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Editorial on the Research Topic 


Innate Cells in the Pathogenesis of Food Allergy



Food allergy results from a failure to establish or maintain oral tolerance to certain food proteins and is manifested by adverse responses following ingestion of these foods that range from mild to life-threatening. The increasing prevalence in pediatric and adult food allergy in recent decades and the potentially life-threatening nature of reactions make food allergy a significant public health concern (1). Clinical data and experimental studies establish a role for the adaptive immune system, particularly food-specific IgE, in food allergy. Emerging evidence indicates that innate cells, non-adaptive immune processes, and environmental factors including diet, drugs, and exercise also contribute to abnormal responses to food (2, 3). However, precisely how innate cells, non-adaptive immune processes and factors impact the food allergy diathesis remains poorly understood.

This Frontiers Research Topic represents a collection of articles from worldwide experts that collectively present a current overview of mechanisms in food allergy, diagnostics, and treatments, with particular emphasis on the roles played by innate immune cells. We received a total of 16 articles, including 8 Reviews and 1 Perspective on central topics to food allergy and eosinophilic esophagitis (EoE); and 7 Original Research articles that describe various mechanistic aspects and involvement of innate cells, mediators, microbiota, and factors that alter responses to food in mouse models and humans.



Microbiota, Passage of Antigens and Th2 Responses in the Sensitization to Food Antigens

The intestinal epithelium regulates passage of molecules across the gut wall to the underlying immune compartment and is critical for homeostatic tolerance to food and microbial antigens (3). A tolerogenic response is thought to be primarily mediated by antigen specific, peripherally derived CD4+FoxP3+ T regulatory cells (Tregs) which are fortified by additional supportive regulatory mechanisms including MHCII+CX3CR1HiIL-10 producing macrophages and commensal microbes and their metabolites (4). Ali et al. discuss how damage to or alteration of intestinal epithelial cells compromises active tolerogenic processes that normally limit innate immune cell induced type 2 (Th2) immune responses and oral antigen sensitization. Furthermore, they discuss the cellular and molecular mechanisms by which food and microbial antigens cross the intestinal epithelial barrier to activate innate immune pathways and immune tolerance mechanisms. Much of our current understanding of mechanisms responsible for oral tolerance and food sensitization have been derived from animal-based studies. Bruton et al. discuss the advantages and challenges of models of food allergy to study tolerance and sensitization mechanisms and summarize evidence supporting the prominent roles of innate cell types in the elicitation of allergic sensitization.

Smeekens et al. demonstrate the importance of intestinal epithelial barrier in preventing food sensitization. The authors describe a mouse strain (CC027/GeniUnc) genetically susceptible to food allergy, in the absence of adjuvants. These mice had reduced fecal IgA and alterations in certain bacterial phyla upon exposure to antigens, which promoted increased antigen absorption, and this was associated with increased food-specific IgE. Mennini et al. also highlight a possible role for the microbiota-innate immune axis in food sensitization describing increased bacterial load and microbial dysbiosis in the esophagus of patients with EoE, although a causal relationship remains to be established.

A study by Noah et al. demonstrated that antigen passage across the intestinal epithelium results in sensitization and allergy to food. They show that housing mice at thermoneutrality (26–30°C), a temperature of metabolic homeostasis, enhanced food allergy responses and this was associated with a switch in the mechanism of passage of luminal antigens across the small intestine epithelium from goblet cell antigen passages to secretory antigen passages (SAPs). In further support of the concept that SAPs promote oral food sensitization, a similar process favored development of food allergy in Il4raF709 mice housed at standard temperatures. An elegant study by Farazuddin et al. describes the development and utilization of a nanoscale oil-in-water emulsion vaccine to suppress food allergy. The vaccine induced long-lasting suppression of oral allergen-induced anaphylaxis. Protection was associated with strong IFNγ-mediated suppression of Th2-cytokines, alarmins and ILC2. Intriguingly, the Smeekens and Farazuddin studies also point toward the existence of mechanisms that dissociate antigen-specific IgE from food-induced anaphylaxis: in CC027/GeniUnc mice, elevated IgE to some food allergens, unlike IgE to peanut and walnut, did not trigger anaphylaxis (Smeekens et al.); furthermore, the suppressive effects of the vaccine were achieved despite a persistence of allergen-specific IgE (Farazuddin et al.). Further investigation is warranted to elucidate these regulatory mechanisms.



Antigen Presenting Cells, Tregs, Monocytes and Eosinophils in Food Allergy

Several articles in this Research Topic underscore the contributions of various immune cells to food allergy following alterations in barrier permeability, as well as the importance of early life “immune education”. Key players in the regulation of oral tolerance versus allergy are antigen-presenting cells (APC), including dendritic cells, monocytes and macrophages. APC present food antigens to CD4+ T cells and depending on tissue cues either drive expansion of Th2 cells and promote IgE-specific B cell responses, or expansion of Tregs and tolerance. Based on human and animal model data, Liu et al. review evidence supporting a role for APC populations in the regulation of oral tolerance or sensitization to foods.

Microbiota drive the differentiation of a population of RORγt+ Tregs in the gut that is crucial for tolerogenic homeostasis in early life (5). Notably, these Treg populations are reduced in children with food allergies (6). Knoop et al. demonstrate that RORγt+ Tregs developed at weaning, but not before, are long-lived and required to suppress Th2 responses and maintain tolerance to antigens later in life. This study supports the importance of immune education early in life for the proper expansion of this population of peri-weaning Tregs that cannot be substituted by post-weaning T cells.

Further supporting a role for dysregulation of early life immune education in food allergy, Neeland et al. demonstrate that infants with food allergy present an altered innate immune signature characterized by increased frequency of a monocytic population that is hyper-responsive to endotoxin stimulation and posit that in early life aberrant reprograming of innate cells is associated with the development of food allergy.

Eosinophils are an innate immune cell lineage that define EoE and are associated with food allergy. Doyle et al. review literature on the potential roles of eosinophils in EoE and food allergy. Based on cumulative observations, they propose a dual role for eosinophils in these disorders where eosinophils 1) are initially protective and actively regulate local tissue immunity and/or 2) if persistently activated drive tissue remodeling and fibrosis.



The Role of Basophils and Mast Cells

Basophils and mast cells often take the center stage in food allergy as predominant effector cells in IgE-mediated responses. In addition, their rapid responses to bacterial products and mediators released by damaged epithelium position them at the crossroads between the innate and adaptive arms of the immune system, as innate stimulation can alter their responses to antibody cross-linking (7–9). Several articles in this Research Topic summarize critical knowledge on aspects of basophil/mast cell activation, roles in food allergy, utility as diagnostic tools, and targets for pharmacological intervention. Paranjape et al. review the associations of basophil responsiveness and surface marker expression with clinical outcomes in food allergy and blood levels of specific IgG and IgE antibodies in humans. These associations have made ex-vivo basophil activation tests a useful diagnostic tool for diagnosing food allergy and for monitoring progress during immunotherapy. Kanagaratham et al. discuss how IgE and IgG, acting through activating or inhibitory receptors on mast cells, basophils, and other innate cells, regulate acute effector cell reactions and the induction of Th2-immunity in food allergy. Knowledge on the mechanisms involved in such regulation by Ig receptors can be harnessed for therapeutic applications. Complementary to this review, Dispenza et al. summarize therapeutic strategies to target IgE and IgE-receptor signaling in food-induced anaphylaxis.

The role played by gastrointestinal mast cells, which are located in proximity with IgE+ plasma cells, in the manifestations of food allergies is discussed by Paranjape et al. and Kanagaratham et al. Ptaschinski et al. implicate soluble stem cell factor (sSCF) in the accumulation of small intestine mast cells in a food allergy model. They show that neutralization of sSCF diminished intestinal mast cell numbers and mediator release after challenge. Reduced mast cell frequency and activation correlated with reduced gut permeability and manifestation of food anaphylaxis reactions. Krajewski et al. show that food-derived components such as curcumin, known for its anti-allergic and anti-inflammatory properties, suppressed mast cell activation and survival by inhibiting protein disulfide isomerase (PDI), a thiol reductase expressed on the surface of mast cells. In a food allergy model, blockade of PDI reduced small intestine mast cell numbers and activation and attenuated food allergy reactions. Both studies add to our understanding of how intestinal mast cells can be regulated and provide rationale for novel treatments for food allergy.

The severity of an allergic reaction to food, even to a particular food allergen in the same individual, can vary substantially for reasons that are poorly understood. Muñoz-Cano et al., review evidence that implicates exogenous cofactors such as non-steroidal anti-inflammatory drugs, exercise, and alcohol, as contributors to this heterogeneity. Mechanisms by which these exogenous factors may potentiate allergic responses by enhancement of mast cell and basophil activation are discussed.

Taken together, this Research Topic on the role of innate cells in the pathogenesis of food allergy provides a valuable collection that gives insight into the many exciting avenues of research that continue to enhance our understanding of food allergy and EoE.
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Several recent studies have reported a key role for innate cell hyper-responsiveness in food allergy. This has predominantly been observed in early life, with evidence that innate immune function may return to baseline if food allergy resolves in later childhood. Hallmarks of hyper-responsiveness include increased circulating frequency of monocytes and altered innate cell cytokine responses to in vitro exposure with bacterial endotoxin. These features mirror the defining signatures of trained innate immunity, seen in other complex diseases. In this study, detailed immune cell and cytokine profiling was performed on peripheral blood mononuclear cells at baseline from 27 1 year old infants in the HealthNuts cohort (n = 16 egg allergic and n = 11 non-allergic healthy controls) and following monocyte stimulation. We show that egg allergic infants have increased frequency of circulating monocytes, reduced numbers of regulatory CD4 T cells and increased monocyte: CD4 T cell ratios relative to healthy controls. Monocytes from both egg allergic and non-allergic infants responded to endotoxin stimulation with rapid cytokine production and downregulation of the surface receptor CD16, however monocytes from egg allergic infants were hyper-responsive, producing significantly more inflammatory cytokines (TNFα, IL-6, IL-1β, IL-8) and innate cell recruiting factors (MIP-1α) than healthy controls. This work indicates that monocytes of food allergic infants are programmed to a hyper-inflammatory phenotype and that the development of food allergy may be associated with trained immunity in early life.

Keywords: monocytes, food allergy, trained immunity, inflammatory response, regulatory T (Treg) cell


INTRODUCTION

IgE-mediated food allergies are increasing globally and are more common in children than adults, with up to 10% of infants being peanut, raw egg, and/or sesame allergic (1, 2). Despite a high burden of disease, there are limited treatment options for food allergy and management is limited primarily to individualized dietary avoidance. As such, substantial research efforts are now being employed to understand the cause of food allergy at a mechanistic level.

The contribution of the innate immune system in the development of pediatric food allergy is becoming increasingly clear. A hyper-inflammatory cord blood environment following in vitro microbial stimulation has been associated with the development of food allergy and other allergic diseases in early life (3, 4). We have also recently reported that the non-T cell fraction from infants with egg allergy produce higher levels of inflammatory cytokines following in vitro endotoxin stimulation relative to non-allergic infants (5). Similar findings have been reported in asthma, where children who practice traditional farming, and are exposed to a microbe-rich environment, not only show lower rates of asthma but also a more anti-inflammatory monocyte-driven response following in vitro exposure to endotoxin (6). Combined, this work suggests an altered trajectory of myeloid inflammatory responses in childhood that has implications for the development of allergic disease (7).

Using samples collected from a population-based cohort of challenge-confirmed egg allergic infants and aged-matched healthy controls, we characterized the monocyte and CD4 T cell immune signatures associated with the development of food allergy and investigated the monocyte-specific functional responses to bacterial stimulation in the first year of life.



METHODS


Subjects and Study Design

PBMC samples from 27 1 year-old infants in the HealthNuts cohort (8) were used in this study (n = 16 egg allergic and n = 11 non-allergic 1 year-old infants). Table 1 describes the demographics and clinical characteristics of the selected cohort. Egg allergic infants had a positive oral egg challenge and an SPT wheal size of ≥3 mm or a specific IgE level of ≥0.35 kUA/L at age 1 year. Egg allergic infants also had a negative skin prick test (<2 mm) or negative specific IgE (<0.35 kUA/L) to both peanut and sesame. Non-allergic controls were not sensitized to any foods and had a negative oral food challenge to egg or peanut at age 1 year. Oral food challenges were performed as described previously (9) and serum-specific IgE levels were measured using the ImmunoCAP System FEIA.


Table 1. Demographics and clinical characteristics of selected cohort.
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Preparation of Cells for Fluorescence Activated Cell Sorting (FACS)

Blood was collected during clinic appointments 2 h following oral food challenge. PBMCs were isolated by density gradient and cryopreserved in liquid nitrogen as previously described (10). PBMCs were thawed in 10 mL thaw media (complete RPMI supplemented with 10% heat-inactivated FCS with 25 U/ML benzonase) at 37°C, centrifuged at 300 × g for 10 min and washed in media before viability count. Mean viability as determined by trypan blue exclusion was 81%. Following cell count, PBMCs were washed in PBS at 300 × g for 10 min and resuspended in PBS at 1 × 106/mL. Fixable viability stain 510 (BD Biosciences) was added at 0.5 μl per mL of cell suspension. Cells were incubated at room temperature for 15 min protected from light, washed in FACS buffer (2% FCS, 2 mM EDTA in PBS) and resuspended in 50 μl FACS buffer containing human FC-block for 5 min. The antibody cocktail (CD3 APC-H7, CD19 PerCpCy5.5, HLA-DR BB515, CD4 A700, CD25 PE, CD127 V450, CCR7 PE-CF594, CD45RA BV711, CD11c PE-Cy6, CD14 BV786) made up at 2X was added 1:1 to the resuspended cells and incubated on ice for 30 min. Cells were then washed and resuspended in 300 μl FACS buffer for cell sorting. Monocytes were sorted using a BD Influx Cell Sorter according to the gating strategy outline in Figure 1 and 2 × 105 events per sample were recorded for immune phenotyping analysis. Compensation was performed at the time of sample acquisition using compensation beads (BD Biosciences).


[image: Figure 1]
FIGURE 1. Experimental workflow for immune profiling and monocyte stimulations in 1 year old healthy and food allergic infants. Cryopreserved PBMC from n = 16 egg allergic (EA) and n = 11 non-allergic (NA) 1 year-old infants were thawed and used for multi-parameter fluorescence activated cell sorting (FACS) to explore circulating monocyte and CD4 T cell immune cell profiles (analyzed by unsupervised and traditional manual gating), and to purify monocytes for culture experiments. Sorted monocytes underwent a 24 h stimulation with media (control) or LPS (1 ng/mL).




Stimulation of Purified Monocytes and Detection of Cytokines in Cell Culture Supernatant

Monocytes were resuspended at 5 × 104/100 μl in cell culture media (complete RPMI supplemented with 10% FCS and penicillin streptomycin) and seeded in 96-well round bottom culture plates. An additional 100 μl of cell culture media (unstimulated) or an additional 100 μl of cell culture media containing 2 ng/mL lipopolysaccharide (LPS) (stimulated—final 1 ng/mL) were added prior to incubation for 24 h at 37°C, 5% C02 (Figure 1). Cell culture supernatants were then harvested and frozen at −80°C for later quantification of inflammatory cytokines (TNF, IL-10, IL-6, IL-1β, IL-8, GMCSF, MIP-1α) using the Human Soluble Protein Flex Set Cytometric Bead Arrray (BD Biosciences) according to manufacturer's instruction. Cytometric bead array data were acquired on a BD LSR II X-20 Fortessa and analyzed using the FCAP Array Software. Unstimulated samples below the detection range were arbitrarily reported as half the lower limit of detection for each cytokine and included in the analysis.



Analysis of Monocyte Surface Receptors Post Stimulation by Flow Cytometry

Monocytes were assessed for expression of cell surface markers CD14 and CD16 after cell culture by flow cytometry. Adherent monocytes were removed from the 96-well culture plate using cold PBS 2 mM EDTA for 15 min. Monocytes were centrifuged at 600 × g for 5 min and resuspended in 50 μl FACS buffer containing human FC-block for 5 min. The functional monocyte antibody cocktail (CD11c PE-Cy7, HLADR BB515, CD14 BV786, CD16 BUV395) made up at 2X was added 1:1 to the resuspended cells and incubated on ice for 30 min. Cells were washed and resuspended in 150 μl FACS buffer for acquisition using a BD LSR II X-20 Fortessa. Compensation was performed at the time of sample acquisition using compensation beads (BD Biosciences).



Data Analysis

Flow cytometry files underwent standard pre-processing to remove debris, doublets and to select for live cells. Live single cells were analyzed by manual gating as outlined in Figure 1 using FlowJo V10.6. All cell populations were expressed as proportion of live single cells. To verify the manual gating approach and to visualize these data in two dimensions, we ran a t-distributed stochastic neighbor embedding (tSNE) analysis. This analysis was performed on 270,000 randomly selected live single cells (10,000 cells per participant) using CD3, CD19, CD4, CD25, CD127, CCR7, CD45RA, HLA-DR, CD11c, and CD14 for clustering. The default parameters within the tSNE plugin in FlowJo v10.6 were used. Monocyte: CD4 T cell ratios were calculated for each individual by dividing the frequency of monocytes by their respective CD4 T cell subpopulation frequency. Cytokine data is expressed as fold change from unstimulated for each individual. Log transformed values were used to create a heatmap using the Morpheus heatmap tool (https://software.broadinstitute.org/morpheus). For immune cell profiling and cytokine data, p-values were determined by Mann-Whitney U-test (2-tailed) and adjusted for multiple comparisons using the Benjamani and Hochberg approach to control the false discovery rate (FDR) (11). FDR-adjusted p < 0.1 were considered significant. Both raw and adjusted p-values are reported. The statistical analysis was performed in R (version 3.5.2) and figures were generated using GraphPad Prism version 6.01. Results are presented as box and whisker plots (where the box represents the 25th−75th percentiles, the line represents the median and the whiskers extend to minimum and maximum values).



Ethics

Approval to conduct the HealthNuts study was obtained from the Victorian State Government Office for Children (reference no. CDF/07/492), the Victorian State Government Department of Human Services (reference no. 10/07), and the Royal Children's Hospital Human Research Ethics Committee (reference no. 27047).




RESULTS


Egg Allergic Infants Show Altered Monocyte and CD4 T Cell Profiles in Peripheral Blood

We comprehensively analyzed the circulating monocyte and CD4 T cell profiles in egg allergic 1 year-old infants relative to healthy controls using both traditional manual gating and unsupervised analyses. To complement and validate our traditional manual gating approach, we used the dimensionality reduction technique tSNE, that visualizes cytometry data by giving each datapoint a location on a two-dimensional map (12). Based on the expression of lineage markers, the generated tSNE clusters were classified into eight cell types with the following average frequencies: B cells (26.9%), naïve CD4 T (28.8%), memory CD4 T (5.04%), naïve Treg (1.9%), memory Treg (1.1%), monocytes (6.18%), CD11c+ DC (2.53%), and CD3+CD4− T cells (22.8%) (Figure 2A). Approximately 5% of cells were negative for all markers. The phenotypes and frequencies identified by this unsupervised analysis were comparable to those obtained by manual gating (Figure 2B).


[image: Figure 2]
FIGURE 2. Immune cell profiling shows altered circulating monocyte and CD4 T cell profiles in egg allergic infants. (A) tSNE representation of live single cells [270,000 randomly selected cells (10,000 cells per participant)]. The generated tSNE clusters were classified into the following cell types based on expression of lineage markers: B cells (green), memory CD4 T cells (dark purple), naïve CD4 T (light purple), memory Treg (dark blue), naïve Treg (light blue), monocyte (pink), CD11c+ dendritic cells (aqua), CD3+CD4− T cells (orange). (B) Monocytes, CD4 T cells and Treg expressed as proportion of total live cells in non-allergic (black), and egg allergic (purple) infants. (C) Naïve CD4 T, memory CD4 T, naïve Treg (nTreg), and activated Treg (acTreg) expressed as proportion of total live cells in non-allergic (black) and egg allergic (purple) infants. (D) Monocyte: CD4 T cell ratios for total CD4 T cells and Tregs in non-allergic (black) and egg allergic (purple) infants.


When comparing cell populations between clinical groups, we show that egg allergic infants have increased median frequency of circulating monocytes relative to non-allergic controls (4.6 vs. 1.8% of total live cells, p = 0.062, FDR-adjusted p = 0.07, Figure 2B), and reduced median frequency of circulating regulatory CD4 T cells relative to non-allergic controls (1.6 vs. 2.2% of live cells, p = 0.026, FDR-adjusted p = 0.07, Figure 2B). When investigating if there was a difference in a particular subset of regulatory CD4 T cell, we found that the naïve (CD45RA+) Treg population (nTreg) is significantly reduced in egg allergic infants (0.9 vs. 1.5% of live cells, p = 0.03, FDR-adjusted p = 0.07, Figure 2C), whilst no difference was found in the activated (CD45RA−) Treg population (acTreg) (Figure 2C).

To investigate differences within the individual between these cell types, we calculated the monocyte: CD4 T cell ratio in each subject for CD4 T cells and Tregs. Egg allergic infants show increased median monocyte: CD4 T ratios for total CD4 T cells (0.13 vs. 0.05, p = 0.046) and Tregs (2.4 vs. 0.82, p = 0.02), (Figure 2D).



Hyper-Responsive Cytokine Production From Stimulated Monocytes in Egg Allergic Infants

Purified CD14+ monocytes from egg allergic infants were found to produce significantly more TNFα, IL-10, IL-6, IL-1β, IL-8, and MIP-1α relative to healthy controls (Figure 3). Median fold change (stim/unstim) and p-values for each cytokine in egg allergic vs. non-allergic infants were: TNFα (11 vs. 1.8, p = 0.059, FDR-adjusted p = 0.08), IL-10 (7.2 vs. 2.0, p = 0.056, FDR-adjusted p = 0.08), IL-6 (69 vs. 10, p = 0.0037, FDR-adjusted p = 0.012), IL-1β (75 vs. 8.0, p = 0.046, FDR-adjusted p = 0.08), IL-8 (3.7 vs. 1.0, p = 0.0037, FDR-adjusted p = 0.012), GMCSF (253 vs. 36, p = 0.109, FDR-adjusted p = 0.109), and MIP-1α (190 vs. 11, p = 0.07, FDR-adjusted p = 0.08). The heightened inflammatory nature of monocytes following stimulation from food allergic infants can be visualized in the corresponding heatmap (Figure 3B). In order to visualize the overall cytokine response of every individual, data were displayed as a principal component analysis (PCA) plot based on all cytokine release levels (Supplementary Figure 1). Interestingly, we observed that while the control group is uniform and clusters together, the allergic individuals showed much more variability as a group (Supplementary Figure 1).


[image: Figure 3]
FIGURE 3. Elevated cytokine production from LPS-stimulated monocytes in egg allergic infants. (A) Monocytes were cultured for 24 h with media alone or 1 ng/ml LPS. Cytokines were assessed in the cell culture supernatant by cytometric bead array and expressed as fold change from unstimulated in non-allergic (n = 7, black box plot) and egg allergic (n = 9, purple box plot) infants. (B) Heatmap showing log2-fold change in cytokine production for all cytokines in each individual using the Morpheus heatmap tool.


Following stimulation, monocytes downregulated CD16, a surface receptor involved in recognition of LPS and previously shown to be internalized following activation (13) (Supplementary Figure 2). In our study, monocytes from unstimulated cultures showed CD16 expression, however this was internalized following LPS stimulation in both non-allergic and egg allergic infants, highlighting LPS-induced monocyte activation in both groups.




DISCUSSION

This study demonstrated that 1 year-old infants with challenge-confirmed IgE mediated egg allergy have increased frequency of circulating monocytes, reduced numbers of regulatory CD4 T cells and increased individual monocyte: CD4 T cell ratios relative to healthy controls. Monocytes from egg allergic infants were also hyper-responsive following in vitro stimulation with LPS, producing significantly higher levels of a range of inflammatory cytokines and chemokines relative to monocytes from healthy controls.

Most work investigating the immune origins of food allergy have focused on T and B cells as mediators of the allergen-specific immune response. This has revealed a key role for Th2 cells in promoting the allergic immune response, and regulatory- CD4 T and -B cells in the induction of immune tolerance (14–16). The innate immune system, however, remains relatively unexplored in childhood food allergy. One of the first studies to demonstrate innate immune dysfunction showed elevated production of inflammatory cytokines in the cord blood from children who subsequently became allergic (food allergy, eczema, and/or asthma), which correlated with the propensity for Th2 responses at birth and during the first year of life (4). Similar findings were observed in cord-blood derived monocytes from children who develop food allergy at 1 year of age, with elevated production of inflammatory cytokines observed following stimulation with LPS. This study also reported an increased monocyte: CD4 T cell ratio in the cord blood of infants with food allergy (3). We have also previously reported that the non-T cell fraction from food allergic infants showed increased inflammatory cytokine responses (TNFα, IL-6, IL-1β, and IL-8) to LPS stimulation, and that this was more pronounced in infants with persistent food allergy outcomes (5). However, as this was a mixed population of immune cells—including dendritic cells, monocytes, and natural killer cells—it was unclear if this was due to the monocyte fraction alone. Here, we confirm that the global inflammatory response observed in our previous work is a monocyte-specific signature. In fact, monocytes from food allergic infants responded to stimulation with at least 3-fold more capacity in each inflammatory cytokine investigated relative to healthy controls. We have also expanded our previous work to show that stimulated monocytes from food allergic infants produce elevated granulocyte-macrophage colony-stimulating factor (GMCSF) and macrophage inflammatory protein 1-alpha (MIP-1α), key immune factors involved in the differentiation and recruitment of monocytes and other innate immune cells during an immune response (17, 18).

Our data also show an increased monocyte: CD4 T cell ratio in egg allergic 1 year old infants relative to healthy controls. This suggests an increase in monocytes is associated with a corresponding reduction in circulating CD4 T cells, including Tregs. Indeed, egg allergic infants also showed a reduction in the total proportion of circulating Tregs, further highlighting that food allergy is associated with both a skew toward enhanced inflammation and a corresponding reduction in regulatory immune responses in early life.

Collectively, the innate immune features emerging in food allergy closely resemble those of trained immunity. This response is underpinned by epigenetic reprogramming of innate immune cells that leads to altered inflammatory responses upon repeated microbial exposure (19). Trained immunity can enhance protection against infectious diseases but can be deleterious in non-communicable diseases characterized by inappropriate inflammation. Such effects have recently been described in autoimmune and autoinflammatory disease (20). Signatures of trained immunity include a skew toward higher myeloid cells in the circulation and a hyper-inflammatory phenotype following microbial stimulation, driven primarily by monocytes (21). In the context of food allergy, we and others have shown these monocyte-driven signatures originate early, either in the cord blood before allergy develops or within the first year of life at the time of food allergy diagnosis. It will be important to investigate if this monocyte hyper-responsiveness continues into later life in persistently food allergic children, and whether this signature returns to control levels if food allergy naturally resolves or tolerance is induced through immunotherapy in childhood. Evidence from recent work in hypercholesteremia patients suggests that trained immunity can persist even after several months of lipid lowering statin treatment (22). Future work in our laboratory will also focus on epigenetic reprogramming of monocytes in food allergy from infancy to adolescence, and across the spectrum of food allergy phenotypes.

As blood collection was performed following clinical testing in our study, it should be considered that a positive egg oral food challenge could influence some of the innate immune parameters investigated. As such, the results presented likely represent a snapshot of the innate immune response following in vivo allergen exposure. However, we have previously reported no differences in innate cell activation or inflammatory plasma cytokine production in food allergic infants who had a blood sample taken on a non-oral food challenge day vs. an active oral food challenge day (5, 23).

In summary, we have extended our previous findings to show that the altered innate immune signature observed in infants with food allergy is mediated by monocytes that not only circulate in higher frequency but are also hyper-responsive to endotoxin activation. This work suggests that monocytes from food allergic infants are programmed to a hyper-inflammatory phenotype and that the development of food allergy in the first year of life may be associated with aberrant trained innate immune responses.
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Eosinophilic esophagitis (EoE) is an antigen-driven disease associated with epithelial barrier dysfunction and chronic type 2 inflammation. Eosinophils are the defining feature of EoE histopathology but relatively little is known about their role in disease onset and progression. Classically defined as destructive, end-stage effector cells, eosinophils (a resident leukocyte in most of the GI tract) are increasingly understood to play roles in local immunity, tissue homeostasis, remodeling, and repair. Indeed, asymptomatic esophageal eosinophilia is observed in IgE-mediated food allergy. Interestingly, EoE is a potential complication of oral immunotherapy (OIT) for food allergy. However, we recently found that patients with peanut allergy may have asymptomatic esophageal eosinophilia at baseline and that peanut OIT induces transient esophageal eosinophilia in most subjects. This is seemingly at odds with multiple studies which have shown that EoE disease severity correlates with tissue eosinophilia. Herein, we review the potential role of eosinophils in EoE at different stages of disease pathogenesis. Based on current literature we suggest the following: (1) eosinophils are recruited to the esophagus as a homeostatic response to epithelial barrier disruption; (2) eosinophils mediate barrier-protective activities including local antibody production, mucus production and epithelial turnover; and (3) when type 2 inflammation persists, eosinophils promote fibrosis.
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Introduction

Eosinophilic esophagitis (EoE) is an increasingly prevalent disease entity clinically characterized by symptoms of esophageal dysfunction (1). Endoscopically, EoE is defined by the presence of edema, longitudinal furrows, exudates, and rings and esophageal narrowing in more advanced disease (2). Histopathologic diagnosis requires the presence of esophageal eosinophilia with a tissue eosinophil density ≥15 eos/hpf (1). Patients with EoE are often atopic and up to 70% may have IgE-mediated food allergy (3–5). Treatments for EoE include high-dose proton-pump inhibitors, swallowed topical steroids, dietary elimination, and esophageal dilation (6). While there are no FDA-approved therapies for EoE, a number of clinical trials investigating biologic agents are ongoing (7). In terms of its pathogenesis, EoE is driven primarily by food antigens (8, 9) and less commonly environmental allergens (10, 11); however, EoE does not appear to be IgE-mediated (12). Recent literature suggests that EoE is associated with impaired epithelial barrier function of the esophageal mucosa (13–15). Barrier disruption may alter local antigen processing leading to chronic type 2 inflammation and dysregulation of endogenous protease activity (16, 17). These inflammatory responses (including eosinophilia) may subsequently give rise to a perpetual cycle of remodeling and repair.



Oral Immunotherapy and the Initiation of EoE

OIT for IgE-mediated food allergy represents a unique vantage point from which to understand the pathogenesis of EoE. OIT is based on the principle that graduated antigen exposure desensitizes acute effector cells (e.g. mast cells, basophils) and modulates antigen-specific T- and B-cell responses allowing for ingestion of pre-defined doses of a triggering food protein (18). Importantly, approximately 50% of subjects receiving OIT develop gastrointestinal symptoms and up to 5% develop EoE (19, 20). Generally, EoE resolves with cessation of OIT; however, some subjects develop persistent disease (21, 22). The prevalence of EoE among patients with food allergy is substantially increased compared to the general population and subjects do not routinely undergo upper endoscopy before starting OIT; therefore, it is difficult to exclude the possibility that OIT subjects have pre-existing subclinical EoE (5).

To address this, we performed a study analyzing longitudinal endoscopic biopsies during a 2-year clinical OIT trial in adults with IgE-mediated peanut allergy (23, 24). We observed that some subjects did, indeed, have asymptomatic esophageal eosinophilia (≥ 15 eos/hpf) at baseline; eosinophils are not present in the normal esophagus. Tissue eosinophilia was associated with mild endoscopic abnormalities (rings, edema, linear furrows) as well as other histopathologic alterations (basal zone hyperplasia). Importantly, while a few subjects had tissue eosinophilia at baseline, all subjects had evidence of dilated intercellular spaces in at least one segment of the esophagus suggesting IgE-mediated food allergy is also associated with epithelial barrier disruption of the esophagus. When participants were followed longitudinally, OIT induced or exacerbated esophageal eosinophilia in almost all subjects. Intriguingly, esophageal eosinophilia was transient in most subjects despite the fact that antigen exposure with OIT was continued. For a majority, tissue eosinophilia was mild and asymptomatic, although one patient developed dysphagia and food impaction and was diagnosed with EoE. The only other subject with persistent esophageal eosinophilia failed the final desensitization challenge after two years of peanut OIT.

The esophageal eosinophilia observed in OIT subjects is usually asymptomatic and transient. However, it is unclear to what extent or when this may occur in EoE subjects. We hypothesize that patients diagnosed with EoE have more profound epithelial barrier impairment and/or dysfunctional wound healing and repair responses that perpetuate type 2 inflammatory responses. It remains an open question as to whether controlled, graduated antigen exposure can desensitize EoE subjects to trigger foods. This is the rationale for recent studies of epicutaneous therapy in EoE (25).

In addition to clinical and histologic features, OIT and EoE subjects share similar immunologic characteristics. For example, OIT induces food-specific IgA and IgG4 responses in saliva and peripheral blood (26, 27). These markers are also increased in the saliva, biopsy homogenates and peripheral blood of patients with EoE (28–30). Importantly, food-specific IgA and IgG4 levels are associated with the development of sustained unresponsiveness to food challenge following OIT (27).

Overlaps in the clinical and histopathologic features of OIT and EoE subjects suggest that food allergy and EoE exist on the same disease spectrum. Taken together, these observations suggest that: (1) IgE-mediated food allergy, like EoE, is associated with epithelial barrier dysfunction of the esophagus; (2) antigen exposure in this context promotes tissue eosinophilia; (3) esophageal eosinophilia during OIT is often asymptomatic; and (4) antigen-driven tissue eosinophilia can resolve or persist resulting in EoE. We hypothesize that eosinophils are recruited initially during OIT to restore homeostasis; however, when tissue inflammatory and remodeling responses become dysregulated they contribute to EoE pathogenesis (Figure 1).




Figure 1 | Proposed model of esophageal eosinophilia. Eosinophils are initially recruited to the esophagus to restore barrier function. When inflammatory and remodeling responses become dysregulated eosinophils contribute to type 2 inflammation, worsening of barrier integrity, and fibrosis. This paradigm allows for categorization of (1) patients with IgE-mediated food allergy or subclinical barrier dysfunction; (2) OIT patients, EoEe1, and EoEe2 representing asymptomatic, mild or severe phases of the inflammatory response; (3) OIT patients who successfully develop sustained unresponsiveness or those who naturally outgrow a food allergy; and (4) EoEe3, which is characterized by fibrostenosis.





EoE Endotypes and Disease Progression

Similar to asthma, EoE may be clustered into different endotypes using clinical, endoscopic, histopathologic, and molecular features. A single, multi-site cross-sectional study of endoscopic, histologic, and molecular data from esophageal biopsies identified three discrete EoE endotypes (31). EoE endotype 1 (EoEe1) has a normal endoscopic appearance and is usually steroid-sensitive. Markers of inflammation and epithelial differentiation are relatively unchanged in this endotype. EoE endotype 2 (EoEe2) is usually pediatric-onset, associated with atopy, and steroid-refractory. Gene expression in EoEe2 is notable for marked upregulation of pro-inflammatory mediators (e.g. IL-4 and TSLP). EoE endotype 3 (EoEe3) tends to be adult-onset, non-atopic, and is associated with fibrostenosis and narrow-caliber esophagus. Gene expression in this group denotes loss of epithelial differentiation. Among the endotypes, EoEe1 is the most benign, while EoEe2 is associated with marked type 2 inflammation. Unsupervised clustering of cytokine gene expression suggests these endotypes may be further subdivided into additional subgroups (32). Of note, validation and verification of these endotypes requires further study and natural history studies have not followed EoE cohorts longitudinally in order to understand specific relationships between endotypes; however, these EoE endotypes may represent different points of progression across a continuum of disease. This same principle may be reflected in the fact that children have non-specific gastrointestinal symptoms; whereas, food impaction due to fibrostenosis is much more common in teens and adults.



Lessons from Targeting Eosinophils and EoE-Like Disease

Unsuccessful clinical trials targeting eosinophils and EoE-like disease provide two lines of evidence supporting the hypothesis that eosinophils may be dispensable in EoE pathology. Given their conspicuous presence in tissue pathology, early clinical trials of biologics in EoE focused on depletion of eosinophils. IL-5 promotes eosinophil maturation, proliferation, activation, and survival (33); therefore, targeting this cytokine pathway was a logical first step. Three anti-IL-5 agents, mepolizumab, reslizumab, and benralizumab, have been developed. Mepolizumab and reslizumab neutralize IL-5 by binding it directly preventing interaction with IL-5Rα. Benralizumab binds to IL-5Rα blocking interaction with IL-5 and promoting antibody-dependent cellular cytotoxicity (ADCC) and deletion of eosinophils. In an alternative strategy, lirentelimab targets siglec-8. Siglec-8 is a transmembrane protein shared by eosinophils and mast cells. Ligation of siglec-8 induces apoptosis of eosinophils and inhibits mast cell activity. Lirentelimab both mediates these activities and induces ADCC of eosinophils (34).

Promising results of an open label trial of mepolizumab in 4 patients with EoE led to the first randomized, double-blind, placebo-controlled (DBPC) trial of mepolizumab in 11 patients (35, 36). The results of this clinical trial were notable for reductions in tissue eosinophil counts but limited clinical improvement in EoE symptoms. A subsequent prospective trial randomized 59 pediatric subjects with EoE to three different dosing arms, using the lowest dose of mepolizumab as a comparator, as opposed to a placebo group (37). While the investigators demonstrated reductions in tissue eosinophilia, again there were no significant differences in clinical symptoms between treatment arms. In the largest randomized DBPC trial of anti-IL-5 therapy in EoE to date, 226 pediatric subjects received reslizumab and, again, significant improvements in clinical symptoms were not seen in the treatment arm compared to placebo (38). Importantly, despite overall reductions in tissue eosinophilia, in each of these trials a majority of subjects did not achieve histologic remission (peak tissue eosinophil counts <15 eos/hpf). Indeed, mepolizumab and reslizumab appear to have greater effects on peripheral blood eosinophils compared to esophageal tissue eosinophils [e.g. 90 vs 55% reduction respectively with mepolizumab (39)]. Together, the outcomes of these trials suggest that eosinophils do not exclusively mediate tissue pathology in EoE or incomplete eosinophil depletion accounts for the persistence of symptoms. Trials of benralizumab and lirentelimab, drugs more likely to completely deplete tissue eosinophils, may be more informative.

Additional evidence that eosinophils may not be the primary driver of clinical symptoms is the existence of EoE-like disease; an entity characterized by EoE symptoms responsive to swallowed topical corticosteroids, but without tissue eosinophilia (40). Kindred of patients with EoE-like disease often reveal multiple family members affected with EoE. Generally, these patients do not have advanced endoscopic findings and their histopathology reveals papillary elongation with increased T cells. These patients are distinguished from EoE patients by reduced eotaxin-3 expression. Finally, patients with EoE-like disease may evolve to develop classical EoE. It is tempting to speculate that EoE-like disease represents yet another endotype on the EoE spectrum. Molecular studies comparing patients with EoE-like disease, food allergy, and EoEe1 are needed to evaluate disease overlap.



Roles of Eosinophils in EoE

Eosinophils are often considered destructive end-stage effector cells defined by their ability to release toxic granule proteins that can damage surrounding tissue. However, comprehensive reviews of eosinophil activities suggest a much more complex cell with roles in health and disease (41–45). As shown in Table 1, eosinophils produce and release various mediators that are involved in inflammation, immunoregulation, and tissue remodeling and repair. In EoE, levels of tissue eosinophilia correlate with disease severity as well as response to treatments (156, 164). On the other hand, eosinophils clearly have a homeostatic or physiologic role as resident cells in the rest of the GI tract and findings from EoE-like disease along with the limited effectiveness of anti-IL-5 therapy suggest a minor role in clinical symptoms in EoE. Moreover, we have recently identified asymptomatic eosinophilia in the esophagus of OIT subjects at baseline. These seemingly divergent observations can be explained by considering the temporal effects of eosinophil activities throughout the progression of EoE. Specifically, we propose that the appearance of eosinophils in the esophagus begins as an extension to their homeostatic function in other GI tissues to enhance barrier function. These eosinophils may become activated to contribute to further protective activities and wound repair and, over time, contribute to disease pathology and fibrosis.


Table 1 | Protective and pathologic effects of eosinophil-derived mediators.




Eosinophil activities in allergic disease are well studied, particularly in asthma, with identified roles for inflammation (e.g. MBP, IL-13), mucus production (IL-13), epithelial damage (MBP, EPX), tissue remodeling/fibrosis (IL-13, TGF-β), and smooth muscle hyperresponsiveness (IL-13, leukotrienes) (165, 166). These pathways have also been observed in EoE by examination of patient biopsies, cell culture experiments, and mouse models. The many potential roles of eosinophils in EoE are well reviewed (67, 167–174). Below we highlight examples of eosinophil activities in barrier maintenance, defense, repair, and fibrosis that suggest esophageal eosinophilia is a protective response that becomes problematic over time.



Early Phase/Protective Response in EoE


Recruitment of Eosinophils

The epithelial barrier has been implicated as central to the disease process in EoE (13, 175). While initiating events remain unclear in EoE, environmental insults to the epithelium (e.g. allergens) can trigger the release of inflammatory signaling molecules including TSLP, IL-25, and IL-33 [all shown to be elevated in EoE (79)] that promote a type 2 inflammatory response [e.g. IL-13 production by ILC2s (176, 177)] which leads to production of eosinophil chemotactic factors, particularly eotaxin-3 (178).



Eosinophils and Epithelial Barrier Maintenance

Eosinophils have been linked with a host of activities that help to protect/restore the epithelial barrier including antimicrobial defenses, remodeling and repair activities, and immune regulation. Mice deficient for eosinophils have shown that under homeostatic conditions eosinophils support mucus-secreting goblet cell numbers in the small intestine (50). Expression of certain mucins has been shown to be upregulated in biopsies of patients with EoE and EoE mouse models [e.g (51, 179).] but further investigation is needed to understand the activities of esophageal glands that are located beyond the reach of these biopsies (i.e. in the lamina propria and submucosa). Interestingly, in our experience with mouse and pig models of EoE, eosinophils tend to accumulate in the lamina propria similar to the rest of the GI tract (unpublished observations). Notably, IL-5 induced esophageal eosinophilia in a transgenic mouse model was not sufficient to induce pathology but with additional stimulus from a hapten increased epithelial layer eosinophilia was observed along with pathologies associated with EoE (180). In humans, a recent retrospective study of esophageal biopsies utilizing specialized forceps that enabled more reliable subepithelial sampling found that one-third of subjects demonstrated greater subepithelial eosinophil density as compared to the epithelium (181, 182). These observations suggest a likely unappreciated level of eosinophils in the esophageal lamina propria. Further investigation is needed to understand the role of subepithelial esophageal eosinophilia in disease pathogenesis.



Eosinophils and Epithelial Barrier Defense

Eosinophils have been shown to directly mediate host anti-microbial defense activities in the gut. For example, in response to activation with LPS, S. aureus, C5a, or TSLP, eosinophils release eosinophil extracellular traps (EETs). EETs are mitochondrial DNA laced with toxic eosinophil granule proteins (i.e. MBP, EPX, EDN, ECP) that are released into the extracellular space and can bind and kill bacteria. Indeed, hypereosinophilic mice exhibited local extracellular DNA deposition and were protected against sepsis after cecal ligation and puncture (183). Notably, EETs were detected in the esophagus of active EoE subjects (79), suggesting a role for this mechanism in protection against microbes in EoE. In addition, MBP and IL-13 in particular induce epithelial turnover, an effective mechanism for expulsion of organisms/substances and replacement of damaged epithelium (126, 184).



Eosinophils and Epithelial Barrier Repair/Immune Tolerance

As shown in Table 1, eosinophils can produce factors that help to restore the barrier by promoting epithelial to mesenchymal transition (EMT) which facilitates wound repair. These factors may include, but are not limited to, TGF-β (92), MMP-9 (114), IL-4 (185), IL-13 (185), EPX (127), and MBP (92, 93, 186). IL-13 in particular is considered a central mediator in EoE (68, 69) and IL-13 expressing eosinophils have been identified in the esophageal tissue of EoE subjects (185). Notably, IL-33 promotes IL-13 production by eosinophils (70, 187–190). Recently, IL-13 has been shown to upregulate synaptopodin, an actin-associated protein associated with wound healing, and barrier integrity, in the epithelium of EoE subjects (71). Eosinophils can also modulate the immune response to facilitate barrier repair. Indeed, mice deficient for eosinophils have established that eosinophils support IgA production (50, 88), which in turn, is secreted to the lumen to facilitate barrier function. Notably, food-specific IgA is increased in EoE (30). Finally, eosinophils expressing MHCII and CD80 have been identified in EoE subjects (191, 192) and may present antigen to T cells. TGF-β and IL-10 can influence the production of IgA, IgG4, and T regulatory cell responses. Both cytokines are produced by eosinophils in EoE (92, 185) but a mechanistic link remains to be established.




Chronic Phase/Pathologic Activities in EoE

During the chronic phase of the disease, eosinophil activities may contribute to inflammation, tissue remodeling, and fibrosis. Eosinophil-derived mediators that are helpful in barrier defense and repair can, over time, contribute to these activities.


Eosinophils and Inflammation

Eosinophils may promote sustained eosinophilic inflammation by production of eosinophil survival factors GM-CSF and IL-5, expression of which has been observed in tissue eosinophils from EoE subjects (185). The eosinophil microenvironment may become problematic for the epithelium with chronic inflammation—for example, eosinophil oxygen metabolism may induce tissue hypoxia resulting in barrier impairment (193). Eosinophils are also a source of IL-9 and have been linked with mast cell numbers in the esophagus (63) which are, in turn, linked with disease severity (194). Interestingly, mast cell numbers are increased in EoE as compared to EoE-like disease (40). In addition, eosinophils produce eicosanoids including PGD2. PGD2 signals through CRTH2, which has been shown to support ILC2 accumulation (195). CRTH2 has also been shown to be expressed by a subset of IL-5 and IL-13 producing Th2 cells in EoE (196). Interestingly, elevated numbers of CRTH2+CD4+ T cells are observed in EoE as compared to EoE-like disease (40). Finally, eosinophil granule proteins including MBP can damage epithelium resulting in increased pro-inflammatory mediators (197) and have been shown to reduce barrier integrity in the colonic epithelium (128). MBP also can induce mast cell and basophil degranulation as well as smooth muscle and fibroblast activation (129, 198–200) thereby contributing to inflammation and fibrosis.



Eosinophils and Remodeling/Fibrosis

Chronic IL-13-mediated wound healing activities may become problematic. For example, IL-13 induced synaptopodin overexpression has been shown to impair barrier integrity and reduce epithelial differentiation (71). IL-13 is also linked with epithelial barrier disruption by downregulation of epithelial junction molecules and upregulation of the protease calpain-14 (201). Phase 2 trials of biologics targeting IL-13 pathways have demonstrated improvement in endoscopic and histologic findings in EoE (202–204). Data from mouse models of EoE crossed with eosinophil deficient lines suggest a role for eosinophils in hyperplasia and fibrosis in an allergen-driven model (179, 205) while no role was observed in an IL-13 overexpression model (206). Together these findings would be consistent with a role for eosinophil-derived IL-13 in these remodeling activities that are hallmark pathological features of human EoE (206). Notably, eosinophil-derived IL-13 caused extensive remodeling in the mouse lung by promoting MMP-12 production, a mediator identified as elevated in EoE (120, 207). The activities of MMP-12 in human EoE require investigation. Eosinophil-derived factors IL-13 and TGF-β (and others including IL-1β, and IL-4) induce fibroblast to myofibroblast differentiation and eosinophil-derived TGF-β in particular is linked with production of collagen (46, 208, 209). TGF-β also can induce smooth muscle proliferation, hyperplasia, and contraction (210) which may contribute to esophageal dysmotility. Finally, activated eosinophils produce angiogenic factors such as VEGF and nerve remodeling factors such as NGF and EDN which may contribute to nerve growth and cytotoxicity, respectively.




Discussion

The role(s) of eosinophils remains unclear in EoE. The observations we and others have made show asymptomatic eosinophilia is likely to be a common occurrence. This suggests that, like other areas of the GI tract, eosinophils may promote tissue homeostasis. Eosinophil activities in EoE and other diseases suggest a role for protecting/restoring the barrier. However, if the barrier is not restored it is likely that eosinophils contribute to inflammation and remodeling/fibrosis. Notably, many of the eosinophil-derived mediators discussed herein have wound healing barrier restoring activities in addition to being linked with pathologies associated with chronic inflammation such as fibrosis. Thus, we suggest the road to fibrostenosis is paved with good intentions. These observations also suggest it may be important to target eosinophils based on EoE endotype. Conceivably targeting those with the fibrostenotic EoE (EoEe3) may result in reduced chronic remodeling pathology while sparing subjects in whom eosinophils may primarily benefit esophageal barrier function. In addition, our perspective suggests therapeutic strategies aimed at protecting, improving, or restoring barrier function by promoting homeostatic eosinophil pathways (e.g. mucus and antibody production) may be helpful.
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The intestinal epithelial tract forms a dynamic lining of the digestive system consisting of a range of epithelial cell sub-types with diverse functions fulfilling specific niches. The intestinal epithelium is more than just a physical barrier regulating nutrient uptake, rather it plays a critical role in homeostasis through its intrinsic innate immune function, pivotal regulation of antigen sensitization, and a bi-directional interplay with the microbiota that evolves with age. In this review we will discuss these functions of the epithelium in the context of food allergy.
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Introduction to the Intestinal Epithelial Barrier

The intestinal epithelium lining forms the luminal surface to the external environment of both the small and large intestines. The intestinal epithelium provides a controlled homeostatic system for molecular transit in order to mediate the balance of the multiple functions of the intestinal tract; digestion, immunity and tolerance, and a repository for the various known and unknown symbiotic functions of the microbiota. In order to achieve this fine balance the intestinal epithelium acts as mucosal barrier to micro-organisms while permitting a pathway to protein antigens and small molecule metabolites.

The first layer of physical defense, the mucus layer, plays an important role in reducing adherence of pathogenic microbes while providing a rich-layer of sustenance for slow-growing anaerobic commensal organisms (1, 2). It also acts to shield the host from digestive enzymes and microorganism epithelial penetration. The renewal of the mucus layer (colon consists of an inner more viscous and outer less viscous layer, small intestine a single layer only) is achieved through the secretion of mucus by goblet cells (primarily via the MUC2 gene) (3). The underlying layer of intestinal epithelial cells (IECs) functions as a physical barrier facilitated by tight junctions (4, 5). The intercellular junctions consist of desmosomes, gap junctions, and adherent junctions made up of various integral proteins such as claudins, occludins, and zonula occludens (ZO-1, ZO-2) which operate in concert to maintain the integrity of the epithelial barrier by regulating the paracellular transport of ions, metabolites, and macromolecules (4–7). The tubular crypt and epithelial lining that defines the structure of both the small intestine and colon is continuously regenerated (every 3–5 days) by a population of long-lived Lgr5+ stem cells that reside at the base of the crypt (8). These stem cells give rise to progenitor cells (transit amplifying cells) and multiple differentiated epithelial cell subsets as they migrate through division up the crypt-villus axis before undergoing a program of apoptosis and luminal shedding. Each of these differentiated epithelial cell subtypes possess specific functions in maintenance of the barrier’s digestive, neuroendocrine, and immune functions. These include absorptive cells (colonocytes, enterocytes), goblet cells, enteroendocrine cells, Paneth cells (of the small intestine), tuft cells, and M cells (8). As the epithelium and associated mucus layer provide the first line of defense against microbes they also provide the first line of tolerance against commensal members of the microbiota. In order to achieve this the barrier maintains a hypo-reactivity to microbial ligands in stark contrast to the underlying immune-stromal-rich layer of lamina propria, which is home to the innate and adaptive immune cells with far greater reactivity to commensal and pathogenic microbial ligands (9, 10).

Disruption of the integrity of the intestinal barrier is often associated with inflammatory bowel disease, however, this process is also linked to numerous other local and systemic inflammatory diseases. For example, reduced expression of tight junction proteins leads to a rise in intestinal permeability associated with both local intestinal food allergies as well as systemic allergy in the form of asthma (11–14). In this review, we will discuss the role of the intestinal barrier and IECs in regulating food allergy, as well as specific factors (host and environmental/microbiome) that may create a susceptibility within the epithelial barrier to promote food allergy. Host factors may include changes in protein expression resulting in alterations to the epithelial barrier. This could be either intrinsically programmed in the IECs (genetic or epigenetic) or extrinsically regulated, however, this distinction of etiology remains an open hypothetical question as currently there is little research in this area. We will also discuss how the microbiome closely interacts with the intestinal epithelium and may act as a conduit for changes mediated by an array of exogenous environmental factors including diet.



IEC Specification and Function in Food Allergy

The intestinal epithelial barrier consists of different IEC subtypes with diverse functional specification interspersed with non-epithelial cell types including intraepithelial lymphocytes. Food allergy is a highly heritable condition (~80%), however, GWAS studies in food allergy have suffered from heterogeneity of disease classification (15). In terms of genetic susceptibility in epithelial genes a recent GWAS demonstrated a strong association between the SERPINB10 gene and susceptibility to multiple food allergies (16). This gene is known to be expressed by epithelial cells and involved in IL-13-induced transcriptional changes in bronchial epithelial cells, suggesting a possible role for epithelial SERPINB10 in mediating susceptibility to food allergy (17). More work is required to dissect the potential mechanism and interrogate larger GWAS populations pools. Any intrinsic epigenetic changes in the epithelium that promoted or suppressed susceptibility to food allergy would need to be programmed in the long-lived dividing stem/progenitor cells of the crypt base. To date this remains largely unexplored.

Mature enterocytes and colonocytes are polarized epithelial cells lined by tight junctions and responsible for maintaining the integrity of the barrier (4, 5, 18). The apical surfaces of the enterocytes are covered with an array of tiny microvilli increasing the cell surface for absorption and acting as sites of high digestive enzyme concentration (glycosidases, peptidases, and lipases) key to regulating the breakdown and uptake of protein and carbohydrate, food allergens (19). IECs are polarized such that the apical plasma membrane (brush border and microvilli) is distinctly different from the basolateral membrane with different sets of transport proteins at each (19, 20). Overlying the brush border are enzymes that catalyze the final stages in the digestion of proteins, lipids, and carbohydrates. The enzymes at this brush border are tethered to the membrane. One of the key brush border enzymes is enteropeptidase, which catalyzes the activation of trypsinogen (one of the major proteases secreted from the pancreas) into trypsin a key proteolytic enzyme to breakdown proteins into amino acids together with exopeptidases and endopeptidases (19, 20). Amino acids and glucose (from carbohydrate metabolism) are transported across the epithelium against their concentration gradient from the intestinal lumen across IECs by a two-Na+/one-glucose (or amino acid) symporter located in the microvilli membranes (19, 20). The Na+ ions that are pumped into the cell are pumped out across the basolateral membrane by the Na+/K+ ATPase with energy provided by ATP hydrolysis. Intracellular glucose and amino acids are pumped across the basolateral membrane into the blood by specific transporters, including GLUT2 (19, 20). In the case of lipid and fat aggregates bile acids facilitate their absorption across the intestinal epithelium. Bile acids contain both hydrophobic and hydrophilic faces. This property allows emulsification of fat into microscopic droplets of micelles, ensuring fat is more easily digested by lipases produced by the pancreas and IECs, while enhancing transport across the epithelium (19, 20). The negative charge imparted on lipids by bile acid adsorption alters electrostatic interaction in the negatively charged mucus, thus facilitating movement of digested lipids through the mucus layer (19, 20).

IECs can express class I and II MHC molecules, thus facilitating a role in non-professional antigen presentation (21), and potentially enabling the direct presentation of protein antigens to lymphocytes that may regulate an allergic response in the intestinal tract. Furthermore, evidence across multiple cell lines demonstrates IEC secreted exosomes contain MHC-II/peptide complexes capable of generating antigen-specific responses in mice (22–24). This suggests a paracrine mechanism by which absorptive IECs may also mediate indirect presentation of food allergens to the immune cells. However, the nature of the induced immune response and the type of T cell polarization generated to IEC-derived MHC-II/peptide complexes is not yet clear as in vivo studies have found conflicting results for immunogenic versus tolerogenic T cell responses to ovalbumin in experimental models of food allergy (22, 24). It is likely that the nature of the immune response is dependent on the microenvironment of the lamina propria and inflammatory context of the initial antigen exposure. Whether such a process provides signals for oral tolerance or food allergy in humans remains unclear.

Goblet cells are found scattered in between enterocytes and secrete high-molecular-weight glycoprotein mucins (e.g. MUC2). The dynamic mucus layer formed over the epithelial surface provides a physical and chemical protective barrier for the host against enteric bacteria by acting like a molecular sieve limiting bacterial penetration to the mucosa (25). The small intestine possesses a more porous single layer of mucus compared to the dual colonic layers (1). Mucus often works in concert with secreted IgA through specific binding moieties to immobilize bacteria in the intestinal lumen and allow the removal of microbes through subsequent degradation and renewal of the mucus layers via intestinal peristalsis (25, 26). Goblet cells play a critical role in luminal to lamina propria immune cell antigen transfer regulating the balance between tolerance and food allergy and this will be briefly overviewed below (27, 28).

Microfold (M) cells are a rare specialized epithelial subtype that are found overlying intestinal lymphoid tissue, such as Peyer’s patches. These cells play a role in transepithelial antigen transport, delivering foreign antigens and microbes to organized lymphoid tissues within the mucosa of the small intestine and colon (29). Initiation of the mucosal immune response occurs when M cells take up luminal microbes and antigens through the process of phagocytosis, endocytosis, or transcytosis and deliver their payload to dendritic cells located in the lymphoid follicle in the lamina propria (30, 31). Studies have also reported that M cells can express IgA receptor on the apical surface to bind and retro-transport luminal secretory IgA-bound antigens back into Peyer’s Patches, thus creating the capacity for sampling, sensing, and tonal control of foreign antigen load (32, 33).

Paneth cells at the base of intestinal crypt are specialist secretors of antimicrobial peptides (AMPs) including lysozyme, secretory phospholipase A2 (sPLA2), C-type lectin regenerating islet-derived protein IIIγ (RegIIIγ), angiogenin4, cathelicidins, and alpha defensins that help to protect the epithelial barrier and maintain a homeostatic balance with the microbiota (34–38). AMPs are generated when pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), are stimulated by microbial ligands (such as LPS) and nucleotide-binding oligomerisation domain containing molecules (NODs) are activated by muramyl dipeptides (39). The myeloid differentiation primary response gene MyD88 in Paneth cells plays a critical role in translating this microbial ligand sensing into an AMP response to regulate the balance of abundance of both commensal and pathogenic intestinal microbes (40). Despite this key role in intestinal homeostasis and sensing of foreign antigens a role for Paneth cells in relation to food allergy remains unknown. More studies are needed to address this, in particular as to how indirect regulation of the microbiota by Paneth cells as evolves with age may be a key interface in the relationship between the microbiota and food allergy.

Embedded within the epithelium throughout the gastrointestinal tract are a diverse array of enteroendocrine cells (EECs) (41). EECs, of which there are at least 10 subsets, are essential in regulating physiological processes including appetite, stomach emptying, serotonin controls, and glucose levels by secretion of subset-specific peptide hormones and neuropeptides, such as somatostatin, motilin, cholecystokinin, neurotensin, vasoactive intestinal peptide, and entero-glucagon in response to food ingestion stimuli (42, 43). The arrangement of EECs varies in different parts of the gastrointestinal tract and can be distinguished by “closed cells” and “open cells” (41). EECs in the stomach epithelium are “closed cells” due to lack of direct contact with luminal contents, whereas EECs in the small and large intestine have an “open type” cell arrangement as it has microvilli with direct luminal contact. The secretion of hormones by EECs in the small intestine are tightly regulated by the dietary nutrients absorbed, while EECs in the colon may have a greater propensity to respond to a range of microbial products (41). The abundance of EECs in food allergy has to our knowledge not yet been characterized. There are also no studies on a functional link between EECs and IgE-mediated food allergy, however, lower numbers of EECs have been associated with irritable bowel syndrome (IBS) patients with food hyper-sensitivities, and dietary intervention studies to remove food triggers and reduce symptoms induce a normalization in Chromogranin A-positive EECs in colonic biopsies of IBS compared to healthy controls (44–46). Given the increasing recognition that a significant proportion of IBS may represent a type of non-IgE localized atypical food allergy there may be a key role for factors released by EECs in this type of non-classical food allergy. In a seminal prospective study of 108 IBS patients, 70% of those endoscopically challenged with four specific food components demonstrated immediate disruption of the intestinal barrier characterized by fluid extravasation, changes in permeability and tight junctions, as well as increased eosinophil degranulation (47). Although an emerging area with more evidence and interventional studies required, a role for EECs in localized atypical non-IgE food allergies is an important avenue for future research.

Tuft cells are a rare chemosensory epithelial subtype known for their importance in expulsion of parasitic helminths and generation of a strong Type 2 immune response as the exclusive source of IL-25 in the intestine (48–50). These cells promote the outgrowth of Type 2 innate lymphoid cells (ILC2s) and drive eosinophilia in the intestinal tract, and are induced to proliferate from stem/progenitor cells in the crypt through an IL-13-dependent feed-forward mechanism (48–50). Despite Tuft cells being a clear mediator of Type 2 immunity in the gut there has been minimal evidence so far for their role in food allergy. A recent study from Leyva-Castillo et al. was able to demonstrate that mechanical skin injury-induced IL-33 release triggered a concomitant increase in small intestinal mast cells and this drove enhanced anaphylaxis following oral challenge (51). This work convincingly showed that the increase in small intestinal mast cell numbers was elicited by an expansion of IL-25-producing intestinal Tuft cells driving the proliferation of IL-4/IL-13-secreting ILC2s in the intestine. The direct effect of Tuft cells (through genetic deletion) on food-induced anaphylaxis was not assessed. However, this study represents the first evidence for a role of Tuft cells in food allergy.

Detailed studies focusing on the contribution of individual IEC subtypes and their secreted products to the pathogenesis of food allergy are likely to emerge over coming years due to the advent of new technologies. The use of intestinal organoids from primary human tissue along with single cell sequencing tools will enable a greater resolution for the functional dissection of IEC subsets (52). Such findings can then be translated into gene knockout studies in mouse models of food allergy, and even orthotopic transplantation of organoids into immune-deficient mice. Most in vitro studies to date have relied on colorectal cancer cell lines in two-dimensional monolayers and although this has provided important and valuable insights many of the characteristics of immortalized monolayers are distinctly different from primary human epithelial cells generated from intestinal stem cells, including their metabolism and ability to generate differentiated cell subsets (53–56).



Role of the Intestinal Epithelial Barrier in Regulating Protein Antigen Passage, and Allergic Responses to Food Antigens

It is important for the intestinal epithelial barrier to control different types of luminal antigens being translocated in order to maintain homeostatic control and to guide mucosal immune responses in the fine balance between tolerance and sensitization (57). There are several specialized pathways involved in the transport of antigen from the lumen across epithelium to underlying lamina propria immune cells (28, 58–60). The route through which antigens cross the epithelial barrier may have a profound influence on the type and scale of immune response generated (Figure 1).




Figure 1 | Structure and cell type specification of intestinal epithelium and function in antigen uptake. The intestinal epithelial barrier consists of stem cells, Paneth cells (small intestine), goblet cells, tuft cells, enteroendocrine (EE) cells, enterocytes (small intestine)/colonocytes (colon), and microfold (M) cells overlying lymphoid follicles. Route of antigen uptake: (1) paracellular transport of food allergen, (2) goblet associated antigen passages, (3) direct antigen uptake by dendritic cells (DCs) stretching a dendrite into the lumen between the epithelial intercellular space, (4) M cell mediated antigen transcytosis. DC present food antigen to lymphocytes to T cell differentiation into Th2 cells and B cell isotype class switching to produce allergen-specific IgE. Contribution of IECs to amplifying food allergy: IgE complexed with food antigen can transcytose across intestinal epithelial cells via FceRII, this process stimulates CCL20 release. Tuft cell produce IL-25 driving the expansion of ILC2s and their production of IL-4 and IL-13, which in turn drive mast cell and eosinophil activation. Epithelial cells produce Eotaxin-1, a chemoattractant for eosinophils. During an allergic response IL-13 acts on secretory cells like Paneth cells, EE cells, and goblet cells to increase antigen uptake and presentation to IgE-bearing mast cells. Mechanism of inhibition of allergic response by IECs through activation of basolateral expressed IL-12Rβ2.



IECs exist in close contact with T cells and dendritic cells in the underlying lamina propria to facilitate an antigen flow through the professional antigen presenting cells (APCs), and as outlined the IECs can themselves function as non-professional APCs. The epithelial layer plays an important role in protecting the mucosal immune system from excessive exposure to immunogenic proteins. This protection of the epithelium is maintained by the formation of tight junctions (TJs) between cells (61, 62). TJs are a multi-protein complex that forms a selectively permeable seal between adjacent epithelial cells near the apical surface (61, 62). Metabolites, ions, and water can pass through the intercellular space between cells using a paracellular pathway, which is regulated by TJ proteins such as claudins, occludins, and ZO-1. However, any alteration in this passive paracellular transport in the form of leaks can allow macromolecules like food antigens to cross the epithelial barrier increasing the exposure to antigen that could lead to allergic sensitization. Several in-vitro studies using IECs have shown that specific dietary components can alter TJ proteins and overall barrier integrity (61, 62). Gliadin, a wheat protein, can interfere with the interaction between occludins and ZO-1, leading to increased monolayer permeability (63). Other dietary components, such as capsinoids in chili, have also demonstrated capacity, in vitro at least, to alter paracellular flux and decrease TJ barrier integrity (64, 65). This process of IEC paracellular transport is dysregulated in vivo in the small intestine during oral antigen challenge in pre-sensitized mice, leading to the development of secretory diarrhea (66). The leaky jejunoileal epithelium is dependent on a rapid intestinal epithelial Cftr-dependent Chloride ion secretory response associated with increased paracellular permeability from loss of intercellular claudin-1, 2, 3 and 5, E-cadherin, and desmosomal cadherins. Similarly, the loss of water channel expression (Aquaporin 4 and 8) in IECs during an oral challenge in a pre-sensitized setting also likely contributes to secretory diarrhea (67). In this way the intestinal epithelium also creates a feed-forward loop where a leaky barrier to antigen likely amplifies the allergic response.

IECs constitutively express the CD23 (Fc epsilon RII) receptor for IgE on their membranes, which enables transcytosis of IgE and capture of IgE/antigen complexes to transport it across the epithelium from the lumen to lamina propria (68, 69). This IgE/antigen transport process is increased in a pre-sensitized setting of food allergic patients and can trigger IECs to secrete CCL20, thus acting to amplify the allergic response to food antigens (68–70). The intestinal epithelium can also release cytokines and chemokines to both amplify or suppress the allergic response. For example, IECs are a major source of eotaxin-1 that drives eosinophil recruitment to the gut in food allergy (71). Epithelial Type 2-inducing cytokines, such as IL-25, IL-33, and TSLP, are important drivers of inflammation in food allergy, however, most experimental studies have relied on whole body knockouts or systemic antibody-mediated neutralization in mice (72–75). While IECs can certainly produce IL-25 and TSLP, the importance of IECs as the cellular source of these cytokines in food allergy remains unclear because IEC-specific conditional-deletion studies remain limited, and some food allergy models rely on skin keratinocytes to produce these cytokines through epicutaneous sensitization (73, 74). IECs also express the IL-12Rβ2 chain on their basolateral surface in proximity to underlying immune cells, and activation of this receptor by IL-12 (a Th1 immune response-inducing cytokine) leads to a reduction in serum IgE and food anaphylactic responses (76).

M cells on the apical surface of intestinal lymphoid follicles mediate antigen uptake and transcytosis across the intestinal epithelium (58). These cells are specialized for uptake of particulate antigens and intact microorganisms from the lumen facilitating transcellular transport to the underlying dendritic cell rich sub-epithelial dome where they are can initiate or amplify an immune response (77). In addition to non-specific uptake of antigens there is also a receptor-mediated transport that occurs through M cells. Various enteric pathogens such as Salmonella enterica can enter into the host through M cells by the means of GP2-FimH interactions (78). IECs transport IgA into the intestinal lumen where these antibodies contribute to barrier function by excluding uptake of antigens as well as microbes. M cells are important in the production of these IgA antibodies given their antigen sampling, intimate proximity to lymphoid follicle B cells, and co-dependency of M cells and IgA induction on RANKL (79–81). Thus, M cell-mediated antigen uptake may help to maintain control over gut immune homeostasis and microbial diversity through an IgA-dependent feedback loop. Moreover, this function of M cells may play an important role in the genesis of food allergy. Using a peanut mouse model of food allergy Chambers et al., showed that in the pre-sensitized gut epithelium ingested peanut proteins were present inside the M cell cytoplasm with negligible presence in absorptive enterocytes (82). These antigen sampling M cells allowed passage of the protein to the mucosal immune cells of the sub-epithelial dome.

Intestinal goblet cells also perform a critical role in the uptake of luminal antigens and provision to the immune cells (28). Goblet cells are present throughout the intestinal crypts and villi (aside from the follicular associated epithelium) and their capacity to sample the lumen provides a key sentinel function. In seminal work McDole et al., used in-vivo two-photon imaging experiments to demonstrate that goblet cell-associated antigen passages (GAPs) were able to deliver a diverse set of antigens from the intestinal lumen to CD103+ lamina propria dendritic cells (DCs) (28). The role of GAPs in transferring protein antigens to tolerogenic DCs, that migrate to mesenteric lymph nodes and promote the development of T-regulatory (T regs) cells, may help facilitate oral tolerance. Aside from this active control by GAPs over antigen passage to DCs, the epithelium can also release TGF-β, and metabolize vitamin A into retinoic acid to induce the development of CD103+ tolerogenic DCs (83–85). A high frequency of GAPs are observed in the small intestine in mice and the formation of these passages has also been noted in human small intestinal tissue with responsiveness to acetylcholine. In contrast, at steady state in the colon goblet cells have a dramatically diminished capacity to form GAPs due to inhibitory stimuli from a high microbial load (27). However, antibiotic-mediated acute disruption of the microbiota facilitates the formation of colonic GAPs enabling delivery of luminal antigens to colonic DCs (86). In the context of established food allergy IL-13 can act to dramatically increase the number of these small intestinal GAPs, and expand the type of secretory cells that form these passages to include Paneth cells and EECs (87). This process drives anaphylaxis through antigen transfer to mucosal mast cells.

The fourth mechanism by which luminal antigen can be sampled involves direct action of DCs. Aside from uptake of antigen indirectly provided by epithelial cells, DCs can also directly sample the gut lumen through extending trans-epithelial dendrites (TEDs) (60, 88). DCs on the basolateral side of the epithelium can extend these TEDs across the TJ complexes to sample antigen and microbes (60, 88). Moreover, DCs can express their own TJ proteins, such as occludin, claudin, and ZO-1, to interact with epithelial cells to permit sampling of luminal antigens without disruption of the epithelial layers (60, 88). The ability of DCs to sample the small intestinal lumen for antigen through TEDs is driven by CX3CR1/fractalkine, a transmembrane chemokine expressed at the surface of IECs (59). CX3/CR1-deficient mice show impaired ability of DCs to sample bacteria from the lumen. CX3/CR1+ DC TEDs act to drive inflammatory responses to pathogens but it remains less clear whether this process is involved in food antigen sensitization or oral tolerance (89, 90).

The sampling and sensitization of food allergens occurs predominately in the small intestine and similarly the localized inflammatory responses, intestinal permeability, and feedback amplification of this process are manifested primarily at the jejunal-ileal region. However, it remains entirely possible given the migratory nature of immune cells that tolerogenic or pro-inflammatory changes, such as those orchestrated by the microbiota, in the colon may impact the small intestinal tract and vice versa.



Interplay Between IECs and the Microbiome in Food Allergy

The importance of the microbes in food allergy is a concept that first arose in the context of the “hygiene hypothesis” which posited that a loss of microbial exposure was responsible for a skewing of the immune response and increased susceptibility to allergies in “westernized” countries (91). This exposure may be altered by lifestyle changes including antibiotics, public hygiene, dietary changes, migration from rural/farming to urban communities, and higher rates of Caesarean birth and formula feeding. Since the advent of sequencing technologies to study the microbiome and gnotobiotic tools for its manipulation in experimental systems this area has received renewed attention with a reductionist approach to explore this relationship. Researchers have begun to examine how microbes and their molecules interact with the host, which has led to the development of a new iteration of the “hygiene hypothesis,” which suggests that a balanced intestinal microbiota characterized by diverse Firmicutes is necessary for intestinal health and loss of this balance increases susceptibility to food allergy (Figure 2). Although there is a dominant heritable component to food allergy, there is obviously a significant role for environmental factors, including “westernized” lifestyle changes, that predispose to disease. All these lifestyle factors from antibiotics, to diet, to urbanized living converge to have an impact on the composition and function of the intestinal microbiota. Moreover, the intestinal microbiota is itself highly heritable and so likely plays a role in the substantial heritability of food allergy. Indeed the microbiome may help to explain the significant “heritability gap” so commonly observed for many diseases, including food allergy, where the predicted heritability derived from twin and sibling studies is not matched by that predicted by GWAS of host genetics. The microbiome heritability in early life is derived from the impact of familial genetics on microbiome composition, sharing a common environment especially during development and childhood, and the strong maternal influence on the microbiota from birth to breastfeeding (92). The large TwinsUK population study revealed the strong influence of shared host genetics on microbiota taxa including with specific microbial genera that play a role in basic human traits, such as BMI (93). Furthermore, host gene variants such as those in APOA5, LCT, NOD2, and FUT2 have also been shown to profoundly impact the composition of the microbiome (92, 94). But perhaps the most important influence on the early childhood microbiota, and its strongest source of heritability, are maternal factors in vertical transmission including diet, delivery mode, and breastfeeding (95–97). In the following section we will discuss how the microbiota contributes to the predisposition to food allergy.




Figure 2 | Role of the microbiota in epithelial regulation of food allergy. Diet and the intestinal microbiota interact to produce the outgrowth or loss of certain bacterial genera in food allergy this can result in altered concentration of microbial ligands, such as TLR ligands, and small molecule metabolites that stimulate host epithelial and immune responses. CpG oligonucleotides from bacterial DNA bind epithelial TLR9 to increase expression of ZO-1 improving epithelial tight junction barrier integrity to antigen and reducing cytokine production from immune cells. A high-fiber diet leads to outgrowth of many fermenting Clostridial species and enable their production of short chain fatty acids (SCFAs), in particular butyrate, that act on the epithelium to induce goblet cell hyperplasia, increase antimicrobial proteins (Reg3β and γ), and reduce TLR4 expression. SCFAs also inhibit mast cell activation and favor the development of tolerogenic dendritic cells (DCs) and regulatory T cells and suppress the inflammatory DC-Th2-IgE pathway. A high-fat diet leads to increase in Bacteroidetes and Deltaproteobacteria and reduction in abundance of Prevoltellaceae. This microbial dysbiosis drives increased barrier permeability and antigen transfer to lamina propria cells by increasing Claudin2 and decreasing Occludin tight junction expression. The soluble microbial factors responsible for this epithelial change remain to be discovered.



One of the most widely studied mechanisms for microbiota to host signaling is via the TLR ligand-PRR recognition system. Of the TLR ligands analyzed the strongest data functionally linking to allergy appears to be attributed to TLR4 and TLR9. Studies in T84 colorectal cell line monolayer cultures have shown that stimulation of TLR9 reduces inflammatory cytokine production in co-cultures with PBMCs from food allergy patients (98). The location of TLR9 activation at the apical surface, rather than basolateral, may be key to driving this more tolerogenic response (99). Unmethylated versus methylated CpG/TLR9 signaling as the dominant signal to IECs may play a role in distinguishing a healthy microbiota versus an invading bacteria and driving the generation of tolerogenic DCs and Tregs (100, 101). Furthermore, TLR2 and TLR9 on IECs have been shown to protect against barrier disruption by enhancing ZO-1 expression (102, 103). In contrast, activation of TLR4 had an opposing effect. Interestingly, wheat α-amylase trypsin inhibitors, a recognized plant-derived food allergen, activates TLR4 (104).

A large Twins cohort study (>2,700 individuals) recently revealed that the top three diseases most strongly associated with changes in the microbiota are inflammatory bowel disease, Type 2 diabetes, and food allergy (105). The most prominent association in this disease analysis indicated a negative association of food allergy with the abundance of Prevotellaceae. In mice a reduction in Firmicutes spp. and increase in Proteobacteria spp. (an observation common to many chronic inflammatory diseases) has been associated with an aggravated response to food antigen, and colonization of germ-free (GF) mice with the fecal microbiota of healthy infants, rich in Bifidobacterium spp. and Bacteroides spp., protected against the development of cow’s milk allergy (CMA) (106, 107). There is evidence that human milk oligosaccharides, which increase the abundance of Lactobacillus and Bifidobacterium strains may act to suppress the pro-allergic cytokine release by IECs, suggesting a possible mechanistic role of IECs underlying the negative correlation between breast feeding and development of food allergy (108, 109).

Work from Stefka et al., demonstrated that treatment of mice with antibiotics led to enhanced IgE responses to peanut allergen with similar observations in GF mice (110). The authors showed the key bacterial genera mediating the microbiota-driven allergy suppression were the Clostridium clusters XIVa, XIVb, and IV. These clusters are primarily fiber-fermenting bacteria that produce short chain fatty acids (SCFAs), such as butyrate, propionate, and acetate. Mono-colonization of GF mice with these bacteria increased Foxp3+ Tregs, IgA, and IL-22 and reduced mast cell activation. In the epithelium these bacteria enhanced levels of AMPs (Reg3β and γ) and increased numbers of goblet cells. In follow-up work the authors extended these observations to show that GF mice colonized with fecal bacteria from healthy, but not CMA, infants were protected against anaphylactic responses to a cow’s milk allergen (111). By correlating taxonomic and host ileal signatures from colonized GF mice, the Clostridial species Anaerostipes caccae was identified as a key candidate. Gnotobiotic experiments revealed that the butyrate-producer A. caccae, which was diminished in CMA, was able to protect against the allergic response to food. It was previously demonstrated that dietary supplementation with fiber or butyrate was able to induce similar oral tolerance (112). Butyrate is of particular interest among the fiber fermentation SCFA products because it is known to act directly to suppress many inflammatory responses including mast cell activation, induce AMPs, IL-22, and goblet cell hyperplasia, as well as induce Treg proliferation through histone deacetylase inhibition and GPR43/GPR109A agonism (112–116). Butyrate is also an important metabolic energy source for differentiated colonocytes (56). Further support of these findings for a protective effect of butyrate-producing species is provided by the observation that Clostridium butyricum, which produces high levels of butyrate from granulose starch, can suppress TLR4 expression by colonic IECs, potentially improving barrier integrity (117). Despite these discoveries we are likely only now just scratching the surface of this complex interaction with the host, and getting to a point where it’s clear there are many more unknowns than knowns in regards to microbiota-derived molecular signals.

If a “healthy” high-fiber diet can reduce susceptibility, then recent evidence suggests the converse might also be true with a “westernized” diet. Hussain et al. recently demonstrated that a high fat diet (independent of obesity) induces changes in the mouse intestinal microbiota that lead to enhanced susceptibility to food allergy (118). Not surprisingly the diet led to profound changes in bacterial communities with increases in Desulfovibrionaceae (Deltaproteobacteria), and Rikenellaceae (Bacteroidetes) and a reduction in the abundance of the Muribaculaceae and Prevotellaceae. Interestingly, the latter correlates with the microbiome results of the food allergy analysis in the twins cohort study (105) and likewise in a separate birth cohort study with maternal carriage of Prevotella being protective against infant risk of food allergy (119). This microbial dysbiosis altered the intestinal epithelial barrier to facilitate increased passage of protein allergen correlating with reduced expression of occludin and increases in the channel forming TJ protein claudin-2 (118). However, the mechanism and molecular factors responsible for this microbiota-induced change in IECs remains unclear.

The microbiota has the potential to produce an enormous array of products with bioactivity on the human epithelium and immune system, most of which remains to be discovered. Many such compounds may impact susceptibility to food allergy. For example, the microbiota can metabolize tryptophan into ligands for aryl hydrocarbon receptors expressed on epithelial and immune cells, transform primary into secondary bile acids with effects on IECs and Tregs, produce monohydroxy fatty acid 12,13-diHOME linked to asthma, and the intestinal microbiota can even produce histamine in asthma patients (120–123). The reasons why some bacterial species are more closely correlated with food allergy than others are of interest for the development of prevention strategies, especially probiotics. However, on the flip-side some bacteria are also capable of producing proteins that themselves act as allergens. In patients suffering from allergic disorders such as asthma, atopic dermatitis, or nasal polyposis, Staphylococcus aureus colonization appears more frequently (87, 90, 87%, respectively), in contrast to (20–50%) colonization of healthy adults (124–126). Furthermore, cell culture supernatants of S. aureus induce mast cell degranulation via δ-toxin (127). Many asthma, nasal polyposis, rhinitis, and atopic dermatitis patients demonstrate Staphylococcal enterotoxin and fibronectin binding protein-specific IgE in their serum, and so the ability of this group of bacterial proteins to act as allergens has been well characterized (127–129). Interestingly, skin colonization with S. aureus is also correlated with the onset of food allergy (peanut and egg) in infants, independently of the severity of atopic dermatitis (130, 131). Furthermore, as breast feeding is negatively associated with risk of food allergy it is of interest that cessation of this feeding has recently been found to diminish the abundance of Staphylococcus species in the infant fecal microbiome (132). Despite these findings there is currently very little evidence for a direct role of specific bacterial proteins, including Staphylococcal enterotoxins, in IgE-mediated food allergy. This is primarily due to a lack of studies to directly address this possibility. Given the strong associations of food allergy with changes in the intestinal microbiome this is an area that requires further investigation. Such future studies would necessitate a combination of in silico prediction tools to explore the microbiome based on algorithms using the primary and secondary structure of known allergens. This would need to be followed by empirical validation through sera bacterial protein-specific IgE assessment using ELISA, immunoblot, or peptide arrays.

Future identification followed by functional analysis of bacterial products and specific probiotic organisms will be critical to furthering our understanding of the role and therapeutic potential of the microbiota in regulating the intestinal epithelium in food allergy.



Potential Treatments Targeting the Intestinal Epithelium

Any new therapies for food allergy are likely to be combinatorial with oral immunotherapy (OIT) either to a specific food, such as peanuts, or to multiple-food OIT protocols. Monoclonal antibodies targeting IL-25 and TSLP are in various stages of clinical development. Tezepelumab (anti-TSLP) has shown promise in treating asthma and is now being trialed in other allergic diseases, including atopic dermatitis (133) (NCT03809663). Changes in IL-25-producing Tuft cells in patients with food allergy remain unclear and require further clinical analysis before a clinical target would be valid. Given the efficacy of anti-TSLP in other allergic diseases, the link to food allergy through the skin and atopic march, and promising evidence from experimental mouse models, this therapeutic option would seem to be a future target worth considering. By combining this with OIT it may maximize efficacy while reducing treatment length of costly biologics. Targeting TLR9 using synthetic analogues with OIT may provide another avenue to harness the epithelium for the treatment of food allergy. TLR9 agonism showed promise in reducing allergic asthma symptoms in Phase 2 trials, however, this approach failed to produce efficacy when used in the more uncontrolled population of moderate-to-severe asthmatics (134, 135). Acute targeting of GAPs during early stages of life through localized delivery of a muscarinic acetylcholine receptor 4 agonist may provide another avenue for induction of oral tolerance or treatment of children at risk of heritable food allergies (90). Evidence from mouse models also suggests that proper synchronization of maternal breastmilk with infant development may also act to prevent an imbalanced immune response to dietary antigens (136). Potentially this an important consideration for infants unable to receive maternal breastmilk and provided instead with a donor source. The use of a prebiotic starch diet, or defined anaerobic Clostridial probiotic consortia, or metabolites such as butyrate may better harness the microbiota to promote oral tolerance to allergen. Perhaps a combinatorial treatment consisting of a high-fiber substrate with a butyrate-producing taxa, and butyrate metabolite may act to feed-forward amplify this effect. Such a treatment would likely need to be applied within the first 3 years of life before the microbiota reaches maturation.



Conclusion

The intestinal epithelial barrier plays a critical role in maintaining a state of guarded tolerance to the luminal milieu of dietary and microbial antigens. IECs are key to regulating food allergen uptake and presentation to the immune system. The bi-directional interplay between IECs and the microbiota likely plays a critical role in setting the tonal control over allergic sensitization versus tolerance. Greater molecular mechanistic understanding of this process, in particular on the microbiome, will be key to finding potential new combinatorial therapies for food allergy.
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While type 2 immunity has been conventionally viewed as beneficial against helminths, venoms, and poisons, and harmful in allergy, contemporary research has uncovered its critical role in the maintenance of homeostasis. The initiation of a type 2 immune response involves an intricate crosstalk between structural and immune cells. Structural cells react to physical and chemical tissue perturbations by secreting alarmins, which signal the innate immune system to restore homeostasis. This pathway acts autonomously in the context of sterile injury and in the presence of foreign antigen initiates an adaptive Th2 response that is beneficial in the context of venoms, toxins, and helminths, but not food allergens. The investigation of the triggers and mechanisms underlying food allergic sensitization in humans is elusive because sensitization is a silent process. Therefore, the central construct driving food allergy modeling is based on introducing perturbations of tissue homeostasis along with an allergen which will result in an immunological and clinical phenotype that is consistent with that observed in humans. The collective evidence from multiple models has revealed the pre-eminent role of innate cells and molecules in the elicitation of allergic sensitization. We posit that, with the expanding use of technologies capable of producing formidable datasets, models of food allergy will continue to have an indispensable role to delineate mechanisms and establish causal relationships.
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Introduction

Our understanding of the underlying pathogenesis of food allergy and its attendant applications has been largely attained through experimental modeling. In fact, modeling, which has been instrumental to scientific progress in general, is an inescapable approach to decipher complex problems such as a disease. Here, we discuss a broad perspective of type 2 immunity, highlighting its role in homeostasis. Then, we provide a succinct ideology of modeling and examine strategies for food allergy modeling. Lastly, we advance our view on why food allergy modeling will remain an indispensable discovery tool, especially with the continuing development of technologies that facilitate high parameter analyses.



Pathways of Innate-Driven Type 2 Immunity

Historically, type 2 immunity was conceived as a balancing system for type 1 inflammatory responses and whose primary purpose was to provide defense against helminths (1). Indeed, the symptomatology elicited by type 2 responses, including itching, tearing, intestinal cramps, wheezing, swelling, and, in extreme instances, anaphylaxis, is geared toward containment or expulsion of helminths, poisons, and toxins and are, therefore, beneficial for the host. Antithetically, type 2 immunity promotes harmful responses against food allergens.

Research over the last decade, largely in experimental models, has revolutionized this view ushering in a much richer perspective of both the functions and the engineering of type 2 immunity. With respect to the former, important roles for the cells and molecules of type 2 immunity have been uncovered in a wide range of processes, from tissue repair and metabolism to sensing temperature and chemical imbalances (2). Regarding the engineering, it is clear that the initiation and execution of a type 2 immune response entails an intricate crosstalk between structural and immune cells. Collectively, this research has positioned type 2 immunity as a guardian of homeostasis.

Considerable evidence from multiple contexts has revealed a generic type 2 pathway mediated by innate immune cells and molecules that regulates homeostasis. Structural cells at mucosal sites and the skin, prominently epithelial and endothelial cells, react to tissue perturbations or physiological changes by secreting alarmins, such as IL-33, IL-25, and TSLP (3, 4). These alarmins act on cognate receptors on ILC2s which expand and enact a variety of reparative functions primarily through the secretion of IL-5, IL-13, and amphiregulin (5–7). IL-5 facilitates the accumulation of eosinophils at the tissue site which generally impact homeostasis through their cytokines and granule products (8–12). ILC2s, IL-13, and amphiregulin induce a plethora of developmental and reparative functions. These include but are not limited to promotion of postnatal lung alveolarization (13, 14), stimulating epithelial repair and extracellular matrix production to repair wounds (15–19), regulating muscle cell metabolism and the clearance of necrotic debris during muscular injury and exercise (9, 20, 21), and regulating energy metabolism and the differentiation of beige adipose tissue to increase caloric expenditure and generate heat (22–26). To date, components of this pathway have been implicated in homeostatic maintenance in the skin (18, 19), muscles (9, 20), intestines (27, 28), nervous system (29, 30), liver (8, 31, 32), biliary tract (15), lungs (16), kidney (11), adipose tissue (33), among others. Emergent roles in the initiation and amplification of type 2 immunity are being described for other innate immune cells, such as mast cells and basophils, which produce alarmins and potently secrete other cytokines in some contexts (34, 35). Notably, virtually no adaptive immune involvement has been reported in type 2-mediated homeostasis and, in many cases, occurs in mice without an adaptive immune system.

Adaptive type 2 immunity is also activated in the context of significant tissue perturbations. The distinctive rule of engagement is the presence of foreign antigens in the tissue microenvironment. For example, the life cycle of many helminths involves perforating epithelial barriers and implanting into tissues. Most venoms are proteases which cleave proteins critical for tissue integrity and cause necrotic cell death. Some aeroallergens, like house dust mite, have inherent proteolytic activity (36). It follows that type 2 adaptive immunity may have evolved to respond to foreign antigens that are conspicuously present in the local microenvironment of tissue injury. In these alarmin-rich contexts, epithelial cell-derived cytokines directly act through cognate receptors on dendritic cells to condition the expression of the costimulatory molecule OX40L and downregulate IL-12 expression (37, 38). These dendritic cells also capture local antigen and migrate to secondary lymphoid organs where they engage naïve CD4+ T cells. OX40L is critical to induce IL-4 secretion from CD4+ T cells, which is thought to act in an autocrine manner to upregulate STAT6 and GATA3 resulting in Th2 differentiation (39–41). Some T follicular helper cells acquire a Th2-like phenotype required for the differentiation of IgE-secreting cells (42). Adaptive type 2 immunity is beneficial for the host in the aforementioned contexts; IgE is reported to provide resistance to venoms (43) and Th2 cells and IgE facilitate expeditious clearance of parasites (44–46).

We posit that the type 2 innate and adaptive responses are both instigated by the same triggers, perturbations of homeostasis, differing only by the presence or absence of antigen. When tissue homeostasis is disrupted, alarmins signal the innate immune system to initiate reparative functions to regain homeostasis Figure 1A). Simultaneously, some of these alarmins condition nearby dendritic cells, which are actively scanning the microenvironment for foreign antigens. Capture of antigens which colocalize with tissue damage are loaded into MHC II and elicit an adaptive type 2 immune response. If a foreign antigen is encountered that signals through pattern recognition receptors (like a bacteria or virus), type 1 immunity is engaged for pathogen control (Figure 1B). When no foreign antigens are encountered, DCs internalize and present only self-antigens which usually will not result in adaptive immunity as self-reactive T cells are eliminated or constrained by central and peripheral tolerance (Figure 1A). Type 2 immunity is intuitive for helminths, which cause damage when invading tissues and shed antigenic material that is internalized by DCs, thus mounting Th2 and IgE responses (Figure 1C) (45). It follows similarly for toxins and some aeroallergens, which cause damage through proteolytic activity and are small enough to be taken up by DCs (Figure 1D). However, it falls short when rationalizing immune responses against food allergens, which are highly diverse in structure, the vast majority of which are not immunogenic, and, enigmatically, which are essential for survival.




Figure 1 | Pathways of Type 2 immune activation via tissue perturbations. (A–D) Epithelial cells release alarmins (e.g., IL-33, IL-25, and TSLP) in response to tissue damage. Alarmins signal through cognate receptors on innate immune cells, resulting in proliferation and the release of effector cytokines (e.g., IL-5, IL-13, and amphiregulin). These cytokines directly influence tissue repair (e.g., stimulating re-epithelization and extracellular matrix production) or cause the recruitment of other cells (e.g., eosinophils) which aid in tissue repair. Simultaneously, local dendritic cells uptake tissue antigens and respond to alarmin signaling by travelling to the draining lymph nodes and inducing Th2 cell differentiation through OX40-OX40L. (A) In the context of sterile injury, only self-antigens are uptaken by dendritic cells and are presented to T cells, which have been limited by central and peripheral tolerance. (B) When infectious agents are present, they signal through pattern recognition receptors, upregulating IL-12 in dendritic cells, and initiating Th1 immunity for host defence. (C, D) Helminths and venoms, canonical examples of Th2 responses, drive tissue damage by invading tissues or through cleaving proteins, respectively. Antigens that colocalize with damage are presented to T cells and initiate Th2 responses. (E) It remains unclear how Th2 immunity is initiated against food allergens. Mouse models require the use of adjuvants (e.g., cholera toxin or tape stripping) to perturb homeostasis, suggesting that food allergic responses are initiated in the presence of damage that is unrelated to the food allergen itself.





Ideology of Disease Modeling

Complexity has driven scientists from all branches to develop models, these understood as the functional simplification of an intractable reality. The development of a scientific model is based on the prevailing interpretation of the available information at a given time. Therefore, models are not static but evolve as we enhance our knowledge of a process. A biomedical model is a surrogate for a human being, or a human biological system. Its primary purpose is to understand how the human body works, from genotype to phenotype. Within biomedical models, animal models provide precise genetic and experimental control and are, thus, critical to establish causality. Understanding is not gained by observation but by manipulation, physically, genetically, pharmacologically or immunologically, in ways that would be unreasonable or even unethical to do in a human.

Animal models are critical for investigating disease mechanisms. Diseases are exceptionally intricate, rarely involving a single phenotypic abnormality and often affecting multiple organ systems. A case in point is the multiple phenotypes observed in allergic disease. This presents a conundrum: on the one hand, deciphering this complexity in a human being is an indomitable task; on the other, animal models are a simplification of this reality and can only provide approximations. Consequently, the expectation that findings from a single model may wholly explain a heterogeneous disease is unrealistic. The implication is that multiple models asking multiple questions are necessary to provide a comprehensive view of a disease process, food allergy in this case. Animal models are extensively used as well to interrogate the biological impact of novel therapeutics. These studies along with other experimental approaches are critical to narrow the decision of which therapeutics should progress to large scale studies in humans. In other words, knowing what not-to-do helps immensely with the decision of what-to-do.



Perspective on Food Allergy Modeling

Food allergy is typically diagnosed following a clinical reaction in infants or toddlers upon first known exposure (47). However, a prior event must have taken place to trigger allergic sensitization and, ultimately, production of food-specific IgE. As sensitization in humans is a silent process neither its initiation nor its evolution can be interrogated. Moreover, there appears to be no unifying genetic or environmental exposures, highlighting the heterogenous nature of food allergy. Accordingly, a diversity of animal models—primarily mouse models—have provided a tangible, ethical, and indispensable approach to decipher the cellular and molecular mechanisms underlying allergic sensitization.

Unlike some aeroallergens, toxins, and animal poisons, the vast majority of food antigens are not inherently immunogenic. As a consequence, most humans and experimental animals develop oral tolerance, an active state of non-reactivity, upon first exposure to food antigens (48, 49). In fact, the LEAP study demonstrated that over 98% of infants with atopic comorbidities (eczema and/or egg allergy) receiving their first exposure to peanut before 11 months of age develop oral tolerance (50). Similar to a type 2 homeostatic response, the tolerogenic response to food antigens [reviewed in citations (51, 52)] fundamentally involves DCs. However, acquisition of oral tolerance imperatively lacks the key molecules and the majority of cells that trigger Th2 polarization. It follows that a concomitant subversion of homeostasis is required to prime the immune system to mount a Th2-dominant response against food antigens (Figure 1E). In mouse modeling, this subversion is generally achieved through the use of adjuvants—substances which aid in eliciting robust immune responses (53). Cholera toxin (CT), staphylococcal enterotoxin B (SEB), and aluminum hydroxide (alum), are three of the most widely used biological or chemical adjuvants that facilitate a Th2-dominant response in mice (54–58). Damaged skin, due to physical disruption of epidermal barriers (i.e., epicutaneous sensitization), drives sensitization to topically applied allergen (59–63). A second approach to modeling food allergies, also a subversion of homeostasis, involves reducing the threshold of reactivity via genetic mutations. For example, Il4raF709 mice which contain a loss-of-function mutation in the Il4ra immunotyrosine inhibitory motif, display a lower sensitization threshold upon food allergen exposure (64, 65). Thus, the use of adjuvanted models has played a key role in overcoming the elusiveness of allergic sensitization in humans.

Basic discoveries that discriminate tolerant (homeostatic) versus pathogenic (allergic) responses to foods have been described using models in which mice are sensitized with a single or repeated administration of CT along with a food antigen (56, 66–68). CT is classified as an AB5 toxin; this class of toxins are produced by many enterotropic bacteria, such as Escherichia coli and Bordetella pertussis (69). Oral administration of CT enhances CD103+ CD11c+ DC migration to the mesenteric lymph nodes as well as expression of MHC II and costimulatory molecules (e.g., CD86) (70–72). These effects per se do not rationalize the elicitation of dominant Th2 priming. However, studies investigating the gene expression profile of mesenteric lymph node DCs in CT-immunized mice showed an upregulation of OX40L (70). Antibody-mediated blockade and genetic knockouts demonstrated a critical role of OX40L to promote Th2 skewing by enabling the initial burst of IL-4 from CD4 T cells (28, 41, 70). Further studies exposed the involvement of the IL-33/ST2 innate axis, where IL-33-signaling facilitates OX40L upregulation (41). Intriguingly, use of an ILC2 depletion strategy revealed a dispensable role of ILC2s in oral sensitization to foods, despite a dominant presence in intestinal tissues and a well-defined role in type 2 homeostatic processes (41).

A relationship between skin atopic abnormalities and sensitization to food allergens has become clear through large-scale longitudinal studies (73, 74). A primary example of this are loss-of-function mutations in the filaggrin gene (Flg) that correlate with peanut allergy in humans (75). To elucidate the immunological mechanisms of this relationship, models of epicutaneous sensitization have been employed. Sensitization is typically achieved through tape stripping, which removes the outermost epidermal layer, causing skin inflammation (63). These models have been referred to as “adjuvant-free”, which is misleading as tape stripping provides the same function as an adjuvant—induction of an immune response via an external input (76–78). Animal models have revealed an essential role of epithelial cells pertaining to barrier function and alarmin production during epicutaneous allergen exposure. In mice, disturbed production of filaggrin, a protein involved in epidermal barrier function, facilitated allergic sensitization to allergen applied topically (79). Damaged epithelial cells are an important source of alarmins such as IL-33, TSLP, and uric acid which, as reviewed earlier, enable DC activation and subsequent CD4 T cell priming (80–81). Tape-strip models have also revealed a role of ILC2s which, in response to IL-25 and IL-33 secretion from tape-stripped skin, proliferate in intestinal tissues to drive IL-4-dependent mast cell expansion (82).

In addition to elucidating the innate immunological events underlying allergic sensitization, animal modeling has enabled discoveries pertaining to allergic reactions. Alarmins involved in sensitization also participate in the effector phase. IL-33 interacts directly with mast cells to potentiate mast cell degranulation (84). Moreover, FcεRI-mediated mast cell activation stimulates production of IL-25, which is hypothesized to further drive the Th2 phenotype (85). Mouse models have elucidated the vasoactive mediators that facilitate anaphylaxis. In humans a correlation between anaphylactic severity and serum platelet activating factor (PAF) levels, but not histamine levels, was reported (86). Use of mouse models determined that blockade of histamine receptors (H1 and H2) was insufficient at preventing anaphylaxis, but that concurrent treatment with antihistamines and a PAF-receptor antagonist could significantly reduce anaphylactic severity (87).

In mouse models, allergen challenges vary greatly in dose and route (intraperitoneal, oral, intradermal, and intravenous) (56, 58, 88, 89). Routes of challenge differ in the clinical phenotype that is induced. For example, oral challenges tend to result in diarrhea and, sometimes, a mild drop in core body temperature. Intraperitoneal challenges, on the other hand, facilitate a much more robust drop in core body temperature and other severe systemic reactions (e.g., seizures). The severity of clinical reactivity may, in part, be dependent on antigen availability and mast cell density at the site of allergen administration (90). As well, IgG has also been shown to mediate anaphylaxis in food allergy mouse models, although an equivalent IgG-mediated food-induced anaphylactic pathway in humans remains contentious (63, 91, 92). In all instances—independent of allergen administration route—modeling allergen challenge reveals downstream functions of allergen-specific immunoglobulins (e.g., the events following allergen cross-linking of mast cell-bound IgE). Thus, the selection of the route of allergen challenge should be guided by the research question, where intraperitoneal and intravenous challenges are best suited to assess systemic anaphylaxis, oral challenge to evaluate gut-local effects (e.g., allergic diarrhea, goblet cell hyperplasia), and intradermal challenge to measure localized vascular permeability. Use of anti-FcγRII/III blocking antibodies may also be employed to further discriminate between IgE- and IgG-mediated allergen reactivity (91).

The use of animal models of food allergy for translational research has been scrutinized due to the necessity of “artificial/experimental sensitization” (i.e., requiring eccentric interventions). The validity of animal models for translational research can, however, be evaluated by three criteria: 1) face validity, 2) predictive validity, and 3) target validity (93, 94). Face validity evaluates the similarity of disease biology and symptomology between humans and the animal model (93). The biological processes of food allergy at large are conserved between mice and humans. For example, the immune response is dominantly Th2 polarized, IL-33 and uric acid are elevated compared to non-allergic controls, and clinical reactivity is IgE-mediated (84, 92, 95). Many of the clinical signs of an allergic reaction are also alike including itching, diarrhea, local inflammation, and systemic shock (76, 96). Predictive validity compares the effectiveness of interventions in humans and in the relevant animal model (93). Due to the small number of interventions tried in human food allergy, evaluation of predictive validity is limited, but oral immunotherapy provides a key example. Oral immunotherapy in both mice and humans can increase the threshold of reactivity (i.e., desensitization) to food allergens, although this desensitized state is, just as it is in the majority of humans, unsustained (68, 97). This limited assessment of predictive validity will be greatly improved come the initiation of clinical trials testing novel biotherapeutics (e.g., anti-IL-4Rα). Lastly, target validity establishes that a particular target (e.g., a cytokine) has the same function in humans and the disease model (93). Many of the molecules and cells involved in human food allergy provide similar actions in animal models. For instance, IL-4 promotes Th2 polarization and IgE class-switch in both mice and human food allergy (95). In contrast, the role of IgG in human food-induced anaphylaxis remains contentious and, therefore, mouse models would provide low target validity for investigation of IgG-targeted interventions. In summary, despite not knowing the “adjuvants” at play in human food allergy, adjuvant-based experimental models have revealed cellular and molecular signatures that exist in humans. Moreover, regardless of experimental model, it is clear that an innate program drives allergic sensitization.



Concluding Remarks

Over the last few decades, there have been fundamental advances in our understanding of allergic disease, including food allergy. These advances have led to a dramatic re-conceptualization of the functions of type 2 immunity and the critical role of the innate system in programming these functions. We must recognize, however, that the current state of knowledge is vastly incomplete. For example, how gut dysbiosis stresses local tissue environments and impacts primary and secondary immune responses to foods is an emerging area already providing novel insights (98, 99). We surmise that experimental models will continue providing seminal discoveries on the machinery (cells and molecules) and the engineering (operating mechanisms) that underlie allergy. Indeed, the ability to overexpress or repress individual genes in animals, either permanently or on-demand, pervasively or in specific cell types, unlocks unique opportunities to decipher both the pathogenesis and the trajectory of the allergic diathesis. Lastly, experimental modeling remains an unparalleled sieve to guide what should be investigated in humans.

The ever-increasing application of technologies that deliver formidable datasets will help to delineate complex inter- and intracellular pathways, thus enlightening the astounding phenotypic diversity and plasticity of the allergic response. Mass cytometry has dramatically expanded upon flow cytometry in the analysis of protein expression at the single cell level and is drastically reshaping histology allowing for the measurement of very many markers on a single section. Bulk and single cell RNA sequencing is rapidly expanding in read depth, resulting in greater appreciation of the genetic signatures and subpopulations that define disease states. Constant advances in bioinformatics and machine learning continue to unveil new ways of mining these massive datasets for pathways and cell differentiation trajectories. There is no doubt that the next generation of large data analysis is already being conceived and developed beyond the gaze of immunologists. The logic of applying these analyses to human samples is clear. However, applying these technologies to animal research will remain imperative in at least two areas that are not currently possible in humans: 1) To address questions that require manipulation (genotype and exposure), not only observation, to understand how the system reacts and 2) To efficiently deconvolute the temporal and spatial evolution of a given perturbation or process; particularly those that are obscured by the complex exposure history of humans. Furthermore, emerging discoveries from these datasets in both humans and models will have to be validated through mechanistic studies in experimental models using the long-established immunological toolkit to decipher causal relationships.
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Food allergy is a major health issue, affecting the lives of 8% of U.S. children and their families. There is an urgent need to identify the environmental and endogenous signals that induce and sustain allergic responses to ingested allergens. Acute reactions to foods are triggered by the activation of mast cells and basophils, both of which release inflammatory mediators that lead to a range of clinical manifestations, including gastrointestinal, cutaneous, and respiratory reactions as well as systemic anaphylaxis. Both of these innate effector cell types express the high affinity IgE receptor, FcϵRI, on their surface and are armed for adaptive antigen recognition by very-tightly bound IgE antibodies which, when cross-linked by polyvalent allergen, trigger degranulation. These cells also express inhibitory receptors, including the IgG Fc receptor, FcγRIIb, that suppress their IgE-mediated activation. Recent studies have shown that natural resolution of food allergies is associated with increasing food-specific IgG levels. Furthermore, oral immunotherapy, the sequential administration of incrementally increasing doses of food allergen, is accompanied by the strong induction of allergen-specific IgG antibodies in both human subjects and murine models. These can deliver inhibitory signals via FcγRIIb that block IgE-induced immediate food reactions. In addition to their role in mediating immediate hypersensitivity reactions, mast cells and basophils serve separate but critical functions as adjuvants for type 2 immunity in food allergy. Mast cells and basophils, activated by IgE, are key sources of IL-4 that tilts the immune balance away from tolerance and towards type 2 immunity by promoting the induction of Th2 cells along with the innate effectors of type 2 immunity, ILC2s, while suppressing the development of regulatory T cells and driving their subversion to a pathogenic pro-Th2 phenotype. This adjuvant effect of mast cells and basophils is suppressed when inhibitory signals are delivered by IgG antibodies signaling via FcγRIIb. This review summarizes current understanding of the immunoregulatory effects of mast cells and basophils and how these functions are modulated by IgE and IgG antibodies. Understanding these pathways could provide important insights into innovative strategies for preventing and/or reversing food allergy in patients.
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Introduction

Global surveillance by the World Allergy Organization, shows that the prevalence of food allergies has been rising over the last decade in both developed and developing countries (1). This increase has been considered as the “second wave” of the allergy epidemic, following the “first wave” that was driven by allergic respiratory illnesses. In the United States alone, food allergies affect approximately 8% of children and 2%–3% of adults (2). The most common food allergens in the US are peanut, cow’s milk, hen’s egg, tree nut, soy, fish, wheat, and shellfish (3).

Food allergies are hypersensitivity reactions that can be mediated by a wide range of humoral and cellular mechanisms. IgE-mediated food allergy is the most common and will be the focus of this review. It occurs in individuals who produce food-specific IgE antibodies. These subjects are often referred to as “sensitized”. These IgE antibodies are bound to the innate granulocytic effector cells of anaphylaxis, mast cells and basophils. Upon interaction with allergen and cell-bound IgE, the granule contents of these cells are released and, along with prostaglandin and leukotriene mediators rapidly produced by the same cells, act on a range of target tissues to trigger immediate physiologic responses (4). In the vasculature, these mediators cause dilation of blood vessels and increased plasma leak which manifest locally in tissues as hives and angioedema (including laryngeal edema) and systemically as hypovolemic shock (4). The mediators additionally cause smooth muscle constriction, leading to bronchospasm, vomiting, and diarrhea, and also bind to neuronal receptors triggering pain and itch (4). When multiple organ systems are involved, the reaction is designated systemic anaphylaxis (3). Acute reactions often resolve within the first few hours; however, some patients experience recurrence of symptoms 8–12 h following the first reaction (biphasic reactions) (5).

The mechanisms of immunological priming leading to IgE production in food allergic subjects are unclear. Some patients have prior histories of ingestion, suggesting immunological sensitization via the gut. However, many children experience adverse reactions following their initial ingestion of a food, suggesting alternate routes of immune priming. Emerging evidence suggests that sensitization can occur following cutaneous contact, especially in the setting of a disrupted skin barrier, as occurs in atopic dermatitis (6, 7).

Our understanding of the pathways of immunological sensitization, effector cell activation and regulation of IgE-mediated food allergy has grown rapidly since just over 50 years ago when reagin, the fraction of serum responsible for transferring skin test responsiveness from an allergic individual to a naïve recipient, was identified as IgE. The factors regulating IgE-mediated food allergy have been of great interest with a particular emphasis in the role of regulatory T cells (Tregs) in constraining both the emergence of food allergen-specific T helper cells and the production of allergen-specific IgE. However, in recent years, the ability of mast cells and basophils to exert adjuvant functions in immune sensitization to allergens and of IgG antibodies to block IgE-mediated food allergy has been recognized and the role of the inhibitory IgG receptor, FcγRIIb, in potently inhibiting food allergies has really come into focus. In the first part of this review, we briefly discussed the mechanisms, pathophysiology and key players in the disease. In the second part, we cover the evidence for a regulatory functions of mast cells, basophils, IgE and IgG and how they may be targeted clinically to counter food allergy.



Mechanisms, Pathophysiology, and Treatment of Food Allergies


Food Allergy, a Breakdown of Oral Tolerance

Our ability to maintain systemic unresponsiveness to orally ingested antigens is an active process occurring in gut-associated lymphoid tissues. Food antigens can cross the epithelial barrier following damage to the epithelium, through specialized intraepithelial passages, or via sampling by antigen presenting cells (APCs) (8). Oral exposure promotes the development of Foxp3+ Tregs, including RORγt+ Tregs that are induced by microbial signals in a Myd88-dependent manner (9–11). These prevent the development of allergen-specific IgE specialized CD103+ dendritic cells in the gut, via a process involving TGF-β and retinoic acid, promote the differentiation of naïve T cells into Tregs (12). A break in tolerance can occur when the cytokine environment in the intestine favors the emergence of effector T helper 2 (Th2) cells and/or the reprogramming of Tregs to a pathogenic phenotype. Cytokines produced by gut epithelial cells, including IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), may be particularly important drivers of this shift away from tolerance. IL-25 expression has been shown to be high in the small intestine in mouse models of food allergy, and overexpression of IL-25 increases Th2 cytokine production by type 2 innate lymphoid cells (ILC2s) and amplifies allergic responses. Conversely, lack of IL-25 is protective (13, 14). TSLP is similarly expressed in gastrointestinal epithelial cells in the setting of food allergy. Khodoun and colleagues demonstrated that monoclonal antibodies against IL-25, IL-33, or TSLP could each individually prevent the development of food allergy induced by oral gavage with egg white and medium chain triglycerides in mice (15). IL-33 produced by intestinal epithelial cells leads to an increase in OX40L expression on CD103+ dendritic cells, which skews the immune profile towards Th2 (16, 17). IL-33 produced by keratinocytes following epicutaneous allergen exposure to damaged skin in mice, as can occur in atopic dermatitis, has been shown to promote activation of ILC2s, Th2 skewing, intestinal mast cell expansion and susceptibility to anaphylaxis (18). By increasing the production of IL-4 by ILC2s, IL-33 can also suppress the development of Tregs (19). Researchers at Stanford have shown that etokimab (anti-IL-33) (NCT02920021) can protect against reactions to oral peanut challenge, reduce allergen-specific IgE, and decrease the levels of cytokines associated with food allergies such as IL-9 and IL-13 (20).

Some of the pro-sensitizing effects for food allergens are exerted by these same cytokines in the skin. In a mouse model of atopic dermatitis driven by the cutaneous application of ovalbumin (OVA) along with the Vitamin D analogue MC903, Noti, and colleagues observed that TSLP produced by keratinocytes promotes basophil expansion and the induction of a Th2 response (driven by basophil-derived IL-4) with food allergy (21, 22). Muto and colleagues reported a similar TSLP- and basophil-driven food allergy response in mice epicutaneously sensitized in the presence of SDS (23). Leyva-Castillo and colleagues have shown that exposure to food allergens via disrupted skin barrier has also been shown to promote mast cell expansion at a distance in the small intestine in a manner dependent on the induction of intestinal ILC2s by keratinocyte-derived IL-33 along with intestinal tuft cell-derived IL-25 (18).



Gastrointestinal Mast Cell Expansion in Food Allergy: IL-4, IL-9, and MMC9

In addition to IL-25 and IL-33, the Th2 cytokines IL-4 and IL-9 have been shown to play an important role in food allergy development. IL-9 is produced both by Th2 cells and by a subset of mast cells, IL-9-producing mucosal mast cells (MMC9). IL-9 promotes mast cell growth and lack of IL-9 prevents the induction of food allergy in mouse models (24, 25). Transgenic overexpression of IL-9 promotes the food allergy response by increasing mast cell number in the small intestine and enhancing gut permeability (24, 25). Th2 cells contribute to the development of MMC9 that provide a positive feedback loop for the expansion of mast cell numbers following oral challenge (26). IL-4, in addition to its role in promoting Th2 responses and driving IgE isotype switching in B cells, is also needed to support intestinal mast cell expansion following food allergen ingestion (27). This cytokine induces the antiapoptotic genes, Bcl-2 and Bcl-X(L), in mast cells in a STAT6-dependent manner (27). Competitive reconstitution studies using wild type mouse mast cells mixed with mast cells lacking the IL-4 receptor α-chain have revealed a strong competitive advantage of IL-4 receptor-bearing cells. Hogan and colleagues have recently demonstrated that IL-4, signaling via IL-4Rα induces MMC9 in a BATF-dependent mechanism, nicely linking the observed roles of IL-9 and IL-4 in mast cell homeostasis (28). IL-4 signals can subvert Tregs from their normally suppressive phenotype to one in which they express the Th2 transcription factor GATA-3 and Th2 cytokines, including IL-4, and thereby drive the disease phenotype (29). Investigators at Stanford and elsewhere are conducting trials exploring the potential of dupilumab (anti-IL-4Rα monoclonal antibody that prevents the binding of IL-4 and IL-13 to its receptor) in combination with anti-IgE (NCT03679676) during peanut oral immunotherapy (OIT).



Treatments for Food Allergy

Currently, there are no curative treatments for food allergies. The standard approach is education of individuals and families regarding strategies of allergen avoidance. While this is effective in preventing potentially serious reactions, it can significantly impact the quality of life of the patient and their family members. Avoidance paradoxically deprives these patients of one of the best-known paths to achieving tolerance to an antigen, namely ingestion. Furthermore, broad avoidance diets can result in nutritional deficiencies in multi-sensitized children (30, 31). Some children will eventually experience natural resolution of their allergy. Still, while this tends to occur for some foods, like egg and dairy, it is rare for others, like peanuts and tree nuts. In addition to practicing allergen avoidance, patients diagnosed with food allergies, must be presented with effective treatment plans on how to manage their reactions in case of accidental exposure. Mild reactions to foods, such as itching and hives, can be treated with anti-histamines, such as diphenhydramine and cetirizine. Though anti-histamines can alleviate the symptoms associated with allergy, they do not hinder the progression of the disease or reverse the disease-associated immune profile. Systemic anaphylaxis, the severe, life threatening reaction, presents as difficulty breathing or swallowing, and is treated immediately with epinephrine. Immunotherapy, which involves exposure to increasing doses of the allergen over a period of time, is the only disease-modifying treatment. Immunotherapy can be administered via several routes, including sublingual (SLIT), epicutaneous (EPIT) and oral (OIT) (32). Peanut powder (Palforzia®) OIT is the only current FDA-approved treatment for immunotherapy. A major limitation of OIT is that the food unresponsive state that is achieved is transient and maintaining it requires continued regular ingestion of the food (33). Adjunctive anti-cytokine treatments that might enhance safety as well as durability of immunotherapy are actively being explored (20, 34).




Key Players Involved in Food Allergy: Mast Cells And Basophils, lgE, and lgE Receptors


Mast Cells and Basophils: Effectors of Immediate Hypersensitivity

Mast cells and basophils arise from CD34+ hematopoietic progenitor cells. Mast cells are long-lived tissue resident cells that differentiate locally from bloodborne progenitors (35). They are often found in vascularized sites that are exposed to the external environment and microbiome, such as the mucosa of the gastrointestinal and respiratory tracts (36). Basophils are short-lived cells that mature in the bone marrow, enter the circulation and can either be activated intravascularly or traffic to sites of inflammation to exert their functions (37–39). Because of their anatomic localization in barrier tissues, mast cells are likely to be one of the first cell types to encounter and respond to pathogens, making them important effector cells of the innate immune response. Several groups have identified their protective roles in bacterial infection and they are also critical in the immune response to parasites (36, 40). They express pathogen recognition receptors and can release anti-microbial peptides upon activation. Mast cell granule proteases play an important role in detoxifying insect, scorpion, and reptile venoms (41–43). Like mast cells, basophils have been demonstrated to play key roles in host defense not only in the setting of Th2 responses, but also in the inflammatory reactions leading to helminth expulsion or tissue encystment and in resistance to ticks (44–48).

In addition to acting as effector cells of innate immunity, mast cells and basophils live at the interface of innate and adaptive immunity. Since they express Fc receptors, for IgE and IgG, they are armed with the adaptive immune capability to recognize specific antigens and participate in recall responses. They also regulate the emergence of adaptive responses. Granule components such as histamine can regulate T cell immunity and the antibody response, and mast cells and basophils are major producers of IL-4 and IL-13 (49–52). These two cytokines promote both Th2 cell differentiation and isotype switching of B cells to produce IgE.

The classic trigger for mast cell and basophil activation is through the IgE-mediated crosslinking the IgE receptor, FcϵRI. This activation results in the degranulation of the cells, releasing preformed mediators (such as histamine, neutral proteases, and TNF-α), de novo synthesis of pro-inflammatory lipid mediators, and production of growth factors, cytokines, and chemokines (53, 54).



FcϵRI and Its Downstream Signaling Pathways

IgE is the least abundant antibody in circulation. Its concentration in plasma is roughly 105 times less (100 ng/ml vs 10 mg/ml) than that of IgG. In addition to being present at such low concentrations, IgE has a notably short half-life, less than 1 day, while that of IgG is around 3 weeks (55). However, most of the IgE in the body is found in a cell-bound state, owing to the incredibly high affinity for IgE by FcϵRI (Kd 1x10-9mol/L). IgE effectively remains permanently attached to FcϵRI until internalized, which makes the tissue half-life of IgE to likely be on the order of weeks to months (55, 56).

There exist two isoforms of the high affinity IgE receptor, FcϵRI. The tetrameric αβγ2 form is found on mast cells and basophils. The trimeric αγ2 form, though less abundant than the tetrameric, is present on eosinophils, platelets, monocytes, and dendritic cells. The alpha chain has the ligand binding site, with two Ig-like domains that bind IgE. The β chain contains four transmembrane spanning regions and it amplifies the signal generated by the γ subunit. The γ chains are dimeric disulfide-linked transmembrane proteins. The β and γ chains contain immunoreceptor tyrosine-based activation motifs (ITAMs). An ITAM is a conserved sequence containing tyrosine separated from a leucine or isoleucine by two amino acids (YxxL/I). The ITAM tyrosine is a substrate for phosphorylation by signaling kinases such as Lyn and Syk. Two ITAMs are often found together separated by 6 to 8 amino acids (YxxL/I x(6-8) YxxL/I).

When multivalent antigens bind to FcϵRI-bound IgE, proximal FcϵRI aggregate into lipid rafts that are rich in cholesterol, sphingolipids, protein tyrosine kinases (PTKs), and GPI-anchored proteins. Recognition of one antigen molecule by Fab sites on two different IgE molecules bound to neighboring FcϵRI, results in receptor crosslinking and transphosphorylation of the ITAMs. Antigen recognition mediates a rapid cascade of signaling events that induce the activation of PTKs of the SRC and TEC families (57–59). This activation leads to the release of preformed, rapidly formed, and newly synthesized mediators from the effector cells (60) (see Figure 1).




Figure 1 | Mechanisms of IgG mediated inhibition. Antigen encounter by neighboring FcϵRI (green)-bound IgE (blue) on the surface of mast cells or basophils induces receptor crosslinking, phosphorylation of cytosolic immunoreceptor tyrosine-based activation motif (ITAM) sequences in the tetraspanning β- and disulfide-linked γ-chain dimers, and activation of various signaling pathways involving protein tyrosine kinases, such as Syk, and inositol intermediates, including PIP3 (left panel). These positive signals culminate in the degranulation of the cell. Allergen specific IgG antibodies (orange) counter the effects of IgE in two ways, receptor-mediated inhibition (center panel) and steric blockade (right panel). In receptor-mediated inhibition, when polyvalent allergens are simultaneously engaged by FcϵRI-bound IgE and FcγRIIb (red)-bound IgG, crosslinking of the two receptors leads to phosphorylation of FcγRIIb cytosolic immunoreceptor tyrosine-based inhibition motifs (ITIMs). These recruit protein tyrosine phosphatases and inositol phosphatases, such as SHPs and SHIPs, respectively. Phosphatases can neutralize phosphoprotein (such as Syk) and phospholipid (such as PIP3) signaling intermediates induced by FcϵRI activation. In steric blockade, IgG antibodies bind the allergen before it reaches receptor-bound IgE. By masking IgE binding epitopes, these blocking IgG antibodies inhibit interaction with IgE and thereby prevent FcϵRI-mediated mast cell activation.



Tyrosine residues on ITAMs on β and γ chains are phosphorylated by receptor-associated Lyn tyrosine kinase found constitutively associated with the β chain. Phosphorylation of tyrosine residues in the ITAMs provides docking sites for Src homology 2 (SH2) domain-containing kinases, such as Syk PTK to the γ chains and recruits additional Lyn PTK. Syk is phosphorylated by Lyn and activated by conformational changes (61, 62). Phosphorylated Syk subsequently phosphorylates adapter molecules LAT1, LAT2, SLP-76, Grb2, and VAV at tyrosine sites leading to the formation of supramolecular plasma membrane-localized signaling complexes. These signaling events lead to the activation of other signalling pathways such as PI3K, PLC-γ, RAS/ERK, JNK, p38, and AKT. They also lead to the immediate exocytosis of granules and their pre-formed mediators, rapid synthesis of prostaglandins and leukotrienes and eventual transcription of cytokines genes, such as IL-4, IL-6, IL-10, and TNF-α (60).

In addition to driving the allergic effector functions of mast cells and basophils, there is evidence that some IgE antibodies can provide survival signals to mast cells even in the absence of allergen. These have been designated “cytokinergic” IgEs by Kawakami and colleagues (63). In the absence of the survival cytokines necessary for mast cells, such as SCF, cytokinergic IgE antibodies can provide a survival-enhancing effect (64, 65). Furthermore, they have been shown to induce cytokine production, calcium flux, histamine release, and leukotriene synthesis (66–68). Cytokinergic IgE antibodies may act by self-associating or binding to autoantigens in order to aggregate FcϵRIs.

Glycosylation of IgE molecules has been shown to correlate with IgE binding to FcϵRI and for effective signaling upon receptor cross-linking. IgE antibodies are very heavily glycosylated when compared with other immunoglobulin isotypes. Anthony and colleagues demonstrated the functional significance of IgE glycans. They found that one at N394 was obligatory for FcϵRI binding (69). Subsequent comparison of plasma IgE molecules between allergic and non-allergic individuals by mass spectrometry by the same group showed that the “allergic IgE” has more terminal sialylation of its glycans than “non-allergic IgE”. The degree of sialylation of IgE does not affect its binding to FcϵRI but modulates the signaling downstream of the receptor and activation of the cell (70).



CD23: The Low Affinity Receptor for IgE

IgE can also bind to and exert its effects through its low affinity receptor CD23 (FcϵRII). CD23 is broadly distributed with expression on B cells, dendritic cells, eosinophils, gastrointestinal and respiratory epithelial cells, and others (71). It is a type II transmembrane protein (N-terminus intracellular) assembled as a multimer with α-helical coiled-coil stalks terminating in C-type lectin heads that bind to IgE (see Figure 2) (72). CD23 is the only Fc receptor that is not part of the immunoglobulin superfamily. In addition to binding IgE, it also interacts with the B cell surface protein, CD21, which functions as complement receptor 2 (CR2) and is the binding site and entry point for Epstein-Barr virus in B cells (73). Protease-sensitive sites present in the stalks of CD23 can be cleaved by endogenous proteases such as the metalloproteinase, ADAM10, and by protease allergens including the dust mite protease, Der p 1. The released oligomeric CD23 heads are called soluble CD23 (sCD23) and retain their ability to bind IgE.




Figure 2 | Structures and functions of the low-affinity IgE receptor, CD23. CD23 is expressed as a multimer of subunits consisting of coiled-coil stalks with lectin-family domain heads that bind to IgE (upper panels). Membrane-bound CD23 can be converted to a soluble form that retains IgE-binding ability following cleavage at protease sites by endogenous (ADAM) or allergen (e.g. Der p 1) proteases. Various functions have been attributed to CD23 (lower panels). It can facilitate antigen uptake for presentation by B cells and antigen presenting cells to T cells (left panel) and mediate the transport of allergens across polarized epithelium in the gut and airway (center panel). CD23 also regulates IgE production; the transmembrane form on B cells suppresses their production of IgE and the soluble form, via interactions with B cell surface CD21 and IgE, enhances IgE production (right panel).






lgG Receptors

In addition to FcϵRI, human and mouse mast cells and basophils also express Fcγ receptors (FcγRs) that bind to IgG antibodies. FcγRs belong to the immunoglobulin superfamily and their patterns of expression vary among leukocytes (74–77). The general consensus is that human mast cells and basophils express FcγRIIa and FcγRIIb, while mouse mast cells and basophils express FcγRIIIa and FcγRIIb (78). FcγRIIb is the only inhibitory IgG receptor, and all others are activating. IgG and FcγRs are involved in a number of immune defense mechanisms including toxin neutralization, antibody dependent cell-mediated cytotoxicity, phagocytosis, and cytokine production.


Activating IgG Receptors: IgG-Mediated Anaphylaxis

The classical paradigm for allergic reactions centers on antigen aggregation of IgE, bound to FcϵRI on mast cells and basophils, leading to their activation. However, even before the discovery of IgE, IgG antibodies had been shown to be able to activate mast cells. In the 1950s, Ovary, Benacerraf and others found that the ability of serum to transfer cutaneous hypersensitivity from one animal to another resided in both a heat-stable gamma-globulin fraction of serum (IgG) and in a heat-labile reagin fraction (79, 80). The relevance of these observations in cutaneous hypersensitivity was confirmed for systemic anaphylaxis more than four decades later when it was reported that active systemic anaphylaxis can be elicited in i.v.-challenged mice lacking the Cϵ exons encoding the IgE heavy chain (76, 81–83). Like FcϵRI, crosslinking of activating IgG receptors by immune complexes results in the phosphorylation of ITAMs and a cascade of signaling events (84, 85). While FcϵRI-mediated anaphylaxis is histamine dependent, FcγRIIIa-mediated anaphylaxis involves the release of platelet activating factor from macrophages (86). As demonstrated in mice, IgG-mediated anaphylaxis, unlike IgE-mediated anaphylaxis, occurs predominantly following intravascular antigen exposure and has been shown to require much higher doses of the antigen (86). The existence of IgG-mediated anaphylaxis in humans has not been directly proven and remains somewhat controversial. However, the elicitation of reactions with the physiologic features of anaphylaxis after intravascular administration of agents to which no IgE antibody response can be detected suggests the existence of an IgG pathway. The integration of input signals from activating and inhibitory receptors determines the outcome of the local and systemic inflammatory responses.



FcγRIIb: The Inhibitory IgG Receptor

FcγRIIb is the only inhibitory IgG receptor and one of its main function is to turn off signals initiated by activating Fc receptors and the B cell receptor (BCR). The importance of IgG-mediated feedback control of humoral immunity by FcγRIIb has long been appreciated (87). Co-aggregation of FcγRIIb with the BCR increases the BCR activation threshold and suppresses B cell-mediated antigen presentation. In the absence of FcγRIIb, the amount of antigen needed to activate B cells is increased, and production of antibodies to T cell-dependent antigens is suppressed (88). FcγRIIb signals can inhibit the maturation of dendritic cells as well as their FcγR-mediated antigen presentation and T cell priming (89, 90). In macrophages, FcγRIIb inhibits FcγR-mediated phagocytosis and release of cytokines (91–93). Overall, FcγRIIb is the most widely expressed FcγR and its presence on various cell types is required for maintenance of peripheral tolerance.

Unlike activating receptors, the aggregation of FcγRIIb alone is of no consequence and binding of IgG or immune complexes solely to FcγRIIb does not inhibit the functions of a resting cell. The inhibitory receptor is expressed on the surface of cells in conjunction with activating receptors, and arming the inhibitory function of FcγRIIb requires an initial licensing signal by an activating receptor. When immunoglobulins on activating and inhibitory receptors recognize independent epitopes in cis on a common antigen, the receptors co-aggregate in lipid rafts for crosslinking to occur (94, 95). FcγRIIb lacks the gamma chain and therefore has no ITAMs. Instead it contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) in its cytosolic domain. ITIMs recruit protein tyrosine phosphatases and inositol phosphatases (96).

ITIMs were first identified in FcγRIIb and subsequent sequence alignments revealed their presence in a large number of inhibitory receptors (96, 97). Following ligand binding and aggregation with an activating receptor, tyrosine residues in these ITIMs are phosphorylated (98, 99). These ITIM phosphotyrosines are docking sites for Src homology 2 (SH2) domain-containing protein tyrosine phosphatases (SHPs) and inositol phosphatases (SHIPs). SHIP-1 dephosphorylates phosphatidylinositol (3, 4, 5)-triphosphate (PIP3) to phosphatidylinositol diphosphate (PIP2) (see Figure 1). This reaction depletes membrane PIP3 docking sites for PH-domain-containing signaling intermediates, such as BTK, and consumes the substrate in the formation of IP3, which participates in mast cell activation by inducing calcium release from endoplastic reticulum stores. Mast cells deficient in SHIP-1 degranulate at lower concentrations of IgE and antigen, and they also degranulate much more strongly (100). Therefore, SHIP-1, at baseline, raises the threshold for FcϵRI mediated mast cell activation.

It is commonly understood that the inhibitory function of FcγRIIb is mediated by its coaggregation with an activating receptor by the same multivalent antigen. This is described as FcγRIIb-mediated “cis-inhibition”. However, Malbec et al. show that FcγRIIb can also mediate inhibition of activating receptors triggered independently of, and not co-aggregated with, FcγRIIb (101). The authors describe this phenomenon as “trans-inhibition”. Trans-inhibition can decrease the release of β-hexosaminidase, histamine, LTC-4, MIP1-α, and TNF-α from mast cells and basophils, and decrease anaphylaxis. The F(ab)2 portion of IgG was not capable of mediating this inhibitory effect, suggesting that the phenotype is dependent on receptor-mediated action of IgG.



FcγRIIb in Disease

Due to its known roles in inhibiting the activation of immune cells, FcγRIIb has been considered as a potential regulator in various immunological disorders, especially in autoimmune diseases.

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with autoantibody production affecting many organs including the skin, brain, joints, and kidneys. Abnormal B cell responses to immune complexes containing autoantigens is a feature of SLE. Immune complexes exert their effects via activating FcγRs, and impaired FcγRIIb function has been shown to be involved in the disease pathogenesis (102). In rheumatoid arthritis (RA), autoantibodies mediate the destruction of the synovial membrane. Variants in FcγRIIb have been shown to be associated with RA (103). In a collagen-induced arthritis mouse model of RA, lack of FcγRIIb increases the disease score, cartilage destruction, and concentration of collagen specific IgG. In patients with idiopathic thrombocytopenic purpura (ITP), the immune recognition of autoantigens on platelets triggers their destruction. The same variant form of FcγRIIb identified in patients with RA has been shown to be associated with ITP (104). In a mouse model of multiple sclerosis, lack of FcγRIIb is associated with increase in disease score and more activation of myelin-specific T cells. Administration of intravenous immunoglobulin (IVIG) has been successfully used to treat patients with autoimmune diseases during acute flares. IVIG induces the expression of FcγRIIb on blood basophils, monocytes, and eosinophils (105). In contrast, lack of FcγRIIb, or variants of the protein that decrease its function may confer an advantage for fighting infections (106). For example, FcγRIIb deficiency is associated with resistance to streptococcal infections in mice (93, 107). Variants of FcγRIIb associated with SLE (FCGR2BT232) have been shown to be more prevalent in areas where malaria is endemic and may confer protection against the infection (108).




Regulation of Immune Responses by lgE And lgG Antibodies Acting on Mast Cells and Basophils

The opposing effects of IgE antibodies, triggering activating input via FcϵRI, and IgG antibodies, sending ITIM-mediated inhibitory signals via FcγRIIb, are critical in controlling the acute effector functions of mast cells and basophils. These are the pathways that respectively drive immediate hypersensitivity reactions in food allergy, including anaphylaxis, and suppress acute reactions in subjects who have developed food-specific IgG responses. However, the opposing roles of IgE and IgG in food allergy extend significantly beyond these direct effects on effector cell activation, with immunoregulatory influences ranging from modulation of IgE receptor density and signaling thresholds in effector cells, to the IL-4-driven priming and maintenance of effective Th2 responses to food allergens and corresponding suppression and/or pathogenic reprogramming of Tregs. These immediate and downstream functions of food allergen-specific IgE and IgG antibodies extend the rationale for IgE blockade by omalizumab during OIT and form the mechanistic basis for the development of food allergen-specific IgG monoclonal antibodies as novel therapeutics for food allergy. Here we provide a detailed review of the immunomodulatory effects of IgE and IgG antibodies as they relate both to innate effector cell functions and to downstream regulation of adaptive immune responses in food allergy.


IgE and Regulation of IgE Receptor Density

IgE and its receptors have symbiotic relationships. It has been known for many years that plasma IgE levels and basophil FcϵRI expression are regulated in tandem in atopic patients (109), but until recently it had not been possible to distinguish between correlation and causation. Saini and colleagues showed that the relationship between circulating IgE and basophil FcϵRI levels holds up across a spectrum of allergic, infectious, and immunodeficiency disorders associated with dysregulated IgE levels, indicating that atopy, itself, is not the driver and suggesting that IgE antibodies themselves have an effect on FcϵRI levels (110). Such a direct effect of IgE on FcϵRI expression was supported by studies of a rat basophilic leukemia line in which FcϵRI levels increased when IgE antibodies were added to the culture (111). Subsequent mouse genetic analyses showed that this interaction is indeed operative in vivo at physiologic IgE levels. IgE-/- mice had greatly reduced FcϵRI expression both on circulating basophils and on tissue mast cells, and both cell types rapidly upregulated FcϵRI following IgE infusion (112, 113). This phenomenon could be reproduced in culture using freshly isolated primary mast cells, or cultured bone marrow derived mast cells (BMMCs), and has subsequently been confirmed in human mast cells, basophils, and dendritic cells (114–117). IgE-mediated modulation of FcϵRI levels, in turn, regulates effector cell activation thresholds. In the presence of low ambient IgE, decreased basophil surface FcϵRI is associated with an increased threshold for activation by allergen (115). The presence of IgE stabilizes FcϵRI, preventing internalization and degradation. As FcϵRI continues to be synthesized within a cell, the presence of IgE favors the capture and accumulation of FcϵRI at the cell surface (118). A similar relationship exists for IgE and CD23. Occupancy of CD23 by IgE protects its protease-sensitive sites from cleavage, and CD23 levels are low in animals lacking IgE and increase directly in relation to ambient IgE levels (56).



IgE and Mast Cell Homeostasis

In addition to enhancing FcϵRI levels on the surface of mast cells, IgE antibodies promote mast cell survival and proliferation in vitro and in vivo. The derivation and propagation of mast cells from bone marrow stem cells require the presence of IL-3 and SCF. Without these cytokines, BMMCs undergo apoptotic cell death. However, the addition of IgE both enhances the proliferation of BMMCs in the presence of IL-3 and SCF, and protects them from apoptosis upon withdrawal of IL-3, suggesting an important role for IgE in mast cell expansion in settings of type 2 inflammation, and for survival in growth factor limiting conditions (64, 65). Such a function of promoting mast cell expansion and survival has in fact been observed in mouse models of parasitic worm infections. IgE promotes splenic mast cell expansion and parasite clearance in the course of Trichinella spiralis infection (119). Similarly, in an asthma model, sensitization of mice by inhalation of the fungus Aspergillus fumigatus drives mast cell expansion in the bronchus, trachea, and spleen and this expansion is dependent on the presence of IgE antibodies (120). Together, these findings reveal that IgE antibodies not only act to trigger mast cell degranulation and regulate FcϵRI levels, but also promote mast cell survival and expansion.



Downregulation of IgE Receptor by Omalizumab

Omalizumab is a recombinant humanized IgG antibody that recognizes the Fc portion of IgE. Its affinity for free IgE is greater than that of IgE for its receptor so it can effectively compete for free IgE and prevent its binding to cell surface FcϵRI. However, omalizumab cannot effectively disrupt established interactions between IgE and FcϵRI. Once free IgE is captured by omalizumab, immune complexes are formed that are eventually cleared from circulation. By reducing the ambient free IgE concentration, omalizumab leads to a downregulation of FcϵRI. Allergic patients that have been treated with omalizumab have low density of FcϵRI on the surface of basophils, mast cells, and dendritic cells (114–117). Thus, more than the removal of circulating allergen-specific IgE, this secondary effect of omalizumab on FcϵRI density is critical in its mechanism of action in the treatment of hypersensitivity reactions.



Mast Cells and Basophils as Producers of Th2 and Pro-Inflammatory Cytokines

The role of IgE and mast cells as effectors of immediate hypersensitivity in food allergy is well characterized. However, in addition to rapidly releasing the vasoactive mediators of anaphylaxis, IgE-activated mast cells serve as an important source of immunomodulatory cytokines. Cytokine production requires the activation of a transcriptional program and is therefore delayed. Thus, several hours after FcϵRI is crosslinked, as the symptoms of immediate hypersensitivity abate, IgE-activated mast cells produce a range of chemokines and cytokines important for orchestrating the influx of innate immune cells (eosinophils and basophils) and T cells important in driving type 2 inflammation (121, 122). Indeed, IL-4, the critical inducer of Th2 responses, was first reported to be produced by mast cells, in a study conducted by Marshall Plaut, Bill Paul, and colleagues (49). Mast cells are also prolific inducers of IL-6 and TNF-α, cytokines critical in the activation of APCs and induction of inflammation. Thus, mast cells, present in abundance in the gastrointestinal tract, are prime candidates to be the innate immune inducers of immunological sensitization and Th2 responses. Similar to mast cells, IgE-activated basophils are potent producers of cytokines, particularly IL-4 and, following adjuvant exposure, TSLP and IL-25 (50–52, 123).



Mast Cells, Basophils, ILC2s, and IgE Antibodies Act as Adjuvants in Mouse Models

Upon IgE-mediated activation via FcϵRI, mast cells positioned at mucosal surfaces and in the skin as well as basophils recruited to these sites can prime the allergic immune response by influencing both innate and adaptive immune cells. Effective induction of T cell responses to contact sensitizers applied to the skin occurs only when mast cells and IgE are present, and local cutaneous inflammatory responses to superantigens are mast cell dependent (124, 125). Mast cell-derived TNF-α is thought to induce Langerhans migration from the epidermis to draining lymph nodes in contact sensitivity models (126) and mast cell derived histamine may activate Langerhans activation in mice injected intradermally with IgE followed by antigen challenge (127). Although basophils have not been implicated in pathways of immune priming in contact sensitivity, they have, as already noted, been shown to contribute to immunological priming in the skin in the setting of allergic inflammation induced by M903 application or barrier disruption by SDS (21, 23). When basophils are depleted or when basophils lack the ability to produce IL-4, the outcomes of sensitization and challenge are altered, with reduced allergen-induced responses (22, 23). In some models of asthma, mast cells, basophils, and IgE play important roles in orchestrating allergic sensitization and effector responses (128–130). The role of mast cells as endogenous adjuvants is most pronounced in settings where artificial adjuvants are not employed, as shown by Galli and colleagues in an alum-independent mouse model of OVA-driven asthma (128).

The constitutive presence of mast cells in the intestinal mucosa has drawn attention to their potential contribution to immunological priming in the gut in food allergy. An adjuvant role of mast cells in food allergy was demonstrated by Burton and colleagues using a mouse model of peanut allergy (131). They found that two independent strains of mice lacking mast cells, KitW-sh and Mcpt5creiDTR, exhibited decreased peanut-specific IgE production and impaired peanut-specific Th2 responses, but maintained relatively robust induction of Tregs. They further established that signaling pathways downstream of FcϵRI are needed to drive allergic sensitization. For instance, mast cell lineage-specific deletion of Syk kinase in Mctp5cre-Sykfl/fl mice, and pharmacologic inhibition of Syk kinase function, both separately recapitulated the phenotype of suppressed peanut allergy. Furthermore, blockade of IgE with anti-IgE antibodies and genetic removal of IgE (IgE-/- mice) both independently led to impaired Th2 responses to peanut ingestion and still permitted the development and expansion of Tregs. The observation that mast cell-deficient mice reconstituted with wild type, but not IL-4-deficient, mast cells had restored Th2 responses to peanut strongly implicated mast cells as a key source of IL-4 in this system. IL-4 also negatively impacts the numbers and functions of Tregs so that, while promoting Th2 immunity, it also suppresses and potentially subverts the mechanisms that keep it in check. Chatila and colleagues showed that IL-4 can subvert Tregs to a pathogenic phenotype, expressing Th2 transcription factor GATA-3 as well as IL-4, a state which contributes to, rather than suppresses, allergic disease (29). Taken together these findings established the critical roles of gut mast cells as inducers of Th2 immunity, a function that, during recurrent allergen exposures and evolving adaptive immune responses, is amplified by food-specific antibodies, which signal via FcϵRI.

In contrast to the analyses of basophil contributions to immune sensitization in the skin, the role of basophils in priming immune sensitization to ingested allergens has been less extensively studied. Using basophil depletion (Ba103 anti-CD200R3 mAb) or basophil-deleted Bas-TRECK mice, Kawakami and colleagues demonstrated attenuation of clinical scores, diarrhea incidence and plasma levels of the mast cell protease mMCP-1 following intragastric allergen instillation in mice primed intraperitoneally and then enterally challenged with OVA (132). Total and OVA-specific IgE responses were not different between basophil-deficient and -sufficient mice arguing against adjuvant immune priming effect in this model. Along with mast cells, basophils also contribute to systemic anaphylaxis. In a mouse model of peanut induced anaphylaxis, selective, or inducible ablation of basophils, without affecting the mast cell compartment, has been shown to reduce hypothermia (133).

In addition to mast cells and basophils, ILC2s have been identified as critical innate immune sources of IL-4 and inducers of Type 2 immune responses. It turns out there is a critical interplay between these cell types, revealed in murine models of food allergy. Like Th2 cells, ILC2s express the transcription factor GATA-3 and secrete Th2 cytokines, including IL-5 and IL-13. Unlike Th2 cells, they lack T cell receptor (TCR) and cannot recognize antigen. In response to epithelial-derived cytokines, such as IL-25 and IL-33, they produce large amounts of IL-5, IL-9, and IL-13 (134). Recent findings indicate that in addition to being primed by epithelial cell-derived cytokines, ILC2s can also be activated in a mast cell driven manner, and conversely that effects of ILC2s on mast cells can influence the severity of anaphylaxis in food allergy. In mouse models of food allergy using OVA or peanut, the induction of ILC2s was significantly impaired in mice lacking IgE antibodies and those lacking mast cells (135). Furthermore, in these same murine models, IL-13 produced by ILC2s can regulate the severity of anaphylaxis by increasing sensitivity of target organs to mediators of hypersensitivity reactions (135). Recent work by Leyva-Castillo et al. in studies of food allergy-induced by epicutaneous food exposure revealed that the interaction between mast cells and ILC2s might be bidirectional. They found that intestinal mast cell expansion driven by mechanical skin injury and allergen exposure requires IL-4 and IL-13 derived from ILC2s (18).



Regulation of Allergic Responses by IgE Antibodies in Humans and Mice With Humanized IgE Receptor Expression

The roles of mast cells and IgE in regulating Th2 responses in allergic disease in humans are not as clearly established but there is some evidence for such a connection. Testing the immunomodulatory effects of IgE blockade in OIT with food-allergic subjects offers an opportunity to test this question. In humans, omalizumab has been reported to facilitate more aggressive up-dosing, while also reducing allergic reactions during the course of the treatment (136–138). Stranks et al. hypothesized that IgE blockade might also alter the immunological changes that are induced by OIT. The authors tested this in the PRROTECT cohort of highly peanut-allergic subjects, randomized to receive either standard OIT or OIT in combination with omalizumab (139). While their analysis was somewhat limited by the fact that patients had the option to switch to open-label omalizumab part way through the study, which most did, the analysis revealed that those initially assigned to the omalizumab group, who therefore received the initial peanut dose escalation in the setting of IgE blockade, exhibited a more robust induction of anti-peanut IgG antibodies, one of the key markers of successful OIT (139). This finding suggests that in human food allergy IgE antibodies might have an immunoregulatory effect and that blockade of its receptors or their signaling pathways in mast cells might be an effective strategy for preventing or reversing food allergy. In addition to enhancing tissue-resident mast cell production of IL-4, to prime and consolidate local Th2 and IgE responses, IgE antibodies may further promote adaptive immune responses by enhancing the ability of APCs to prime T cells. Both IgE receptors, FcϵRI and CD23, are expressed by APCs and can mediate internalization of allergen complexed with IgE (140).

In humans, the trimeric form of the high affinity IgE receptor, FcϵRI, is expressed on APCs. Studies of the skin of patients affected by atopic dermatitis have revealed the presence of several FcϵRI+ APCs. These include Langerhans cells and inflammatory dendritic cells (which do not contain Birbeck granules) in the epidermis, and dermal dendritic cells. FcϵRI is markedly upregulated on these cell types during allergic flares. However, the lack of FcϵRI expression by murine APCs has made it challenging to investigate whether it, like CD23, might promote T cell responses in vivo. Mice with humanized expression of FcϵRI, using an FcϵRI α−chain transgene driven by the CD11c promoter constitutively active in APCs, have proven useful in answering this question. These animals were used to show that allergen-specific IgE, acting via FcϵRI on APCs, instructed naïve T cells to differentiate into Th2 cells, resulting in augmented allergen-specific Th2 responses in vivo (141).



Immunoregulatory Effects of CD23

The ability of CD23 to participate in the priming of T cell responses in vivo was first reported in mice as facilitated antigen presentation, a process whereby IgE antibodies generated in response to a previous allergen encounter, amplify Th2 responses upon re-exposure to that allergen in a mechanism mediated by CD23 (see Figure 2). Recent studies of facilitated antigen presentation by Heyman and colleagues suggest that IgE:allergen complexes, bound to circulating B cells via CD23 enter splenic B cell follicles, where antigen is transferred to resident dendritic cells via B cell exosomes generated in a protease (ADAM10) and CD23-dependent process, activating them for efficient antigen presentation (142). Consistent with this model, exogenous IgE does not augment T cell responses in CD23–/– mice but does enhance humoral and cellular immunity following reconstitution with CD23+ B cells. Both the diversity of the IgE repertoire for specific allergens (the range of recognized epitopes) and the avidity of the pooled IgE for antigen affect the efficiency of facilitated antigen presentation (143).

CD23 expressed by B cells appears to play a role in regulating IgE synthesis. Ligation of the receptor by IgE suppresses IgE production and CD23-deficient mice exhibit stronger and longer-lasting IgE responses after immunization (144–146). Conversely CD23 transgenic animals exhibit decreased IgE production (147, 148). In humans, treatment with lumiliximab, a CD23-blocking monoclonal antibody, lowers IgE levels (149). In contrast, soluble fragments of CD23 (sCD23) seem to promote IgE synthesis, perhaps by competing for IgE binding with cell-bound CD23 (see Figure 2) (149–151).




The Regulatory Effects of lgG, Signaling via FcγRIIb IN lgE-Mediated Food Allergy


Natural Resolution of Food Allergy Is Associated With IgG Induction

Many children with low to moderate levels of food-specific IgE antibodies can ingest the foods to which they are sensitized without exhibiting any reaction. On the one hand, this observation creates a tremendous challenge for allergy clinicians trying to establish or rule out food allergy using IgE testing. Oral food challenges, in a clinical setting, are often required to establish with certainty whether a child is tolerant or allergic. On the other hand, the inconsistent correlation between food-specific IgE and reactivity provides an important clue regarding the regulatory factors that might block immune responses to foods. There is now abundant evidence that IgG antibodies account both for natural protection from allergic reactions to foods in patients harboring food allergen-specific IgE, and that the induction of IgG responses underlies, at least in part, the protective effects of OIT. An analogous situation has been described for respiratory allergy. In large population-based cohort studies in Australia and the UK, Custovic and colleagues have established that aeroallergen-sensitized children, with aeroallergen-specific IgE antibodies, often have no symptoms. This led to the concept of “benign Th2 immunity” and further analysis of these subjects revealed that those with higher allergen-specific IgG/IgE ratios had fewer symptoms and their sera inhibited the activation of basophils sensitized with aeroallergen-specific IgE (152, 153). One challenge in diagnosis is that circulating IgE and IgG levels may not reflect the amounts of these antibodies present in the mucosal tissues where allergic reactions are initiated.

Several investigations have revealed that natural resolution of milk allergy in children is associated with increasing IgG levels (154, 155). Similarly, among subjects who test positive for IgE antibodies to peanut, Santos and colleagues found that higher levels of specific IgG4 correlate with tolerance (156). For the most part, analyses of any protective effects of IgG in food allergy have focused on the IgG4 isotype. A protective role for IgG4 had previously been established to be a very strong biomarker of efficacy in subcutaneous allergen immunotherapy (SCIT) (157). The IgG4 findings in SCIT led to a focus on this subclass in food allergy studies and it is the only subclass of IgG for which specific tests have been commercially developed. IgG4 is the least abundant isotype of IgG in human serum, often representing only about 5% of total IgG (158, 159). However, with chronic antigen exposure, IgG4 can increase to account for a larger fraction of total IgG (160). Like IgE, IgG4 is induced during Th2 immune responses under the action of IL-4 and IL-13 on B cells. The concept of a “modified Th2 response,” has evolved to describe a scenario where IL-10 is present along with IL-4, and IgG4 class switching and production is promoted over IgE (159, 161–163).

IgG4 is the sole subclass of IgG in that it does not mediate common IgG effector functions such as antibody-dependent cell-mediated cytotoxicity or complement dependent-cytotoxicity. IgG4 antibodies also exhibit a unique ability to undergo Fab arm exchange (FAE). In this process, heavy chains of IgG4 antibodies can separate into half antibodies, each consisting of one heavy chain and one light chain. Half antibodies originating from different parent IgG4s can combine to form bispecific antibodies (164). This re-assortment of Fab regions potentially allows a single IgG4 to recognize two epitopes on an allergen, both increasing overall binding avidity and facilitating crosslinking. Due to its presence in the serum at higher concentration than IgE, its ability to recognize more epitopes and its limited ability to form immune complexes and mediate effector function, it has been proposed that IgG4 might be uniquely suited to function as a blocking antibody, intercepting allergens before they can be engaged by FcϵRI-bound IgE on the surface of effector cells.



Induction of High Levels of Specific IgG Following OIT

Perhaps the most compelling evidence for a role of IgG antibodies in regulating food allergen responsiveness has come from OIT studies. In OIT, an allergenic food is administered orally in daily doses that incrementally increase, often up-dosing weekly, over the course of several months. Upon completion of OIT, patients can typically tolerate significant amounts of the allergen without reaction. As this acquired ability to ingest the food is temporary and Tregs which maintain immunological tolerance at the T cell level have not been implicated, this state is referred to as food “unresponsiveness” rather than tolerance (165). Maintenance of this unresponsive status requires ongoing ingestion of the allergenic food. It is striking that at the completion of OIT patients still have very high levels of food allergen-specific IgE antibodies, despite their ability to ingest the allergen without incident. In fact, the IgE titers typically seen after OIT can be unchanged from pre-OIT levels, and are of a magnitude that would strongly predict a significant reaction if obtained in a patient who had not undergone OIT (166). These observations are highly suggestive that OIT induces a suppressive factor, one that inhibits IgE-mediated anaphylaxis.

A clear clue as to the identity of the suppressive factor has been provided by the highly consistent observation that OIT of foods, including milk, egg, and peanut, induces strong food allergen-specific IgG4 responses (167–172). The success of baked-egg challenge has been correlated with these increases in egg-protein IgG4 following OIT (173). In contrast to prior observations with SCIT, the IgG response in OIT encompasses all IgG subclasses, not just IgG4. For instance, patients undergoing OIT for peanut allergy in the PRROTECT trial had several log increases in levels of peanut-specific IgG1, IgG2, IgG3, IgG4, and IgA, as well as the ratio of peanut-specific IgG4/IgE with the greatest increases evident in peanut-specific IgG2 and IgG4 which were increased by two logs (139, 174). The groups of Galli and Nadeau reported that robust IgG responses and elevated IgG4/IgE ratios correlate with sustained unresponsiveness following peanut OIT (175). When modeled in mice with established peanut allergy, OIT also induces a strong IgG response, inclusive of all the murine IgG subclasses (174).



FcγRIIb-Mediated Suppression of IgE-Mediated Mast Cell Activation by Food-Specific IgG Induced During OIT

Mechanisms of OIT and the inhibitory effects of IgG have been studied both in mouse models and in mechanistic investigations in human clinical trials. Since BMMCs can be easily cultured using IL-3 and SCF, and they can be sensitized with food allergen-specific IgE, they provide an excellent tool with which to interrogate the serum of OIT-treated mice for any potential inhibitory activity of induced IgG. Surface expression of the granule marker LAMP-1 (CD107a), which is extruded upon degranulation, is a sensitive marker of mast cell activation. Within minutes of exposure to allergen, mast cells degranulate and an increase in LAMP-1 on the cell surface can be detected. Burton and colleagues reported that sera from mice that underwent OIT for peanut allergy can inhibit the peanut-induced activation of BMMCs sensitized with specific IgE in an IgG-dependent manner (174). In addition to inhibiting IgE-induced degranulation, OIT-induced food allergen-specific IgG antibodies also inhibit the production of IL-4 and IL-13 by activated BMMCs (176). Under these conditions, suppression of IgE activation of IgG is not observed in FcγRIIb-/- BMMCs, indicating a requirement for this receptor in IgG-mediated inhibition. At high doses of IgG, however, inhibition of mast cell activation can be exerted even in cells lacking FcγRIIb, indicating that, in addition to sending negative signals via FcγRIIb, IgG can also act as a blocking antibody, sterically preventing the interaction of allergen with FcϵRI-bound IgE (see Figure 1) (174). Prior to the identification of the key role of FcγRIIb in mediating the suppressive actions of IgG on mast cells and basophils, this steric blocking effect had commonly been presumed to be the dominant inhibitory mechanism of IgG in allergy, especially following SCIT, which is why such IgG antibodies are still commonly referred to as blocking IgG.

The physiologic relevance of IgG : FcγRIIb-mediated inhibition of IgE-triggered mast cell activation to allergic reactions in vivo, particularly to anaphylaxis, has been demonstrated using mouse models. FcγRIIb-deficient mice have provided an excellent genetic tool to analyze this biology. Sensitized FcγRIIb-deficient mice exhibit enhanced anaphylaxis upon allergen challenge (176). Furthermore, inhibition of anaphylaxis by passive transfer of allergen-specific IgG occurs in wild type but not FcγRIIb-deficient mice, indicating that restoration of tolerance via IgG requires IgG : FcγRIIb interactions. Although FcγRIIb-/- mice lack the receptor on all cells that would normally express the receptor, reconstitution of the mice with cultured FcγRIIb+/+ mast cells from wild type donors restores the protective effects exerted by passive administration of exogenous allergen-specific IgG, confirming the central role of mast cell FcγRIIb in regulating IgE-mediated anaphylaxis in vivo (see Figure 1) (176).



Inhibition of Basophil Activation by Post-OIT Serum in Human Subjects

The same receptor-mediated inhibition of IgE-induced activation by IgG has also now been clearly demonstrated in patients undergoing OIT. Using an indirect basophil activation test (iBAT), Burton and colleagues analyzed suppressive activity in the serum of peanut-allergic patients who underwent OIT (174). In the iBAT, basophils from a non-allergic donor are used to interrogate the sera of study subjects for both activating and suppressive factors (see Figure 3). IgE-containing serum, typically from a peanut allergic patient, is added to these basophils in culture. After the addition of peanut extract, granule extrusion is measured by flow cytometric quantitation of CD63, a granule protein that is similar to the LAMP-1 marker used in the murine system. Using this assay, the group found decreased basophil activation by iBAT following completion of OIT. When both pre- and post-OIT serum from the same individual were incubated with donor basophils, the degranulation was lower than that induced by pre-OIT sera alone, indicating that the suppressive activity was OIT-induced (176). It was determined that this suppression is IgG-mediated and could be blocked by antibodies to FcγRIIb.




Figure 3 | The indirect basophil activation test (iBAT) as a probe for inhibitory food allergen specific IgG. In this assay, basophils from a non-allergic donor are sensitized with IgE from an allergic donor, then incubated with serum to be queried (typically pre-OIT serum, post-OIT serum, or a mix of the two) and then exposed to allergen. Conditions assayed include (proceeding clockwise starting from top center): (A) basophil incubation with allergen in the absence of serum (no activation), (B) with serum from an allergic donor (full degranulation), (C) with post-OIT serum (suppressed activation), (D) with a mix of pre- and post-OIT serum (suppressed activation if inhibitory activity is present), (E) post-OIT serum with IgG removed (to query the contribution of IgG to suppression) and (F) post-OIT serum with antibodies to FcγRIIb (to test whether inhibition is receptor-mediated).



Similar observations were subsequently reported by Santos et al. in a separate peanut-allergic cohort. Rather than using basophils from non-allergic donors to query the OIT sera, this group used the human mast cell line, LAD2 (156). They too observed IgG-mediated suppressive activity in LAD2 activation by post-OIT sera, and found that specific depletion of IgG4 reduced the suppression leading them to the conclusion that post-OIT suppression is IgG4-mediated. In reviewing the Santos report, however, it is important to note that while IgG4 removal reduced the degree of suppression exerted by post-OIT sera, the effect was incomplete. IgG4-depleted sera from post-OIT subjects in their cohort exerted >50% suppression of basophil activation compared with 80% in sham-depleted sera, which actually suggests that most of the suppressive activity might in fact be accounted for by non-IgG4 isotypes (156). At this point the argument could be made that suppression of FcϵRI signaling by FcγRIIb in food allergy is not uniquely accounted for by IgG4, but is also exerted by other IgG subclasses, all of which are known to have measurable affinity for FcγRIIb. Like OIT, serum from patients that had undergone SLIT can also inhibit basophil reactivity in an IgG dependent manner (177). Future studies with monoclonal IgG antibodies, expressed as IgG isotype swap variants, are needed to clearly delineate the potential contributions of these isotypes to FcγRIIb-mediated basophil suppression.

The discovery that food-specific IgG antibodies account, at least in part, for suppression of food reactions in IgE+ food-tolerant subjects and those who have completed OIT has seeded interest in potential therapeutic applications of IgG in food allergy. Although inhibitory food-specific IgG antibodies are still in development by pharmaceutical companies, and there are not yet any direct data regarding the efficacy of IgG in preventing food anaphylaxis, there are preclinical studies that support the approach. Burton and colleagues recently developed a humanized mouse model in which NOD-scid IL2Rγnull mice (NSG,NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ), given human CD34+ stem cells, exhibit robust T cell expansion, including Foxp3+CD25+ Tregs, IFNγ+ Th1 cells and IL-4+ Th2 cells, and B cell engraftment (178). These animals are readily sensitized to ingested peanut, producing specific IgE and exhibiting anaphylaxis with elevated plasma tryptase levels upon challenge (178). If post-OIT serum is administered 24 h prior to allergen challenge, the mice are protected from peanut-induced anaphylaxis (179). This IgG-mediated inhibition can be blocked by injecting mice with anti-FcγRIIb (179). However, blocking FcγRIIb does not fully restore the anaphylaxis phenotype, suggesting that IgG is able to exert some inhibition in a manner independent of FcγRIIb, most likely through steric hinderance (179).



Tissue-Specific Variations in FcγRIIb Expression

The expression of FcgRIIb on human mast cells is still an active area of investigation including the factors that regulate the expression of the receptor. Comparison of the expression of FcγRIIb on mast cells residing in various human tissues has revealed that FcγRIIb is absent from dermal mast cells, but is expressed on those in the gastrointestinal tract (179, 180). This is recapitulated in humanized mice, in which FcγRIIb is detectable by qPCR and flow cytometry in the small intestine and spleen, but not in the skin (179). As would be anticipated by the lack of FcγRIIb, in vitro IgG-mediated inhibition of mast cell degranulation does not manifest in human skin mast cells. This low, or completely absent, expression of FcγRIIb on dermal mast cells likely explains why patients who have successfully undergone desensitization therapy are able to consume the allergen without symptoms, but they may still exhibit positive skin prick test responses to allergen (181–184).

The relevance of FcγRIIb to physiologic regulation of allergic responses is further suggested by genetic associations. An asthma family cohort study that included 370 atopic, 239 non-atopic, and 169 asthmatic subjects, identified a functional SNP in FCGR2B (187Ile>Thr) that was associated with atopy and IgE production (185). Functional analysis of this variation, that is located in the transmembrane segment of the receptor, showed that 187Ile>Thr FCGR2B is less effective at mediating inhibitory signals than the common allele (186–188).



IgG-Mediated Inhibition of Sensitization to Ingested Antigens

As one might predict, based on their ability to prevent IgE-induced production of Th2 cytokines by mast cells in culture, IgG antibodies that are administered prophylactically prior to initial allergen ingestion can hinder the development of Th2 responses and IgE antibodies. This possibility was assessed in a recent investigation using mouse model of food allergy involving repeated administration of OVA in Il4raF709 mice, a strain rendered inherently atopic by knock-in of a variant IL-4R α-chain (176). Administration of allergen-specific, but not control, IgG during the sensitization phase markedly suppressed production of OVA-specific Th2 cells, and was permissive for the expansion of Tregs which was not observed in controls (176). Allergen-driven mast cell expansion was also suppressed in the IgG-treated mice. As would be expected in the setting of decreased Th2 immunity, IgE responses were suppressed by more than one log. The combination of low IgE and decreased mast cell numbers rendered the OVA IgG-treated animals completely resistant to anaphylaxis, with no signs of hypothermia, a cardinal physiologic feature of anaphylaxis in mice, or elevated levels of plasma mast cell protease-1 (MMCP-1), a granule protease and marker of mast cell activation analogous to tryptase in humans. Taken together, these findings show that, in addition to blocking phenotypes of IgE-mediated immediate hypersensitivity, like anaphylaxis in the setting of established food allergy, IgG antibodies can block the development of food allergy by blunting the Th2 adjuvant function of mast cells (see Figure 4). Analysis of FcγRIIb-/- mice in the same study revealed a key role for the inhibitory receptor in mediating the protective effect of IgG.




Figure 4 | Effects of mast cells on adaptive immune responses to food allergens and the regulation of these effects by IgE and IgG antibodies. Food antigens pass through damaged epithelium, specialized intraepithelial passages (8), or are sampled by antigen presenting cells (APCs). Epithelial cells subjected to stress or microbial signals secrete cytokines such as IL-25 and IL-33 that promote the activity of various cellular mediators involved in the breakdown of tolerance. Mucosal APCs present antigen to naïve T cells that mature into Th2 cells in the context of a Th2-conducive environment. Th2 cells are known to both depend on IL-4 for their differentiation and survival, and to produce IL-4 that drives IgE isotype switching by B cells and mast cell expansion, while inhibiting the production of regulatory T cells (Tregs) and subverting their function. Mast cells sensitized with allergen-specific IgE and type 2 innate lymphoid cells (ILC2s) provide a priming source of IL-4, initiating and sustaining the Th2 environment. In contrast, allergen-specific IgG antibodies induced during natural allergen resolution or during OIT can inhibit mast cell activation via signaling through FcγRIIb receptor. Inhibition of mast cell activation by IgG can break the positive feedback loop between mast cells and Th2.



In a study of fish allergy, active immune induction of IgG antibodies by vaccinating mice with a hypoallergenic mutant of the fish allergen Cyp c 1, has also been shown to protect against allergy (189). These findings suggest that an IgG-based preventive strategy might be beneficial as a prophylactic treatment for children at risk for developing food allergies. The recent findings of Oyoshi and colleagues from studies done in mice, in which IgG:allergen immune complexes passed by food allergen-tolerant mothers to their offspring via breast milk, support the induction of Tregs and suppress IgE responses, implicate IgG in physiologic maternal transfer of tolerance (190). Furthermore, offspring of mothers who have high levels of allergen-specific IgG in their plasma, cord blood, and breast milk, have lower incidence of allergen sensitization (191). However, the role of mast cells and FcγRIIb in mediating this tolerogenic mechanism have not yet been explored.



Restoration of Tolerance During Adjunctive Therapy With IgG During OIT

OIT can also be modeled in OVA-sensitized Il4raF709 mice. Mouse models of food allergy using this line have been applied to test the hypothesis that allergen-specific IgG given during the course of OIT might enhance the effectiveness of OIT, by dampening Th2-inducing signals. As expected, OIT, even without adjunctive IgG, resulted in diminished allergen sensitivity, as assessed by anaphylaxis (hypothermia) and MMCP-1 release. However, the protective effects of IgG were dramatically amplified in mice receiving OVA-specific IgG during their OIT with complete abrogation of anaphylaxis and markedly blunted Th2 and IgE responses (176).



IgG Antibodies in Allergic Diarrhea

IgE-mediated gastrointestinal reactions, including diarrhea, are common in IgE-mediated food allergy. The effects of food allergen-specific IgG antibodies in both anaphylaxis and diarrhea were investigated by Kucuk and colleagues in a hybrid model of food allergy involving both active sensitization and passive transfer of IgG (192). Though anaphylaxis and diarrhea are both IgE- and FcϵRI-mediated, the mast cell mediators driving these phenotypes appear to be different. Histamine is associated with anaphylactic shock, while platelet activating factor and serotonin are associated with diarrhea (86, 193). To address whether IgG can confer protection against the diarrhea phenotype, Kucuk et al. tested if anti-TNP IgG1 administration prevents the diarrhea induced by TNP-BSA challenge in sensitized mice. When the investigators tested the phenotypes on the FcγRIIb-/- background, protection against anaphylaxis by IgG1 antibodies was no longer observed while IgG1-mediated inhibition of diarrhea was, surprisingly, retained (192). These findings suggest that while IgG-mediated inhibition of shock is dependent on signaling via FcγRIIb as has been confirmed by others, that inhibition of diarrhea may be due to steric hinderance of antigen-IgE binding rather than a receptor-mediated mechanism (see Figure 1).



Allergen-Specific IgG and IgE Repertoire Overlap and the Role of IgG+ B Cells as Custodians of IgE Memory

For optimal choreography of allergen-specific interactions between IgE and IgG antibodies in activating or suppressing food allergen responses one might predict that overlap of their repertoires would be advantageous. Recent findings regarding the relationship between IgE and IgG memory suggest that such coordination exists. The process of B cell isotype class switching to IgG+ from IgM+ precursors as well as the evolution of high affinity IgG responses to antigens through affinity maturation, and the creation of memory B cell clones all occur in germinal centers of lymph nodes. It turns out that, in contrast to IgG+ B cells, mouse germinal center IgE+ B cells are susceptible to apoptosis and tend to rapidly transition to a CD138+ plasmablast phenotype. An analysis of sorted human IgE+ B cells from allergic subjects by Croote et al. via single cell sequencing revealed that they, like their murine equivalents, almost all have plasmablast transcriptional signatures (194). This unique fate of IgE+ B cells may be related to their very low surface levels of IgE compared with surface IgG or surface IgM on B cells expressing those isotypes (195–198). Both IgE affinity maturation and memory seem to require an intermediate IgG+ stage during which this process occurs followed, sequentially, by a second isotype switch from IgG+ to IgE+. The presence of hybrid switch sequences, Sµ-Sγ-Sϵ in many IgE+ B cells serves as a footprint of their previous existence as IgG+ clones. The requirement for the intermediate IgG stage in affinity maturation is demonstrated by the lack of high-affinity IgE responses in mice lacking the Cγ locus (199). Deep sequencing of millions of peripheral blood IgH genes in allergic subjects by Boyd and colleagues revealed a phylogenetic lineage progression in which all somatically-mutated IgE sequences were derived from identically-mutated IgG parent clones (200). These findings are consistent with a mechanism in which IgE+ and IgG+ B cells have a shared allergen specific repertoire, with memory residing in the IgG+ population.

Furthermore, T follicular helper (Tfh) cells are required for antibody isotype switching by B cells (201, 202). IL4 producing T follicular helper (Tfh) cells are needed for IgE production and IgE production can be limited by regulatory T follicular (Tfr) cells (203). Eisenbarth and colleagues have recently described a specific subset of IL-4- and IL-13-producing Tfh cells that can drive the production of IgE with high affinity to the antigen (204).



Therapeutic Applications of IgG

Harnessing the evolving understanding of the importance of allergen specific IgG in regulating both immediate hypersensitivity and chronic type 2 responses in allergy, researchers have developed recombinant allergen specific IgG antibodies or molecules that bind FcγRIIb and could be used to treat IgE-mediated allergies. In a recent clinical trial in cat-allergic subjects, Orengo et al. reported that administration of a single high dose of a pair of Fel d 1-specific monoclonal IgG4 antibodies in humans prevented symptoms following cat allergen exposure. The dose of IgG4 results in levels in plasma that are in vast excess of the circulating IgE, comparable to the IgG levels induced during successful immunotherapy. In as little as 8 days following injection of Fel d 1 specific IgG4, subjects challenged with cat allergen had a decrease in total nasal symptom score and an increase in peak inspiratory flow compared to controls. By day 29, their skin prick test reactivity was decreased (205). As animal studies, discussed above, show that allergen-specific IgG exerts immunomodulatory effects, skewing the T cell compartment away from a pro-inflammatory Th2 profile, it would be interesting to see if the protective effects of allergen specific humanized IgG antibodies extend beyond immediate hypersensitivity and whether these monoclonal antibodies might be valuable adjuncts for SCIT in subjects with respiratory allergy (176). Given the strong induction of allergen-specific IgG antibodies in food-allergic subjects undergoing OIT and the clear immunomodulatory effects of these antibodies, we anticipate that food-specific monoclonal antibodies currently in development will also prove beneficial.

A significant limitation of the IgG antibody approach is that any given allergen-specific IgG therapeutic would only target a single allergen. It is unclear if IgG specific for each component allergen would be required for effective therapy. Since the inhibitory signal delivered to the mast cell by IgG against any protein within a food, it is possible that targeting just one component would be sufficient. A variety of alternative approaches have been explored using bispecific antibodies or fusion proteins that bring bridge FcϵRI and FcγRIIb (206, 207). Several groups have reported the development of bifunctional FcϵRI crosslinkers composed of the Fc portion of IgG1 and the Fc portion of IgE or an allergen (208, 209). However, molecules containing the Fc portion of IgE might be limited in their activity by the availably of free FcϵRI sites. Tam et al. designed a bispecific antibody consisting of a Fab’ fragment that recognizes human IgE and a Fab’ fragment that recognizes FcγRIIb. Incubation of IgE-sensitized cord blood derived mast cells and basophils with the bispecific antibody blocked histamine release following antigen challenge (210). Similarly, Jackman and colleagues described a bispecific antibody in which one arm recognizes FcϵRI at a site not blocked by IgE binding, while the other arm binds to FcγRIIb (211).

While these molecules are interesting because of their potential to broadly inhibit allergic responses, they have several limitations. Chronic administration of these compounds is made challenging by their immunogenicity and their short half-life in vivo. Furthermore, experience has shown that even a very low clinical risk of IgE receptor cross linking and anaphylaxis with molecules bearing an FcϵRI-binding moiety can pose very significant barriers to their clinical advancement.




Discussion

The quest to understand why some individuals with allergen-specific IgE experience life-threatening reactions, while others have no symptoms at all following ingestion has led to the discovery of allergen-specific IgG as the serum factor that is responsible for conferring protection against allergic reactions. Food allergen-specific IgG levels are higher in individuals that are sensitized but unresponsive to the allergen, in those who have outgrown their food allergies and in subjects who have acquired food unresponsiveness after successful completion of OIT. Furthermore, research in animal models has convincingly demonstrated that the presence of allergen specific IgG during sensitization can inhibit the production of allergen specific IgE, and subsequent promotion of Th2 immunity, while promoting effective induction of Tregs. While not studied in animals, IgE and IgG antibodies may be important to sustain food allergy in a maintenance phase, in addition to induction. Similarly, in these models, an adjunctive therapy with IgG during OIT also impairs Th2 responses and promotes the development of Tregs (176).

The factors driving IgE and IgG responses to ingested antigens are complex. Outside the scope of this review but critically important to shaping immune responses in the gut is the microbiome. Mice with reduced numbers of intestinal microbes or diminished microbial diversity (germ free mice or antibiotic-fed mice) have increased susceptibility to sensitization and food allergy (212, 213). Germ free mice exhibit higher baseline IL-33 expression in their small intestine and also greater IgE levels in their serum (9, 129). Certain species of bacteria, including some in the genus Clostridia, have been shown to confer protection against development of food allergies by contributing to the development of peripherally expanded protective RORγ+ T cells in a MYD88-dependent manner (9, 11, 213).

The specific contribution of IgG4 relative to other IgG isotypes in the inhibition of IgE-mediated effector cell activation via FcϵRI and in exerting the immunomodulatory effects of IgG requires further study. We believe that investigations in the field have been skewed by the exclusive availability of IgG4 reagents in the ImmunoCAP platform used by most clinical investigators. This has prevented consideration and analysis of the other isotypes. However, as noted in this review, all food-specific antibodies of all four IgG isotypes are induced during OIT and binding to FcγRIIb is clearly not specific to IgG4, begging the question of whether IgG1-3 contribute.

As presented in this review, data correlating allergen-specific IgG with protection against food allergy phenotypes and the role of FcγRIIb in blocking mast cell and basophil activation has been repeatedly shown by many groups. Though the antibody and the receptor can work together to block the activity of effector cells, research has also shown that they are also capable of exerting inhibitory effects independent of one another via a number of ways. These observations have been harnessed to engineer antibodies against specific allergen epitopes, and to design small molecules that can aggregate FcγRIIb to FcϵRI-bound IgE bound to antigen. As our understanding of the roles of IgG antibodies both in preventing IgE-triggered anaphylaxis and in regulating Th2 immune responses continues to evolve and as approaches for engineering both allergen-specific and broad-spectrum therapeutics are further developed, we are optimistic that effective strategies will emerge for prevention and treatment in the worldwide problem of food allergies.



Author Contributions

Under the supervision of HCO, the manuscript was written by CK with YSEA and OLL. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by NIH grant 1R01AI119918 (HO). CK is supported by a postdoctoral fellowship from the Fonds de recherche du Québec—Santé (258617 and 285834). All figures were created with BioRender.com.



Abbreviations

Mouse names: IgE knockout, Igh-7-/-; KitW-sh mice, B6.Cg-KitW-sh/HNihrJaeBsmGlliJ; Mcpt5cre iDTR, B6.Tg(Mcpt5cre)Gt(ROSA)26Sortm1(HBEGF)Awai.



References

1. Prescott, SL, Pawankar, R, Allen, KJ, Campbell, DE, Sinn, J, Fiocchi, A, et al. A global survey of changing patterns of food allergy burden in children. World Allergy Organ J (2013) 6(1):21. doi: 10.1186/1939-4551-6-21

2. Gupta, RS, Warren, CM, Smith, BM, Jiang, J, Blumenstock, JA, Davis, MM, et al. Prevalence and Severity of Food Allergies Among US Adults. JAMA Netw Open (2019) 2(1):e185630. doi: 10.1001/jamanetworkopen.2018.5630

3. Boyce, JA, Assa’ad, A, Burks, AW, Jones, SM, Sampson, HA, Wood, RA, et al. Guidelines for the Diagnosis and Management of Food Allergy in the United States: Summary of the NIAID-Sponsored Expert Panel Report. J Allergy Clin Immunol (2010) 126(6):1105–18. doi: 10.1016/j.jaci.2010.10.007

4. Jimenez-Rodriguez, TW, Garcia-Neuer, M, Alenazy, LA, and Castells, M. Anaphylaxis in the 21st century: phenotypes, endotypes, and biomarkers. J Asthma Allergy (2018) 11:121–42. doi: 10.2147/JAA.S159411

5. Lee, S, Bellolio, MF, Hess, EP, Erwin, P, Murad, MH, and Campbell, RL. Time of Onset and Predictors of Biphasic Anaphylactic Reactions: A Systematic Review and Meta-analysis. J Allergy Clin Immunol Pract (2015) 3(3):408–16.e1-2. doi: 10.1016/j.jaip.2014.12.010

6. Tordesillas, L, Goswami, R, Benede, S, Grishina, G, Dunkin, D, Jarvinen, KM, et al. Skin exposure promotes a Th2-dependent sensitization to peanut allergens. J Clin Invest (2014) 124(11):4965–75. doi: 10.1172/JCI75660

7. Brough, HA, Liu, AH, Sicherer, S, Makinson, K, Douiri, A, Brown, SJ, et al. Atopic dermatitis increases the effect of exposure to peanut antigen in dust on peanut sensitization and likely peanut allergy. J Allergy Clin Immunol (2015) 135(1):164–70. doi: 10.1016/j.jaci.2014.10.007

8. Kulkarni, DH, Gustafsson, JK, Knoop, KA, McDonald, KG, Bidani, SS, Davis, JE, et al. Goblet cell associated antigen passages support the induction and maintenance of oral tolerance. Mucosal Immunol (2020) 13(2):271–82. doi: 10.1038/s41385-019-0240-7

9. Ohnmacht, C, Park, JH, Cording, S, Wing, JB, Atarashi, K, Obata, Y, et al. MUCOSAL IMMUNOLOGY. The microbiota regulates type 2 immunity through RORgammat(+) T cells. Science (2015) 349(6251):989–93. doi: 10.1126/science.aac4263

10. Sefik, E, Geva-Zatorsky, N, Oh, S, Konnikova, L, Zemmour, D, McGuire, AM, et al. MUCOSAL IMMUNOLOGY. Individual intestinal symbionts induce a distinct population of RORgamma(+) regulatory T cells. Science (2015) 349(6251):993–7. doi: 10.1126/science.aaa9420

11. Abdel-Gadir, A, Stephen-Victor, E, Gerber, GK, Noval Rivas, M, Wang, S, Harb, H, et al. Microbiota therapy acts via a regulatory T cell MyD88/RORgammat pathway to suppress food allergy. Nat Med (2019) 25(7):1164–74. doi: 10.1038/s41591-019-0461-z

12. Shan, M, Gentile, M, Yeiser, JR, Walland, AC, Bornstein, VU, Chen, K, et al. Mucus enhances gut homeostasis and oral tolerance by delivering immunoregulatory signals. Science (2013) 342(6157):447–53. doi: 10.1126/science.1237910

13. Han, H, Thelen, TD, Comeau, MR, and Ziegler, SF. Thymic stromal lymphopoietin-mediated epicutaneous inflammation promotes acute diarrhea and anaphylaxis. J Clin Invest (2014) 124(12):5442–52. doi: 10.1172/JCI77798

14. Lee, JB, Chen, CY, Liu, B, Mugge, L, Angkasekwinai, P, Facchinetti, V, et al. IL-25 and CD4(+) TH2 cells enhance type 2 innate lymphoid cell-derived IL-13 production, which promotes IgE-mediated experimental food allergy. J Allergy Clin Immunol (2016) 137(4):1216–25 e5. doi: 10.1016/j.jaci.2015.09.019

15. Khodoun, MV, Tomar, S, Tocker, JE, Wang, YH, and Finkelman, FD. Prevention of food allergy development and suppression of established food allergy by neutralization of thymic stromal lymphopoietin, IL-25, and IL-33. J Allergy Clin Immunol (2018) 141(1):171–9.e1. doi: 10.1016/j.jaci.2017.02.046

16. Blazquez, AB, and Berin, MC. Gastrointestinal dendritic cells promote Th2 skewing via OX40L. J Immunol (2008) 180(7):4441–50. doi: 10.4049/jimmunol.180.7.4441

17. Chu, DK, Llop-Guevara, A, Walker, TD, Flader, K, Goncharova, S, Boudreau, JE, et al. IL-33, but not thymic stromal lymphopoietin or IL-25, is central to mite and peanut allergic sensitization. J Allergy Clin Immunol (2013) 131(1):187–200.e1-8. doi: 10.1016/j.jaci.2012.08.002

18. 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

19. Noval Rivas, M, Burton, OT, Oettgen, HC, and Chatila, T. IL-4 production by group 2 innate lymphoid cells promotes food allergy by blocking regulatory T-cell function. J Allergy Clin Immunol (2016) 138(3):801–11.e9. doi: 10.1016/j.jaci.2016.02.030

20. Chinthrajah, S, Cao, S, Liu, C, Lyu, SC, Sindher, SB, Long, A, et al. Phase 2a randomized, placebo-controlled study of anti-IL-33 in peanut allergy. JCI Insight (2019) 4(22). doi: 10.1172/jci.insight.131347

21. 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 through the thymic stromal lymphopoietin-basophil axis. J Allergy Clin Immunol (2014) 133(5):1390–9.e1-6. doi: 10.1016/j.jaci.2014.01.021

22. 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(1):223–34.e5. doi: 10.1016/j.jaci.2017.02.035

23. 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(10):539–49. doi: 10.1093/intimm/dxu058

24. Forbes, EE, Groschwitz, K, Abonia, JP, Brandt, EB, Cohen, E, Blanchard, C, et al. IL-9- and mast cell-mediated intestinal permeability predisposes to oral antigen hypersensitivity. J Exp Med (2008) 205(4):897–913. doi: 10.1084/jem.20071046

25. Osterfeld, H, Ahrens, R, Strait, R, Finkelman, FD, Renauld, JC, and Hogan, SP. Differential roles for the IL-9/IL-9 receptor alpha-chain pathway in systemic and oral antigen-induced anaphylaxis. J Allergy Clin Immunol (2010) 125(2):469–76.e2. doi: 10.1016/j.jaci.2009.09.054

26. Chen, CY, Lee, JB, Liu, B, Ohta, S, Wang, PY, Kartashov, AV, et al. Induction of Interleukin-9-Producing Mucosal Mast Cells Promotes Susceptibility to IgE-Mediated Experimental Food Allergy. Immunity (2015) 43(4):788–802. doi: 10.1016/j.immuni.2015.08.020

27. Burton, OT, Darling, AR, Zhou, JS, Noval-Rivas, M, Jones, TG, Gurish, MF, et al. Direct effects of IL-4 on mast cells drive their intestinal expansion and increase susceptibility to anaphylaxis in a murine model of food allergy. Mucosal Immunol (2013) 6(4):740–50. doi: 10.1038/mi.2012.112

28. Tomar, S, Ganesan, V, Sharma, A, Zeng, C, Waggoner, L, Smith, A, et al. IL-4-BATF signaling directly modulates IL-9 producing mucosal mast cell (MMC9) function in experimental food allergy. J Allergy Clin Immunol (2020) S0091-6749(20):31409–3. doi: 10.1016/j.jaci.2020.08.043

29. Noval Rivas, M, Burton, OT, Wise, P, Charbonnier, LM, Georgiev, P, Oettgen, HC, et al. Regulatory T cell reprogramming toward a Th2-cell-like lineage impairs oral tolerance and promotes food allergy. Immunity (2015) 42(3):512–23. doi: 10.1016/j.immuni.2015.02.004

30. Hobbs, CB, Skinner, AC, Burks, AW, and Vickery, BP. Food allergies affect growth in children. J Allergy Clin Immunol Pract (2015) 3(1):133–4.e1. doi: 10.1016/j.jaip.2014.11.004

31. Sova, C, Feuling, MB, Baumler, M, Gleason, L, Tam, JS, Zafra, H, et al. Systematic review of nutrient intake and growth in children with multiple IgE-mediated food allergies. Nutr Clin Pract (2013) 28(6):669–75. doi: 10.1177/0884533613505870

32. Albuhairi, S, and Rachid, R. Novel Therapies for Treatment of Food Allergy. Immunol Allergy Clin North Am (2020) 40(1):175–86. doi: 10.1016/j.iac.2019.09.007

33. Chinthrajah, RS, Cao, S, Dunham, T, Sampath, V, Chandra, S, Chen, M, et al. Oral immunotherapy for peanut allergy: The pro argument. World Allergy Organ J (2020) 13(8):100455. doi: 10.1016/j.waojou.2020.100455

34. Bauer, RN, Manohar, M, Singh, AM, Jay, DC, and Nadeau, KC. The future of biologics: applications for food allergy. J Allergy Clin Immunol (2015) 135(2):312–23. doi: 10.1016/j.jaci.2014.12.1908

35. Galli, SJ. The Mast Cell-IgE Paradox: From Homeostasis to Anaphylaxis. Am J Pathol (2016) 186(2):212–24. doi: 10.1016/j.ajpath.2015.07.025

36. Valent, P, Akin, C, Hartmann, K, Nilsson, G, Reiter, A, Hermine, O, et al. Mast cells as a unique hematopoietic lineage and cell system: From Paul Ehrlich’s visions to precision medicine concepts. Theranostics (2020) 10(23):10743–68. doi: 10.7150/thno.46719

37. Voehringer, D. Protective and pathological roles of mast cells and basophils. Nat Rev Immunol (2013) 13(5):362–75. doi: 10.1038/nri3427

38. Karasuyama, H, Miyake, K, Yoshikawa, S, and Yamanishi, Y. Multifaceted roles of basophils in health and disease. J Allergy Clin Immunol (2018) 142(2):370–80. doi: 10.1016/j.jaci.2017.10.042

39. Voehringer, D. Recent advances in understanding basophil functions in vivo. F1000Res (2017) 6:1464. doi: 10.12688/f1000research.11697.1

40. Mukai, K, Tsai, M, Starkl, P, Marichal, T, and Galli, SJ. IgE and mast cells in host defense against parasites and venoms. Semin Immunopathol (2016) 38(5):581–603. doi: 10.1007/s00281-016-0565-1

41. Metz, M, Piliponsky, AM, Chen, CC, Lammel, V, Abrink, M, Pejler, G, et al. Mast cells can enhance resistance to snake and honeybee venoms. Science (2006) 313(5786):526–30. doi: 10.1126/science.1128877

42. Marichal, T, Starkl, P, Reber, LL, Kalesnikoff, J, Oettgen, HC, Tsai, M, et al. A beneficial role for immunoglobulin E in host defense against honeybee venom. Immunity (2013) 39(5):963–75. doi: 10.1016/j.immuni.2013.10.005

43. Starkl, P, Marichal, T, Gaudenzio, N, Reber, LL, Sibilano, R, Tsai, M, et al. IgE antibodies, FcepsilonRIalpha, and IgE-mediated local anaphylaxis can limit snake venom toxicity. J Allergy Clin Immunol (2016) 137(1):246–57.e11. doi: 10.1016/j.jaci.2015.08.005

44. Schwartz, C, Turqueti-Neves, A, Hartmann, S, Yu, P, Nimmerjahn, F, and Voehringer, D. Basophil-mediated protection against gastrointestinal helminths requires IgE-induced cytokine secretion. Proc Natl Acad Sci U S A (2014) 111(48):E5169–77. doi: 10.1073/pnas.1412663111

45. Siracusa, MC, Saenz, SA, Hill, DA, Kim, BS, Headley, MB, Doering, TA, et al. TSLP promotes interleukin-3-independent basophil haematopoiesis and type 2 inflammation. Nature (2011) 477(7363):229–33. doi: 10.1038/nature10329

46. Giacomin, PR, Siracusa, MC, Walsh, KP, Grencis, RK, Kubo, M, Comeau, MR, et al. Thymic stromal lymphopoietin-dependent basophils promote Th2 cytokine responses following intestinal helminth infection. J Immunol (2012) 189(9):4371–8. doi: 10.4049/jimmunol.1200691

47. Wada, T, Ishiwata, K, Koseki, H, Ishikura, T, Ugajin, T, Ohnuma, N, et al. Selective ablation of basophils in mice reveals their nonredundant role in acquired immunity against ticks. J Clin Invest (2010) 120(8):2867–75. doi: 10.1172/JCI42680

48. Anyan, WK, Seki, T, Kumagai, T, Obata-Ninomiya, K, Furushima-Shimogawara, R, Kwansa-Bentum, B, et al. Basophil depletion downregulates Schistosoma mansoni egg-induced granuloma formation. Parasitol Int (2013) 62(6):508–13. doi: 10.1016/j.parint.2013.07.003

49. Plaut, M, Pierce, JH, Watson, CJ, Hanley-Hyde, J, Nordan, RP, and Paul, WE. Mast cell lines produce lymphokines in response to cross-linkage of Fc epsilon RI or to calcium ionophores. Nature (1989) 339(6219):64–7. doi: 10.1038/339064a0

50. Seder, RA, Paul, WE, Dvorak, AM, Sharkis, SJ, Kagey-Sobotka, A, Niv, Y, et al. Mouse splenic and bone marrow cell populations that express high-affinity Fc epsilon receptors and produce interleukin 4 are highly enriched in basophils. Proc Natl Acad Sci U S A (1991) 88(7):2835–9. doi: 10.1073/pnas.88.7.2835

51. Gibbs, BF, Haas, H, Falcone, FH, Albrecht, C, Vollrath, IB, Noll, T, et al. Purified human peripheral blood basophils release interleukin-13 and preformed interleukin-4 following immunological activation. Eur J Immunol (1996) 26(10):2493–8. doi: 10.1002/eji.1830261033

52. MacGlashan, D Jr., White, JM, Huang, SK, Ono, SJ, Schroeder, JT, and Lichtenstein, LM. Secretion of IL-4 from human basophils. The relationship between IL-4 mRNA and protein in resting and stimulated basophils. J Immunol (1994) 152(6):3006–16.

53. Grimbaldeston, MA, Metz, M, Yu, M, Tsai, M, and Galli, SJ. Effector and potential immunoregulatory roles of mast cells in IgE-associated acquired immune responses. Curr Opin Immunol (2006) 18(6):751–60. doi: 10.1016/j.coi.2006.09.011

54. Metcalfe, DD, Baram, D, and Mekori, YA. Mast cells. Physiol Rev (1997) 77(4):1033–79. doi: 10.1152/physrev.1997.77.4.1033

55. Oettgen, HC. Fifty years later: Emerging functions of IgE antibodies in host defense, immune regulation, and allergic diseases. J Allergy Clin Immunol (2016) 137(6):1631–45. doi: 10.1016/j.jaci.2016.04.009

56. Kisselgof, AB, and Oettgen, HC. The expression of murine B cell CD23, in vivo, is regulated by its ligand, IgE. Int Immunol (1998) 10(9):1377–84. doi: 10.1093/intimm/10.9.1377

57. Kawakami, Y, Yao, L, Miura, T, Tsukada, S, Witte, ON, and Kawakami, T. Tyrosine phosphorylation and activation of Bruton tyrosine kinase upon Fc epsilon RI cross-linking. Mol Cell Biol (1994) 14(8):5108–13. doi: 10.1128/MCB.14.8.5108

58. Hutchcroft, JE, Geahlen, RL, Deanin, GG, and Oliver, JM. Fc epsilon RI-mediated tyrosine phosphorylation and activation of the 72-kDa protein-tyrosine kinase, PTK72, in RBL-2H3 rat tumor mast cells. Proc Natl Acad Sci U S A (1992) 89(19):9107–11. doi: 10.1073/pnas.89.19.9107

59. Eiseman, E, and Bolen, JB. Engagement of the high-affinity IgE receptor activates src protein-related tyrosine kinases. Nature (1992) 355(6355):78–80. doi: 10.1038/355078a0

60. Gilfillan, AM, and Rivera, J. The tyrosine kinase network regulating mast cell activation. Immunol Rev (2009) 228(1):149–69. doi: 10.1111/j.1600-065X.2008.00742.x

61. El-Hillal, O, Kurosaki, T, Yamamura, H, Kinet, JP, and Scharenberg, AM. syk kinase activation by a src kinase-initiated activation loop phosphorylation chain reaction. Proc Natl Acad Sci U S A (1997) 94(5):1919–24. doi: 10.1073/pnas.94.5.1919

62. Kimura, T, Sakamoto, H, Appella, E, and Siraganian, RP. Conformational changes induced in the protein tyrosine kinase p72syk by tyrosine phosphorylation or by binding of phosphorylated immunoreceptor tyrosine-based activation motif peptides. Mol Cell Biol (1996) 16(4):1471–8. doi: 10.1128/MCB.16.4.1471

63. Kawakami, T, and Kitaura, J. Mast cell survival and activation by IgE in the absence of antigen: a consideration of the biologic mechanisms and relevance. J Immunol (2005) 175(7):4167–73. doi: 10.4049/jimmunol.175.7.4167

64. Asai, K, Kitaura, J, Kawakami, Y, Yamagata, N, Tsai, M, Carbone, DP, et al. Regulation of mast cell survival by IgE. Immunity (2001) 14(6):791–800. doi: 10.1016/S1074-7613(01)00157-1

65. Kalesnikoff, J, Huber, M, Lam, V, Damen, JE, Zhang, J, Siraganian, RP, et al. Monomeric IgE stimulates signaling pathways in mast cells that lead to cytokine production and cell survival. Immunity (2001) 14(6):801–11. doi: 10.1016/S1074-7613(01)00159-5

66. Kitaura, J, Song, J, Tsai, M, Asai, K, Maeda-Yamamoto, M, Mocsai, A, et al. Evidence that IgE molecules mediate a spectrum of effects on mast cell survival and activation via aggregation of the FcepsilonRI. Proc Natl Acad Sci U S A (2003) 100(22):12911–6. doi: 10.1073/pnas.1735525100

67. Tanaka, S, Takasu, Y, Mikura, S, Satoh, N, and Ichikawa, A. Antigen-independent induction of histamine synthesis by immunoglobulin E in mouse bone marrow-derived mast cells. J Exp Med (2002) 196(2):229–35. doi: 10.1084/jem.20012037

68. Pandey, V, Mihara, S, Fensome-Green, A, Bolsover, S, and Cockcroft, S. Monomeric IgE stimulates NFAT translocation into the nucleus, a rise in cytosol Ca2+, degranulation, and membrane ruffling in the cultured rat basophilic leukemia-2H3 mast cell line. J Immunol (2004) 172(7):4048–58. doi: 10.4049/jimmunol.172.7.4048

69. Shade, KT, Platzer, B, Washburn, N, Mani, V, Bartsch, YC, Conroy, M, et al. A single glycan on IgE is indispensable for initiation of anaphylaxis. J Exp Med (2015) 212(4):457–67. doi: 10.1084/jem.20142182

70. Shade, KC, Conroy, ME, Washburn, N, Kitaoka, M, Huynh, DJ, Laprise, E, et al. Sialylation of immunoglobulin E is a determinant of allergic pathogenicity. Nature (2020) 582(7811):265–70. doi: 10.1038/s41586-020-2311-z

71. Lee, WT, and Conrad, DH. Murine B cell hybridomas bearing ligand-inducible Fc receptors for IgE. J Immunol (1986) 136(12):4573–80.

72. Dierks, SE, Bartlett, WC, Edmeades, RL, Gould, HJ, Rao, M, and Conrad, DH. The oligomeric nature of the murine Fc epsilon RII/CD23. Implications for function. J Immunol (1993) 150(6):2372–82.

73. Aubry, JP, Pochon, S, Gauchat, JF, Nueda, MA, Holers, VM, Graber, P, et al. CD23 interacts with a new functional extracytoplasmic domain involving N-linked oligosaccharides on CD21. J Immunol (1994) 152(12):5806–13.

74. Nimmerjahn, F, Bruhns, P, Horiuchi, K, and Ravetch, JV. FcgammaRIV: a novel FcR with distinct IgG subclass specificity. Immunity (2005) 23(1):41–51. doi: 10.1016/j.immuni.2005.05.010

75. Bruhns, P, and Jonsson, F. Mouse and human FcR effector functions. Immunol Rev (2015) 268(1):25–51. doi: 10.1111/imr.12350

76. Nimmerjahn, F, and Ravetch, JV. Fcgamma receptors as regulators of immune responses. Nat Rev Immunol (2008) 8(1):34–47. doi: 10.1038/nri2206

77. Nimmerjahn, F, and Ravetch, JV. Fcgamma receptors: old friends and new family members. Immunity (2006) 24(1):19–28. doi: 10.1016/j.immuni.2005.11.010

78. Daeron, M. Innate myeloid cells under the control of adaptive immunity: the example of mast cells and basophils. Curr Opin Immunol (2016) 38:101–8. doi: 10.1016/j.coi.2015.12.004

79. Ovary, Z. Quantitative studies in passive cutaneous anaphylaxis of the guinea pig. Int Arch Allergy Appl Immunol (1952) 3(2):162–74. doi: 10.1159/000227958

80. Nussenzweig, RS, Merryman, C, and Benacerraf, B. Electrophoretic Separation and Properties of Mouse Antihapten Antibodies Involved in Passive Cutaneous Anaphylaxis and Passive Hemolysis. J Exp Med (1964) 120:315–28. doi: 10.1084/jem.120.2.315

81. Oettgen, HC, Martin, TR, Wynshaw-Boris, A, Deng, C, Drazen, JM, and Leder, P. Active anaphylaxis in IgE-deficient mice. Nature (1994) 370(6488):367–70. doi: 10.1038/370367a0

82. Perez, LG, Costa, MR, Todd, CA, Haynes, BF, and Montefiori, DC. Utilization of immunoglobulin G Fc receptors by human immunodeficiency virus type 1: a specific role for antibodies against the membrane-proximal external region of gp41. J Virol (2009) 83(15):7397–410. doi: 10.1128/JVI.00656-09

83. Verma, A, Ngundi, MM, Meade, BD, De Pascalis, R, Elkins, KL, and Burns, DL. Analysis of the Fc gamma receptor-dependent component of neutralization measured by anthrax toxin neutralization assays. Clin Vaccine Immunol (2009) 16(10):1405–12. doi: 10.1128/CVI.00194-09

84. Reth, M. Antigen receptor tail clue. Nature (1989) 338(6214):383–4. doi: 10.1038/338383b0

85. Okayama, Y, Tkaczyk, C, Metcalfe, DD, and Gilfillan, AM. Comparison of Fc epsilon RI- and Fc gamma RI-mediated degranulation and TNF-alpha synthesis in human mast cells: selective utilization of phosphatidylinositol-3-kinase for Fc gamma RI-induced degranulation. Eur J Immunol (2003) 33(5):1450–9. doi: 10.1002/eji.200323563

86. Strait, RT, Morris, SC, Yang, M, Qu, XW, and Finkelman, FD. Pathways of anaphylaxis in the mouse. J Allergy Clin Immunol (2002) 109(4):658–68. doi: 10.1067/mai.2002.123302

87. Nicholas, R, and Sinclair, SC. Regulation of the immune response. I. Reduction in ability of specific antibody to inhibit long-lasting IgG immunological priming after removal of the Fc fragment. J Exp Med (1969) 129(6):1183–201. doi: 10.1084/jem.129.6.1183

88. Takai, T, Ono, M, Hikida, M, Ohmori, H, and Ravetch, JV. Augmented humoral and anaphylactic responses in Fc gamma RII-deficient mice. Nature (1996) 379(6563):346–9. doi: 10.1038/379346a0

89. Kalergis, AM, and Ravetch, JV. Inducing tumor immunity through the selective engagement of activating Fcgamma receptors on dendritic cells. J Exp Med (2002) 195(12):1653–9. doi: 10.1084/jem.20020338

90. Li, F, Smith, P, and Ravetch, JV. Inhibitory Fcgamma receptor is required for the maintenance of tolerance through distinct mechanisms. J Immunol (2014) 192(7):3021–8. doi: 10.4049/jimmunol.1302934

91. Clynes, R, Maizes, JS, Guinamard, R, Ono, M, Takai, T, and Ravetch, JV. Modulation of immune complex-induced inflammation in vivo by the coordinate expression of activation and inhibitory Fc receptors. J Exp Med (1999) 189(1):179–85. doi: 10.1084/jem.189.1.179

92. Yuasa, T, Kubo, S, Yoshino, T, Ujike, A, Matsumura, K, Ono, M, et al. Deletion of fcgamma receptor IIB renders H-2(b) mice susceptible to collagen-induced arthritis. J Exp Med (1999) 189(1):187–94. doi: 10.1084/jem.189.1.187

93. Clatworthy, MR, and Smith, KG. FcgammaRIIb balances efficient pathogen clearance and the cytokine-mediated consequences of sepsis. J Exp Med (2004) 199(5):717–23. doi: 10.1084/jem.20032197

94. Katsumata, O, Hara-Yokoyama, M, Sautes-Fridman, C, Nagatsuka, Y, Katada, T, Hirabayashi, Y, et al. Association of FcgammaRII with low-density detergent-resistant membranes is important for cross-linking-dependent initiation of the tyrosine phosphorylation pathway and superoxide generation. J Immunol (2001) 167(10):5814–23. doi: 10.4049/jimmunol.167.10.5814

95. Kwiatkowska, K, and Sobota, A. The clustered Fcgamma receptor II is recruited to Lyn-containing membrane domains and undergoes phosphorylation in a cholesterol-dependent manner. Eur J Immunol (2001) 31(4):989–98. doi: 10.1002/1521-4141(200104)31:4<989::AID-IMMU989>3.0.CO;2-V

96. Daeron, M, Latour, S, Malbec, O, Espinosa, E, Pina, P, Pasmans, S, et al. The same tyrosine-based inhibition motif, in the intracytoplasmic domain of Fc gamma RIIB, regulates negatively BCR-, TCR-, and FcR-dependent cell activation. Immunity (1995) 3(5):635–46. doi: 10.1016/1074-7613(95)90134-5

97. Long, EO. Regulation of immune responses through inhibitory receptors. Annu Rev Immunol (1999) 17:875–904. doi: 10.1146/annurev.immunol.17.1.875

98. D’Ambrosio, D, Hippen, KL, Minskoff, SA, Mellman, I, Pani, G, Siminovitch, KA, et al. Recruitment and activation of PTP1C in negative regulation of antigen receptor signaling by Fc gamma RIIB1. Science (1995) 268(5208):293–7. doi: 10.1126/science.7716523

99. Malbec, O, Fong, DC, Turner, M, Tybulewicz, VL, Cambier, JC, Fridman, WH, et al. Fc epsilon receptor I-associated lyn-dependent phosphorylation of Fc gamma receptor IIB during negative regulation of mast cell activation. J Immunol (1998) 160(4):1647–58.

100. Huber, M, Helgason, CD, Damen, JE, Liu, L, Humphries, RK, and Krystal, G. The src homology 2-containing inositol phosphatase (SHIP) is the gatekeeper of mast cell degranulation. Proc Natl Acad Sci U S A (1998) 95(19):11330–5. doi: 10.1073/pnas.95.19.11330

101. Malbec, O, Cassard, L, Albanesi, M, Jonsson, F, Mancardi, D, Chicanne, G, et al. Trans-inhibition of activation and proliferation signals by Fc receptors in mast cells and basophils. Sci Signal (2016) 9(459):ra126. doi: 10.1126/scisignal.aag1401

102. Bolland, S, and Ravetch, JV. Spontaneous autoimmune disease in Fc(gamma)RIIB-deficient mice results from strain-specific epistasis. Immunity (2000) 13(2):277–85. doi: 10.1016/S1074-7613(00)00027-3

103. Radstake, TR, Franke, B, Wenink, MH, Nabbe, KC, Coenen, MJ, Welsing, P, et al. The functional variant of the inhibitory Fcgamma receptor IIb (CD32B) is associated with the rate of radiologic joint damage and dendritic cell function in rheumatoid arthritis. Arthritis Rheum (2006) 54(12):3828–37. doi: 10.1002/art.22275

104. Bruin, M, Bierings, M, Uiterwaal, C, Revesz, T, Bode, L, Wiesman, ME, et al. Platelet count, previous infection and FCGR2B genotype predict development of chronic disease in newly diagnosed idiopathic thrombocytopenia in childhood: results of a prospective study. Br J Haematol (2004) 127(5):561–7. doi: 10.1111/j.1365-2141.2004.05235.x

105. Petry, J, Rahmoller, J, Duhring, L, Lilienthal, GM, Lehrian, S, Buhre, JS, et al. Enriched blood IgG sialylation attenuates IgG-mediated and IgG-controlled-IgE-mediated allergic reactions. J Allergy Clin Immunol (2020 S0091-6749(20):30887–3. doi: 10.1016/j.jaci.2020.05.056

106. Smith, KG, and Clatworthy, MR. FcgammaRIIB in autoimmunity and infection: evolutionary and therapeutic implications. Nat Rev Immunol (2010) 10(5):328–43. doi: 10.1038/nri2762

107. Gjertsson, I, Kleinau, S, and Tarkowski, A. The impact of Fcgamma receptors on Staphylococcus aureus infection. Microb Pathog (2002) 33(4):145–52. doi: 10.1006/mpat.2002.0524

108. Willcocks, LC, Carr, EJ, Niederer, HA, Rayner, TF, Williams, TN, Yang, W, et al. A defunctioning polymorphism in FCGR2B is associated with protection against malaria but susceptibility to systemic lupus erythematosus. Proc Natl Acad Sci U S A (2010) 107(17):7881–5. doi: 10.1073/pnas.0915133107

109. Malveaux, FJ, Conroy, MC, Adkinson, NF Jr., and Lichtenstein, LM. IgE receptors on human basophils. Relationship to serum IgE concentration. J Clin Invest (1978) 62(1):176–81. doi: 10.1172/JCI109103

110. Saini, SS, Klion, AD, Holland, SM, Hamilton, RG, Bochner, BS, and Macglashan, DW Jr. The relationship between serum IgE and surface levels of FcepsilonR on human leukocytes in various diseases: correlation of expression with FcepsilonRI on basophils but not on monocytes or eosinophils. J Allergy Clin Immunol (2000) 106(3):514–20. doi: 10.1067/mai.2000.108431

111. Furuichi, K, Rivera, J, and Isersky, C. The receptor for immunoglobulin E on rat basophilic leukemia cells: effect of ligand binding on receptor expression. Proc Natl Acad Sci U S A (1985) 82(5):1522–5. doi: 10.1073/pnas.82.5.1522

112. Lantz, CS, Yamaguchi, M, Oettgen, HC, Katona, IM, Miyajima, I, Kinet, JP, et al. IgE regulates mouse basophil Fc epsilon RI expression in vivo. J Immunol (1997) 158(6):2517–21.

113. Yamaguchi, M, Lantz, CS, Oettgen, HC, Katona, IM, Fleming, T, Miyajima, I, et al. IgE enhances mouse mast cell Fc(epsilon)RI expression in vitro and in vivo: evidence for a novel amplification mechanism in IgE-dependent reactions. J Exp Med (1997) 185(4):663–72. doi: 10.1084/jem.185.4.663

114. Beck, LA, Marcotte, GV, MacGlashan, D, Togias, A, and Saini, S. Omalizumab-induced reductions in mast cell Fce psilon RI expression and function. J Allergy Clin Immunol (2004) 114(3):527–30. doi: 10.1016/j.jaci.2004.06.032

115. MacGlashan, DW Jr., Bochner, BS, Adelman, DC, Jardieu, PM, Togias, A, McKenzie-White, J, et al. Down-regulation of Fc(epsilon)RI expression on human basophils during in vivo treatment of atopic patients with anti-IgE antibody. J Immunol (1997) 158(3):1438–45.

116. Prussin, C, Griffith, DT, Boesel, KM, Lin, H, Foster, B, and Casale, TB. Omalizumab treatment downregulates dendritic cell FcepsilonRI expression. J Allergy Clin Immunol (2003) 112(6):1147–54. doi: 10.1016/j.jaci.2003.10.003

117. Saini, SS, MacGlashan, DW Jr., Sterbinsky, SA, Togias, A, Adelman, DC, Lichtenstein, LM, et al. Down-regulation of human basophil IgE and FC epsilon RI alpha surface densities and mediator release by anti-IgE-infusions is reversible in vitro and in vivo. J Immunol (1999) 162(9):5624–30.

118. Borkowski, TA, Jouvin, MH, Lin, SY, and Kinet, JP. Minimal requirements for IgE-mediated regulation of surface Fc epsilon RI. J Immunol (2001) 167(3):1290–6. doi: 10.4049/jimmunol.167.3.1290

119. Gurish, MF, Bryce, PJ, Tao, H, Kisselgof, AB, Thornton, EM, Miller, HR, et al. IgE enhances parasite clearance and regulates mast cell responses in mice infected with Trichinella spiralis. J Immunol (2004) 172(2):1139–45. doi: 10.4049/jimmunol.172.2.1139

120. Mathias, CB, Freyschmidt, EJ, Caplan, B, Jones, T, Poddighe, D, Xing, W, et al. IgE influences the number and function of mature mast cells, but not progenitor recruitment in allergic pulmonary inflammation. J Immunol (2009) 182(4):2416–24. doi: 10.4049/jimmunol.0801569

121. Burd, PR, Thompson, WC, Max, EE, and Mills, FC. Activated mast cells produce interleukin 13. J Exp Med (1995) 181(4):1373–80. doi: 10.1084/jem.181.4.1373

122. Ikeda, K, Nakajima, H, Suzuki, K, Kagami, S, Hirose, K, Suto, A, et al. Mast cells produce interleukin-25 upon Fc epsilon RI-mediated activation. Blood (2003) 101(9):3594–6. doi: 10.1182/blood-2002-09-2817

123. Huang, FJ, Ma, YL, Tang, RY, Gong, WC, Li, J, Chen, CX, et al. Interleukin-4- and NACHT, LRR and PYD domains-containing protein 3-independent mechanisms of alum enhanced T helper type 2 responses on basophils. Immunology (2016) 149(2):238–51. doi: 10.1111/imm.12636

124. Bryce, PJ, Miller, ML, Miyajima, I, Tsai, M, Galli, SJ, and Oettgen, HC. Immune sensitization in the skin is enhanced by antigen-independent effects of IgE. Immunity (2004) 20(4):381–92. doi: 10.1016/S1074-7613(04)00080-9

125. Ando, T, Matsumoto, K, Namiranian, S, Yamashita, H, Glatthorn, H, Kimura, M, et al. Mast cells are required for full expression of allergen/SEB-induced skin inflammation. J Invest Dermatol (2013) 133(12):2695–705. doi: 10.1038/jid.2013.250

126. Suto, H, Nakae, S, Kakurai, M, Sedgwick, JD, Tsai, M, and Galli, SJ. Mast cell-associated TNF promotes dendritic cell migration. J Immunol (2006) 176(7):4102–12. doi: 10.4049/jimmunol.176.7.4102

127. Jawdat, DM, Albert, EJ, Rowden, G, Haidl, ID, and Marshall, JS. IgE-mediated mast cell activation induces Langerhans cell migration in vivo. J Immunol (2004) 173(8):5275–82. doi: 10.4049/jimmunol.173.8.5275

128. Yu, M, Tsai, M, Tam, SY, Jones, C, Zehnder, J, and Galli, SJ. Mast cells can promote the development of multiple features of chronic asthma in mice. J Clin Invest (2006) 116(6):1633–41. doi: 10.1172/JCI25702

129. Hill, DA, Siracusa, MC, Abt, MC, Kim, BS, Kobuley, D, Kubo, M, et al. Commensal bacteria-derived signals regulate basophil hematopoiesis and allergic inflammation. Nat Med (2012) 18(4):538–46. doi: 10.1038/nm.2657

130. Motomura, Y, Morita, H, Moro, K, Nakae, S, Artis, D, Endo, TA, et al. Basophil-derived interleukin-4 controls the function of natural helper cells, a member of ILC2s, in lung inflammation. Immunity (2014) 40(5):758–71. doi: 10.1016/j.immuni.2014.04.013

131. 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

132. Kashiwakura, JI, Ando, T, Karasuyama, H, Kubo, M, Matsumoto, K, Matsuda, T, et al. The basophil-IL-4-mast cell axis is required for food allergy. Allergy (2019) 74(10):1992–6. doi: 10.1111/all.13834

133. Reber, LL, Marichal, T, Mukai, K, Kita, Y, Tokuoka, SM, Roers, A, et al. Selective ablation of mast cells or basophils reduces peanut-induced anaphylaxis in mice. J Allergy Clin Immunol (2013) 132(4):881–8.e1-11. doi: 10.1016/j.jaci.2013.06.008

134. Lei, A, He, Y, Yang, Q, Li, X, and Li, R. Role of myeloid cells in the regulation of group 2 innate lymphoid cell-mediated allergic inflammation. Immunology (2020) 161(1):18–24. doi: 10.1111/imm.13232

135. Burton, OT, Medina Tamayo, J, Stranks, AJ, Miller, S, Koleoglou, KJ, Weinberg, EO, et al. IgE promotes type 2 innate lymphoid cells in murine food allergy. Clin Exp Allergy (2018) 48(3):288–96. doi: 10.1111/cea.13075

136. Nadeau, KC, Schneider, LC, Hoyte, L, Borras, I, and Umetsu, DT. Rapid oral desensitization in combination with omalizumab therapy in patients with cow’s milk allergy. J Allergy Clin Immunol (2011) 127(6):1622–4. doi: 10.1016/j.jaci.2011.04.009

137. MacGinnitie, AJ, Rachid, R, Gragg, H, Little, SV, Lakin, P, Cianferoni, A, et al. Omalizumab facilitates rapid oral desensitization for peanut allergy. J Allergy Clin Immunol (2017) 139(3):873–81.e8. doi: 10.1016/j.jaci.2016.08.010

138. Schneider, LC, Rachid, R, LeBovidge, J, Blood, E, Mittal, M, and Umetsu, DT. A pilot study of omalizumab to facilitate rapid oral desensitization in high-risk peanut-allergic patients. J Allergy Clin Immunol (2013) 132(6):1368–74. doi: 10.1016/j.jaci.2013.09.046

139. Stranks, AJ, Minnicozzi, SC, Miller, SJ, Burton, OT, Logsdon, SL, Spergel, JM, et al. Immunoglobulin E blockade during food allergen ingestion enhances the induction of inhibitory immunoglobulin G antibodies. Ann Allergy Asthma Immunol (2019) 122(2):213–5. doi: 10.1016/j.anai.2018.10.024

140. Rosenwasser, LJ. Mechanisms of IgE Inflammation. Curr Allergy Asthma Rep (2011) 11(2):178–83. doi: 10.1007/s11882-011-0179-6

141. Sallmann, E, Reininger, B, Brandt, S, Duschek, N, Hoflehner, E, Garner-Spitzer, E, et al. High-affinity IgE receptors on dendritic cells exacerbate Th2-dependent inflammation. J Immunol (2011) 187(1):164–71. doi: 10.4049/jimmunol.1003392

142. Ding, Z, Dahlin, JS, Xu, H, and Heyman, B. IgE-mediated enhancement of CD4(+) T cell responses requires antigen presentation by CD8alpha(-) conventional dendritic cells. Sci Rep (2016) 6:28290. doi: 10.1038/srep28290

143. Holm, J, Willumsen, N, Wurtzen, PA, Christensen, LH, and Lund, K. Facilitated antigen presentation and its inhibition by blocking IgG antibodies depends on IgE repertoire complexity. J Allergy Clin Immunol (2011) 127(4):1029–37. doi: 10.1016/j.jaci.2011.01.062

144. Cernadas, M, De Sanctis, GT, Krinzman, SJ, Mark, DA, Donovan, CE, Listman, JA, et al. CD23 and allergic pulmonary inflammation: potential role as an inhibitor. Am J Respir Cell Mol Biol (1999) 20(1):1–8. doi: 10.1165/ajrcmb.20.1.3299

145. Haczku, A, Takeda, K, Hamelmann, E, Loader, J, Joetham, A, Redai, I, et al. CD23 exhibits negative regulatory effects on allergic sensitization and airway hyperresponsiveness. Am J Respir Crit Care Med (2000) 161(3 Pt 1):952–60. doi: 10.1164/ajrccm.161.3.9905046

146. Yu, P, Kosco-Vilbois, M, Richards, M, Kohler, G, and Lamers, MC. Negative feedback regulation of IgE synthesis by murine CD23. Nature (1994) 369(6483):753–6. doi: 10.1038/369753a0

147. Payet, ME, Woodward, EC, and Conrad, DH. Humoral response suppression observed with CD23 transgenics. J Immunol (1999) 163(1):217–23.

148. Payet-Jamroz, M, Helm, SL, Wu, J, Kilmon, M, Fakher, M, Basalp, A, et al. Suppression of IgE responses in CD23-transgenic animals is due to expression of CD23 on nonlymphoid cells. J Immunol (2001) 166(8):4863–9. doi: 10.4049/jimmunol.166.8.4863

149. Rosenwasser, LJ, Busse, WW, Lizambri, RG, Olejnik, TA, and Totoritis, MC. Allergic asthma and an anti-CD23 mAb (IDEC-152): results of a phase I, single-dose, dose-escalating clinical trial. J Allergy Clin Immunol (2003) 112(3):563–70. doi: 10.1016/S0091-6749(03)01861-X

150. Saxon, A, Kurbe-Leamer, M, Behle, K, Max, EE, and Zhang, K. Inhibition of human IgE production via Fc epsilon R-II stimulation results from a decrease in the mRNA for secreted but not membrane epsilon H chains. J Immunol (1991) 147(11):4000–6.

151. Rosenwasser, LJ, and Meng, J. Anti-CD23. Clin Rev Allergy Immunol (2005) 29(1):61–72. doi: 10.1385/CRIAI:29:1:061

152. Holt, PG, Strickland, D, Bosco, A, Belgrave, D, Hales, B, Simpson, A, et al. Distinguishing benign from pathologic TH2 immunity in atopic children. J Allergy Clin Immunol (2016) 137(2):379–87. doi: 10.1016/j.jaci.2015.08.044

153. Custovic, A, Soderstrom, L, Ahlstedt, S, Sly, PD, Simpson, A, and Holt, PG. Allergen-specific IgG antibody levels modify the relationship between allergen-specific IgE and wheezing in childhood. J Allergy Clin Immunol (2011) 127(6):1480–5. doi: 10.1016/j.jaci.2011.03.014

154. Savilahti, EM, Rantanen, V, Lin, JS, Karinen, S, Saarinen, KM, Goldis, M, et al. Early recovery from cow’s milk allergy is associated with decreasing IgE and increasing IgG4 binding to cow’s milk epitopes. J Allergy Clin Immunol (2010) 125(6):1315–21.e9. doi: 10.1016/j.jaci.2010.03.025

155. Ruiter, B, Knol, EF, van Neerven, RJ, Garssen, J, Bruijnzeel-Koomen, CA, Knulst, AC, et al. Maintenance of tolerance to cow’s milk in atopic individuals is characterized by high levels of specific immunoglobulin G4. Clin Exp Allergy (2007) 37(7):1103–10. doi: 10.1111/j.1365-2222.2007.02749.x

156. Santos, AF, James, LK, Bahnson, HT, Shamji, MH, Couto-Francisco, NC, Islam, S, et al. IgG4 inhibits peanut-induced basophil and mast cell activation in peanut-tolerant children sensitized to peanut major allergens. J Allergy Clin Immunol (2015) 135(5):1249–56. doi: 10.1016/j.jaci.2015.01.012

157. Wisniewski, J, Agrawal, R, and Woodfolk, JA. Mechanisms of tolerance induction in allergic disease: integrating current and emerging concepts. Clin Exp Allergy (2013) 43(2):164–76. doi: 10.1111/cea.12016

158. Aalberse, RC, Stapel, SO, Schuurman, J, and Rispens, T. Immunoglobulin G4: an odd antibody. Clin Exp Allergy (2009) 39(4):469–77. doi: 10.1111/j.1365-2222.2009.03207.x

159. Davies, AM, and Sutton, BJ. Human IgG4: a structural perspective. Immunol Rev (2015) 268(1):139–59. doi: 10.1111/imr.12349

160. Aalberse, RC, van der Gaag, R, and van Leeuwen, J. Serologic aspects of IgG4 antibodies. I. Prolonged immunization results in an IgG4-restricted response. J Immunol (1983) 130(2):722–6.

161. Francis, JN, James, LK, Paraskevopoulos, G, Wong, C, Calderon, MA, Durham, SR, et al. Grass pollen immunotherapy: IL-10 induction and suppression of late responses precedes IgG4 inhibitory antibody activity. J Allergy Clin Immunol (2008) 121(5):1120–5.e2. doi: 10.1016/j.jaci.2008.01.072

162. Jeannin, P, Lecoanet, S, Delneste, Y, Gauchat, JF, and Bonnefoy, JY. IgE versus IgG4 production can be differentially regulated by IL-10. J Immunol (1998) 160(7):3555–61.

163. Satoguina, JS, Weyand, E, Larbi, J, and Hoerauf, A. T regulatory-1 cells induce IgG4 production by B cells: role of IL-10. J Immunol (2005) 174(8):4718–26. doi: 10.4049/jimmunol.174.8.4718

164. Aalberse, RC, and Schuurman, J. IgG4 breaking the rules. Immunology (2002) 105(1):9–19. doi: 10.1046/j.0019-2805.2001.01341.x

165. Frischmeyer-Guerrerio, PA, Masilamani, M, Gu, W, Brittain, E, Wood, R, Kim, J, et al. Mechanistic correlates of clinical responses to omalizumab in the setting of oral immunotherapy for milk allergy. J Allergy Clin Immunol (2017) 140(4):1043–53.e8. doi: 10.1016/j.jaci.2017.03.028

166. Santos, AF, James, LK, Kwok, M, McKendry, RT, Anagnostou, K, Clark, AT, et al. Peanut oral immunotherapy induces blocking antibodies but does not change the functional characteristics of peanut-specific IgE. J Allergy Clin Immunol (2020) 145(1):440–3.e5. doi: 10.1016/j.jaci.2019.09.005

167. Skripak, JM, Nash, SD, Rowley, H, Brereton, NH, Oh, S, Hamilton, RG, et al. A randomized, double-blind, placebo-controlled study of milk oral immunotherapy for cow’s milk allergy. J Allergy Clin Immunol (2008) 122(6):1154–60. doi: 10.1016/j.jaci.2008.09.030

168. Jones, SM, Pons, L, Roberts, JL, Scurlock, AM, Perry, TT, Kulis, M, et al. Clinical efficacy and immune regulation with peanut oral immunotherapy. J Allergy Clin Immunol (2009) 124(2):292–300.e1-97. doi: 10.1016/j.jaci.2009.05.022

169. Vickery, BP, Pons, L, Kulis, M, Steele, P, Jones, SM, and Burks, AW. Individualized IgE-based dosing of egg oral immunotherapy and the development of tolerance. Ann Allergy Asthma Immunol (2010) 105(6):444–50. doi: 10.1016/j.anai.2010.09.030

170. Kim, EH, Bird, JA, Kulis, M, Laubach, S, Pons, L, Shreffler, W, et al. Sublingual immunotherapy for peanut allergy: clinical and immunologic evidence of desensitization. J Allergy Clin Immunol (2011) 127(3):640–6.e1. doi: 10.1016/j.jaci.2010.12.1083

171. Bedoret, D, Singh, AK, Shaw, V, Hoyte, EG, Hamilton, R, DeKruyff, RH, et al. Changes in antigen-specific T-cell number and function during oral desensitization in cow’s milk allergy enabled with omalizumab. Mucosal Immunol (2012) 5(3):267–76. doi: 10.1038/mi.2012.5

172. Vickery, BP, Lin, J, Kulis, M, Fu, Z, Steele, PH, Jones, SM, et al. Peanut oral immunotherapy modifies IgE and IgG4 responses to major peanut allergens. J Allergy Clin Immunol (2013) 131(1):128–34.e1-3. doi: 10.1016/j.jaci.2012.10.048

173. Caubet, JC, Bencharitiwong, R, Moshier, E, Godbold, JH, Sampson, HA, and Nowak-Wegrzyn, A. Significance of ovomucoid- and ovalbumin-specific IgE/IgG(4) ratios in egg allergy. J Allergy Clin Immunol (2012) 129(3):739–47. doi: 10.1016/j.jaci.2011.11.053

174. Burton, OT, Logsdon, SL, Zhou, JS, Medina-Tamayo, J, Abdel-Gadir, A, Noval Rivas, M, et al. Oral immunotherapy induces IgG antibodies that act through FcgammaRIIb to suppress IgE-mediated hypersensitivity. J Allergy Clin Immunol (2014) 134(6):1310–7.e6. doi: 10.1016/j.jaci.2014.05.042

175. Tsai, M, Mukai, K, Chinthrajah, RS, Nadeau, KC, and Galli, SJ. Sustained successful peanut oral immunotherapy associated with low basophil activation and peanut-specific IgE. J Allergy Clin Immunol (2020) 145(3):885–96.e6. doi: 10.1016/j.jaci.2019.10.038

176. Burton, OT, Tamayo, JM, Stranks, AJ, Koleoglou, KJ, and Oettgen, HC. Allergen-specific IgG antibody signaling through FcgammaRIIb promotes food tolerance. J Allergy Clin Immunol (2018) 141(1):189–201.e3. doi: 10.1016/j.jaci.2017.03.045

177. Orgel, K, Burk, C, Smeekens, J, Suber, J, Hardy, L, Guo, R, et al. Blocking antibodies induced by peanut oral and sublingual immunotherapy suppress basophil activation and are associated with sustained unresponsiveness. Clin Exp Allergy (2019) 49(4):461–70. doi: 10.1111/cea.13305

178. Burton, OT, Stranks, AJ, Tamayo, JM, Koleoglou, KJ, Schwartz, LB, and Oettgen, HC. A humanized mouse model of anaphylactic peanut allergy. J Allergy Clin Immunol (2017) 139(1):314–22.e9. doi: 10.1016/j.jaci.2016.04.034

179. Burton, OT, Epp, A, Fanny, ME, Miller, SJ, Stranks, AJ, Teague, JE, et al. Tissue-Specific Expression of the Low-Affinity IgG Receptor, FcgammaRIIb, on Human Mast Cells. Front Immunol (2018) 9:1244. doi: 10.3389/fimmu.2018.01244

180. Zhao, W, Kepley, CL, Morel, PA, Okumoto, LM, Fukuoka, Y, and Schwartz, LB. Fc gamma RIIa, not Fc gamma RIIb, is constitutively and functionally expressed on skin-derived human mast cells. J Immunol (2006) 177(1):694–701. doi: 10.4049/jimmunol.177.1.694

181. Burks, AW, Jones, SM, Wood, RA, Fleischer, DM, Sicherer, SH, Lindblad, RW, et al. Oral immunotherapy for treatment of egg allergy in children. N Engl J Med (2012) 367(3):233–43. doi: 10.1056/NEJMoa1200435

182. Begin, P, Winterroth, LC, Dominguez, T, Wilson, SP, Bacal, L, Mehrotra, A, et al. Safety and feasibility of oral immunotherapy to multiple allergens for food allergy. Allergy Asthma Clin Immunol (2014) 10(1):1. doi: 10.1186/1710-1492-10-1

183. Syed, A, Garcia, MA, Lyu, SC, Bucayu, R, Kohli, A, Ishida, S, et al. Peanut oral immunotherapy results in increased antigen-induced regulatory T-cell function and hypomethylation of forkhead box protein 3 (FOXP3). J Allergy Clin Immunol (2014) 133(2):500–10. doi: 10.1016/j.jaci.2013.12.1037

184. Vickery, BP, Scurlock, AM, Kulis, M, Steele, PH, Kamilaris, J, Berglund, JP, et al. Sustained unresponsiveness to peanut in subjects who have completed peanut oral immunotherapy. J Allergy Clin Immunol (2014) 133(2):468–75. doi: 10.1016/j.jaci.2013.11.007

185. Wu, J, Lin, R, Huang, J, Guan, W, Oetting, WS, Sriramarao, P, et al. Functional Fcgamma receptor polymorphisms are associated with human allergy. PLoS One (2014) 9(2):e89196. doi: 10.1371/journal.pone.0089196

186. Li, X, Wu, J, Carter, RH, Edberg, JC, Su, K, Cooper, GS, et al. A novel polymorphism in the Fcgamma receptor IIB (CD32B) transmembrane region alters receptor signaling. Arthritis Rheum (2003) 48(11):3242–52. doi: 10.1002/art.11313

187. Kono, H, Kyogoku, C, Suzuki, T, Tsuchiya, N, Honda, H, Yamamoto, K, et al. FcgammaRIIB Ile232Thr transmembrane polymorphism associated with human systemic lupus erythematosus decreases affinity to lipid rafts and attenuates inhibitory effects on B cell receptor signaling. Hum Mol Genet (2005) 14(19):2881–92. doi: 10.1093/hmg/ddi320

188. Floto, RA, Clatworthy, MR, Heilbronn, KR, Rosner, DR, MacAry, PA, Rankin, A, et al. Loss of function of a lupus-associated FcgammaRIIb polymorphism through exclusion from lipid rafts. Nat Med (2005) 11(10):1056–8. doi: 10.1038/nm1288

189. Freidl, R, Gstoettner, A, Baranyi, U, Swoboda, I, Stolz, F, Focke-Tejkl, M, et al. Blocking antibodies induced by immunization with a hypoallergenic parvalbumin mutant reduce allergic symptoms in a mouse model of fish allergy. J Allergy Clin Immunol (2017) 139(6):1897–905.e1. doi: 10.1016/j.jaci.2016.10.018

190. Ohsaki, A, Venturelli, N, Buccigrosso, TM, Osganian, SK, Lee, J, Blumberg, RS, et al. Maternal IgG immune complexes induce food allergen-specific tolerance in offspring. J Exp Med (2018) 215(1):91–113. doi: 10.1084/jem.20171163

191. Lupinek, C, Hochwallner, H, Johansson, C, Mie, A, Rigler, E, Scheynius, A, et al. Maternal allergen-specific IgG might protect the child against allergic sensitization. J Allergy Clin Immunol (2019) 144(2):536–48. doi: 10.1016/j.jaci.2018.11.051

192. Kucuk, ZY, Strait, R, Khodoun, MV, Mahler, A, Hogan, S, and Finkelman, FD. Induction and suppression of allergic diarrhea and systemic anaphylaxis in a murine model of food allergy. J Allergy Clin Immunol (2012) 129(5):1343–8. doi: 10.1016/j.jaci.2012.03.004

193. 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

194. Croote, D, Darmanis, S, Nadeau, KC, and Quake, SR. High-affinity allergen-specific human antibodies cloned from single IgE B cell transcriptomes. Science (2018) 362(6420):1306–9. doi: 10.1126/science.aau2599

195. Yang, Z, Sullivan, BM, and Allen, CD. Fluorescent in vivo detection reveals that IgE(+) B cells are restrained by an intrinsic cell fate predisposition. Immunity (2012) 36(5):857–72. doi: 10.1016/j.immuni.2012.02.009

196. Laffleur, B, Duchez, S, Tarte, K, Denis-Lagache, N, Peron, S, Carrion, C, et al. Self-Restrained B Cells Arise following Membrane IgE Expression. Cell Rep (2015) 10(6):900–9. doi: 10.1016/j.celrep.2015.01.023

197. Haniuda, K, Fukao, S, Kodama, T, Hasegawa, H, and Kitamura, D. Autonomous membrane IgE signaling prevents IgE-memory formation. Nat Immunol (2016) 17(9):1109–17. doi: 10.1038/ni.3508

198. Tong, P, Granato, A, Zuo, T, Chaudhary, N, Zuiani, A, Han, SS, et al. IgH isotype-specific B cell receptor expression influences B cell fate. Proc Natl Acad Sci U S A (2017) 114(40):E8411–E20. doi: 10.1073/pnas.1704962114

199. Xiong, H, Dolpady, J, Wabl, M, Curotto de Lafaille, MA, and Lafaille, JJ. Sequential class switching is required for the generation of high affinity IgE antibodies. J Exp Med (2012) 209(2):353–64. doi: 10.1084/jem.20111941

200. Looney, TJ, Lee, JY, Roskin, KM, Hoh, RA, King, J, Glanville, J, et al. Human B-cell isotype switching origins of IgE. J Allergy Clin Immunol (2016) 137(2):579–86.e7. doi: 10.1016/j.jaci.2015.07.014

201. Kobayashi, T, Iijima, K, Dent, AL, and Kita, H. Follicular helper T cells mediate IgE antibody response to airborne allergens. J Allergy Clin Immunol (2017) 139(1):300–13.e7. doi: 10.1016/j.jaci.2016.04.021

202. Meli, AP, Fontes, G, Leung Soo, C, and King, IL. T Follicular Helper Cell-Derived IL-4 Is Required for IgE Production during Intestinal Helminth Infection. J Immunol (2017) 199(1):244–52. doi: 10.4049/jimmunol.1700141

203. Clement, RL, Daccache, J, Mohammed, MT, Diallo, A, Blazar, BR, Kuchroo, VK, et al. Follicular regulatory T cells control humoral and allergic immunity by restraining early B cell responses. Nat Immunol (2019) 20(10):1360–71. doi: 10.1038/s41590-019-0472-4

204. Gowthaman, U, Chen, JS, Zhang, B, Flynn, WF, Lu, Y, Song, W, et al. Identification of a T follicular helper cell subset that drives anaphylactic IgE. Science (2019) 365(6456). doi: 10.1126/science.aaw6433

205. Orengo, JM, Radin, AR, Kamat, V, Badithe, A, Ben, LH, Bennett, BL, et al. Treating cat allergy with monoclonal IgG antibodies that bind allergen and prevent IgE engagement. Nat Commun (2018) 9(1):1421. doi: 10.1038/s41467-018-03636-8

206. Bargou, R, Leo, E, Zugmaier, G, Klinger, M, Goebeler, M, Knop, S, et al. Tumor regression in cancer patients by very low doses of a T cell-engaging antibody. Science (2008) 321(5891):974–7. doi: 10.1126/science.1158545

207. van Spriel, AB, van Ojik, HH, and van De Winkel, JG. Immunotherapeutic perspective for bispecific antibodies. Immunol Today (2000) 21(8):391–7. doi: 10.1016/S0167-5699(00)01659-5

208. Zhu, D, Kepley, CL, Zhang, M, Zhang, K, and Saxon, A. A novel human immunoglobulin Fc gamma Fc epsilon bifunctional fusion protein inhibits Fc epsilon RI-mediated degranulation. Nat Med (2002) 8(5):518–21. doi: 10.1038/nm0502-518

209. Zhu, D, Kepley, CL, Zhang, K, Terada, T, Yamada, T, and Saxon, A. A chimeric human-cat fusion protein blocks cat-induced allergy. Nat Med (2005) 11(4):446–9. doi: 10.1038/nm1219

210. Tam, SW, Demissie, S, Thomas, D, and Daeron, M. A bispecific antibody against human IgE and human FcgammaRII that inhibits antigen-induced histamine release by human mast cells and basophils. Allergy (2004) 59(7):772–80. doi: 10.1111/j.1398-9995.2004.00332.x

211. Jackman, J, Chen, Y, Huang, A, Moffat, B, Scheer, JM, Leong, SR, et al. Development of a two-part strategy to identify a therapeutic human bispecific antibody that inhibits IgE receptor signaling. J Biol Chem (2010) 285(27):20850–9. doi: 10.1074/jbc.M110.113910

212. Cahenzli, J, Koller, Y, Wyss, M, Geuking, MB, and McCoy, KD. Intestinal microbial diversity during early-life colonization shapes long-term IgE levels. Cell Host Microbe (2013) 14(5):559–70. doi: 10.1016/j.chom.2013.10.004

213. Stefka, AT, Feehley, T, Tripathi, P, Qiu, J, McCoy, K, Mazmanian, SK, et al. Commensal bacteria protect against food allergen sensitization. Proc Natl Acad Sci U S A (2014) 111(36):13145–50. doi: 10.1073/pnas.1412008111



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

Copyright © 2020 Kanagaratham, El Ansari, Lewis and Oettgen. 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.




REVIEW

published: 14 December 2020

doi: 10.3389/fimmu.2020.602660

[image: image2]


Oral Immunotherapy and Basophil and Mast Cell Reactivity in Food Allergy


Anuya Paranjape 1,2, Mindy Tsai 1,2, Kaori Mukai 1, Ramona A. Hoh 1, Shilpa A. Joshi 1, R. Sharon Chinthrajah 2,3, Kari C. Nadeau 2,3, Scott D. Boyd 1,2 and Stephen J. Galli 1,2,4*


1 Department of Pathology, Stanford University School of Medicine, Stanford, CA, United States, 2 Sean N. Parker Center for Allergy and Asthma Research, Stanford University School of Medicine, Stanford, CA, United States, 3 Division of Pulmonary, Allergy and Critical Care Medicine and Division of Allergy, Immunology and Rheumatology, Stanford University, Stanford University School of Medicine, Stanford, CA, United States, 4 Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, CA, United States




Edited by: 
Ana Olivera, National Institutes of Health (NIH), United States

Reviewed by: 
Edward Knol, University Medical Center Utrecht, Netherlands

Michael D. Kulis, University of North Carolina at Chapel Hill, United States

*Correspondence: 
Stephen J. Galli
 sgalli@stanford.edu

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 04 September 2020

Accepted: 10 November 2020

Published: 14 December 2020

Citation:
Paranjape A, Tsai M, Mukai K, Hoh RA, Joshi SA, Chinthrajah RS, Nadeau KC, Boyd SD and Galli SJ (2020) Oral Immunotherapy and Basophil and Mast Cell Reactivity in Food Allergy. Front. Immunol. 11:602660. doi: 10.3389/fimmu.2020.602660



Basophil activation tests (BATs) can closely monitor, in vitro, a patient’s propensity to develop type I hypersensitivity reactions. Because of their high specificity and sensitivity, BATs have become promising diagnostic tools, especially in cases with equivocal clinical histories, skin prick test results, and/or levels of specific IgE to allergen extracts. BATs also are useful as tools for monitoring the effects of treatment, since oral immunotherapy (OIT) studies report a diminution in patients’ basophil responsiveness over the course of OIT. This review will discuss the BAT findings obtained before, during, and after OIT for food allergy. We will mainly focus on the association of basophil responsiveness, and alterations in basophil surface markers, with clinical outcomes and other clinical features, such as blood levels of specific IgG and IgE antibodies. The detailed analysis of these correlations will ultimately facilitate the use of BATs, along with other blood biomarkers, to differentiate short-term desensitization versus sustained unresponsiveness and to improve treatment protocols. Given the critical anatomic location of mast cells adjacent to the many IgE+ plasma cells found in the gastrointestinal tissues of allergic individuals, we will also discuss the role of gastrointestinal mast cells in manifestations of food allergies.
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Introduction

Human and mouse studies have shown that mast cells and basophils are the primary immune effector cells in IgE-mediated food allergy (1–4). Most commonly, food allergy manifests as a form of immediate hypersensitivity, in which engagement of IgE bound to FcϵRI on mast cells and basophils by specific food allergens leads to the release of pre-formed and newly synthesized mediators that elicit a range of pathological responses in several target tissues. Such responses range from hives, itching, mild gastrointestinal discomfort, and diarrhea to intense systemic reactions which, in some cases, result in rapidly fatal anaphylaxis (5, 6).

Although FcϵRI are highly expressed on both mast cells and basophils, these effectors are distinct cell populations that are regulated by different transcription factors, express distinct cell surface receptors, reside in anatomically distinct locations (7–10) and exhibit different activation thresholds to IgE-dependent stimulation, including that mediated by food allergens (11). In mouse models of food allergy, TSLP-elicited basophil expansion appears to be pivotal for cutaneous sensitization with food allergens (12–14) whereas IL-9-producing mucosal mast cells appear to be critical for intestinal mastocytosis after intragastric allergen exposure (3). In humans, studies of cat and peanut allergies have indicated that anti-IgE treatments might exhibit different response kinetics in skin mast cells and blood basophils (15, 16). It therefore should be kept in mind that basophils and mast cells may have complementary but distinct roles in the context of mouse or human food allergy.

This review will focus on basophil activation tests (BATs), which directly assess basophil reactivity, and skin prick tests (SPTs), which assess skin mast cell reactivity, obtained during food oral immunotherapy (OIT). We will discuss these in the context of clinical outcomes and will consider the use of these tools in monitoring OIT treatments.



Basophil Activation Tests (BATs)

BATs are ex vivo flow cytometry-based assays for measuring basophil activation. In 1991, Knol et al. noted increased expression of CD63 on the plasma membrane of purified basophils following their activation with anti-IgE or fMLP and also found the close correlation of increased basophil expression of CD63 with histamine release (17). The development of flow cytometry-based techniques to gate on human blood basophils made the assessment of CD63 possible in whole blood without any purification step (18, 19). Subsequent studies established the reliability of another activation maker, CD203c (20, 21), but differences in the activation kinetics of CD203c vs CD63 pointed towards differences in their mechanisms of up-regulation (22). While CD63 and CD203c remain the most popular markers, many other activation markers, such as CD107a, CD13, CD164, CD69, CD11b, and diamine oxidase (23, 24), have been used for assessment of basophil activation (25–27). The pros and cons of various basophil gating strategies and activation markers have been discussed in detail elsewhere (27–29). Because of their specificity and sensitivity, BATs are being evaluated for the diagnosis of food, drug, and venom allergies, and for monitoring the effects of immunotherapy or the natural resolution of allergies (27–30).

However, BAT studies have differed in anticoagulants used for blood collection, temperature and duration of blood storage before the test, and the presence or absence of IL-3 priming (21, 31, 32). Mukai et al. compared CD63 and CD203c expression at baseline and post activation among four conditions of storage (at room temperature for 4 or 24 h and at 4°C for 4 or 24 h) using blood collected in either EDTA or heparin (33). Activation-induced CD63 upregulation cannot be noted in blood samples collected in EDTA, emphasizing the need for extracellular physiological calcium/magnesium for CD63 upregulation (34). However, blood collected in heparin yielded similar outputs in CD63 and CD203c upregulation 4 or 24 h post blood draw, if stored at 4°C (33).

Another major difference in BAT protocols is the use of whole blood or enriched preparations of basophils (35). Whole blood preparations not only better mirror the physiological or pathological in vivo conditions [e.g., the presence of soluble factors and blocking antibodies (26, 32, 36, 37)], but also allow insight into resting levels of activation marker expression (26). However, since CD63 is a non-exclusive marker for basophils, there have been concerns that platelets binding to basophils might falsely increase “basophil CD63 expression” in whole blood assays (38, 39). Importantly, using flow cytometry and an immunohistochemical staining analysis with the platelet-specific marker CD41, Mukai et al. found that the appearance of CD63hi basophils is primarily due to basophil-derived CD63 (33).

An alternate approach to conventional BATs is the use of fluorescent avidin. Positively-charged avidin binds to negatively-charged granule constituents that are exteriorized on the cell surface post activation (39). While this method is relatively new, it holds the promise of offering a more sensitive and specific method for quantifying basophil activation in whole blood (40).



Basophil Responsiveness and Clinical Phenotype

Two studies have analyzed basophil function among milk allergic subjects exhibiting different clinical phenotypes: allergic, heated milk tolerant, and outgrown. Basophil reactivity [quantified as %CD63hi cells (41), or expressed as %CD63+ cells (42)], tested over a range of crude milk protein concentrations, was significantly lower among subjects tolerant to heated forms of milk than in those reacting to it (40). However, basophil reactivity was significantly higher in the heated milk-tolerant patients than in subjects who had outgrown milk allergy or were non-allergic. Notably, among heated milk-tolerant subjects, those with regular ingestion of heated milk exhibited less basophil reactivity, especially at lower milk protein concentrations (41). While basophil reactivity to anti-IgE stimulation was also lower in this heated milk-tolerant group, fMLP stimulation showed no differences.

Notably, Rubio et al. (43) also analyzed the value of BATs (assessed by upregulation of CD63) in distinguishing between children exhibiting persistent allergies to cow’s milk and those who had developed tolerance naturally. They developed a decisional algorithm incorporating a combination of BAT results, together with specific IgE levels and SPTs, which successfully distinguished (at the 94% level) between children who had developed tolerance naturally (these had low BAT results, as well as low specific IgE and SPT results) vs those who exhibited persistent allergies to cow’s milk. However, the most important of the three measurements used in their algorithm was the BAT result.

Taken together, these studies indicate that assessment of allergen-specific basophil responses might be a useful tool for monitoring acquisition of allergen unresponsiveness during food allergy immunotherapies.



Measurements of Basophil Responsiveness During Oral Immunotherapy

Results of BAT assays are commonly presented as mean fluorescence intensity (MFI) of activation markers or percentage of cells that are CD63+ or CD63hi. Basophil reactivity (also known as maximal response or CDmax) and sensitivity (i.e., effective dose at 50% of the maximal activation, ED50 or CDsens) differ from patient to patient, and some studies recommend testing basophil responses over a range of allergen concentrations and expressing the results as area under the curve (AUC) of the dose response curve (44). When interpreting BAT data obtained from OIT studies it is important to keep in mind the particular representation used, as that might affect the interpretation of the data. The experimental settings that have been used to perform a BAT assay are listed in Table 1. The food OIT studies shown in Table 2 list the BAT data obtained at various times during OIT treatment, and subsequent sections will discuss the clinical outcomes of some of these studies (45, 49, 51–53, 55) or the immune parameters (41, 46, 49, 51) measured. Although this review focuses on food OIT, we should note that a decrease in basophil responsiveness for food allergens has also been documented during studies of sublingual immunotherapy (SLIT) (49, 50, 57–59) and epicutaneous immunotherapy (EPIT) (60).


Table 1 | Experimental settings that have been used to perform BAT assays.




Table 2 | BAT data obtained at various time points before, during, and after OIT in food allergy subjects.






Basophil Responses and Clinical Outcomes

In a SLIT/OIT study of 30 milk allergic patients showing favorable clinical outcomes, no reduction was observed during OIT in allergen or anti-IgE stimulated basophil histamine release, or in constitutive basophil Syk expression (50). However, spontaneous basophil histamine release was decreased in the SLIT/OIT group, beginning 20 weeks from initiating treatment. When subjects were divided based on whether or not they developed sustained unresponsiveness (passing a food challenge 6 weeks post avoidance), an increase in constitutive expression of CD63 and CD203c during the build-up phase was observed among those not developing sustained unresponsiveness. For none of the parameters, including spontaneous histamine release, did baseline values predict development of sustained unresponsiveness (50). However, this study used basophil-enriched mononuclear cells (BECs) obtained after double Percoll density centrifugation, not whole blood preparations, raising the possibility that the enrichment process might have affected the results by disrupting binding of IgG or other serum inhibitory factors (36, 37). The few studies using whole blood basophil preparations suggest that basophil responsiveness can help to predict the threshold and severity of allergic reactions during oral food challenge (43, 61, 62). In contrast, in a study of enriched basophil suspensions, Gorelik et al. (49) found no significant correlation between basophil activation (CD63 expression) and specific number or severity of allergic reactions to oral food challenges during a peanut OIT/SLIT crossover trial. They also found a negative correlation between achievement of sustained unresponsiveness (passing a food challenge at 4 to 6 weeks post avoidance) and peanut-induced histamine release, CD63 induction and IL-4 production analyzed at baseline. Histamine release and CD63 were measured with BECs after double Percoll density centrifugation and basophil intracellular IL-4 was measured in whole blood preparations. These studies suggest that processing of basophils before ex vivo activation can significantly affect BAT results.

Another important finding by Gorelik et al. (49) is that the significant negative correlation between basophil activation markers and development of sustained unresponsiveness was evident only at the lowest concentration of allergen extract used for in vitro basophil activation. This information may help in interpreting OIT results that found no significant correlations between basophil activation markers and development of sustained unresponsiveness, despite favorable clinical outcomes (50, 52). In Syed at al. (52), a single dose of peanut was used to measure activation-induced upregulation of CD203c MFI in whole blood basophils of 23 OIT subjects. Although CD203c MFI was significantly decreased in participants undergoing OIT compared to controls, there were no significant differences among those who developed unresponsiveness (no detectable clinical reaction 3 months post withdrawal of therapy) versus those who did not. Therefore, it is important to test a wide range of allergen concentrations in BATs.

The form of allergen used for in vitro basophil activation can also influence the results. In a peanut OIT study (53), SU (sustained unresponsiveness) and TD (transient desensitization) were evaluated in 22 participants 4 weeks post avoidance, and in vitro basophil responses induced by whole peanut extract or by various peanut allergen proteins were analyzed in basophils in whole blood. After desensitization by 12 months of OIT, followed by 4 weeks of peanut avoidance, basophil sensitivity (i.e., ED50, defined as the dose inducing 50% of the maximum response) to Ara h 2 significantly decreased in the SU group but not in the TD group. However, basophil sensitivity to whole peanut showed no significant difference between the groups. Moreover, when basophil reactivity was quantified as AUC, reactivity to Ara h 2 or to whole peanut was suppressed equally by the end of desensitization in both the SU and TD groups, but only the TD group rebounded post avoidance. Trends for activation with Ara h 6 were similar to those for Ara h 2, in terms of both sensitivity and reactivity (AUC).

A study of egg OIT involving 55 subjects (15 placebo, 40 OIT) tested basophil responses in whole blood and clinical desensitization at 10 and 22 months (55). Basophil responses (expressed as %CD63+ cells) at 10 months of OIT were significantly lower among desensitized vs non-desensitized subjects. However, no significant differences in basophil responses were observed between subjects who did or did not develop sustained unresponsiveness at 24 months (2 months after withdrawal of OIT). Notably, this study did not comment on basophil reactivity at baseline.

Different results were reported in a study of baked milk OIT in 15 milk-allergic subjects (49). Successful completion of the trial was defined as reaching the primary outcome dose of baked milk without adverse reactions at 1 year of treatment. Those succeeding in this trial exhibited a significantly lower mean difference between heated (180°C for 30 min) milk-induced and unheated milk-induced basophil CD203c expression (tested in whole blood at the beginning of the trial) than those who could not complete the trial (45). The group that successfully completed the trial also exhibited a trend toward lower values of heated (hypoallergenic form) milk-driven minus unheated (hyper-allergenic form) milk-driven basophil CD63 expression. This study suggested that patients whose basophils reacted less to the hypoallergenic vs more allergenic forms of this antigen at baseline became desensitized to the hypoallergenic form by the end of the trial.

Finally, our study of peanut OIT (51) divided 120 participants (25 placebo, 95 OIT) into groups depending on whether or not they developed sustained unresponsiveness (passing the oral food challenge either 13 weeks post avoidance or after 13 weeks of a low maintenance dose consumption, i.e. week 117 of OIT). A retrospective analysis of the groups with or without sustained unresponsiveness revealed that peanut-specific basophil responses were significantly lower among the group that developed sustained unresponsiveness at all time-points (weeks 12, 52, 104, 117) tested during OIT, and also at baseline (Figure 1).




Figure 1 | Basophil responsiveness in OIT treatment outcome groups (i.e., Success vs Failure) is significantly different at all times tested. Basophil responsiveness to peanut extract (%CD63high PE AUC) evaluated at multiple time points during OIT. Subjects were divided into two groups based on whether they did (Success) or did not (Failure) develop sustained unresponsiveness assessed by an oral food challenge at week 117. (A) Peanut 0 – the treatment arm in which subjects completely avoided peanut consumption after the end of desensitization phase (Week 104). (B) Peanut 300 – the treatment arm that maintained subjects at a low dose (i.e., 300 mg/day) of peanut consumption, from week 104 onwards. Whiskers represent the range (minimum to maximum values of AUC), boxes extend from 25th to 75th percentiles. The lines in the middle of the boxes are medians. Individual values are shown as circles. P values were determined by Mann-Whitney test. These are from Figures 4A, B of Tsai and Mukai et al. (51).



Notably, we (51) also grouped peanut OIT participants according to baseline basophil responsiveness to peanut (calculated as AUC for %CD63high cells) into LR (low responders), IR (intermediate responders) and HR (high responders) (Figures 2A, B). We found that LRs tolerated 2–3 times more peanut protein at the time of enrollment, pointing towards a relationship between basophil responsiveness and severity of allergic reactions during food challenges. Furthermore, while a larger fraction of the LR group (91%) developed sustained unresponsiveness at the primary endpoint (Figure 2C), those subjects from the IR and HR groups who showed substantial reduction (80–90%) of their peanut-induced basophil responses during the trial also achieved sustained unresponsiveness. This analysis thus revealed two groups of subjects that achieved sustained unresponsiveness post OIT - allergic patients with mild antigen-specific basophil responsiveness at the beginning of the trial and patients who undergo significant reduction of allergen specific basophil responses due to OIT.




Figure 2 | Low basophil activation at week 0 is associated with sustained unresponsiveness after OIT. (A) Peanut-induced %CD63high basophils (%CD63high PE AUC) in the 120 participants at baseline. Scatter dot plot with ± SD. (B) Peanut-induced %CD63high basophils of LRs (PE AUC < 12.09), IRs (PE AUC >12.09 and <97.37) and HRs (PE AUC >97.37). Individual values are shown as circles. (C) Percentage of the subjects in LR, IR, HR groups that showed sustained unresponsiveness (Success) or not (Failure) at week 117, assessed by an oral food challenge. These are from Figures 6A, B and Table 1 of Tsai and Mukai et al. (51).





Basophil Responses Among “Releaser” and “Non-Releaser” Basophils

Several studies have shown that blood basophils from some individuals fail to degranulate upon stimulation through the FcϵRI (63–72). These basophils have been widely called “non-releasers” (64–71) or sometimes “anergic” (72), depending on the study. During a year-long study by Kepley et al. (68), there were three “non-atopic, non-releasers”, defined as patients whose basophils failed to release histamine in response to anti-IgE antibody (calculated using basophil-enriched cell populations isolated by Percoll gradient centrifugation yielding 25–60% basophil purity). However, the basophils from one of these subjects converted into “releasers”. As “releasers”, these basophils had detectable Syk protein expression (analyzed in western blots performed with >99% pure basophils obtained by sequential positive and negative selection and flow sorting) that was undetectable in basophils obtained during the “non-releaser” phase in the same patient.

A study by Puan et al. (72) divided individuals according to the functional state of their whole blood basophils. HDMR (house dust mite responders) had CD63+ basophils after HDM stimulation (using an empirically determined threshold of at least 38% CD63+ cells). HDMNR (HDM non-responders) were defined as giving no response to HDM allergens but at least 38% CD63+ basophils after anti-FcϵRI stimulation. They defined “anergic” basophils as those that responded neither to HDM allergens nor to anti-FcϵRI stimulation. For 38 individuals, the functional state of their basophils was defined at two time points separated by a period of approximately 2 years. While 26 of these 38 individuals remained in the same functional state, 13 underwent transitions between one of the reactive states (HDMR or HDMNR) and the anergic state. Moreover, such transitions happened in both directions. Conversion between releaser and non-releaser phenotype was also noted by Youseff et al. (71), in a four year study. This study categorized individuals as non-releasers if their basophils, obtained as basophil-enriched cell populations (1–55% basophil purity) by Percoll gradient centrifugation of anti-coagulated blood, released less than 12.7% histamine, a cut-off decided by applying statistical methods to the entire data set. Youseff et al. (71) found that 8 of 8 asthmatic non-releasers (13% of the asthmatic subjects enrolled in the study) and 16 of 23 control non-releasers (28% of control subjects enrolled), converted to releaser status at least once over the course of the study.

Overall, each of these studies suggests that basophils from individual donors may be able to cycle in and out of responsiveness over time. Interestingly, Yuoseff et al. (71) observed that the presence of non-releaser basophils does not rule out the diagnosis of asthma. By contrast, Puan et al. (72) suggested that anergic individuals are less likely to develop atopy (assessed by HDM SPTs) and symptoms of allergic rhinitis than those who responded to HDM (i.e., HDMR). It therefore will be interesting to investigate further, in different diseases, the potential relationships between fluctuations in the functional state of basophils during OIT, or other clinical interventions, and overall clinical outcomes.



Basophil Responses and Serum Immunoglobulins

A study comparing basophil responses among clinical phenotypes characterized as allergic, heat-denatured milk tolerant and outgrown (41), noted a strong correlation between basophil responses (quantified as %CD63hi cells) and specific IgE levels among all groups. Since then, many OIT studies have recorded longitudinal changes in the levels of serum antibodies during OIT, but very few comment on correlations between such changes and basophil responses.

A peanut OIT study involving 28 subjects recorded basophil responses in whole blood at various times (day 0, days 21–156 and day 157–423) (46). Compared to baseline, peanut OIT resulted in significantly lower peanut-induced basophil responses (% CD63high) for all 6 concentrations of peanut used for in vitro activation. This coincided with significantly increased peanut-specific IgG4 levels. Interestingly, in peanut-egg dual allergic subjects (9 among the 28 enrolled), basophil responses to egg were also decreased. However, a significant reduction in basophil responses was only detected with the highest of four tested concentrations of egg extract. There were no changes in egg-specific IgG4, which might be the reason for this mild effect.

In another peanut OIT study involving 21 subjects (49), baseline levels of basophil IL-4 expression (quantified using basophils in whole blood) in response to all three doses of peanut used for in vitro activation was positively correlated with peanut-specific serum IgE levels. However, when peanut-induced basophil CD63 and histamine release were evaluated using BECs obtained after double Percoll density centrifugation, no correlation with any serum antibody levels was detected. These results thus may have been influenced by studying basophils in whole blood vs post enrichment.

We studied peanut OIT in 120 participants, testing basophils in whole blood (51). We analyzed the relationship between basophil responses and serum antibody levels at baseline (week 0) and at the primary endpoint (week 117). At both time points, peanut-induced basophil responses (calculated as AUC for %CD63high cells) showed weakly significant positive correlations with levels of serum IgE against peanut and peanut-components (e.g., Ara h 1, Ara h 2 and Ara h 3) and with the specific IgE/total IgE ratio, and a negative correlation with the specific IgG4/specific IgE ratio. We noted no significant correlations of basophil activation with levels of specific IgG4. A similar conclusion was supported when we classified our participants, according to basophil responsiveness at baseline, into LR (low responders), IR (intermediate responders) and HR (high responders) (51). Thus, at the time of enrollment, the LR group differed from the IR or HR subjects not only in having lower peanut-specific and component-specific IgE levels and a smaller ratio of specific IgE/total IgE, but also in having a higher ratio of specific IgG4/specific IgE.

These observations suggest that basophil responses to allergens reflect the coordinated actions of both activating and inhibitory immunoglobulins—and that the proportion of such immunoglobulins is more critical than their absolute levels. However, the proportion of immunoglobulins does not take into account their relative avidity, their affinity, or the epitopes they recognize. These also are important factors that must be considered, in addition to ratios of activating/inhibitory immunoglobulins, when interpreting basophil responses.



Tissue Mast Cells and Oral Imunotherapy

Compared to blood basophils, it has been difficult to evaluate mast cell populations that may participate in food allergy. However, food allergy studies in mice have described the critical role played by mucosal mast cells, both in acquisition of susceptibility towards food allergens and in their contribution to the severity of the allergic reactions (3, 4). Duodenal biopsies from food allergic patients have also showed enhanced expression of mast cell-associated transcripts compared to control subjects (3).

Nevertheless, many challenges have hindered the detailed study of human mucosal mast cells at the site of the disease (i.e., GI tissues). Examples of such problems include the sparse distribution of gut mast cells, making it difficult to obtain sufficient numbers for many studies. Indeed, isolation of these cells for in vitro analysis requires enzymatic and mechanical tissue dispersion, processes that likely change the intrinsic activities of the cells. Moreover, in vitro studies may not recapitulate mast cell actions in situ, as these cells’ responses to microenvironmental cues can change their phenotype and function (73, 74). Due to these limitations, it has become common to evaluate instead the responses of skin mast cells, which can be conveniently studied in situ (5).

Indeed, whenever IgE-mediated food allergy is suspected, SPTs are commonly recommended to identify the causative allergen, along with measurements of serum levels of allergen-specific IgE. SPTs provoke allergen-mediated mast cell degranulation in the skin, leading to measurable wheal-and-flare reactions. For some common food allergens, wheal size thresholds have helped to confirm sensitization and to indicate a high probability of food allergy (75, 76). However, although SPT diameters differ between allergic and non-allergic subjects, they might not distinguish subjects that have naturally outgrown allergy from those who are still allergic (41, 42). It also should be remembered that skin mast cells live for months or longer and take weeks to change responsiveness to antigens recognized by cell-bound IgE, while mature blood basophils live only for days (7, 10). Such considerations suggest that losses in skin responses to allergens might occur substantially slower than the development of clinical unresponsiveness, which may be more reflective of changes in basophils or, perhaps, gastrointestinal mast cells.

The few studies of food OIT (47, 50, 52, 55, 77) and SLIT (50, 57–59, 78) containing longitudinal analyses of SPT diameters note their reduction, either during or toward the end of the study. In analyzing peanut OIT in 29 participants, Jones et al. found SPT diameters began to significantly decrease beginning at 6 months into the trial (47). This study did not discuss the correlations between the SPT results and the clinical outcomes. However, just 3 months into the OIT, peanut-specific IgG and IgG4 increased significantly, followed by significant suppression of basophil responses (measured as %CD63bright for individual peanut concentrations) 4 months into the trial (47). In another study of peanut OIT involving 23 participants (52), basophil responses and SPT results followed a similar trend, but with different kinetics of reduction: peanut-induced CD203c MFI was significantly reduced in OIT subjects vs controls at 3 months into therapy, whereas SPT diameters significantly diminished at 12 months. Nevertheless, both basophil responses (assessed with a single dose of food allergen) and SPT results did not significantly differ among subjects developing sustained unresponsiveness (at 3 months post therapy withdrawal) vs those who did not.

Another study monitoring the response to Omalizumab in 14 peanut-allergic subjects noticed a significant reduction (more than 80% from baseline) in peanut-induced histamine release AUC in 5 subjects within 8 weeks of initiating therapy (16). These five did not have reduced SPT responses this early in the treatment. In the other nine subjects, peanut-induced basophil histamine release AUC was unchanged by week 8 but 10-fold more peanut allergen was required to induce the maximal histamine release. Although this shift in basophil sensitivity was smaller than the treatment-induced improvement (approximately 50 fold) in the dose of allergen needed to induce a clinical response, there was a temporal association between basophil dose response and clinical response as early as week 8 of treatment. However, SPT responses did diminish by the end of treatment (week 24).

Overall, studies of OIT indicate that progressive desensitization evolves much faster than the changes in skin mast cell reactivity. Another probable explanation reflects the mechanism of OIT-induced desensitization. Data from milk- or egg-allergic subjects showed that food-specific IgG levels not only exhibit an inverse correlation with the reaction severity but also increase in parallel with natural resolution of the allergy (79, 80). Both OIT and early food introduction strategies elicit food-specific IgG antibodies (47, 57, 81–83). These then can act through inhibitory Fcγ receptors (i.e., FcγRIIb) to inhibit IgE-FcϵRI mediated hypersensitivity (4). Studies of both mouse (84–87) and human (88) mast cells and basophils (36, 37) have provided evidence for this counter-regulatory mechanism. This also may explain why some patients with food-specific IgE can safely ingest food with no reaction and why the presence of allergen-specific IgE is needed but not sufficient to induce a clinical reaction (89). Notably, human skin mast cells do not ordinarily express the inhibitory receptor FcγRIIb (Figure 3A) (90, 91). It therefore seems very likely that this counter-regulatory mechanism is ineffective in skin mast cells.




Figure 3 | Differential expression of Fcγ receptor (FcγR)IIb by basophils and different mast cell populations. (A) FcγRIIa and FcγRIIb expression by human peripheral blood basophils and human Skin mast cells, assessed by flow cytometry. (B) FCγRIIb expression by human intestinal or skin mast cells, assessed by immunofluorescence staining for mast cell tryptase (green) and FcγRIIb (red) of human tissue sections. Mast cells are indicated by green arrows. These are from Figure 1A, and Figure 3 of Burton et al. (90) with permission.



Burton et al. have demonstrated the expression of FcγRIIb on human mast cells throughout the gastrointestinal tract, including the tongue, esophagus, small and large intestine, and (weakly) in the stomach (90). Using a humanized mouse model, they also tested the physiologic role of the IgG-FcγRIIb pathway in suppression of IgE-triggered systemic anaphylaxis, evidence that the receptor was functional (90). These observations highlight the heterogeneity among tissue mast cells (Figure 3B). They also provide an explanation for the relative contribution of FcγRIIb in suppressing hypersensitivity in mice vs humans.

A study by Hoh and Joshi, et al. provides yet another perspective into the events taking place in the GI tract of allergic subjects (92). By performing high throughput DNA sequencing on biopsies of esophagus, stomach, and duodenum from peanut-allergic patients and controls, they found that peanut-allergic patients harbored large numbers of somatically-mutated, clonally-expanded, allergen-specific IgE+ B lineage cells, including cells with a plasma cell phenotype, in their GI tissues (Figure 4). Furthermore, the co-occurrence of IgE-expressing and non-IgE-expressing clonally-related B lineage cells in the same biopsy samples indicated local isotype switching. Common convergent heavy chain sequences shared between allergic donors suggested that common immunoglobulin genetic rearrangements contributed to the pathogenesis of the disease.




Figure 4 | Stomach and duodenum are reservoirs of IgE+ B lineage cells in peanut allergic people. Immunofluorescence of stomach (A, B) and duodenal (C) biopsies from peanut allergic donors or from non-allergic stomach (D). IgE (green), plasma cell marker CD138 (red), and nuclei (DAPI; blue) (A). IgE+CD138+plasma cells (stars) localized singly and in clusters between gastric glands; a white rectangle outlines two IgE+CD138+plasma cells, for which single-channel staining is shown in (B). (C) IgE+CD138+ plasma cell (arrowhead) and IgE+CD138− putative mast cell (arrow). (D) Representative image from a non-allergic donor. IgE+CD138− putative mast cells were observed (arrows), but IgE+CD138+ plasma cells were absent. These are from Figures 1E–H of Hoh and Joshi et al. (92).



Such IgE+ plasma cells present throughout the GI tract of allergic subjects could disproportionately contribute to the FcϵRI bound IgE on mast cells present at the same locations (Figure 4). Regional differences in local IgE+ plasma cell clones might lead to differences in local mast cell IgE loading, contributing to the clinical heterogeneity of patient symptoms and thresholds post allergen exposure. Stomach and duodenal IgE+ clone counts in allergic patients correlated with peanut allergen-specific IgE levels in serum, where they will affect responses of circulating blood basophils. Indeed, basophils may be the first responders to food antigens that gain access to the blood. However, it will be interesting to determine whether the effects of OIT on gut mucosal mast cells may actually precede those influencing mast cells present in the skin. Specifically, it is possible that reductions in the reactivity of basophils and gut mast cells during OIT will exhibit more similar kinetics than the later reduction observed in the responses of skin mast cells.



Conclusions

Basophil responses measured ex vivo before, during and after immunotherapy can help to differentiate between transient desensitization and sustained unresponsiveness. Moreover, considerations such as study size, evaluation of basophil activation in whole blood vs in enriched preparations, the range of antigen dosages used, and which basophil responses are assessed (e.g., %CD63+ vs AUC of %CD63+ vs CD203c MFI, etc.) may critically influence the information gained from a study. For testing relatively large numbers of specimens that may originate at significant distances from the test site, we currently favor the approach described in Table 3. However, clearly, more investigations are required to establish which type of BAT measurements, and which BAT thresholds, can identify those allergic subjects who can benefit most from OIT. Finally, an important role for mucosal mast cells in food allergy has been suggested by work in both humans and mice. For example, our high throughput DNA sequencing study revealed that the gastrointestinal tract of food allergic patients is a reservoir of IgE+ B lineage cells. This finding emphasizes the need to study, in particular, those gastrointestinal mast cells that are near such IgE-producing plasma cells.


Table 3 | Approach for testing relatively large number of BAT specimens that originate at significant distances from the testing site.
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Despite attempts to halt it, the prevalence of food allergy is increasing, and there is an unmet need for strategies to prevent morbidity and mortality from food-induced allergic reactions. There are no known medications that can prevent anaphylaxis, but several novel therapies show promise for the prevention of food-induced anaphylaxis through targeting of the high-affinity IgE receptor (FcϵRI) pathway. This pathway includes multiple candidate targets, including tyrosine kinases and the receptor itself. Small molecule inhibitors of essential kinases have rapid onset of action and transient efficacy, which may be beneficial for short-term use for immunotherapy buildup or desensitizations. Short courses of FDA-approved inhibitors of Bruton’s tyrosine kinase can eliminate IgE-mediated basophil activation and reduce food skin test size in allergic adults, and prevent IgE-mediated anaphylaxis in humanized mice. In contrast, biologics may provide longer-lasting protection, albeit with slower onset. Omalizumab is an anti-IgE antibody that sequesters IgE, thereby reducing FcϵRI expression on mast cells and basophils. As a monotherapy, it can increase the clinical threshold dose of food allergen, and when used as an adjunct for food immunotherapy, it decreases severe reactions during buildup phase. Finally, lirentelimab, an anti-Siglec-8 antibody currently in clinical trials, can prevent IgE-mediated anaphylaxis in mice through mast cell inhibition. This review discusses these and other emerging therapies as potential strategies for preventing food-induced anaphylaxis. In contrast to other food allergy treatments which largely focus on individual allergens, blockade of the FcϵRI pathway has the advantage of preventing clinical reactivity from any food.
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Introduction

Approximately 15 million people in the United States have food allergy and are at risk for anaphylaxis, a potentially life-threatening systemic allergic reaction (1). There is no cure for food allergy, and no known therapies are capable of preventing anaphylaxis, so food allergy is primarily managed by avoiding triggering foods. Unfortunately, accidental exposures still occur. In contrast, there are scenarios in which patients are intentionally exposed to known allergens such as during food oral immunotherapy (OIT). Despite its efficacy in inducing desensitization to protect against food-induced anaphylaxis, many patients stop OIT prior to reaching maintenance due to frequent and/or severe adverse reactions from the OIT doses themselves (2, 3). Therefore, there is an unmet need for novel strategies of preventing food-induced anaphylaxis from both accidental exposures and during therapeutic procedures such as OIT buildup.

Food allergy is mediated by food-specific IgE found in circulation and bound to the high affinity receptor FcϵRI on the surface of mast cells and basophils. When food protein binds to its specific IgE and cross-links the receptor, downstream activation of various kinases induces degranulation, leukotriene and prostaglandin production, and de novo cytokine production, which collectively cause clinical symptoms (4). Because all IgE-mediated reactions involve signaling through FcϵRI, targeting it or its pathway components would be an ideal strategy for preventing food-induced reactions. This review discusses components of the IgE pathway as potential therapeutic targets for preventing food-induced anaphylaxis (Table 1).


Table 1 | Investigational therapies for food-induced anaphylaxis that target IgE or its pathway components.





IgE and FcεRI

IgE binding to FcϵRI stabilizes the receptor’s expression on the surface of mast cells and basophils; thus, FcϵRI expression is regulated by the level of total serum IgE (5, 6). Because the binding affinity of IgE to FcϵRI is extremely high (< 1 nmol/L), disruption of this interaction has proven difficult therapeutically. Strategies which focus on reducing the levels of total IgE or disrupting its binding to FcϵRI show promise for the prevention of IgE-mediated reactions to foods. The first demonstration that anti-IgE therapy could raise food threshold doses during oral challenge came from a trial with the anti-IgE monoclonal antibody (mAb) talizumab (developed by Tanox) in peanut-allergic subjects (7). Talizumab never progressed further in clinical trials, but other anti-IgE therapies show promise for this indication.


Omalizumab

Omalizumab (Xolair®; manufacturers Genentech and Novartis) is a humanized antibody that binds to the C3 domain of IgE, thereby sequestering free IgE away from FcϵRI (8). The resulting downregulation of surface FcϵRI expression on mast cells and basophils renders them less sensitive to allergen-mediated activation. Already FDA-approved for asthma and chronic spontaneous urticaria (CSU), omalizumab has also demonstrated modest effect as a monotherapy for food allergy. Omalizumab treatment for 6–8 weeks increased patients’ threshold dose of peanut protein from a median of 80 to 6,500 mg in one open-label study in allergic adults (9), and another trial showed an 81-fold increase in peanut threshold dose in allergic subjects after 24 weeks of omalizumab compared to a 4.1-fold increase in the placebo-treated group (10). In food-allergic children receiving omalizumab for their severe asthma, omalizumab increased threshold doses for milk, egg, wheat, and hazelnut from an average of 1,013 to 8,727 mg of food protein after 16 weeks of treatment (11). Unfortunately, not all subjects in these trials displayed a significant increase in their food threshold dose on omalizumab. More research is needed to determine its efficacy in preventing reactivity from food exposures and to identify which patients would benefit most from omalizumab monotherapy.

Omalizumab has also been recently studied as an adjuvant therapy for food OIT. Early open-label studies suggested that 9 to 12 weeks of omalizumab therapy could facilitate rapid oral desensitization to cow’s milk and peanut in high-risk patients (12, 13). Subsequently, Wood et al. demonstrated in a double-blind, placebo-controlled (DBPC) trial that milk-allergic subjects treated with omalizumab experienced fewer adverse reactions during OIT build-up (with 2.1% of doses provoking reactions) compared to those treated with placebo (16.1% of doses) (14). None of the reactions experienced during omalizumab treatment required medical treatment, compared to 3.8% of reactions in subjects on placebo. However, omalizumab had no effect on subjects’ ability to pass an exit oral food challenge, nor did it affect rates of sustained unresponsiveness to milk 4 months after cessation of OIT. Another DBPC trial using omalizumab during multi-food OIT showed a significant reduction in the median per-participant percentage of OIT doses causing adverse reactions in those receiving omalizumab (27%) compared to placebo (68%), especially for gastrointestinal and respiratory symptoms (15). Additional trials are ongoing to evaluate omalizumab’s ability to facilitate multi-food OIT (NCT03881696).



Ligelizumab

Ligelizumab (Novartis) is another humanized anti-IgE mAb which binds to free IgE with higher affinity than omalizumab. Ligelizumab effectively prevents passive systemic anaphylaxis (PSA) in human FcϵRIα transgenic mice (16). Interestingly, though ligelizumab also binds to the C3 domain of IgE, it can bind to CD23-bound IgE on B cells as well, unlike omalizumab (16). Though the mechanism is unclear, this property allows ligelizumab to prevent new IgE production. Ligelizumab has demonstrated superior and more durable suppression of total IgE levels, skin prick test responses to allergens, and basophil surface FcϵRI expression in humans compared to omalizumab (17). This may make it more effective than omalizumab in preventing IgE-mediated reactions in patients who have especially high serum IgE levels. It has not yet been tested in food allergy, though clinical trials have shown efficacy in CSU (NCT02477332).



Lumiliximab

The low-affinity IgE receptor, FcϵRII or CD23, appears to regulate IgE homeostasis (18). Anti-CD23 treatment of B cells has been shown to reduce IgE production (19). In a phase I trial, a single dose of lumiliximab (Biogen Idec Inc.), an anti-CD23 antibody, significantly reduced circulating serum IgE in asthma patients (20).



Quilizumab

Quilizumab (Genentech) is a humanized afucosylated anti-IgE antibody in development that binds to M1’, a domain specific to membrane-bound IgE in B cells. In this way, it reduces circulating IgE via apoptotic depletion of IgE-producing B cells, but does not bind to circulating IgE or IgE already bound to FcϵRI. In early clinical trials, a single dose of quilizumab reduced serum IgE levels in patients with allergic rhinitis or asthma for approximately 6 months (21). Unfortunately, despite reducing IgE levels, it failed to improve symptoms in a trial for antihistamine-refractory CSU (22). The future of quilizumab is unknown, but it may have a potential application in treating food allergy given its ability to prevent further IgE production.



MEDI4212

MEDI4212 is a high-affinity antibody for IgE which can both bind to circulating IgE as well as membrane-bound IgE, thus depleting IgE-producing B cells through antibody-dependent cell-mediated cytotoxicity (23). Because of its dual action in reducing IgE, it may be more effective than omalizumab in patients with very high IgE levels. Its phase I trial demonstrated superior reduction of total IgE levels in atopic subjects after a single MEDI4212 dose compared to subjects treated with a dose of omalizumab (24).



Anti-IgE Darpins

Eggel et al. created a non-immunoglobulin ankyrin repeat protein (DARPin) inhibitor of IgE, E2_79, which not only blocks IgE from binding to FcϵRI, but is also able to rapidly dissociate preformed IgE-FcϵRI complexes (25). Intravenous infusion of E2_79 just 6 hours prior to antigen challenge was shown to prevent passive cutaneous anaphylaxis (PCA) in human FcϵRIα transgenic mice (26). These data suggest that E2_79 could rapidly dissociate food-specific IgE from allergic cells in patients in vivo, though it has not yet been tested in clinical trials.




Kinases

Numerous kinases are involved in FcϵRI pathway signaling, including spleen tyrosine kinase (Syk), Bruton’s tyrosine kinase (BTK), Lyn, Fyn, phospholipase Cγ (PLCγ), PI3 kinase (PI3K), and others (4). All of these enzymes are potential targets for inhibition of IgE-mediated activation of mast cells and basophils. Only recently, with the use of next-generation kinase inhibitors that are more specific for their target enzymes, have we begun to elucidate precisely which kinases are necessary to inhibit in order to prevent IgE-mediated reactions.


BTK

BTK is largely expressed in leukocytes including mast cells, basophils, B cells, neutrophils, monocytes, and NK cells and is thought to be essential for IgE-dependent activation of human cells (27–29). As an essential enzyme for B cell receptor signaling, it has been pharmacologically targeted for the treatment of B cell malignancies, and the relatively recent FDA-approval of selective BTK inhibitors has created the opportunity to repurpose these medications for the prevention of IgE-mediated anaphylaxis. Dispenza et al. showed that just two clinically-relevant oral doses of acalabrutinib, a second-generation irreversible BTK inhibitor, completely prevented moderate-severity PSA in humanized NSG-SGM3 mice which have mature human mast cells and basophils (27). Even more remarkably, it significantly protected against mortality during fatal anaphylaxis in this mouse model. Data in vivo in humans is still preliminary, but ibrutinib has been shown to suppress IgE-mediated ex vivo basophil activation and skin prick testing to both aeroallergens and foods in allergic subjects (30–32). Clinical trials using BTK inhibitors to prevent clinically reactivity to foods in food allergic adults are currently ongoing in the authors’ laboratory.



Syk

In addition to mast cells and basophils, Syk is expressed in numerous organ systems. Multiple studies have demonstrated Syk inhibition as a potential strategy for preventing anaphylaxis. The active metabolite of fostamatinib (Tavalisse®; Rigel Pharmaceuticals), which was approved in 2018 for chronic refractory immune thrombocytopenic purpura, prevented ex vivo basophil activation after a single dose in humans (33), as well as anaphylaxis to peanut in a mouse model of peanut allergy (34). GSK2646264 is a Syk inhibitor in a cream formulation in clinical trials for CSU (NCT02424799) which has been shown to attenuate IgE-mediated histamine release from human mast cells, though it is unclear if this compound would be safe and effective as an oral medication for the prevention of anaphylaxis (35). The Syk inhibitor NVP-QAB205 demonstrated excellent activity in preventing human mast cell and basophil activation (36, 37), but it did not progress to clinical trials due to potential toxicities like several other Syk inhibitors (38–41). Like BTK inhibitors, clinical trials are needed to demonstrate safety and efficacy for using Syk inhibitors to prevent food-induced anaphylaxis.



Lyn and Fyn

Lyn and Fyn are kinases upstream of Syk in the FcϵRI pathway and may each play both positive and negative regulatory roles on IgE-mediated activation of human cells. Evidence that their inhibition can prevent IgE-mediated reactions largely arises from studies using non-specific compounds. The EGFR inhibitor WZ3146 effectively blocked mast cell and basophil activation in vitro through off-target antagonist activity on Lyn and Fyn (42). AZD7762, and inhibitor of Chk1 with Lyn/Fyn activity, and had similar efficacy in preventing LAD2 mast cell activation (43), but cardiac toxicity in Phase I trials prevented further development. Ultimately, Lyn and Fyn may be useful targets for preventing food allergy reactions if they can be specifically targeted, but even specific inhibitors may have an unfavorable toxicities given the broad expression profile of these kinases.




SHP and SHIP-1

Upon activation, various mast cell and basophil inhibitory receptors with immunoreceptor tyrosine inhibitory motifs (ITIMs) recruit phosphotyrosine phosphatases (SHP‐1 and SHP‐2) and inositol phosphatases (SHIP‐1), which then provide direct inhibitory feedback on the FcϵRI pathway.


CD32b

Expressed on basophils and some tissue mast cells as well as other cells, the low-affinity IgG receptor FcγRIIb (CD32b) is a potential target for the prevention of allergen-mediated anaphylaxis (44). Co-aggregation of CD32b with FcϵRI has been shown to inhibit IgE-mediated mast cell and basophil activation (45). Cross-linking these receptors can be achieved in an allergen-independent manner with bispecific antibodies to FcϵRI and CD32b or Fcϵ-Fcγ fusion proteins to prevent allergic reactivity (46–48), though these strategies have yet to move forward to clinical trials. In contrast, specific IgG antibodies can induce allergen-specific IgE-FcϵRI-CD32b cross-linking in the presence of allergen, as well as competitively block allergen binding to its specific IgE (49). Clinical trials using cat-specific IgG cocktails for treatment of respiratory allergies are ongoing (NCT03838731) (50), but no trials are currently investigating this approach in food allergy.



CD300a

CD300a is an inhibitory receptor expressed on numerous human immune cells including mast cells and basophils. Cross-linking of CD300a recruits SHP-1 and SHIP-1 to elicit strong inhibitory signals on the FcϵRI pathway (51). Monoclonal antibodies to CD300a partially prevented IgE-mediated CD63 upregulation in human basophils (52, 53), and IE1, a bispecific antibody recognizing IgE and CD300a, was shown to inhibit FcϵRI signaling and IgE-mediated degranulation in human mast cells in a dose-dependent manner (54).



AQX-1125

As a SHIP-1 activator, AQX-1125 reduced IgE-mediated mast cell degranulation in vitro and showed efficacy in murine models of allergic asthma (55). It is currently in clinical trials for atopic dermatitis (NCT02324972).




Siglecs

Sialic acid-binding immunoglobulin-type lectins (Siglecs) are transmembrane receptors found on the surface of immune cells, so-called because they bind to sialic acid-containing ligands. Most Siglecs have ITIMs or ITIM-like motifs, which upon ligand binding, enable inhibitory signaling to counteract the actions of tyrosine kinases in the FcϵRI pathway (56, 57). Their differing ligand specificity and relatively restricted expression profiles make Siglecs good candidate targets for the suppression IgE-mediated activation of mast cells and/or basophils.


Siglec-8

Siglec-8 is the best studied and most promising siglec target for the treatment of allergic diseases, with expression limited to human mast cells, basophils, and eosinophils (58, 59). In vitro, pre-incubation of human CD34-derived mast cells with anti-Siglec-8 mAb markedly shifted the anti-FcϵRI antibody-induced secretion dose response curve for histamine and PGD2 secretion (60). Siglec-8’s ITIM domain was found to be essential for this function, suggesting that its mechanism of action may involve phosphatase recruitment as discussed above. Furthermore, pretreatment with the humanized non-fucosylated IgG1 anti-Siglec-8 antibody lirentelimab (Allakos, Inc.) completely prevented human IgE-mediated PSA in NSG-SGM3 BLT humanized mice (61), suggesting that it may be a useful therapy for preventing anaphylaxis in humans. Lirentelimab has shown efficacy in other mast cell-driven diseases in early clinical trials, including CSU (NCT03436797), atopic keratoconjunctivitis (NCT03379311), and indolent systemic mastocytosis (NCT02808793). The most advanced efforts with lirentelimab involve a phase III study in eosinophilic gastritis  and duodenitis (NCT04322604), a disorder characterized by increased numbers of tissue eosinophils and mast cells, based on positive phase II results (62).



Siglec-3/CD33

CD33 (also known as Siglec-3) is expressed on most human myeloid cells, including mast cells and basophils. Duan et al. showed that dual targeting of CD33 and specific IgE on mast cells with liposomes expressing CD33L and a synthetic antigen (TNP) could prevent IgE-mediated anaphylaxis (63). These liposomes prevented TNP-induced degranulation in human mast cells and prevented clinical response during PSA in transgenic mice expressing human CD33. Intriguingly, the liposomes’ inhibitory effects were sustained for at least 2–3 days after infusion, potentially due to endocytosis of the TNP-IgE-FcϵRI complex in mast cells and/or liposomes’ interference of TNP binding to its specific IgE. One limitation of this approach is that these liposomes act in an antigen-specific manner, which may necessitate the use of several different types of liposomes to treat patients with multiple food allergies.



Siglecs-6 and 7

Siglec-7 is expressed on human mast cells, monocytes, eosinophils, NK cells, and, to a lesser extent, basophils (64). Pre-incubation of CD34-derived mast cells with the combination of an activating anti-Siglec-7 antibody, an anti-IgE antibody, and a cross-linking anti-mouse IgG F(ab’)2 completely prevented degranulation and partially prevented PGD2 release and GM-CSF production (64). This inhibition was dependent on Siglec-7 directly crosslinking with FcϵRI, which has not always been found to be the case for other Siglecs that inhibit FcϵRI-mediated signaling such as Siglec-6 or -8 (60, 65). Interestingly, Siglec-7 engagement on human basophils only partially reduces IgE-mediated degranulation, a discrepancy thought to be due to the relatively low expression of Siglec-7 on basophils. Siglec-6 is a geographically unique target, given that its expression is primarily limited to mast cells (66), but its engagement on mast cells has shown only modest (approximately 30%) reduction in IgE-mediated degranulation (65). Further studies are needed to determine the efficacy of targeting either Siglec-6 or -7 for the prevention of IgE-mediated anaphylaxis.




Discussion and Conclusions

Despite attempts at its prevention, the prevalence of IgE-mediated food allergy is increasing. Therapies targeting IgE and the FcϵRI pathway may fill the need for preventing food-induced anaphylaxis. One major benefit to this approach is that it is not allergen specific, unlike food OIT. Additionally, FcϵRI pathway inhibition would prevent the release of all mast cell and basophil mediators, unlike most current allergy treatments (such as antihistamines and leukotriene receptor antagonists) which only counteract the effects of a few of many mediators that participate in causing allergic reactions.

Both short-term and long-term protection strategies to prevent anaphylaxis are needed to improve the quality of life of food allergic patients. Short-term therapies which can facilitate food OIT build-up to prevent adverse reactions would allow more patients to reach maintenance dose. Alternatively, short-term treatments which could protect against accidental exposures during isolated high risk situations (e.g. a family vacation abroad or birthday parties) would reduce morbidity and mortality and help alleviate anxiety for those suffering from food allergies. Perhaps more importantly, therapies are needed which could be used chronically to reliably prevent reactions from accidental food exposures.

Many questions remain regarding the utility and safety of the above therapies, most of which are still experimental or in clinical development. Each therapy’s risk-benefit ratio and mechanism of action will determine its specific indication (Table 1). BTK inhibitors have a rapid onset of action and are highly effective at preventing IgE-mediated anaphylaxis, making them good candidates for short-term episodic use to prevent reactivity to foods, but they may not be suitable for long-term use based on the safety profile of the currently FDA-approved BTK inhibitors. Omalizumab has a favorable safety profile when used chronically, but it has slower onset of efficacy, and its ability to reliably prevent anaphylaxis (especially fatal anaphylaxis) is unknown. More studies are needed to determine the safety and efficacy of targeting the FcϵRI pathway as a protective measure against food-induced anaphylaxis.
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The thiol isomerase, protein disulfide isomerase (PDI), plays important intracellular roles during protein folding, maintaining cellular function and viability. Recent studies suggest novel roles for extracellular cell surface PDI in enhancing cellular activation and promoting their function. Moreover, a number of food-derived substances have been shown to regulate cellular PDI activity and alter disease progression. We hypothesized that PDI may have similar roles during mast cell-mediated allergic responses and examined its effects on IgE-induced mast cell activity during cell culture and food allergy. Mast cells were activated via IgE and antigen and the effects of PDI inhibition on mast cell activation were assessed. The effects of PDI blockade in vivo were examined by treating mice with the irreversible PDI inhibitor, PACMA-31, in an ovalbumin-induced model of food allergy. The role of dietary PDI modulators was investigated using various dietary compounds including curcumin and quercetin-3-rutinoside (rutin). PDI expression was observed on resting mast cell surfaces, intracellularly, and in the intestines of allergic mice. Furthermore, enhanced secretion of extracellular PDI was observed on mast cell membranes during IgE and antigen activation. Insulin turbidimetric assays demonstrated that curcumin is a potent PDI inhibitor and pre-treatment of mast cells with curcumin or established PDI inhibitors such as bacitracin, rutin or PACMA-31, resulted in the suppression of IgE-mediated activation and the secretion of various cytokines. This was accompanied by decreased mast cell proliferation, FcεRI expression, and mast cell degranulation. Similarly, treatment of allergic BALB/c mice with PACMA-31 attenuated the development of food allergy resulting in decreased allergic diarrhea, mast cell activation, and fewer intestinal mast cells. The production of TH2-specific cytokines was also suppressed. Our observations suggest that PDI catalytic activity is essential in the regulation of mast cell activation, and that its blockade may benefit patients with allergic inflammation.
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Introduction

IgE-mediated mast cell activation is a critical component in the induction of allergic responses to food-derived antigens (1–3). The cross-linking of food-specific antigens by IgE-bearing mast cells in the intestinal tract induces a stepwise cascade of activation-induced events, resulting first in the release of various pre-formed mediators from mast cell granules, followed by the synthesis of several de novo substances including various cytokines and lipid mediators. These events are tightly orchestrated involving several phosphorylative reactions that culminate in the activation of transcription factors which regulate gene expression.

We have previously shown that food-derived components such as curcumin can attenuate the development of mast cell responses during food allergy (4, 5). Curcumin, a natural product found in the spice turmeric has well-known pharmacological properties, including anti-allergic (4, 6, 7), anti-inflammatory (8), and anti-cancer activities (9, 10). Despite the interest in curcumin and its analogues as potential therapeutics (9), there is no consensus on the molecular mechanisms by which it exerts pharmacological action. While some studies have demonstrated curcumin acts upon various transcription factors to regulate the expression of enzymes and cytokines (4, 11), other studies suggest that curcumin exerts these effects by modulating the redox status of the target cell (12).

We hypothesized that dietary components such as curcumin may modulate the mast cell response during food allergy by inhibiting the direct activation of circulating proteins and enzymes and explored likely targets. One common mechanism of protein activation is through an allosteric disulfide bond, where a disulfide will rearrange to alter the intra- or intermolecular structure of the protein to activate or inactivate it (13). The rearrangement of these disulfide bonds is often accomplished through a thiol reductase enzyme such as protein disulfide isomerase (PDI).

Thiol isomerases such as PDI catalyze the breakage, formation and rearrangement of disulfide bonds, regulating protein folding within the endoplasmic reticulum (ER) (14, 15). However more recent studies have determined extracellular roles for PDI including the activation of thrombus formation (16), entry of HIV into lymphocytes (17), and the survival and progression of various cancers (18).

In this study, we verify the PDI inhibitory activity of curcumin and explore the role that PDI plays in the development of mast cell-mediated responses during food allergy using known PDI inhibitors. To date, with the exception of a postulation that PDI catalyzes the formation of IgG4 under conditions of chronic antigen exposure (19), there has been no known role of the enzyme in the development of mast cell-dependent allergic responses. Here, we show for the first time that mast cells express extracellular PDI on their surface and that blockade of PDI in mast cells suppresses their function and attenuates the development of mast cell responses during food allergy. Pretreatment of bone marrow-derived mast cells (BMMCs) with PDI inhibitors including dietary PDI modulators suppressed their activation and degranulation, resulting in the decreased expression and secretion of various mast cell-derived cytokines. Furthermore, treatment of wild-type mice with PACMA-31 (an orally active irreversible PDI inhibitor) in a model of ovalbumin (OVA)-induced food allergy resulted in a significant attenuation in the development of food allergy symptoms including decreases in allergic diarrhea, mast cell activation and allergen-specific IgE. These data demonstrate that PDI plays vital roles during mast cell-mediated responses by regulating mast cell activation and cytokine production. Furthermore, dietary components can modulate mast cell activation during allergic responses by regulating PDI activity, suggesting that blocking PDI function may prove to be of therapeutic benefit in allergic patients.



Materials and Methods


Animals

BALB/c mice were purchased from Taconic Farms and Envigo. All mice were bred in our facility and all animal research was approved by the IACUC of Western New England University.



Insulin Turbidity Assay

PDI activity was measured via PDI-catalyzed reduction of insulin in the insulin turbidity assay as previously described by us and others (20–22). Briefly, the reaction mixture consisted of 100 mM potassium phosphate (pH 7.4), 0.75 mM DTT, 2 mM EDTA, 35 µg/ul of bovine insulin, and 0.8 µg purified human PDI in a total volume of 30 μl in a 384-well plate. The progress of the reaction was monitored for 90 min at 37°C. Curcumin, PACMA-31 or control buffer was added prior to the addition of enzyme at the concentrations indicated. PDI activity in the presence of compound was determined by the following formula: PDI activity (%) = (OD[compound + PDI + DTT] – OD[DTT])/(OD[PDI + DTT] – OD[DTT]) × 100%. Enzyme inhibition was determined by the following formula: enzyme inhibition = (1 – [ODmax{compound + enzyme}/ODmax{buffer control + enzyme}]).



BMMC Culture

BMMCs were generated from naïve BALB/c mice and cultured with 10 ng/ml of rIL-3 (Shenandoah) and rSCF (Shenandoah) for >4 weeks as we have previously described (23). Harvested BMMC were positive for c-Kit and FcϵRI.



BMMC Activation and Pre-Treatment With PDI Inhibitors

1 × 106 BMMCs/ml were cultured in triplicates with 10 ng/ml IL-3 and SCF. Cells were activated by pre-sensitizing with 1 µg/ml DNP-IgE (clone SPE7, Sigma) or vehicle (medium), followed by treatment with 200 ng/ml DNP-BSA (5, 24). Increasing concentrations of curcumin (Sigma), bacitracin (Sigma), quercetin-3-rutinoside hydrate or rutin (Sigma), and propynoic acid carbamoyl methyl amide (PACMA)-31 (Sigma) or vehicle (DMSO) were added to various experimental groups for different time periods (including 30 min and 24 h) prior to challenge with DNP-BSA. Expression of cytokine genes was assessed by RT-PCR between 30 min to 1 h following activation. Assessment of secreted cytokines was performed 6 to 24 h later.



Measurement of ER Stress

ER stress was induced by adding brefeldin A (1 µg/ml) to unactivated BMMCs or cells activated with IgE and antigen as described above. The effects of PDI inhibition were examined by treating with PDI inhibitors such as curcumin or PACMA-31. Six hours after activation with IgE/Ag, cells were stained for surface antigens such as c-Kit or FcεRI with fluorescently-labeled mAbs. Intracellular cytokine staining was then performed using a kit from Biolegend (San Diego, CA). Cells were fixed, then permeabilized and stained for various cytokines using mAbs. Cytokine-producing cells were enumerated by flow cytometry.



Quantitative PCR Analysis and ELISAs

Quantitative RT-PCR was performed as previously described using Taqman probes (5, 24). Expression of cytokine genes (IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-33, TNF-α, IFN-γ) and PDI (P4HB, PDIA3) was calculated relative to GAPDH transcripts. ELISAs for mMCP-1 (Affymetrix), IL-4, IL-5, IL-6, TNF-α, and IFN-γ (Biolegend), IL-13 (R&D Systems), and OVA-IgE were performed according to manufacturers’ protocols as previously described (5, 24).



β-Hexosaminidase (β-Hex) Assay

BMMCs were activated with DNP-IgE and DNP-BSA in the presence or absence of various PDI inhibitors. β-hex activity in cell culture supernatants was assessed as previously described by us (5, 24). Percent cellular content was calculated according to the following formula: (amount released into supernatant)/(amount in supernatant + amount in lysate) × 100.



BMMC Proliferation

BMMCs were cultured with rIL-3 and rSCF as described above. Some groups of cells were treated with various concentrations of bacitracin, rutin or PACMA-31. Cells were counted daily for 4 to 5 days, and live cells were enumerated on the basis of trypan blue exclusion.



Flow Cytometry

BMMCs and MC/9 cells (a murine mast cell line) were incubated with mAbs against mouse c-Kit (Biolegend), FcεRI (Biolegend), PDI (Life Technologies), and isotype controls for PDI (IgG2a/Life Technologies). Expression of cell surface PDI was assessed at various times in cells after activation with IgE and antigen and in unactivated controls. Intracellular PDI expression was assessed 30 min later in fixed and permeabilized cells. Flow cytometric analysis was performed using an Accuri C6 flow cytometer and Flow jo software.



Western Blot

BMMCs and MC/9 cells were activated with DNP-IgE and DNP-BSA and total protein extracts were harvested after 4 h. Western blot was performed as previously described (4). PDI detection was performed using a rabbit anti-PDI mAb (1:1000; Cell Signaling).



Food Allergy Regimen

To induce food allergy, BALB/c mice were i.p. immunized with 50 μg chicken egg OVA in 1 mg alum twice as previously described (5, 24). Mice were challenged i.g. with 50 mg OVA on 6 alternating days. Control animals were i.p. sensitized but not challenged with OVA. One hour after the sixth challenge, mice were sacrificed and assessed as previously described (5, 24, 25). To assess the effects of PACMA-31 exposure in allergic mice, some groups of mice (both controls and OVA-challenged animals) were gavaged with 10 mg/kg (300 µg) of PACMA-31 suspended in 250 µl 1% carboxy methyl cellulose (CMC) as previously described (4). Treatment with PACMA-31 was initiated one day prior to challenge with OVA and continued daily until sacrifice. Mice were sacrificed 1 h after the sixth challenge with OVA and food allergy parameters were assessed as previously described (4, 5, 24). The development of intestinal anaphylaxis was assessed as described below. Blood was collected for evaluation of antibodies and mMCP-1 in serum. Jejunum was collected for histological assessment of mast cells and evaluation of cytokine gene expression by RT-PCR as described above. Spleens were collected for evaluation of systemic cytokine production by T cells.



Measurement of Intestinal Anaphylaxis

Intestinal anaphylaxis was assessed in challenged mice by scoring the percentage of animals exhibiting allergic diarrhea for one h after OVA challenge (4, 25).



Histological Analysis and Enumeration of Mast Cells

Intestinal mast cells were enumerated as previously described by us (26). Tissue sections were stained with chloroacetate esterase (CAE) and mast cells were counted in complete cross-sections of jejunum.



Spleen Stimulation

Spleen cells were cultured with medium, 200 μg/ml OVA or anti-CD3 and anti-CD28 and cytokines were enumerated in supernatants as previously described (5, 24).



Statistical Analysis

Data are expressed as mean ± SEM, unless stated otherwise. Statistical significance comparing different sets of mice (between 2 groups) was determined by the unpaired Student’s t-test, whenever applicable. In experiments comparing multiple experimental groups or time points, one or two-way analysis of variance was performed followed by the Dunnett test for multiple comparisons.




Results


Curcumin Inhibits Protein Disulfide Isomerase Activity and Suppresses IgE-Mediated Mast Cell Activation

We have previously demonstrated that food-derived substances such as curcumin can modulate mast cell responses during food allergy by suppressing their activation and pro-allergic effects (4). The proper folding and assembly of proteins catalyzed by PDI as well as their dimerization is a critical component of cellular function, suggesting that the modulation of mast cell responses during allergic inflammation may depend on cell-specific regulation of PDI activity. Furthermore, a number of recent studies suggest novel roles for dietary PDI inhibitors in regulating cellular activation and altering disease progression (27, 28). This includes polyphenolic flavonoids such as the quercetin-3-glycosides, which have been shown to inhibit PDI both in vitro and in mice (20). We therefore wondered whether the effects of curcumin on mast cells may also be mediated via inhibition of PDI catalytic activity. Using a modified version of the insulin turbidimetric assay that measures PDI catalytic activity (20–22), we therefore explored the potential of curcumin to also inhibit PDI activity (Figure 1A). Curcumin inhibited PDI activity in a dose-dependent manner, suggesting that its ability to inhibit mast cell activation in vivo may be dependent on regulation of PDI activity (Figure 1A). PDI catalytic activity is highly induced during conditions of ER stress and upregulation of the unfolded protein response (UPR). To therefore further assess whether the inhibitory effects of curcumin on mast cells maybe mediated via PDI inhibition, we examined its role in IgE-activated mast cells under conditions of ER stress. One way of inducing ER stress in cells is to block protein transport using the chemical, brefeldin A (29). Brefeldin A inhibits transport of proteins from the ER to the Golgi and induces retrograde protein transport from the Golgi apparatus to the ER. This results in the accumulation of unfolded proteins in the ER. Examination of TNF-α cytokine production by BMMCs after IgE-induced activation using intracellular cytokine staining revealed a significant decrease in the generation of TNF-α-producing cells in the presence of curcumin (Figure 1B). Furthermore, pretreatment of BMMCs with curcumin prior to activation with IgE and antigen resulted in a significant decrease in the production of the cytokines IL-4, IL-6, IL-13, and TNF-α (Figures 1C–F). Collectively, these data demonstrate that curcumin inhibits PDI activity and its effects on mast cells may be mediated via PDI inhibition, warranting further assessment of the role of PDI during mast cell-mediated responses.




Figure 1 | Curcumin inhibits PDI catalytic activity and suppresses IgE-mediated mast cell-derived cytokine production. (A) PDI activity was measured using the insulin-based turbidimetric assay in the absence (red) or presence of 0.3 µM (orange), 1 µM (green), 3 µM (blue), or 10 µM (purple) curcumin. The brown line represents baseline with DTT in the absence of PDI. (B) BMMCs were pre-treated with 30µM curcumin overnight and activated with DNP-IgE (1µg/ml) and DNP-BSA (200 ng/ml) in the presence or absence of Brefeldin A (1 µg/ml). Six h later, TNF-α-positive cells were enumerated using intracellular staining. (C–F) BMMCs were pre-treated with 30 µM curcumin and activated via DNP-IgE and antigen. Supernatants were collected 12 h later and were evaluated for the presence of IL-4, IL-6, IL-13, and TNF-α by ELISA. Data are representative of three or more independent experiments. ** p < 0.0051; ***p < 0.0005; ****p < 0.0001 (students t-test).





Bacitracin Pre-Treatment Modulates Cytokine Gene Expression and Secretion in IgE-Activated Mast Cells

The ubiquitous expression of PDI and its importance in protein folding presents a major challenge to examination of its activity using gene knockdown strategies. Knockdown of PDI is lethal in yeast and mammalian cell lines (30) and to date, no viable strains of PDI knockout mice exist. As such, the functions of PDI both in vitro and in vivo have often been studied using various small molecule inhibitors of PDI as well as PDI-blocking antibodies. To further investigate the role of PDI during mast cell activation and function, we therefore assessed the effects of pre-treatment with various PDI inhibitors on mast cell cytokine production after activation with IgE and antigen. We explored the effects of three well-established PDI inhibitors to verify they all had the same effect and corroborate that the process was PDI-dependent. The following stepwise approach was utilized: assessment of mast cell function using classic PDI inhibitors such as bacitracin, examination of the effects of clinically validated PDI inhibitors such as rutin on mast cells, and confirmation of PDI activity in mast cells using selective PDI inhibitors such as PACMA-31.

The effects of PDI in cell studies have historically been studied using the topical peptide antibiotic, bacitracin (27, 31). Bacitracin is a well-studied, non-selective inhibitor of PDI and blocks PDI function in the high micromolar range (IC50 of 70µM in insulin reductase assays) inhibiting disulfide bond formation (32). Bacitracin is also non cell-permeable (27). Therefore, its effects on PDI catalytic activity maybe mediated via inhibition of cell surface PDI. To examine the effects of bacitracin pre-treatment on IgE-mediated activation in mast cells, BMMCs were pre-treated with increasing concentrations of the drug overnight prior to activation via IgE and antigen. The dose-dependent effects of bacitracin pre-treatment on cytokine were then assessed. As expected, IgE-mediated activation of BMMCs resulted in the enhanced secretion of IL-4, IL-6, IL-13, and TNF-α into cell culture supernatants (Figures 2A–D). In contrast, pre-treatment with various doses of bacitracin, resulted in a dose-dependent inhibition of cytokine secretion (Figures 2A–D), suggesting that bacitracin suppresses mast cell-mediated cytokine production by inhibiting the activity of PDI during IgE-induced activation. Similar effects were also observed on the induction of cytokine gene transcription (Supplementary Figures 1A–C). These data therefore suggest that inhibition of PDI activity can suppress the production of cytokines by IgE-activated mast cells. Furthermore, they also strongly implicate a role for extracellular PDI activity, as bacitracin is a non-cell membrane permeable PDI inhibitor.




Figure 2 | Pre-treatment with PDI inhibitors suppresses the secretion of cytokines in IgE-activated BMMCs. BMMCs were treated with increasing doses of (A–D) bacitracin (Bac) or (E–H) rutin (Rut) overnight and activated via IgE and antigen stimulation as in Figure 1. Supernatants were collected 12 h after activation and ELISAs were performed for IL-4, IL-6, IL-13, and TNF-α. Data are representative of two or more independent experiments. Statistical signifance between multiple groups was performed using one-way ANOVA with p < 0.0001. Significance for means of groups treated with Bac or Rut compared to mean of untreated cells is shown above bars representing the groups respectively. *p < 0.03; **p < 0.002; ***p < 0.0002; ****p < 0.0001 (Dunnet's post-hoc test).





Rutin Pre-Treatment Modulates Cytokine Secretion in IgE-Activated Mast Cells

While bacitracin is widely used in research as a PDI antagonist, its clinical use in vivo is hampered by its low membrane permeability and adverse side effects such as nephrotoxicity (27). To therefore further confirm that PDI plays an important role in mast cell activation, we utilized a second well-established inhibitor of PDI, rutin (IC50 6 µM in insulin reductase assays (27)), in human studies (28, 33, 34). The polyphenolic flavonoid, quercitin-3-rutinoside (rutin) was recently shown to be a potent small molecule inhibitor of PDI (20). Quercetin and its derivatives such as rutin are ubiquitously present in many fruits and vegetables (27), suggesting that they may have the potential to modulate mast cell function in a manner similar to that observed with curcumin (4). To therefore further investigate the importance of PDI during mast cell activation and confirm the effects observed above with bacitracin, we also cultured BMMCs with increasing concentrations of rutin, and assessed the production of mast cell-derived cytokines. As observed above, pre-treatment with increasing concentrations of rutin, also suppressed cytokine gene expression (Supplementary Figures 1D–F) and the production of mast cell-derived cytokines in a dose-dependent manner (Figures 2E–H), suggesting that mast cell activity during immune responses in vivo may be modulated by the fine-tuning of cell-specific PDI activity.



Pre-Treatment With Bacitracin or Rutin Suppresses Release of Pre-Formed Mediators and Influences Long-Term Cell Survival

Our observations above demonstrating a dose-dependent suppression of cytokine expression and secretion by PDI inhibitors are consistent with well-described roles of PDIs as molecular chaperones during the intracellular generation of various proteins. To further determine whether PDI is also involved during mast cell degranulation and the release of pre-formed mediators, we examined cell culture supernatants immediately after activation with DNP-BSA, and assessed the secretion of the enzyme β-hexosaminidase (β-hex) as previously described (24). As observed in Figure 3A, IgE-mediated activation induced the secretion of β-hex into cell culture supernatants 15 min later compared with unactivated controls (Figure 3A). In contrast, pre-treatment with increasing concentrations of either bacitracin or rutin, resulted in decreased secretion of this enzyme in activated cells (Figure 3A). These data suggest that inhibition of PDI can suppress the release of pre-formed mediators from mast cell granules after IgE-mediated activation. Furthermore, the total cellular β-hex content was also decreased in cells treated with PDI inhibitors (data not shown), suggesting that PDI inhibition may also block β-hex production. However, a much smaller effect on the extent of intrinsic mast cell degranulation was observed (Figure 3B).




Figure 3 | Pre-treatment with PDI inhibitors suppresses mast cell degranulation and cell proliferation. (A, B) BMMCs were cultured with varying concentrations of bacitracin or rutin as described above. Mast cell degranulation was assessed by pre-sensitizing BMMCs with DNP-IgE followed by challenge with DNP-BSA. Supernatants and cell lysates were collected and the β-hex assay was performed. (A) O.D. values correlating to β-hex release in supernatants and (B) percent degranulation (percent cellular content) of BMMCs is shown. (C) The effects of treatment with PDI inhibitors on BMMC proliferation and survival were assessed. BMMCs were cultured in triplicates with rIL-3 and rSCF for 5 days in the presence of varying concentrations of bacitracin or rutin and vehicle (DMSO). Cells were counted daily. Numbers of live cells are shown. Data are representative of 2 independent experiments. *p < 0.05; **p < 0.005 (students t-test). ****p < 0.0001 using two-way ANOVA between untreated controls and 10µM-treated groups.



To further investigate the effects of PDI inhibition on mast cells, we also examined the effects of bacitracin and rutin exposure on BMMC proliferation and survival as previously described (24). BMMCs were cultured with IL-3 and SCF, along with various concentrations of bacitracin, rutin, or vehicle. Their proliferation and/or survival was followed for 5 days and live cells were enumerated using trypan blue exclusion. As observed in Figure 3C and data not shown, co-culture with bacitracin or rutin for 5 days, resulted in an overall dose-dependent decrease in BMMC proliferation and survival, suggesting that PDI activity may regulate mast cell homeostasis and proliferation possibly by modulating intracellular protein folding during cell growth. This is consistent with the known roles of PDI as an important housekeeping protein necessary for cell survival (30). However, treatment with both PDI inhibitors had no effects on cell viability and proliferation for at least up to 48 h (for the 10µM doses) or longer (for the 1µM doses) after treatment. At these time points, percentages of live cells were comparable between groups and no changes in percentages of dead cells, approximately 10%, were observed. This confirms that the effects of the PDI inhibitors on IgE-mediated mast cell activation described above are not due to cell death but reduction of catalytic activity consistent with reported observations in other (27).



Suppression of Mast Cell Activation and Function by the PDI-Selective Inhibitor, PACMA-31

Lastly, to verify that PDI plays an important role in these processes, we used a PDI selective compound, shown to have potent anti-PDI activity in animal studies. Recently, a class of propynoic acid carbomyl methyl amides (PACMAs) was shown to have broad-spectrum activity against various cancer cell lines (18, 35). Of these, the small molecule compound, PACMA-31, was shown to have irreversible activity against PDI (IC50 of 10µM in animal studies (35)), forming a covalent bond with active site cysteines, and exhibited in vivo activity with oral bioavailability in a mouse xenograft model of ovarian cancer (35). Furthermore, PACMA-31 has a greater selectivity for PDI over other thiol isomerases compared to bacitracin. We therefore investigated whether PACMA-31 would also inhibit PDI in our confirmatory assays and assessed its effects on mast cell activation and function in our model. As observed in Figure 4A, PACMA-31 is a potent inhibitor of PDI in cell-free enzymatic assays and inhibits the insulin reduction catalytic activity of PDI in a dose-dependent manner. A comparison of the PDI inhibitory activity of PACMA-31 with curcumin is shown in Supplementary Figure 2. To further investigate whether PACMA-31 has similar dose-dependent effects on functional studies in mast cells, we treated BMMCs with various concentrations (10µM and 30µM) of PACMA-31. As observed in the case of bacitracin and rutin above, pre-treatment of BMMCs with PACMA-31 overnight (Figures 4B–E) resulted in a significant suppression of mast cell activation as evidenced by reduced mast cell cytokine production (Figures 4B–D) and decreased overall mast cell survival (Figure 4E).




Figure 4 | PACMA-31 inhibits PDI and pre-treatment with PACMA-31 suppresses BMMC proliferation and cytokine secretion in IgE-activated mast cells. (A) PDI catalytic activity was measured using the insulin-based turbidimetric assay in the absence or presence of various concentrations of PACMA-31. (B–E) BMMCs were treated with 10µM or 30µM PACMA-31 (P-31) overnight and activated via IgE and antigen stimulation. Supernatants were collected 12 h after activation and ELISAs were performed for respective cytokines. (F) BMMCs were cultured with rIL-3 and rSCF for 5 days and the effects of PACMA-31 treatment on mast cell proliferation were assessed. Numbers of live cells at different time points are shown. Data are representative of 3 or more independent experiments. *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001 (student’s t-test). ‡p < 0.0001 by two-way ANOVA between untreated cells and P-31–treated groups.





Enhanced Secretion of PDI in Activated Mast Cells

Our data above demonstrates a significant reduction in mast cell functional activity and activation-induced events such as cytokine production when exposed to PDI inhibitors, suggesting that PDI enzymatic activity is induced in mast cells after activation has occurred. This is consistent with the known effects of PDI during cellular activation in various cells. Interestingly, several recent studies have also identified novel functional roles for extracellular secreted PDI in various cells (16, 36–40). PDI bound to integrins on the surfaces of these cells has been shown to exert extracellular effects and modulate cellular function. As such, we wondered whether extracellular PDI is also secreted by mast cells during IgE-activation and whether cell-surface PDI may likely be a target of our PDI inhibitors.

To further explore the role of PDI and evaluate its activity during mast cell activation, we assessed the expression of PDI in resting and IgE-activated BMMCs by quantitative PCR. PDI is the gene originally identified as the β-subunit of prolyl-4-hydroxylase (P4HB) that catalyzes the formation of 4-hydroxyproline in collagen (reviewed in (41)). We therefore assessed the expression of the P4HB gene in resting and activated mast cells. As seen in Figure 5A, basal expression of the P4HB gene may be observed in resting BMMCs consistent with its role as an intracellular chaperone. However, no further increase in gene expression was observed in IgE-activated BMMCs a few h after activation, suggesting that the intracellular transcriptional levels of PDI remain stable after activation has occurred (Figure 5A). This is not surprising as it is the increased enzymatic activity of PDI and not its cellular expression levels that contribute to changes in cellular function.




Figure 5 | Upregulation of PDI expression in mast cells after activation with IgE and antigen. (A) BMMCs were activated with DNP-IgE and antigen and cells were collected for RT-PCR analysis after 4 h. Expression of P4HB is shown. (B–D) In other experiments, activated BMMCs or MC/9 cells and controls were examined for the expression of PDI family members by flow cytometry. (B) Histogram overlay depicting increase in PDI expression in activated BMMCs compared to isotype control is shown. (C) Plot depicting calculated median fluorescence intensity of PDI expression is shown. (D) Intracellular expression of PDI in fixed and permeabilized cells is shown. Isotype controls are represented as dashed lines. (E) Western blot for PDI in MC/9 cells. Data are representative of 2 independent experiments. **p < 0.01 (student’s t-test).



The secretion and extracellular activity of PDI in endothelial cells and platelets is well-established (16, 40, 42, 43), but its extracellular role in mast cells is unknown. To determine whether PDI can be detected on the surface of mast cells, we assessed the secretion of PDI using flow cytometry. As seen in Figures 5B, C, extracellular PDI can be detected on both resting and activated mast cells, with increased expression being observed a few min after activation. Quantification of the median fluorescence intensity of PDI expression revealed a significant increase in the presence of this molecule on the surfaces of cells activated with IgE and antigen (Figure 5C). These data therefore suggest that extracellular PDI is present on the cell membranes of resting mast cells, where it has the potential to modulate cellular function via its enzymatic activity. The secretion of extracellular PDI is further enhanced soon after IgE activation has occurred. Next, to examine the levels of intracellular PDI protein in mast cells, we evaluated its presence in unactivated and IgE-activated mast cells six h after IgE-activation had occurred. As observed in Figure 5A above, intracellular PDI was detected both constitutively and in activated mast cells by flow cytometry (Figure 5D). A small but demonstrable increase was observed in activated cells, although the overall levels appeared to be similar (Figure 5D), consistent with observations of intracellular PDI levels in other cell types (16, 36, 38–40). This was also confirmed by Western blot analysis (Figure 5E). These data therefore demonstrate that PDI is secreted on the surfaces of mast cells, where they may be a likely target of naturally occurring food-derived PDI inhibitors.



PDI Inhibition During Mast Cell Activation Is Sufficient to Suppress IgE-Induced Cytokine Production

The data above suggest that PDI can be secreted by mast cells after activation, with the potential to modulate downstream events such as the transcription of cytokine genes. To further assess the role of PDI inhibition on mast cell activation, we examined the effects of PACMA-31 pre-treatment on the expression of the high affinity receptor for IgE, FcεRI, on resting and activated BMMCs. As observed in Figure 6A, resting BMMCs express high levels of unbound FcεRI. In contrast, pre-incubation with PACMA-31 significantly decreased the expression of the receptor in BMMCs. In activated mast cells, the overall intensity of unbound FcεRI expression was decreased as would be expected as a consequence of saturation by IgE molecules. However, this was further reduced in PACMA-31-exposed and IgE-activated BMMCs.




Figure 6 | Evaluation of FcεRI expression, cell surface PDI inhibition and ER stress in PACMA-31–treated and IgE-activated BMMCs. (A) BMMCs were cultured with PACMA-31 overnight and the expression of FcεRI was assessed in unactivated and activated cells. Mean fluorescence intensity is shown. (B–D) BMMCs were treated with 30 μM PACMA-31 for 30 min and activated via IgE and antigen stimulation. Supernatants were collected 6 h after activation and ELISAs were performed for respective cytokines. (E) BMMCs were pre-treated with anti-PDI mAb for 6 h and activated via IgE and Ag. IL-13 secretion into cell supernatants was assessed by ELISA. (F–I) BMMCs were pre-treated with PACMA-31 overnight and activated via IgE and antigen. ER stress was induced by adding Brefeldin A during activation. Intracellular staining was performed 6 h later. (F) Numbers of cytokine producing cells (G–H) representative histogram overlays and (I) Median Fluorescence intensity for cytokines is shown. Data are representative of 2 independent experiments. *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001 (student’s t-test).



It is possible that in the experiments above, the effects of PACMA-31 were mediated via inhibition of constitutively present cell surface PDI. To further investigate the effects of PDI inhibition during mast cell activation and to determine whether activation-associated PDI activity can modulate downstream cellular events, BMMCs were incubated with PACMA-31 starting 30 min prior to activation with DNP-BSA. Six h post-challenge with antigen, the levels of cytokines in supernatants were assessed. As observed in Figures 6B–D, the levels of TNF-α, IL-6, and IL-13 were suppressed in the PACMA-31–treated samples compared to untreated controls, suggesting that inhibition of activation-induced PDI activity may be sufficient to alter mast cell responses in vivo. Furthermore, inhibition of PDI was sufficient to attenuate the suppression of both pre-formed mediators such as TNF-α as well as de novo synthesized cytokines such as IL-13. To further confirm the effects of inhibition of cell surface PDI, BMMCs were treated with an anti-PDI mAb (Abcam), followed by activation via IgE and antigen (Figure 6E). As expected, extracellular PDI blockade also resulted in suppression of mast cell-derived IL-13 as seen in Figure 6E. Lastly, to determine whether PDI blockade by PACMA-31 during ER stress can inhibit the production of mast cell-derived cytokines, BMMCs were cultured with brefeldin A just before activating with DNP-BSA as described in Figure 1. Pre-treatment of cells with PACMA-31 significantly attenuated the capacity of BMMCs to produce IL-13 and TNF-α as shown in Figures 6F to H. Furthermore, the median fluorescence intensity of both cytokines was also decreased in PACMA-31-treated cells (Figures 6G–I). These data therefore strongly suggest that IgE-mediated mast cell activation can be regulated by the catalytic activity of mast cell surface PDI.



PDI Inhibition Suppresses Mast Cell Responses in a Mouse Model of Food Allergy

Our data above demonstrate a significant role for PDI during mast cell activation and function in cell culture. To ascertain whether blocking PDI activity in vivo will have similar effects on mast cell responses, we assessed the effects of PACMA-31 treatment in a mast cell-mediated model of intestinal food anaphylaxis. Briefly, mice were sensitized and challenged with the egg allergen OVA as previously described (24) (Figure 7A). Beginning one day prior to challenge with OVA, some groups of mice were orally gavaged with PACMA-31 suspended in 1% carboxy methyl cellulose as previously described (4) (Figure 7A). As observed in Figure 7B, OVA-sensitized and challenged mice developed profuse diarrhea in comparison with OVA-sensitized controls. This correlated with an increase in OVA-specific IgE production as enumerated in the serum (Figure 7C). In contrast, PACMA-31–gavaged animals did not develop diarrhea and exhibited decreased serum OVA-IgE levels (Figures 7B, C).




Figure 7 | PACMA-31 treatment suppresses the development of food allergy in OVA-sensitized and challenged mice. (A) BALB/c mice were sensitized and challenged with OVA as shown. Some groups of animals were also gavaged with 300 µg PACMA-31 suspended in 1% CMC. (B) Percent of diarrhea-positive animals. (C) Serum OVA-IgE levels (D) Numbers of CAE+ jejunal mast cells. (E) Serum mMCP-1 levels are shown. n=7 mice/group. Data are representative of 2 independent experiments. *p < 0.05; **p < 0.01 (student’s t-test).



Furthermore, enumeration of mast cells in the small intestine revealed a significant upregulation of chloroacetate esterase-positive mast cells in the jejunum of OVA-sensitized and challenged mice (Figure 7D and Supplementary Figure 3). Far fewer mast cells were observed in the jejunae of PACMA-31–treated animals (Figure 7D and Supplementary Figure 3). Similarly, the production of murine mast cell protease-1 (mMCP-1) was enhanced in OVA-challenged allergic mice compared to unchallenged controls (Figure 7E). In contrast, serum levels of this enzyme were decreased in PACMA-31–treated mice, suggesting decreased mast cell activation in these animals (Figure 7E). Furthermore, the expression of various TH2-type cytokines including IL-4, IL-5, IL-13, IL-9, and IL-10 was significantly reduced in the OVA-challenged PACMA-31-treated group compared to the OVA-challenged controls (Figures 8A–E).




Figure 8 | Expression of intestinal PDI in allergic mice and suppression of jejunal Th2 cytokine expression by PACMA-31. BALB/c mice were sensitized and challenged with OVA. Some groups of animals were also gavaged with 300 µg PACMA-31 suspended in 1% CMC. The expression of mRNA for various cytokines (A–E), and (F) P4HB was assessed using established Taqman probes and RT-PCR. n=7 mice/group. Data are representative of 2 independent experiments. *p < 0.05; **p < 0.01 (student’s t-test).



The data above suggest that PDI activity in vivo may be enhanced during allergic responses and its inhibition can modulate mast cell function during food allergy. To determine whether this correlated with increased expression of PDI family members in the intestines of allergic mice, we assessed the levels of P4HB in the jejunae of experimental animals. As expected, expression of these genes was observed in the intestines of both controls and allergic animals and unchanged, consistent with enzymatic inhibition as opposed to decreased expression (Figure 8F).

Lastly, the effects of PDI inhibition on systemic TH2 cytokine production were assessed by stimulating spleen cells with OVA and examining the production of cytokines. As expected, the production of IL-4, IL-5, and IL-13 (Figures 9A–C) was enhanced in OVA-stimulated splenic cultures compared to unstimulated controls. In contrast, no enhancement of cytokine production was seen in similarly stimulated cells from PACMA-31–gavaged animals. Also, no differences in IFN-γ production were observed across all groups examined (Figure 9D). A similar pattern was observed in cells polyclonally stimulated with T cell agonists (Supplementary Figure 4). These data therefore suggest that PDI blockade can suppress TH2-specific cytokine production during allergic inflammation.




Figure 9 | Impaired TH2 cytokine production by spleen cells from OVA-challenged, PACMA-31–treated mice. BALB/c mice were sensitized and challenged with OVA. Some groups of animals were also gavaged with 300 µg PACMA-31 suspended in 1% CMC. Spleen cells were stimulated with OVA for 72 h. Levels of the cytokines (A) IL-4, (B) IL-5, (C) IL-13, and (D) IFN-γ were enumerated in the supernatants by ELISA. n=4 mice/group. Data are representative of 2 independent experiments. *p < 0.05 (student’s t-test).






Discussion

In this study, we report for the first time an important role for PDI in the modulation of mast cell homeostasis and mast cell-mediated allergic responses. Collectively, our data demonstrate that mast cells express PDI both constitutively and during IgE-mediated activation. The presence of PDI was also detected in the intestines of enterally-challenged allergic mice. Blockade of PDI activity at both the cellular and physiological levels resulted in a profound suppression of mast cell-mediated responses including decreased mast cell proliferative capacity, reduced secretion of mast cell cytokines, and protection from the development of food allergy.

PDI, a multifunctional ER thiol isomerase, is a 55-kDa protein that is the prototype of the PDI family of proteins. The PDI family comprises of 21 members (44). PDI family members play a critical role in the regulation of protein folding and assembly, both during physiological homeostasis as well as in conditions of cellular stress (15). Increased generation of unfolded or misfolded proteins during ER stress activates the UPR, resulting in reduced protein synthesis, an increase in the ER curvature, and the activation of PDI and other chaperones (45, 46).

The development of inflammation is thought to activate the UPR, resulting in the enhancement of protein synthesis and folding, and consequently increased PDI activity (47). Complex allergens in particular, such as food-derived proteins, have the potential to induce ER stress and upregulate the function of PDI family members (48). Despite this, the effects of PDI on immune cells has been poorly studied, and very little is known regarding its functions during allergic inflammation. Interestingly, a recent study demonstrated a critical role for a PDI family member, ERp57 in airway allergic responses (49). The expression of ERp57 was increased in lung epithelial cells in both allergen-challenged patients and in mice. Deletion of ERp57 in house dust-mite-challenged mice resulted in decreased airway inflammation and hyperreactivity, accompanied by decreased disulfide bridges in eotaxin, epidermal growth factor, and periostin in the lungs of allergic animals. These data suggest that modulation of PDI activity in vivo can influence the outcome of allergic sensitization and challenge.

We hypothesized that food-derived substances may have the potential to modulate mast cell responses during food allergy by inhibiting the activity of PDI. We have previously shown that widely consumed dietary components such as curcumin can suppress mast cell activation and inhibit the development of food allergy in mice (4). The suppression of mast cells by curcumin in this model was dependent on the inhibition of NF-κB activation (4). Similarly, Lee et al. also described anti-allergic effects of curcumin on mast cells (7). They found that the inhibitory effects of curcumin on cultured mast cells were mediated via inhibition of Syk kinase activity. In this study, we report the PDI inhibitory activity of curcumin, suggesting another potential mechanism for its anti-allergic effects. Since PDI is involved in the formation of disulfide bonds which is critical for the folding of many proteins including transcription factors, it is likely that the previously described suppression of proteins by curcumin and other dietary substances occurs via inhibition of PDI catalytic activity. In this context, in addition to curcumin, we demonstrate that another well-known dietary PDI modulator, rutin, also inhibits mast cell activation in our model. This is consistent with reported observations where quercetin and its derivatives, have been demonstrated to have potent anti-PDI activity in vivo in various clinical trials (27, 28). In this context, our data suggest that anti-inflammatory compounds such as curcumin and the flavonoids, which are ubiquitous in various types of diets including fruits, vegetables, wines and teas, also have the potential to alter PDI activity in human mast cells and suppress the development of allergic inflammation (27, 28, 50). While we did not specifically examine human mast cells or PDI expression in these cells in this study, it will be important to determine whether PDI has similar effects on IgE-mediated activation in human cells. In this context, interestingly, quercetin and other polyphenols have been shown to modulate human mast cell activity in other studies (51, 52).

Our data suggests that allergen-induced mast cell activation may be a likely target of PDI-dependent modulation by dietary substances, thereby mitigating the overall magnitude of the allergic response. Dietary PDI modulators may possibly attenuate the activity of extracellular or cell surface PDI on mast cells and other immune cells, thereby suppressing their overall activation, and decreasing the production of proinflammatory mediators. This was evidenced by treatment with various PDI inhibitors, which suppressed the IgE-mediated activation of mast cells and inhibited their degranulation and cytokine secretion. Furthermore, treatment with PACMA-31, an orally bioactive, irreversible inhibitor of PDI suppressed mast cell responses both in cell culture and during the development of food allergy, suggesting that therapeutic targeting of PDI in allergic patients may prove to be of benefit. Interestingly, PDI inhibition also attenuated the long-term survival of BMMCs, suggesting that modulation of PDI activity in vivo can influence the homeostasis of mast cells. Nonetheless, the effects of PDI inhibition on mast cell degranulation and cytokine secretion were unrelated to its effects on cell viability, as no significant effects on cellular viability were observed within the first 48 h, i.e. the percentages of live and dead cells between untreated and treated groups were comparable at this time point (Figures 3C and 4F).

In this report, we demonstrate for the first time the presence of PDI molecules on the surface of mast cells. Here, their enhanced extracellular activity (which can be blocked by PDI inhibitors) during mast cell activation may modulate downstream cellular events, contributing to changes in molecular and cellular function. In this context, cell-surface specific PDI has been found to be important for the functions of hepatocytes, endothelial cells, and platelets (27, 53). Furthermore, PDI has also been shown to be secreted into cell culture supernatants, which we did not ascertain in these studies (reviewed in (15)). It is thought that in these locations, PDI assists with redox protein folding, intramolecular thiol-disulfide exchanges and isomerization activities, as a result of highly specific interactions with various substrates. Future studies aimed at dissecting the contributions of both extracellular and intracellular PDI to mast cell activation will shed further light on the mechanisms by which PDI enhances mast cell responses. In particular, the effects of PDI catalytic activity on the formation of disulfide bonds in various proteins produced by mast cells or that activate them will be important to characterize. In this context, recent studies have elucidated novel roles for the disulfide dimer histamine-releasing factor (HRF) in mast cell-mediated allergic responses (54, 55). HRF forms dimers which can cross-link with IgE on basophils and mast cells and induce the secretion of enhanced levels of histamine, IL-4 and IL-13. Both increased levels of HRF-reactive IgE as well as increased numbers of HRF dimers were found in a recently described study of mast cell-mediated food allergy (54, 55). Similarly, patients with food allergy also had increased levels of serum HRF-reactive IgE and blockade of HRF function in the mouse model as well as oral immunotherapy in patients inhibited the allergic response (54, 55). In light of our data above, it is possible that the generation of HRF dimers in vivo may depend on PDI activity, resulting in the enhanced secretion of these proteins during allergic responses and the amplification of mast cell-mediated reactions.

The effects of PDI may also extend beyond its known isomerization activities. For example, recent studies demonstrate that PDI can increase the levels of reactive oxygen species (56) thus directly inducing oxidative stress and apoptosis, as well as activate transcription factors, such as NF- κB and AP-1 (57). In this context, we have previously demonstrated that the protective effects of curcumin on mast cells are mediated via inhibition of NF-κB activation (4), whereas another study demonstrated that flavonoids such as rutin can inhibit reactive oxygen species in mast cells (51). As such, further analysis of the effects of PDI inhibition on these and other parameters in mast cells will help elucidate the roles of PDI in these areas.

Lastly, this study demonstrates that PDI blockade has a profound effect on mast cell homeostasis (intestinal mast cell numbers), activation (mMCP-1 levels), and mast cell-mediated effects such as allergic diarrhea in the IgE and mast cell-dependent model of OVA-induced food allergy. However, although we have not examined other immune cell types in this study, it is likely that the activity of PDI family members is also altered in other cells during allergic responses. Particularly, our data in Figure 9 demonstrate that OVA-specific splenic responses are also suppressed in the food allergy model, thereby implicating a role for PDI in the modulation of allergen-specific T cells. Future studies aimed at examining the effects of PDI on various immune cells during food allergy are therefore necessary to clarify the differential effects of PDI modulation on immune cells and their contribution to the development of food allergy.

Taken together, our data suggest that PDI and its related family members may play vital roles in the regulation of mast cell activation during the allergic response, and that in vivo blockade of their activity may prove to be of therapeutic benefit in patients with mast cell-mediated disorders.
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Supplementary Figure 1 | Pre-treatment with bacitracin and rutin suppresses IgE-induced BMMC cytokine gene expression. BMMCs were treated with increasing doses of bacitracin (Bac) (A–C) or rutin (rut) (D–F) and activated via IgE and antigen stimulation. Cells were pooled and collected 1 h after activation and RNA and cDNA were prepared using established protocols. qRT-PCR was performed using Taqman probes. Expression of genes was calculated relative to that of GAPDH.

Supplementary Figure 2 | Comparison of the percent PDI inhibitory activity of curcumin and PACMA-31. The PDI inhibitory activity of curcumin and PACMA-31 were evaluated using the insulin turbidimetric assay. Bar graphs representing inhibition at the 40 min time point for various doses of the inhibitors are shown. Significance at each dose was calculated against the PDI added and untreated control group using one-way ANOVA (p< p=<0.0001).

Supplementary Figure 3 | Histology of small intestine from OVA-sensitized and challenged and PACMA-31–treated mice. Food allergy was induced in mice by sensitizing and challenging with OVA as in Figure 7A. Some groups were treated with PACMA-31 orally. Representative histological images depicting CAE-positive mast cells is shown for the (A) WT control (B) WT OVA (C) P-31 control and (D, E) two P-31 OVA groups. Mast cells are shown by an arrow.

Supplementary Figure 4 | Impaired polyclonal cytokine production by spleen cells from OVA-challenged, PACMA-31–treated mice. BALB/c mice were sensitized and challenged with OVA to induce food allergy. Some groups of animals were also gavaged with 300 µg PACMA-31 suspended in 1% CMC. Upon sacrifice, spleen cells were stimulated with anti-CD3 and anti-CD28 for 72 h. Levels of the cytokines (A) IL-4 (B) IL-5 (C) IL-13, and (D) IFN-γ were enumerated in the supernatants by ELISA. n = 4–7 mice/group. Data are representative of 2 independent experiments. *=p<0.05; **=p<0.01; ***=p<0.0001 (student’s t-test).
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OVA, ovalbumin; WT, wild-type; BMMCs, bone marrow-derived mast cells; PACMA-31, propynoic acid carbamoyl methyl amide; Rutin, quercetin-3-rutinoside.
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Food allergy now affects 6%–8% of children in the Western world; despite this, we understand little about why certain people become sensitized to food allergens. The dominant form of food allergy is mediated by food-specific immunoglobulin E (IgE) antibodies, which can cause a variety of symptoms, including life-threatening anaphylaxis. A central step in this immune response to food antigens that differentiates tolerance from allergy is the initial priming of T cells by antigen-presenting cells (APCs), primarily different types of dendritic cells (DCs). DCs, along with monocyte and macrophage populations, dictate oral tolerance versus allergy by shaping the T cell and subsequent B cell antibody response. A growing body of literature has shed light on the conditions under which antigen presentation occurs and how different types of T cell responses are induced by different APCs. We will review APC subsets in the gut and discuss mechanisms of APC-induced oral tolerance versus allergy to food identified using mouse models and patient samples.
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Introduction

Food allergy is a growing epidemic in the developed world, with 6%–8% of children and about 2% of the general population affected in the United States (1–4). A small group of foods including peanut, tree nuts, egg, milk, soy, wheat, fish, shellfish, and sesame cause over 90% of food allergies in the United States. For sufferers of food allergy, consuming the target allergen can lead to various body-wide symptoms including hives, swelling, gastrointestinal distress, cardiovascular, and respiratory compromise, and in rare instances, fatal anaphylaxis (5). The standard of care for food allergy treatment is to avoid consuming the allergenic food and to carry emergency medications in case of accidental ingestion (6). Despite advances made in food allergy treatment with oral immunotherapy, a cure is still elusive. Food allergy greatly affects quality of life, so more treatment options are direly needed (7). To identify therapeutic targets and advance research, it is crucial to understand the mechanisms underlying food allergy.

Food allergy is a type 2 immune reaction to dietary antigens that can manifest in several ways depending on the pathophysiological endotype (8); some forms of food allergy are dominated by the type 2 cellular response, whereas others primarily present with symptoms of the humoral type 2 response. This review will cover what is known about the regulation of the cellular and humoral immune reactions to food antigens by the dominant antigen-presenting cells of the immune system, dendritic cells (DCs).

The cellular immune response of type 2 immunity is coordinated by Th2 CD4+ T cells, which produce IL-4, -5, and -13 cytokines as well as chemokines and other chemical mediators; a subset of these T cells also make IL-9. The ensuing cellular response includes recruitment and activation of eosinophils, group 2 innate lymphoid cells, (ILC2s) and basophils, as well as changes to the epithelial barrier (9). ILC2s amplify the Th2 response within the gut by producing IL-5 and -13 and quickly react to the production of alarmin cytokines such as IL-25 from the gut epithelium (10). Th2 cells also induce a population of mucosal mast cells that produce IL-4, IL-9, and IL-13 (11), which expands the intestinal mast cell population while suppressing regulatory T (Treg) cell generation, enhancing susceptibility of anaphylaxis to food allergens (12, 13). Tregs are responsible for oral tolerance, the induction of non-responsiveness to gut antigens including food. Many such Tregs are induced within the gut [peripheral Tregs (pTreg)], and we will cover what is known about this important step in avoiding allergic sensitization to food.

The humoral immune response of type 2 immunity is epitomized by IgE, which is driven by two closely related populations of CD4+ T follicular helper (Tfh) cells, IL-4-producing Tfh2 and Il-4 and -13 producing Tfh13 cells (14). In contrast to allergic airway inflammation, mast cells are essential for the allergic IgE-mediated form of food allergy (15, 16). Cross-linking of high-affinity IgE on mature mast cell membranes induces release of the chemical mediators of anaphylaxis, the “weep and sweep” response; this eliminates the target of the IgE antibodies but can be life-threatening. There is also ample data that a positive feedback loop ensues from IgE-mediated mast cell activation, resulting in enhanced cellular type 2 immunity to food allergens (13). Other innate immune cells have also been implicated in contributing to anaphylactic responses in both human and mouse studies including basophils, platelets, macrophages, and neutrophils (17).

Mounting both of these adaptive immune responses begins by activating the correct type of antigen-presenting cell (APC). This requires innate immune activation, since in the absence of activating signals, APCs should induce antigen-specific T cell tolerance. Tolerance is the primary response of the gut immune system to food antigens. Antigen can be acquired by APCs in the gut lamina propria (LP) through multiple access points, including goblet cell-associated passages (18, 19), microfold (M) cell sampling in Peyer’s patches (PPs), and gut lumen sampling CX3CR1+ macrophages that pass off antigen to migratory DCs (20). These DCs migrate in a CCR7-dependent manner to provide either activating or tolerizing signals to naïve lymphocytes within gut-associated lymphoid tissues (GALT) (21). GALT are located throughout the intestine and include PPs, mesenteric lymph nodes (MLNs) and isolated lymphoid follicles (ILFs). These are unique cellular niches for induction of tolerance but are also sites for T cell priming and B cell activation. It is important to note that many theories on sensitization to food allergens implicate the skin rather than the gut as the relevant site based on clinical and experimental data (22). Therefore, we will also cover what is known about the APC response in the skin to food allergens.



APC Populations in the Gut

APCs encompass DCs, monocytes/macrophages and B cells (Table 1 and Figure 1). Little data exist on B cells functioning as APCs in food tolerance or sensitivity; therefore, this review will primarily focus on DCs and monocytes/macrophages in the response to food antigens, starting with a brief introduction on gut APCs.


Table 1 | Antigen presenting cells in the gut.






Figure 1 | Organization of the gut antigen presenting cell network. Blood pre-cDCs populate the lamina propria (LP), Peyer’s Patches (PP), and mesenteric lymph node (MLN) and differentiate into cDC1s and cDC2s. After being activated by antigen, LP cDC1s and cDC2s are able to migrate via afferent lymphatics to the gut-draining MLN via CCR7; these DCs are called migratory DCs (Mig DC). Similarly, cDC2s and possibly cDC1s in the subepithelial dome (SED) of the PPs are able to migrate to the intrafollicular zone (IFZ). Lysozyme+CX3CR1+ monocyte-derived DCs (mo-DC) also populate the SED. Pre-cDCs travel through the blood and seed the MLN and PP, where they differentiate into resident (Res) cDC1 and Res cDC2. Plasmacytoid DCs (pDCs) also populate the LP, PP, and MLN. Blood-derived monocytes differentiate into LP and PP macrophages (Mφ) as well as mo-DCs. Germinal center (GC), Microfold (M) cell, High endothelial venule (HEV).




Dendritic Cell Populations in the Gut

DCs are professional antigen-presenting cells that control both T cell tolerance and priming. Based on ontogeny, phenotype and function, DCs can be divided into conventional/classical DCs (cDCs) and plasmacytoid DCs (pDCs) [for review see (23)]. cDCs are further separated into two subsets, cDC1s and cDC2s (24).


Lamina Propria (LP)

Mouse LP is populated by CD103+CD11b-CLEC9A+XCR1+ cDC1s, CD103+CD11b+SIRPα+ cDC2s and then a population of cells that are CD103- CD11b+DCs (25–29). Human LP have analogous cDC populations with CD103+CD141+CLEC9A+XCR1+ cDC1s and CD103+CD1c+Sirpα+ cDC2s (21, 30, 31). Recently, new cDC2 subsets were identified in both human and mouse (32, 33). Since these new DC subsets have not yet been studied in food allergy or tolerance, we will not discuss them. cDC subsets in the LP can migrate into mesenteric lymph nodes (MLNs) via CCR7-driven chemotaxis (21, 34, 35). The LP contains a fourth population of CD11b+CX3CR1+ cells; whether these cells migrate to MLNs and prime T cells in vivo has been debated (28, 36–39). This is partly due to the mixed origin of CX3CR1+ cells in the LP (40). One Ly6C- and cDC-derived subset requires CCR2 for seeding the LP and subsequent CCR7-dependent migration to the MLN (27, 37). In contrast, a Ly6C+ monocyte-derived DC (mo-DC) subset, which is also CCR2-dependent, fails to express CCR7 or migrate to MLNs and therefore is not involved in naïve T cell priming in MLN (28, 38, 41, 42). A small population of CD103-CD11b- DCs are also present in the LP but are likely cDC1s and cDC2s as they have been shown to either express XCR1 or SIRPα (25). Finally, PDCA1+ pDCs responsible for regulating intestinal cDC mobilization towards the MLNs are also present in the LP (21, 43, 44).



Mesenteric Lymph Node (MLN)

In the MLN, four populations of CD11c+ MHCII+ cells are observed using CD11b and CD103 surface staining: 1, cDC1s, which encompass both migratory CD103+ CD11b-cDC1s from the LP and some CD11b-CD8α+ resident cDC1s (all are XCR1+ and CLEC9A+); 2, cDC2, which encompass CD103+CD11b+ migratory cDC2s and CD11b+ resident cDC2s (all are SIRPα+); 3, CD11b+CD103- cDC2s; and 4, depending on the inflammatory state, a monocyte-derived CD11b+CX3CR1+ population (25, 27–29). The expression of F4/80, Ly6C, CD64, Zbtb46, and CX3CR1 levels have been used to differentiate populations 3 and 4.



Peyer’s Patch (PP)

PP DC subsets have been classically defined in a manner distinct from LP and MLN DCs as CD8α+, CD11b+, or CD8α-CD11b- “double negative” (DN) (45). However, more recent work has united the subsets across a variety of tissues and secondary lymphoid organs (SLOs) using the cDC1 and cDC2 nomenclature (24), including in the gut (25). Using the new classification system, PP DCs fall into two subsets: 1, cDC1s, which includes both CD8α+XCR1+ and DN XCR1+ DCs; and 2, cDC2s, which includes both CD11b+ SIRPα+ and DN SIRPα+ DCs. It is also helpful to maintain the classification of migratory and resident DC subsets in all SLOs, including those without afferent lymphatics like the spleen and PPs, as migration after antigen acquisition occurs between different tissue regions within these sites (23). Resident CD8α+XCR1+ cDC1s are primarily found in the T cell-rich interfollicular zone (IFZ) of the PP. The heterogeneous populations of DN DCs in PPs have been identified by immunofluorescence staining in the subepithelial dome (SED) and IFZ of the PP (46). With microbial or adjuvant stimulation, SIRPα+ cDC2s, including DN DCs and CD11b+DCs, can migrate from the SED into adjacent IFZs (47, 48). CLEC9A+ cDC1s were noted in the SED of human PPs by immunofluorescence (31). In addition, CD103+ cDCs were observed in the SED in rat PPs at steady state but were concentrated in the IFZ after activation (43); these could represent a migratory cDC1 population within the PP, though more work is needed to confirm this. Therefore, we propose to classify PP DC subsets as IFZ-resident cDC1s and cDC2s and SED migratory cDC2s and possibly migratory cDC1s (Figure 1). This mirrors the nomenclature in the spleen and LNs. PP PDCA1+ pDCs are also found in the SED and IFZ (49). It should be noted that there is little evidence for any of these DC subsets emigrating into PPs from the gut. Therefore, they likely seed the PPs from the blood and then migrate within the PP upon activation.




Monocytes/Macrophage Populations in the Gut

Monocytes include three main subsets, Ly6Chi (mouse)/CD14+(human) classical monocytes and Ly6Clow (mouse)/CD14-(human) non-classical monocytes and Ly6Cint(mouse)/CD14int(human) intermediate monocytes (50). Classical monocytes express higher CCR2 and require CCR2 for bone marrow egress (51). Monocytes can differentiate into DC-like populations (mo-DCs) or macrophages according to the context, which are difficult to discriminate, and therefore, we will refer to both under the umbrella term, monocyte-derived cells (MCs) (36, 40, 52). A population of CD11c+ CD11b+ SIRPα+ MCs exists in the PP dome that expresses lysozyme and CX3CR1 and can activate T cells in vitro (53). A similar population of CD11b+CX3CR1+ MCs exists in the LP (28, 38–40).

Macrophages in the LP are identified as MHCII+F4/80+CD11b+ CX3CR1+ MerTK+ in mice (54, 55). MerTK, CD64, CD163, and Sirpα are conserved features of human intestinal macrophages, although at varying levels for macrophage subset (56, 57). Gut macrophages are distinguished from DCs by CD64 expression (38). Although macrophages in most tissues have a dual origin involving both embryonic liver and hematopoietic bone marrow ontogeny, intestinal LP macrophages need continual replenishment from circulating Ly6Chi monocytes in adult mice (38, 39, 58, 59). The function and phenotype of the macrophages that differentiate from these monocyte precursors vary based on the state of inflammation in the gut (40, 54). Although in vitro gut macrophages are capable of antigen presentation to naïve T cells, both macrophages and monocytes are rarely observed transporting gut antigens from tissue to LNs to prime naïve T cells, so their primary function is within the gut itself. Inflammatory monocytes enter the LN primarily from the blood rather than migrating from the tissue using CCR2 rather than CCR7 homing signals (60, 61).




APCs and Oral Tolerance

In the steady state, ingestion of innocuous antigens generally results in oral tolerance. Long-lasting oral tolerance is enforced by Foxp3+ pTreg cells induced in MLNs that home to the gut by expressing the integrin α4β7 and the chemokine receptor CCR9 along with T effector cell clonal deletion or anergy (62–65). By raising mice with a diet devoid of dietary antigens, a recent study demonstrated that the majority of small intestinal pTreg cells are induced by dietary food antigens (66). These Tregs suppress CD4+ and CD8+ T cells, alter mast cell function and re-direct IgE B cell responses (65, 67, 68). Although Tregs can directly promote IgA production through production or activation of TGFβ (69), little is known about the mechanisms or relevance of humoral tolerance in the gut to food antigens. Type 2 inflammation, including IL-4 production from ILC2s, can inhibit the generation and function of these Tregs and can even reprogram them into pathogenic Th2 cells (12, 70), which has been shown in animal models to prevent tolerance and confer a food allergy phenotype.


Conventional Dendritic Cells

Intestinal APCs, including cDCs, macrophages and pDCs, play pivotal roles in oral tolerance induction (Figure 2). DCs have been implicated in inducing pTreg cell differentiation through multiple mechanisms. After ingestion of foreign dietary antigens, DCs acquire antigen through several routes, including transfer from M cells, macrophages or goblet cell-associated antigen passages but also by sampling the gut lumen using trans-epithelial dendrites (19, 20, 71). However, this latter function may primarily be accomplished by LP CX3CR1+ macrophages. MLNs are the primary site of oral tolerance induction (35, 72, 73), although PPs may contribute depending on the nature of the antigen (74). Ablation of cDCs results in the reduction of gut pTreg cells in response to dietary antigen ingestion (75). Gut CD103+ cDCs, carrying antigens that are critical for the development of oral tolerance, migrate from the LP to the MLNs in a CCR7-dependent manner (20, 28, 35, 41). Unlike other sites, both cDC1s and cDC2s express CD103 in the gut, and therefore in many studies it is difficult to know which cDC subset is responsible for tolerance. More recent work has distinguished the two cDC populations and found that although murine CD103+CD11b- cDC1s are more efficient pTreg cell inducers compared with CD103+CD11b+ cDC2s, the two subsets may play redundant roles in gut pTreg cell induction and oral tolerance (75, 76).




Figure 2 | Mechanisms by which gut-associated dendritic cells contribute to oral tolerance. After food ingestion, goblet cells and intestinal resident macrophages sample luminal food antigens and deliver them to LP CD103+ cDCs (including CD103+CD11b-cDC1s and CD103+CD11b+ cDC2s). Commensal bacterial metabolites, dietary components such as vitamin A, and epithelial cell-derived TGF-β and retinoic acid (RA) imprint tolerogenic properties on cDCs. These cDCs migrate to MLNs through afferent lymphatic vessels and induce naïve CD4+ T cells to differentiate into peripheral regulatory T (pTreg) cells through TGF-β and RA. CD103+ cDCs induce gut homing molecules CCR9 and α4β7 on pTreg cells, which directs them to recirculate to intestinal tissue. Once in the lamina propria, pTreg cells can be further expanded by macrophages (Mφ), possibly via IL-10 production. MLN, mesenteric lymph node; RA, retinoic acid. Conventional dendritic cell (cDC), Innate lymphoid cell type 3 (ILC3).



Several mechanisms have been identified for pTreg cell induction by cDCs. In the intestine, CD103+ cDCs express the RALDH2 enzyme, which metabolizes vitamin A to retinoic acid (RA) (41, 75, 77, 78). RA induces the expression of gut-homing molecules CCR9 and α4β7 integrin on T cells (62, 79–82). Human intestinal cDC2s express higher RALDH2 and αVβ8 and induce more Treg cells than cDC1s in vitro (30, 83). Murine cDC1s and cDC2s also activate latent TGF-β through integrin αVβ8 (20, 75, 82, 84–86). RA synergizes with TGF-β to induce pTreg cell differentiation in vitro (78, 79, 87–90) and IgA class switching of B cells in PPs (86). Mice lacking αVβ8 on DCs have reduced Treg cells in colonic tissue (91). Moreover, TGF-β along with RA can increase β8 expression on cDC1s, thereby creating a positive feedback loop and strengthening the regulatory function of cDC1s (92). Human and mouse gut CD103+ cDCs also express indoleamine 2,3-dioxygenase (IDO), an enzyme involved in tryptophan catabolism, which can reduce local tryptophan concentrations and produce immunomodulatory tryptophan metabolites. This can induce Foxp3+ Treg cell conversion and oral tolerance (93, 94). An earlier study showed that programmed death ligand 1 (PD-L1, B7-H1) and PD-L2 (B7-DC) expressed on MLN DCs were required for the generation of antigen-specific CD4+Foxp3+ Treg cells (95). A more recent study instead found that CD11b-CD103+PD-L1high cDC1s induce Treg cells through RA production and/or activation of TGF-β but that expression of PD-L1 or PD-L2 were dispensable (80). It is unclear whether specific culture conditions explain these inconsistencies, so more work needs to be done to clarify the function of PD-L1 and PD-L2 on DCs in Treg cell induction.

Many aspects of the gut microenvironment promote DC induction of Tregs. MUC2, the building block of gut mucus, imprints DCs to deliver tolerogenic signals promoting pTreg cells and oral tolerance (96). Both mouse and human intestinal epithelial cells can also directly promote the differentiation of tolerogenic DCs and in vitro generation of Tregs (87, 88). Finally, we will discuss the effect of the microbiome on gut DC function below.



Plasmacytoid Dendritic Cells

pDCs can also mediate oral tolerance. Infants who are tolerant to peanut ingestion, but possess peanut IgE, a state called sensitized tolerance, display an increased frequency of pDCs in the blood (97). In cholera toxin (CT)-induced peanut sensitization in mice, expansion of DC numbers by Flt3L, in particular pDCs, inhibits allergic manifestations in the intestine (98). Mucosal pDCs promote the induction of antigen-specific pTreg cells through an autocrine loop involving TGF-β; pDC-ablated mice partly reduce pTreg cell generation in the MLNs after OVA feeding (99). After protein or hapten antigen ingestion, pDCs in the liver and MLN delete antigen-specific CD8+ T cells and efficiently induce oral tolerance through an unknown mechanism (100, 101).



Macrophages

Although gut-resident CX3CR1+ macrophages do not migrate to MLNs (28, 41), they contribute to pTreg cell generation and oral tolerance by transferring gut lumen antigens to migratory CD103+ cDCs, via a mechanism that was shown to be Connexin 43-dependent and required membrane transfer (20). LP macrophages can also maintain Foxp3+ Treg cells by a mechanism dependent on IL-10 (102). CX3CR1-deficient mice, which have reduced IL-10-producing F4/80+CD11b+MHC-IIint macrophages, have impaired accumulation of FoxP3+ Treg cells in the LP and oral tolerance (62). However, in two colitis studies, CX3CR1+ macrophage-derived IL-10 was dispensable for maintenance of colonic Tregs; instead, loss of IL-10 receptor expression on the macrophages themselves impaired mucosal homeostasis (103, 104).




APCs and the Microbiome in Oral Tolerance

The gastrointestinal tract is colonized by large numbers of commensal microbes that contribute to the maintenance of intestinal homeostasis including protection from food allergy (105). Early life colonization is important for suppressing inappropriate IgE induction (106). Both food-allergic infants and mice demonstrate dysbiosis, and restoring particular bacterial classes such as Clostridium species reduced susceptibility to food allergy and was associated with enhanced Tregs (107–109). The microbiome can promote barrier integrity, which can preclude APCs from encountering food antigen in an inflammatory context. Clostridium species have been shown to promote the production of IL-22, which led to decreased systemic absorption of peanut allergens by increasing intestinal barrier integrity via the production of antimicrobial peptides and mucus (109). In addition, bacterially produced SCFA can promote inflammasome activation and IL-18 release in colonic epithelial cells, which then help maintain gut homeostasis in a chemically-induced colitis mouse model; a similar mechanism could be at play in food tolerance as well.

There are several mechanisms by which bacteria may act on APCs to protect against food allergy. First, when certain strains of bacteria like Clostridia metabolize dietary fiber in the gut, they produce short chain fatty acids (SCFA), such as butyrate and acetate, which promote the development of Tregs. SCFA bind to the receptors GPR43 and GPR109A to enhance MLN CD103+ DC activity by upregulation of RALDH2, which prevents food allergy development in a murine model (110). A study in milk-allergic children found that children fed with extensively hydrolyzed formula and Lactobacillus rhamnosus GG supplements were more likely to outgrow their milk allergy in part because of changes in their microbiome that led to more butyrate in the stool (111), suggesting a possible role for SCFA on human DCs. Recently, metabolism of bile acid by the microbiota has also been shown to promote Treg generation. Bacterial bile acid metabolism generates biologically active steroids. One such product, 3β-hydroxydeoxycholic acid (isoDCA), acts on DCs through the farnesoid X receptor to promote Treg formation (112). It is feasible that these bile metabolism products may play a role in food tolerance as well, but that remains to be tested. Finally, microbiota can help regulate the myeloid cell populations within the gut. Mortha and colleagues showed that microbiota promoted the release of GM-CSF by ILC3s by driving macrophage IL-1β production (113). GM-CSF locally enhanced DC and macrophage numbers and their ability to produce regulatory factors like RA, TGF-β, and IL-10; ablation of GM-CSF reduced Treg cell numbers and impaired oral tolerance (113, 114).



APCs and Tolerance Induction via Immunotherapy

Various forms of immunotherapy are being studied for the treatment of food allergy—these include oral, sublingual and epicutaneous applications of low amounts of food allergens. Immunotherapy alters the cellular and humoral arms of allergy, reducing IgE and enhancing IgG4 (in humans) as well as suppressing T cell, mast cell and basophil reactivity to the target allergen. Immunotherapy has been shown to capitalize on many of the tolerogenic pathways of APCs described above. In particular, cDCs and pDCs from the blood have been shown to adopt, at least transiently, a less inflammatory state after immunotherapy and promote Treg properties in vitro (115, 116). Successful food allergen immunotherapy is also associated with increased levels of circulating Tregs (116). In murine studies, immunotherapy with allergens induces TGF-β-producing Tregs in draining LNs capable of homing to the gut, suppressing the allergic response to food challenge and redirecting CD4+ effector T cell differentiation away from a Th2 phenotype (68, 117). Looking at sites draining sublingual allergen exposure, migratory cDC2s were proposed to be the dominant APC responsible for Treg induction through a mechanism that, in vitro, required RA and TGF-β (118).



APCs in Food Allergy Pathogenesis

The gut immune system must continuously distinguish innocuous dietary antigens and commensal microbes from pathogens. A breakdown of the default oral tolerance to food leads to abnormal immune responses that manifest as diverse pathologies, such as IgE-mediated food allergy, celiac disease, and eosinophilic gastrointestinal disease, among many others (119). In each of these conditions, adaptive immunity is targeted at a food antigen, presumably all via presentation on an APC, but through distinct mechanisms. For example, IgE induction is implicated in IgE-mediated food allergy, but not in celiac disease, which is instead a cell-mediated disease initiated by the presentation of modified gluten on APCs (120). Elucidating the conditions under which APCs are activated in each type of adverse food reactions may provide insight into the differing responses. Here we describe what is known about APCs in the pathogenesis of IgE-mediated food allergy.


Food as an Innate Immune Stimulus for DCs

APCs are important in tolerance induction, but they also play a pivotal role in the induction of food allergy (Figure 3). Of all the APCs, DCs have the best-defined role in the initiation of food allergy. DCs reside in tissues, where they serve as sentinels that are activated by innate stimuli. The identity of the innate stimuli that can activate DCs to initiate food allergy is unclear, but both intrinsic food components and extrinsic adjuvants are potential innate stimuli currently under investigation.




Figure 3 | The role of dendritic cells in the pathogenesis of food allergy. Food antigens are taken up from the gut lumen by goblet cells, which shuttle the antigens across the epithelial layer to the LP, where local dendritic cells (DCs) sample the food antigens. If DCs sense innate immune signals, adjuvants that are either extrinsic or intrinsic to the food antigen, they become activated. Some adjuvants damage the epithelial barrier and trigger the release of alarmins, like TSLP and IL-33, that can activate DCs via their receptors TSLPR and ST2, respectively. Additionally, food glycoproteins, such as from peanut, can bind to C-type lectin receptors (CLRs) and activate DCs. Lipids from foods can be presented on CD1d to iNKT cells that then reciprocally activate DCs via cytokine release. Activation of DCs leads to increased CCR7 for migration to mesenteric lymph nodes (MLN) along with presentation of food antigens on MHCII and increased expression of costimulatory molecules CD80, CD86, OX40L, and TIM-4. Altogether this promotes naïve CD4+ T cell priming and differentiation into Th2 cells and T follicular helper (Tfh) cells, which drive cellular and IgE responses in food allergy, respectively. Eos, eosinophils (Eos), Mast cell (Mast), Innate lymphoid cells type 2 (ILC2).



There is evidence that certain foods can act as auto-adjuvants. Many of these innately immunostimulatory foods are glycoproteins that bind to dendritic cell C-type lectin receptors (CLR), a family of proteins that traditionally bind carbohydrate residues in a calcium-dependent manner (121). One group identified that the glycans on the allergenic peanut protein Ara h 1 bind to the CLR dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) on human monocyte-derived DCs and subsequently activate the DCs; these DCs then promote Th2 activation in vitro (122). Another group tested the ability of various food allergens and aeroallergens to bind DC-SIGN and the related DC-SIGNR on human monocyte-derived DCs and found that among other allergens, hazelnut, walnut, and egg white could also bind these CLRs. Downstream of these CLRs, the kinases ERK and Raf-1 are upregulated and TNF-α, which is important for DC activation (123), is produced in a partially Raf-1 dependent manner (124).

It has been observed that high-temperature roasting of peanuts increases the allergenicity of peanut proteins (125). Roasting causes peanut protein to undergo the Maillard reaction, which leads to more heat- and digestion-resistant peanut antigens, perhaps allowing for more antigen to reach the relevant sites of IgE induction (126). However, roasting can also lead to the generation of glycoproteins that bind the mannose receptor, a CLR that mediates antigen uptake and appears to play an important role in DC activation. One group has shown that human monocyte-derived DCs take up more roasted peanut protein Ara h 3 than raw Ara h 3, through a mechanism that is partially dependent on the mannose receptor (127). The mannose receptor has also been shown to play a role in peanut protein Ara h 2 uptake by human monocyte-derived DCs in vitro (128). Additionally, treating mouse bone marrow-derived DCs with mannose receptor RNAi reduced ovalbumin uptake and DC activation (129). Whether these CLRs are necessary for food allergen sensitization is still unknown.

Food may also act as an intrinsic adjuvant for DC activation by activating invariant natural killer T cells (iNKT). iNKT cells are a population of innate-like cells that display a semi-invariant T-cell receptor that binds lipid antigens presented on the MHC-I-like molecule CD1d on DCs and can in turn promote DC activation (130–132). One group found that sensitization to Brazil nuts is dependent on CD1d lipid presentation to iNKT cells in mice, and human iNKT cells are stimulated by the lipid fraction of Brazil nuts (133). Additionally, lipids from the respiratory allergen Olea europea (olive) pollen increase CD1d expression on DCs to activate iNKT cells and also upregulate DC activation marker CD86 (134), a mechanism that could also apply food lipids. Indeed, food lipids from cow’s milk (135, 136), soy (136), and human milk (136) have also been shown to activate human iNKT cells in vitro. However, it remains unknown whether iNKT cells orchestrate food allergen sensitization and their exact in vivo role in food allergy pathogenesis.



Gut Adjuvants for Food IgE Sensitization

While the innate immunostimulatory activity of food may bias which foods can act as allergens, it is unlikely to be the only factor affecting the development of food allergy. The innate properties of food cannot explain differential responses to allergens between people, i.e. why most people tolerate food while some develop allergy. Genetic differences can influence some of this susceptibility (137), but the rapidly growing rate of food allergy does not support a solely genetic cause either. Instead, it is likely that there are increasingly prevalent extrinsic factors, such as external adjuvants, that influence activation of DCs to initiate sensitization to food. Accordingly, mouse models have demonstrated that breaking oral tolerance to food antigens, including both cellular and humoral immunity, requires the presence of an adjuvant (138–140). Adjuvants such as cholera toxin (CT) or staphylococcal enterotoxin B (SEB), are most often co-administered orally with food antigens to induce IgE and Th2 cells while inhibiting Tregs. Aluminum hydroxide is another commonly used adjuvant in allergy models that has potent immunostimulatory properties on DCs but is administered in the peritoneum and cannot directly interact with the gut immune system. Therefore, this adjuvant will not be further discussed.

CT is a potent oral adjuvant because it induces both human and mouse DC activation and migration (47, 141–143). CT enters DCs and other cells using the GM1-ganglioside receptor (144, 145). Though the mechanism of action of CT is not completely known, it activates adenylate cyclase, which increases intracellular cyclic adenosine monophosphate (cAMP) levels, which in turn leads to DC activation (146, 147). These CT-activated DCs have been shown to promote Th1, Th2, and Th17 responses (147–149), and they are effective at generating both IgE and IgA in food allergy models. CT is a member of the AB5 toxin family, which includes toxins with similar structures and mechanisms of action such as shigatoxin (Shigella dysenteriae), labile toxin (enterotoxigenic E. coli), and pertussis toxin. Exposure to other members of the AB5 family may also activate DCs and induce IgE in a similar manner as CT (143, 150). While exposure to CT is an unlikely mechanism of allergy induction in humans, data gleaned using adjuvants can give clues to the broader mechanisms by which innate stimuli initiate IgE responses to food.

SEB is a superantigen made by Staphylococcus aureus, which is a common microbial colonizer and determinant of disease severity in people with atopic dermatitis (151). Mouse models of food allergy have used SEB as an adjuvant, both epicutaneously, intragastrically, and intraperitoneally (140, 152, 153). Human monocyte-derived DCs are activated by SEB, at least in part through Toll-like receptor 2 (TLR2), but do not upregulate IL-12 production; accordingly, in vitro culture of these DCs with T cells leads to Th2 polarization (154). Using mouse mucosal DCs, SEB was also shown to promote DC activation through the cell surface molecule T-cell immunoglobulin-domain and mucin-domain-4 (TIM-4) and promote T cell activation in vitro (153).

Alarmins and damage-associated molecular patterns (DAMPs) are self-molecules that the immune system recognizes as distress signals; they are often released during cell death or damage and are important triggers for DC activation. Uric acid is a DAMP that can activate pattern recognition receptors and thereby initiate adaptive immunity in multiple immunization models; it has also been implicated as an adjuvant for food IgE production (155). Similarly, eosinophil peroxidase released by activated eosinophils activates DCs, which migrate to the MLNs and promote the induction of peanut IgE after immunization with peanut and CT (156). Many studies have focused on cytokine alarmins as part of the innate immune response that initiates food allergy. IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) are cytokines released by damaged epithelium and promote type 2 responses across most tissues (157–159). The role of these cytokines in gut IgE induction with peanut and CT was examined, and IL-33, in particular, was found to be necessary for IgE production, whereas IL-25 and TSLP were dispensable. Mechanistically, this was proposed to work through upregulation of OX40L on activated DCs (160). In a different model using egg-derived ovalbumin and medium-chain triglycerides, dietary lipids that stimulate the release of alarmins from the intestinal epithelium (161), IL-25, IL-33, and TSLP were each necessary for the development of allergy (162). In another model of ovalbumin-directed food allergy, IL-25 activated ILC2s in the gut to produce IL-5 and -13 and, in concert with activated Th2 cells, promoted anaphylaxis (10). As will be discussed later in this section, IL-33 and TSLP have also been implicated in food sensitization through the skin. Therefore, alarmins can trigger type 2 immunity, but whether one alarmin has a dominant role in the initiation of food allergy likely depends on the nature of the antigen, adjuvant and route of exposure.



Gut DC Populations Involved in Food Allergy

Activated DCs are sufficient to induce food IgE, as evidenced by a study showing that adoptive transfer of splenic and Peyer’s patch DCs from mice sensitized with milk and CT led to milk IgE production in naïve mice (163). Because different DC populations have different functions, it is plausible that food allergens or adjuvants activate a common DC subset that is efficient at priming the requisite T cell populations for IgE responses. Several groups have used mouse models to examine particular sub-populations of DCs activated in food allergy. One group reported that mice sensitized orally with peanut and CT experienced global changes to DC populations in the gut. CD11b+ cDCs were increased, and CD103+ cDCs were decreased in Peyer’s patches and among intraepithelial lymphocytes and lamina propria lymphocytes; both populations of cDCs were increased in the MLNs, which may represent a net migration of CD103+ DC to the MLN (98). Another group also demonstrated that mice orally sensitized with ovalbumin and CT had increased total DC numbers in the MLN. Among these MLN DCs, the CD103+CD11b-CD8- population was selectively increased (164). These findings were corroborated by a study showing that CD103+ MLN DCs activate and migrate in an eosinophil-dependent manner after oral peanut and CT immunization (156). These data suggest that a migratory cDC population in the MLN is important for gut IgE induction when using CT as an adjuvant. However, the exact nature of the DC subsets essential for sensitization remains unclear; specifically, whether DC subsets are redundant for sensitization or operate differently depending on the nature of the allergen and adjuvant is unknown.



Mechanisms of DC Induction of Food Allergy in the Gut

DCs have been shown to use multiple pathways to induce IgE sensitization to food antigens. First, OX40 ligand (OX40L) on DCs has an important role in Th2 sensitization to food. OX40L is a costimulatory molecule present on activated DCs and important in Th2 development (165). In a mouse model of oral ovalbumin and CT sensitization, activated DCs expressed increased levels of OX40L mRNA, while blocking OX40L with an anti-OX40L antibody in an in vitro DC-T cell co-culture reduced type 2 cytokine production (164). Another group showed that OX40L is upregulated after intragastric immunization with peanut and CT in an IL-33 dependent manner and that blocking OX40L in vivo in mice reduced peanut IgE and IgG1 levels post-immunization (160).

Another important DC pathway for priming allergic responses involves TIM-4, which is expressed on DCs and binds TIM-1 on T cells to influence Th2 cell development (153, 166). When treated with SEB, primary human DCs upregulate TIM-4 and can drive Th2 differentiation in vitro (167). Immunization with peanut and CT similarly led to increased TIM-4 expression that was necessary for peanut IgE production in mice (168). Another group investigated the stimuli for TIM-4 production and found that mast cell tryptase stimulates human intestinal epithelial cells to make galectin-9, a carbohydrate-binding lectin protein. Galectin-9 binds to TIM-3 on DCs and is associated with the production of TIM-4, which is needed for sustaining ovalbumin IgE levels after immunization (169, 170). Increased expression of TIM-4 on DCs may also be mediated by STAT6 and p300 (171).

There has also been interest in the Notch pathway in food allergy. Signaling through Notch receptors on CD4+ T cells is important for T cell differentiation; different ligands promote different T cell fates (172). In particular, the Notch ligands Jagged 1 and Jagged 2 are expressed on DCs and promote Th2 differentiation (172, 173). Of note, treatment with CT increases Jagged2 expression on DCs (173), which is consistent with the increased Jagged 2 mRNA seen after ovalbumin and CT immunization in mice (164). Even though Jagged2 expression on DCs is needed for Th2 differentiation in vitro, it appears to be dispensable in vivo (174).



DCs in Food Allergy Induction Through the Skin

Systemic IgE can be induced through antigen exposure at sites where the body interfaces with the environment, including the gut, respiratory tract, and skin (175). In particular, defects in the skin barrier are associated with the development of food allergy (22). While there is evidence pointing to the skin as an important site of food IgE induction, the APC subsets and mechanism of action underlying cutaneous sensitization remain only partially understood.

As with gut models of food allergy, adjuvants are used in cutaneous models of food sensitization in mice. CT and SEB have been used topically to induce food IgE (175, 176). Additionally, skin damage leading to alarmin (IL-33, TSLP, and IL-25) release can act as an innate stimulus for DC activation in mouse models of cutaneous allergy; this may mirror the skin barrier break down in people with eczema, who are more susceptible to food allergy (177). There are various methods of incurring or mimicking damage to mouse skin, including by mechanical tape stripping, application of large doses of vitamin D analogs, treatment with proteases, or by directly administering TSLP. These methods have all been used as adjuvants with cutaneous application of food to induce food IgE (139, 178, 179).

In murine models of food allergy, IgE can be induced epicutaneously without extrinsic adjuvants (180–182), differing from most gut sensitization models. In an external adjuvant-free model of peanut allergy, application of peanut extract to depilated mouse skin was able to induce peanut IgE. Peanut extract and Ara h 2 extract had intrinsic adjuvant activity and were capable of initiating IgE to a co-administered milk antigen, alpha-lactalbumin. In response to peanut extract, mouse skin cells made IL-33, which presumably binds to the IL-33 receptor, ST2, on DCs; indeed, the subsequent production of type 2 cytokines in this model was dependent on ST2 signaling (180). The mechanism of innate sensing of peanut leading to IL-33 production by keratinocytes is unclear, but perhaps the ability of glycoproteins on peanut to bind CLRs plays a role, as described in the gut. It is possible that peanut auto-adjuvanticity observed in the skin is stronger than in the gut because the immunostimulatory portion of peanut is sensitive to digestion.

IL-33 also plays an important role in adjuvanted models of cutaneous food sensitization because it can act on DCs and promote food sensitization. In an intradermal ovalbumin and TSLP model of atopic dermatitis and food sensitization, keratinocyte derived IL-33 was necessary for ovalbumin IgE production (183). Similarly, in a model of skin sensitization with peanut and tape stripping to disrupt the skin barrier, IL-33 is increased and contributes to the allergic phenotype (184). The allergic responses from IL-33 in these models likely depend on DC expression of ST2, as in the adjuvant-free epicutaneous model and in other models of IL-33 activated DCs (185, 186).

TSLP, a keratinocyte cytokine that is important in atopic dermatitis pathogenesis, also plays a key role in sensitization through the skin (187). In a mouse model of intradermal ovalbumin sensitization using TSLP as an adjuvant, TSLP signaling in DCs was required for ovalbumin IgE production and subsequent anaphylaxis (188). This response may be mediated by TSLP-induced upregulation of OX40L, which promotes type 2 responses both in vitro using human DCs and in mice in vivo (189, 190). However, in a mouse tape stripping model of skin injury, while TSLP signaling on DCs was needed for Th2 differentiation, OX40L was not upregulated in skin DCs; however, the Th2 inhibitory cytokine IL-12 was suppressed in skin DCs (191). The different data for the role of OX40L in Th2 differentiation may be due to use of different species and models of investigation between studies. In another mouse model of epicutaneous sensitization using ovalbumin with the vitamin D analog MC903 to induce a skin barrier defect, TSLP-induced basophils were necessary for the development of gut allergy (192). In vitro, these TSLP-induced basophils interacted with DCs to increase OX40L expression, which in turn, increased IL-4 production by basophils (178).

The cell types and mechanisms of DC initiation of epicutaneous skin allergy have also been examined. In a tape stripping mouse model of allergic inflammation, skin injury led to DC activation and migration, as evidenced by a population of CCR7+MHCII+ DCs was found in the skin draining LNs 24 h after tape stripping. These DCs were able to prime T cells to produce type 2 cytokines in vitro (191). Similarly, in another model of epicutaneous sensitization, after the application of milk protein alpha-lactalbumin (ALA) and CT, Langerin-negative skin DCs increased expression of MHCII and migrated to skin draining LNs, where they promoted type 2 cytokine production and systemic ALA IgE production (175). In a model of subcutaneous ovalbumin and papain skin sensitization, this migratory skin DC population was also required for ovalbumin IgE production and was found to be PDL2+ and dependent on the transcription factor IRF4 (193). It is clear that sensitization through the skin induces a systemic T cell response, that can home to the gut to orchestrate a food-specific response. But skin-derived cues can have gut-specific effects as well. Recent work showed that keratinocyte-derived IL-33 induced by skin damage communicates with cells in the gut to promote IL-25 production and ILC2 activation; this enhanced mast cell numbers and anaphylaxis following oral antigen challenge (194). Therefore, it is clear that a unique skin-gut axis exists that can promote food allergy through numerous mechanisms.



The Role of Monocytes in Food Allergy

Monocytes have also been implicated in food allergy. Infants who develop food allergy were found to have a higher number of cord blood monocytes at birth; when treated with the TLR4 agonist lipopolysaccharide (LPS) in vitro, the CD14+ monocytes from allergic children produced more inflammatory cytokines IL-1β, IL-6, and TNF-α that promoted the development of a Th2-like population at the expense of a tolerogenic Treg population (195). Another study similarly revealed that the peripheral blood mononuclear cells (PBMCs) of 1-year-old infants that ended up with persistent egg allergy had more monocytes and DCs that made more inflammatory cytokines upon in vitro stimulation than those from children who outgrew their egg allergy (196). It is possible that these blood monocytes are precursors for macrophages or monocyte-derived DCs that participate in antigen presentation of food antigens (197). Altogether, these studies suggest that monocytes are biased to respond differently to inflammatory stimuli in those with food allergy; whether this is a cause of or caused by the food allergic state is unclear. There is also little mechanistic data from animal studies implicating monocytes in IgE sensitization. Future studies would be beneficial for a deeper understanding of the topic.



The Role of Macrophages in Food Allergy

Contrary to their well-established role in food tolerance, the role of macrophages in food IgE priming is not well understood, and there is scant literature on the topic. Macrophages express DC-SIGN (198) and TIM-4 (199), both of which may participate in the priming of food-specific IgE. Additionally, macrophages are found in tissues throughout the body, including the skin and gut (200, 201), so they are poised to potentially play a role in food antigen presentation. Macrophages that are found in Th2 conditions appear to play an IL-33 dependent role in allergic asthma (202–205). However, given the importance of macrophages within tissues both for tissue homeostasis and presenting antigen to primed effector T cells, rather than as APCs for naïve T cells, it is likely that macrophages will be required for different phases of food allergy pathogenesis than DCs. Therefore, more information is needed to elucidate the exact function of macrophages in food sensitization.




Conclusion

While much work has been done to examine the role of APCs in priming food IgE, there are still many unanswered questions. In particular, the specific population of APCs that lead to food IgE production in the skin and gut should be identified, ideally using several adjuvants to home in on common mechanisms of food IgE production. It would also be useful to study the APC requirements for other nonpathogenic antibody isotypes to food such as IgA and IgG4 to better understand what APC conditions separate tolerance from allergy. Another fundamental question is the identity of innate immune stimuli that lead to DC activation in human food allergy; an understanding of what natural skin or gut adjuvants lead to food IgE induction would be a significant advance in understanding pathophysiology and potential treatments for food allergy. Additionally, the relevance of monocytes and macrophages to food allergy induction needs clarification. Research on these and many other questions in food allergy are revealing new, unexpected pathways unique to the gut immune system and suggesting exciting new approaches for the diagnosis, prevention and treatment of food allergy.
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Food allergy is a potentially fatal disease affecting 8% of children and has become increasingly common in the past two decades. Despite the prevalence and severe nature of the disease, the mechanisms underlying sensitization remain to be further elucidated. The Collaborative Cross is a genetically diverse panel of inbred mice that were specifically developed to study the influence of genetics on complex diseases. Using this panel of mouse strains, we previously demonstrated CC027/GeniUnc mice, but not C3H/HeJ mice, develop peanut allergy after oral exposure to peanut in the absence of a Th2-skewing adjuvant. Here, we investigated factors associated with sensitization in CC027/GeniUnc mice following oral exposure to peanut, walnut, milk, or egg. CC027/GeniUnc mice mounted antigen-specific IgE responses to peanut, walnut and egg, but not milk, while C3H/HeJ mice were not sensitized to any antigen. Naïve CC027/GeniUnc mice had markedly lower total fecal IgA compared to C3H/HeJ, which was accompanied by stark differences in gut microbiome composition. Sensitized CC027/GeniUnc mice had significantly fewer CD3+ T cells but higher numbers of CXCR5+ B cells and T follicular helper cells in the mesenteric lymph nodes compared to C3H/HeJ mice, which is consistent with their relative immunoglobulin production. After oral challenge to the corresponding food, peanut- and walnut-sensitized CC027/GeniUnc mice experienced anaphylaxis, whereas mice exposed to milk and egg did not. Ara h 2 was detected in serum collected post-challenge from peanut-sensitized mice, indicating increased absorption of this allergen, while Bos d 5 and Gal d 2 were not detected in mice exposed to milk and egg, respectively. Machine learning on the change in gut microbiome composition as a result of food protein exposure identified a unique signature in CC027/GeniUnc mice that experienced anaphylaxis, including the depletion of Akkermansia. Overall, these results demonstrate several factors associated with enteral sensitization in CC027/GeniUnc mice, including diminished total fecal IgA, increased allergen absorption and altered gut microbiome composition. Furthermore, peanuts and tree nuts may have inherent properties distinct from milk and eggs that contribute to allergy.
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Introduction

Food allergy is a potentially fatal disease that has increased in prevalence in the past two decades, now affecting an estimated 4%–8% of children and 10% of adults (1, 2). The most common foods to trigger allergic reactions are peanuts, tree nuts, milk, egg, soy, shellfish, fish, and wheat. Even trace amounts of an allergen can elicit a severe anaphylactic reaction. Therefore, allergic individuals must strictly avoid the offending allergen in order to prevent accidental exposure and reactions. As a result, the quality of life of allergic individuals and their caretakers is diminished (3). Of the eight most common food allergens, reactions to peanuts and tree nuts are most severe and account for 70%–90% of fatal allergic reactions (4, 5). Some food allergies, such as milk and egg, are often outgrown; however, peanut and tree nut allergies are only outgrown in an estimated 10% of individuals (6). The underlying characteristics and mechanisms that make peanut and tree nut allergies longer lasting and more severe are widely unknown.

Typically, oral ingestion of antigen leads to immunologic suppression of immune responses to the antigen, a process termed oral tolerance. These active processes in the gut prevent harmful immune responses to dietary antigens and commensal bacteria, while protecting against pathogens and toxins (7). CD4+CD25+Foxp3+ regulatory T cells (Tregs) are necessary for oral tolerance (8). CD103+ dendritic cells capture antigen in the lamina propria and then migrate to the mesenteric lymph nodes (MLNs) where they induce differentiation of naïve T cells to Tregs. These antigen-specific Tregs then migrate back to the lamina propria and expand (9). Failure in oral tolerance mechanisms to dietary antigens leads to T helper type 2 (Th2) immune responses, resulting in food allergy.

Secretory IgA in the gut also plays a crucial role in tolerance. IgA acts as a neutralizing antibody on epithelial surfaces and is hypothesized to prevent allergic immune responses by immune exclusion of luminal food proteins (10). Secretory IgA also regulates commensal bacteria composition in the gut, which in turn prevents uptake of toxins and pathogens (11). Altered microbiota composition is associated with oral tolerance failure and development of food allergy (12), and previous studies have demonstrated that several microbiota species, including the Clostridia class, are related to the mitigation of food allergy in mouse studies (13). Overall, the gut is a dynamic environment that involves regulation of microbiota by secretory IgA, which in turn can induce Treg production, leading to oral tolerance.

Murine models provide a platform to investigate the underlying mechanisms that lead to sensitization to food antigens. The Collaborative Cross is a genetically diverse panel of inbred mice that were specifically developed to study the influence of genetics on complex diseases (14, 15). Previously, we screened strains from the Collaborative Cross to identify an orally reactive model of peanut allergy (16). Specifically, CC027/GeniUnc mice were orally sensitized to peanut in the presence of cholera toxin and reacted on oral challenge. These mice had fewer Tregs and more intestinal mast cells compared to C3H/HeJ and C57BL/6J mice. Additionally, the CC027/GeniUnc mice could be sensitized to peanut in the absence of an adjuvant. Here, we aimed to explore the mechanisms of gut sensitization in this adjuvant-free model through exposure to peanut, walnut, milk, or egg, with a focus on fecal IgA, antigen absorption and gut microbiome. We utilized the C3H/HeJ strain as a comparator to CC027/GeniUnc because they are known to produce high quantities of IgE and are Th2-skewed, and are therefore used as a standard model of food allergy in the field (17–20).



Materials and Methods


Mice

CC027/GeniUnc mice were obtained from the UNC Systems Genetics Core Facility. A colony of C3H/HeJ mice originally obtained from the Jackson Labs was kept in the same facility where the CC027/GeniUnc mice were born, to standardize their environments. Mice were received for experiments starting at 4–6 weeks of age. Mice were kept on a 12:12 light:dark cycle and fed standard chow free of peanut, walnut, milk, and egg ingredients. All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill under protocol 17-286.



Peanut, Walnut, Milk, and Egg Protein Extractions

Protein extractions were performed as reported previously (21). Briefly, proteins were extracted from roasted, defatted peanut flour (Golden Peanut, Alpharetta, GA), roasted, defatted walnut flour (Holmquist Hazelnut Orchards, Lynden, WA), nonfat dry milk powder (The Milky Whey, Missoula, MT) or egg white powder (Deb El Foods, Elizabethport, NJ) in PBS (supplemented with 1 M NaCl for peanut and walnut extractions). Protein concentrations were measured by BCA (Pierce, Waltham, MA) and extracts were determined to contain all major allergens by SDS-PAGE gel.



Sensitization and Oral Food Challenges

Mice were exposed to food protein by oral gavage once per week for 4 weeks as follows: peanut and egg (2 mg the first 3 weeks, 5 mg the final week), walnut and milk (2 mg all 4 weeks). The following week, fecal pellets and serum were collected from mice. Mice were then challenged to the corresponding food via oral gavage (peanut and egg: 10 mg; milk and walnut: 5 mg). Core body temperatures were recorded every 15 min for 1 h post-challenge using a rectal probe (Physitemp, Clifton, NJ). Anaphylaxis was defined as a greater than 3°C decrease in body temperature. Mice were rested for several weeks, re-challenged and serum was collected 30 min post-challenge for allergen quantification. Several weeks after challenges, mice were euthanized for MLN isolation.

Food protein exposure resulted in 10 strain-food protein groups of mice: CC027-peanut, CC027-walnut, CC027-milk, CC027-egg, CC027-PBS, C3H-peanut, C3H-walnut, C3H-milk, C3H-egg, and C3H-PBS.



Antigen-Specific IgE, IgG1, and IgG2a ELISAs

Antigen-specific IgE, IgG1 and IgG2a were quantified by ELISA as described previously (21). Briefly, 96-well plates were coated with 20 µg/ml peanut, walnut, milk, or egg extract for samples, or 20 µg/ml HSA-DNP (Millipore Sigma, St. Louis, MO) for standard curves, and blocked with 2% BSA in PBS-0.5% Tween. Samples were diluted 1:100 for IgE, 1:20,000 for IgG1, and 1:1,000 for IgG2a. Standard curves were prepared using mouse IgE anti-DNP, IgG1 anti-DNP or IgG2a anti-DNP (Accurate Chemicals, Westbury, NY) ranging from 0.002–2 µg/ml. The following antibodies were added to IgE plates in succession: 0.5 µg/ml sheep IgG anti-mouse IgE (The Binding Site, Birmingham, UK), 0.5 µg/ml biotinylated donkey anti-sheep IgG (Accurate Chemicals), and 0.5 µg/ml NeutrAvidin-HRP (Pierce Biotechnology, Rockford, IL). For IgG1 and IgG2a plates, HRP goat anti-mouse IgG1 (1:40,000, Southern Biotech, Birmingham, AL) or IgG2a (1:20,000, Southern Biotech) were added to plates. All plates were developed with TMB (SeraCare, Milford, MA), stopped with 1% HCl (SeraCare), and read at 450 nm using a spectrophotometer (BioTek Instruments, Winooski, VT).



Allergen ELISAs (Ara h 2, Gal d 2, Bos d 5)

Serum collected 30 min post-challenge was diluted 1:10 and Ara h 2, Gal d 2, and Bos d 5 were quantified via ELISA according to the manufacturer’s instructions (Indoor Biotechnologies, Charlottesville, VA).



Fecal IgA and IgG ELISAs

Fecal pellets were collected before and after the 4-week food protein exposure period, snap-frozen in liquid nitrogen, and stored at −80°C until analysis. Fecal pellets were resuspended in protein extraction buffer [10% goat serum (Fisher Scientific, Waltham, MA) in PBS] at a ratio of 10 mg per 100 µl, and vortexed for 20 min to disrupt pellets. Extracted samples were centrifuged for 10 min at 13,000 x g, and supernatants were collected for subsequent analysis.

ELISA was used to determine total IgG and IgA antibody concentrations present in mouse fecal extracts collected before and after the exposure period. Maxisorp 384-well black plates were coated with unlabeled goat anti-mouse IgG or IgA capture antibodies (Southern Biotech) at 5 μg/ml in carbonate/bicarbonate buffer and incubated at 4°C overnight. A similar ELISA method was used to detect allergen-specific IgG and IgA in fecal samples as described for total IgG and IgA ELISA with minor modifications. Maxisorp 384-well plates were coated with an individual allergen at a concentration of 2 μg/ml. Plates were blocked with non-fat dry milk blocking buffer for 2 h at room temperature. After blocking, ELISA plates were washed four times using PBS/0.1% Tween 20. Fecal samples and purified mouse IgG and IgA positive control standards were diluted two folds in complete sample diluent. The starting dilution for fecal samples was 1:8 and the starting concentration for the IgG and IgA standards was 1,000 ng/ml. Diluted samples and standards were added to the ELISA plates and incubated overnight at 4°C. After incubation, plates were washed to remove unbound antibodies prior to adding AP-labeled goat anti-mouse IgG or IgA secondary antibodies at a 1:8,000 dilution. Secondary antibodies were incubated at room temperature for 2 h. The fluorescent-based AttoPhos substrate system (Promega; Madison, WI) was used to develop the plates by incubating at room temperature for 15 min. Relative light units (RLU) for each sample were measured using a Biotek Synergy 2 plate reader (Winooski, VT).

The total IgG and IgA concentration for each fecal sample was determined using a standard curve calculator. The RLU values for the IgG and IgA standards and corresponding ng/ml concentration were used to develop a standard curve in GraphPad PRISM (San Diego, CA). The RLU values that fell within an acceptable range of the standard curves (80%–120% standard recovery) were used to interpolate an ng/ml concentration for each sample. The interpolated values for each sample were multiplied by the sample dilution factor. The final ng/ml concentration for each sample is the average of the interpolated values multiplied by the sample dilution factor.

The end-point titer was determined by the last sample dilution that provided a positive RLU value three-times greater than a naive reference sample at the same dilution as the sample. End-point titers are reported as geometric mean titers (GMTs).



Mesenteric Lymph Node Analysis

MLNs were harvested, and lymphocytes were isolated from a subset of allergen-exposed mice. MLNs were homogenized and passed through a 70 µm strainer to obtain a single cell suspension and centrifuged at 1,500 rpm for 10 min at room temperature. Lymphocytes from MLNs were washed once with RPMI and centrifuged at 1,500 rpm for 10 min. Lymphocytes were resuspended in RPMI and counted using a hemocytometer.

Flow cytometric analysis of MLNs was performed as previously described (22). Briefly, cells were resuspended in FACS buffer (2 mM EDTA and 0.5% BSA in PBS) and incubated with anti-mouse CD16/CD32 (2.4G2) and 5% rat serum for 5 min to block Fc receptors. Cells were then incubated with fluorochrome-conjugated antibodies against murine CD3ϵ (145-2C11), CD4 (GK1.5), CD19 (6D5), CXCR5 (L138D7), and PD-1 (29F.1A12) for 30 min on ice. Cells were also concurrently stained with Zombie Aqua (BioLegend, San Diego, CA) for live cell/dead cell discrimination. Flow cytometry data were acquired with a four-laser LSRII (BD Biosciences, San Jose, CA) and analyzed using FlowJo (Ashland, OR) software. Only single cells were analyzed. Tfh cells were identified as CXCR5+PD-1+CD4+ T cells. All antibodies were purchased from BioLegend or BD Biosciences.



Microbiome Analysis

Fecal pellets were collected before and after the 4-week food protein exposure period, snap-frozen in liquid nitrogen, and stored at −80°C until analysis.


DNA Isolation

DNA isolation was performed as previously described (23–25). Mouse stool samples were transferred to a 2 ml tube containing 200 mg of ≤106 μm glass beads (Sigma, St. Louis, MO) and 0.5 ml of Qiagen PM1 buffer (Valencia, CA). Bead beating was performed for 5 min in a Qiagen TissueLyser II at 30Hz. After a 5-min centrifugation, 0.45 ml of supernatants were aspirated and transferred to a new tube containing 0.15 ml of Qiagen IRS solution. The suspension was incubated at 4°C overnight. After a brief centrifugation, supernatants were aspirated and transferred to deep well plates containing 0.45 ml of Qiagen binding buffer supplemented with Qiagen ClearMag Beads. DNA was purified using the automated KingFisher™ Flex Purification System and eluted in DNase-free water.



16S rRNA Amplicon Sequencing

Barcoding and library preparation were carried out as described (23, 24, 26). A total of 12.5 ng of DNA was amplified using universal primers targeting the V4 region of the bacterial 16S rRNA gene. Primer sequences contained overhang adapters appended to the 5’ end of each primer for compatibility with Illumina sequencing platform (27). The complete sequences of the primers were:

515F - 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGG
TAA 3’

806R - 5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTW
TCTAAT 3’.

Master mixes contained 12.5 ng of total DNA, 0.5 µM of each primer and 2× KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, MA). The thermal profile for the amplification of each sample had an initial denaturing step at 95°C for 3 min, followed by a cycling of denaturing of 95°C for 30 s, annealing at 55°C for 30 s and a 30-s extension at 72°C (25 cycles), a 5 min extension at 72°C and a final hold at 4°C. Each 16S rRNA gene amplicon was purified using the AMPure XP reagent (Beckman Coulter, Indianapolis, IN). In the next step each sample was amplified using a limited cycle PCR program, adding Illumina sequencing adapters and dual‐index barcodes [index 1(i7) and index 2(i5), Illumina, San Diego, CA] to the amplicon target. The thermal profile for the amplification of each sample had an initial denaturing step at 95°C for 3 min, followed by a denaturing cycle of 95°C for 30 s, annealing at 55°C for 30 s and a 30-s extension at 72°C (8 cycles), a 5 min extension at 72°C and a final hold at 4°C. The final libraries were again purified using the AMPure XP reagent (Beckman Coulter), quantified and normalized prior to pooling. The DNA library pool was then denatured with NaOH, diluted with hybridization buffer and heat denatured before loading on the MiSeq reagent cartridge (Illumina) and on the MiSeq instrument (Illumina). Automated cluster generation and paired-end sequencing with dual reads were performed according to the manufacturer’s instructions.



Bioinformatics Analysis

Sequencing output from the Illumina MiSeq platform were converted to fastq format and demultiplexed using Illumina Bcl2Fastq 2.18.0.12. The resulting paired-end reads were processed using QIIME 2 2018.11 (28). Index and linker primer sequences were trimmed using the QIIME 2 invocation of cutadapt. The resulting paired-end reads were processed with DADA2 through QIIME 2 including merging paired ends, quality filtering, error correction, and chimera detection (29). Amplicon sequencing units from DADA2 were assigned taxonomic identifiers with respect to Greengenes release 13_08 using the QIIME 2 q2-featureclassifier (30). All sequencing data has been submitted to the NCBI repository and can be accessed via the following accession numbers: PRJNA674375.



Compositional Data Analysis

Compositional data analyses were performed on taxonomic count data from the ASV table after imputing values to replace zeroes. The taxa count matrices of the n = 78 samples and P = 230 taxa of the pre-exposure, X∈ℝn×P, and post-exposure, Y∈ℝn×P, gut microbiome profiles were processed as follows, respecting the compositional nature of the data (31, 32). First, both matrices were row-sum normalized, X′ = C[X], Y′ = C[Y], to map each row onto the corresponding coordinates in the unit-sum simplex, by the closure operator defined in terms of the matrix elements xij of X by

	

and similarly for Y. We here imputed nonzero values to replace zeroes using the multiplicative approach previously described (33), setting the δ imputed values to a single constant equal to the smallest nonzero element encountered across all of X′ and Y′. That is, given δ, we replaced X′ with X″ defined as

	

and similarly replaced Y′ with Y″ in terms of the elements Y′. We found this approach to be more stable across various δ imputed values and more robust than adding pseudo counts. Given sequencing instrument limitations, this approach treats all zero counts as rounded zeroes where each taxon is assumed to be present but below detection level.

To analyze the overall gut microbiome compositional change in response to treatment, we quantified the relative change from the pre-exposure (X″∈ℝn×P) to the post-exposure (Y″∈ℝn×P) gut microbiome profile by the compositional perturbation operation Z″ = Y″ ⊖ X″ = C[Y″/X″] where the input to the closure operator C[] is the array of element-wise division of Y″ by the corresponding elements of X″ (34). To robustly handle compositional constraints on the perturbations encoded in Z″, simplify interpretation, and to avoid using a stepwise procedure on the high dimensional set of   pairwise log-ratios (PLR), an additive log-ratio (ALR) transformation was then applied to each sample (34): X‴ = ALR[X″], Y‴∈ℝn×(P-1) and Z‴ = ALR[Z″], Z‴∈ℝn×(P-1), defined in terms of selected reference taxa xij″ or zip by

	

	

and with the j = p column removed. To ensure the lower dimensional sets of ALRs (P – 1 = 229) adequately preserved the distance between samples using all PLR, the reference denominators xip″ or zip″ were selected such that the Procrustes matching to the higher-dimensional all-PLR configuration was maximized (35). Results from the selection of the top ALR denominator for the Procrustes correlation between the full PLR inter-sample distances for the pre-exposure and perturbation compositions are shown in Figure S1. To reduce computational complexity, the Aitchison distance was computed with a weighted centered log-ratio transformation in lieu of pairwise distances using all PLRs (36, 37). Procrustes analysis and Permutational multivariate ANOVA (PERMANOVA) were implemented using the vegan package in R (38). To identify a minimal taxa log-ratio signature, feature selection using machine learning was applied separately to X‴ and to Z‴, where the target outcome of interest was either strain or strain-food protein respectively (see Machine Learning Analysis). This resulted in the pre-exposure log-ratio   signature and perturbation log-ratio signature  . The pairwise distance matrix Apert between samples in   were then calculated as

	

and Apresen was similarly defined in terms   of Principal coordinate analysis using A was employed to visualize the composition of the pre-exposure or compositional perturbation gut microbiome between samples. PERMANOVA (39) was applied using A to compare: (1) the pre-exposure composition between strains (CC027/GeniUnc, C3H/HeJ), and (2) the compositional perturbation between strain-food protein groups (g = 10). Next, the vegan implementation of the PERMDISP2 procedure was applied to assess heterogeneity of variance between groups (39) and to confirm centroid and/or dispersion differences. Finally, pairwise multiple comparisons (compositional perturbation) using PERMANOVA with Benjamini-Hochberg (BH) multiple testing corrections were applied to confirm significant differences and to control the false discovery rate (FDR). The FDR was estimated using α = 0.06. Finally, the mean taxa log-ratio signature   where d < P for each strain-food protein group in   was computed.

Cluster analysis was performed on the strain-food protein groups with the Leiden algorithm (40) for community detection on graphs, and applied to a strain-food protein similarity graph G to model the similarity between samples within each strain-food protein group. To do so, G = (V, E, W) where V represents the set of strain-food protein groups, E represents the edge set formed by non-significant Pseudo-F values (from pairwise PERMANOVAs using BH corrected values, thereby indicating some possibility of similarity) with edge weights W given by corresponding pairwise Pseudo-F value between strain-food protein groups. To identify a biologically relevant set of clusters we tuned the resolution parameter used in the algorithm to satisfy two objectives: (1) minimize entropy between numbers of mice experiencing anaphylaxis (reactors) within each cluster and (2) maximize the number of clusters returned (which is achieved in the present case by maximizing the resolution parameter). With clusters defined in this way, the taxa log-ratios in were compared using the Kruskal-Wallis rank sum test to determine differences between clusters. Kruskall-Wallis p-values were adjusted for multiple comparison using BH (Supplemental Table 1).



Machine Learning Analysis

To reduce the number of features, we used a machine learning approach to select a reduced number of features while simultaneously assessing both the performance [repeated cross-validation (CV)] of the model and statistical significance (permutation testing) of the association between labels and features. To do this, all machine learning models used were trained with the random forest algorithm as implemented by the randomForest and caret packages in R (41, 42). Feature selection was cross-validated within the training folds and was done using the Boruta (43) algorithm in R (pre-exposure microbiome profile; binary outcome), or an implementation of the random forest recursive feature elimination (perturbation microbiome profile; mutli-classification). Model performance was computed using area under the receiver operating characteristic curve (AUROC) for both binary and multi-class classification metrics and was implemented using the pROC package in R (44). Performance was estimated using stratified 10 × 10-fold CV for binary classification and stratified 10 × 5-fold CV for mutli-classification. Given the small sample size and to ensure models were finding true associations between the labels and features, we performed additional permutation testing using the previously described procedure (45): we trained 100 additional models with permutated labels for each test and the empirical p-value was calculated as previously described as definition 1 (45). Feature importance metrics were calculated using the permutational accuracy metric during the final model training process. All log-ratio signatures were calculated using the full dataset after CV and permutation testing by first performing feature selection and then training the final model. All analyses were performed in R software 4.0.0 and are publicly available at https://github.com/andrew84830813/food_antigen_sensitization-mircobiome-genetically_susceptible_mice.git.





Results


CC027/GeniUnc Mice Become Sensitized to Peanut, Walnut, and Egg, but Not Milk, in the Absence of a Th2-Skewing Adjuvant

CC027/GeniUnc and C3H/HeJ mice differentially respond to oral peanut exposure (16). Here, we aimed to determine how these two strains of mice would react to various food proteins in the absence of a Th2-skewing adjuvant. To do this, mice were orally gavaged with peanut, walnut, milk, or egg protein once weekly for 4 weeks, and serum was collected after the exposure period to measure immunoglobulin production (Figure 1A). CC027/GeniUnc mice orally exposed to peanut, walnut, or egg produced high levels of antigen-specific IgE, IgG1, and IgG2a, indicating sensitization, while CC027/GeniUnc mice exposed to milk did not mount an IgE response. C3H/HeJ mice produced significantly lower quantities of serum peanut-, walnut-, and egg-specific IgE compared to CC027/GeniUnc, and near-undetectable milk-specific IgE (Figures 1B–D). Thus, CC027/GeniUnc mice were highly sensitized to peanut, walnut and egg, whereas C3H/HeJ mice were not.




Figure 1 | Antibody responses in CC027/GeniUnc and C3H/HeJ mice following oral exposure to peanut, walnut, milk, or egg. (A) Experimental design. (B–D). Serum antigen-specific IgE (B), IgG1 (C) and IgG2a (D) production in CC027/GeniUnc (n = 16–20 per food) and C3H/HeJ (n = 6–10 per food) mice at week 5. *p < 0.05, **p < 0.01, ****p < 0.0001, Mann Whitney U test, individual data are shown with a red line representing the median.





CC027/GeniUnc Mice Have Significantly Lower Total Fecal IgA Quantities and a Distinct Gut Microbiome Compared to C3H/HeJ Mice

Sensitization through the GI tract can be influenced by luminal IgA and the consortia of microbiota in the gut (10, 11, 13). Fecal pellets were collected from mice before the 4-week food protein exposure period to compare fecal IgA quantities and gut microbiome composition in naïve mice. CC027/GeniUnc mice had significantly lower total fecal IgA quantities compared to C3H/HeJ mice (Figure 2A). The vast majority of CC027/GeniUnc mice (34 of 39 mice) had <15 ng/ml of IgA, while IgA quantities in C3H/HeJ mice average 127 ng/ml (range: 18–509 ng/ml).




Figure 2 | Fecal IgA and gut microbiome of naive CC027/GeniUnc and C3H/HeJ mice. (A) Total fecal IgA (CC027/GeniUnc: n = 39; C3H/HeJ: n = 32). (B) Shannon diversity between strains (CC027/GeniUnc: n = 42; C3H/HeJ: n = 36; used for all naive microbiome analysis). (C) Number of unique taxa. (D) Pooled Receiver Operating Characteristic (ROC) curve showing model performance with feature selection under true and permuted labels (strain). (E) Principal coordinate analysis plot of gut microbiome between CC027/GeniUnc (blue) and C3H/HeJ (red) mice. (F) Relative abundances based on order. (G) Heatmap showing between-strain log-ratio signature clustered with ward.D2 with Euclidean dissimilarity (CC027/GeniUnc: blue, C3H/HeJ: red; x-axis). (A–C) Wilcoxon rank-sum test, individual data are shown within a box plot showing median with IQ range. ****p < 0.0001.



Increased gut microbiome diversity was observed in CC027/GeniUnc mice, as demonstrated by the Shannon index (Figure 2B). Notably, both strains had similar numbers of unique assigned taxa (Figure 2C, a complete list of taxa is in Supplemental Table 2). Compositional data analysis revealed the gut microbiome composition was significantly different between strains at baseline, using a combination of machine learning and beta diversity analysis (Figures 2D, E). Indeed, our machine learning model with feature selection was able to perfectly classify strains (AUROC = 1, 10 times repeated 10-fold CV, see Materials and Methods) when trained on the baseline gut microbiome composition. Marked visual differences in the average gut microbiome composition of CC027/GeniUnc and C3H/HeJ mice at the order level are shown in Figure 2F. Since there were clear gut microbiome differences between strains, we next sought to identify the specific taxa responsible for these strain differences. While our model was able to easily classify strains, we used permutation testing to ensure the model learned true associations between microbiome compositions and strain (Figure S2, see Machine Learning Analysis). To identify a strain-specific gut microbiome signature, we applied our cross-validated feature selection process using all samples. Indeed, we found log-ratios formed between the abundance of 44 taxa relative to a reference taxa, Atopobium vaginae (V31, used as the denominator in log-ratios, see Compositional Data Analysis for selection), to be important for explaining the difference between strains (Figure 2G). Specifically, random forest feature importance derived from the final model trained on the strain-specific signature revealed log-ratios of taxa from the Anaeroplasma (V224) genus and Lachnospiraceae (V113) family relative to A. vaginae were the top 2 among 44 features most important for classifying strain differences (Figure S3). In particular, univariate statistical analysis confirmed taxa from the Anaeroplasma genus were significantly more enriched relative to A. vaginae in CC027/GeniUnc mice than C3H/HeJ mice (all pairwise comparisons in Figure S4A). Conversely, univariate statistical analysis confirmed taxa from the Lachnospiraceae family were significantly more enriched relative to A. vaginae in C3H/HeJ mice rather than CC027/GeniUnc mice (Figure S4B). Together, these results indicate that differences in IgA levels between these two strains, as well as the composition and abundances of a subset of the gut microbiota distinguish each strain’s relative susceptibilities to sensitization.



A Higher Number of T Follicular Helper and CXCR5+ B Cells in CC027/GeniUnc Mice Are Consistent With Higher Immunoglobulin Production Compared to C3H/HeJ

Because the immunologic process of oral tolerance occurs in MLNs, we investigated T and B cells in the MLNs. Specifically, Tfh cells are integral in driving IgE production (46, 47), and their presence may help explain why CC027/GeniUnc mice become sensitized to peanut, walnut and egg. Following food protein oral exposure and challenge, MLNs were collected from mice for T and B cell analysis by flow cytometry (gating shown in Figure S5). CC027/GeniUnc mice had lower frequency of T cells overall, but similar frequency of CD4+ T cells compared to C3H/HeJ mice (Figures 3A, B). CC027/GeniUnc mice also had higher frequency of antigen-experienced, PD-1+CD4+ T cells (Figure 3C). Importantly, the frequency of Tfh cells was higher in CC027/GeniUnc mice compared to C3H/HeJ mice (Figure 3D). CC027/GeniUnc mice also had higher frequency of B cells and CXCR5+ B cells (Figures 3E, F), suggesting that the number of germinal center B cells is higher, resulting in higher immunoglobulin production in CC027/GeniUnc mice. Overall, the increased abundances of Tfh cells and CXCR5+ B cells may lead to higher IgE production in CC027/GeniUnc mice.




Figure 3 | Lymphocyte subsets in mesenteric lymph nodes from CC027/GeniUnc (n = 4) and C3H/HeJ mice (n = 6). (A) T cells, (B) CD4+ T cells, (C) PD-1+ CD4+ cells, (D) T follicular helper cells, (E) B cells, and (F) CXCR5+ B cells. *p < 0.05, ***p < 0.001, ****p < 0.0001, Unpaired t test, individual data are shown with a black line representing the median.





CC027/GeniUnc Mice Experience Anaphylaxis Upon Oral Challenge to Peanut and Walnut, but Not Milk or Egg

While IgE production indicates that CC027/GeniUnc mice were sensitized to peanut, walnut and egg, oral food challenges are required to confirm an allergy to these foods. Mice were challenged to either peanut, walnut, milk or egg proteins via oral gavage following the exposure period. CC027/GeniUnc mice experienced severe anaphylaxis (>5°C decrease) to peanut (Figure 4A), and mild anaphylaxis (>3°C decrease) to walnut (Figure 4B), but did not experience allergic reactions (<3°C decrease) to milk, egg or PBS (Figures 4C–E). C3H/HeJ mice did not experience reactions to any oral challenge. Although CC027/GeniUnc mice had increased IgE production in response to peanut, walnut and egg, mice only experienced anaphylaxis to peanut and walnut, suggesting that there are additional factors besides IgE production that contribute to reactivity.




Figure 4 | Oral challenge results. (A–E) Body temperature changes in CC027/GeniUnc (blue, n = 10 per food) and C3H/HeJ (red, n = 7–9 per food) mice challenged to peanut (A), walnut (B), milk (C), egg (D), and PBS (E). (F) Serum allergen quantities post-challenge. Allergens in parentheses represent the allergen quantified for each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA, data is represented by the mean ± SEM for each time point. Statistics are shown for groups that reacted upon challenge (>3°C decrease). For allergen quantities: Mann Whitney U test, individual data are shown with a red line representing the median.



We previously reported that CC027/GeniUnc mice sensitized with peanut and cholera toxin have detectable peanut allergen, Ara h 2, in their serum following oral peanut challenge (16), suggesting increased antigen absorption may contribute to anaphylaxis to peanut. To determine whether cholera toxin-free exposure to each food led to antigen absorption post-challenge, we quantified major serum allergens in peanut (Ara h 2), milk (Bos d 5), and egg (Gal d 2) via ELISA in peanut-, milk-, and egg-exposed mice, respectively (Figure 4F). Consistent with our previous results, CC027/GeniUnc mice sensitized to peanut had detectable levels of Ara h 2 in serum following oral peanut challenge. Contrarily, Bos d 5 and Gal d 2 were not detected in mice following milk and egg challenge, respectively. Validated ELISA reagents were not available for any major walnut allergen, and allergens were not quantified in walnut-sensitized mice. Together these results indicate that CC027/GeniUnc mice have increased antigen absorption in the gut following peanut, but not milk or egg, challenge, which is likely an important factor leading to anaphylaxis.



Fecal Immunoglobulin Quantities in CC027/GeniUnc Mice Are Associated With Anaphylaxis Upon Oral Challenge

To further investigate potential gut absorption differences between groups, fecal pellets collected after the food protein exposure period were analyzed for total fecal IgA. CC027/GeniUnc mice have very low total fecal IgA, while C3H/HeJ mice have higher total fecal IgA regardless of antigen exposure (Figure 5A). Antigen-specific IgA was not detected, regardless of strain or food protein exposure. Antigen-specific IgG was also measured in fecal pellets. Interestingly, CC027/GeniUnc mice sensitized to peanut or walnut had increased fecal antigen-specific IgG following exposure, while CC027/GeniUnc mice exposed to milk and egg had no detectable antigen-specific fecal IgG (Figures 5B–E). These results associated with the CC027/GeniUnc anaphylaxis outcomes and may suggest increased antibody production in the gut or the translocation of antibody across the gut barrier to the lumen.




Figure 5 | Fecal immunoglobulin quantities. (A) Total fecal IgA measured in peanut-, walnut-, milk-, or egg-exposed CC027/GeniUnc (n = 10 per food) and C3H/HeJ (n = 7–9 per food) mice. (B–E) Fecal peanut- (B), walnut- (C), milk- (D), and egg- (E) specific IgG (represented as log2 of the geometric mean titer (GMT)) in food protein-exposed CC027/GeniUnc (n = 9–10 per food) or C3H/HeJ (n = 7–9 per food) mice. **p < 0.01, ***p < 0.001, Unpaired t test (IgA) and Wilcoxon test (IgG), individual data are shown with a red line representing the median.





Microbial Compositions Differ Among CC027/GeniUnc Mice Exposed to Peanut, Walnut, Milk, or Egg

Given that gut microbial composition is affected by dietary antigens, we hypothesized that enteral exposure to different foods in CC027/GeniUnc mice would lead to distinct changes of microbial compositions. To compare the effects of different food proteins, the relative changes in gut microbiome before and after exposure (i.e., perturbation, see Materials and Methods) were further analyzed. Accordingly, a multi-classification model with feature selection was trained on the microbiome perturbation composition in response to food protein exposure, and a statistically significant association (AUROC = 0.84, p = 0.009, see Materials and Methods, Figure S6) was identified between the strain-food protein interaction (i.e., CC027-peanut, C3H-peanut, etc.) and the microbiome perturbation. Using this feature selection process on all samples we identified a reduced signature of 23 taxa log-ratios representative of how each strain’s gut microbiome responded to the food exposure. A Principal Coordinate Analysis (PCoA) plot using the log-ratio signature shows perturbation dissimilarities based on food exposure and strain (Figure 6A). PERMANOVA analysis confirmed there were some significantly distinct gut microbiome responses to food exposure based on strain (Pseudo-F = 2.7006, p < 0.0001). Multivariate dispersions between strain-food protein interactions were analyzed with PERMDISP2 (Figure S7), and the results indicated differences in multivariate dispersion were not significant (Pseudo-F = 1.0100, p = 0.4409) and instead that there were only differences among the location of group centroids.




Figure 6 | Gut microbiome changes after food protein exposure in CC027/GeniUnc (n = 7–10 per food) and C3H/HeJ (n = 7–8 per food) mice. (A) PCoA plot of compositional perturbation explaining 36.71% of total variation grouped by strain-food protein. (B) PCA biplot showing relative location of clusters and how the mean strain-food protein log-ratios within the perturbation signature contribute to differences between groups. (C) Depletion or enrichment of specific taxa relative to Listeria within each cluster. Error bars reflect 95% confidence intervals of the mean log-ratio value for all samples within each cluster. All taxa information is included in the following sequence: order, family, genus, species.



To compare perturbation responses, we used similarity graphs (see Compositional Data Analysis) to cluster each strain-food protein group. From this, we identified five clusters (Figure 6B and Figure S8) of responses to food protein exposure. Notably, our clusters resulted in a disproportionate number of anaphylactic mice (90%, n = 16) being concentrated in cluster 1 (Figure S9A). Further, permutation testing revealed that our five cluster assignments clustered anaphylactic mice significantly better than random clustering (p = 0.0146, Figure S9B). These results indicate our log-ratio signature not only distinguishes differences between strain-food protein perturbations but also may explain key changes in the gut microbiome associated with increased risk of anaphylaxis.

To explore the location-only effects, principal component analysis (PCA) of the mean log-ratio signature of each strain-food protein group revealed strong separation between clusters (Figure S10). PCA biplot analysis revealed key log-ratios responsible for cluster separation (Figure 6B) defined primarily by Bifidobacterium (V26), Akkermansia (V227), and Candidatus Arthromitus (V101) relative to Listeria (V79, see Compositional Data Analysis for selection). We next sought to understand how each cluster differed based on each log-ratio of the perturbation signature. Kruskal-Wallis testing revealed 13 log-ratios had some statistically significant difference in values across clusters (Supplemental Table 3). Additionally, random forest variable importance shows the relative importance of each log-ratio for associating strain-food protein to microbiome response (Figure S11). Specific taxa responsible for differences between groups are shown in Figure 6C, which demonstrates an average depletion or enrichment of taxa relative to Listeria (V79) in each group. These results indicate key taxa may be critical for distinguishing groups of mice that react upon oral food challenge.




Discussion

Food allergies are thought to develop from oral tolerance failure, but the underlying mechanisms leading to sensitization are widely unknown. In mouse models, oral tolerance is typically broken by using mucosal adjuvants like cholera toxin or Staphylococcal enterotoxin B. However, we recently identified a genetically susceptible strain (CC027/GeniUnc) that does not require an adjuvant for peanut sensitization (16). Here, we focused on understanding the mucosal immunology in this CC027/GeniUnc strain that allows for enteric sensitization by analysing fecal IgA, antigen absorption, microbiome composition and MLN lymphocyte subsets after exposure to peanut, walnut, milk, or egg.

CC027/GeniUnc mice were orally sensitized to peanut, walnut and egg based on their immunoglobulin production, but only reacted upon oral challenge to peanut and walnut. Furthermore, CC027/GeniUnc mice had detectable serum Ara h 2 post-oral peanut challenge, while Bos d 5 and Gal d 2 were not detected in milk- or egg-challenged mice. Together, these results suggest that antigen absorption may play a role in reactivity in sensitized mice. Systemic absorption was previously shown to be required for anaphylaxis (48), which is consistent with our findings. Prior to absorption, antigens encounter enzymes and an acidic environment, which can lead to extensive hydrolysis of the antigen. Therefore, the biochemical properties of allergens are critical in maintaining the capacity to cross-link IgE. The major peanut allergen, Ara h 2, is a 2S albumin and is resistant to proteolysis, which likely contributes to its absorption and reaction susceptibility (49, 50). Similarly, the 2S albumins that are major allergens in tree nuts are also quite stable, which may explain walnut-induced reactions in this model.

With enteral exposure, antigen presentation occurs in gut-draining MLNs. These immunologic sites can lead to tolerance or allergy. Mounting evidence demonstrates that Tfh cells are the main source of IL-4 leading to IgE production (51). Since CC027/GeniUnc but not C3H/HeJ mice produced IgE against enteral antigens, we hypothesized that there may be more Tfh cells in MLNs. Indeed, CC027/GeniUnc mice had a higher frequency of Tfh cells compared to C3H/HeJ, despite having lower T cell frequencies. Furthermore, CC027/GeniUnc mice had more CD4+ T cells expressing PD-1, indicating more antigen presentation leading to antigen-experienced T cells occurs compared to C3H/HeJ mice. CC027/GeniUnc mice also had a higher frequency of MLN CXCR5+ B cells compared to C3H/HeJ. CXCR5 is critical for homing to lymph node follicles and is therefore important for class-switching and IgE production (52). These results suggest increased frequencies of MLN Tfh and CXCR5+ B cells in the CC027/GeniUnc mice may lead to higher IgE production compared to C3H/HeJ mice.

Mucosal IgA is thought to be protective against food allergies by preventing translocation of allergen through the gut barrier. In humans, selective IgA deficiency has been associated with allergic diseases, including food allergy (53, 54). Here, CC027/GeniUnc mice have very low levels of total fecal IgA compared to C3H/HeJ mice prior to food protein exposure, which may lead to less neutralization of allergen and more allergen absorption in the gut. Of note, fecal antigen-specific IgA was undetectable in either strain. Together, our results are consistent with a recent report demonstrating that cholera toxin was required for fecal antigen-specific IgA production, and that Tfh cells were not required for mucosal IgA production (11).

The main contributor to the gut mucosa is the microbiome, which has been linked to susceptibility to food allergy. We rigorously analyzed the gut microbiome with a combination of compositional data and machine learning approaches and found marked compositional differences between CC027/GeniUnc and C3H/HeJ mice at baseline. Furthermore, we found the gut microbiome of CC027/GeniUnc mice responded differently when exposed to peanut, walnut, milk, and egg when compared to C3H/HeJ mice. Importantly, separation of the five clusters in response to food protein exposure was driven primarily by specific changes in relative abundance of Bifidobacterium, Akkermansia, and Candidatus Arthromitus relative to Listeria. In our analysis, the peanut-, walnut- and milk-exposed CC027/GeniUnc mice (cluster 1 in Figures 6B, C), were defined by a depletion in Akkermansia bacteria relative to Listeria. Akkermansia, in particular, is known to play a critical role in gut barrier integrity through mucus layer production (55, 56); the relative depletion of Akkermansia is consistent with the presumed decreased gut barrier function in peanut- and walnut-sensitized CC027/GeniUnc mice. Moreover, given the clustering assignments, we found that cluster 1 (peanut-, walnut-, and milk-exposed CC027/GeniUnc mice) disproportionately contained ~90% of all mice that reacted upon challenge. Although milk-exposed CC027/GeniUnc mice did not demonstrate similar gut barrier permeability, they also did not produce any milk-specific immunoglobulins, which is a prerequisite component of allergy. Similar to cluster 1, peanut-exposed C3H/HeJ mice (cluster 5) had a notable decrease in Akkermansia, but also an increase in Bifidobacterium, which together with IgA production, may be protective against peanut allergy. The gut microbiome of egg-sensitized CC027/GeniUnc mice was characterized by the enrichment of taxa from the order YS2, and Prevotella and Streptococcus genera, and depletion of taxa from the Bifidobacterium and Allobaculum genera relative to Listeria. Since egg-sensitized CC027/GeniUnc mice did produce increased egg-specific IgE, perhaps the egg-induced microbiome changes did not further facilitate an Akkermansia-depleted, and therefore weaker, gut barrier that we believe is associated with the reactions in the peanut- and walnut-sensitized CC027/GeniUnc mice. Together these results suggest increased production of specific IgE, decreased total fecal IgA, and alterations of Bifidobacterium and Akkermansia communities in the gut are all associated with sensitization of food proteins and risk of anaphylaxis on exposure.

Due to the dynamic nature of the gut environment, multiple factors are known to contribute to sensitization susceptibility. The results presented here suggest an interactive role between food antigens and the local gut environment, including IgA and microbiome, leading to tolerance or sensitization. Specifically, CC027/GeniUnc mice have very low levels of total fecal IgA and a unique microbiome, which together may lead to increased antigen uptake. Then, in the MLNs, Tfh cells, which are also increased in CC027/GeniUnc mice, may drive the CXCR5+ B cells to class-switch into IgE-producing cells. Once animals are sensitized, increased gut permeability is a potential factor allowing for systemic absorption and anaphylaxis to occur. Based on the immunologic responses generated after food protein exposure in the absence of a Th2-skewing adjuvant, this model in CC027/GeniUnc mice provides a useful platform for future food allergy studies.
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Atopic disorders including allergic rhinitis, asthma, food allergy, and dermatitis, are increasingly prevalent in Western societies. These disorders are largely characterized by T helper type 2 (Th2) immune responses to environmental triggers, particularly inhaled and dietary allergens. Exposure to such stimuli during early childhood reduces the frequency of allergies in at-risk children. These allergic responses can be restrained by regulatory T cells (Tregs), particularly Tregs arising in the gut. The unique attributes of how early life exposure to diet and microbes shape the intestinal Treg population is a topic of significant interest. While imprinting during early life promotes the development of a balanced immune system and protects against immunopathology, it remains unclear if Tregs that develop in early life continue to restrain systemic inflammatory responses throughout adulthood. Here, an inducible deletion strategy was used to label Tregs at specified time points with a targeted mechanism to be deleted later. Deletion of the Tregs labeled peri-weaning at day of life 24, but not before weaning at day of life 14, resulted in increased circulating IgE and IL-13, and abrogated induction of tolerance towards new antigens. Thus, Tregs developing peri-weaning, but not before day of life 14 are continually required to restrain allergic responses into adulthood.
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Introduction

The prevalence of food allergies, perennial rhinitis, asthma, and eczema have increased dramatically in recent decades, especially among children (1–3). These allergies are partly attributed to the loss or absence of tolerance to environmental antigens, a process largely meditated by Tregs, which express the transcription factor FoxP3. Current focus has turned to how tolerance induced in early life protects from the development of allergic disorders. Children at high risk for allergic disorders exposed to food allergens, such as peanut or egg, between 4 and 12 months of age had reduced risk of food sensitization compared to children avoiding allergens until after 5 years of age (4–7). Along with food allergen avoidance in early life, another risk factor for allergic disorders is antibiotic use in the first year of life, implicating a role for exposure to microbes in early life, and particularly microbes in the gastrointestinal tract, as protecting against allergy (8–10).

Within the spectrum of allergic disorders, IgE-mediated food allergy is particularly concerning due to its increasing incidence and life-threatening anaphylactic response on allergen consumption (11). Such IgE driven immune responses can be initiated and promoted by type 2 helper (Th2) responses, including the hallmark cytokine IL-13, which is predominantly produce by Th2 T cells, and promotes the production of IgE (12). Such responses can be suppressed by Tregs, therefore understanding the role of Tregs in pathogenesis of food allergy is a key to understanding how prevention of allergic disorders is best maintained.

Exposure to dietary allergens in the first year of life offers protection from future food allergies, while allergen avoidance until after five years of age is linked with increased food allergies (5–7, 13–15). These epidemiologic data are consistent with oral tolerance, or suppression of systemic responses to antigens and allergens first encountered in the gastrointestinal tract (16), having unique features when induced in early life (17). Induction of oral tolerance is correlated to the initiation of regulatory T cells that can suppress Th2 responses (18–20).

A population of Tregs expressing the transcription factor RORγt+ differentiate early in life in a process driven by the microbiota, and may have unique capacities to avoid immunopathologies and restrain Th2 responses (21, 22). Intriguingly this population of Tregs are reduced in children with food allergies (23). Children with food allergies had distinct microbiotas from healthy children, which induced significantly less RORγt+ Tregs (23) suggesting specific microbiota cues during early life are necessary for the development of this population of Tregs. Specific deletion of all Foxp3+ Tregs developing in early life increased gut inflammation, though the phenotype of the Tregs depleted was not determined (24). Moreover, reduced exposure to luminal antigens in early life decreased development of RORγt+ peripheral Tregs (pTregs) and was associated with an increase in Th2 responses to oral antigens (17). Adoptive transfer of RORγt+ pTregs from isolated from the peri-weaning colon reduced Th2 responses against oral antigens suggesting early life RORγt+ pTregs are sufficient to restrain Th2 responses in an unbalanced immune system. Tregs promote tolerance through production of cytokines necessary for the tolerant environment, and therefore Tregs developing in early could contribute to the tolerogenic milieu that gives rise to future Tregs control Th2 responses. However we do not know if these Tregs are continually required to restrain Th2 responses later in life or if their role is restricted to early life to promote the development of a balanced immune system and once developed they are dispensable.

Here we show that the continued presence of “peri-weaning Tregs”, Tregs developing prior to weaning, are necessary for the maintenance and development of tolerance to antigens encountered later in life. We labeled Tregs at weaning with a diphtheria toxin receptor to specifically delete adults of Tregs of early life origin which reduced RORγt+ pTregs, increased serum IgE and IL13, and abrogated tolerance to new orally administered antigens. Thus Tregs developing peri-weaning are a major source of RORγt+ pTregs and are continually required to restrain Th2 responses in later life.



Materials and Methods


Mice

All mice were maintained on the C57BL/6 background. C57BL/6 mice, OTII T-cell receptor transgenic mice (25), Foxp3GFPCreERT2 mice (26), RosalslDTR (27), were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were fed a routine chow diet. Co-housed littermates were used for experimental controls. All mice were weaned at DOL 21. Adult mice were 8 to 16 weeks of age when analyzed unless stated otherwise. Foxp3GFPCreERT2 mice and RosalslDTR mice were bred for Foxp3GFPiDTR mice, which were injected with 100µg tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) dissolved in sunflower seed oil with 20% ethanol (Sigma-Aldrich) intraperitoneally (i.p.) on DOL 14 or 24. Mice were then aged to 8 weeks old (DOL 56), and injected with 50µg/kg diphtheria toxin (DT) (Sigma Aldrich) i.p. In some experiments to validate deletion mechanism, Foxp3GFPiDTR mice were injected with tamoxifen on DOL21, and diphtheria toxin (DT) on DOL24. For controls, C57Bl/6 mice were injected with tamoxifen or vehicle (sunflower seed oil with 20% ethanol) on DOL24, and DT on DOL56 to minimize variation due to treatments. Animal procedures and protocols were performed in accordance with the Institutional Animal Care and Use Committee at Washington University School of Medicine.



Isolation of Cellular Populations and Flow Cytometry

Colons were harvested, rinsed with PBS, and colonic patches were removed. Isolation of splenic and LP cellular populations was performed as previously described (28). Colonic Treg subpopulations were identified as 7AAD-, CD45+, CD3+, CD4+, Foxp3+, and RORγt+. Foxp3 was identified using GFP signal. To detect intracellular antigens (RORγt, cMAF, GATA3, and Tbet) and cytokines (IL13), cells were fixed and permeabilized overnight and stained per the manufacturer’s recommendations (eBioscience). Flow cytometry was performed with a FACScan cytometer (BD Biosciences, San Jose, CA) retrofitted with additional lasers, or an Attune NXT four-laser flow cytometer (Invitrogen). Data acquisition and analysis were performed using Attune NXT software and FlowJo software (Tree Star, Ashland, OR). viSNE analysis was performed with FlowJo software.



Oral Tolerance and Delayed Type Hypersensitivity Responses

Mice were given Ova 20g/L in drinking water for 10 days beginning at DOL 70. Mice were then immunized subcutaneously with 100µg Ova in incomplete Freund’s Adjuvant (Sigma Aldrich) 14 and 28 days later (i.e., DOL 84 and 98). At 16 weeks of age (DOL 112), mice were challenged with 20 µg Ova in the footpad and 24 h later the DTH response was read as the increase in footpad thickness before and after challenge as measured with micrometer calipers. Body temperature was monitored for one hour following challenge.



Adoptive T-Cell Transfer of Ova-Specific T Cells

Two days after the start of dietary Ova, mice were injected i.p. with 5 x 105 naïve Ova-specific T cells (CD45.1+CD3+CD4+CD62L+Vα2+) fluorescence-activated cell sorting (FACS)-isolated from spleens of adult OTII mice on the congenic CD45.1 background. Following transfer, organs were harvested at the indicated time points for cell isolation and analyzed by flow cytometry to detect and evaluate the phenotype of the CD45.1+ OTII T-cells. Mice were evaluated seven days after transfer for the phenotype of the transferred CD45.1+ OTII T-cells.



Measurement of Cytokines, and Immunoglobulins

ELISAs specific for IL-13 (eBioscience), Eotaxin (R&D systems), and IgE (eBiosciences) were used per manufacturers recommendations.



Statistical Analysis

Data were assumed to be normally distributed. Analysis was performed using a Student’s t test, one-way ANOVA with a Dunnett’s post-test, or two-way ANOVA with a with GraphPad Prism (GraphPad Software Inc., San Diego, CA) and a two-tailed cutoff of P<0.05 for significance.



Study Approval

Animal procedures and protocols were performed in accordance with the Institutional Animal Care and Use Committee at Washington University School of Medicine.




Results


RORγt+ Tregs Developing Peri-Weaning Persist Into Adulthood

The induction of RORγt+ pTregs begins before weaning and requires exposure to luminal antigens and microbes for their development. We have shown disruption of delivery of luminal substances to the lamina propria during early life reduced development of RORγt+ pTregs (17). This reduction remained statistically significant months later, and was associated with decreased oral tolerance induction and an increase in allergic-type responses against dietary antigens (17). We first asked if specific deletion of FoxP3 cells developing in early life was also associated with decreased oral tolerance. Mice expressing the diphtheria toxin receptor (DTR) exclusively in FoxP3+ cells (Foxp3DTR) were injected with the diphtheria toxin (DT) on day of life (DOL) 14 or DOL24 (Figure 1A). FoxP3+ cells were significantly decreased on DOL28, in both the DT14 and DT24 groups (Figure 1B), but the FoxP3 compartment was restored by DOL120 (Figure 1B). Interestingly RORγt+ pTregs remained significantly decreased following DT-depletion of Foxp3 cells at DOL 24, but not at DOL 14 (Figure 1B). Thus RORγt+ pTregs develop after DOL 14, in agreement with previous findings (21, 24, 29).




Figure 1 | Deletion of Tregs on DOL24, but not DOL14, abrogates oral tolerance later in life. (A) Schematic, FoxP3-DTR mice were injected with diphtheria toxin on DOL14 (green) or DOL24 (orange), control mice were injected with diphtheria toxin on DOL24 (gray). (B) Absolute number of Foxp3+ or RORγt+FoxP3+ colon LP cells analyzed on DOL 28 or DOL120. (C) Increase in footpad thickness following 7 days of Ova in drinking water, immunization, and footpad challenge with Ova, analyzed by one-way ANOVA with Dunnett’s test for multiple comparison. n = 4 mice per group in panels b and c, *denotes statistical significance < 0.05, ns, not significant.



Following deletion of Tregs in early life, we utilized an oral tolerance and delayed-hypersensitivity challenge model by exposing mice to ovalbumin (Ova) in drinking water, immunizing mice with Ova, challenging mice with Ova in the footpad, and measuring footpad swelling as an index of lack of tolerance. Mice had significantly increased footpad swelling, indicating reduced oral tolerance systemically, following deletion of Tregs at DOL24, but not DOL14. Taken along with our previous studies (17), these data highlight the importance of antigen delivery and development of Tregs during early life, but do not address if the RORγt+ pTregs arising during early life are continually required for constraining Th2 responses in later life or if once a balanced immune system is developed these Tregs are dispensable.

Mice expressing the diphtheria toxin receptor (DTR) under the tamoxifen driven cre in Foxp3 expressing cells, (Foxp3iDTR) were used to label Tregs arising at specific times in life to be deleted later. This construct permits the development of a balanced and healthy immune system, including the full Treg compartment and deletion of the Tregs developing in early life to assess their continuing role in later life. For initial validation of this system, Foxp3iDTR and control mice were injected with tamoxifen on DOL21 for labeling with the DTR, which was followed by an injection with DT on DOL24 for deletion of labeled cells. A significant depletion in Foxp3+ cells was quantified on DOL28, indicating DTR was successfully expressed on Foxp3+ cells following tamoxifen labeling in the Foxp3iDTR and that DTR induced deletion of this population (Figure 2A), without significantly affecting other T cell subsets (Figure 2B).




Figure 2 | RORγt+FoxP3+ Tregs are induced peri-weaning and are present in the adult colon lamina propria. Control mice (gray) and FoxP3iDTR mice (dark blue) were injected with tamoxifen on DOL21, diphtheria toxin on DOL24, and analyzed on DOL28: (A) absolute number of Foxp3+ CD4 T cells and (B) absolute number of T cells subsets in colon lamina propria, analyzed by two-tailed Student’s t test. (C) Experimental schematic describing labeling of Tregs with DTR using tamoxifen by injecting FoxP3iDTR mice on DOL14 (light blue) or DOL24 (purple). C57Bl6 mice were used as controls and injected with a vehicle (black) or tamoxifen on DOL24 (gray). All groups were injected with diphtheria toxin on DOL56 for deletion of labeled cells on DOL 56. (D) Absolute number of Foxp3+ or RORγt+FoxP3+ colon LP cells analyzed on DOL 63 following depletion at DOL 56, analyzed by one-way ANOVA with Dunnett’s test for multiple comparisons. n = 4 mice per group in panels (A–C) *denotes statistical significance < 0.05, ns, not significant.



Next, Foxp3iDTR mice were injected with tamoxifen on DOL 14 or 24, resulting in expression of the DTR in Foxp3+ cells present at those respective points. DT injection on DOL 56 depleted the Tregs that expressed Foxp3 on either DOL 14 or DOL 24 while leaving the Tregs developing after this time unchanged (Figure 2C). Depletion of early life Foxp3+ cells in adults resulted in no significant decrease in the total Foxp3+ population in the colon, as the labeled population of Tregs was a small proportion of the total Treg population at DOL 56 (Figure 2D). However, there was a significant decrease in the number of RORγt+ pTregs following DT-depletion of Foxp3 cells developing before DOL 24, but not before DOL 14 (Figure 2D). Confirming the critical time for RORγt+ pTregs development is after DOL 14 (21, 24, 29), and in our colony largely do not develop after DOL 24. We term all of the FoxP3+ cells developing between DOL14 and DOL24 “peri-weaning Tregs”, which does include the RORγt+ pTregs (17). Tregs developing prior to DOL 14 are predominantly natural thymic derived Tregs and supress autoimmune responses later in life (30).

Multiparameter flow cytometry was performed on the CD4+ T cell population within the colon lamina propria following depletion of Tregs developing prior to DOL14 (Tam DOL14) or peri-weaning Tregs (Tam DOL24) in adults to evaluate the expression of the transcription factors Foxp3, RORγt, cMaf, GATA3, and Tbet. Flow cytometry data was analyzed using a visualization tool for high-dimensional single-cell data based on the t-Distributed Stochastic Neighbor Embedding (t-SNE) algorithm, (viSNE), to visualize cell clusters and loss of cellular populations after deletion. No noticeable cluster was missing from following depletion of Tregs developing prior to DOL14, suggesting such cells either do not cluster into a distinct population, are not long-lived, or that a population with a similar pattern of transcription factor expression is also generated after DOL 14 (Figure 2). Depletion of peri-weaning Tregs, those labeled at DOL 24 and depleted in adults, greatly reduced the RORγt+Foxp3+ cluster that included GATA3, cMaf, and Tbet expression (Figure 3). Taken together, these data suggest RORγt+ pTregs are largely generated in early life in mice in our colony, that these cell persist into adulthood, and that the peri-weaning Tregs includes a heterogenous population of Tregs expressing diverse transcription factors.




Figure 3 | RORγt+FoxP3+ peri-weaning Tregs include a heterogeneous population of Tregs that express GATA3, cMAF, and Tbet. (A) viSNE plots of colon CD4 T cell populations from pooled samples denoting Foxp3+ and RORγt+Foxp3+ and Foxp3− clusters. (B–F) Plots also show individual expression of Foxp3, RORt, GATA3, cMAF, and Tbet. (G–I) Plots of CD4+ T cells in the colon LP from individual experimental conditions. Vsne analysis in (A–F) are pooled from n = 3 mice per group, plots in (G–I) are representative of n = 3 mice per group.





Peri-Weaning Tregs Restrain Th2 Responses Later in Life

To determine if peri-weaning Tregs were continually required to restrain Th2 responses, mice were monitored following depletion of early life Tregs. Serum IgE and IL13 concentrations were significantly elevated following depletion of peri-weaning Tregs, but not Tregs developing prior to DOL14 (Figures 4A, B). Serum IL-13 concentrations initially spiked following depletion of peri-weaning Tregs, but remained significantly elevated throughout the monitoring period. Serum IgE concentrations continued to increase suggesting peri-weaning Tregs are necessary for restraining systemic Th2 cytokines and antibodies.




Figure 4 | Systemic IL13 and IgE is increased following depletion of peri-weaning Tregs. Serum concentrations of (A) IL13 or (B) total IgE for 5 weeks following deletion of Tregs. n = 4 mice per group in panels (A, B), analyzed by two-way ANOVA with Dunnett’s test for multiple comparisons. * denotes statistical significance < 0.05.



Failure to develop the colonic Treg population in early life spontaneously skewed Th2 profiles that persisted into adulthood and impaired oral tolerance to dietary antigens initially encountered in adulthood. We assessed whether deletion of Tregs developing prior to DOL14 or peri-weaning Tregs in adults impaired oral tolerance to dietary antigens introduced in adulthood by deleting these Tregs in adult mice, exposing mice to ovalbumin (Ova) in drinking water, immunizing mice with Ova, challenging mice with Ova in the footpad, and measuring footpad swelling as an index of lack of tolerance (Figure 5A). Mice lacking peri-weaning Tregs had significantly increased footpad swelling, indicating reduced oral tolerance (Figure 5B). Additionally, Ova injected into the footpad of mice lacking peri-weaning Tregs caused a decrease in body temperature, suggestive of a hypersensitivity response to the injected antigen (Figure 5C).




Figure 5 | Development of tolerance to new oral antigens is abrogated following depletion of peri-weaning Tregs. (A) Experimental schematic describing labeling of Tregs with DTR using tamoxifen followed by deletion of labeled cells on DOL 56, and DTH response (left, B and C) or transfer of OTII cells (right, D) FoxP3iDTR mice were injected with tamoxifen on DOL14 (light blue) or DOL24 (purple). C57Bl6 mice were used as controls and injected with a vehicle (black) or tamoxifen on DOL24 (gray). All groups were injected with diphtheria toxin on DOL56 for deletion of labeled cells on DOL 56. (B) Increase in footpad thickness following 7 days of Ova in drinking water, immunization, and footpad challenge with Ova, analyzed by one-way ANOVA with Dunnett’s test for multiple comparison. (C) Change in temperature following footpad challenge, analyzed by two-way ANOVA with Tukey’s test for multiple comparisons. (D) Number of Ova-specific OTII cells in the colon LP 7 days following adoptive transfer and dietary Ova, analyzed by one-way ANOVA with Dunnett’s test for multiple comparison. n = 6 mice per group in panels (B, C) from two independent experiments, c displays data from one representative experiment, n = 3 mice in panel (D) * denotes statistical significance < 0.05.



Ova-specific CD4+ OTII T cells were transferred into mice receiving Ova in drinking water and analysed one week later, to phenotype antigen-specific T cell responses to dietary antigens in mice lacking Tregs developing prior to DOL14 or peri-weaning Tregs. A majority of the OTII T cells became Foxp3+ in the unmanipulated mice and mice depleted of Tregs developing prior to DOL14. In contrast, mice depleted of peri-weaning Tregs had significantly more OTII T cells with reduced Foxp3 expression and increased IL13 expression, suggesting an expansion of effector T cells specific for dietary Ova in the absence of peri-weaning Tregs and a portion of these expressed Th2 cytokines (Figure 5D).




Discussion

Our results demonstrate that continued presence of peri-weaning + Tregs, including RORγt+ pTregs, in adulthood is necessary to restrain Th2 responses and tolerance to dietary antigens encountered initially in adulthood. We have shown that RORγt+ pTregs developing in the colon are longer-lived in the absence of cognate antigen (17). Integrating these observations with prior studies suggests that there are periods in life for the development of Tregs with distinct properties. The first period occurs in the first week of life in mice during which naturally derived Tregs specific for self-antigens develop which function to protect from autoimmunity (30). The next period spanning the interval between the first week through weaning in mice is defined the formation of goblet cell-associated antigen passages (GAPs) in the colon. During this time peripherally induced Tregs (pTregs) specific for non-self-antigens develop extrathymically, a mechanism of Treg induction important for restraint of Th2 responses (31). A portion of these pTregs express the transcription factor RORγt and their development is driven by the microbiota, which is potentially delivered to the colon via GAPs (17, 32). The RORγt+ pTregs developing during this period are longer-lived than those developing in adulthood and have the capacity to restrain Th2 responses and promote tolerance to new antigens throughout life. While RORγt+ pTregs can develop throughout life, our data suggest that the RORγt+ pTregs developing after weaning are insufficient to restrain immunopathology.

Intriguingly, peri-weaning Tregs, which includes RORγt+ pTregs, restrained future responses in our model in a non-antigen specific manner suggesting here Tregs act in an innate manner to shape and promote a tolerogenic environment. Within the context of food allergy, the reduction or absence of RORγt+ pTregs could shift the immune environment, influencing both effector subsets and innate cells, within the intestine, allowing for pathogenesis of allergic reactions. Following depletion of peri-weaning Tregs, IgE steadily increased suggesting IgE-producing plasma cell populations either expand or increase secretion. The role of IgE in food allergy is well described, and we previously showed an association of decreased RORγt+ pTregs to increased allergen-specific IgE (17, 32). However, here it remains to be seen if increased total IgE may contribute to future allergic sensitization (33) or just indicate a skewing of the immune system to favor allergic responses. Similarly, increased serum IL13 suggests expansion or increased activity of Th2 effector cells or innate cells such as eosinophils and basophils. IL13 has been shown to not only drive goblet cell hyperplasia, but also increase allergen delivery across the intestinal epithelium by the formation of GAPs and secretory cell associated passages (SAPs) (34), and been implemented in promoting oral allergen sensitization (35) and food allergy pathogenesis (33). Thus increased systemic IL13 has the potential to increase delivery of food allergens into the lamina propria and sensitize innate cells triggering the pathogenesis of allergic responses. How peri-weaning Tregs restrain IL13 production and secretion through either direct cell contact or indirectly is of great interest. While more data is necessary to understand how RORγt+ pTregs uniquely prevent allergic reactions, it remains clear their development during early life may be imperative to maintaining tolerance throughout life.

While the generation and function of these pTregs is an area of active investigation, multiple features, that may be unique to early life, have been identified to contribute to the development of this RORγt+ pTreg population. There are two key time points for the role of antigen delivery: GAP formation in the colon prior to weaning, and GAP and SAP formation in the small intestine later in life. The former drives RORγt+ pTregs expansion in response to microbial products, while the later has the potential to promote food allergy pathogenesis through increased food allergen delivery (34). Understanding how the antigen delivery process results in two very different outcomes depends on both location (colon as compared to small intestine) and timing (peri-weaning compared to later in life). During the pre-weaning interval in which naïve T cells are stimulated to generate these pTregs, dietary and microbial antigens are delivered to the colon lamina propria via GAPs to generate antigen-specific immune responses (17, 32). This process is regulated by maternal ligands present in breastmilk and bacterial components of the maturing microbiota around weaning, most notably epidermal growth factor (17, 32). Maternal antibodies IgA and IgG also present in breastmilk have been shown to promote tolerance, may protect from food allergy pathogenesis in early life, and may help regulate development of RORγt+ pTregs (22, 36, 37). Following weaning, dietary antigens are largely encountered by the immune system in the small intestine, and dietary antigen-specific pTregs developing post-weaning have a limited life span in absence of antigen exposure (38, 39). This mechanism might explain why allergen avoidance in early life does not reduce food allergy. Indeed, complementary diets combined food allergens with breastmilk protect against food allergy later in life (14). These feeding practices could be directing food allergens to the colon during the first year of life to promote long lived tolerance via the induction of dietary antigen-specific RORγt+ pTregs.

Another feature supporting the development of this RORγt+ pTreg population is the gut microbiota. The requirement of the microbiota for inducing RORγt+ pTregs has long been appreciated (21, 29). Antibiotic use, particularly in the first year of life, is strongly associated with later life food allergies (40), and would certainly induce microbial dysbiosis (41). Children with food allergies have distinct microbiotas from healthy children. These bacterial communities induced significantly fewer RORγt+ pTregs (23). Additionally Th2 responses have the potential to create feedback loops, depleting the bacterial taxa necessary for Treg development (42). Administration of individual or a consortium of bacteria partly rescued RORγt+ pTregs where such cells were otherwise lacking or decreased (23). However this effect was restricted to specific bacterial taxa, suggesting microbial cues exclusive to the early life microbiota promote the development of this population of pTregs (43, 44). However attempts to manipulate the microbiota as a therapy for allergies have had limited success possibly due to the lack of other unique features present in early life.

Finally, RORγt+ pTregs are likely different depending on the time of life during which the pTregs differentiate. Recently a set point for the RORγt+ pTreg population was described to be defined in early life, shortly after birth (22), and pTregs may have age-dependent fates (45). RORγt+ expression can be driven by bacteria adherent to the intestinal epithelium in adult mice, including in pTregs (46–48), however pTregs induced in this manner are transient and dependent on the continued presence of the microbiota (29). The manner in which adherent bacterial antigens are encountered by the immune system post-weaning differs from how commensal bacterial antigens are encountered pre-weaning (32, 49). Common adherent bacteria have not been observed in the peri-weaning microbiota (50, 51), suggesting other microbial members or luminal factors drive RORγt expression peri-weaning. During differentiation RORγt+ pTregs potentially express Foxp3 first, becoming a Foxp3+ RORγt- intermediate before final differentiation into RORγt+Foxp3+ (52). Intriguingly induction of Foxp3 and RORγt expression may be initiated by differential microbial products (53, 54), potentially sensed directly by the Tregs (23).

Taken together, peri-weaning pTregs including the RORγt+ pTregs subset induced in the colon, are uniquely capable of enduring suppression systemic inflammation later in life. The heterogenous expression of specific transcription factors suggest peri-weaning Tregs can restrain multiple Th-driven inflammatory responses (55–57). One limitation of this study is through the labeling of all Foxp3 expressing cells at a specified time in life, deletion of cells upon diphtheria treatment results in mass deletion of Foxp3 cells present at the specified labeling time point, suggesting the mass deletion of cells from a specified time point may be as important as their specificity or gene expression pattern representative of the Foxp3 population.

It remains unclear how peri-weaning RORγt+ pTregs restrain allergic responses uniquely when compared to other Tregs subsets. Multiple described roles for Tregs in the restraint of allergic responses include producing cytokines that suppress immune responses, modulating antigen presenting cells to prevent antigen presentation, and preventing proliferation of T effector cells (58–60). While our data are consistent with each of these functions and suggest peri-weaning Tregs are continually required to perform their suppressive role, one alternative interpretation is the presence of the RORγt+ peri-weaning pTregs limits or decreases differentiation of future Tregs capable of restraining Th2 responses through active utilization of space and resources in the lamina propria as these are long-lived Tregs (17). Future work should explore if the peri-weaning Treg phenotype can be replicated later in life.

In conclusion, we have shown the continued presence of peri-weaning Tregs is necessary to restrain Th2 responses and supports tolerance to dietary antigens encountered later in life. These results implicate peri-weaning Tregs, which include a substantial population of RORγt+ pTregs, as playing active roles in suppressing potential Th2 responses and maintaining tolerogenic homeostasis. Further these findings underscore the importance of early life immune education for the proper expansion of this population, as Tregs developing post-weaning do not substitute for the peri-weaning Tregs. These data suggest the peri-weaning RORγt+ pTregs have unique capacities and are potentially not replaced without intervention. Thus risk factors for food allergy such as antibiotic use and allergen avoidance may contribute to food sensitization by disrupting this population of peri-weaning pTregs.
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Cofactors may explain why in some cases food ingestion leads to anaphylaxis while in others elicits a milder reaction or tolerance. With cofactors, reactions become more severe and/or have a lower allergen threshold. Cofactors are present in up to 58% of food anaphylaxis (FAn). Exercise, NSAIDs, and alcohol are the most frequently described, although the underlying mechanisms are poorly known. Several hypotheses have suggested the influence of these cofactors on basophils and mast cells (MCs). Exercise has been suggested to enhance MC activation by increasing plasma osmolarity, redistributing blood flow, and activating adenosine and eicosanoid metabolism. NSAIDs’ cofactor effect has been related with cyclooxygenase inhibition and therefore, prostaglandin E2 (PGE2) production. Indeed, overexpression of adenosine receptor 3 (A3) gene has been described in NSAID-dependent FAn; A3 activation potentiates FcϵRI-induced MC degranulation. Finally, alcohol has been related with an increase of histamine levels by inhibition of diamino oxidase (DAO) and also with and increase of extracellular adenosine by inhibition of its uptake. However, most of these mechanisms have limited evidence, and further studies are urgently needed. In conclusion, the study of the immune-related mechanisms involved in food allergic reactions enhanced by cofactors is of the utmost interest. This knowledge will help to design both tailored treatments and prophylactic strategies that, nowadays, are non-existent.
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Introduction

Food allergy is the main cause of anaphylaxis in children and in some series, also in adults (1). However, only some food allergic reactions end up being an anaphylaxis, ranging from very low percentages (0.4%) up to 40% of the reactions in some series (2). This disparity may be related with differences in age, food trigger, and geographic area. Interestingly, food allergy in adults usually debuts in the second-third decade of life and, in up to 50% of the cases, as an anaphylaxis (1).

The severity of an allergic reaction is unpredictable. The same individual may present reactions with different severity, even with the same food. The presence of cofactors, such as NSAIDs, exercise or alcohol, may explain this heterogeneity. Patients with cofactor-dependent reactions may have no or mild symptoms with the food alone and a more severe reaction (generalized urticaria or anaphylaxis) when associating a cofactor. Indeed, the same patient may have reactions with different cofactors or even need more than one cofactor to develop the severe reaction. Cofactors may increase the severity of the reaction or decreasing the reactivity threshold, meaning that lower doses of allergen are able to induce a more severe reaction (from two to six times depending on the series) (2–6). Cofactors are identified in up to 58% of food anaphylaxis (FAn) in some series and related with greater severity (3, 4, 7, 8), but the underlying mechanisms are poorly understood.

Their role in anaphylaxis has been more widely studied in adult patients, being not yet optimally studied in children. The high frequency of cofactor-related reactions highlights the clinical impact of recognizing and including cofactors into the routine diagnostic workup. Indeed, the understanding of the underlying mechanisms will help in developing tailored prophylactic treatments and identifying risk biomarkers. Hereby we report the main evidence reported regarding the major cofactors involved in food allergy.



Exercise

Exercise is described in up to 10% of anaphylactic reactions (3, 4). Exercise-induced anaphylaxis is a syndrome that may occur in food allergic patients but also independently of food ingestion (9). Considering the number of published studies, for the purpose of this review we will focus on food-dependent exercise-induced anaphylaxis (FDEIA). Several mechanisms have been postulated, although the evidence supporting each of them is scarce and limited by the low number of patients evaluated and the limited quality of the studies, as stated by a recent position paper from the European Academy of Allergy and Clinical Immunology (EAACI) (9).

The increase of both gastrointestinal permeability and tissue transglutaminase activity, two of the proposed mechanisms in the gut mucosa, is splendidly reviewed elsewhere (9). Other suggested mechanisms are related with the direct effect of exercise on basophils and mast cells (MCs) by modifying the cell count and histamine release (HR), redistributing the blood flow and increasing plasma osmolarity.


Exercise and Basophil Reactivity and Count

Acute exercise is related with the transient increase of blood circulating neutrophils, monocytes, dendritic and NK cells, although it remains unknown whether these changes may be also related with an altered immune function (10). Some in vivo studies have shown an increase of basophils count and HR after exercise, being more important in atopic individuals (11). In others, only an increase in HR has been demonstrated with no modification of basophil count (12). Interestingly, some authors have not found differences in HR when comparing allergic patients with controls, regardless of a significant basophil count increase in the atopic group (11). Indeed, increase in HR after in vitro IgE activation was only observed in highly trained athletes compared with non-trained ones, although both groups were non-atopic (13). Thus, these observations suggest that the atopic status together with the training level might be conditioning factors of HR and therefore, of exercise-induced basophil- and MC-activation. However, the interpretation and comparison of these findings are often complicated due to differences in experimental design of the studies (i.e., measurement times and methods, samples types and exercise intensity/duration).



Exercise and Blood Flow Redistribution

It is well known that during exercise, blood flow is redistributed, being diverted from the viscera to the skeletal muscle, heart, and skin (14). Mounting evidence supports that HR during exercise is part of the physiological mechanism of recovery (15). Histamine acts as a vasodilator and is involved in post-exercise hypotension and hyperemia (15, 16). Therefore, one hypothesis that may need further exploration is whether this exercise recovery system in FDEIA patients is somehow damaged and, therefore, exercise is inducing “excessive” basophil/MC activation.

Some authors (17) have hypothesized that as a consequence of the blood flow redistribution, food allergens are transported away from the gut mucosa where resident MCs tolerate them to other tissues as skin or skeletal muscles, where MCs with a different phenotype react. For this reason, FDEIA patients tolerate the food at rest but have an allergic reaction when doing exercise. This is an interesting hypothesis and biologically plausible, although there is no experimental evidence yet.



Exercise and Plasma Osmolarity

Another effect of exercise is plasma osmolarity increase, which magnitude depends on exercise intensity and the resulting dehydration (9). Several in vitro studies have demonstrated that hyperosmolar environments induce MC and basophil activation. Torres-Atencio et al. (18) showed that mannitol, as a hyperosmolar stimulus, induced significant activation in MC from LAD2 cell line and healthy individuals (MC derived from CD34+ peripheral blood cells and primary lung MC). Other authors, in three patients (one FDEIA and two food allergic) and three healthy controls, showed that changes in osmolarity increase basophil activation only in FDEIA, but not in controls or food allergic patients (19). However, the in vitro osmolarity achieved in that study (340 and 450 mOsm) seems difficult to be reached during exercise or dehydration in physiological conditions (293–305 mOsm) (9, 20).



Exercise and Adenosine Metabolism

Adenosine is produced under conditions of increased energy consumption such as hypoxia or stress, rapidly increasing its circulating levels (21). Adenosine induces opposite effects in MC activation depending on the binding receptor (22). Whereas A2A ligation results in an increase of cAMP, and therefore, the inhibition of MC mediator release, A2B enhances MC activation through PLC. Finally, A3 seems to be involved in the potentiation of IgE-mediated MC activation in mouse and human models (22). Like the observations in PGE2–EP axis, the expression profile of adenosine receptors in the cell’s surface may condition the final effect of adenosine. Gomez et al. (23) demonstrated that adenosine enhanced IgE-mediated degranulation via A3 in human lung derived MC but not in skin MC. Interestingly, lung MCs were shown to express three-fold more A3 mRNA than the skin ones.

Adenosine is released into the venous efflux from skeletal muscle fibers in response to muscle contraction during exercise. Accumulated evidence shows that it is partially responsible for muscle hyperemia at submaximal and maximal workloads due to its effect on A2A that results in vasodilation (24). Indeed, one of the most important factors regulating exercise capacity is the vasodilatation of the exercising muscle (25). In vivo studies performed in chronic heart failure patients have shown that adenosine release is impaired, partially explaining the reduced exercise capacity observed in these patients (25). Interestingly, some studies have shown that trained athletes have higher adenosine baseline plasma levels when compared with recreational ones (26). A previous publication of Muñoz-Cano et al. (27) showed that cofactor-related FAn patients (NSAIDs and exercise) overexpressed A3 gene (ADORA3) and others related with adenosine metabolism. Interestingly, although A3 activation has been linked to anti-inflammatory effects in several models of inflammation (28), it has also been related with the enhancement of IgE-mediated degranulation in human MC and, thus contributing to allergic inflammation (29, 30). Therefore, we hypothesized that the adenosine released during exercise in FDEIA patients would preferably bind A3 with no deleterious effect in the absence of allergen. However, in the presence of allergen, adenosine would have a synergistic effect on MC activation, favoring the allergic reaction. However, further studies need to be conducted to confirm this theory.



Exercise and Eicosanoid Metabolism

Finally, another potential underlying mechanism in FDEIA may be related with the eicosanoid metabolism. Exercise is related with an increase in serum of products from the eicosanoid metabolism, as well as, cyclooxygenase (COX)-1 and 2-derived prostanoids (TXB2, PGE2, PGD2,…) and lipoxygenase (5-LOX, 12-LOX, 15-LOX) as a physiological response (31).

Different models have demonstrated that PGE2 abrogates IgE-mediated MC activation (32–34). Particularly misoprostol, a PGE1 analog, has shown to suppress symptoms in wheat-dependent exercise-induced anaphylaxis and IgE-mediated histamine release in both allergic rhinitis and healthy individuals (35–37). Rastogi et al. (38) have shown that patients with hymenoptera anaphylaxis had lower baseline PGE2 serum levels, suggesting that PGE2 may protect from anaphylaxis. Conversely, a very recent publication of Muñoz-Cano et al. (39) did not find any differences in plasma PGE2 at baseline in a series of FAn patients. Differences in the sample type and cause of anaphylaxis may account for this discrepancy.

Although there is no data regarding PGE2 levels at baseline or otherwise in FDEIA, we could suggest, as a hypothesis, that these patients may have a deficient production of PGE2 during exercise that would be predisposing to anaphylaxis in the presence of the allergen.




NSAIDS

Non-steroidal anti-inflammatory drugs (NSAIDs) constitute a heterogenous group of widely used drugs with analgesic, anti-pyretic, and anti-inflammatory properties. Their main mechanism of action, despite the differences in their chemical structure, depends on prostanoid (prostaglandins and thromboxane) inhibition by blocking COX activity (40). However, some NSAIDs have COX-independent effects, such as the ability to modulate several transcription factors that control the expression of genes involved in inflammation (f.i. nuclear factor-kappa B) or signaling pathways (MAPK or PI3k/Akt) (41).

NSAIDs, as a cofactor, are involved in up to 25% of food-induced anaphylaxis and are considered a risk factor with an odds ratio >11 (42). Several studies have shown that NSAIDs can also induce anaphylaxis in FDEIA patients despite that NSAIDs were not originally involved in previous reactions (43, 44). The underlying mechanisms of this synergistic effect are not completely understood, and two main theories have been suggested. One is related with the alteration of intestinal permeability by NSAIDs leading to an increase of allergen absorption (45) and the other suggesting a direct effect of NSAIDs on basophils and MC.


NSAIDs and Eicosanoid Metabolism

NSAIDs have shown to induce MC activation in certain human and animal models. In NSAID exacerbated respiratory disease (N-ERD) patients, Steinke et al. showed that aspirin induced MC activation by measuring calcium influx and PGD2 release (46). Interestingly, it has also been demonstrated that N-ERD patients have a decreased expression of PGE2 receptor 2 (EP2) that may contribute to reducing PGE2 capacity to mediate anti-proliferative and anti-inflammatory effects (47). Indeed, N-ERD has also decreased production of PGE2 (48).

Matsuo et al. (49) showed that aspirin did not induce HR by itself but enhanced IgE-mediated basophil activation. Interestingly, the authors suggested that this effect was not related with a COX-dependent mechanism but with Syk phosphorylation. On the contrary, Pascal et al. (50) showed that the ability of NSAID to enhance the IgE-mediated reactions in FAn patients may be COX1-dependent. Using a model of basophil activation test, these authors demonstrated that the activation with the allergen (peach lipid transfer protein) was enhanced by aspirin. However, this effect was not observed when co-stimulating with valdecoxib (selective COX-2 inhibitor). In the same line, Wojnar et al. showed that several chemically unrelated NSAIDs (non-selective COX inhibitors) enhanced HR induced by ragweed (51). Indeed, Matsukura (43) and Aihara (52) demonstrated a potentiation of the allergic reaction with aspirin but not with nimesulide and etodolac, both preferential COX-2 inhibitors, in FDEIA patients.

Finally, several authors have demonstrated that PGE2 prevents MC degranulation when acting through EP2 and induces a pro-inflammatory response when signaling through EP3 (18, 32, 53). Very recently, Rastogi et al. (38) have shown that anaphylaxis in mice can be prevented by blocking PGE2 degradation. They also showed that MC IgE-mediated degranulation is suppressed by PGE2 through EP4 in mouse MC and through both EP2 and EP4 ligation in human skin MC. It has been suggested that the ratio of EP receptors expressed on cell’s surface may be determinant in the final effect of PGE2. EP3 is considered to mediate pro-inflammatory effects, and EP2 and EP4 have anti-inflammatory activity (32). Also very recently, Muñoz-Cano et al. (39) showed that PGE2 reduced IgE-mediated basophil activation in patients with FAn. Furthermore, these authors showed a decreased expression of EP4 (anti-inflammatory) and increased expression of EP3 (pro-inflammatory) receptors in basophils. However, they did not find differences among EP pattern expression when comparing FDNIA and FAn, and all patients had a ratio EP3/EP4+EP2 favoring a pro-inflammatory activation upon PGE2 ligation.

All this suggests that eicosanoid metabolism may be involved in the development of anaphylaxis in general, and therefore, anything blocking PGE2 production, such as NSAIDs, may facilitate the development of a severe reaction. However, if that seems to be a universal mechanism in anaphylaxis, we must wonder why not all food allergic patients require a cofactor in order to have an anaphylaxis. In this line, Pascal et al. (50) showed that the synergistic effect of NSAID was present in both NSAID-dependent (FDNIA) and -independent FAn patients, and the main difference between them was the basophil sensitivity. Thus, FAn (NSAID-independent) patients had higher (about 148-fold) basophil sensitivity, requiring further less allergen concentration to elicit 50% of basophil maximal response compared to FDNIA patients. This suggests that enough allergen concentration could elicit an anaphylaxis in the absence of a cofactor in FDNIA. A similar observation was made in FDEIA patients in vivo, where the increase of the amount of allergen was enough to reproduce the anaphylaxis in the absence of exercise (43, 52, 54). Some other evidence of the differences in the pathogenic mechanism in cofactor-dependent and -independent anaphylaxis was provided by Muñoz-Cano et al. (27), who reported differences at transcriptome level. Thus, altered B-cell pathways, increased markers of neutrophil activation and reactive oxygen species levels were exclusively observed in FAn patients. However, adenosine metabolism related genes were differentially expressed only in FDNIA.

Altogether, these findings suggest that (1) eicosanoid metabolism may play a role in the development of any anaphylaxis; (2) NSAID may have a universal synergistic effect in any food allergic patient; (3) the right amount of allergen may induce an anaphylaxis in FDNIA even in the absence of a cofactor; and (4) there are other yet to be confirmed mechanisms that explain the differences between NSAID-dependent and -independent FAn.



NSAIDs and Adenosine Metabolism

Adenosine metabolism has been linked to some NSAID-exacerbated cutaneous and respiratory diseases. ADORA3 polymorphism has been identified in NSAID-exacerbated urticaria patients (55) and ADORA1 and ADORA2A in N-ERD patients (56). Cronstein et al. (57–59) showed in a series of studies with animal and human models that NSAIDs at pharmacologic concentrations increase the release of adenosine into the extracellular milieu by uncoupling oxidative phosphorylation and, therefore, increasing ATP catabolism. These authors have suggested that the anti-inflammatory effects of NSAIDs are partly COX-independent and mediated by adenosine. However, considering that the receptor expression profile in the cell’s surface may condition the final effect of adenosine, as in the PGE2–EP axis, the anti-inflammatory effect of adenosine in these models may be related with a particular expression pattern of the cells/mouse strains studied.

Muñoz-Cano et al. (27) observed that FDNIA patients had a unique transcriptome signature related with adenosine metabolism genes, particularly an overexpression of ADORA3 that may be having a dual effect in these patients. A3 agonists have also shown anti-inflammatory effects in several mouse models due to inhibition of IFN-γ (60, 61). Interestingly, these authors also showed that FDNIA patients had a repressed IFN-γ production and IFN-γ-regulated genes. Considering that FDNIA patients usually have no or mild reaction when exposed to the allergen alone, A3R may be exerting its protective (anti-inflammatory) effect in this scenario through IFN-γ repression. However, when the patient is exposed to the food allergen plus NSAID, the adenosine released by NSAIDs, via A3, would enhance the IgE-mediated reaction, resulting in a systemic reaction. Nevertheless, further studies are still needed to completely understand the specific role of adenosine metabolism in FAn.

Finally, Pouliot et al. (62) showed that adenosine up-regulates COX-2 expression, with a consequent increase of PGE2 production through A2A. These findings suggest that the inhibitory effect of A2A receptor depends on COX2-PGE2–EP axis. The potential connection between adenosine and PGE2 metabolism, both apparently involved in the development of FDNIA, opens an exciting research field that must still be developed.




Alcohol

Alcohol is one of the classic cofactors in FAn, present in up to 15% of cases in some series (2), although the evidence supporting the underlying mechanism of its effects is scarce. We propose some hypothesis based on evidence of alcohol effect on immune cells that we briefly review hereby.

Some authors have shown that alcohol modifies intestinal permeability due to local activation of MC and modification of the expression of tight junction-associated proteins by acetaldehyde, one of its metabolites (63, 64). Actually, acetaldehyde-induced MC activation is one of the suggested mechanisms involved in alcohol-induced asthma in Japanese patients. It is well known that this population has a defective alcohol catabolism (aldehyde dehydrogenase 2 decreased activity) that facilitates acetaldehyde accumulation (64). Alcohol has also been shown to increase histamine levels by inhibiting diamino oxidase (DAO), an enzyme that catabolizes histamine (65). It has also been described that alcohol induces pro-inflammatory mediator (such IL-6, IL-10, and IFN-γ) release and eicosanoid metabolite production, such as PGE2 (66). Similar to the hypothesis in FDEIA, food-dependent alcohol-induced anaphylaxis (FDAIA) patients could have a deficient production of PGE2. Further studies evaluating the productions of eicosanoid metabolites in these patients would shed light upon the underlying mechanism.

Finally, adenosine metabolism again, may be involved in FDAIA. Alcohol inhibits adenosine uptake, increasing its extracellular levels (67). However, this effect is only observed in acute consumption, and chronic intake does not modify adenosine transport (67). So, as suggested in FDNIA, adenosine released upon alcohol consumption may enhance the IgE-mediated reaction induced by food allergen. Conversely to the observation in FDNIA patients, no data regarding expression profile of adenosine receptors in FDAIA exists.



Discussion

The limited knowledge about the mechanisms involved in cofactor-enhanced FAn (CEFA) makes exceedingly difficult the development of prophylactic strategies. Apparently, avoiding strategies in CEFA patients may seem straightforward. However, in those allergic to ubiquitous allergens (f.i. nuts) or panallergens such as lipid transfer proteins, avoiding strategies are quite complicated considering that cofactors are everyday common situations (f.i. physical activity).

Although the evidence in CEFA is limited, and we are currently working mostly based on hypothesis, the high complexity of the underlying mechanism seems evident. In the light of this data and other existent evidence not reviewed in this manuscript, several pathogenic mechanisms may be intertwined. The “cofactor effect” seems to be a universal phenomenon as demonstrated in in vivo and in vitro experiments not only in FAn patients but also in healthy individuals (43, 49, 50, 54). That means that (1) a personal predisposition may be required to develop a CEFA (or any anaphylaxis), and (2) most cofactors are interchangeable and capable of reproduce an anaphylaxis. Considering the unrelated nature of the cofactors, this observation may suggest that all of them may share, somehow, some common pathogenic mechanisms. One may suspect that all these cofactors are interfering with a compensatory system that is blocking (totally or partially) the allergic reaction induced by the food alone. The adenosine and eicosanoid metabolisms (Figure 1) and/or the disruption of intestinal permeability (not reviewed here) may be some of these mechanisms. In conclusion, and at risk of sounding cliché, further studies are needed to understand this “cofactor effect” and to identify risk biomarkers and prophylactic treatments.




Figure 1 | Mechanisms in cofactor-enhanced food anaphylaxis. Adenosine and eicosanoid metabolism hypothesis. The panel depicts the most frequent cofactors involved in food anaphylaxis (from top to bottom): alcohol, exercise, and non-steroidal anti-inflammatory drugs (NSAIDs). Mild reactions in the absence of a cofactor may end up in an anaphylaxis with the same amount of allergen together with the presence of a cofactor. Ado, adenosine; green arrows, increase; red arrows, decrease. *Evidence based on references (23, 26, 28, 29, 38, 39, 41, 50, 57–59, 66, 67).
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Eosinophilic esophagitis (EoE) is a chronic, food-triggered, immune-mediated disease of the oesophagus, clinically characterized by symptoms referred to oesophagal dysfunction, and histologically defined by an eosinophil productive inflammation of the oesophagal mucosa, among other cell types. The involvement of an adaptive Th2-type response to food antigens in EoE was known since 2000; several cytokines and chemokines promote food-specific responses, during which local production of IgE, but also IgG4 derived from plasma cells in lamina propria of oesophagal mucosa might play an important role. Evidence pointing towards a possible role for the innate immunity in EoE has arisen recently. Together, this evidence gives rise to a potential role that the innate immune system in general, and also the microbial pattern recognition receptors (PRRs) might play in EoE pathogenesis. Among PRRs, Toll-like receptors (TLRs) are type-I transmembrane receptors expressed both on epithelial and lamina propria cells with the capacity to distinguish between pathogen and commensal microbes. As TLRs in the different intestinal epithelia represent the primary mechanism of epithelial recognition of bacteria, this evidence underlines that oesophagal TLR-dependent signaling pathways in EoE support the potential implication of microbiota and the innate immune system in the pathogenesis of this disease. The oesophagal mucosa hosts a resident microbiota, although in a smaller population as compared with other districts of the gastrointestinal tract. Few studies have focused on the composition of the microbiota of the normal oesophagus alone. Still, additional information has come from studies investigating the oesophagal microbiota in disease and including healthy patients as controls. Our review aims to describe all the evidence on the oesophagal and intestinal microbiota in patients with EoE to identify the specific features of dysbiosis in this condition.
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Microbiota in Eosinophilic Esophagitis: A Revision of Hygiene Hypothesis

Eosinophilic esophagitis (EoE) is a chronic immune-mediated disease of the oesophagus, characterized by oesophageal dysfunction and by a productive eosinophil inflammation of the oesophageal mucosa (1–3). The incidence of EoE has increased in recent years (4).

The involvement of an adaptive Th2-type response to food antigens in EoE is well demonstrated (5, 6); several cytokines and chemokines promote food-specific responses (7, 8), during which local production of IgE (9), but also IgG4 in lamina propria of oesophageal mucosa (10) may play an important role. Pro-fibrogenic factors released by inflammatory cells can provoke fibrous remodeling of the oesophageal mucosa (11, 12). Avoiding specific food triggers is, in some contexts, the first line of therapy for EoE (13, 14).

Rather than the specific adaptive immunity, the innate immune system recognizes and reacts to ecological insults and microbes without the need for an immunoglobulin-driven antigen-specific reaction. Proof pointing towards a possible role for the innate immunity in EoE has emerged. Oesophageal epithelial cells appear to be critical effectors provoking the inflammatory phenomena in EoE, not directly through eotaxin-3 release and other chemoattractants for eosinophils (15), but also by the recruitment of invariant natural killer T (iNKT) cells toward the oesophageal epithelium (16), which constitutes a crucial cytokine source. A pivotal role for mast cells (MCs) has also been recognized in the pathophysiology and symptoms of EoE, which reverse after effective dietary treatment (17). This evidence gives rise to a possible role that the innate immune system and raises some possible questions regarding the role of the microbial pattern recognition receptors (PRRs) in EoE pathogenesis.

Among PRRs, Toll-like receptors (TLRs) are type-I transmembrane receptors expressed both on epithelial and lamina propria cells with the ability to recognize microorganism and commensal organisms (18). In humans, there is an aggregate of 11 distinctive TLR, each having various specificities which, when activated, promote intracellular sign transduction pathways intervened by MAP kinases and NF-κB, at last setting off a supportive of inflammatory reaction. TLRs initiation is mindful, among different capacities, for setting off provocative reactions by going about as a connection among adaptive and innate immunity (19–21). Enactment and development of antigen-presenting cells and regulatory T cells (Tregs) rely in part upon TLR-intervened flagging, featuring their job on mucosal resistant homeostasis. A few investigations have assessed the association between hypersensitivity and TLR activation (19, 22, 23). TLR activity in oesophageal epithelial samples has been described (24).

Arias et al. shown that bacterial load and TLR1, TLR2, TLR4, and TLR9 were overexpressed on oesophageal biopsies with EoE compared to controls. Muc1 and Muc5B genes were downregulated while Muc4 was overexpressed. Upregulation of MyD88 and NFκB was discovered along with IL-1β, IL-6, IL-8, and IL-10 and PER-1, iNOS, and GRZA effectors. NG-K2D (KLRK1, IL-15, MICB) were likewise upregulated. In all cases, changes in EoE were neutralized after six food elimination diet (SFED) and mucosal healing.

As TLRs in the different intestinal epithelia represent the essential instrument of epithelial recognition of microbes (25), this proof underlines that oesophageal TLR-subordinate flagging pathways in EoE support the implication of microbiota and the innate immune system in the advancement of this condition.

Sterility in infant mice can prompt a move in the IgE-basophil axis, an unevenness in Th1/Th2 activation, just as inappropriate implication of Tregs. Human examinations to assess these components are not many (26, 27). These varieties may be suggestive of a connection between commensal microscopic organisms and hereditary demeanor to atopic illness. These bacterial ligands additionally could represent therapeutic targets in atopic disease.

Therefore, it appears potentially useful to understand the function of microbial flora in healthy human beings and the specific alterations in atopic diseases.

The White House Office of Science and Technology declared that the Fact Sheet for the National Microbiome Initiative (NMI) was intended to satisfy three explicit objectives: (1) to address central inquiries concerning the microbiome in different biological systems; (2) to create stage innovations for upgrading information sharing on microbiomes; and (3) to grow the microbiome workforce.

Since then, the interest in microbiome composition in different allergic conditions has grown (28–32).

The examination concerning how the microbiome can change, even in healthy individuals, is critical to improve comprehension of how the microbiome unthinkingly causes infection.



Oesophageal Microbiota in Health


Introduction Comments

Once thought composed of few microbes, the oesophageal mucosa showed a composition of around 300 bacteria species. New culture-independent techniques have allowed scientists to identify the microbial composition of the oesophagus.

The oesophageal mucosa hosts a resident microbiota, although in a smaller population as compared with other districts of the gut. The human microbiota of the digestive tract exhibits considerable qualitative and quantitative differences, with communities starting from 10 cells per g/mL of sampled material within the oesophagus and stomach to 1012 per g/mL of tested material in the large intestine (33, 34).



The Main Findings

It was initially not clear whether the oesophagus was characterized by a defined microbiota. The first studies on the oesophageal microbiota and based on cultivation methods demonstrated that the oesophagus did not merely contain a transient microbial population originating from the oral cavity by swallowing or from the stomach by gastroesophageal reflux (GER) (35–37). It was later observed that bacteria were associated with the oesophageal mucosal surface, confirming the presence of a resident microbiota at this site (38). Knowledge regarding the composition of the microbiota of healthy individuals has been expanded using investigations based on metagenomics approaches (39–41).

In general, the distal oesophageal microbiota was described as simply like that of the oropharynx, yet not indistinguishable (38, 42, 43).

Scarcely any examinations have concentrated on the organization of the microbiota of healthy oesophagus, (44–46) but extra data has originated from considers researching the oesophageal microbiota in disease compared to controls (47–56).



Influencers and Limitations

The accessible data on the microbiota are biased by various methodologies, contrasts in the tested parts of the oesophagus, and the heterogeneity of consideration/avoidance rules utilized in the different investigations don’t permit comparisons and make it hard to agree on the general microbiota synthesis of the healthy oesophagus.

The presence of Streptococcus spp. was described by all studies: along these lines, members from this genus, seem to be a dominant taxon in the microbiota of the healthy oesophagus. Other bacterial genera frequently identified in association with streptococci, albeit in lower extents, incorporate Fusobacterium, Veillonella and Prevotella. The nearness of different genera (e.g., Neisseria, Haemophilus, Gemella, Granulicatella, Actinomyces, Lactobacillus, Bacteroides, Porphyromonas, and Staphylococcus), was lower.

Outstandingly, the commonness of Fusobacterium, Streptococcus, Prevotella and Veillonella has reliably been accounted in several studies based on either culture-dependent or culture-independent methodologies and on various examples (biopsies, aspirates, brushes), subsequently giving a reliable sign of their commitment to the piece of the microbiota that colonizes the healthy oesophageal mucosa. The strength of streptococci and the continuous nearness of other taxa regular of the oropharyngeal microbiota have been identified with the piece of the microbial networks of the oropharyngeal cavity, where a high commonness of streptococci is discovered, along with Gemella, Fusobacterium, Veillonella, Rothia and Granulicatella, (57, 58) have bolstered the idea that the oesophageal microbiota is basically of oral inception.

In any case, not every single oral bacterium can colonize the oesophageal mucosa, while a few individuals from the oesophageal microbiota appear to be underrepresented in the oral cavity, highlighting an alternate microbiota variation in the two-body destinations (38, 45, 46).




Oesophageal Microbiome and Diet

There is no sufficient data on the effect of the diet on the oesophageal microbiota. A study of 47 patients showed that a diet higher in fiber was associated with a decrease of Proteobacteria and an increase of the Firmicutes phylum in the oesophagus (59). Additional studies correlating oesophageal microbiome and nutrition are needed. Studies that further define the stability of the oesophageal microbiome over time as well as other factors that determine inter-individual microbiome composition will aid in our understanding of the role of the diet.



Oesophageal Microbiota in EoE


The Main Findings

In 2015, Benitez et al. described the bacterial composition of the oral and oesophageal mucosa through 16S rRNA assessment of buccal swabs and oesophageal biopsies from 33 pediatric EoE subjects compared to 35 non-EoE healthy controls. They applied a longitudinal model before and after defined dietary changes.

In this study, Firmicutes were more abundant in oesophageal compared to oral samples, and oesophageal microbiota was more abundant of Proteobacteria in controls than EoE. The authors detected a significant difference between activated EoE and controls biopsies. The targeted dietary intervention did not produce substantial differences in either oesophageal or oral microbiota; the reintroduction of allergens led to enrichment in Campylobacter and Ganulicatella genera in the oesophagus (55).

Corynebacterium was enriched in the EoE samples, as was Neisseria genus, as previously described in different inflammatory conditions (60, 61). The Atopobium and Streptococcus genera were consistently enriched in non-EoE control samples.

The oesophageal microbiome of non-EoE control subjects showed a prevalence of Gram (+) bacteria of the Streptococcus genus, in agreement with previous findings in adult (62) and pediatric individuals (45) without oesophageal inflammation. Most of Benitez et al. study subjects were pediatric males with nearly 100% documented and concurrent proton-pump inhibitors (PPI) use, providing a further indication of the resilience of the Streptococcus-dominated microbiome in the healthy oesophagus in all genders and age groups.

They did not detect differences in the oral microbiome between inactive EoE, active EoE or non-EoE control samples, suggesting that in pediatric EoE, bacterial communities are stable and might not be altered by dietary modification. Data do not support the use of oral samples for EoE surveillance instead of biopsies.

In the same year, Harris et al. performed a prospective evaluation of secretions from EoE adult and children oesophageal biopsies, Gastro-oesophageal Reflux Disease (GERD) and healthy mucosa through Esophageal String Test (EST). Bacterial load was determined by quantitative PCR. Bacterial communities, determined by 16S rRNA and 454 pyrosequencing, were compared between disease and health. The bacterial amount was increased in both GERD and EoE and compared to healthy subjects. In EoE individuals, the amount was increased regardless of treatment status or level of mucosal eosinophilia. Haemophilus was significantly increased in untreated EoE individuals as compared with healthy subjects. Streptococcus was diminished in GERD subjects in PPI therapy as compared with healthy subjects. These data affirmed that diseases related to mucosal eosinophilia are characterized by a different microbiome from that found in the ordinary mucosa (56).

The EoE activity did not seem to directly affect a load of bacteria in EoE. However, eosinophils possess extracellular DNA traps and numerous anti-microbial properties with the release of defensins (63–65). The microbiota of untreated EoE subjects showed a shift from a mostly Gram (+) population to an increase in Gram (−) bacteria similar to what has been described in GERD (49). The implication of Gram (−) bacterial involvement in reflux esophagitis (66) is consistent with the observed increase in Haemophilus and Proteobacteria in EoE. These data suggest that treatment could affect the microbiota.

Norder Grusell et al. enrolled 17 subjects with GERD and 10 with EoE. All patients performed endoscopic brush sampling and biopsies from the upper and lower oesophagus and the oral cavity. Bacterial growth was identified to the species or genus level. The major part of bacterial groups or species was found in specimens from the lower oesophagus in EoE subjects compared to GERD subjects. Streptococcus viridans was the most common bacteria in both groups. GERD individuals had significantly inferior bacterial diversity in both oesophageal and oral samples. This discrepancy could depend on the protective mucosal biofilm by the acid content in GERD patients. The authors endorsed cultural method and speculated that bacteria identified by 16SrDNA/RNA techniques might not be alive, and there might be amplification bias following the processing steps. Nevertheless, they acknowledge that it is impossible to cultivate some bacterial species, and essential bacteria might, therefore, be overlooked (67).

Table 1 summarizes the main findings about microbiota in EoE.


Table 1 | Main findings about oesophageal Microbiota in EoE.






Helicobacter Pylori: A Controversial Role

Helicobacter pylori infection often occurs in early childhood and it seems to enhance immune-tolerance driving immune-mediated diseases in a susceptible host (69–71).

In this context, previous or current infection with Helicobacter pylori (exposure) has been reported to protect against EoE, perhaps owing to H. pylori-induced immunomodulation. In 2019 a meta-analysis evaluated 11 observational studies comprising data on 377,795 individuals worldwide. H. pylori exposure vs non-exposure was associated with a 37% reduction in odds of EoE (odds ratio, 0.63; 95% CI, 0.51–0.78) and a 38% reduction in odds of esophageal eosinophilia (odds ratio, 0.62; 95% CI, 0.52–0.76). Fewer prospective studies found a significant association between H. pylori exposure and EoE (p= .06) than retrospective studies. Effect estimates were not affected by study location, whether the studies were performed in pediatric or adult populations, time period, or prevalence of H. pylori in the study population (72). The role of H. pylori would therefore deserve more evidence.



Possible Alternatives to the Oesophageal Biopsies for Microbiota Evaluation

In 2012 Fillon et al. described the oesophageal microbiome in healthy children through the Enterotest™ (EST), a minimally invasive string technology. EST samples and mucosal biopsies were collected from healthy children (n=15) and their microbiome composition determined by 16S rRNA gene sequencing. Microbiota from oesophageal biopsies and ESTs produced nearly identical profiles of bacterial genera and were different from the bacterial contents of oral and nasal cavity samples. They concluded that the EST could be a useful device for the study of the oesophageal microbiome (45).

In 2019 Hiremath et al. collected saliva samples from 19 non-EoE controls and 26 children with EoE. The salivary microbiome was determined through 16S rRNA gene sequencing, and disease activity was assessed through the Eosinophilic Esophagitis Histologic Scoring System (EoEHSS) and the Eosinophilic Esophagitis Endoscopic Reference Score.

A trend toward lower microbial richness was recognized in EoE children. The salivary microbiome was similar between children with and without EoE.

Streptococcus tended to be more abundant in children with active EoE compared with non-EoE controls. Haemophilus was significantly plentiful in active EoE compared with inactive EoE and increased with the increasing Eosinophilic Esophagitis Histology Scoring System and EoEHSS. Besides, four broad salivary microbial communities correlated with the EoEHSS.

The authors concluded that the composition of the salivary microbiome community structure could be different in children with EoE. The disease activity positively correlates with the relative abundance of Haemophilus. Perturbations in the salivary microbiome may play a role in EoE pathobiology and could be a noninvasive marker of disease activity. The disease activity in the oesophagus does not seem to affect a load of bacteria in EoE directly (68).



Attempts at the Modulation of EoE with Probiotic

Recently, it was demonstrated that there are huge contrasts in gut microbial community structure, microbial abundance, and uniformity in patients with EoE.

Faecal microbiota was evaluated through 16SrRNA amplification from 12 EoE patients and 12 controls. Patients with EoE showed inferior gut microbiota alpha diversity. The authors observed at the phylum level an important increase in Bacteroidetes and a decrease in Firmicutes and a significant reduction in Clostridiales and Clostridia at the order and family level in patients with EoE.

The authors speculated that Clostridia based interventions could be tested as adjuncts to current therapeutic strategies in EoE (73).

The probiotic Lactococcus lactis NCC 2287 has previously been shown to decrease clinical scores in a food allergy model based on co-administration of cholera toxin and ovalbumin (74). Also, NCC 2287 is a potent inhibitor of the eosinophil survival cytokine IL-5 and an inducer of the immune-modulatory cytokine IL-10 and in Th2-skewed cultures of peripheral blood mononuclear cells (PBMC) (75). The probiotic Bifidobacterium lactis NCC 2818 is also known for its immunomodulatory properties in allergy (76).

Holvoet et al. in 2016 tested L. lactis NCC 2287 and B. lactis NCC 2818, for their capacity to decrease oesophageal inflammation in EoE murine model (77).

To test whether probiotics could decrease oesophageal eosinophilia in an EoE animal model, the strain NCC 2287 was added to the drinking water as prevention (day 0 to day 28; n = 8), as a treatment (day 28 to day 38; n = 10) or as continuous exposure (day 0 to day 38; n = 10). The maximum eosinophil count was significantly greater in the oesophagus of sensitized mice challenged with Af extract than in the oesophagus of non-sensitized mice. Interestingly, sensitized mice receiving NCC 2287 from day 28 to 38 had significantly less oesophageal eosinophilia than the non-supplemented sensitized group. However, there was no significant effect on oesophageal eosinophilia when the NCC 2287 strain was administered as a preventive measure or when it was given continuously, throughout the study.

This study demonstrates that the time frame of supplementation is fundamental: the beneficial effect of L. lactis NCC 2287 was only observed when it was administered as a treatment. Altogether, the data suggest that L. lactis NCC 2287 may be an exciting candidate for reducing EoE inflammation.

B. lactis NCC 2818 and L. lactis NCC 2287 both induce an increase of IL-10 in a Th2-skewed PBMC model, suggesting a possible immunoregulatory effect of these strains (76–78). However, in the same model, L. lactis NCC 2287 is more potent at reducing IL-5 levels and a stronger inducer of IFN-c than B. lactis NCC 2818 (36). It seems debatable the evaluation of the predictive value of these assays in human disease.

Probiotics seem to stabilize IL10 mRNA expression and to dysregulate microRNAs in human monocyte (78). These results suggest that other epigenetic mechanisms could explain the effect observed in the oesophagus and that the understanding of probiotic impact is at the beginning. Akei et al. have demonstrated that oesophageal eosinophilia is IL-5-dependent (79).

The balancing impact of NCC 2287 on IL-5 expression seen in Th2-slanted PBMCs (75) and an ovalbumin/cholera toxin-induced food hypersensitivity model (74) may somewhat clarify the abatement in oesophageal eosinophilia seen with NCC 2287 treatment in this study.

These results suggest that L. lactis NCC 2287 may lead to a steady decrease in gastrointestinal Th2 inflammation independently of the level of antigen sensitization in experimental allergy models.

Previous studies have highlighted the noticeable link between oesophageal and lung inflammation (45). Furthermore, 14–70% of EoE patients also presented with asthma (1, 46). The effect of L. lactis NCC 2287 on lung eosinophilia and oesophageal eosinophilia could be referred to a common consequence of the probiotic on eosinophil recruitment. Nevertheless, oral supplementation with B. lactis NCC 2818 had no effect on EoE, although it significantly reduced bronchoalveolar eosinophilia.

Their data suggest that a decrease in eosinophils in the lung is not concomitant with a significant decline in oesophageal eosinophilia. These outcomes are to be expected as various preclinical examinations have indicated that lung eosinophilia can diminish with probiotic supplementation (80, 81) or auxiliary to changes in the gut microbiota (82, 83).

Probiotics could vary in their ability to prevent or deal with the allergic response.

The proof in the animal model recommends that specific probiotics might be gainful in lessening oesophageal eosinophilic inflammation.

Instead, probiotics seem to permit a more comprehensive approach which may restore and maintain homeostasis in humans.

Figure 1 summarizes the main findings of microbiota found in EoE at oral, esophageal and intestinal level.




Figure 1 | Salivary, oesophageal and gut microbiota mutations in EoE. The image was created with Biorender.com.





Conclusion

In conclusion, the oesophageal mucosa hosts a resident microbiota and there is evidence that it may change in the presence of EoE with an increase of bacterial load (56, 67) and with Streptococcus as recurrent taxa (67, 68) and with Haemophilus as possible marker of disease activity in different studies (56, 68).

It is not yet clear what is the cause-effect link that regulates these changes.

It is therefore not yet possible to imagine possible rational interventions for modulating the esophageal microbiota.

It therefore appears essential to carry out immunological studies that clarify this phenomenon and that allow to hypothesize also possible alternative therapies for EoE.
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We have demonstrated that intranasal immunotherapy with allergens formulated in a nanoemulsion (NE) mucosal adjuvant suppresses Th2/IgE-mediated allergic responses and protects from allergen challenge in murine food allergy models. Protection conferred by this therapy is associated with strong suppression of allergen specific Th2 cellular immunity and increased Th1 cytokines. Here we extend these studies to examine the effect of NE-allergen immunization in mice sensitized to multiple foods. Mice were sensitized to both egg and peanut and then received NE vaccine formulated with either one or both of these allergens. The animals were then subjected to oral challenges with either egg or peanut to assess reactivity. Immunization with NE formulations containing both egg and peanut markedly reduced reactivity after oral allergen challenge with either allergen. Interestingly, mice that received the vaccine containing only peanut also had reduced reactivity to challenge with egg. Protection from oral allergen challenge was achieved despite the persistence of allergen-specific IgE and was associated with strong suppression of both Th2-polarized immune responses, alarmins and type 2 innate lymphoid cells (ILC2). NE-induced bystander suppression of reactivity required IFN-γ and the presence of an allergen in the NE vaccine. These results demonstrate that anaphylactic reactions to food allergens can be suppressed using allergen-specific immunotherapy without having to eliminate allergen-specific IgE and suggests that modulation of Th2 immunity towards one allergen may induce bystander effects that suppress reactivity to other allergens through the induction of IFN-γ and suppression of alarmins in the intestine. In addition, these data suggest that a NE vaccine for a single food allergen may lead to a global suppression of allergic responses to multiple foods.
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Introduction

Food allergy is an emerging epidemic that now affects up to 15 million people in the US, including 8% of children. The economic burden of food allergy in the US alone exceeds $24.8 billion (1). Allergen-specific immunotherapy for food allergy involves the progressive administration of increasing amounts of a specific allergen by one of several routes and has been the primary approach to suppress allergic reactivity. This approach, however, does not provide long-term protection following cessation of therapy and requires prolonged treatment protocols burdening to patients and their families. Specifically, subcutaneous immunotherapy to food allergens showed promise for protection against IgE-mediated food allergies, however significant adverse reactions limited successful implementation (2–4). Sublingual, oral (OIT) and epicutaneous immunotherapy have demonstrated efficacy in animal models and human trials, however these approaches desensitize only a portion of patients and the protection achieved is rapidly lost after cessation of the therapy (5–11). Thus, there is a need to understand immune mechanisms that modulate Th2-biased immune responses to food and could lead to long-lasting protection from allergic reactions.

The primary immunologic mechanism of allergic hypersensitivity is the induction of Th2-polarized cellular immune responses leading to the production of allergen-specific IgE antibodies critical for mast cell activation. Th2 cytokines also are critical mediators of local allergic inflammation, including IL-4– and IL-13–dependent mucus production and IL-5–mediated eosinophil recruitment (12). Oral or subcutaneous allergen immunotherapy (AIT) appears to achieve desensitization to the allergen by temporarily reducing Th2-biased immunity and allergen-specific IgE. While OIT has been proven clinically useful for treating food allergy, it has not induced a long term redirection of allergen-specific immunity away from a Th2 phenotype (13). Thus, interest has been directed toward new strategies that are able to permanently suppress Th2 cellular immune responses or redirect these cellular Th2 responses towards a Th1 phenotype (14, 15).

We have developed a novel nasal vaccine-based immunotherapy system employing a nanoscale oil-in-water emulsion (nanoemulsion, NE) adjuvant. When administered intranasally (i.n.) with viral and bacterial antigens, this formulation induces robust systemic and mucosal immunity, and cell-mediated immune responses are polarized towards Th1 and Th17 (16–24). We have previously reported that therapeutic immunization with NE and antigen/allergen can suppress established Th2-polarized immunity and protect from allergen challenge in murine models of food allergy (25–28). NE-based allergy vaccines induced sustained unresponsiveness lasting at least 16 weeks, and protection was associated with increased IL-10 and regulatory T cells. Here, we extended our previous work to determine the ability of NE-based allergy vaccines to broadly suppress allergic reactions in mice sensitized to more than one food.



Materials and Methods


Antigen and Adjuvants

Nanoemulsion adjuvant (NE) was produced by a high speed emulsification of ultra-pure soybean oil with cetyl pyridinium chloride, Tween 80 and ethanol in water, with resultant NE droplets with average 350–400 nm diameter (17, 29). Aluminum hydroxide (alum, alhydrogel) was purchased from InvivoGen. Peanut extract (Greer) was used for all intraperitoneal (i.p.) and intranasal (i.n.) immunizations. For oral/intragastric (i.g.) challenges, peanut flour (12% fat, light roast, Byrd Mill) was solubilized in PBS. Endotoxin-free ovalbumin (OVA) was purchased from Hyglos. Endotoxin content of all vaccine components was determined by a limulus amebocyte lysate (LAL) assay (Pierce).



Mice and Immunizations

Specific pathogen-free BALB/c mice (females 3 weeks old) were purchased from Jackson Laboratory. Mice were 4 weeks of age at the onset of the experiment. The experimental design is shown in Figure 1. In all experiments, allergic sensitization was induced with i.p. immunizations of 20 µg OVA and 20 µg peanut extract (PN) adsorbed on 1 mg alum at week 0. The experimental design for each experiment is as follows.




Figure 1 | NE immunotherapy protects against allergic reactivity in polysensitized mice. (A) Mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control) or OVA and peanut-NE (OVA+PN-NE) Mice were challenged orally with OVA and peanut and (B) symptoms of anaphylaxis, (C) diarrhea and (D) temperature change were monitored. (E) Hemoconcentration was determined by hematocrit. (F) Levels of MCPT-1 in the serum 60 min after challenge were determined by ELISA. Statistically significant differences (p < 0.05) are indicated by *.




Assessment of Combination Vaccine Containing OVA and Peanut

Mice received i.n. immunizations of 12 µl (6 µl/nare) of a formulation containing 20 µg of OVA and 20 µg PN at weeks 4, 8 and 12. Sensitized control mice received i.n. PBS. Beginning 4 weeks after the final i.n. vaccine dose, anaphylaxis was induced by repeated oral challenge with allergen. Mice were challenged orally every other day for a total of 7 gavages (30). For each challenge, mice were fasted for 5–6 h to ensure gastric emptying and then were challenged by oral gavage (i.g.) with 0.2 ml containing of 10 mg OVA and 10 mg peanut. Reactivity was measured as described below.



Assessment of Bystander Protection

Mice received i.n. immunizations of a formulation containing either 20 µg of OVA or 20 µg PN mixed with 20% NE at weeks 4, 8 and 12. Mice were orally challenged with either 10 mg OVA or 10 mg peanut protein and reactivity was determined as described below.



Assessment of Requirement of Specific Antigen for Protection

Following the same schedule as described above, sensitized mice received i.n. immunizations of 20% NE alone (no antigen) or 20 µg of OVA in 20% NE. Sensitized control mice received i.n. PBS. Mice were challenged orally with OVA and reactivity was determined as described above. In a separate experiment following the same schedule, mice were immunized with 20 µg hepatitis B surface antigen (HBsAg) mixed with 20% NE.



IFN-γ Depletion Experiments

Mice were sensitized to OVA and peanut at week 0 and received i.n. PN-NE vaccine at weeks 4, 8 and 12. Mice were subjected to our repeated OVA challenge protocol beginning at week 16. Mice were injected i.p. with 0.5 mg anti-IFN-γ (XMG-6) or isotype control rat IgG1 (GL113) [both produced in house (31)] the day before starting oral challenges and every 4 days until the final challenge. All animal procedures were performed according to the National Institutes of Health guide for the care and use of laboratory animals and approved by the University of Michigan Institutional Animal Care and Use Committee (IACUC).




Assessment of Hypersensitivity Reactions

Anaphylactic symptoms were evaluated for one hour following the final (7th) challenge with OVA using the following scoring system [modified from (32, 33)]: 0, no symptoms; 0.5, transient rubbing and scratching; 1, prolonged rubbing and scratching around the nose, eyes or head; 2, puffiness around the eyes or mouth, diarrhea, piloerection, and/or decreased activity with increased respiratory rate; 3, labored respiration, wheezing, stridor, and/or cyanosis around the mouth and tail; 4, tremor, convulsion, no activity after prodding and/or moribund; 5, death. Rectal temperature was monitored prior to and every 15 min for 60 min following challenge, and the maximum temperature change from baseline was reported. Mice were bled 60 min following challenge, and serum mouse mast cell protease-1 (MCPT-1) was determined by ELISA (eBioscience). To determine hemoconcentration, blood was drawn 60 min following challenge into heparinized capillary tubes and centrifuged for 5 min at 10,000 rpm. Hematocrit values were calculated as the length of packed RBCs as a percentage of the total length of serum and red cells in the capillary tube.



Measurement of Serum IgE

Sera were obtained by cardiac puncture post-euthanasia one day after the final (7th) allergen challenge. Serum was separated from whole blood by centrifugation at 1,500×g for 5 min after allowing coagulation for 30–60 min at room temperature. Serum samples were stored at −20°C until analyzed. OVA-specific IgE antibody levels were determined by ELISA. Serially diluted serum samples were incubated on microtiter plates coated with 20 µg/ml OVA. IgE antibodies were detected with alkaline phosphatase conjugated anti‐mouse IgE (Rockland) and Sigma Fast™ p‐nitrophenyl phosphate substrate and quantified by measuring the optical density (OD) at 405 nm. The antibody concentrations are presented as endpoint titers defined as the reciprocal of the highest serum dilution producing an OD above background of naïve sera. The cutoff value is determined as the OD (mean+2 standard deviations) of the corresponding dilution of naive sera (34, 35).



Analysis of Cytokine Production

Mice were sacrificed one day after the final (7th) oral challenge, and mesenteric lymph nodes were harvested. The cellular recall response was evaluated in lymphocytes isolated from mesenteric lymph nodes. Single cell lymphocyte suspensions were cultured ex vivo ± OVA (20 µg/ml) at 37°C. After 72 h, cytokine secretion was measured in cell culture supernatants using Luminex Multiplex detection system (Millipore). For real-time PCR analysis, RNA was isolated from duodenum homogenates with an RNeasy mini kit (Qiagen), and cDNA was generated with a Superscript II reverse transcription kit (Invitrogen). qPCR was performed with SYBR green master mix and commercially available primer sets (Bio-Rad). Values were normalized to GAPDH and displayed as fold induction over control samples.



Lamina Propria Mononuclear Cells Isolation

Mice were sacrificed one day after the final (7th) oral challenge. Small intestine (SI, 15 cm) was dissected from the mouse and Peyer’s patches were trimmed off. SI was cut longitudinally and washed with PBS thoroughly to remove ingested food. SI was incubated in a petri dish with 10 ml PBS with EDTA (5 mM) for 10 min on ice. Intestines were washed with PBS (no EDTA) by vortexing vigorously to remove the epithelial cells. These two steps were repeated 3–4 times until the tissue became clear. Tissue was minced finely and transferred to 8 ml digestion buffer (16 mg collagenase A (Roche) and 1.6mg DNase I (Roche) in RPMI (10% FBS) and incubated at 37°C for 30 min. After incubation, digested tissue was passed through a 10 ml syringe with 18G needle a few times. Liberated cells were filtered through 70 µm filter. The cell suspension was washed by adding 20 ml of RPMI with 10% FBS. The cell pellet was suspended in 44% Percoll (4 ml) and loaded on 67% Percoll (3 ml) for centrifugation. A mononuclear cell gradient was created by spinning the cells down at 1,800 rpm for 20 min at room temperature with centrifuge acceleration set at 5 and deceleration set to 0. The middle interphase of mononuclear cells was collected from the interface and washed again with RPMI (10% FBS). The obtained cells were counted and used for subsequent analysis.



Antibodies

All the antibodies used for flow cytometry were purchased from eBioscience, Biolegend and BD biosciences. For cell surface staining, a lineage cocktail consisting anti-mouse CD3 (clone 145-2C11), anti-mouse Ly-6G/Ly-6C (clone RB6-8C5), anti-mouse CD11b (clone M1/70), anti-mouse CD45R/B220 (clone RA3-6B2), and anti-mouse TER-119/Erythroid cells (clone Ter-119) was used. FITC-streptavidin was used to stain biotin labelled primary antibody cocktail. Other antibodies used were rat anti-mouse CD45, anti-mouse CD127 (clone A7R34), anti-mouse CD90.2 (clone 53-2.1), anti-mouse KLRG1 (clone 2F1), and anti-mouse GATA3 (clone TWAJ). Foxp3 fixation and permeabilization kit (eBioscience) was used for intracellular staining.



Flow Cytometry

Cells were stained with lineage antibody cocktail on ice for 20 min followed by washing with flow staining buffer (PBS with 0.1% BSA) two times. Cells were then incubated with FITC-streptavidin antibody on ice for another 20 min. Cells were washed two times with flow staining buffer. Cells were then stained with live-dead ef450, CD45, CD127, CD90.2, and KLRG1 on ice for 20 min followed by washing two times with flow staining buffer. Intracellular staining of GATA3 was done using Foxp3 fixation and permeabilization kit as per the manufacturer’s protocol (eBiosciences). Samples were acquired on Novocyte 3000 (Acea biosciences) and data were analyzed using FlowJo v10.1. The gating strategy for identifying ILC2s is shown in Supplementary Figure 1.



Statistics

Results presented here are the representatives of at least two independent experiments. Each experiment contained 8–10 mice per group. Statistical comparisons were assessed by the Mann-Whitney test using GraphPad Prism version 8 (GraphPad Software). The p value < 0.05 was considered as significant.




Results


Intranasal Immunization With Allergens in NE Adjuvant Suppresses Allergic Reactions in Polysensitized Mice

BALB/c mice were sensitized to egg and peanut and immunized with OVA and peanut formulated in NE to determine if suppression of reactivity to 2 allergens could be achieved simultaneously. Sensitized control mice had profound physiological reactions to challenge as indicated by severe symptoms of anaphylactic shock, including diarrhea, labored respiration, wheezing, lack of activity when prodded, core body temperature loss of greater than 2°C, hemoconcentration and increased mast cell degranulation (MCPT-1) (Figure 1). The NE vaccine markedly suppressed these responses to allergen challenge. Anaphylaxis symptoms were markedly reduced to mild symptoms such as pruritus or reduced activity (Figure 1B), and the incidence of diarrhea was reduced from 100–40% (Figure 1C). Mice treated with the NE vaccine also were protected from hypovolemic shock and experienced minimal body temperature loss while hemoconcentration also was prevented (Figures 1D, E). MCPT-1 measured in serum following challenge was used to assess mast cell degranulation. Consistent with the clinical symptoms of allergic reaction, immunized mice had significant reductions in MCPT-1, with average levels of 0.6 µg/ml compared with 16 µg/ml in sensitized control mice (Figure 1F; p=0.0079).



Immunization of Polysensitized Mice With NE Adjuvant Induces Bystander Suppression of Allergic Reactivity

Next, we wanted to assess the effects of immunotherapy with NE and only one allergen on protection in polysensitized animals. Mice were again sensitized to both egg and peanut, and then were nasally treated with either OVA or peanut or both allergens formulated in NE. In general, mice were protected from allergic reaction to whatever allergen was contained in the vaccines, and protection for each allergen was similar if the mice were treated with the vaccine containing either a single allergen or both allergens (Figure 2). Surprisingly, mice that were treated with the OVA-NE vaccine were also protected from reactivity to challenge with peanut and mice treated with the PN-NE vaccine were protected from challenge with OVA. While there was a trend that this “bystander protection” was not as complete as protection induced by immunotherapy with NE and both allergens, these differences were not significant, and mice immunized with only one allergen in NE had significantly less severe allergic reactions compared with sensitized control mice that did not receive the i.n. vaccine. Bystander suppression of reactivity persisted for at least 8 weeks after the final vaccine dose (Supplementary Figure 2).




Figure 2 | Immunization of polysensitized mice with NE and one allergen provides protection against reactivity to another allergen. As described in Figure 1A, mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control), ova and peanut-NE (OVA+PN-NE), OVA-NE or peanut-NE (PN-NE). Mice were challenged orally with (A) OVA or (B) peanut and temperature change and symptoms of anaphylaxis were monitored. Hemoconcentration was determined by hematocrit. Levels of MCPT-1 in the serum 60 min after challenge were determined by ELISA. Statistically significant differences (p < 0.05) are indicated by *.



We next aimed to determine if the observed bystander suppression of allergic reactivity required immunotherapy with NE and at least one allergen to which the mice were sensitized. As shown in Figures 3A–C, in mice that were sensitized to OVA and peanut, i.n. instillation of NE alone (no allergen) did not induce any suppression of allergic reactivity to oral OVA challenge, as reactivity in these mice was equivalent to sensitized control mice and significantly more severe than mice that received the OVA-NE vaccines. Similarly, NE formulated with an unrelated antigen [hepatitis B surface antigen (HBsAg)] did not confer protection from challenge with OVA (Figures 3D–F).




Figure 3 | Intranasal administration of NE without allergen does not suppress the allergic response. (A–C) Mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control), OVA-NE (OVA-NE) or NE only (no antigen) or Mice were challenged orally with OVA and temperature change and symptoms of anaphylaxis were monitored. Serum MCPT-1 levels were determined by ELISA. (D–F) In a separate experiment, mice were similarly sensitized with OVA and peanut with alum and treated i.n. with 3 administrations of PBS (sensitized control) or hepatitis B surface antigen-NE (HBsAg-NE). Statistically significant differences (p < 0.05) are indicated by *.





Intranasal Immunization With NE Adjuvant Suppresses Allergy Associated Th2 Responses and Alarmin Expression

While food allergic reactions are dependent upon the presence of allergen-specific IgE, many patients with allergen-specific IgE to foods do not clinically react to those foods. In the present study, immunization with PN-NE suppressed allergic reactivity to both peanut and OVA without significantly reducing OVA-specific IgE (Figure 4A). This apparent disconnect between the presence of allergen-specific IgE and reactivity to an allergen suggests that other immune changes are behind the suppression of allergic reactions observed here.




Figure 4 | NE immunotherapy induces antigen-specific and bystander suppression of Th2 cytokines and alarmins. As described in Figure 1A, mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control), OVA-NE or peanut-NE (PN-NE). Mice were challenged orally with OVA, and (A) OVA-specific IgE was measured in serum obtained after the final challenge and (B) OVA-specific cytokine secretion was determined in cultures of mLN lymphocytes. (C) Duodenum samples were homogenized and mRNA extracted to determine relative gene expression compared to GAPDH. (D) Total number of ILC2 (Lin- CD45+ CD127+ CD90.2+ KLRG1+ GATA3+) from SI. Statistically significant differences (p < 0.05) are indicated by *.



Allergen-specific cytokine secretion was measured to characterize changes to the Th2-biased cellular immune responses associated with allergic disease. Upon stimulation with OVA, cells from (OVA and peanut)-alum sensitized mice produced significant levels of Th2-type cytokines IL-4 and IL-13 but not IFN-γ (Figure 4B). Immunotherapy with either OVA or peanut in NE reduced OVA-specific IL-4 and IL-13 and increased IFN-γ. While OVA-specific IL-17 and IL-10 were increased in mice that received the OVA-NE vaccine, the PN-NE vaccine did not affect OVA-specific production of these cytokines. Because of the interplay between Th2 immunity and expression of alarmins, expression of the genes for the alarmins IL-25, IL-33, and TSLP was also evaluated in the small intestine (36–40). Immunization with the NE vaccines significantly reduced the expression of Il25, Il33 and Tslp such that the fold change over expression in naïve mice was approximately 1 (Figure 4C). These data indicate that immunization with NE prevents increased alarmin expression normally observed in allergen sensitized mice.



Intranasal Immunization With NE Adjuvant Suppresses ILC2 Populations

We observed a significant decrease in alarmin expression, in animals that received the NE-allergen vaccines compared to sensitized control animals. It has been previously established that IL-25 and IL-33 acts as activation cytokines and regulate ILC2 populations in allergic inflammation (41–43). ILC2s were quantified in the small intestine lamina propria to determine if reduction in reactivity was associated with reduce ILC2 accumulation in the tissue. ILC2s were increased in the intestine of sensitized mice compared to naïve. Conversely, ILC2s were significantly reduced in OVA-NE-and PN-NE immunized animals compared to sensitized controls (Figure 4D). These data suggest that immunization with either OVA-NE-or PN-NE modulates epithelial alarmin production, which in turn prevents the accumulation of ILC2s in the tissues.



Bystander Protection Induced by NE Allergy Vaccines Requires IFN-γ

Because NE immunization increased IFN-γ, which has been shown to suppress Th2 immunity and alarmins, we hypothesized that bystander protection associated with NE was IFN-γ dependent. Mice were sensitized to OVA and peanut and then treated with PN-NE. During the allergen challenge phase in which mice were treated with OVA, IFN-γ was depleted. Depletion of IFN-γ during the challenge phase completely abrogated the protection induced by the PN-NE vaccine, as mice treated with anti-IFN-γ antibody had severe reactions to challenge, including decreases in core body temperature and increased clinical symptoms, diarrhea, hematocrit and MCPT-1 similar to animals not treated with NE (Figure 5). Suppression of alarmin expression by the PN-NE vaccine was also reversed following IFN-γ depletion, as mice that were depleted of IFN-γ had similar expression of alarmins in the small intestine as sensitize mice that did not receive the vaccine (Figure 6).




Figure 5 | Bystander protection induced by NE allergy vaccines requires IFN-γ (A) Mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control) or peanut-NE (PN-NE). Mice were challenged orally with OVA and IFN- γ was depleted during the challenge phase. (B) Temperature change, (C) symptoms of anaphylaxis and (D) diarrhea were monitored. (E) Hemoconcentration was determined by hematocrit. (F) Levels of MCPT-1 in the serum 60 min after challenge were determined by ELISA. Statistically significant differences (p < 0.05) are indicated by *.






Figure 6 | IFN-γ is required for suppression of alarmins by NE allergy vaccines. Mice were sensitized with OVA and peanut-alum and treated i.n. with 3 administrations of PBS (sensitized control) or peanut-NE (PN-NE). Mice were challenged orally with OVA and IFN- γ was depleted during the challenge phase. Duodenum samples were homogenized and mRNA was extracted to determine relative gene expression compared to GAPDH. Statistically significant differences (p < 0.05) are indicated by *.






Discussion

Thirty to forty percent of patients with food allergies are sensitized to multiple foods (44, 45). While allergen-specific immunotherapy has the potential to relieve the burden of fear of reactivity to specific foods, this approach is more difficult for polysensitized individuals. Approved, allergen-specific immunotherapy for food allergy involves a single food, and regulatory issues may preclude the development of therapies containing multiple foods. While some studies have demonstrated the ability to desensitize patients with OIT for up to 5 foods simultaneously (multi-OIT) (46, 47), the amount of each food required to be consumed daily is a burden for some children as the food required for multi-OIT can be a significant proportion of the daily caloric intake for a child. Given this, there is interest in the development of therapies for food allergy that work more broadly and are not specific to one allergen.

The present studies demonstrate that NE can be formulated with multiple allergens and lead to reduction of allergic reactivity to all allergens included in the vaccine. NE was formulated with two allergens and maintained therapeutic efficacy for both foods. Based on the protein loading capacity of NE, formulation with more than 2 allergens would also be possible and the therapy only has to be administered three to four times to achieve sustained unresponsiveness of at least 4 months (25–27). Given that long-term protection can be achieved with only a few doses administered at monthly intervals, this approach would significantly reduce the burden on patients with multiple food allergies over daily, allergen-specific immunotherapies.

Importantly, these studies also demonstrate a “bystander” effect in that NE-induced reduction of allergic reactivity with one allergen also reducing reactions to unrelated allergens not included in the vaccine. The bystander protection did require immunization with an allergen to which the animal was previously sensitized, suggesting the non-specific reduction of food allergic reactions required prior sensitization and immune recognition of the vaccine. This bystander suppression of reactivity was maintained for at least 8 weeks, supporting our previous work that demonstrated the long-term sustained unresponsiveness induced by this approach (27). The mechanism of this effect appeared to be redirection of the underlying immune polarization from a Th2 to a Th1 phenotype, especially since no suppressive activity was demonstrated with treatment using either the adjuvant alone or with an immunogen for which there was no pre-existing allergy (HBsAg). This demonstrates that while NE allergy vaccines provide bystander protection, it requires the recognition and induction of an antigen-specific immune response.

There are very few reports of bystander activation of antigen non-specific immune responses, but there is some evidence these do exist. Immunization with aluminum adjuvants (alum) has been shown to induce bystander polarization of Th2 immune responses to unrelated antigens. Specifically, if mice were immunized with alum and “antigen 1”, and then later exposed to antigens 1 and 2 together in the absence of alum, mice developed Th2-polarized immune responses to antigen 2 (48, 49). These studies demonstrated the need for co-administration of antigens to drive the bystander effects. Eisenbarth et al. described this phenomenon as “collateral priming” and demonstrated that it was based on an adaptive T cell-derived, cytokine dependent mechanism that did not require innate toll-like receptor 4 signaling (49).

Other studies also support the concept of protection to proteins not included in the immunotherapy. For example, after sensitization with whole peanut extract, immunotherapy with individual peanut components such as Ara h 1 or Ara h 2 conferred protection against challenge with the whole allergen, despite the fact that mice were sensitized to multiple protein components of the allergen that the immunotherapy did not target (50–52). It also has been reported that epicutaneous immunotherapy with peanut in mice generates a Treg population that can prevent the subsequent sensitization to either peanut or house dust mite (53, 54). These Tregs were broadly effective at suppressing inflammation, including T cell-mediated intestinal inflammation in a mouse model of colitis (55). Along with our data, these reports suggest that antigen-specific T cell responses to newly introduced immunogens can be influenced by non-specific elements (mainly regulatory cells and cytokines) from ongoing immune responses to other antigens.

While our previous work has shown that induction of Tregs and IL-10 were important to NE mediated immune modulation (25, 28), we now include the production of IFN-γ as critical for allergic protection. Interestingly, while the NE vaccines induced antigen-specific production of IL-17 and IL-10, there was no bystander modulation of these cytokines, as immunization with PN-NE did not induce production of OVA-specific IL-17 or IL-10. The significant increase in OVA-specific IFN-γ production in PN-NE-immunized mice suggested a key role of IFN-γ in driving the bystander modulation of allergen-specific immune responses and reduction of allergic reactivity. The induction of Th1 cytokines, including IFN-γ, has been associated with resolution of food allergy and favorable outcomes for immunotherapy in humans (56). It has been suggested that IFN-γ can reduce allergic disease through suppression of Th2 cells as well as effects on the innate cells and alarmins which are required for both the induction and maintenance of allergic disease. Innate cytokines including the alarmins IL-25, IL-33, and TSLP are produced by epithelial cells and are key mediators of allergic disease (57). The NE vaccines in our studies suppressed alarmin expression in an IFN-γ dependent mechanism, and this correlated with reduction of allergic reactivity to bystander allergens. This suggests local NE-induced IFN-γ modulates the small intestine environment to suppress the allergic response. Since these components of the innate immune system function in an antigen-independent manner, this may be responsible for the non-antigen specific bystander effects that confer protection against allergens not included in the NE vaccine. Additional studies are required to determine if modulation of a specific alarmin is required for suppression of reactivity, and further dissection of the mechanism of IFN-γ induction on suppression of reactivity is currently in progress.

A role for IFN-γ–mediated suppression of ILC2s in the small intestine cannot be ruled out, as mice that received the NE vaccines also had reduced ILC2s in the small intestine. Previous work has demonstrated that in the lung, IFN-γ prevents the accumulation of these lymphoid cells in mucosal tissues by limiting the recruitment and maintenance of these cells (58–60). The reduction in ILC2s in the mice that received the NE vaccines may also be a critical factor for the observed reduction in allergic reactivity, as IL-4 and IL-13 producing ILC2s have also been shown to promote experimental food allergy (36, 61).

Overall, these results show that modulation of Th2 immunity towards one food can induce bystander effects that suppress allergic reactivity to unrelated foods. This may lead to a global reduction of allergic reactivity to multiple foods. This allergen-non-specific protection may also be induced by other therapies that increase IFN-γ and decreased expression of alarmins in the gut mucosa. Taken together, these results suggest new targets for the suppression of allergic disease.
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Food allergy is a growing public health problem with ~15 million people affected in the United States. In allergic food disease, IgE on mast cells bind to ingested antigens leading to the activation and degranulation of mast cells. Stem cell factor (SCF) is mast cell growth and activation factor that is required for peripheral tissue mast cells. We targeted a specific isoform of SCF, the larger 248 amino acid form, that drives peripheral tissue mast cell differentiation using a specific monoclonal antibody in a model of food allergy. Ovalbumin sensitized and intragastrically challenged mice were monitored for symptoms of anaphylaxis including respiratory distress, diarrhea, and a reduction in body temperature. During the second week of challenges, allergic mice were injected with an antibody to block SCF248 or given IgG control. Mice treated with α-SCF248 had a decreased incidence of diarrhea and no reduction in body temperature suggesting a reduction in anaphylaxis compared to IgG control treated animals. Re-stimulated mesenteric lymph nodes indicated that α-SCF248 treated mice had decreased OVA-specific Th2 cytokine production compared to IgG control treated allergic animals. The reduction of food induced anaphylaxis was accompanied by a significant reduction in gut leak. The mesenteric lymph node cells were analyzed by flow cytometry and showed a decrease in the number of type 2 innate lymphoid cells in mice injected with α-SCF248. Morphometric enumeration of esterase+ mast cells demonstrated a significant reduction throughout the small intestine. Using a more chronic model of persistent food-induced anaphylaxis, short term therapeutic treatment with α-SCF248 during established disease effectively blocked food induced anaphylaxis. Together, these data suggest that therapeutically blocking SCF248 in food allergic animals can reduce the severity of food allergy by reducing mast cell mediated disease activation.
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INTRODUCTION

The incidence and severity of food allergy early in life has been growing considerably over the past two decades. Presently, it is estimated that one in 13 children have food allergic responses that predispose them to anaphylaxis (1, 2). Diagnostic assessment of children with potential food anaphylaxis include elevated food specific serum IgE and severe skin challenge reactivity (3). Unfortunately, these latter parameters are not predictive of whether a child will fail a food challenge in the clinic (4). Furthermore, it is unclear whether a negative food challenge is predictive of future potential reactivity to accidental challenge later in life. Importantly, we do know that the mechanisms that drive an anaphylactic response begins with a rapid and systemic activation of mast cells that cause the release of mediators that initiate the vascular response (5, 6). Several strategies have been studied and utilized in the clinics with some specifically blocking mast cell activation, especially targeting IgE (7–9). Recent use of biologics primarily targeting type 2 immune responses have been suggested or are beginning in initial trials, including α-IL-4/13R, α-IL-5, and α-IL-33 (10–14). These latter therapeutic targets are focused on the type 2 immune response that inhibit immune environments but do not alter the effector responses of anaphylaxis directly. Few strategies have pursued reduction of mast cell numbers as a means for inhibiting adverse allergic responses. The presence of increased mast cell numbers in mucosal gastrointestinal (GI) tract tissue may be critical for driving the severity of anaphylactic responses in patients with increased food specific IgE.

A key molecule that has a central role in mast cell development, survival and activation is stem cell factor (SCF also knowns as kit ligand) (15, 16). In both humans and mice, endogenous SCF occurs in two isoforms, “membrane” (220 amino acids) and “soluble” (248 amino acids) forms (17, 18). They differ by the inclusion of Exon 6 in the SCF248 form, both are membrane expressed, and can induce a c-kit receptor-dependent signal to cells by enhanced cross-linking. SCF248 is known as the “soluble” form because it is enzyme cleavable within exon 6 that allows the SCF extracellular domain fragment to be more easily released from the surface of the cell. This is the source of the vast majority of serum SCF248, which is monomeric and therefore cannot activate c-kit+ cells due to an inability to cross-link c-kit (19). Differences in the isoforms' biology come from studies with Sl/Sld mice that are runted, anemic (due to SCF220's role in erythropoiesis), and have altered inflammatory responses. Sl/Sld mutant mice were transfected with either SCF248 or SCF220 and examined to determine whether the specific forms could differentially reconstitute defective biology. Induced SCF220 expression corrected the runting and anemia with little effect on the inflammatory responses in the Sl/Sld mice, whereas SCF248 expression did not correct the runting or anemia but increased myeloid cell populations including mast cells (20). A separate study that utilized mice that express only SCF220 showed that animals developed normally with no runting or anemia, yet did not have peripheral mast cells (21). Together, these genetic studies define that these SCF isoforms have different biologic functions with SCF220 associated with homeostatic and SCF248 associated with peripheral immune responses, especially mast cells. We have recently published that SCF248 is the dominate form expressed in peripheral tissues during chronic disease. Furthermore, our studies indicate that α-SCF248 specific mAb can inhibit chronic asthma and severe remodeling diseases by reducing pathogenesis, cytokine production and critical c-kit+ innate cells, including mast cells, eosinophils and ILC2s (22, 23).

In the present set of studies we have identified that specifically blocking SCF248 during and after food allergen induced disease can block anaphylaxis and is associated with diminished numbers of mast cells throughout the small intestine. Furthermore, inhibition of SCF248 reduced the overall type 2 immune response and reduced serum IgE suggesting that the systemic immune environment may be affected using this strategy. Importantly, the blockade of SCF248 led to reduced gut leak that suggests a more stable gut barrier that is necessary for controlling systemic allergen distribution. Our studies highlight that blocking a specific isoform of SCF (SCF248) associated with development and activation of mast cells diminished the anaphylactic phenotype in food allergic mice that may be developed for future therapeutic application in food-induced anaphylaxis.



MATERIALS AND METHODS


Animals

Female BALB/c mice were purchased from Jackson Laboratories and used at 6–7 weeks of age. All experiments were approved by the University of Michigan Institutional Animal Care and Use Committee.



Allergic Model and Monoclonal Antibody Production

Mice were treated as in Figure 1A or Figure 5A. Mice were sensitized intraperitoneally on day 0 with 100 μg of endotoxin-free ovalbumin (OVA, Invivogen, San Diego, CA, USA) adsorbed to 1mg of alum (Imject® Alum, ThermoFisher Scientific, Waltham, MA, USA), then were challenged with 5 mg of OVA protein (Sigma Cat#A5503, St. Louis, MO, USA) in 200 μl or with 200 μl of PBS on days 14, 16, 18, 21, 23, 25, and 28. Mice were fasted for 5–6 h prior to each challenge. To neutralize SCF248, mice were injected with 20 mg/kg of α-SCF248 or control IgG on days 21, 23, and 25, or on days 28, 31, and 35 for the delayed response model. The specific SCF248 monoclonal antibody was made as previously described (22). A similarly produced control IgG1 antibody was used to a non-mammalian target (Genscript).


[image: Figure 1]
FIGURE 1. Neutralizing SCF248 reduces anaphylactic symptoms in allergic mice. (A) Model to induce anaphylaxis. Mice were sensitized with OVA and alum on day 0, then challenged with OVA by oral gavage on days 14, 16, 18, 21, 23, 25, and 28. SCF248 was neutralized by intraperitoneal injection on days 21, 23, and 25. Animals were euthanized 60 min after final challenge. (B) Prior to SCF248 neutralization (day 21, challenge four), temperatures were recorded at 15, 30, and 60 min following oral challenge. Symptoms were continuously monitored for 60 min, and mice were assigned as score on a scale of one to five based on symptom presentation. *p < 0.05, **p < 0.01 for OVA + IgG and OVA + αSCF248 compared to PBS. (C) Following SCF248 neutralization (day 28, challenge seven), temperatures were monitored for 60 min, and animals were euthanized. Mice were assigned a clinical score based on symptoms. Results are from five mice per group. Date show mean ± SEM, and are from one of three independent experiments. *p < 0.05, **p < 0.01 for OVA + IgG compared to PBS and OVA + αSCF248.


After each challenge, animals were monitored for 60 min, and rectal temperatures were recorded at 0, 15, 30, and 60 min following oral gavage with PBS or OVA. A score of 0–5 was assigned to each mouse based on anaphylaxis symptoms, as previously described (24). The scale is as follows: (0) no symptoms; (1) scratching and rubbing around the nose and head; (2) puffiness around the eyes and mouth, diarrhea, pilar erecti, reduced activity, and/or decreased activity with increased respiratory rate; (3) wheezing, labored respiration, and cyanosis around the mouth and the tail; (4) no activity after prodding or tremor and convulsion; (5) death.



Histopathology

The small intestine was removed and flushed with cold PBS. Tissue was divided into duodenum, jejunum, and ileum. Each section was opened longitudinally and coiled onto a wooden stick to create a roll. Tissue was fixed in 10% formalin, followed by 70% ethanol, then embedded in paraffin and 5 μm sections were cut and mounted onto slides. Mast cells were visualized using chloroacetate esterase staining as previously described, as this staining protocol is known to detect mucosal mast cells (25, 26). At least five high powered fields (HPF) were counted on each section of the intestine per animal.



Flow Cytometry

Mesenteric lymph nodes were removed and single cells were isolated by enzymatic digestion with 1 mg/ml collagenase A (Roche, Indianapolis, IN, USA) and 20 U/ml DNaseI (Sigma, St. Louis, MO, USA) in RPMI containing 10% FCS. Lymphocytes from the lamina propria were isolated as previously described (27). Briefly, the small intestine was opened longitudinally and mucus was removed by washing the tissue with PBS + 2% FCS + 5mM DTT at 37°C for 20 min. The intestinal epithelial cell lining was removed by three washes with PBS + 2% FCS% 5 mM EDTA, each for 10 min at 37°C. The tissue was then minced into small pieces, and at digested in HBSS supplemented with 10mM HEPES, 37.5 U/ml Liberase TM (Roche Applied Science, Indianapolis, IN, USA), and 300 U/ml DNase I for 30 min at 37°C. The resulting cell suspension was filtered through a 70 μm sieve, counted, and plated for flow cytometry at 2 × 106 per well. Cells were washed and resuspended in PBS and live cells were identified using LIVE/DEAD Fixable Yellow Dead Cell Stain kit (ThermoFisher Scientific, Waltham, MA, USA), then were washed and resuspended in PBS with 1% FCS and Fc receptors were blocked with purified α-CD16/32 (clone 93; BioLegend, San Diego, CA, USA). Surface markers were identified using antibodies against the following antigens, all from BioLegend: CD3 (17A2), CD11b (M1/70), CD45R/B220 (RA3-6B2), Ter119 (TER-119), Gr-1 (RB6-8C5), CD45 (30-F11), SiglecF (E50-2440), c-kit/CD117 (2B8), CD90 (5E10), IL7Rα/CD127 (A019D5), ST2/IL33Rα (DIH4), and FcεRIα (MAR-1). Intracellular staining for GATA3 (clone 16E10A23 was performed using the Transcription Factor Staining Buffer Set (eBioscience) according to the manufacturer's protocol. Eosinophils were identified as CD45+SiglecF+SSChi. Mast cells were identified as CD45+c-kit+FcεRIα+. ILC2s were identified as lin−CD45+c-kit+CD90+IL7Rα+ST2+Gata3+. Lineage negative cells were defined as CD3−CD11b−CD45R/B220−Ter119−Gr1−.



Lymph Node Restimulation

Mesenteric lymph nodes (MLN) were removed and single cells were isolated by enzymatic digestion, as described above. 5 × 105 cells were plated in 200 μl of complete medium (RPMI 1640 supplemented with 10% FCS, L-glutamine, penicillin/streptomycin, non-essential amino acids, sodium pyruvate, 2-mercaptoethanol) and were restimulated with 50 μg/ml of ovalbumin for 48 h. Unstimulated cells were used as baseline controls. Supernatants were collected and levels of the cytokines IL-4, IL-5, and IL-13 were measured by Bioplex assay (Bio-Rad, Hercules, CA, USA).



IgE and mMCP1 Enzyme Linked Immunosorbant Assay

OVA-specific antibody isotypes were measured in the serum of treated mice. Immunosorbant 96-well plates (ThermoFisher Scientific) were coated with OVA overnight at 4°C, then incubated with blocking buffer (1% dry non-fat milk in PBS) for 1 h at 37°C. Serial dilutions of serum were made in 1% BSA and were incubated on the plates overnight at 4°C. Plates were washed PBS + 0.05% Tween 20. Alkaline phosphatase-labeled secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) were incubated at 37°C for 1.5 h. Plates were washed and incubated at room temperature with p-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO, USA) and color was developed for 1 h. Plates were read on a SpectraMax iD3 (Molecular Devices, San Jose, CA, USA) at 405 nm, and results are presented as optical density. Optical density in allergic mice was calculated as ODallergic–(ODcontrol + 2*SDcontrol). mMCP1 was measured in the serum using a mouse MCPT-1 kit (Invitrogen) according to the manufacturer's instructions.



Epithelial Barrier Permeability Assay

Mice were fasted for 4 h, then given 150 μl of 4 kDa FITC-dextran by oral gavage at a concentration of 80 mg/ml. Blood was collected after 4 h and centrifuged to separate plasma. Plasma was then diluted 1:10 in PBS at and read on a SpectraMax iD3 at 530 nm with excitation at 485 nm. Serial dilutions of FITC-dextran were made to create a standard curve.



Western Blot of JAM-A

Protein was extracted from a section of the jejunum by homogenization in RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) supplemented with 1mM PMSF (ThermoFisher Scientific). Protein was clarified by centrifugation, and concentration was determined by Bradford assay as previously described (28). Fifteen μg of protein was loaded onto Bis-Tris polyacrylamide gels (Invitrogen), and protein was transferred onto a nitrocellulose membrane using an iBlot 2 dry blotting system (ThermoFisher Scientific). Western blot was performed using antibodies again JAM-A (R&D Systems, Minneapolis, MN, USA) and b-actin (Cell Signaling Technology), followed by horseradish peroxidase-conjugated secondary antibodies. JAM-A was detected, followed by stripping of the membrane with Restore™ Western Blot Stripping Buffer (ThermoFisher Scientific), then detection of b-actin. Detection was done using enhanced chemiluminescence (GE Healthcare, Pittsburgh, PA, USA). Band densities were measured using the rectangle measurement tool on ImageLab software (BioRad, Hercules, CA, USA), and JAM-A densities were normalized to b-actin.



Statistical Analysis

Results are expressed as mean ± standard error. Statistical significance was measured by one-way or two-way ANOVA followed by post-hoc Student's t-test as appropriate. A p ≤ 0.05 was considered significant.




RESULTS


Neutralization of SCF248 Protects Mice From Food-Induced Anaphylaxis With Reduction in Intestinal Mast Cells

The induction of food allergy in mice has been established using several methodologies. In these studies we utilized systemic immunization with alum and ovalbumin to establish a strong allergic response followed by seven intragastric allergen challenges (Figure 1A), as previously described (29). In order to examine the potential role of SCF248 in the development and elicitation of food allergic responses we administered α-SCF248 mAb or control IgG by IP injection after the 4th intragastric challenge with ovalbumin (Figure 1A). Prior to injection the animals were assessed for clinical signs of food allergen responses by temperature drop and a standard anaphylaxis scale (0–5) as previously described (24). The data in Figure 1B indicate that mice in each of the groups, IgG and α-SCF248, had similar anaphylactic characteristics and based upon temperature loss and anaphylactic scale prior to therapeutic administration of antibody. The animals were then subjected to three additional challenges in the following week while being treated with α-SCF248 or control antibody. After the 7th challenge mice were assessed by temperature and anaphylactic scores for the severity of their responses. Those mice treated with α-SCF248 displayed a minimal loss of temperature and a minimal anaphylactic score overall, while those treated with control IgG showed a significant decrease in body temperature and a substantial anaphylactic response (Figure 1C).

To further examine whether this effect was associated with local mast cell numbers in the GI tract, histopathologic staining was utilized with non-specific esterase for identification of mast cell numbers (Figure 2). The histology shown in Figure 2A represent that while PBS treated, non-allergic mice have virtually no mast cells evident, ovalbumin sensitized and challenged mice have significant increases in esterase positive mast cells in the small intestine. Those animals treated with α-SCF248 appear to have a significant decrease in mast cell staining. Enumeration of mast cell numbers in stained slides demonstrate that there were significant increases in the control treated food allergic mice that were significantly reduced throughout the small intestine, the duodenum, jejunum, and ileum (Figure 2B). Mast cells in the lamina propria were also analyzed by flow cytometry following enzymatic digestion, and these results confirmed a decrease in the number of mast cells in mice treated with α-SCF248 (Figure 2C). Representative flow cytometry plots with gating strategies are shown in Supplementary Figure 1. We also noted a decrease in the number of eosinophils and type 2 innate lymphoid cells (ILC2), indicating an overall decrease in the T-helper type 2 (Th2) environment in the small intestine in the absence of SCF248 signaling.


[image: Figure 2]
FIGURE 2. Anti-SCF248 treatment reduces mast cells, eosinophils, and ILC2s in the intestines of allergic mice. (A) Representative sections of the small intestine stained with chloroacetate esterase to visualize mast cells. Details are shown in the inset boxes. Scale bar = 50 μm. Mast cells are indicated by arrows. (B) Mast cells were counted in the duodenum, jejunum, and ileum. Numbers represent the mean of five high-powered fields per section. (C) Mast cells, eosinophils, and ILC2s in the small intestine lamina propria were quantified by flow cytometry. Results are from four to six mice per group and represent one of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




Neutralization of SCF248 Alters Th2 Cytokine Profiles

In order to better understand whether blocking SCF248 alters the ongoing allergic responses and can change immune phenotypes mesenteric lymph nodes were isolated and restimulated with ovalbumin. The data presented in Figure 3A illustrate that inhibition of SCF248 during the challenge period in food allergic animals reduced type 2 cytokines, IL-4, IL-5, and IL-13, although there were no differences in the overall number of cells from the mesenteric lymph nodes. Our studies have previously identified SCF248 as an inducer of ILC2, as these are c-kit+ cell populations (22). When ILC2 numbers were examined in the mesenteric lymph nodes by flow cytometry, we also observed decreases in these cells that likely contribute to the type 2 allergic environment (Figure 3B), while there were no differences in Th2 cytokines in unstimulated cells from these animals (Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. The Th2 response is decreased in the lymph nodes of mice treated with α-SCF248. (A) Mesenteric lymph nodes were removed and single cell suspensions were restimulated with OVA. Th2 cytokines were measured in the supernatant by Bioplex assay after 48 h of culture. (B) The number of ILC2s in the mesenteric lymph nodes were measured by flow cytometry. Five mice were used in each group, and data represent one of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




Decreased Mast Cell Activity Following SCF248 Neutralization

When mast cells degranulate, one of the inflammatory mediators that is released is the specific protease murine mast cell protease-1 (mMCP1). We measured mMCP1 levels in the serum 30 min after challenge and found a significant reduction in the levels of this protease in the serum of α-SCF248 treated mice (Figure 4A). The activation of mast cells can affect the barrier function of the intestinal epithelium. To test this, mice were gavaged with 4 kD FITC-Dextran, and plasma was collected to measure the concentration of this molecule through the epithelial barrier. We found that mice treated with OVA had increased FITC-Dextran in the plasma, but this was inhibited in mice treated with α-SCF248 (Figure 4B), indicating that the decreased number and activation of mast cells protects barrier function. To support this, we performed a Western blot for JAM-A in the jejunum. JAM-A is part of the tight junction between epithelial cells in the small intestine, and contributes to barrier function (30). We found that JAM-A expression in the small intestine was decreased in OVA-treated mice, but that this was rescued by treating mice with α-SCF248 (Figure 4C, full blots shown in Supplementary Figure 3). Therefore, the increased number of mast cells correlates with decreased JAM-A in the GI tract, and an increase in intestinal permeability. In IgE-mediated food allergy, mast cells degranulation occurs when IgE bound to the mast cell encounters its antigen. We therefore measured OVA-specific IgE in the serum of allergic mice. We did not observe any difference in mice treated with control IgG or α-SCF248, indicating that there was no difference in sensitization to OVA (Figure 4D). There was no effect on other immunoglobulins, including IgG1, IgG2a, and IgG2b. Thus, the neutralization of SCF248 significantly reduced the anaphylactic responses and was correlated to the number and activation of mast cells in the gastrointestinal tract of allergic mice.


[image: Figure 4]
FIGURE 4. Mast cell activation and intestinal permeability are decreased in mice treated with α-SCF248. (A) Mast cell activation was assessed by measuring murine mast cell protease concentration in the serum 30 min after final challenge. Protease concentration was measured by ELISA. (B) Intestinal permeability was analyzed by delivering 4 kDa FITC-dextran by oral gavage, then measuring FITC in the plasma by fluorescence 4 h later. (C) Western blot of JAM-A was performed from the small intestine, with b-actin as a control. Densitometry analysis of JAM-A results are shown as a percentage of b-actin control. Each lane represents a different tissue sample, and one of two representative blots is shown. (D) OVA-specific IgE was measured in the serum of allergic mice by ELISA. Results represent one of three independent experiments with four to five mice per group. ELISA samples were run in duplicate, in addition to the biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001.




Inhibition of Food Induced Anaphylaxis in Established Food Allergy Responses

The previous studies indicated that blocking SCF248 during ongoing food challenges reduces the severity of the food allergic responses. In order to better define whether SCF248 neutralization could inhibit the re-occurrence of an established response a second model was established. In this model (Figure 5A) the antibody was administered during a one week “rest” period where no food challenge was administered after the original model was established followed by a food challenge to the sensitized food allergic mice. The data presented in Figure 5 demonstrates that inhibition of SCF248 abrogates the effects of food induced anaphylaxis as indicated by no decrease in temperature in α-SCF248 treated animals in this more chronic model of established food allergy (Figure 5B). Similarly, the overall clinical parameters were reduced as indicated by the anaphylactic index (Figure 5C) that includes diarrhea and itching.


[image: Figure 5]
FIGURE 5. Anti-SCF248 treatment protects mice in a model of established food allergy. (A) Food allergy was induced by sensitizing mice with OVA and alum, followed by seven challenges with OVA, ending on day 28. SCF248 was blocked by injection with a monoclonal antibody on days 28, 31, and 35. Mice were given one additional challenge with OVA on day 35, following SCF248 neutralization. (B) Rectal temperatures were recorded for at 15, 30, and 60 min following challenge at day 35. (C) Mice were monitored for 60 min following final challenge, and assigned a score based on clinical symptoms. Results are from five mice per group and represent one of three independent experiments. *p < 0.05, ***p < 0.001.


We enumerated the mast cells in the small intestine by staining sections with chloroacetate esterase. As previously, we found that blocking SCF248 in an established model of food allergy resulted in decreased mast cell numbers in the tissue (Figures 6A,B). As a measure of the extent of mast cell degranulation, the serum mMCP-1 enzyme levels were significantly reduced in the α-SCF248 treated animals (Figure 6C). Finally, we measured the Th2 environment in these animals by restimulating mesenteric lymph node cells with OVA. We found that treating mice with α-SCF248 decreased IL-4 and IL-5 production, although there were no differences in IL-13 in allergic mice treated with α-SCF248 or control IgG (Figure 6D). Additionally, there were no differences in IFN-g or IL-17, indicating that only Th2 cytokines are altered by the neutralization of SCF248. Thus, inhibition of this pathway that is known to be involved in the expansion and activation of mast cells reduces the severity of food induced anaphylaxis.


[image: Figure 6]
FIGURE 6. Anti-SCF248 treatment decreases intestinal mast cells and Th2 inflammation in model of established food allergy. (A) Mast cells were enumerated following staining of sections with chloroacetate esterase to visualize cells. Details are shown in the inset boxes. Scale bar = 50 μm. Arrows point to mast cells. (B) Mast cell numbers per high powered field were determined by counting five sections each in the duodenum, jejunum, and ileum. (C) Murine mast cell protease was measured by ELISA to determine the extent of mast cell activation. (D) Mesenteric lymph nodes were dissociated and single cell suspensions restimulated with OVA. After 48 h of culture, Th2 cytokines were measured in the supernatants by Bioplex assay. Five mice were used in each group, and data represent one of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

The elicitation of severe allergic food responses has increased significantly over the past two decades and has caused changes in social and personal behavior in those households where it is present. The critical cellular mediator during a food anaphylactic response is the mast cell. A number of studies have suggested that the number of mast cells in the GI tract may correspond to the generation of anaphylaxis (31, 32). This is also likely accompanied by the ability of food to move through a normally tight epithelial barrier in the GI tract, which is modified by the local activation of mast cell mediated responses (33). Therefore, a central premise would be to control mast cell numbers in tissue that can provide the initial response to limit amplification in subsequent exposures due to the breakdown in barrier from the previous episode. The clinical observations regarding IgE levels and the ability to predict an anaphylactic food challenge at any given time is likely complicated by these factors, numbers of mast cells and barrier maintenance. The present studies demonstrate that by blocking SCF248 levels using a therapeutic antibody approach that a reduction in mast cells throughout the small intestine was achieved. This correlates well with genetic studies in mice that only express the SCF220 splice variant and not SCF248 that lack peripheral mast cells, even though myeloid bone marrow progenitor cell populations were not affected (21, 32). The reduction in clinical disease parameters in the food allergy challenges and the reduction of mast cells and type 2 cytokines also contributed to the protective phenotype after a therapeutic challenge in these studies. Thus, a reasonable strategy for reducing the incidence of food anaphylaxis would be to reduce mast cell numbers and therefore the anaphylactic environment would be mitigated. While we have not examined the effect of a-SCF248 antibody on steady state mast cell numbers, the genetic evidence suggests that tissue mast cells are dependent upon SCF248 and not SCF220 (23). Furthermore, the antibody used in this study does not recognized the cleaved domain of SCF248, and is therefore unlikely to interact with mast cells. Instead, the antibody targets the SCF248 isoform on fibroblasts, leading to a reduction in the amount of the cleaved domain available to bind to mast cells (23). However, the long-term effects of a-SCF248 should still be a consideration for future studies, particularly with regards to the possibility of using this antibody in a clinical setting.

One outcome in these studies was the reduction in mast cell numbers and activation, combined with reduced gut leak. These results suggest an important interaction between the systemic anaphylactic responses and the ability of allergen to pass through the gut epithelium and activate the immune cells in the lamina propria. In conjunction with these observations was the reduced numbers of Type 2-associated immune cells locally in the tissue as well as a reduced recall response from draining lymph node cultures. Similar studies using a peanut allergy model of anaphylaxis in mice in which mast cells were targeted found similar changes in the local Th2 response from the draining lymph nodes (34). Thus, these data suggest that reducing local gut mast numbers and local activation, mediated by IgE, may reduce the barrier leak of food antigens into the periphery and alter future responses, including protection from anaphylactic responses. This central premise may help to explain differences in how patients with systemic responses to food do or do not respond to a food challenge.

Epithelial barriers are established with multiple protein interactions that include claudins, occludins, junctional adhesion molecules and others that are differentially regulated to control movement of soluble antigens into the tissue and systemically (35–37). The critical role of these molecules has been established in models of inflammatory bowel diseases, but little is known about how their maintenance is associated with antigen sensitization (38). While more is known about barrier function and tolerance in food allergy, as well as the role of increased gastric acid production, the role of immune cell mediators in barrier function is not at well understood (39). Mast cells are the critical mediators of food allergy, but in order to trigger a reaction, antigen must bind to IgE on the mast cell in the lamina propria, which rapidly release a number of preformed mediators. Thus, food antigens must pass through the epithelial barrier. Mast cell tryptase, one of these mediators, has been shown to directly impact the epithelial barrier by decreasing junction adhesion molecule-A (JAM-A) (40). JAM-A is a critical protein in the tight junction, which is part of the mechanism that determines epithelial permeability. Previous studies have shown that mice that lack JAM-A in the intestinal epithelium have a leaky barrier, as determined by passage of 4 kDa FITC-dextran into the blood following oral gavage (30). Other studies have found that mast cell activation impacts epithelial barrier function in the small intestine. These include in vitro studies have shown that mast cell chymase can affect the distribution of the tight junction proteins ZO-1 and occludin, and can reduce the expression of the claudin five protein (41, 42). A number of cytokines produced by mast cells also affect barrier integrity, including TNF-a, IL-1b, and IL-9 (31, 43–45). In this study, we show that increased mast cell activation results in greater passage of FITC-dextran across the barrier in allergic mice, suggesting that increased permeability to OVA would result in more severe anaphylactic symptoms. However, mast cell activation, as measured by murine mast cell protease-1, is decreased in mice treated with SCF248 neutralizing antibody, although it must be noted that we did not directly visualize mast cell degranulation in the lamina propria. Nevertheless, the decrease in local mast cell numbers and systemic detection mast cell protease-1 correlates with increased barrier function and decreased disease.

In a food allergic reaction, and individual is sensitized to food antigen, resulting in an established Th2 immune response. This is sustained not only by Th2 cells, but also by type 2 innate lymphoid cells in the lamina propria of the small intestine, as well as in the local lymph nodes (46–49). As ILC2s express c-kit, the receptor for SCF, neutralizing SCF248 has the potential to decrease the Th2 environment prior to allergic challenge. Indeed, we found that the number of ILC2s in the lamina propria as well as in the mesenteric lymph nodes were lower in mice treated with α-SCF248 compared to allergic mice treated with control IgG. Previous studies have found that increased mast cell numbers drive ILC2 expansion (50). Here, we find that both ILC2 numbers and mast cell numbers are decreased in mice treated with α-SCF248, however whether the decrease in ILC2 numbers is due to the lack of c-kit signaling on the cell or is linked to mast cell number is currently unknown. In addition, we found that the overall Th2 response was decreased, including the antigen specific T cell reaction in the lymph nodes, indicating that SCF248 is important for maintaining the Th2 environment in an allergic individual. This is further supported by the decreased number of eosinophils in the lamina propria of mice treated with α-SCF248 antibody.

In this study, we examined the role of SCF248 in sensitized animals. In some experiments, we began challenging the mice, and when they began to show symptoms, we neutralized SCF248. In this model, each subsequent challenge results in increased severity of anaphylactic symptoms, as mast cells continue to accumulate with each challenge. Therefore, we are able to halt the increase in mast cells following the initial challenges. Because all animals were sensitized equally, mice treated with α-SCF248 maintain similar levels of OVA-specific IgE compared to mice treated with control IgG. However, with fewer mast cells to bind to, this IgE is unable to activate a strong anaphylactic response. These results were maintained even in a delayed challenge model, in which SCF248 was neutralized following a full allergic response. Together, our findings suggest that SCF248 is an attractive target to minimize robust anaphylaxis in established food allergy.
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Supplementary Figure 1. Representative flow plots for cellular analysis. (A) Gating strategy for ILC2s. (B) Gating for mast cells, gated on CD45+ cells. (C) Gating for eosinophils.

Supplementary Figure 2. Baseline Th2 cytokines from lymph nodes are unchanged in OVA-treated mice compared to control. Mesenteric lymph nodes were dissociated and single cells suspensions were cultured without restimulation. Bioplex analysis was performed after 48 h.

Supplementary Figure 3. JAM-A Western blot. Detection of JAM-A antibody, followed by stripping of the blot and reprobing with b-actin.
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Food allergy is an emerging epidemic, and the underlying mechanisms are not well defined partly due to the lack of robust adjuvant free experimental models of dietary antigen sensitization. As housing mice at thermoneutrality (Tn) - the temperature of metabolic homeostasis (26–30°C) – has been shown to improve modeling various human diseases involved in inflammation, we tested the impact of Tn housing on an experimental model of food sensitization. Here we demonstrate that WT BALB/c mice housed under standard temperature (18–20°C, Ts) conditions translocated the luminal antigens in the small intestine (SI) across the epithelium via goblet cell antigen passages (GAPs). In contrast, food allergy sensitive Il4raF709 mice housed under standard temperature conditions translocated the luminal antigens in the SI across the epithelium via secretory antigen passages (SAPs). Activation of SI antigen passages and oral challenge of Il4raF709 mice with egg allergens at standard temperature predisposed Il4raF709 mice to develop an anaphylactic reaction. Housing Il4raF709 mice at Tn altered systemic type 2 cytokine, IL-4, and the landscape of SI antigen passage patterning (villus and crypt involvement). Activation of SI antigen passages and oral challenge of Il4raF709 mice with egg antigen under Tn conditions led to the robust induction of egg-specific IgE and development of food-induced mast cell activation and hypovolemic shock. Similarly, Tn housing of WT BALB/c mice altered the cellular patterning of SI antigen passage (GAPs to SAPs). Activation of SI antigen passages and the oral challenge of WT BALB/c mice with egg antigen led to systemic reactivity to egg and mast cell activation. Together these data demonstrate that Tn housing alters antigen passage cellular patterning and landscape, and concurrent oral exposure of egg antigens and SAP activation is sufficient to induce oral antigen sensitization.




Keywords: food sensitization, mouse models, antigen passage, thermoneutral conditions, food allergy



Introduction

Food allergy is an emerging epidemic (1) that is estimated to affect 32 million people in the United States (2, 3). Clinical and experimental studies have advanced our understanding of food allergy pathogenesis by revealing that food sensitization, characterized by the presence of allergen-specific IgE and CD4+ Th2 cells, is pathognomonic to disease (4). Although food sensitization can occur at various mucosal surfaces, including the skin and gastrointestinal tract (5, 6), the underlying mechanisms that drive food sensitization in humans have been elusive. This is in part due to mice resistance to becoming sensitized to allergens (environmental, aeroallergen, and foods) naturally, and the requirement of adjuvants such as aluminum hydroxide, cholera toxin, and staphylococcus enterotoxin B to break oral tolerance and induce sensitization to dietary antigens (7). Recent studies have demonstrated that oral exposure of food allergens in the absence of adjuvant to mice with enhanced IL4Rα signaling by a gain of function mutation (Il4raF709 mice) is sufficient to promote allergen-specific Th2 and IgE responses (8, 9). Subsequent studies revealed that heightened IL-4 signaling promoted reprogramming of regulatory T cells to Th2 (10), enhanced the number and function of ILC2 cells (11), and activated mast cells that perpetuated the IgE-mast cell response following food allergen exposure (12). Collectively, these studies revealed a role for the hematopoietic compartment in oral food sensitization in under heightened IL-4ra signaling. However, the contribution of the non-hematopoietic compartment to food sensitization and reactivity was largely unexplored (9).

Goblet cell antigen passages (GAP) are a mechanism by which the intestinal epithelium passages luminal antigens to underlying immune cells (antigen presenting cells) to mount a tolerizing response (13). The formation of GAPs in the gastrointestinal tract facilitates the tolerenergic environment by maintaining regulatory T cells, modulating dendritic cell function, and inducing IL-10 production by macrophages (13). Blockade of GAPs impairs oral tolerance as such that oral allergen exposure failed to prevent allergen specific T cell responses driven by the subcutaneous immunization (13). Accordingly, various signals including the microbiome, pathogens, epidermal growth factor (EGF), and carbachol (CCh) have been demonstrated to modulate antigen passage cellular patterning (intestinal epithelial cell population involvement) and landscape of antigen passages (villus to crypt involvement) to ensure the proper tolerizing response to the innocuous antigens (14–16). We recently demonstrated that under food allergic conditions the small intestine (SI) antigen passage cellular patterning and landscape were altered. In a food allergic state, antigen passages formed through goblet, enteroendocrine, and Paneth cells (termed SAPs) and were present in both the villus and crypt epithelium following dietary allergen exposure (17). Blockade of SAP formation inhibited a food-induced anaphylactic response suggesting the deviation in antigen passage cellular patterning and landscape is associated with allergic reactions toward dietary antigens. Currently, the contribution of altered antigen passage cellular patterning and landscape in the SI in driving food sensitization remains unexplored.

Recent investigations demonstrate that housing temperature robustly influences mice physiology (18). Vivariums in research facilities throughout the world maintain laboratory mice at 18-20°C (standard housing temperature, Ts). Under Ts conditions, mice are under chronic cold stress, exhibiting elevated stress hormones, including corticosterone (rodent stress hormone) and catecholamines (neurotransmitters to induce fight or flight responses through the sympathetic nervous system) (19, 20). Consequently, Ts housed mice exhibit elevated heart rate and oxygen consumption and dampened immune cell functions as an adaptation to the cold housing temperature (18). The ambient temperature for mice to maintain thermoneutrality is 26-30°C (Tn 30°C). At this temperature, mice do not activate thermogenic pathways to sustain core body temperature (18). Notably, at this ambient temperature Tn, the heightened stress hormone response, immune suppression, and the heightened metabolic rates observed in Ts housed mice are significantly reduced (18).

One of the limitations of studying human immunological disease processes in mice is that mice do not necessarily respond to immunological challenges similarly to humans. For example, mice are resistant to developing human disease conditions such as obesity (21), atherosclerosis (22), and severe non-alcoholic fatty liver disease (NAFLD) (23). Recent studies have revealed that the observed differences in physiological outcomes in mice are a consequence of the housing temperature at which the mice are maintained. Given the historical and recent reports of the inhibitory effects of the stress hormones on the innate and adaptive immune functions (24, 25), we examined the impact of altering the housing temperature on the intestinal immune environment and test the effects of Tn housing temperature on oral food sensitization in mice.

Herein, we show that antigen passage cellular patterning was altered in IL4raF709 mice at Ts conditions compared to WT BALB/c mice. Activation of antigen passage formation predisposed IL4raF709 mice to oral food sensitization at Ts conditions. Tn housing of IL4raF709 mice altered the antigen passage landscape and increased penetrance of food sensitization and reactivity. Tn housing of WT BALB/c mice altered the SI antigen passage cellular patterning (GAP to SAP) and landscape promoting passage formation from the villus to the crypt region. Activation of antigen passages and oral exposure of Tn conditioned housed IL4raF709 and WT BALB/c mice to egg antigen significantly exacerbated allergen-specific IgE and IgG1 responses and led to hypovolemic shock that coincided with the activation of mucosal mast cells following systemic and oral allergen challenge.



Materials and Methods


Animals

BALB/c WT and Il4raF709 mice (provided from Fred D. Finkelman at Cincinnati Children’s Hospital Medical Center, CCHMC) were maintained and bred under standard housing conditions (TS temperature, 18-20°C). Mice were transferred to the thermoneutral housing conditions (Tn temperature, 30-33°C) after weaning and acclimated for at least two weeks prior to experimentation. We have previously demonstrated that two weeks is sufficient to decrease serum stress hormones in WT mice (23). The Tn conditions are provided by the University of Michigan Unit for Laboratory Animal Medicine within the specific pathogen-free facility as part of IACUC-approved animal protocol. The thermostat of a small room (~ 72 ft2) within the facility was set at 30°C (86°F), with a 12-hour light/dark cycle. The room is equipped with a laminar flow workstation and a Rodent Cage system to maintain the mice in the room at all times. Mouse cages are maintained in a Rodent Cage system that delivers HEPA-filtered ventilated air and is equipped with an automated water supply to individual cages providing air and water at ambient temperature. The room temperature is monitored daily to ensure the temperature is maintained between 27.7-31.1 °C (82-88 °F). Six to 10-week old mice were used for all the experiments described in the study. All animals were maintained and used as approved by the Animal Care and Use Committee at CCHMC and the University of Michigan.



Reagents

Food allergen, egg white powder from Jay Robb Enterprises (North Palm Beach, FL) was stored at -20°C until the time of use. Reagents used are as follows: Imaging antigen, lysine fixable dextran tetramethylrhodamine in 10,000 MW (Invitrogen), CCh, and paraformaldehyde (Sigma-Aldrich). Antibodies used are as follows: wheat germ agglutinin (WGA) conjugated to Alexa 488 (Invitrogen), rat anti-mouse IgE (BD Bioscience), anti rat IgG conjugated to biotin (Vector lab), avidin conjugated to HRP (BD Bioscience), or anti-mouse IgG1 (Abcam) conjugated to HRP.



Oral Sensitization and Measurement of Food Sensitization Parameters

Il4raF709 mice were orally exposed to egg 23 mg in 400 μl water twice a week for two weeks. The mice were fasted for 5 hours and treated subcutaneously with either saline or CCh (3 μg/mouse in 100 μl saline) 15 minutes before oral food allergen exposure. The serum was harvested on day 14. On day 16, mice were challenged intravenously with 100 μg of egg allergen, and body temperature and hemoconcentration were measured as previously described (26). For oral food reactivity, Il4raF709 mice were exposed to the food allergens over 8 weeks with twice a week of oral allergen exposure following either saline or CCh treatment. Mice were orally challenged with egg allergen (23 mg) in 400 μl water every 2 weeks after 4 weeks of oral allergen exposure, and serum was harvested following each oral allergen challenge. WT BALB/c mice were exposed to egg 23 mg in 400 μl water twice a week for four weeks. Each oral allergen exposure was performed as described earlier. The serum was harvested on day 28. On day 30, mice were challenged intravenously with 100 μg of egg allergen, and blood was harvested, hemoconcentration were measured as previously described (26).



Flow Cytometry and Single-Cell Preparation

Mononuclear cells in the lamina propria (LP) from the small intestine (SI) were isolated as previously described (27). The isolated cells were stained with anti CD3 conjugated to Brilliant Violet 605, anti CD4 conjugated to Horizon V500, anti IL-25R conjugated to allophycocyanin (APC), anti GITR conjugated to FITC, anti OX40 conjugated to Pacific Blue, anti CD8 conjugated to APC Cy7, anti c-kit conjugated to Brilliant Violet 711 and anti FcεR conjugated to phycoerythrin (PE)-Cy7. Anti γδTCR conjugated to PE, followed by counterstain with lineage markers (CD11b, CD11c, GR1, B220) conjugated with PerCP-Cy5.5. Separately the isolated cells were stained with anti B220 conjugated with APC, anti CD3 conjugated with PerCP-CY5.5, anti CD64 conjugated to Pacific Blue, anti CD11c conjugated to PE, anti CD11b conjugated to FITC, anti MHCII conjugated to APC-Cy7, and anti CD103 conjugated to PE-Cy7. Stained cells were analyzed with FACSCanto I (B.D. Bioscience) or Novocyte (ACEA Bioscience).



RNA Extraction and Quantitative PCR Analysis

The intestinal epithelium isolated from the mononuclear cell preparation of the lamina propria were used to extract RNA as previously described (28). 1 μg of total RNA was reverse transcribed and analyzed using SYBR green based real-time PCR with the following primer sets; Il25, ACAGGGACTTGAATCGGGTC and TGGTAAAGTGGGACGGAGTTG.



Enzyme-Linked Immunosorbent Assay (ELISA)

Serum MCPT-1 was analyzed with a kit (eBioscience) as described by the manufacture. Allergen specific IgE and IgG1 were captured with allergens coating of the plate, and the levels were detected with rat anti-mouse IgE along with biotinylated anti rat IgG or biotinylated IgG1, detection antibodies in the presence of TMB substrate solution (B.D. Bioscience). The in vitro cytokine capture assay (IVCCA) for IL-4 was performed as previously described (29). Serum corticosterone was measured by a kit as described by the manufacture (Arbor Assays)



Histology, Immunofluorescence, and Microscopy

Harvested tissues were fixed and processed as previously described (17). Immunofluorescence images were acquired with a Zeiss Apotome, and bright-field images were captured with an Olympus BX51. Antigen passage was assessed and quantified per villus or crypts as previously described (17).



Microbiome Analysis

Stools were collected from mice housed at the standard temperature. The mice were transferred to the thermoneutral temperature to collect stools after the acclimation period. DNA was isolated from the stools, as previously described (30). DNA library was prepared and sequenced with a MiSeq instrument from Illumina at the University of Michigan. Sequence data were processed and analyzed as previously described (30). Briefly, the data was processed with mothur (v.1.42.3) and put through standardization methods for community ecology using the vegan package (version 2.5.6) in R. Operational taxonomic units (OTUs) were binned at 97% similarity, and Bacteria_unclassified and any OTUs which did not cross an abundance threshold of 0.05% in any sample were excluded from the data. PERMANOVA was used for the statistical analysis.



Statistical Analysis

Student t-test or one-way ANOVA was performed to determine statistical significance using GraphPad Prism 8 unless otherwise noted. P<0.05 is considered statistical significance unless otherwise noted.




Results


Antigen Passage Cellular Patterning Is Altered in Il4raF709 Mice Under Standard Housing Conditions

Previous studies have reported that oral antigen exposure of Il4raF709 and not WT BALB/C mice induce food sensitization due to the effects of heightened IL-4rα signaling on the immune compartment (31). To determine whether the differential immunological responses to dietary antigen exposure were related to differences in antigen passage formation, we evaluated steady state antigen passages in WT BALB/c and Il4raF709 mice. We show that the frequency of antigen passages in both saline-treated Il4raF709 and WT BALB/c mice was comparable, ~ 0.5 antigen passages per villus (Figures 1A–D). The antigen passages in the saline-treated WT BALB/c mice were restricted to wheat germ agglutinin (WGA)+ cells indicating goblet cell-restricted antigen passages (GAPs). In contrast, we observed WGA+ and WGA- antigen passages in the saline-treated Il4raF709 mice, indicating the presence of SAPs (Figures 1B and D). Consistent with previous reports, treatment of WT BALB/c mice with carbachol (CCh) enhanced the frequency of GAPs in the villus (Figures 1A and C, green arrow). CCh treatment of Il4raF709 mice induced a significant increase in the frequency of WGA+ and WGA- antigen passages (Figures 1B, D, red arrows). The presence of SAPs was confirmed by the demonstration that WGA- antigen passages in Il4raF709 mice were enteroendocrine cells (17) (data not shown). Collectively, these data indicate that genetic manipulation of IL4Rα is sufficient to alter SI antigen passage cellular patterning at a steady state.




Figure 1 | Antigen passage formation is altered in Il4raF709. Immunofluorescence analysis for WGA (green) to identify goblet cells and dextran (red) with the small intestine of (A) wild type BALB/c mice and (B) Il4raF709 mice treated with saline or CCh. The nucleus is visualized with DAPI (blue). The green arrow points to GAP, and the red arrows point to non-GAPs. Quantification of antigen passage formation in (C) wild type BALB/c and (D) Il4raF709 mice treated with saline or CCh. n=3 per group. *denotes statistical significance, p<0.05. NA indicates 0 value. SAP includes antigen passages across goblet and non-goblet cells.



To gain insight into the impact of hyperactivation of IL4-pathway on gastrointestinal immunity in Il4raF709 mice housed under Ts conditions, we examined the intestinal immune tissues of Ts housed WT BALB/c and Il4raF709 mice at a steady state. Flow cytometry analysis revealed that Th2, ILC2, Treg, γδ T cells, dendritic cells, and mast cell frequency in the SI were unaltered in Il4raF709 mice (Table 1). However, total CD4+ and CD8+ T cells were significantly increased in the SI of Il4raF709 mice compared to the WT BALB/c mice (Table 1). Consistent with previous reports, these results indicate that the intestinal immune compartment of Il4raF709 housed at Ts condition is not biased toward Th2 at a steady state (10).


Table 1 | List of the immune cells analyzed in the LP SI of wild type BALB/c and Il4raF709 mice.





Activation of SAPs Is Associated With Increased Oral Food Sensitization Incidence in Il4raF709 Mice Under Standard Housing Conditions

Given Il4raF709 mice are susceptible to IgE-mediated food allergy (9), and we have previously demonstrated an association between SAP formation and IgE-mediated food allergic reactions, we examined the potential role of SAPs in oral food sensitization in Il4raF709 mice. Il4raF709 mice received repeated oral exposure of egg followed by either vehicle (saline) or CCh treatment to induce antigen passage formation (Figure 2A). 16 days following the first oral exposure, mice received systemic antigen challenge to assess for sensitization. Notably, systemic antigen challenge of CCh-treated Il4raF709 mice lead to a shock response (decrease in core body temperature) in 55% of the mice compared to 0% of the saline treated Il4raF709 mice (Figure 2B). The incidence of shock following systemic allergen challenge was significantly higher in the CCh-treated Il4raF709 mice (Figure 2B), suggesting that oral antigen exposure and SAP activation predisposed to sensitization in Il4raF709 mice. This was supported by the demonstration of a strong negative correlation between antigen-specific IgE and shock response (Figure 2C) and a positive correlation between antigen-specific IgE and hemoconcentration (evidence of hypovolemic shock) (Figure 2D). Importantly, we observed a positive correlation between serum MCPT-1 (mast cell activation) and antigen-specific IgE in Il4raF709 mice demonstrating IgE-mast cell activation. Collectively, these results demonstrate that activation of SAPs in Il4raF709 mice was associated with antigen sensitization and IgE-mast cell-mediated systemic reactions.




Figure 2 | Antigen passage activation predisposes Il4raF709 mice to food sensitization at the standard temperature. (A) Experimental scheme of the adjuvant free oral sensitization with Il4raF709 mice. (B) % incidence of clinical reactivity following the systemic allergen challenge on day 16. NA indicates 0 value. Fisher’s exact test was used for the statistical analysis of the odds ratio. (C-E) Correlation analysis for egg IgE and (C) body temperature change, (D) % hemoconcentration, and (E) MCPT-1 following the systemic allergen challenge on day 16. r indicates the Pearson correlation coefficient. CCh, carbachol; i.v., intravenous; o.g., oral gavage; Ts, standard housing temperature. n=6-8 per group. * denotes statistical significance.





Thermoneutral Housing Has Minimum Effects on the Gastrointestinal Immune Compartment in Il4raF709 Mice

We have previously reported that Tn housing decreases serum stress hormones in WT C57BL/6 mice (23). To confirm the Tn housing effect across the different mouse strains, we examined the systemic stress hormone level in the WT BALB/c mice housed under Ts and Tn conditions. Systemic corticosterone level was significantly decreased in the Tn housed WT BALB/c mice (Ts 897.2 ± 74.2 ng/ml and Tn 125.6 ± 29.6 ng/ml serum; mean ± SEM, n = 7 – 9 mice per group; p < 0.0001), indicating that Tn housing reduces systemic corticosterone levels in different strains of mice. Examination of the effect of Tn housing on systemic Type-2 cytokine levels, revealed 1.2-fold increase in IL-4 (n = 7 - 8 p < 0.05) and 2-fold increase in IL-13 (n = 7 – 8, p < 0.01) levels in WT C57BL/6 mice. Consistent with this, serum IL-4 levels were significantly increased in Tn- vs Ts-housed Il4raF709 mice (Figure 3A). Given the impact of Tn on corticosterone and IL-4 levels and their respective role in immune function (19, 32), we examined the impact of Tn housing on the intestinal immune cells within the LP SI of Il4raF709 mice. We revealed that LP SI CD4+ Th2 (CD3+ CD4+ IL-17RB+), ILC2 (Lin- CD4- CD8- c-kit- IL17RB+), or the regulatory T (Tregs) (Lin- CD3+ CD4+ GITR+ OX40+) cells were not significantly different between Ts- and Tn-housed Il4raF709 mice (Figures 3B and C). Furthermore, colonic LP and mesenteric lymph node immune cells were comparable between Ts and Tn housed Il4raF709 mice (data not shown and Supplementary Figure 1). Consistent with these observations, SI epithelial Il25 mRNA levels were similar between Ts and Tn housed Il4raF709 mice suggesting that housing temperature has very little impact on pro type 2 immune phenotype at a steady state (data not shown). Taken together, the data suggest that Tn housing did not alter the gastrointestinal immune compartment in Il4raF709 mice.




Figure 3 | Thermoneutral housing has minimum effects on the gastrointestinal immune cells in Il4raF709 mice. (A) serum IL-4 was assessed by in vitro cytokine capture assay (IVCCA) in Ts and Tn housed Il4raF709 mice. (B) Gating strategies for flow cytometry analysis of the small intestinal lamina propria for ILC2, Th2 and Treg. (C) Flow cytometry analysis of small intestinal lamina propria for CD4+ Th2 (Lin- CD3+CD4+ IL17RB+), ILC2 (Lin-CD4-CD8-ckit-IL17RB+), and Treg (Lin- CD3+CD4+ GITR+ OX40+) from Ts and Tn housed Il4raF709 mice. These immune cells were identified with the panel of markers described in Table 1 and presented as the absolute cell number in the lamina propria (LP) of the small intestine (SI). n=5 per group for (A). n=7-10 per group for (B). * denotes statistical significance.





Thermoneutral Housing Has Minimal Effects on the Intestinal Microbiome of Il4raF709 Mice

Given the previously described effect on Tn housing on the microbiome (23) and that intestinal dysbiosis has been associated with the experimental and clinical food sensitization (33–36), we analyzed the intestinal microbiome of Il4raF709 mice housed at Ts and Tn conditions. Analysis of 16 S rRNA gene content high-throughput sequencing of V4 amplicons from fecal samples revealed no significant separation between the microbiome of Ts and Tn housed Il4raF709 mice (Supplementary Figure 2, p = 0.075). To further dissect the potential impact of the housing conditions on the microbial community of Il4raF709 mice, we performed additional analysis on the microbial sequence data. First, we identified the top 50 OTUs abundant in the Il4raF709 mice housed at Ts conditions, then compared their % relative abundance against Tn housed Il4raF709 mice. All but one OTUs among them, including OTU0004 (Prevotella) and OTU0008 (Bacteroides) were similarly represented between Ts and Tn housed Il4raF709 mice supporting the principal component analysis (Supplementary Figure 2B). Interestingly, % relative abundance of OTU0116 (Clostridium_XIVa) was significantly reduced in the Tn housed compared to Ts housed Il4raF709 mice (Supplementary Figure 2B, p = 0.046). These data indicate that Tn housing has a minimum impact on the composition of the intestinal microbiome in Il4raF709 mice.



The Thermoneutral Housing Altered Antigen Passage Landscape in Il4raF709 Mice

With the observed increase in systemic IL-4 levels in Tn-housed Il4raF709 mice and knowledge that cellular patterning of antigen passages are sensitive to IL-4rα signaling (17), we examined the impact of housing temperature on antigen passage formation in Il4raF709 mice. Similar to the Ts housing condition, saline treated Il4raF709 mice exhibited SAPs (~ 0.2 per villi) in the villus of the SI epithelium (Figures 4A and C). CCh stimulation lead to a significant increase in SAP frequency in the villus of Il4raF709 mice under Tn conditions (Figure 4C). Notably, we also observed a significant induction of crypt SAPs (~10 fold increase) in CCh-treated Il4raF709 mice under Tn conditions (Figures 4B, C). The frequency of total SAP formation across the crypt-villus unit of the Tn housed Il4raF709 mice (Figure 4C), ~2.0 SAPs/villus + crypt unit) was similar to that observed in the Ts-housed Il4raF709 mice (Figure 1D, ~2.0 SAPs/villus). These studies suggest that Tn conditions do not alter antigen passage frequency or cellular patterning but altered the antigen passage landscape in Il4raF709 mice.




Figure 4 | Thermoneutral housing temperature alters structural patterning of antigen passage formation in Il4raF709 mice. (A&B) Immunofluorescence analysis for WGA (green) and dextran (red) with the small intestine of Il4raF709 mice treated with saline or CCh that are housed at the thermoneutral temperature. (A) shows a lower magnification image and (B) shows a higher magnification image. The nucleus is visualized with DAPI (blue). (C) Quantification of antigen passage formation for villi and crypts. n=2-3 per group. * denotes statistical significance.





 Thermoneutral Housing and SAP Activation Promotes Oral Food Reactivity to Egg Antigen in Il4raF709 Mice

To test the impact of increased systemic IL-4 levels and altered SI antigen passage landscape on oral antigen sensitization, Tn-housed Il4raF709 mice were orally exposed to egg following either saline- or CCh-treatment (Figure 2A). CCh-treated Il4raF709 mice housed under Tn conditions exhibited significantly higher levels of egg-specific IgE and IgG1 compared with saline-treated Il4raF709 mice housed under Tn-conditions (Figures 5A, B). Systemic antigen challenge of these mice induced a shock response as evidenced by a significant increase in hemoconcentration (Figure 5C). Importantly, the shock response was associated with a significant increase in serum MCPT-1 (Figure 5D), indicating activation of mucosal mast cells. Greater than 80% of CCh-treated Il4raF709 mice housed under Tn conditions exhibited shock (Figure 5E), suggesting that Tn housing increased the penetrance of oral antigen sensitization in Il4raF709 mice (Figures 2B and 5E). Longitudinal analyses (Figure 6A) of saline- and CCh-treated Il4raF709 mice housed under Tn conditions revealed reactivity in CCh- and not saline-treated Il4raF709 mice following oral antigen challenge. Moreover, CCh-treated Il4raF709 mice housed under Tn conditions 8-weeks following sensitization began to show evidence of increased SI mast cell frequency and mucosal mast cell activation following oral antigen challenge (Figures 6B, C). Collectively, oral antigen exposure and SAP activation in Il4raF709 mice housed under Tn conditions induce oral antigen sensitization and oral antigen reactivity.




Figure 5 | Housing Il4raF709 mice at thermoneutral temperature allow robust adjuvant free food sensitization upon activation of antigen passage formation. (A) allergen specific IgE and (B) IgG1 in the serum of saline or CCh treated Il4raF709 mice housed at the thermoneutral housing temperature. The graph (B) shows a representative experiment and has been repeated at least 3 times. Clinical reactivity was assessed by (C) % hematocrit and (D) serum MCPT-1 level following the systemic allergen challenge. The disease penetrance (E) was assessed by the % incidence of clinical reactivity. Fisher’s exact test was performed for the statistical analysis. n=5-6 per group per experiment. *denotes statistical significance.






Figure 6 | Il4raF709 mice housed at thermoneutral temperature develop food reactivity when antigen passage is activated. (A) experimental scheme to test the oral reactivity of Il4raF709 mice at the thermoneutral housing temperature. Clinical reactivity was assessed with (B) the serum MCPT-1 level following oral allergen challenge. Intestinal mast cell number was examined by (C) CAE staining. n=8-9 per group.





Thermoneutral Housing Alters Cellular Antigen Passage Patterning, and Activation Promotes Oral Food Reactivity to Egg Antigen in WT BALB/c Mice

We next examined the impact of Tn conditions on antigen passage cellular patterning and oral food reactivity in WT BALB/c mice. Intriguingly, WT BALB/c mice housed under Tn conditions exhibited the presence of SI WGA+ and WGA- antigen passages under steady state conditions suggesting that Ts to Tn conditions altered antigen passage cellular patterning and induced SAP formation (Figures 7A, B). Furthermore, we observed the presence of both villus and crypt antigen passages suggesting that Tn conditions also altered the antigen passage landscape (Figures 7A, B). To determine whether the altered SI antigen passages observed in WT BALB/c mice housed under Tn conditions predisposed to oral antigen sensitization, WT BALB/c mice under Tn conditions were orally exposed to egg allergen following either saline- or CCh-treatment and subsequently received repeated oral antigen challenge (Figure 7C). Repeated oral egg antigen exposure of Tn-conditioned housed WT BALB/c mice that were orally exposed to egg with CCh treatment exhibited significantly higher egg-specific IgG1 and IgE compared to saline-treated mice (Figure 7D). Consistent with this, repeated oral antigen challenge lead to a significant increase in hemoconcentration of CCh-treated BALB/c mice compared to the saline-treated BALB/c mice (Figure 7E), which coincided with the significant increase in serum MCPT-1 (Figure 7F) following the systemic allergen challenge. These data indicate that Tn conditions induced a shift in the antigen passage cellular patterning and landscape and that activation of antigen passage is sufficient to induce oral food sensitization and reactivity in WT BALB/c mice.




Figure 7 | Thermoneutral housing temperature alters cellular and structural patterning of antigen passage formation and allows adjuvant free food sensitization upon activation of antigen passage formation in BALB/c mice. (A) Immunofluorescence analysis for WGA (green) and dextran (red) with the small intestine of BALB/c mice treated with saline or CCh that are housed at the thermoneutral temperature. (B) Quantification of antigen passage formation for villi and crypts. n=3 per group. (C) Experimental scheme of oral sensitization with BALB/c mice. (D) Egg specific IgE and IgG1 in the serum of saline or CCh treated BALB/c mice housed at the thermoneutral housing temperature at day 28. The graphs show representative results, and the experiment was repeated once. (E) % hematocrit and (F) serum MCPT-1 level following the systemic allergen challenge at day 30. *denotes statistical significance.






Discussion

Herein, we demonstrate that increased IL-4 signaling is sufficient to alter cellular patterning of antigen passage in the SI. We show that activation of antigen passages in the presence of egg antigen is sufficient to promote food sensitization and reactivity. Furthermore, we show that Tn housing alters antigen cellular patterning and landscape in the SI and that activation of SAPs promotes oral antigen sensitization in the WT BALB/c mice. These studies suggest that SAPs are a mechanism by which the intestinal epithelium promotes oral food sensitization.

Goblet cell antigen passage formation and translocation of luminal antigens across GAPs have been associated with oral tolerance to microbial and dietary antigens (13, 15). In the absence of GAPs, either by the deletion of goblet cells, genetic inhibition of GAP formation, or the intraluminal administration of a GAP inhibitor, oral tolerance toward dietary antigens was disrupted, and dietary antigen specific T cell responses were observed (13). Consistent with the previous studies, our current study suggests that a shift in cellular patterning of antigen passage from GAPs to SAPs under the heightened IL-4Rα signaling conditions can promote oral sensitization. Given that Tn housing induced the alteration in cellular patterning of antigen passage in WT BALB/c mice from GAP to SAP, these results further support the notion that Tn housing promotes oral food sensitization by altering the tolerizing signals such as GAP formation. In line with this, the frequency of antigen passage formation seems to play a minimal role in oral sensitization enhanced by the Tn conditions. Similarly, the shift in landscape of antigen passage formation to the crypts seems to play a minimum role in oral food sensitization promoted by Tn housing since it was not enhanced in Tn housed BALB/c mice treated with CCh.

Type 2 cytokines IL-4 and IL-13 are known to regulate differentiation of particular intestinal epithelial cell populations, including goblet cells (37). Functionally, we previously showed that IL-13 reprogramed the cellular patterning of antigen passages formation through goblet, enteroendocrine, and Paneth cells (SAPs) in the SI (17). In the current study, antigen passage also formed through non-goblet cells of the intestinal epithelium under the heightened IL-4rα signaling condition, demonstrating the functional impact of type 2 cytokines on the intestinal epithelium. Yet, precise mechanisms by which antigen passage formation is activated by type 2 cytokines in intestinal epithelial secretory cells are still unclear. Given that intestinal epithelial of secretory cells contribute to immune responses in other pathogenic conditions such as inflammatory bowel disease (38) and infection (39), it is tempting to speculate that the type 2 cytokines may have similar effects in these disease processes. It will be important to uncover the mechanisms by which secretory antigen passages are induced by the heightened IL-4rα signaling since it will provide potential therapeutic targets to prevent induction of SAP formation.

Thermoneutral housing decreases the level of stress hormones and catecholamines which leads to a systemic increase in IL-4 levels. Stress hormones such as corticosterone are known to suppress the immune system, including ILC2 (32), decreasing type 2 cytokine production in response to cytokine activation. Also, experimental studies have recently identified intimate interactions between the sympathetic nervous system and ILC2. In these studies, it was indicated that β2 adrenergic receptor agonists suppress ILC2 mediated Th2 responses in the lung and intestine by suppressing cell proliferation and effector functions of ILC2 (40), including the production of type 2 cytokines. These studies, in aggregate, suggest that the stress hormones and catecholamines may be responsible for the systemic IL-4 increase observed in thermoneutral housing conditions. Moreover, since the catecholamines inhibit IL-4 synthesis in peripheral blood mononuclear cells in vitro (41), it would be important to identify the cellular source of IL-4 within peripheral blood mononuclear cells affected by catecholamines. Mast cells, basophils, and CD4+ T cells, which are the key immune cells involved in allergic inflammation and the cellular source of IL-4, are also under neuronal regulation (42), suggesting they may also be the cellular sources of IL-4 induced by the Tn condition.

Although it has been reported that Tn housing alters the intestinal microbiome of WT C57BL/6 mice (23), it had a minimum effect on the intestinal microbiome of Il4raF709 mice, indicating that enhancement of food sensitization by Tn housing is independent of the intestinal microbiome. Although Clostridium_XIVa was significantly reduced in the Tn housed Il4raF709 mice, the contribution of this microbial community change in the enhancement of food sensitization driven by the thermoneutral housing condition is unclear. Since saline treated Il4raF709 mice were not sensitized at the thermoneutral conditions indicating that this change in the microbial community was not sufficient to promote sensitization. Since Clostridium_XIVa influences intestinal epithelial cell gene expression and function (35), it may contribute to enhanced food sensitization driven by Tn housing conditions through the intestinal epithelium. Thus, it would be interesting to assess the impact of Clostridium_XIVa on antigen passage formation and patterning in the future studies.

The impact of ambient housing temperature on laboratory rodents has been known for a while (43), yet the recommended housing temperature of mice has been set well below their thermoneutral temperature, likely to meet human comfort (44). As the impact of Tn housing been focused on modeling tumor immunotherapy, metabolic diseases, and infection in mice (18, 45), the current study illuminates the utility of Tn housing in modeling food allergy for the first time and offers an improved model of food allergy that does not rely on the adjuvants or genetic manipulation to drive sensitization, which more closely mimics the pathogenesis of human food allergy. As various environmental factors such as diet, microbiome, and vitamin D deficiency (46) have been proposed as risk factors for food allergy, the current experimental model provides a system to evaluate the impact of these risk factors and supports uncovering mechanisms by which these factors are driving food allergy in human.

Our current study emphasizes the relevance of the proper cellular and structural patterning of antigen passage in the homeostatic immune regulation toward dietary antigens in the SI. As a deviation of antigen passage patterning was associated with food sensitization, it would be interesting to examine the effect of risk factors associated with food allergy on antigen passage patterning to identify a mechanistic link with the development of food allergy.
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