Insoluble and Soluble Roasted Walnut Proteins Retain Antibody Reactivity
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Abstract
	Thermal processing techniques commonly used during food production have the potential to impact food allergens by inducing physical and/or chemical changes to the proteins. English walnuts (Juglans regia) are among the most commonly allergenic tree nuts, but little information is available regarding how walnut allergens respond to thermal processing. This study evaluated the effects of dry roasting (132 or 180 °C for 5, 10, or 20 minutes) on the solubility and immunoreactivity of walnut proteins.  A dramatic decrease in walnut protein solubility was observed following dry roasting at 180 °C for 20 minutes. However, both the soluble and insoluble protein fractions from roasted walnuts maintained substantial amounts of IgG immunoreactivity (using anti-raw and anti-roasted walnut antisera), with similar patterns of reactivity observed for human IgE from walnut-allergic individuals. Thus, walnut proteins are relatively stable under certain thermal processing conditions, and IgE reactivity remains present even when insoluble aggregates are formed. 
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1. [bookmark: _Toc369262891]Introduction
Tree nut allergies affect an estimated 0.6% of the population of the United States (Sicherer, Muñoz-Furlong, Godbold, & Sampson, 2010), with English walnut (Juglans regia) as one of the most commonly reported allergenic tree nuts (Sicherer, Furlong, Muñoz-Furlong, Burks, & Sampson, 2001; Sicherer, Muñoz-Furlong, Godbold, & Sampson, 2010). Severe and life-threatening reactions to walnut have been reported in numerous surveys (Bock, Muñoz-Furlong, & Sampson, 2001; Sampson, Mendelson, & Rosen, 1992; Sicherer, Burks, & Sampson, 1998). Despite the prevalence and severity of walnut allergy, however, relatively little information has been published about walnut allergens and how they respond to typical thermal processing techniques. Four major allergens have been documented in English walnuts: Jug r 1, a 2S albumin (Teuber, Dandekar, Peterson, & Sellers, 1998); Jug r 2, a 7S vicilin-like seed storage globulin (Teuber, Jarvis, Dandekar, Peterson, & Ansari, 1999); Jug r 3, a non-specific lipid transfer protein (Pastorello, Farioli, Pravettoni, Robino, Scibilia, Fortunato, et al., 2004); and Jug r 4, an 11S legumin-like seed storage globulin (Wallowitz, Peterson, Uratsu, Comstock, Dandekar, & Teuber, 2006). 
Thermal processing of food products is an integral part of the modern food supply chain for a number of reasons, including ensuring safety, enhancing product shelf life, and achieving desired functional and organoleptic properties. Tree nuts, including walnuts, frequently undergo some form of thermal processing (e.g. roasting or baking) before consumption, whether on their own or in the context of a food matrix. While thermal processing imparts desirable sensory attributes and functional characteristics to the walnuts and associated matrices, these processes also have the potential to modify the structure, solubility, and immunochemical/biological reactivity of walnut allergens. 
Relatively few studies have evaluated the effects of thermal food processing on clinical reactivity in food-allergic individuals. The evidence that does exist in the literature tends to focus on select allergic phenotypes for which thermal processing decreases clinical reactivity, for example, egg- or milk-allergic individuals who tolerate egg or milk only when consumed in baked products (Lemon-Mule, Sampson, Sicherer, Shreffler, Noone, & Nowak-Wegrzyn, 2008; Nowak-Wegrzyn, Bloom, Sicherer, Shreffler, Noone, Wanich, et al., 2008). Another thoroughly described phenotype is those individuals sensitized to pollen allergens who experience oral allergy syndrome (OAS) symptoms when consuming botanically-related raw foods but not cooked versions of the foods (Eriksson, Formgren, & Svenonius, 1982; van Ree & Aalberse, 1993; Vieths, Scheurer, & Ballmer-Weber, 2002). In the case of hazelnuts, for example, roasting decreased the number of positive double-blind placebo-controlled food challenges (DBPCFC) in a population primarily sensitized to the allergenic birch pollen homologue found in hazelnuts (Cor a 1), a heat labile allergen (Skamstrup Hansen, Ballmer-Weber, Lüttkopf, Skov, Wüthrich, Bindslev-Jensen, et al., 2003). However, reactivity was not eliminated in all hazelnut-allergic individuals, emphasizing the complexity of these processing-induced effects. The picture is even less clear when evaluating seed storage protein allergens, including those in walnuts. 
Both physical and chemical changes in allergenic food proteins can occur as a result of thermal processing (Davis, Smales, & James, 2001; Mills, Sancho, Rigby, Jenkins, & Mackie, 2009). Physical changes commonly include protein denaturation and aggregation (Mills, Sancho, Rigby, Jenkins, & Mackie, 2009). Denaturation has the potential to affect protein allergenicity by disrupting conformational IgE-binding epitopes or exposing epitopes located on the interior of the protein structure. Depending on the extent of aggregation, decreased protein solubility can be one of the most dramatic and noticeable outcomes of thermal processing. However, assessing the impact of aggregation and solubility on allergenicity, as indicated by in vitro IgE reactivity, is quite difficult as most existing analytical methods require proteins to be in solution in order to determine reactivity.
Protein solubility is an essential consideration when evaluating thermal processing effects, for both practical and biological implications. Methods for detecting allergenic food residues and assessing allergenicity in vitro both rely on protein extraction systems and can therefore be dramatically impacted by changes in protein solubility. A number of studies have shown the detection of various allergenic foods by immunoassay to be decreased by thermal processing (Downs & Taylor, 2010; Fu & Maks, 2013; Khuda, Slate, Pereira, Al-Taher, Jackson, Diaz-Amigo, et al., 2012; Polenta, Weber, Godefroy-Benrejeb, & Abbott, 2012; Scaravelli, Brohee, Marchelli, & van Hengel, 2009; Tan, Campbell, Turner, Kakakios, Wong, Mehr, et al., 2013). In a study specifically evaluating peanut protein solubility, Poms, Capelletti and Anklam (2004) found total peanut protein extraction efficiency with commercial and in-house extraction buffers to be substantially decreased by oil and dry roasting. Changes in protein aggregation and solubility can also have important impacts in physiological contexts. The aggregation state of allergens in biological systems, such as saliva and gastrointestinal fluids, can impact the localization and mechanisms of allergen uptake (Roth-Walter, Berin, Arnaboldi, Escalante, Dahan, Rauch, et al., 2008).
A substantial number of publications have attempted to address the issue of thermal processing on food allergenicity, but a consensus on the type, direction, and mechanism of effects is still lacking. In the case of peanuts, for example, differing effects have been observed depending on the heating method, with boiling and frying apparently decreasing IgE reactivity compared to roasting (Beyer, Morrow, Li, Bardina, Bannon, Burks, et al., 2001). Some authors have attributed thermally-induced changes in IgE reactivity to Maillard reactions and have used model systems to demonstrate that inducing the formation of Maillard adducts on peanut proteins increases IgE binding (Maleki, Chung, Champagne, & Raufman, 2000). Still other authors have found that the effects of peanut protein thermal processing are allergen-specific and related to aggregation state (Vissers, Iwan, Adel-Patient, Stahl Skov, Rigby, Johnson, et al., 2011). The understanding of thermal processing effects is far from complete. In addition, very little attention has been focused on walnuts or other tree nuts; it is unknown whether all seeds, nuts, and legumes will respond similarly to thermal processing. While one recent study examined autoclaving and high-pressure processing as techniques to intentionally produce walnut products with lower biological activity (Cabanillas, Maleki, Rodríguez, Cheng, Teuber, Wallowitz, et al., 2014), our primary interest was in examining thermal processing techniques similar to those used for current walnut food products.
[bookmark: _Toc369262892]	The objective of this study was to determine to what extent walnut proteins are rendered insoluble by thermal processing and whether alterations in protein structure and solubility affect allergenicity and immunoassay detection. By evaluating the composition and IgG- and IgE-binding capacities of both the soluble and insoluble protein fractions from roasted walnuts, this study aimed to reveal a high-level picture of the effects of thermal processing on walnut allergens and their implications for both detection by allergen immunoassays and allergenic activity in walnut-allergic subjects. 
2. Materials and Methods
2.1. [bookmark: _Toc369262893]Walnuts and Material Sourcing
[bookmark: _Toc369262894]	English walnuts (J. regia cv. Chandler) were obtained from Gold River Orchards (Oakdale, CA) as raw light halves and pieces. Unless noted otherwise, all chemicals were of analytical reagent grade and were obtained from Sigma-Aldrich (Gillingham, United Kingdom). 

2.2. Biological Samples from Walnut-Allergic Patients
	Serum or plasma from walnut-allergic individuals was collected from allergy clinics in Manchester, United Kingdom (Manchester Respiratory and Allergy Biobank, ManRAB); Madrid, Spain; and Barcelona, Spain. Walnut-allergic patients were selected for inclusion in the study based the following criteria: (1) convincing history of clinically-relevant, immediate-type allergic reactions to walnut; and (2) positive walnut-specific IgE (ImmunoCAP®; Thermo Scientific, Uppsala, Sweden) (Table 1). In addition, a pool of serum from nine atopic patients from Manchester who were allergic to inhalant but not food allergens was used as an experimental control for immunoblotting and ELISA. All subjects gave informed consent, and ethical approvals were obtained from the appropriate committees at each clinical site prior to inclusion of the samples in this study (Comité Ético de Investigación Clínica and Comité de Investigación del Hospital Clínic, 2012/7805, Barcelona; Comité Ético de Investigación Clínica del Hospital Clínico San Carlos de Madrid, C.P.-C.I. 12/365-E, Madrid; National Research Ethics Service, 10/H1010/7, Manchester). 
[bookmark: _Toc369262895]
2.3. Walnut Roasting and Defatting
[bookmark: _GoBack][bookmark: _Toc369262896]	Walnuts were dry-roasted in a single layer on a stainless steel tray using a static laboratory oven. Roasting was conducted at 132 or 180 °C for 5, 10, and 20 minutes. An unheated sample of walnuts was also reserved. After roasting, the walnuts were allowed to cool and stored at -20 °C prior to the production of defatted walnut flour. Frozen walnuts were finely ground and the lipid fraction extracted with hexane (HPLC grade) at a 1:5 (v:v) ratio for one hour at room temperature with constant stirring. The hexane phase was removed and the partially defatted flour was allowed to dry overnight. After an additional grinding, the defatting process was repeated. The final defatted walnut flour (DWNF) samples were stored at -20 °C until use.

2.4. Walnut Protein Extraction
	Protein was extracted from the DWNF samples using a high salt buffer [25 mM Tris-HCl, pH 7.5 containing 1.5 M NaCl and 3.5% (w/v) poly(vinylpolypyrrolidone)] or a model saliva solution (150 mM NaCl, 3 mM Urea, pH 6.9, 2 U/mL α-amylase from human saliva, Type XIII-A). For each combination of roasting conditions and extraction buffer, DWNF was extracted at a 1:50 (w:v) ratio in buffer for one hour at room temperature. The extracts were centrifuged (4,000 x g for 30 minutes) and the supernatants reserved. For the purposes of gel electrophoresis and immunoblotting, the remaining pellet from each sample was mixed with LDS sample buffer (Invitrogen™, Paisley, UK), heated at 70 °C for 10 minutes, and centrifuged at 16,000 x g for 5 minutes. The protein fractions solubilized following this process will be referred to as the pellet fractions.
	The high salt buffer and model saliva extractions of each DWNF sample were performed in triplicate. The soluble protein content of the extracts was determined using a microplate Bradford assay (Pierce™, Thermo Scientific, Rockford, IL). Each extract was analyzed in triplicate wells. The results of the soluble protein assay were analyzed by a two-way ANOVA (SAS 9.2 for Windows, SAS Institute Inc., Cary, NC, USA). The total protein content of the unheated DWNF was determined by the Dumas method (Premier Analytical Services, High Wycombe, UK). The protein concentrations of the pellet fractions were calculated with the assumption that all protein remaining in the pellet was resolubilized in the LDS sample buffer.
[bookmark: _Toc369262897]
2.5. One-Dimensional Polyacrylamide Gel Electrophoresis (1D-PAGE)
	Analysis of the protein profiles was performed by 1D-PAGE using precast, Bis-Tris 4-12% acrylamide gradient gels. Samples (soluble and pellet fractions from each roasting and buffer combination) were mixed with LDS sample buffer under non-reducing or reducing (50 mM DL-dithiothreitol; DTT) conditions and heated at 70 °C for 10 minutes, as prescribed by the gel manufacturer. Within each extraction technique, equal volumes of extract were loaded on the gels for each roasting condition. Due to the disparity between the protein concentrations of the saliva and high salt buffer extracts, however, equal volumes of the different extraction methods were not used; the maximum volume possible was used for the saliva extracts. Following electrophoresis, the gels were fixed in a solution of 50% (v/v) methanol and 10% (v/v) acetic acid, stained overnight (SimplyBlue™ Safe Stain), and destained in water for two hours at room temperature. All 1D-PAGE gels, buffers, molecular weight markers (Mark12™ Unstained Standard for stained 1D-PAGE gels and SeeBlue® Pre-Stained Standard for immunoblotting), and stains were obtained from Invitrogen. Stained gel images were acquired with a GE Typhoon™ Trio imaging instrument (GE Healthcare Life Sciences, Buckinghamshire, UK).
[bookmark: _Toc369262898]
2.6. IgG and IgE Immunoblotting
	The soluble and pellet fractions obtained from extraction with the high salt buffer system were also used for immunoblotting to analyze the reactivity patterns with IgG in animal antisera and IgE in walnut-allergic patient sera. The DWNF samples were prepared and separated by 1D-PAGE, as described earlier, except that an equal amount of protein (5.0 µg) was loaded in each sample lane. Following separation, the proteins were transferred to 0.2 µm polyvinylidene fluoride membrane (Immobiolon®-PSQ, Millipore, Watford, UK) using a semi-dry transfer apparatus (Trans-Blot® SD Semi-Dry Cell, Bio-Rad Laboratories, Hercules, CA). The membranes were subsequently blocked for two hours at room temperature in 0.01 M PBST [0.002 M NaH2PO4, 0.008 M Na2HPO4, pH 7.4 containing 0.85% (w/v) NaCl and 0.05% (v/v) Tween 20] containing 0.2% (w/v) bovine serum albumin for the IgG blots or 5% (w/v) nonfat dry milk (NFDM) for the IgE blots.
	IgG immunoblotting was performed with rabbit and sheep polyclonal antisera raised against raw or roasted (132 °C, 10 minutes) walnuts, produced previously for a quantitative ELISA to detect walnut residues in foods (Niemann, Taylor, & Hefle, 2009). These anti-raw and anti-roasted walnut antisera were developed in order to provide the broadest specificity for this walnut sandwich ELISA. Each antiserum was diluted 1:10,000 (v:v) in blocking buffer, and the blots were incubated with diluted antisera for one hour at room temperature, with gentle shaking. Following washing with PBST, the membranes were incubated with alkaline phosphatase-conjugated antibodies. Goat anti-rabbit IgG or rabbit anti-sheep IgG conjugates (Pierce) were used, as appropriate, following 1:50,000 (v:v) dilution in blocking buffer. The blots were incubated with the conjugate for one hour at room temperature before washing with 0.01 M PBST. Development was performed for 15 minutes at room temperature with a colorimetric substrate (Pierce 1-Step™ NBT/BCIP), which had been diluted 1:2 (v:v) with H2O. Membranes were rinsed with H2O to stop color development and dried thoroughly before imaging. 
	For the IgE immunoblots, each individual serum was diluted 1:10 (v:v) in 0.01 M PBST with 2.5% (w/v) NFDM, applied to the blocked protein blot (0.05 mL/cm2), and incubated overnight at room temperature. After washing with 0.01M PBST, a horseradish peroxidase (HRP)-conjugated mouse anti-human IgE antibody (SouthernBiotech, Birmingham, AL) was diluted 1:10,000 (v:v) in 0.01 M PBST with 2.5% (w/v) NFDM and incubated with the membrane for one hour at room temperature. Following another wash stage, the bound antibodies were detected with a chemiluminescent substrate (Pierce SuperSignal™ West Dura Extended Duration Substrate), and the signal images were obtained with a CCD camera using a uniform 5 minute exposure time (FUJIFILM Luminescent Image Analyzer LAS-1000plus, FUJIFILM Europe GmbH, Duesseldorf, Germany).
[bookmark: _Toc369262899]
2.7. IgE ELISA
[bookmark: _Toc369262900]	An indirect IgE ELISA was performed with the high salt buffer extracts of DWNF obtained from the following treatments: unheated; 132 °C, 20 minutes; and 180 °C, 20 minutes. For each sample extract, a solution of 10 µg/mL of total soluble protein was prepared in coating buffer (0.015 M Na2CO3, 0.035 M NaHCO3, pH 9.6). Triplicate wells of a 96-well microtitre plate (Nunc™ MaxiSorp™, Thermo Scientific) were coated with 100 µL of the protein solution and incubated overnight at 4 °C. Wells were washed with 0.01M PBST and blocked with 350 µL/well of ELISA blocking buffer (0.01 M PBS containing 0.1% (w/v) bovine serum albumin) for two hours at 37 °C. After washing, each individual allergic serum diluted in ELISA blocking buffer was added to triplicate wells (100 µL/well) and incubated for two hours at 37 °C. Microwells were washed following the incubation, and diluted (1:10,000) HRP-conjugated mouse anti-human IgE was added to the wells (100 µL/well) and incubated at 37 °C for one hour. Following a final washing stage, the bound antibodies were detected with a 3,3′,5,5′-tetramethylbenzidine substrate (Pierce TMB Substrate Kit), and the absorbance of the wells was measured at 450 nm.

3. Results and Discussion
	Protein solubility was substantially reduced (11-91 fold less) in the model saliva system compared to the high salt buffer system, regardless of heat treatment (Figure 1). These data are consistent with previous observations that optimal walnut protein solubility requires an unusually high salt concentration (Downs and co-workers unpublished observations). As would be expected from the very low total soluble protein measurements, the 1D-PAGE analysis of the salivary extracts showed very little protein in the soluble fractions (Fraction S, Figure 2). Almost all of the walnut protein was observed in the pellet fraction samples. The salivary pellet protein profiles also remained quite constant across the heat treatments, until the 180 °C, 20 minutes sample when high molecular weight smearing was observed, particularly under non-reducing conditions.
The solubility characteristics of walnut proteins have a number of implications for their study, as nearly all immunological assays require proteins of interest to be in solution. The development of both diagnostic and research applications involving walnut proteins should take the solubility issues into consideration. Additionally, the lack of protein solubility in the model saliva may also indicate an important factor affecting how the walnut allergens interact with the oral mucosa to give allergic patients early warning signs, such as oral itching, of having consumed a problem food. 
	For those roasted DWNF samples extracted with the high salt buffer, a proportion of soluble protein remained quite stable until the most intense heat treatment (180 °C, 20 minutes), at which point a significant decrease in soluble protein content was observed (Figure 1). This dramatic decrease in protein solubility was also apparent in the 1D-PAGE analysis of the extracts (Figure 2). The protein profile for the high salt extracts remained largely unchanged throughout most of the heat treatments, except for the final temperature and time combination (180 °C, 20 minutes). On the 1D-PAGE gels, the solubility of the high molecular weight proteins (approximately 30-100 kDa non-reduced and 20-70 kDa reduced) appeared more affected than the lower molecular weight proteins (approximately 5-15 kDa). The pellet fraction from the 180 °C, 20 minutes sample also showed some smearing in the very high molecular weight region of the gel lane (above 100 kDa in the non-reduced samples), likely indicating the presence of aggregated, insoluble protein complexes that are difficult to resolve. Decreases in protein solubility following roasting have also been reported for peanuts,  which also largely affected the higher molecular weight peanut allergens (e.g. Ara h 1, a 7S vicilin-like globulin)(Kopper, Joey, Sen, Helm, Stanley, & Burks, 2005). 
	Protein solubility can have a tremendous impact on the detection and evaluation of food allergens. In terms of detecting allergenic foods in thermally processed matrices, decreases in protein solubility akin to the changes observed with these walnuts could have dramatic impacts on the ability of most methods to detect and quantify the presence of allergenic food residues, as has been observed for peanuts (Poms, Capelletti, & Anklam, 2004). Both immunochemical and mass spectrometric methods, two of the primary detection strategies employed for food allergens, rely on target proteins being solubilized from the food product in order to be detected. In cases of decreased protein solubility, quantification of the target allergens will also be underestimated, and in the worst scenarios the presence of an allergenic food can go undetected. Validation of detection methods with appropriate naturally-incurred standards is therefore crucial, particularly in systems prone to decreased protein solubility (Taylor, Nordlee, Niemann, & Lambrecht, 2009).  
	In addition to affecting protein solubility, thermal processing can also impact protein structure and therefore influence antigen-antibody binding. Changes in walnut protein antibody reactivity were first evaluated by immunoblotting with polyclonal antisera produced in sheep or rabbits against raw or roasted walnuts (Niemann, Taylor, & Hefle, 2009). Very few differences in IgG reactivity were observed between the anti-raw and anti-roasted sera (Figure 3). All of the antisera showed very broad reactivity, binding to a large number of the walnut proteins. Unlike the results observed with the walnut-allergic sera in the IgE immunoblotting described below, the IgG immunoblots demonstrate that reactivity was maintained following reduction of the proteins, likely indicating different relevant epitopes for the two antibody sources.
For most of the heat treatments, minimal changes were observed in the IgG reactivity patterns. At the most intense heat treatment (180 °C, 20 minutes), the signal associated with antibody binding to the low molecular weight proteins is increased relative to the other samples. This change in IgG band intensity, however, corresponds to an increase in the abundance of the low molecular weight proteins relative to the total protein content, as seen in the 1D-PAGE image. At the final heat treatment, the solubility of the low molecular weight proteins appears to be affected to a lesser degree than the higher molecular weight proteins. Since the total protein loading was kept constant for all samples, the low molecular weight proteins are more abundant for the 180 °C, 20 minutes sample. Corresponding decreases in IgG signal intensities were observed for the high molecular weight proteins, which were relatively less abundant in this sample.
	In addition to IgG binding to proteins in the soluble fractions, a substantial amount of IgG binding was observed to proteins in the pellet fractions. This reactivity was frequently observed with a smeary appearance, possibly indicating binding to protein complexes not fully resolved by 1D-PAGE separation. Both the IgG reactivity with proteins in the pellet fraction and the broad specificity of the antisera are likely the result of the immunization procedures used to prepare the antisera, which involved the direct use of defatted walnut flour as the immunogen instead of walnut extracts or individual walnut proteins (Niemann, Taylor, & Hefle, 2009).  Overall, the IgG binding data indicate that these antibody preparations have the specificity characteristics to detect walnut proteins in both raw and processed products. 
The eleven sera from walnut-allergic subjects demonstrated a broad range of walnut-specific IgE levels (0.5-36 kU/L, Table 1); however, the reliability of these measurements may be affected by the solubility characteristics of walnut proteins. With IgE immunoblotting of selected DWNF extracts (unheated; 132 °C, 20 minutes; and 180 °C, 20 minutes), IgE reactivity to high molecular weight proteins (11S legumin-like and 7S vicilin-like seed storage globulins based on 1D-PAGE behavior and previous LC-MS/MS identifications [Downs and co-workers unpublished observations]) dominated the binding profiles observed on the immunoblots for sera from most walnut-allergic subjects (Figure 4). When comparing the binding intensity from the non-reduced and reduced samples, a dramatic decrease was observed in the IgE binding to the reduced samples for most of the sera. This decrease in IgE reactivity seemed to be particularly associated with binding corresponding to the 11S legumin-like globulin, which separates into acidic and basic subunits upon reduction, potentially indicating important conformational epitopes associated with the heterodimeric structure of the 11S walnut allergen (Jug r 4). 
	In contrast to the IgE reactivity differences due to reduction, relatively minor changes were observed following heat treatment. Most of the decreases or increases in IgE binding intensity observed on the immunoblots were associated with corresponding changes in the relative abundances of the extracted walnut proteins. Interestingly, many of the sera demonstrated IgE reactivity with proteins in the pellet fractions, particularly from the intermediate heat treatment (132 °C, 20 minutes). The binding observed with this sample frequently had a very smeary appearance, which was localized in the high molecular weight region of the gel. As was the case with the IgG immunoblotting, the appearance of this IgE binding could indicate reactivity with aggregated protein complexes that are not fully resolved with 1D-PAGE. The IgE binding to insoluble proteins would at first seem to indicate the presence of primarily linear IgE epitopes. The decreased IgE reactivity to walnut proteins presented under reducing conditions, however, presents quite strong evidence that epitopes specific to the protein conformation are crucial for IgE binding. A possible explanation for the IgE binding behavior is that the insoluble proteins retain enough of the structure responsible for the IgE epitopes, even after aggregation. Studies with the peanut 7S seed storage globulin allergen Ara h 1 have also shown that roasted protein also retains its IgE reactivity along with much of the native-like β-sheet structure (Blanc, Vissers, Adel-Patient, Rigby, Mackie, Gunning, et al., 2011; Koppelman, Bruijnzeel-Koomen, Hessing, & de Jongh, 1999; Vissers, et al., 2011). The strong reactivity associated with the insoluble heated walnut proteins also emphasizes the necessity of analyzing the total protein profile of heated food products, not just the soluble proteins.
The results of indirect IgE ELISAs performed with unheated and roasted (132 °C, 20 minutes; and 180 °C, 20 minutes) walnut extracts showed almost no changes among the sera panel’s median absorbance signals. At the individual serum level, some decreases and increases were observed between the heat treatments, but there does not appear to be a common effect among all walnut-allergic subjects. The lack of overall change in ELISA signal indicates that when equivalent amounts of soluble protein are assayed, similar IgE reactivity is observed. While changes to the total walnut protein content are documented as a result of thermal processing (i.e. decreased protein solubility), the population of proteins that remains soluble likely includes those proteins that are least affected by the heat treatment. In other words, the proteins that are most impacted by roasting are those that become insoluble, another reason why methods that attempt to access this challenging fraction of the walnut proteins are so important. 
 	Protein solubility impacts food protein allergenicity in numerous ways. First, even the most basic measurements of allergenicity, such as IgE binding, are difficult to assay accurately and quantitatively for insoluble proteins. Additionally, the sensitizing and eliciting capacities of insoluble protein allergens are largely unknown compared to their soluble counterparts. Theoretically, insoluble allergen aggregates could possess greater reaction and elicitation capacities as there could be a greater number of epitopes available to cross-link IgE on effector cells (Breiteneder & Mills, 2005).  On the other hand, it is unknown how well insoluble protein aggregates penetrate the gastrointestinal mucosa, a process shown to be necessary for systemic allergic reactions in animal models (Berin & Mayer, 2009). The lack of walnut protein solubility demonstrated in the model salivary fluid, even prior to roasting, could lead to minimal reactivity in the oral mucosa. A relative absence of oral symptoms could have an effect on the timing of detection and perception of a reaction by an allergic individual. In terms of the effects of solubility on the sensitization phase, it is known that particulate antigens are processed differently by the mucosal immune system and sampled by M cells present in the gut-associated lymphoid tissues (Burks, Laubach, & Jones, 2008). Whether this type of presentation is more likely to induce allergic sensitization or oral tolerance has not been well-established.
	The data presented in this study have demonstrated that more intense thermal processing treatments can dramatically decrease walnut protein solubility. The walnut protein fraction rendered insoluble by heating retains at least some of its IgE binding capacity, despite the heat treatment. Quantitative assessment of IgE reactivity to insoluble proteins remains incredibly difficult, however, due to current analytical limitations. The presence of insoluble, IgE-reactive proteins is a crucial consideration when analyzing the allergenicity of food proteins. Future studies should be conducted to evaluate how thermally-induced changes to solubility affect walnut allergen digestion and interaction with the mucosal immune system.  
	Protein solubility and antibody reactivity are also critical considerations when developing detection methods for quantifying allergen residues in foodstuffs. Similar to the effects on IgE binding in the human serum panel, the IgG reactivity of the antisera used in this study was largely unaffected by the thermal processing applied to walnuts. Such robust antisera reactivity is an asset to the development of reliable immunoassays for the detection of allergenic food residues in a variety of food products. In addition, as some roasting conditions produced significant decreases in walnut protein solubility, incurred food standards should be used to evaluate the effects of food matrices and processing on protein solubility and subsequent detection by immunoassay.

[bookmark: _Toc369262901]Abbreviations Used
Defatted walnut flour (DWNF), Double-blind placebo-controlled food challenge (DBPCFC), Enzyme-linked immunosorbent assay (ELISA), Horseradish peroxidase (HRP), Nonfat dry milk (NFDM), One-dimensional polyacrylamide gel electrophoresis (1D-PAGE), Phosphate buffered saline (PBS), lithium dodecyl sulphate (LDS), DL-dithiothreitol (DTT)
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Figure Captions

Figure 1: Total Protein Solubility of Roasted Walnuts. Bars represent the mean soluble protein content (mg protein/mg DWNF) of triplicate extractions, as determined by the Bradford assay. Error bars indicate the standard error of the mean (SEM). Black and gray bars represent model saliva and high salt extractions, respectively.  *Indicates significant (p<0.05) difference between extraction methods for a given heat treatment. ** Indicates significant (p<0.05) difference between heat treatments for a given extraction method.

Figure 2: 1D-PAGE Profiles of Roasted Walnuts. Soluble (S) and pellet (P) fractions from model saliva (top) and high NaCl (bottom) extractions were analyzed under non-reducing (left) and reducing conditions (right). Unheated (UH) and roasted samples (132 °C and 180 °C for 5, 10, or 20 minutes) were analyzed. 

Figure 3: IgG Immunoblotting of Roasted Walnuts. Soluble (S) and pellet (P) fractions from high salt extractions were analyzed under non-reducing (top) and reducing (bottom) conditions. Blots were probed with antisera raised in rabbits and sheep against raw or roasted (132 °C, 10 minutes) walnuts. 

Figure 4: IgE Immunoblotting of Roasted Walnut Proteins. Individual walnut-allergic subject sera (as described in Table 1) were used to probe unheated (UH) and selected roasted (132 and 180 °C for 20 minutes) walnut extracts. The soluble (S) and pellet (P) fractions from high NaCl extracts were analyzed under non-reducing and reducing conditions.

Figure 5: IgE ELISA Evaluation of Roasted Walnut Allergenicity. Each plotted point is the mean ELISA absorbance value (from three replicate wells) obtained at a 1:10 dilution of each individual walnut-allergic serum for the respective heat treatments. The horizontal bars indicate the sample population means and error bars indicate the standard error of the mean (SEM). 
