matched-pairs signed test for comparing two and RM-one-way 365 

ANOVA following Tukey’s multiple comparisons test for more than three groups, were applied. 366 

All test were two-sided and considered significant, when p < 0.05.  367 
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 368 

Results  369 

Quercetin-iron, but not ferrioxamine complexes are bound by BLG 370 

Quercetin with a complex stability constant log β of 44.2 at pH 7.4 31, 59 binds strongly to ferric 371 

iron at physiological pH. Importantly, BLG bound very strongly to iron(quercetin)2 complexes 372 

(FeQ2, Fig.1A), with calculated affinities in the nM range (Fig. 1B), but not to non-catechol-373 

based siderophores such as ferrioxamine. Complex formation with iron led to concentration-374 

dependent quenching of quercetin fluorescence, (Fig.1C) and induced a visible color change 375 

(Fig. 1D). In spectral analysis, addition of BLG led to a marked decrease of the absorption peak 376 

at 330nm and seemed to “revert” the induced color change upon complex formation of quercetin-377 

iron (Fig.1D).  378 

These data confirmed that quercetin at physiological pH is usually present in a complex with iron 379 

and that BLG can absorb these complexes 380 

 381 

Holo-BLG prevents antibody-formation and reduces splenocytic cytokine release in vivo. 382 

Subsequently, we assessed whether ligand loading with FeQ2 to BLG had biological 383 

implications in vivo, by intranasally applying apo- or holoBLG to BALB/c mice. We thus 384 

applied in the mice 100fold less than an equivalent human dose for instance of BLG naturally 385 

contained in a 200ml glass of milk. The respiratory nasal mucosal surfaces are chronically 386 

exposed to myriad of antigens, commensal bacteria, but also iron. We needed to ensure that these 387 

local factors would not interfere with the apoBLG protocol so that during the sensitization 388 

process the calyx of apo-BLG would remain empty. Therefore, for the intranasal apoBLG 389 

treatment, equimolar concentration of the iron-chelator deferoxamine (DFO60), a chemical 390 

approved by the Food and Drug Administration for treating iron overload, was added to BLG to 391 
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guarantee its apo-form upon mucosal application; a second group of mice were treated with 392 

“prefilled” holoBLG and the control groups were sham-treated with DFO or FeQ2 alone.  393 

 394 

After 6 nasal applications (Fig. 2A) in the absence of any added adjuvants, only mice treated 395 

with the apo-form of BLG had significantly elevated serum-levels of BLG-specific IgG1, IgE, 396 

IgG2a and IgA antibodies, whereas nasal exposure of mice to holoBLG prevented production of 397 

all BLG-specific immunoglobulins classes (Fig. 2B). In fact, levels of antibodies in mice 398 

sensitized with holoBLG did not statistically differ from the control groups treated with DFO or 399 

FeQ2 alone. 400 

In accordance with the failure to produce BLG-specific antibodies in the holoBLG-treated mice, 401 

their splenocytes, stimulated with BLG, secreted significantly lower levels of Th2- associated but 402 

also regulatory cytokines (Fig. 2C), showed significantly less proliferation, and had significantly 403 

more regulatory T cells, Tregs, compared to mice treated with apoBLG (Fig.3A+B). 404 

In line with the observed suppressed immunological profile, allergen challenge led to systemic 405 

anaphylaxis only in the apoBLG treated mice, whereas mice treated with the ligand-loaded 406 

holoBLG were protected from body temperature drop, physical impairment and anaphylaxis 407 

symptoms (Fig. 3C).  408 

As such, transport of FeQ2 ligands by BLG prevented specific immune responses that could lead 409 

to allergic symptoms or anaphylaxis.  410 

 411 

The ligand quercetin provides an anti-inflammatory stimulus by activating the 412 

arylhydrocarbon receptor in vitro and in vivo.  413 
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As the sole difference in the BLG treatment protocols was the addition of ligands, we 414 

investigated the underlying molecular mechanisms for the quercetin-iron cargo of BLG. Among 415 

receptor candidates, activation of the cytoplasmic promiscuous arylhydrocarbon receptor (AhR) 416 

has been described to mediate anti-inflammatory feedback mechanisms 61, to promote Tregs 57, 62 417 

63 and to suppress Th2-skewing 64 65 and antigen presentation.66 AhR interacts with a plethora of 418 

exogenous ligands such as acrolein 57 and importantly also with plant flavonoids such as 419 

quercetin 67, emphasizing the participation of environmental or nutritional factors in immune 420 

regulation. Using reporter cells, we could demonstrate quercetin-dependent activation of the 421 

AhR-pathway (Fig. 4A), which was significantly enhanced upon addition of BLG, implying 422 

synergy with directed targeting to the BLG receptors (Fig 4B). Iron import is tightly regulated 423 

and requires active transport. As such, formation of iron complexes inhibited quercetin transport 424 

and consequently quercetin-dependent AhR-activation, which could - to a certain extent- be 425 

restored by addition of BLG. In line with the in vitro data, prominent CYP1A1 expression, a 426 

transcription factor downstream of AhR, was present in the lungs of holoBLG-treated mice 427 

compared to mice treated with apoBLG or controls (Fig.4 C and D). Hence, BLG is capable of 428 

transporting its cargo to, and releasing it into cells, leading to AhR-activation which contributes 429 

to the observed immune resilience.  430 

 431 

Transport of quercetin-iron complexes increases intracellular iron in monocytes and leads 432 

to impaired antigen presentation. 433 

The cargo of BLG also included the essential trace element iron. The iron status per se is critical 434 

for the activation status of antigen presenting cells, in particular of macrophages, with a decrease 435 

resulting in immune activation, whereas an increase of “complexed iron” leading to 436 
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immunosuppression 68-73. This is in contrast to “free” non-complexed, not protein-bound iron, 437 

which leads to the formation of reactive oxygen species. As depicted in Figure 5 and Figure S1, 438 

in primary human monocytic cells, incubation with the ligand-loaded holo-form resulted in an 439 

increase of intracellular iron, as measured by the quenching of the calcein-signal compared to 440 

incubation with apo-BLG. Interestingly, this phenomenon was restricted to the monocytic 441 

CD14+ compartment (Fig.5A) and did not extend to CD3+ T cells, in which no increase in the 442 

intracellular iron-levels and no changes in the relative CD3+ numbers were observed (Fig.5 B, 443 

Fig. S3). Holo-BLG treatment did not result in increased cell death in the general cellular 444 

population (Fig. S2) but affected, as previously reported 23, the relative abundance of 445 

CD3+CD4+ subsets (Fig. S3) and of the CD14+ population (Fig. S1). Further analyses of the 446 

CD14+ population revealed that holo-BLG treatment decreased HLADR expression, resulting in 447 

lower relative numbers of CD14+HLADR+CD86+ cells (Fig.5C, Fig S1). In its apo-form, BLG 448 

was a potent immune stimulator and led to secretion of Th2-associated cytokines even in iron-449 

deficient conditions (Fig.5 D and E). In contrast, uptake of BLG with ligands led to an increase 450 

of intracellular iron in monocytes and impaired antigen presentation by downregulating MHC 451 

class 2 and co-stimulatory molecules, thereby preventing immune activation and cytokine 452 

secretion.  453 

 454 

Ligand binding masks B and T cell epitopes of BLG affecting IgE binding and mast cell 455 

degranulation 456 

As antigen presentation was clearly impaired, we further analyzed the possible direct impact of 457 

FeQ2 ligands on BLG epitope regions. We compared the ligand-binding site with known IgE and 458 

T cell epitopes of BLG. For BLG, two experimentally deduced dominant IgE epitope regions 459 
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were reported at residues K75-D85 in a loop and E127-P144 at the site of the alpha helix 26, with 460 

“weaker” IgE epitopes described at segments defined by residues L31-P48, K47-K60, and L57-461 

I78. As depicted in Fig. 6A, the ligand binding site was in near proximity of the IgE epitope 1, 462 

which was described to be relevant in subjects with persistent milk-allergy 74, but did not affect 463 

epitope 2, which is located at the opposite site of epitope 1 on the alpha helix. To determine 464 

whether ligand-binding had any biological consequence in humans, we determined IgE-binding 465 

to BLG with or without ligands, in milk sensitized children who reacted positive (n=20) and 466 

negative (n=20) to oral cow milk challenge, termed milk allergic and milk tolerant respectively 467 

(Fig 6B and patients’ characteristics in Table S1). Indeed, the milk-allergic subjects had reduced 468 

IgE-binding to the holo-form of BLG, loaded with FeQ2 complexes, compared to apoBLG or 469 

when using an irrelevant chelator such as deferoxamine. Importantly, IgE-binding of milk-470 

tolerant children was not affected by the ligands of BLG, emphasizing that IgE of milk tolerant 471 

children recognize different epitopes that are not in close proximity to the ligand-binding site. It 472 

also underscores that IgE in milk allergic children is formed under conditions in which BLG is 473 

devoid of ligands and thus fulfilling the requirements for allergenicity. 474 

Next, we addressed whether ligand-binding also affected the immune dominant T cell epitope for 475 

BLG, located at residues 97-117, with the most important core residues Y102-E112 476 

(YLLFCMENSAE) 26, 75, 76.   477 

As clearly shown in Fig.6C, ligand-binding co-localized in particular with the T cell epitope 478 

residues F105, C106 and M107. Antigen stability is crucial for antigen processing and can 479 

determine the sensitizing potential of allergens by altering epitope specific T-cell activation as 480 

described for the major birch pollen allergen Bet v 1 in two studies 77, 78. Endolysosomal enzymes 481 

such as Cathepsin S process antigens to peptides for presentation. Interestingly, two of its 482 
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predicted cleavage sites are located within the dominant T cell epitope at BLGp99-105 and 483 

BLGp109-11526,  suggesting that also here ligands masking the position F105 prevent proper 484 

endolysosomal processing and antigen processing.  485 

The co-localization strongly suggests that ligand-binding impaired the T-cell stimulatory 486 

capacity of the holoBLG in our in vivo murine model as well as in human peripheral blood 487 

mononuclear cells in vitro (Fig3A and 5D, respectively).  488 

As FeQ2 binding to BLG masked IgE and T cell epitopes and affected antigen presentation, we 489 

also addressed whether the ligands alone had an impact in the effector phase, using primary 490 

human mast cells in an antigen-independent approach (Fig. 6D). Here, IgE sensitized mast cells 491 

were preincubated with BLG, quercetin or FeQ2 complexes, alone and in combinations thereof, 492 

before being crosslinked via anti-IgE. Also in this setting, only apoBLG and quercetin, which are 493 

able to sequester iron, promoted mast cell degranulation. In contrast, holoBLG did not further 494 

sensitize these cells, suggesting a role for iron in this resilience state (Fig.6D). This is in line with 495 

literature showing that dependent on the degree of iron saturation - lactoferrin and transferrin can 496 

inhibit the degranulation capacity of mast in vitro and in vivo79-81.   497 

 498 

Discussion  499 

 500 
Here we revealed a previously unrecognized function of the lipocalin beta-lactoglobulin, the 501 

major whey compound of milk, to provide immune tolerance when loaded with FeQ2. Our data 502 

suggest that proper loading prevents the antigenicity of the cow milk allergen itself, by masking 503 

important immune epitopes on the one hand, but also by shuttling ligands to immune cells that 504 

down-tune their antigen presentation skills. HoloBLG shuttled complexed iron into antigen 505 

presenting cells but not into lymphocytes, and reduced the readiness of mast cells to degranulate.  506 
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Our data suggest that the nasal mucosa may represent a natural route for tolerance induction to 507 

airborne BLG from cattle farms, explaining the allergy-protective effect of farm living. We 508 

propose that BLG could be exploited for mucosal tolerance induction in preventive or 509 

therapeutic settings. 510 

Molecular studies also showed that the tolerogenic aryl hydrocarbon receptor pathway 511 

was activated. AhR-expression levels vary in immune cells, with high expression levels found in 512 

monocytes 82, dendritic cells, macrophages 83 and B cells 84, 85. Within the T cell compartments, 513 

Th17 cells and, to a lesser extend Treg cells, express AhR 86. Importantly AhR activation has 514 

been reported to reduce inflammation 87, 88, abrogate Th2 cell differentiation, downregulate 515 

FcεRI expression on antigen presenting cells 61 and promote Tregs 89, 90. In line with literature, 516 

we show concentration-dependent AhR activation by quercetin, which was significantly 517 

enhanced by the addition of BLG in vitro in a reporter cell system. Moreover, Cyp1A1 518 

expression was significantly upregulated in the lungs of holoBLG-treated mice, which is 519 

associated with protection to allergic sensitization, a sustainment of Tregs and reduced clinical 520 

immediate type reactivity. As we were not able to detect Cyp1A1 expression in the controls, in 521 

which only iron-quercetin complexes were applied without BLG, we propose that BLG is needed 522 

for effective ligand transport and activation of the AhR pathway in vivo.  523 

We observed a general non-responsiveness when applying BLG with its ligands in vivo in terms 524 

of humoral and cellular responses, with reduced release of cytokines including immune 525 

suppressive cytokine IL10. This resilience to immune activation resembles findings observed in 526 

not-yet allergic subjects, that neither possess more Tregs nor secrete more IL10 than allergic 527 

subjects 91. This is in contrast to former allergic subjects with secondarily acquired tolerance, 528 

who clearly show increased Tregs and IL10 levels 92.  529 
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We also identified iron as an underappreciated contributor to immune tolerance. Indeed, iron 530 

deficiency favours a Th2 response 93-95 and allergy 96-98, whereas too much iron leads to 531 

immunosuppression 99, partly by increasing the ratio of Tregs in relation to effector T cells 100, 532 

101. 533 

An increase in intracellular iron has been linked to impaired antigen presentation and is 534 

associated with a suppressive phenotype in macrophages in vitro and in vivo 69. In contrast, 535 

reduced cellular iron content in macrophages enhances the generation of pro-inflammatory 536 

cytokines 71. Similarly, increased iron-levels negatively affect CD4+ counts 102, and to a lesser 537 

extent CD8+ cells 72. Accordingly, our in vitro evidence suggests that holoBLG is primarily 538 

taken up by antigen presenting cells rather than by T cells. Additionally, epitope masking, 539 

simultaneous increase of intracellular iron and initiation of the AhR cascade prevents effective 540 

antigen presentation 103. Our data also show an impact of iron in the effector phase of allergy, 541 

where it directly acts on mast cells in an antigen-unspecific manner and lowers mediator release. 542 

In contrast, iron-free apoBLG as well as quercetin, as an iron-chelator, alone or in combination 543 

with BLG, increased the degranulatory ability of these mast cells. Similarly, studies have shown 544 

that histamine release from mast cells can be inhibited in vitro 79 and in vivo 79 - dependent on 545 

their degree of iron saturation- with iron-laden lactoferrin and transferrin 79, 81. 546 

The loading state of BLG could indeed be the nexus between the allergenic or tolerogenic state 547 

of this major whey compound and likely expand to other ligands such as retinoic acid that mask 548 

the immunodominant T-cell epitope of BLG26.  549 

This is also hinted by the reduced IgE recognition of the loaded BLG molecule by IgE of milk 550 

allergic children, implying that allergic children at a certain time point generated IgE against the 551 

“naked” epitopes of an apoBLG form. It is also in contrast to children sensitized but tolerating 552 
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milk, who did not discriminate between the filled or empty proteins, which may reflect IgE 553 

binding to minor BLG epitopes not affected by ligand binding.  554 

The immune system has evolved to survey and respond to environmental stimuli. In this regard, 555 

beta-lactoglobulin as an innate defense protein seems to hunt for ligands and nutrients and in 556 

humans confer protection by calming immune cells, via its ability to transport ligands to our 557 

immune cells. 558 

The study may also have implications for understanding the allergy- and asthma-protective 559 

effects of farm milk and living in a farm environment, as the holoBLG loaded with its ligands 560 

might preferentially occur in non-processed, non-defatted milk. 561 

Indeed, binding of polyphenols (catechins104, 105, quercetin36, 106, luteolin107, rutin36, etc.) has been 562 

reported to increase the anti-oxidant activity of BLG105, 108, 109 and lead to enhanced intestinal 563 

uptake110. In contrast, BLG depletion reduces the antioxidant activities of milk by 50%, while 564 

purified BLG is only considered a mild antioxidant111. Studies have also shown that the ability of 565 

BLG to bind to ligands such as retinol and palmitic acid is lost upon heating112, similar the 566 

antioxidant activity in milk is reduced upon heating 111, 113, while at the same time its antigenicity 567 

increases 26, 112.  568 

Collectively, we have discovered a previously unrecognized role of the major milk protein beta-569 

lactoglobulin to transport ligands to immune cells, thereby providing an immune-regulatory 570 

effect resulting in resilience to immune activation and protection against allergic sensitization 571 

and symptoms. Our findings propose that spiking beta-lactoglobulin with natural ligands like 572 

quercetin or retinoic acid may pave the path towards a new generation of prophylactic or 573 

therapeutic approaches against the allergy epidemic.  574 

 575 
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Figure legends:  874 

 875 
Fig. 1 Quercetin-iron complex formation and binding to BLG. A, Model of beta-876 
lactoglobulin, BLG, incorporating iron(quercetin)2 (FeQ2) or ferrioxamine complexes. B, 877 
Calculated affinities of quercetin as described by Roth-Walter F et al. 23 and desferrioxamine in 878 
the presence and absence of iron to BLG by AutoDock VINA  C, Fluorescence quenching of 879 
quercetin upon addition of iron and D, optical spectra and color change of 100µM quercetin and 880 
50µM desferrioxamine, iron, BLG and combinations thereof at pH 7.3.  881 

 882 

Fig. 2 Holo-BLG treatment prevents antibody formation and reduces splenocytic cytokine-883 
response. A, As depicted in the sensitization scheme, mice were intranasally sensitized 6 times 884 
in biweekly intervals with either apoBLG and equimolar concentrations of DFO in the apoBLG 885 
group, or apoBLG in combination with iron-quercetin complexes, representing the holoBLG 886 
group, or were sham-treated with iron-quercetin complexes alone (FeQ2) or deferoxamine alone 887 
(DFO). Subsequently, mice were challenged with BLG i.p and allergic response was monitored 888 
before euthanasia. B, BLG-specific IgG1, IgE, IgG2a, IgA-levels in serum as well as C, 889 
splenocytic cytokine response of mice intranasally treated with deferoxamine (DFO, n=5), FeQ2 890 
(n=5), apoBLG (n=5), holoBLG (n=5). Representative data from three independent experiments 891 
are shown. Groups were compared by ANOVA following Tukey’s multiple comparisons test, 892 
Mean ± SEM; ***P<0.001, ****P<0.0001. 893 

 894 

Fig. 3 HoloBLG treatment prevents lymphocyte proliferation, promotes regulatory T cells 895 
and protects against allergic reactions. Splenocytes of the groups treated either with DFO, 896 
apoBLG, holoBLG or FeQ2 were analysed for A, CD71 expression and total numbers of 897 
splenocytes per spleen, B, for CD4 and Foxp3 coexpression. C, Body temperature drop, 898 
symptom score and representative images of body temperature (blue to red= low to high 899 
temperature) and movements (lines) recorded by the imaging cage after systemic challenge with 900 
BLG in the different treated groups. Representative data from three independent experiments are 901 
shown. Groups were compared by one-way ANOVA following Tukey's multiple comparisons 902 
test. Mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. 903 

 904 

Fig. 4 BLG promotes quercetin-dependent AHR activation. AZ-AhR cells were treated with 905 
A, increasing concentrations of quercetin alone (0 /4.5/9/45/90µM), or quercetin and 2µM BLG 906 
B, with 90µM quercetin in combination with 45µM iron and/or 2µM BLG for 18 h, before 907 
luciferase-activity was measured in the supernatant. Representative data from three independent 908 
experiments normalized to medium alone. C, Representative regions of lung sections stained for 909 
Cyp1A1 and D, quantification of Cyp1A1 expression per image in the different treated mice. 910 
Concentration-dependent activation of AHR A, was compared using mixed-effects analysis 911 
following Sidak’s multiple comparisons test. Differences of quercetin-activation in the presence 912 
or absence of iron and BLG and Cyp1a1 expression were tested by one-way ANOVA following 913 
Tukey's multiple comparisons test, Mean ± STD; **P < 0.01, ***P < 0.001, ****P < 0.0001. 914 

 915 

 916 
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Fig. 5 HoloBLG increases intracellular iron in monocytic cells but not T cells. Peripheral 917 
blood mononuclear cells isolated by densitiy gradient (n=16) were incubated overnight in iron-918 
free media and in the presence or absence of apoBLG (blue curve) or holoBLG (orange curve), 919 
before analysis for increase in intracellular iron-levels by means of quenching of the calcein-920 
signal. Summary of the calcein-signal in the A, monocytic gate and B, CD3+ cells. C, 921 

HLADR+CD86+ expression of CD14+ cells. D, IL10 E, IL13 F, IFNγ levels after 18h 922 
incubation in iron-free media. Data from five independently performed experiments with a total 923 
of n=16 subjects are shown. Groups were compared with Wilcoxon matched-pairs signed test, 924 
Mean ± SEM; *P <0.05, **P < 0.01 925 

 926 

Fig. 6 Ligand binding masks B cell and T cell epitopes of BLG affecting IgE binding and 927 
antigen-independent mast cell degranulation. Localization in the structure (cartoons and sticks 928 
in upper row) and in the surface (lower row) of A, two IgE-binding epitopes in BLG: epitope 1 929 
(residues 75-85) colored magenta and epitope 2 (residues 127-144) colored cyan. Labels in red 930 
indicate residues within 4 Å distance of the Fe(quercetin)2 ligand, shown as sticks with carbons 931 
in deep blue in the three cases. In the right column ligands are depicted as partially transparent 932 
spheres and sticks underneath. B, IgE binding to BLG alone or in combination with 933 
deferoxamine and iron-quercetin in milk allergic (n=20) and milk tolerant children (n=20) 934 
respectively. C, The dominant T-cell epitope defined by residues Y102-E112 marked in orange 935 
in two views of the BLG-Fe(quercetin)2 FeQ2 complex. Surface images correspond to the 936 
orientation shown in the cartoon images. D, Antigen-independent impact of BLG in combination 937 
with the ligands on human mast cell degranulation. Groups were compared for B, by RM-one-938 
way ANOVA following Tukey’s multiple comparisons test and for D, by one-way ANOVA 939 
following Tukey's multiple comparisons test. Mean ± SEM; *P < 0.05, ****P < 0.0001 940 
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Table S1. Characteristics of milk allergic and milk tolerant children  2 

 3 
 4 
 5 
 6 
 7 
 8 

Characteristics of patients milk-allergic milk tolerant p-Value

n 20 20 ns.

Age in months; Mean ± SD 71  ± 57 52  ± 30 0,197

gender; f/m 7/13 5/15

IgE total kU/L ; Mean ± SD 867  ± 2718 235  ± 283 0,334

IgE milk kU/L ; Mean ± SD 29  ± 25 2.1  ± 6.9 0,001
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   1

Figure legends  1 

Fig S1. HoloBLG treatment increased intracellular iron in CD14+ monocytic cells, while 2 
decreasing HLADR expression and the relative CD14+ population. Impact of stimulants on 3 
intracellular iron and cell populations. Peripheral blood mononuclear cells were incubated 4 
overnight in iron-free media alone or with quercetin, iron-quercetin in the presence or absence of 5 
BLG, before analysis for CD14+, HLADR and intracellular iron-levels by calcein. (A) Relative 6 
numbers and (B) intracellular iron-levels of CD14+cells, MFI of (C) HLADR and (D) CD86 of 7 
CD14+ cells; Groups were compared by RM-one-way ANOVA following Tukey’s multiple 8 
comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001. 9 

 10 

Fig S2. No significant differences in cell death in the gated cell population. Peripheral blood 11 
mononuclear cells were incubated overnight in iron-free media alone or with quercetin, iron-12 
quercetin in the presence or absence of BLG. Cells were stained with calcein and gated to the 13 
lymphocytic and monocytic compartment. Calcein negative cells within the gate were considered 14 
dead. (A) Gating strategy, (B) absolute and (C) relative numbers of calcein-negative cells within 15 
the gate. Groups were compared by RM-one-way ANOVA following Tukey’s multiple 16 
comparisons test, Mean ± SEM. 17 

 18 

Fig S3. HoloBLG treatment reduced intracellular iron and relative numbers of CD3+CD4+ 19 
cells. Impact of stimulants on intracellular iron and cell populations. Peripheral blood 20 
mononuclear cells were incubated overnight in iron-free media alone or with quercetin, iron-21 
quercetin in the presence or absence of BLG, before analysis for CD3+CD4+ cells and 22 
intracellular iron-levels by means of quenching the calcein-signal. (A) Relative numbers of 23 
CD3+cells and (B) CD3+CD4+ cells; intracellular iron-levels in (C) CD3+ and (D) CD3+CD4+ 24 
cells; Groups were compared by RM-one-way ANOVA following Tukey’s multiple comparisons 25 
test. *P < 0.05, **P < 0.01, ***P < 0.001. 26 
 27 
 28 
 29 
 30 
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