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Immunotherapy with biodegradable nanoparticles encapsulating the oligosaccharide galactose-alpha-1,3-galactose enhance immune tolerance against alpha-gal sensitization in a murine model of alpha-gal syndrome












	
	TYPE Original Research

PUBLISHED 09 August 2024
DOI 10.3389/falgy.2024.1437523






[image: image2]

Immunotherapy with biodegradable nanoparticles encapsulating the oligosaccharide galactose-alpha-1,3-galactose enhance immune tolerance against alpha-gal sensitization in a murine model of alpha-gal syndrome

Michael N. Saunders1,2†, Claudia M. Rival3,4†, Mahua Mandal3,4, Kayla Cramton3,4, Laila M. Rad1, Katarzyna W. Janczak5, Laura A. Williams1, Amogh R. Angadi1, Jessica J. O’Konek5*, Lonnie D. Shea1,6,7* and Loren D. Erickson3,4*

1Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI, United States

2Medical Scientist Training Program, University of Michigan, Ann Arbor, MI, United States

3Beirne Carter Center for Immunology Research, University of Virginia, Charlottesville, VA, United States

4Department of Microbiology, Immunology, and Cancer Biology, University of Virginia, Charlottesville, VA, United States

5Mary H. Weiser Food Allergy Center, Michigan Medicine, Ann Arbor, MI, United States

6Department of Chemical Engineering, University of Michigan, Ann Arbor, MI, United States

7Department of Surgery, University of Michigan, Ann Arbor, MI, United States

EDITED BY
Pål Johansen, University of Zurich, Switzerland

REVIEWED BY
Surendra Raj Sharma, University of North Carolina at Chapel Hill, United States
Marta Paolucci, University of Zurich, Switzerland

*CORRESPONDENCE Jessica J. O'Konek jjoz@umich.edu
Lonnie D. Shea ldshea@umich.edu
Loren D. Erickson loren@virginia.edu

†These authors share first authorship

RECEIVED 23 May 2024
ACCEPTED 11 July 2024
PUBLISHED 09 August 2024

CITATION Saunders MN, Rival CM, Mandal M, Cramton K, Rad LM, Janczak KW, Williams LA, Angadi AR, O’Konek JJ, Shea LD and Erickson LD (2024) Immunotherapy with biodegradable nanoparticles encapsulating the oligosaccharide galactose-alpha-1,3-galactose enhance immune tolerance against alpha-gal sensitization in a murine model of alpha-gal syndrome.
Front. Allergy 5:1437523.
doi: 10.3389/falgy.2024.1437523

COPYRIGHT © 2024 Saunders, Rival, Mandal, Cramton, Rad, Janczak, Williams, Angadi, O'Konek, Shea and Erickson. 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.


IgE antibodies against the mammalian oligosaccharide allergen galactose-α-1,3-galactose (αGal) can result in a severe allergic disease known as alpha-gal syndrome (AGS). This syndrome, acquired by tick bites that cause αGal sensitization, leads to allergic reactions after ingestion of non-primate mammalian meat and mammalian-derived products that contain αGal. Allergen-specific immunotherapies for this tickborne allergic syndrome are understudied, as are the immune mechanisms of allergic desensitization that induce clinical tolerance to αGal. Here, we reveal that prophylactic administration of αGal glycoprotein-containing nanoparticles to mice prior to tick protein-induced αGal IgE sensitization blunts the production of Th2 cytokines IL-4, IL-5, and IL-13 in an αGal-dependent manner. Furthermore, these effects correlated with suppressed production of αGal-specific IgE and hypersensitivity reactions, as measured by reduced basophil activation and histamine release and the systemic release of mast cell protease-1 (MCPT-1). Therapeutic administration of two doses of αGal-containing nanoparticles to mice sensitized to αGal had partial efficacy by reducing the Th2 cytokine production, αGal-specific IgE production, and MCPT-1 release without reducing basophil activation or histamine release. These data identify nanoparticles carrying encapsulated αGal glycoprotein as a potential strategy for augmenting αGal-specific immune tolerance and reveal diverse mechanisms by which αGal nanoparticles modify immune responses for established αGal-specific IgE-mediated allergic reactions.
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Introduction

Alpha-gal syndrome (AGS) is an atypical IgE-mediated food allergy to the oligosaccharide galactose-α-1,3-galactose (αGal) and was first described 15 years ago (1–3). Patients with AGS are mostly adult and are clinically identified due to the presentation of allergic symptoms ranging from urticaria and gastrointestinal discomfort to anaphylaxis starting between 2 and 6 h after ingestion of non-primate mammalian meat, dairy, or other αGal-containing foods (4–7). In the United States, bites from the Lone Star tick, Amblyomma americanum, induce IgE sensitization to αGal (8, 9). Importantly, AGS is becoming a global health problem, with increasing cases reported in all continents with additional tick species implicated in αGal sensitization (10). AGS is therefore markedly different from traditional food allergies, which typically arise early in life and involve acute hypersensitivity reactions to protein allergens.

Mammalian meat avoidance is the primary means of AGS clinical management, which can result in significant social and economic consequences (11). A few reports suggest oral immunotherapy with red meat may desensitize AGS patients; however, limited data from these reports did not explore the effects of oral immunotherapy on the modulation of innate and adaptive immune responses associated with IgE-mediated food allergy (12, 13). The identification of the αGal allergen eliciting IgE responses in AGS holds promise for leading to strategies to identify and intervene in individuals at risk with allergen avoidance or other immunomodulatory approaches. Thus, there is an unmet clinical need to determine whether an αGal glycoprotein-containing immunotherapy can effectively desensitize recipients with AGS and identify how immune tolerance involved in this carbohydrate-specific food allergy may differ from food allergies elicited by protein or other carbohydrate allergens.

IgE sensitization to αGal must be studied in mice deficient in α-galactosyltransferase, an enzyme that produces αGal in lower mammals. Thus, α-galactosyltransferase knockout (AGKO) mice are used to study immune mechanisms of αGal IgE sensitization. Tick-induced sensitization to αGal has been demonstrated in AGKO mouse models of tick feeding or injection of tick extracts through the skin (9, 14–16). Previous work by our group demonstrated that AGKO mice immunized with lone star tick extract induced αGal-specific IgE production, which was dependent on cognate CD4+ T cell help (14). Furthermore, AGKO mice sensitized to αGal exhibited greater hypersensitivity responses after ingestion of αGal-containing beef extract compared to wild-type mice that do not make IgE antibodies against αGal. Our group and others have demonstrated the ability to intravenously deliver protein cargo to antigen-presenting cells (APCs) in the spleen and liver via biodegradable polymer poly(lactide-co-glycolide) (PLG) nanoparticles (NPs) for tolerance induction (17–20). We have shown that prophylactic and therapeutic intravenous delivery of allergen-loaded NPs attenuate allergic responses in murine models of peanut and egg allergy and result in allergen-specific suppression of Th2 cell responses (19, 21). These findings suggest that NPs are a safe and effective immunotherapeutic approach to induce allergen desensitization in protein-based food allergy.

In this report, we tested the effects of NPs containing encapsulated αGal glycoprotein administered prophylactically and therapeutically to desensitize αGal-sensitized AGKO mice. In mice prophylactically administered αGal NPs, suppression of Th2 cytokines IL-4, IL-5, and IL-13 was observed, which correlated with reduced αGal-specific IgE production and hypersensitivity responses, as measured by decreased frequencies and activation of basophils and mast cell reactivity. Therapeutic delivery of αGal NPs to sensitized mice also suppressed Th2 cytokines, αGal-specific IgE production, and mast cell reactivity but did not affect the frequencies of basophils and mast cells. These results demonstrate the ability of αGal NPs to suppress a carbohydrate allergen-specific IgE response when given prophylactically and therapeutically.



Materials and methods


Mice

The alpha-1,3-galactosyl transferase−/− (AGKO) mice have been described and were bred on a C57BL/6 background (14, 22, 23). Studies used 2-month-old, age-matched mice of both sexes with a mean weight of 18–22 g; 12–15 mice were randomly allocated to each experimental NP treatment or phosphate-buffered saline (PBS) control group, and 3–5 were naïve mice. No mice were excluded from the analysis. All mice were bred and maintained in the specific-pathogen-free animal facilities at the University of Virginia with the approval of the Institutional Animal Care and Use Committee protocol #3506 and were used in compliance with the Association for Assessment and Accreditation of Laboratory Animals Care policies.



Generation and characterization of αGal and control nanoparticles

αGal–human serum albumin (αGal–HSA) and control human serum albumin (HSA) NPs were generated as previously described (19). Briefly, a 12.5 w/w% solution of αGal–HSA (αGal-β-1,4-GlcNAc-HSA with three atom spacer; Dextra UK) in human serum albumin (Sigma) was prepared and dissolved at 200 mg/ml in PBS for generation of nanoparticles containing the glycoconjugate αGal–human serum albumin (NP-αGal). Alternatively, a 200 mg/mL HSA protein (Sigma) solution in PBS was used as a starting point to produce control HSA NPs. Then, 150 μL of either the αGal glycoprotein or HSA solution was added to 2 ml of 20% w/v 50:50 poly(lactide-co-glycolide)–COOH (i.v. = 0.18; Evonik) dissolved in dichloromethane. Following sonication, 10 mL of 2% w/v poly(ethylene-alt-maleic anhydride) (PEMA; MW 400 kDa; Polysciences, Inc.) was added, and the solution was sonicated again. This solution was subsequently added to a 0.5% w/v PEMA solution and continuously stirred overnight to allow dichloromethane evaporation. The resulting solid αGal or HSA NPs were washed with 0.1 M sodium bicarbonate–sodium carbonate buffer, pH 9.6 (Polysciences, Inc.) and then lyophilized in a cryoprotectant consisting of 3% w/v aqueous D-mannitol and 4% w/v aqueous sucrose. Dynamic light scattering was performed on each batch of NPs using a Zetasizer Nano ZSP to ensure a diameter between 400 and 700 nm, a surface zeta potential of <−35 mV, and a polydispersity index of <0.3.



Nanoparticle treatment and IgE sensitization

For prophylactic NP studies, AGKO mice were treated with 2.5 mg of i.v. αGal–HSA NPs or i.v. HSA NPs resuspended in 100 μL of PBS or an equivalent volume (100 μL) of PBS on days −28 and −14 (21) (Figure 1A). Whole-body protein extract was prepared from A. americanum seed ticks (Oklahoma Tick Rearing Facility), and the total protein concentration was measured by the BCA assay (Thermo Fisher) as previously described (14). The expression of αGal in tick protein extracts was detected using the 10H8 anti-αGal human IgE mAb (Indoor Biotechnologies) by ELISA; the number of αGal moieties is currently unknown. Thus, each mouse was subsequently given three intradermal (i.d.) injections of 50 μg of total tick extract supplemented with 50 μg of αGal-bovine serum albumin (BSA) on days 0, 7, and 31 to induce IgE sensitization to αGal as previously described (14). On day 35, the mice were administered 250 μg of αGal-containing beef extract (212303; Thermo Fisher) in 100 μL of water via an intragastric (i.g.) challenge, and sera and tissues were subsequently harvested after 90 min for further analysis as previously established (14). For therapeutic NP studies, AGKO mice were given three intradermal (i.d.) injections of 50 μg of whole-body protein extract prepared from A. americanum seed ticks and 50 μg of αGal-BSA on days 0, 7, and 31 (Figure 4A). On days 33 and 47, mice were treated with 2.5 mg of i.v. NP-αGal, 2.5 mg of i.v. NP-HSA, or PBS, as described above. On day 63, the mice were given an additional i.d. injection of 50 μg of whole-body protein extract and after 5 days were administered 250 μg of beef extract via an i.g. challenge. Sera and tissues were subsequently harvested after 90 min for further analysis.
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FIGURE 1
Prophylactic treatment with NP-αGal prevents IgE-mediated allergic responses to αGal. (A) Schematic of prophylactic NP treatment in a mouse model of tick extract-induced IgE sensitization to αGal. AGKO mice received two doses of NP-αGal–HSA or control NP-HSA, 2 weeks apart, prior to intradermal injections (i.d.) of whole-body protein extract prepared from lone star seed ticks supplemented with 50 μg αGal-BSA on day 0 and identically prepared booster injections on days 7 and 31. On day 35, mice received an intragastric challenge with beef extract and were analyzed 1.5 h later. (B) Concentration of MCPT-1 in the sera of mice after the beef extract challenge measured by ELISA. (C) Fold increase in histamine released from the basophil activation test (BAT) with cetuximab measured by ELISA. (D) Serum levels of total IgE, tick-specific IgE, and αGal-specific IgE, IgG1, and IgG2b from mice on day 35 measured by ELISA or Luminex. All data are expressed as mean ± SEM. The results shown are representative of two independent experiments. P = *0.05, **0.01, and ****0.0001, or ns = not significant, with an unpaired, two-tailed t-test.




Splenocyte recall assays

Spleens were harvested 90 min after the i.g. beef extract challenge and manually disrupted to generate single-cell suspensions. Red blood cells were depleted using ACK lysing buffer. Lymphocytes were resuspended in culture medium (DMEM, 5% FBS, 2 mM L-glutamine, 1% NEAA, 1 mM sodium pyruvate, 10 mM MOPS, 50 μM 2-mercaptoethanol, 100 IU penicillin, and 100 μg/mL streptomycin) and plated at 800,000 cells per well in tissue culture-treated 96-well flat-bottom plates. Cells were stimulated with 10 μg/mL cetuximab (Lilly) as a source of αGal (4, 24, 25) or left unstimulated in the cell culture medium for use as controls. After 72 h, secretion of cytokines IFNγ, IL-4, IL-5, IL-6, IL-10, IL-13, and TNFα was measured in cell culture supernatants using a Luminex Multiplex detection system (EMD Millipore). For each sample, data were determined as follows: (stimulated)−(unstimulated) = total (pg/mL) for each cytokine (mean of duplicate determinations) to show antigen-specific cytokine production.



Serum ELISA for tick and αGal-specific IgE and MCPT-1 quantification

Total serum IgE and tick-specific IgE were determined by ELISA as previously described (14). For total serum titers, Costar high-binding plates (Corning) were coated with 0.83 μg/mL unlabeled antimouse IgE in PBS (Southern Biotechnologies). For tick-specific ELISA, high-binding plates were coated with tick extract at a concentration of 10 μg/mL in PBS. PBS containing 1% BSA, which does not have αGal (26, 27), was used to block non-specific binding to plates and as a sample buffer. The serum was diluted at 1:100 for IgE and serially titrated in threefold increments. HRP-labeled antimouse IgE (Southern Biotechnologies) served as the detection antibody, and the assay was developed using tetramethylbenzidine (BD Pharmingen) with 2 N H2SO4 as the stop solution. Total IgE antibody titers were quantified through a standard curve obtained using unlabeled IgE (Southern Biotech) with a detection limit of 0.07 μg/mL and a detection range of 0.34–250 μg/mL. Tick-specific IgE OD values were calculated as arbitrary units using a standard curve with pooled sera (starting at 1:50 and followed by threefold dilutions) from previous experiments. Alpha-gal IgE was detected by Luminex using a modified version of the Milliplex MAP mouse IgE single plex magnetic bead kit (Millipore Sigma, MGAMMAG-300E), where the kappa PE was replaced by αGal conjugated with biotin followed by streptavidin PE. Briefly, mouse sera (diluted 1:100 in assay buffer) was incubated with antimouse IgE beads for 1 h at room temperature (RT). After washing, beads were incubated with 25 μg/mL biotinylated αGal (Dextra Laboratories, NGB1334) for 18 h at 4°C, washed again, incubated with 25 μL of streptavidin-PE (Millipore Sigma, L-SAPE12) for 30 min at RT, washed, and resuspended in 150 μL of PBS. Samples were run through a Luminex XMAP INTELLIFLEX in the Flow Cytometry Core at the University of Virginia. Data are expressed as the PE mean fluorescence intensity (MFI) of the samples minus the PE MFI of the blank. Mouse sera from sensitized wild-type mice that produce αGal and thus do not make IgE against αGal were used as negative controls. For αGal-specific IgG1 and IgG2b ELISAs, high-binding plates were coated with 3 μg/mL αGal polymer (GlycoTech) in PBS, and serum was diluted at 1:50 and 1:200. Detection antimouse IgG1 and IgG2b antibodies were directly conjugated with HRP and diluted 1:1,000 in 1% BSA PBS, with a detection limit of 0.04 OD value and a detection range of 0.08–0.9 OD values. Mouse MCPT-1 serum levels diluted at 1:3 and serially titrated in threefold increments were measured by ELISA with a detection limit of 46.9 pg/mL and a detection range of 78.125–5,000 pg/mL according to the manufacturer's protocol (LSBio). All ELISA analyses included a standard, blank, and samples in duplicate and were read at 450 nm using a BioTek plate reader. The data were analyzed using curve-fitting software MyAssays (MyAssays.com) with a four-parameter algorithm to generate the standard curve, and after subtracting background absorbance from all data points and taking dilution factors into account, the concentrations of unknown samples were compared to the standard curve.



Flow cytometry

Mouse peripheral blood and inguinal and mesenteric lymph nodes were collected 90 min after oral gavage with beef extract and analyzed for frequencies of CD45 + CD49b + FcεR1 + c-kit− basophils, CD45 + FcεR1 + c-kit+ mast cells, or CD45 + CD103 + CD11c + F4/80− dendritic cells (DCs) as previously described (14). Cells were stained with CD45-APC (Clone 104; eBioscience), CD49b-PerCP-Cy5.5 (Clone DX5; BioLegend), FcεR1alpha-FITC (Clone MAR-1; BioLegend), c-kit-PE-Cy7 (Clone 2B8; eBioscience), CD103-BV711 (Clone M290; BD Biosciences), CD11c-PE (Clone HL3; BD Biosciences), and F4/80-PerCP-Cy5.5 (Clone T45-2342; BD Biosciences). In stains as indicated, cells were also stained with CD200R (OX2R; CD200R1)-PE (Clone OX-110; BioLegend) and CD41-Brilliant Violet 421 (Clone WMReg30; BD Biosciences). Cell viability was determined using LIVE/DEAD Aqua (Invitrogen), and doublets were excluded based on forward scatter and pulse width. Samples were fixed in 1% paraformaldehyde, washed, acquired on an Attune Nxt cytometer, and analyzed using FlowJo software version 10.8.2 (Tree Star). Gates were determined using fluorescence minus one staining control.



Basophil reactivity to αGal

Heparinized blood from individual mice was obtained, and the resulting cells were cultured in basophil culture medium (5% AB serum RPMI supplemented with penicillin/streptomycin and 1 mM L-glutamine) in 96-well V-shaped plates for 1.5 h at 37°C with or without 10 μg/mL cetuximab as previously described (14). The cells were then spun down, and the culture supernatant was collected and frozen at −20°C. Histamine levels were subsequently measured by a competitive ELISA kit (Enzo Life Science) in the supernatant according to manufacturer's instructions. Fold increase was calculated as cetuximab divided by a non-stimulated sample for each mouse. All plates were read at 450 nm using a BioTek plate reader.



Statistical analysis

Statistics were determined using Prism software v10 (GraphPad Software, Boston, MA). To assess differences between groups, an unpaired, two-tailed t-test or the non-parametric Mann–Whitney test was used. Error bars shown in each figure indicate the mean ± SEM. Significance was defined as P-values ≤ 0.05, and the significance levels are stated in the figure legends. All statistical differences are labeled on the graphs.




Results


Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces sensitization to the αGal oligosaccharide

Previously, we demonstrated that PLG NPs encapsulating protein allergens imitate the size and charge of apoptotic cellular debris and directly associate with APCs, leading to a reduction in the secretion of Th2 cytokines (28, 29). We sought to determine whether NPs containing αGal glycoprotein would induce a level of tolerance sufficient to prevent sensitization to αGal when NPs were administered prophylactically to an established mouse model of cutaneous sensitization to αGal (14). This mouse model uses the proallergic adjuvant effects of lone star tick protein extracts and the glycoprotein αGal-BSA to reliably induce αGal-specific IgE production in mice deficient in αGal (AGKO). NP-αGal and, as controls, containing human serum albumin alone (NP-HSA) were generated with a diameter of ∼500 nm and a zeta potential of ∼−40 mV as previously described (28). To test the effects of prophylactic treatment with NPs on immune cells responding to cutaneous αGal exposure, two doses of allergen-encapsulating NPs or an equivalent volume of PBS were intravenously delivered 2 weeks apart to AGKO mice (Figure 1A). AGKO mice were subsequently given a series of intradermal injections with lone star tick protein extract and αGal-BSA prior to the intragastric challenge with αGal-containing beef extract as previously described (14). Unsensitized controls consisted of naïve mice. On day 35, mice that were sensitized after PBS i.v. injection displayed significant reactions to the intragastric beef extract challenge, as measured by increased serum MCPT-1 levels (Figure 1B) and histamine levels released by circulating blood basophils after in vitro stimulation with cetuximab, a monoclonal antibody containing αGal moieties in the Fab portion of its heavy chain (4, 30) (Figure 1C). As expected, neither MCPT-1 in serum nor histamine released by cetuximab-stimulated basophils was detected from naïve mice, demonstrating that sensitization to αGal through the skin contributes to a hypersensitivity response following meat consumption. Mice that were sensitized after treatment with NPs that contained αGal (NP-αGal) showed significantly reduced levels of histamines and MCPT-1 compared to mice treated with PBS following the intragastric beef extract challenge, supporting reduced sensitization to αGal in mice that were prophylactically treated with NP-αGal. Mice that were intradermally exposed to lone star tick protein extract and αGal-BSA after treatment with NPs that contained the irrelevant HSA protein (NP-HSA) showed increased levels of histamines released by basophils, similar to the levels observed from mice treated with PBS and significantly higher compared to NP-αGal-treated mice (Figure 1C). Increased levels of MCPT-1 were found in sera from mice treated with NP-HSA following the intragastric beef extract challenge, trending higher than NP-αGal-treated mice but significantly lower compared to mice treated with PBS (Figure 1B).

Prompted by our in vivo data that prophylactic treatment with NP-αGal significantly reduced the levels of MCPT-1 and histamines, we analyzed sera from AGKO mice administered with NPs or PBS and then immunized with tick protein extract and αGal-BSA for levels of total IgE and tick antigen- and αGal-specific IgE by ELISA. First, we confirmed that total, tick-specific, and αGal-specific IgE levels were induced in sera from sensitized mice treated with PBS compared to naïve controls (Figure 1D). As expected, these IgE antibodies were also induced in sensitized mice treated with control NP-HSA. Total IgE levels were induced in sensitized mice treated with NP-αGal, similar to PBS- and NP–HSA-treated mice, with tick-specific IgE levels significantly reduced relative to PBS- and NP-HSA-treated groups. We further found that αGal-specific IgE levels were significantly reduced in NP-αGal-treated mice, with 36% of mice expressing αGal-specific IgE compared to the PBS- and NP-HSA-treated groups that had 82% and 80% of mice expressing αGal-specific IgE, respectively (Figure 1D, right panel). Levels of αGal-specific IgG1 were also significantly reduced in NP-αGal-treated mice compared to PBS treatment, while no differences in the levels of IgG2b to αGal were observed between the groups of sensitized mice (Figure 1D). The total numbers of germinal center B cells (B220 + GL-7 + CD95+) and IgE+ plasma cells (B220−CD138+) within the skin-draining inguinal lymph nodes increased in all groups of sensitized mice compared to naïve controls, with a trend, although not statistically significant, toward fewer numbers of both cell types measured in NP-αGal-treated animals (Supplementary Figure S1). These results suggest that the mechanism by which MCPT-1 and histamine release levels were reduced in mice prophylactically treated with NP-αGal and orally challenged with beef extract was partially through reduced αGal-specific IgE production.



Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces basophil frequency and activation in mesenteric lymph nodes

In murine models of food allergy, basophils play a significant role in the sensitization phase (31–33). To determine the impact of prophylactic administration of NPs on basophils, we sensitized AGKO mice with tick extract plus αGal-BSA after treatment with NP-αGal, NP-HSA, or PBS and assessed the frequency and activation of basophils by flow cytometry. We focused on circulating and mesenteric lymph node basophils that drain the gastrointestinal tract because of the oral challenge. Analysis of peripheral blood basophils (CD45 + CD49b + FcεR1 + IgE + c-kit−) from all groups of sensitized mice showed that the percentages of basophils significantly increased after the intragastric challenge with beef extract compared to naïve controls, with lower basophil frequencies found in mice treated with NP-αGal compared to those treated with NP-HSA (Figure 2A; Supplementary Figure S2). Sensitized mice also exhibited increased frequencies of blood basophils that expressed the basophil activation markers CD200R and CD41 (34–36) following an oral challenge with beef extract regardless of prophylactic treatment (Figure 2B). However, mice treated with NP-αGal showed reduced frequencies of blood basophils with increased expression of CD200R but not CD41 compared to NP-HSA treatment. The groups of sensitized mice that were prophylactically treated with NP-HSA and PBS also showed that the percentages and the numbers of basophils significantly increased in the mesenteric lymph nodes compared to mice treated with NP-αGal (Figure 2C). Moreover, the percentages and the total numbers of basophils in the mesenteric lymph nodes that expressed CD41 and CD200R were similarly increased in the groups of mice treated with NP-HSA and PBS compared to those treated with NP-αGal (Figure 2D). Mast cells are found throughout the gastrointestinal tract and are increased in food-allergic participants (37–40). As expected, increased percentages and numbers of FcεR1 + c-kit+ mast cells in the mesenteric lymph nodes were found in sensitized mice prophylactically treated with NP-HSA and PBS compared to naïve controls (Figure 2E). Mice treated with NP-αGal showed reduced percentages of mast cells and fewer numbers in mesenteric lymph nodes compared to those treated with NP-HSA, although these differences did not reach significance. Taken together, these results demonstrate that tick-induced sensitization to αGal promotes increased intestinal basophils and mast cells, which are reduced by prophylactic NP-αGal treatment. Decreased activation of mesenteric lymph node basophils (Figure 2D) and serum levels of MCPT-1 (Figure 1B) in sensitized mice treated with NP-αGal suggests that NP-αGal treatment also reduces degranulation of basophils and mast cells in response to the intragastric challenge with αGal-containing beef extract.
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FIGURE 2
Prophylactic administration of NP-αGal reduces the frequency and activation of basophils in the mesenteric lymph nodes of mice following an intragastric challenge with beef extract. (A,B) Frequency and activation of circulating CD45 + CD49b + FcεR1 + IgE + c-kit− basophils in peripheral blood from mice at 90 min after oral gavage measured by flow cytometry. (C,D) Frequencies (top), numbers (bottom), and activation of basophils in mesenteric lymph nodes of the same mice as in panel (A,B). (E) Frequencies (top) and numbers (bottom) of FcεR1 + c-kit+ mast cells in mesenteric lymph nodes. The results shown are representative of two independent experiments. All data are expressed as mean ± SEM. P = *0.05, ***0.001, and ****0.0001, with an unpaired, two-tailed t-test.




Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces Th2 cytokine production

Our group and others have demonstrated that PLG NPs given intravenously to deliver protein cargo to antigen-presenting cells in the spleen reduce Th2 cell activation (17, 18). Thus, we investigated the effects of prophylactic administration of NPs on allergic cytokine production by splenic cells following stimulation with αGal. Splenocytes from mice that were sensitized after treatment with NP-αGal, NP-HSA, or PBS were obtained and stimulated with cetuximab to induce αGal-dependent cytokine production and assessed 3 days later for the presence of Th1, Th2, and regulatory T-cell cytokines in the cell culture medium. Splenocytes from naïve mice served as negative controls. Analysis of the response to cetuximab in recall assays of splenic cells from NP-αGal-treated mice but not mice treated with NP-HSA or PBS showed a significant reduction in the secretion of Th2 cytokines IL-4, IL-5, IL-6, and IL-13 (Figure 3A). No effects were detected in the secretion of Th1 cytokines IFN-γ and TNF-α regardless of the NP treatment group compared to PBS controls (Figure 3B). Antigen-specific T-cell suppression through the production of IL-10 contributes to the development of oral tolerance (41, 42). Interestingly, increased IL-10 secretion from recall assays of splenocytes of NP-αGal-treated mice but not mice treated with NP-HSA or PBS was found, suggesting that αGal-dependent induction of IL-10 secretion contributes to reduced sensitization to αGal (Figure 3C). Taken together, these results show that prophylactic NP-αGal treatment blocks the secretion of Th2 cytokines associated with food allergy.
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FIGURE 3
Prophylactic administration of NP-αGal reduces IL-4, IL-5, IL-6, and IL-13 and increases IL-10. (A–C) Cytokine secretion in culture supernatants from splenocyte recall assays to cetuximab measured by Luminex multiplex. The results shown are representative of two independent experiments. All data are expressed as mean ± SEM. P = *0.05, **0.01, and ***0.001, with a non-parametric Mann–Whitney test.




Therapeutic treatment with αGal glycoprotein-containing nanoparticles reduces allergic responses to αGal

The therapeutic efficacy of PLG NPs to suppress allergen-specific immune responses has been shown in murine models of airway and peanut allergy (17–19). Thus, we sought to determine whether therapeutically administered NPs containing αGal would reduce allergic reactivity in AGKO mice with established sensitization to αGal. Mice were sensitized intradermally with tick extract plus αGal-BSA and received two intravenous doses of NPs or PBS; 2 weeks later, they were given a booster with tick extract, followed 4 days after that with an intragastric challenge with beef (Figure 4A). On day 68, mice that were sensitized and treated with PBS displayed significant reactions to the intragastric beef extract challenge, as measured by increased serum MCPT-1 levels (Figure 4B) and histamine levels released by circulating blood basophils after in vitro stimulation with cetuximab (Figure 4C). As expected, neither serum MCPT-1 levels nor histamine released by cetuximab-stimulated basophils were detected in naïve mice. Mice sensitized and treated with NP-αGal showed significantly reduced MCPT-1 levels and lower histamine levels (although not statistically significant) compared to mice treated with PBS following the intragastric beef extract challenge. MCPT-1 levels were also reduced in mice treated with NP-αGal relative to those in control NP-HSA-treated mice (Figure 4B). Mice treated with NP-HSA showed significantly lower histamine levels compared to PBS- and NP-αGal-treated mice (Figure 4C). However, basophils activated with cetuximab showed no increase in histamine release over unstimulated basophils from the peripheral blood of mice treated with NP-HSA, which resulted from greater basal levels of histamine released from unstimulated basophils (Supplementary Figure S3), supporting reduced hypersensitivity to αGal in mice that were therapeutically treated with NP-αGal. As expected, total and tick-specific IgE levels were induced in sera from all groups of sensitized mice regardless of therapeutic treatment compared to naïve controls (Figure 4D). We further found that αGal-specific IgE levels were significantly reduced in mice treated with NP-αGal or NP-HSA compared to those in the PBS-treated and naïve groups. No differences in the levels of αGal-specific IgG1 or IgG2b were found between the sensitized groups (Figure 4D).


[image: Figure 4]
FIGURE 4
Therapeutic administration of NP-αGal reduces hypersensitivity responses in mice following an intragastric challenge with beef extract. (A), Schematic of therapeutic NP treatment. AGKO mice received intradermal injections (i.d.) of whole-body protein extract prepared from lone star seed ticks supplemented with 50μg αGal-BSA on day 0 and identically prepared booster injections on days 7 and 31. On days 33 and 47, mice were intravenously given NP-αGal–HSA or control NP-HSA and, 2 weeks later, were given a booster of tick extract. On day 68, mice received an intragastric challenge with beef extract and were analyzed 1.5 h later. (B) Concentration of MCPT-1 in the sera of mice after a beef extract challenge measured by ELISA. (C) Fold increase in histamine released from the basophil activation test (BAT) with cetuximab measured by ELISA. (D) Serum levels of total IgE, tick-specific IgE, and αGal-specific IgE, IgG1, and IgG2b from mice on day 68 measured by ELISA or Luminex. All data are expressed as mean ± SEM. P = *0.05, and ****0.0001, or ns = not significant, with an unpaired, two-tailed t-test.


An increase in peripheral blood basophils expressing activation markers CD200R and CD41 was observed in all groups of sensitized mice regardless of therapeutic treatment after intragastric challenge with beef extract compared to those in naïve controls (Figure 5A,B). Analysis of basophil frequencies in mesenteric lymph nodes from sensitized mice showed no differences between treatment groups (Figure 5C). However, sensitized mice therapeutically treated with NP-αGal demonstrated reduced percentages and numbers of basophils expressing CD41 and CD200R compared to mice treated with NP-HSA and PBS (Figure 5D). No differences in the percentages and numbers of mast cells in the mesenteric lymph nodes were found in mice among the treatment groups. These results indicate that while therapeutic administration of NP-αGal using this treatment regimen and the experimental timeline does not affect basophil or mast cell frequencies upon an oral challenge, basophil activation was significantly reduced in mesenteric lymph nodes.
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FIGURE 5
Therapeutic administration of NP-αGal reduces the activation of basophils in the mesenteric lymph nodes of mice following an intragastric challenge with beef extract. (A,B) Frequencies of circulating CD45 + CD49b + FcεR1 + IgE + c-kit− basophils and activation by CD200R and CD41 expression in peripheral blood from mice at 90 min after beef gavage measured by flow cytometry. (C,D) Frequencies (top), numbers (bottom), and activation of basophils in mesenteric lymph nodes of the same mice as in panel (A,B). (E) Frequencies (top) and numbers (bottom) of FcεR1 + c-kit+ mast cells in mesenteric lymph nodes. All data are expressed as mean ± SEM. P = *0.05, and **0.01, with an unpaired, two-tailed t-test.


Ex vivo analysis of the response of spleen cells from control and NP-treated mice demonstrated reduced αGal-specific IL-4, IL-5, and IL-13 production following therapeutic administration of NP-αGal (Figure 6A). Cetuximab stimulation of splenocytes from NP-αGal-treated mice did not increase IFNγ and TNFα production (Figure 6B) but significantly increased IL-10 production (Figure 6C) compared to controls and NP-HSA-treated mice. CD103+ DCs at sites of allergen drainage play a critical role in the generation of natural oral tolerance, and prior studies have suggested that they also mediate desensitization in food-allergic oral immunotherapy participants (43–45). Thus, we evaluated sensitized mice treated with NPs or PBS, followed 2 weeks later by an intradermal booster with tick extract, and 4 days after that, we assessed the frequencies of CD103+ DCs in the skin-draining inguinal lymph nodes. The percentages of CD103 + CD11c + F4/80− DCs and numbers (although not statistically significant) were increased in mice treated with NPs compared to those in PBS controls (Figure 6D), suggesting that therapeutic administration of NPs may induce DCs away from a Th2 skewing phenotype. Reduced levels of IL-4, IL-5, and IL-13, known to promote IgE class switching, and increased levels of IL-10 produced by splenocytes from NP-αGal-treated mice following cetuximab stimulation suggest that the effects of NP-αGal were sufficient to suppress allergic cytokine production.
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FIGURE 6
Therapeutic administration of NP-αGal reduces IL-4, IL-5, IL-6, and IL-13 and increases IL-10. (A–C) Splenocytes harvested on day 68 from all groups of sensitized mice therapeutically administered NPs were stimulated with cetuximab, a source of αGal, and cytokine secretion in culture supernatants from splenocyte recall assays was measured by Luminex multiplex. (D) Frequencies of CD103 + CD11c + F4/80− dendritic cells in skin-draining inguinal lymph nodes of the same mice as in panels (A–C) measured by flow cytometry. All data are expressed as mean ± SEM. P = *0.05, **0.01, and ***0.001, with a non-parametric Mann–Whitney test (A–C) or an unpaired, two-tailed t-test (D).





Discussion

Using an established mouse model of tick-induced IgE sensitization to the mammalian oligosaccharide αGal, we have investigated intravenous administration of glycoprotein allergen-encapsulating NPs for their ability to attenuate allergic responses after an intragastric challenge with αGal-containing beef extract. Our studies demonstrate that these glycoprotein-encapsulating NPs may be used to prophylactically prevent tick-induced sensitization to the carbohydrate αGal while providing insight into the immune pathways involved in desensitization to αGal by NPs. No prior studies have investigated the pro-tolerogenic immunological changes occurring following carbohydrate antigen-specific reprogramming by NPs. Our current work shows that NP-αGal prophylactic treatment alters immune pathways involving T cells, basophils, and mast cells. When delivered prior to sensitization, NPs containing αGal-HSA effectively reduced serum MCPT-1 levels and αGal-specific basophil histamine levels, which corresponded to reduced basophil frequencies and activation of basophils in mesenteric lymph nodes. Further, mast cell frequency trended downward in the mesenteric lymph nodes. Alpha-gal-specific stimulation of splenocytes from mice prophylactically treated with NP-αGal significantly reduced the production of IL-4, IL-5, and IL-13 and increased the production of regulatory cytokine IL-10 without skewing toward a Th1 phenotype. These findings suggest that NP-αGal treatment can reprogram cytokine production in the spleen, a central tolerogenic organ, to prevent elevated Th2 responses, subsequently leading to reduced αGal-specific IgE and IgG1 production. The effects of NP-αGal on Th2 cytokine responses are consistent with our previous report showing that IgE sensitization to αGal depends CD4+ T cell help (14). In AGS patients, αGal-specific IgE production is associated with increased levels of specific IgG1 antibodies (46–48). However, the significance of αGal-specific IgG1 in the development of AGS has not been clarified yet. The role of CD4+ T cells has not yet been definitively determined in humans with AGS nor in another mouse model of AGS involving subcutaneous sensitization of AGKO mice with tick salivary gland extract (15).

Analysis of sensitized mice therapeutically treated with NPs revealed that NP-αGal significantly reduced serum MCPT-1 levels and histamines released by basophils, although the latter was not statistically significant. Moreover, activation but not frequencies of basophils in mesenteric lymph nodes was reduced in mice treated with NP-αGal. No changes in the frequencies of mast cells in the mesenteric lymph nodes of mice were detected. The modest effects of NP-αGal on basophil and mast cell frequencies when given therapeutically compared to prophylactically suggest that therapeutic administration of NPs may not affect the expansion of these cell types in the mesenteric lymph nodes when pre-existing IgE antibodies are bound to FcεR. We also revealed that therapeutic delivery of NP-αGal to sensitized mice suppressed the production of IL-4, IL-5, and IL-13 and increased the production of immunosuppressive cytokine IL-10 from splenocytes stimulated with αGal. Allergen immunotherapy has been shown to induce IL-10 following grass pollen subcutaneous immunotherapy, sublingual immunotherapy (49), and house dust mite (HDM) subcutaneous immunotherapy (50, 51). Generation of T regulatory (Treg) cells that produce IL-10 in vivo after tolerance induction with oral antigens has been reported (52, 53). Thus, increased production of IL-10 from splenocytes stimulated with αGal may suggest that therapeutic administration of NP-αGal to sensitized mice induces a T regulatory cell subset that plays a role in oral tolerance. Using a mouse model of egg allergy, we recently showed that protein allergen-encapsulating NPs can reprogram pathogenic allergen-specific Th2 cells toward a T regulatory phenotype in the small intestine lamina propria (21). Interestingly, a trend increase in the frequency of CD103+ DCs was found in the skin-draining lymph nodes of mice treated with NP-αGal. CD103+ DCs isolated from the mesenteric lymph nodes of mice and humans induce the differentiation of naïve T cells into Treg cells (43, 54, 55). Future experiments devoted to assessing the effects of NP-αGal to reprogram carbohydrate antigen-specific T cells in the gastrointestinal tract will clarify this point.

While NP-αGal treatment is effective at inducing tolerance to αGal and reducing allergic reactivity in sensitized mice by reducing αGal-specific Th2 cytokine production, our data demonstrate that NPs may have a combination of both non-specific and antigen-specific effects in the therapeutic setting. Control NP-HSA given therapeutically increases MCPT-1; however, serum αGal-specific IgE levels are reduced. The differential responses observed with the NP-HSA likely represent some combination of tick antigen-specific IgE bound to mast cells that induce activation by IgE aggregation with multivalent tick antigens that persist in the 5 days following the booster with tick extract. The antigen-specific responses observed with NPs are typically associated with antigen-presenting cells interacting with T cells (56). The decrease in αGal-specific IgE from the NP-HSA, which does not contain the αGal antigen, may arise from a context-dependent bystander effect. In the therapeutic setting, B cells specific to αGal may be abundant at the time of NP administration and associate with the NPs, altering their phenotype or function. Previous studies have demonstrated that NPs can associate with B cells and innate immune cells and alter their phenotype (57–60). Moreover, NPs associated with B cells have been reported to modulate T-cell responses (60). Therefore, NP-mediated reprogramming of immune cells independent of antigen may contribute to less production of αGal-specific IgE in the therapeutic setting.

While these studies have focused on the effects of NPs encapsulating αGal when linked to a protein to attenuate allergic responses to αGal, αGal can also be linked to lipids (10). Invariant natural killer T (iNKT) cells recognize lipid antigens and can produce cytokines traditionally associated with Th1, Th2, and regulatory populations. Further study is necessary to determine the ability of αGal glycolipids to activate iNKT cells and promote the production of αGal-specific IgE. Also unknown is whether treatment with αGal glycoprotein-containing NPs would be sufficient to desensitize recipients sensitized with the αGal glycolipid. Further studies are needed to assess whether NPs containing the αGal glycoprotein, αGal glycolipid, or αGal carbohydrate alone would be capable of tolerizing recipients sensitized with αGal glycoprotein or αGal glycolipid.

Current treatment modalities for patients with AGS are limited to preventing new tick bites and avoidance of mammalian meats and mammalian-derived food products and drugs. However, allergen avoidance leaves patients susceptible to accidental allergen exposures and economic and social consequences related to avoidance-imposed lifestyle changes (11). Alternatively, recent reports have shown that patients with AGS who underwent oral immunotherapy with red meat became tolerant to red meat (12, 13, 61). Oral immunotherapy for any allergen currently relies on continuous daily dosing, which, despite careful surveillance of young and old patients alike, results in high exposure to treatment-related adverse effects (12, 62). NPs offer multiple advantages over traditional vaccine delivery methods for desensitization. First, because of their size and surface charge, these NPs are selectively taken up by antigen-presenting cell populations. This enables the enhanced uptake of allergen loaded into these NPs by antigen-presenting cells. Second, because the allergen is encapsulated within these NPs, it is masked from circulating antibodies and immune cells. Therefore, treatment with allergens encapsulated within NPs confers a reduced likelihood of eliciting an allergic reaction relative to treatment with free allergens. In our studies, prophylactic treatment with only two doses of NP-αGal is sufficient to prevent sensitization to carbohydrate antigen-specific responses and reduce allergic burden following subsequent exposure to beef extract. Moreover, therapeutic administration of two doses of αGal-containing nanoparticles to mice sensitized to αGal had partial efficacy by reducing Th2 cytokine production, αGal-specific IgE production, and MCPT-1 release but did not reduce basophil activation or histamine release and αGal-specific IgG1 or IgG2b levels. Given these promising results, our work shows that NP-αGal can be successfully exploited to improve allergen-specific immunotherapy outcomes. However, subsequent studies are needed to address the therapeutic potential of additional NP-αGal doses on allergic reactivity and the long-lasting effects of NP treatment. Experiments comparing repeated intragastric challenges with beef extract to deglycosylated beef extract may help dissect non-specific and antigen-specific effects of NPs in the therapeutic setting and determine the durability of the induced tolerance. We anticipate that this tolerance could be sustained following repeated oral exposure to antigens, as we have previously demonstrated in a model of egg allergy with multiple oral egg challenges (21). Consistent with many immunotherapies, our findings reveal that some mice respond to NP treatment while others do not. Further studies to elucidate immune mechanisms of allergic desensitization by NPs may also provide novel insights into underlying causes for the variable responses to NP treatment.

In conclusion, these studies demonstrate the first therapeutic strategy using NPs to treat AGS, an understudied tickborne food allergy to mammalian meat. We show that prophylactic treatment with αGal glycoprotein-containing NPs reduces splenocyte Th2 cytokine production following stimulation with a different αGal-containing glycoprotein. αGal-glycoprotein NPs subsequently reduce total, tick-, and αGal-specific IgE levels in the blood while simultaneously reducing the reactivity of circulating basophils and mast cells. In addition, while the current studies demonstrate that these NPs hold prophylactic efficacy in preventing AGS formation, therapeutic treatment with αGal glycoprotein-containing NPs also reduces Th2 cytokines, αGal-specific IgE levels, and mast cell activity. To our knowledge, this is the first demonstration of immunological tolerance induction to an oligosaccharide. Our findings highlight the therapeutic potential of NP-αGal to reduce AGS in recipients with pre-existing disease.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was approved by the University of Virginia Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

MS: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Writing – original draft, Writing – review & editing. CR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. MM: Data curation, Formal Analysis, Investigation, Methodology, Writing – review & editing. KC: Data curation, Formal Analysis, Investigation, Writing – review & editing. LR: Data curation, Formal Analysis, Investigation, Methodology, Writing – review & editing. KJ: Data curation, Formal Analysis, Investigation, Writing – review & editing. LW: Formal Analysis, Investigation, Methodology, Writing – review & editing, Data curation. AA: Data curation, Formal Analysis, Investigation, Methodology, Writing – review & editing. JO: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Supervision, Writing – original draft, Writing – review & editing. LDS: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Supervision. LE: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

LE is supported by grants from the NIH (R01 AI172112). Other funding support includes R01AI155678 to JO and LDS and T32GM007863 to MS. The data for this manuscript were partially supported by the University of Virginia Flow Cytometry Core, RRID: SCR_017829, and the NCI Grant (P30-CA044579).



Acknowledgments

The authors thank Joel Whitfield in the University of Michigan Rogel Cancer Center Immunology Core for his assistance in performing Luminex analysis. Figure images were created in BioRender.com.



Conflict of interest

LDS consults for and has financial interests in Cour Pharmaceutical Development Company, Inc., who have licensed the nanoparticle technology described in this manuscript.

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.

The author(s) declared that they were an editorial board member of Frontiers at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/falgy.2024.1437523/full#supplementary-material



References

1. Commins SP, Jerath MR, Cox K, Erickson LD, Platts-Mills T. Delayed anaphylaxis to alpha-gal, an oligosaccharide in mammalian meat. Allergol Int. (2016) 65(1):16–20. doi: 10.1016/j.alit.2015.10.001

2. Carson AS, Gardner A, Iweala OI. Where’s the beef? Understanding allergic responses to red meat in alpha-gal syndrome. J Immunol. (2022) 208(2):267–77. doi: 10.4049/jimmunol.2100712

3. Chakrapani N, Fischer J, Swiontek K, Codreanu-Morel F, Hannachi F, Morisset M, et al. Alpha-gal present on both glycolipids and glycoproteins contributes to immune response in meat-allergic patients. J Allergy Clin Immunol. (2022) 150(2):396–405.e11. doi: 10.1016/j.jaci.2022.02.030

4. Chung CH, Mirakhur B, Chan E, Le QT, Berlin J, Morse M, et al. Cetuximab-induced anaphylaxis and IgE specific for galactose-alpha-1,3-galactose. N Engl J Med. (2008) 358(11):1109–17. doi: 10.1056/NEJMoa074943

5. Commins SP, Satinover SM, Hosen J, Mozena J, Borish L, Lewis BD, et al. Delayed anaphylaxis, angioedema, or urticaria after consumption of red meat in patients with IgE antibodies specific for galactose-alpha-1,3-galactose. J Allergy Clin Immunol. (2009) 123(2):426–33. doi: 10.1016/j.jaci.2008.10.052

6. Van Nunen SA, O'Connor KS, Clarke LR, Boyle RX, Fernando SL. An association between tick bite reactions and red meat allergy in humans. Med J Aust. (2009) 190(9):510–1. doi: 10.5694/j.1326-5377.2009.tb02533.x

7. Platts-Mills TA, Hilger C, Jappe U, van Hage M, Gadermaier G, Spillner E, et al. Carbohydrate epitopes currently recognized as targets for IgE antibodies. Allergy. (2021) 76(8):2383–94. doi: 10.1111/all.14802

8. Commins SP, James HR, Kelly LA, Pochan SL, Workman LJ, Perzanowski MS, et al. The relevance of tick bites to the production of IgE antibodies to the mammalian oligosaccharide galactose-alpha-1,3-galactose. J Allergy Clin Immunol. (2011) 127(5):1286–93.e6. doi: 10.1016/j.jaci.2011.02.019

9. Maldonado-Ruiz LP, Boorgula GD, Kim D, Fleming SD, Park Y. Tick intrastadial feeding and its role on IgE production in the murine model of alpha-gal syndrome: the tick “transmission” hypothesis. Front Immunol. (2022) 13:844262. doi: 10.3389/fimmu.2022.844262

10. Wilson JM, Erickson L, Levin M, Ailsworth SM, Commins SP, Platts-Mills TAE. Tick bites, IgE to galactose-alpha-1,3-galactose and urticarial or anaphylactic reactions to mammalian meat: the alpha-gal syndrome. Allergy. (2024) 79(6):1440–54. doi: 10.1111/all.16003

11. Macdougall JD, Thomas KO, Iweala OI. The meat of the matter: understanding and managing alpha-gal syndrome. Immunotargets Ther. (2022) 11:37–54. doi: 10.2147/ITT.S276872

12. Unal D, Eyice-Karabacak D, Kutlu A, Demir S, Tuzer C, Arslan AF, et al. Oral immunotherapy in alpha-gal red meat allergy: could specific IgE be a potential biomarker in monitoring management? Allergy. (2023) 78(12):3241–51. doi: 10.1111/all.15840

13. Yucel E, Sipahi Cimen S, Varol S, Suleyman A, Ozdemir C, Tamay ZU. Red meat desensitization in a child with delayed anaphylaxis due to alpha-gal allergy. Pediatr Allergy Immunol. (2019) 30(7):771–3. doi: 10.1111/pai.13092

14. Chandrasekhar JL, Cox KM, Loo WM, Qiao H, Tung KS, Erickson LD. Cutaneous exposure to clinically relevant lone star ticks promotes IgE production and hypersensitivity through CD4+T cell– and MyD88-dependent pathways in mice. J Immunol. (2019) 203(4):813–24. doi: 10.4049/jimmunol.1801156

15. Choudhary SK, Karim S, Iweala OI, Choudhary S, Crispell G, Sharma SR, et al. Tick salivary gland extract induces alpha-gal syndrome in alpha-gal deficient mice. Immun Inflamm Dis. (2021) 9(3):984–90. doi: 10.1002/iid3.457

16. Sharma SR, Choudhary SK, Vorobiov J, Commins SP, Karim S. Tick bite-induced alpha-gal syndrome and immunologic responses in an alpha-gal deficient murine model. Front Immunol. (2023) 14:1336883. doi: 10.3389/fimmu.2023.1336883

17. Pearson RM, Casey LM, Hughes KR, Wang LZ, North MG, Getts DR, et al. Controlled delivery of single or multiple antigens in tolerogenic nanoparticles using peptide-polymer bioconjugates. Mol Ther. (2017) 25(7):1655–64. doi: 10.1016/j.ymthe.2017.04.015

18. Pearson RM, Casey LM, Hughes KR, Miller SD, Shea LD. In vivo reprogramming of immune cells: technologies for induction of antigen-specific tolerance. Adv Drug Deliv Rev. (2017) 114:240–55. doi: 10.1016/j.addr.2017.04.005

19. Hughes KR, Saunders MN, Landers JJ, Janczak KW, Turkistani H, Rad LM, et al. Masked delivery of allergen in nanoparticles safely attenuates anaphylactic response in murine models of peanut allergy. Front Allergy. (2022) 3:829605. doi: 10.3389/falgy.2022.829605

20. Smarr CB, Yap WT, Neef TP, Pearson RM, Hunter ZN, Ifergan I, et al. Biodegradable antigen-associated PLG nanoparticles tolerize Th2-mediated allergic airway inflammation pre- and postsensitization. Proc Natl Acad Sci U S A. (2016) 113(18):5059–64. doi: 10.1073/pnas.1505782113

21. Saunders MN, Rad LM, Williams LA, Landers JJ, Urie RR, Hocevar SE, et al. Allergen-encapsulating nanoparticles reprogram pathogenic allergen-specific Th2 cells to suppress food allergy. Adv Healthc Mater. (2024):e2400237. doi: 10.1002/adhm.202400237. [Epub ahead of print]38691819

22. Chandrasekhar JL, Cox KM, Erickson LD. B cell responses in the development of mammalian meat allergy. Front Immunol. (2020) 11:1532. doi: 10.3389/fimmu.2020.01532

23. Tearle RG, Tange MJ, Zannettino ZL, Katerelos M, Shinkel TA, Van Denderen BJ, et al. The alpha-1,3-galactosyltransferase knockout mouse. Implications for xenotransplantation. Transplantation. (1996) 61(1):13–9. doi: 10.1097/00007890-199601150-00004

24. Chinuki Y, Morita E. Alpha-gal-containing biologics and anaphylaxis. Allergol Int. (2019) 68(3):296–300. doi: 10.1016/j.alit.2019.04.001

25. Michel S, Scherer K, Heijnen IA, Bircher AJ. Skin prick test and basophil reactivity to cetuximab in patients with IgE to alpha-gal and allergy to red meat. Allergy. (2014) 69(3):403–5. doi: 10.1111/all.12344

26. Thall AD, Malý P, Lowe JB. Oocyte Galα1,3Gal epitopes implicated in sperm adhesion to the zona pellucida glycoprotein ZP3 are not required for fertilization in the mouse. J Biol Chem. (1995) 270(37):21437–40. doi: 10.1074/jbc.270.37.21437

27. Thall A, Galili U. Distribution of gal alpha 1—3Gal beta 1—4GlcNAc residues on secreted mammalian glycoproteins (thyroglobulin, fibrinogen, and immunoglobulin G) as measured by a sensitive solid-phase radioimmunoassay. Biochemistry. (1990) 29(16):3959–65. doi: 10.1021/bi00468a024

28. Getts DR, Martin AJ, McCarthy DP, Terry RL, Hunter ZN, Yap WT, et al. Microparticles bearing encephalitogenic peptides induce T-cell tolerance and ameliorate experimental autoimmune encephalomyelitis. Nat Biotechnol. (2012) 30(12):1217–24. doi: 10.1038/nbt.2434

29. Getts DR, Terry RL, Getts MT, Deffrasnes C, Muller M, van Vreden C, et al. Therapeutic inflammatory monocyte modulation using immune-modifying microparticles. Sci Transl Med. (2014) 6(219):219ra7. doi: 10.1126/scitranslmed.3007563

30. Platts-Mills TA, Schuyler AJ, Tripathi A, Commins SP. Anaphylaxis to the carbohydrate side chain alpha-gal. Immunol Allergy Clin North Am. (2015) 35(2):247–60. doi: 10.1016/j.iac.2015.01.009

31. Hussain M, Borcard L, Walsh KP, Pena Rodriguez M, Mueller C, Kim BS, et al. Basophil-derived IL-4 promotes epicutaneous antigen sensitization concomitant with the development of food allergy. J Allergy Clin Immunol. (2018) 141:223–34.e5. doi: 10.1016/j.jaci.2017.02.035

32. Muto T, Fukuoka A, Kabashima K, Ziegler SF, Nakanishi K, Matsushita K, et al. The role of basophils and proallergic cytokines, TSLP and IL-33, in cutaneously sensitized food allergy. Int Immunol. (2014) 26:539–49. doi: 10.1093/intimm/dxu058

33. Noti M, Kim BS, Siracusa MC, Rak GD, Kubo M, Moghaddam AE, et al. Exposure to food allergens through inflamed skin promotes intestinal food allergy via the TSLP-basophil axis. J Allergy Clin Immunol. (2014) 133:1390–1399.e6. doi: 10.1016/j.jaci.2014.01.021

34. Bakocevic N, Claser C, Yoshikawa S, Jones LA, Chew S, Goh CC, et al. CD41 Is a reliable identification and activation marker for murine basophils in the steady state and during helminth and malarial infections. Eur J Immunol. (2014) 44(6):1823–34. doi: 10.1002/eji.201344254

35. Torrero MN, Larson D, Hubner MP, Mitre E. CD200R surface expression as a marker of murine basophil activation. Clin Exp Allergy. (2009) 39(3):361–9. doi: 10.1111/j.1365-2222.2008.03154.x

36. Larson D, Hubner MP, Torrero MN, Morris CP, Brankin A, Swierczewski BE, et al. Chronic helminth infection reduces basophil responsiveness in an IL-10-dependent manner. J Immunol. (2012) 188(9):4188–99. doi: 10.4049/jimmunol.1101859

37. Brandt EB, Strait RT, Hershko D, Wang Q, Muntel EE, Scribner TA, et al. Mast cells are required for experimental oral allergen-induced diarrhea. J Clin Invest. (2003) 112(11):1666–77. doi: 10.1172/JCI19785

38. Ahrens R, Osterfeld H, Wu D, Chen CY, Arumugam M, Groschwitz K, et al. Intestinal mast cell levels control severity of oral antigen-induced anaphylaxis in mice. Am J Pathol. (2012) 180(4):1535–46. doi: 10.1016/j.ajpath.2011.12.036

39. Burton OT, Noval Rivas M, Zhou JS, Logsdon SL, Darling AR, Koleoglou KJ, et al. Immunoglobulin E signal inhibition during allergen ingestion leads to reversal of established food allergy and induction of regulatory T cells. Immunity. (2014) 41(1):141–51. doi: 10.1016/j.immuni.2014.05.017

40. Leyva-Castillo JM, Galand C, Kam C, Burton O, Gurish M, Musser MA, et al. Mechanical skin injury promotes food anaphylaxis by driving intestinal mast cell expansion. Immunity. (2019) 50(5):1262–75.e4. doi: 10.1016/j.immuni.2019.03.023

41. Battaglia M, Gianfrani C, Gregori S, Roncarolo MG. IL-10-producing T regulatory type 1 cells and oral tolerance. Ann N Y Acad Sci. (2004) 1029:142–53. doi: 10.1196/annals.1309.031

42. Tordesillas L, Berin MC. Mechanisms of oral tolerance. Clin Rev Allergy Immunol. (2018) 55(2):107–17. doi: 10.1007/s12016-018-8680-5

43. Coombes JL, Siddiqui KRR, Arancibia-Cárcamo CV, Hall J, Sun C-M, Belkaid Y, et al. A functionally specialized population of mucosal CD103+ DCs induces Foxp3 + regulatory T cells via a TGF-beta- and retinoic acid-dependent mechanism. J Exp Med. (2007) 204:1757–64. doi: 10.1084/jem.20070590

44. Worthington JJ, Czajkowska BI, Melton AC, Travis MA. Intestinal dendritic cells specialize to activate transforming growth factor-beta and induce Foxp3 + regulatory T cells via integrin alphavbeta8. Gastroenterology. (2011) 141(5):1802–12. doi: 10.1053/j.gastro.2011.06.057

45. Freeland DMH, Manohar M, Andorf S, Hobson BD, Zhang W, Nadeau KC. Oral immunotherapy for food allergy. Semin Immunol. (2017) 30:36–44. doi: 10.1016/j.smim.2017.08.008

46. Apostolovic D, Rodrigues R, Thomas P, Starkhammar M, Hamsten C, van Hage M. Immunoprofile of α-gal- and B-antigen-specific responses differentiates red meat-allergic patients from healthy individuals. Allergy: Eur J Allergy Clin Immunol. (2018) 73:1525–31. doi: 10.1111/all.13400

47. Rispens T, Derksen NIL, Commins SP, Platts-Mills TA, Aalberse RC. Ige production to α-gal is accompanied by elevated levels of specific IgG1 antibodies and low amounts of IgE to blood group B. PLoS One. (2013) 8:e55566. doi: 10.1371/journal.pone.0055566

48. Kollmann D, Nagl B, Ebner C, Emminger W, Wohrl S, Kitzmuller C, et al. The quantity and quality of alpha-gal-specific antibodies differ in individuals with and without delayed red meat allergy. Allergy. (2017) 72(2):266–73. doi: 10.1111/all.12948

49. Golebski K, Layhadi JA, Sahiner U, Steveling-Klein EH, Lenormand MM, Li RCY, et al. Induction of IL-10-producing type 2 innate lymphoid cells by allergen immunotherapy is associated with clinical response. Immunity. (2021) 54(2):291–307.e7. doi: 10.1016/j.immuni.2020.12.013

50. Boonpiyathad T, Tantilipikorn P, Ruxrungtham K, Pradubpongsa P, Mitthamsiri W, Piedvache A, et al. IL-10-producing innate lymphoid cells increased in patients with house dust mite allergic rhinitis following immunotherapy. J Allergy Clin Immunol. (2021) 147(4):1507–10.e8. doi: 10.1016/j.jaci.2020.10.029

51. Sharif H, Acharya S, Dhondalay GKR, Varricchi G, Krasner-Macleod S, Laisuan W, et al. Altered chromatin landscape in circulating T follicular helper and regulatory cells following grass pollen subcutaneous and sublingual immunotherapy. J Allergy Clin Immunol. (2021) 147(2):663–76. doi: 10.1016/j.jaci.2020.10.035

52. Thorstenson KM, Khoruts A. Generation of anergic and potentially immunoregulatory CD25 + CD4T cells in vivo after induction of peripheral tolerance with intravenous or oral antigen. J Immunol. (2001) 167(1):188–95. doi: 10.4049/jimmunol.167.1.188

53. Tsuji NM, Mizumachi K, Kurisaki J. Antigen-specific, CD4 + CD25 + regulatory T cell clones induced in Peyer’s patches. Int Immunol. (2003) 15(4):525–34. doi: 10.1093/intimm/dxg051

54. Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic acid mediates enhanced T reg cell growth, differentiation, and gut homing in the face of high levels of co-stimulation. J Exp Med. (2007) 204(8):1765–74. doi: 10.1084/jem.20070719

55. Sun C-M, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, et al. Small intestine lamina propria dendritic cells promote de novo generation of Foxp3T reg cells via retinoic acid. J Exp Med. (2007) 204:1775–85. doi: 10.1084/jem.20070602

56. Rad LM, Arellano G, Podojil JR, O'Konek JJ, Shea LD, Miller SD. Engineering nanoparticle therapeutics for food allergy. J Allergy Clin Immunol. (2024) 153(3):549–59. doi: 10.1016/j.jaci.2023.10.013

57. Saito E, Kuo R, Pearson RM, Gohel N, Cheung B, King NJC, et al. Designing drug-free biodegradable nanoparticles to modulate inflammatory monocytes and neutrophils for ameliorating inflammation. J Control Release. (2019) 300:185–96. doi: 10.1016/j.jconrel.2019.02.025

58. Park J, Zhang Y, Saito E, Gurczynski SJ, Moore BB, Cummings BJ, et al. Intravascular innate immune cells reprogrammed via intravenous nanoparticles to promote functional recovery after spinal cord injury. Proc Natl Acad Sci U S A. (2019) 116(30):14947–54. doi: 10.1073/pnas.1820276116

59. Shen L, Tenzer S, Storck W, Hobernik D, Raker VK, Fischer K, et al. Protein corona-mediated targeting of nanocarriers to B cells allows redirection of allergic immune responses. J Allergy Clin Immunol. (2018) 142(5):1558–70. doi: 10.1016/j.jaci.2017.08.049

60. Zhang MH, Scotland BL, Jiao Y, Slaby EM, Truong N, Cottingham AL, et al. Lipid-polymer hybrid nanoparticles utilize B cells and dendritic cells to elicit distinct antigen-specific CD4(+) and CD8(+) T cell responses. ACS Appl Bio Mater. (2023). doi: 10.1021/acsabm.3c00229. [Epub ahead of print]37219857

61. Tepetam FM, Yegin Katran Z, Bayraktar Barin R, Cakmak Ugurlu B. Delayed anaphylaxis due to alpha-gal allergy: a modified desensitization protocol with red meat in an adult patient. Tuberk Toraks. (2023) 71(3):318–24. doi: 10.5578/tt.20239714

62. PALISADE Group of Clinical Investigators, Vickery BP, Vereda A, Casale TB, Beyer K, du Toit G, et al. AR101 oral immunotherapy for peanut allergy. N Engl J Med. (2018) 379(21):1991–2001. doi: 10.1056/NEJMoa1812856



OPS/images/falgy-05-1437523-g004.jpg
o

Serum total IgE (ug/mL)

id.tickextract v PBS, NP-HSA, oral beef extract -~ __ = o1
aGalBSA orNP-aGal chalenge 2 3° *
i i i iv 2 Tol wes o
y = =
@Ay ) i
o o7 031033 D47 D63 Dos W S §
AGKO 1.tk e : 381 2 1
mics % oGan H H
§ SNINEL -
= 2 > &
&P
e
o g
o e oy W07 R Duo s
M day68 2 Aday68 o -4
s{ri & 27, lae 4 2 g
. a L 5 ¢
. L) i 2E g
38 . 82 g
25 10 4 8
2 Es £ 4
- €
3 2
3 8 H
; 3
] r P & (9 @
& I J ¢
Ll & TN ¥
& Palst.






OPS/images/falgy-05-1437523-g003.jpg
o 4 &
&
O,
by W
%
& N
avox
3 8 3 =
(w/Bd) o111
(w/Bd) 971 Q
oot o,
v
AR
o)
S o—ogosel s
® X
. ol o
L) %0\
& & & & & <
8 8 8 8 R
(uy/Bd) 0-4NL
.vaw
K
v
0,
e )
o W
4

Q
T 8 & < S & & ¥ «

< (qwy/Bd) -1 m (qw/Bd) A-N4|





OPS/images/falgy-05-1437523-g006.jpg
i

[
..%.ﬂ
—

— T

(%) SO0 N 491100 +£010D

(a]

J ol e

(wbd) 111

150,

000
000
1000

(#) SO0 N1 +94100 +€0+00

%,
2
o [ © © %
%, x|¥ o
2 .
. * %\w\.
R o
b %
% g g &8 ~©
QW *

(w/Bd) o111

(wyBd) -1

(qwy/Bd) A-N4|





OPS/images/falgy-05-1437523-g005.jpg
JoL

(%) siydoseq pooiq +L¥ad

2
]

(%) siiydoseq pooiq +400Z

8

8

3

2

g R

o

oy

T

P P
HE o

2
3

°
<

o
&

Lot

a

(%) siydoseq poojg

O

2
3

(%) siydoseq Nw +4002aD

-

o
<

2
8

ﬁrﬂ.

°

i

300000

0
]

9 w©

gv siydoseq Nw

= @Nw

&e ]
.nsﬁ.\»

o»
S
RS

v

%
4

9
8
]

2000

s
K>
*_” % TM\@A\
%,
_H. HABEES 4
A
b A
ﬂ.my,a@«v
— ¥
g 8 8 8 8
g8 888 g
8 ¢ 8 8§ °
(#) siudoseq N +14aD
° %,
ﬁ o BT \&\v
o,
o o4& | s ¥
o[, ]
F )
o TR,
—
O S
: 2 2 &
g 8 8 8
g 8 ° 8
(#) siiydoseq NTw +4002a0
060 fo
1 %,
= 3
oo rsEmEt oY
o BT,

;

200000
100000

(#) siudoseq NTw






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Immunotherapy with biodegradable nanoparticles encapsulating the oligosaccharide galactose-alpha-1,3-galactose enhance immune tolerance against alpha-gal sensitization in a murine model of alpha-gal syndrome

		Introduction



		Materials and methods



		Mice



		Generation and characterization of αGal and control nanoparticles



		Nanoparticle treatment and IgE sensitization



		Splenocyte recall assays



		Serum ELISA for tick and αGal-specific IgE and MCPT-1 quantification



		Flow cytometry



		Basophil reactivity to αGal



		Statistical analysis











		Results



		Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces sensitization to the αGal oligosaccharide



		Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces basophil frequency and activation in mesenteric lymph nodes



		Prophylactic treatment with αGal glycoprotein-containing nanoparticles reduces Th2 cytokine production



		Therapeutic treatment with αGal glycoprotein-containing nanoparticles reduces allergic responses to αGal











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Allergy

Immunotherapy with biodegradable
nanoparticles encapsulating the oligosaccharide
galactose-alpha-1,3-galactose enhance immune

tolerance against alpha-gal sensitization in
a murine model of alpha-gal syndrome





OPS/images/falgy-05-1437523-g002.jpg
ﬂ o
* s_”
[
.
° ® © T N 9
2338338 2
(%) sifeo 1sew NTw
w
S
T
L %,
SR o
v ~ &,
L J | ¥R I8 K
2 ' % 8 b W
2 o 5 s_H. ”Tm”;a\ s m_” Y
e 2 , ° o
L 7
. gﬁ 6®Q\V %
EEEX § & 3 s 88 8 °
(%) siydoseq poojq +1yad (%) siydoseq NTW +Ly@0 (#) siydoseq NTW +L¥Q0
o5 <,
g.&& \.\&
(2
L i €, i
g X ° P2
e[, W“h. . AT %
N L o 2
N o . %
g 8@ %8 R ggggeg-
(%) shydoseq pooiq +4002a0 (%) silydoseq NTwW +4002a0 (#) siydoseq Nw +4002aD
[ a
0
,
\m&\ QA\@V
° %,
*_” ° N M_” \@09
2 b W * ° ¥
m_” % m m_H N@r\v
o N2 . o ¥
> >
$8 88 8 ° £ & 4 g888ggr”°
< (%) siydoseq poojg o (%) siudoseq Nw (#) siydoseq NTw





OPS/images/falgy-05-1437523-g001.jpg
R

(eseq Jano aseau pIo))

o

2 o
& & P
CEEY

19D 0] eseRlel QUMEISIY 1V

&

e
23
%
'
a\xq
&
%
8 8 § ®
(w/Bd) L-LdOW wiieg
m
2
32
B2
83
2% K
s 3
5
o &
3
£3 T
%o
3%
£3 T
1]
bl ~
e s
o §
g b
I3 T?
B3 4
a%
a% @
£5 pom L&
Z mm
]
< o

(Ww0svg0)
az96) oypeds-eop wises

**
°

(40eg0)
1961 oyoeds-{egD Wnieg

mﬂ Y

&
T O
o7k o
m_” %,
o W
an

g § 8§ °

(CT)

36| oyeds-eop wnies

> o

(wy/Bri) 36/ [e30} Winseg









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Allergy





