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SUMMARY 39 

Anaphylaxis is an acute, potentially life-threatening reaction, often triggered by foods and 40 

largely mediated by IgE. A critically important aspect of anaphylaxis pertains to the factors 41 

that modulate its severity. The human microbiota is known to influence oral tolerance, but 42 

the microbial mechanisms directly involved in IgE-mediated anaphylaxis remain 43 

unknown. Here, we demonstrate that human saliva harbors peanut-degrading bacteria 44 

that metabolize immunodominant allergens (Ara h 1 and Ara h 2) and alter IgE binding. 45 

Additionally, we provide in vivo evidence showing that oral bacteria metabolize peanut 46 

allergens, influencing systemic allergen exposure and the severity of anaphylaxis. Finally, 47 

in a clinical study, we observe that common peanut-degrading bacteria, such as Rothia, 48 

from the oral cavity, are more abundant in peanut-allergic patients who exhibit better 49 

tolerance to allergen exposure. Altogether, these results demonstrate the role of the 50 

human microbiota in modulating IgE-mediated reactions through allergen metabolism. 51 

These findings reveal a novel microbial mechanism with potential to prevent, or reduce, 52 

the severity of IgE-mediated anaphylaxis. 53 
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INTRODUCTION 60 

Inflammation typically serves to restore homeostasis in response to tissue damage or 61 

infection, yet it can cause immunopathology when exaggerated or inappropriate1. 62 

Anaphylaxis is a classic example of an immunopathological reaction that can lead to 63 

acute and potentially fatal outcomes within minutes. The main pathway of anaphylaxis is 64 

mediated by immunoglobulin (Ig)E and mast cells: upon allergen binding, mast cell-bound 65 

IgE induces their activation and the rapid release of inflammatory mediators like tryptase 66 

or histamine, which drive the acute clinical manifestations of anaphylaxis2,3. Foods are 67 

common anaphylaxis triggers, with peanut (PN) being the leading cause of food-induced 68 

anaphylaxis and allergy-related deaths among children4,5. This burden is aggravated by 69 

the persistence of PN-allergy in over 70% of individuals, the absence of curative 70 

treatments, and the high rate of accidental exposures despite patients’ effort to avoid 71 

them6-8. 72 

An intricate aspect of anaphylaxis is understanding the factors that modulate the severity 73 

of food-induced allergic reactions. The severity of anaphylaxis is influenced by multiple 74 

factors, including genetic, environmental, dietary, and behavioural aspects, as well as co-75 

factors and comorbidities9,10. However, despite these factors, clinical observations often 76 

reveal a disconnect between serum levels of allergen-specific IgE—the key molecule 77 

involved in food-induced anaphylaxis—and clinical reactivity11-13. Elucidating the factors 78 

that impact clinical reactivity is essential to better manage and reduce the risk of severe 79 

reactions in food-allergic individuals3. The human microbiota has gained considerable 80 

attention for its capacity to influence both oral tolerance and dietary antigen 81 

immunogenicity14-17. Indeed, studies have revealed differences in the intestinal microbiota 82 

composition of food-allergic patients18-20. Nonetheless, the microbial mechanisms 83 

involved in food-induced anaphylaxis remain largely unknown. 84 

The oro-gastrointestinal microbiota is often regarded as a “second metabolic organ” 85 

capable of breaking down dietary components that are otherwise resistant to human 86 

digestive enzymes. Certain food allergens, including the immunodominant PN allergens 87 

Ara h 1 and Ara h 221,22, resist complete digestion by mammalian digestive enzymes23,24. 88 

In this study, we demonstrate that human saliva contains PN-degrading bacteria capable 89 

of metabolizing immunodominant allergens and modulating IgE-specific immunity. We 90 

also show the in vivo capacity of these bacteria to participate in PN-metabolism, thereby 91 

determining systemic allergen access and IgE-mediated anaphylaxis. Finally, in a clinical 92 

study, we describe that common PN-degrading bacteria, such as Rothia from the oral 93 

cavity, are more abundant in allergic patients who exhibit higher allergen threshold to 94 

controlled allergen exposure. These results demonstrate the human microbiota’s ability 95 

to modulate IgE-mediated reactions through allergen metabolism and reveal a novel 96 

microbial mechanism with translational potential to prevent or mitigate IgE-mediated 97 

anaphylaxis. 98 



RESULTS 99 

Microbiota participates in peanut allergen metabolism 100 

To study the role of microbes in PN metabolism, we used C57BL6 mice with and without 101 

microbiota (germ-free; GF). We selected mice with different microbiota compositions: 102 

specific pathogen-free (SPF) mice, which have a controlled and diverse microbiota, and 103 

altered Schaedler flora (ASF) mice, which harbor a stable microbiota with limited bacterial 104 

species (Figure S1). Mice were gavaged with crude PN protein extract (CPE) and 105 

sacrificed after 40 minutes (Figure 1A). The quantities of PN allergens Ara h 1 and Ara 106 

h 2 were higher in small intestinal content of GF mice and those with a limited ASF 107 

microbiota, compared to mice with a complex SPF microbiota (Figure 1B). We also 108 

detected variations in the concentrations of these allergens systemically. Compared to 109 

SPF mice, GF and ASF mice presented higher serum levels of Ara h 1 but lower serum 110 

levels of Ara h 2 (Figure 1C). To determine whether these differences were due to 111 

variations in the digestive capacity, intestinal contents of PN-naïve mice were incubated 112 

with CPE ex vivo. The intestinal contents of SPF mice degraded Ara h 1 and Ara h 2 more 113 

effectively than those of GF and ASF mice (Figure 1D). We hypothesized that microbial 114 

metabolism influenced the differences observed in PN allergen digestion and attempted 115 

to isolate PN-degrading bacteria from SPF and ASF mouse intestinal contents. Notably, 116 

PN-degrading bacteria were present in the small and large intestines of SPF mice but 117 

absent in ASF mice. While various PN-degrading bacterial species were identified, their 118 

capacity digest Ara h 1 and Ara h 2 varied by bacterial strain (Figure 1E). Together, these 119 

results demonstrate that the intestinal microbiota metabolizes PN allergens and 120 

influences their systemic availability. 121 



 122 

Figure 1. Microbiota participates in allergen metabolism in vivo.  123 
(A) Experimental design. C57BL/6 mice with germ-free (GF), specific pathogen-free (SPF), and altered 124 
Schaedler flora (ASF) microbiota were provided a bolus of peanut (PN) intragastrically (i.g.). Peripheral 125 
blood and intestinal contents were collected 40 minutes post-PN delivery for analysis. n=4–16 mice per 126 
group. (B and C) PN allergens (Ara h 1 and Ara h 2) in small intestinal content (B) and serum from peripheral 127 
blood (C). Data are presented as mean where each dot represents an individual mouse. Displayed P values 128 
were calculated using one-way ANOVA with Tukey’s post-hoc test. (D) Heatmap showing digestion capacity 129 
of GF, ASF, and SPF microbiota against Ara h 1 and Ara h 2. PN-naïve intestinal contents were incubated 130 
with PN allergens in vitro and remaining allergens were quantified after digestion. Each row represents one 131 
mouse. Statistical comparisons between groups were performed using a one-way ANOVA with Tukey’s 132 
post-hoc test. Significance levels: Small intestine Ara h 1: GF vs. SPF (P<0.0001), ASF vs. SPF (P=0.0290). 133 
Small intestine Ara h 2: GF vs. SPF (P<0.0001), ASF vs. SPF (P<0.0001). Large intestine Ara h 1: GF vs. 134 
SPF (P<0.0001), ASF vs. SPF (P=0.0289). Large intestine Ara h 2: GF vs. SPF (P<0.0001), ASF vs. SPF 135 
(P<0.0024).   (E) Heatmap showing digestion capacity and abundance of bacterial isolates from the small 136 



and large intestine of SPF mice. Each row represents one bacterial isolate. Colour scales for (D) and (E): 137 
allergen degradation (blue-yellow-red) and % relative abundance (green). Refer also to Figure S1. 138 
 139 

Mice lacking peanut-degrading bacteria exhibit severe anaphylaxis 140 

To investigate the impact of microbial PN metabolism on acute allergic reactions, we used 141 

ASF and SPF C3H/HeN mice, a strain more susceptible to type 2 immunity and 142 

anaphylaxis upon oral PN challenge25. Consistent with our previous findings in C57BL/6 143 

mice, ASF mice exhibited a reduced capacity to metabolize PN compared to SPF 144 

C3H/HeN mice (Figure S2A–C). ASF and SPF C3H/HeN mice were sensitized to PN 145 

with cholera toxin (CT) via intragastric (i.g.) administration once per week for 6 weeks, 146 

followed by an i.g. challenge with CPE to assess anaphylactic reactions to PN allergens 147 

(Figure 2A). ASF mice, which lack PN-degrading bacteria, had higher serum levels of 148 

PN-specific IgE than SPF mice (Figure 2B). They also exhibited higher serum levels of 149 

mucosal mast cell protease-1 (mMCP-1), indicating local activation of effector cells in the 150 

gastrointestinal tract, along with systemic hypothermia following PN challenge (Figure 151 

2C & Figure S3A). To bypass the influence of microbial PN metabolism on IgE 152 

production, we sensitized SPF and ASF mice with PN + CT via intraperitoneal (i.p.) 153 

injection (Figure 2A). While both groups exhibited similar serum levels of PN-specific IgE 154 

(Figure 2D), ASF mice had higher serum mMCP-1 levels and developed hypothermia 155 

following PN challenge (Figure 2E & Figure S3B). We further bypassed the endogenous 156 

capacity to generate allergen-specific IgE in the sensitization process by passively 157 

transferring serum from PN-allergic mice into SPF- and ASF-colonized mice (Figure 2A; 158 

Figure S3D). Both mouse strains presented similar levels of PN-specific IgE in the serum 159 

after passive sensitization (Figure 2F). However, ASF mice again exhibited higher serum 160 

levels of mMCP-1 and hypothermia following PN challenge (Figure 2G & Figure S3C). 161 

These results demonstrate that the presence of certain microbes at the site of allergen 162 

challenge can protect from anaphylaxis. 163 



 164 

Figure 2. Mice lacking peanut-degrading bacteria present severe anaphylaxis.  165 
(A) Experimental design for peanut (PN) sensitization and challenge of C3H-HeN mice colonized with 166 
specific pathogen-free (SPF) and altered Schaedler flora (ASF) microbiota. Mice were sensitized (1) 167 
intragastrically (i.g.; PN + cholera toxin) once per week for 6 weeks, (2) intraperitoneally (i.p.; PN + cholera 168 
toxin) once per week for 4 weeks, and (3) passively (i.p.; serum from PN-allergic mice) once every 48 hours, 169 
3 times. Sensitized mice were challenged with a PN bolus i.g. after 7 weeks and sacrificed 40 minutes later. 170 
(B and C) Serum PN-specific IgE (B) and serum mucosal mast cell protease 1 (mMCP-1) (C) of i.g. 171 
sensitized ASF and SPF mice after PN challenge. (D and E) Serum PN-specific IgE (D) and serum mMCP-172 
1 (E) of i.p. sensitized ASF and SPF mice after PN challenge. (F and G) Serum PN-specific IgE (F), serum 173 
mMCP-1 (G) passively sensitized ASF and SPF mice after PN challenge. Data are presented as mean 174 
where each dot represents an individual mouse. n=6-8 mice per group. Displayed P values were calculated 175 



using one-way ANOVA with Tukey’s post-hoc test (B and E) and Student’s t-test (F and G). Refer also to 176 
Figures S2 and S3. 177 

 178 

Human oral cavity harbors bacteria with the capacity to digest peanut 179 

Food-induced acute allergic responses, including anaphylaxis, can occur within minutes 180 

of allergen exposure. Given this rapid onset, we investigated whether humans harbor PN-181 

degrading bacteria in the oral cavity. Saliva samples were collected from 13 volunteers 182 

with no reported food allergies (Table S1). Analysis of the oral microbiota composition via 183 

16S rRNA sequencing revealed donor-specific profiles, with Prevotella, Rothia, and 184 

Fusobacterium as the most abundant genera (Figure 3A). We then plated saliva samples 185 

on PN-enriched media agar to isolate bacteria with PN-degrading capacity, selecting 186 

strains that produced a hydrolytic halo, indicating their ability to degrade PN (Figure 3B). 187 

PN-degrading bacteria were detected in nearly all donors, with Rothia, Staphylococcus, 188 

Streptococcus, and Veillonella being the most frequently isolated genera. Each isolated 189 

bacterial strain was then incubated with CPE to facilitate allergen digestion, and the 190 

remaining Ara h 1 and Ara h 2 were quantified using specific antibodies. Additionally, we 191 

screened a well-characterized bacterial collection for PN-degrading potential26. While 192 

many bacterial strains exhibited PN digestion capabilities on agar plates, their capacity to 193 

degrade the main allergens varied by taxon and strain (Figure 3C). Rothia, a dominant 194 

genus in the oral cavity (10-40% relative abundance), consistently degraded Ara h 1 and 195 

Ara h 2 in vitro. This activity was observed in all tested Rothia strains and a 196 

phylogenetically related genus, Micrococcus, suggesting a conserved PN-degrading 197 

function (Figure 3C). In contrast, most strains from other PN-degrading genera such as 198 

Gemella or Streptococcus lacked significant allergen-degrading capacity (Figure S4A). 199 

While Staphylococcus strains showed strong PN-degrading potential, their ability to break 200 

down key PN allergens was strain-specific (Figure 3C). Altogether, these findings 201 

demonstrate the presence of PN-degrading bacteria in the oral cavity, each exhibiting 202 

varying capacities to degrade immunodominant PN allergens. 203 



 204 

Figure 3. Human saliva harbors peanut-degrading bacteria.  205 
(A) Genus-level relative abundance of the microbial composition of saliva samples collected from 206 
individuals without peanut (PN) allergy. Each bar represents one individual (n=13). Taxa lower than 0.01 207 
relative abundance are not shown. (B) Representative image of PN-degrading bacteria (Rothia 208 
mucilaginosa) isolated from human saliva on PN-enriched agar. Zone of clearance of PN surrounding 209 
bacterial growth indicates PN degradation. (C) Identification of PN-degrading bacteria isolated from human 210 
saliva. Bacteria shown were identified for whole PN-degradation by growth on PN-enriched agar and further 211 
characterized by their capacity to degrade Ara h 1 and Ara h 2. Heatmaps show the capacity to degrade 212 



Ara h 1 and Ara h 2 (blue-yellow-red scale), and abundance of isolated bacteria (% of relative abundance 213 
based on total number of isolated strains; green scale). Data are presented at the genus and species levels 214 
for Actinomycetota (pink), Bacillota (grey) and Pseudomonota (Yellow). Refer also to Figure S4. 215 

 216 

Peanut allergens are degraded by bacteria 217 

To further study the microbial capacity for PN allergen digestion, we conducted proteomic 218 

analyses focusing on key bacterial taxa. We selected two primary genera: Rothia, a 219 

dominant oral taxon with efficient allergen-digestion capacity, and Staphylococcus, which 220 

has been previously associated with allergic diseases (Figure S4B)27. First, we confirmed 221 

the capacity of these taxa to degrade the main PN allergens Ara h 1 (64 kDa) and Ara h 222 

2 (17 kDa) using SDS-PAGE (Figure 4A–B). To strengthen these data, we performed 223 

tandem mass spectrometry analysis on the fraction below 3 kDa, screening for PN-224 

derived peptides after bacterial digestion. Given the low relative abundance of Ara h 2 in 225 

the PN matrix (5.9-9.3% of total protein) and the noise introduced by bacterial proteins in 226 

the samples, we centered the proteomic analyses on Ara h 1 (12-16% of total protein)28. 227 

We identified several Ara h 1-derived peptides following PN digestion by strains of Rothia 228 

and Staphylococcus. As expected, we quantified more peptides from bacterial strains that 229 

degraded PN more extensively (Rothia R3, 6 peptides; S1, 9 peptides), according to the 230 

electrophoretic analysis. Using molecular modelling, we visualized these peptides, 231 

marking in yellow peptides digested by bacteria (Figure 4C–F). Interestingly, some of the 232 

identified peptides, shown in purple, have been reported as clinically relevant IgE 233 

epitopes recognized by PN-allergic patients29-31. These epitopes are distributed across 234 

various regions of the 3D structure of Ara h 1, highlighting the lack of localization of the 235 

identified peptides to a single structural domain (Figure 4C–F). Considering the ability of 236 

these Rothia and Staphylococcus species to degrade PN, we evaluated their impact on 237 

human IgE binding to PN after bacterial digestion by Western blotting. We used a pool of 238 

sera from PN-allergic patients with elevated levels of Ara h 1- and Ara h 2-specific IgE 239 

(Table S2). The analysis showed a substantial reduction in IgE-binding to PN proteins 240 

overall, and to Ara h 1 and Ara h 2 in particular (Figure 4G–H). To precisely define the 241 

impact of microbial metabolism on main PN allergens, we mono-sensitized mice to native 242 

Ara h 1 or recombinant Ara h 2 and used their sera to analyze IgE recognition of the 243 

digested PN fragments via Western blotting (Figure 4I–J). Rothia digestion of PN 244 

reduced IgE binding to Ara h 1, most notably by strain R3. Similarly, Staphylococcus 245 

strains (S1 and S3) completely degraded and reduced IgE-binding to Ara h 1, though 246 

some residual fragments retained IgE binding capacity. Staphylococcus strains with lower 247 

PN-degrading capacity, such as S2, showed less efficacy in reducing binding to Ara h 1 248 

(Figure 4I). On the other hand, sera from mice sensitized with recombinant Ara h 2 249 

predominantly recognized a band around ⁓37 kDa, likely representing its oligomerized 250 

forms. Nevertheless, PN-digestion by Rothia strains impaired Ara h 2 recognition by IgE, 251 

particularly with strain R3. Staphylococcus strains S1 and S3 also reduced IgE-binding to 252 

Ara h 2, while strain S2 showed little effect (Figure 4J). Altogether, these findings 253 

demonstrate the potential of Rothia and Staphylococcus strains to modify the structure of 254 



key PN allergens, including IgE-binding epitopes, and thereby altering their recognition 255 

by both murine and human IgE.  256 

 257 

 258 



Figure 4. Peanut allergens are degraded by Rothia and Staphylococcus.  259 
Selected Rothia (R1- Rothia aeria, R2- Rothia dentacariosa, and R3- Rothia mucilaginosa) and 260 
Staphylococcus (S1- Staphylococcus epidermidis, S2- Staphylococcus aureus, and S3- Staphylococcus 261 
aureus) strains were incubated with crude peanut (PN) protein extract (CPE) in liquid media before 262 
characterization of PN allergen (Ara h 1 and Ara h 2) degradation. (A and B) SDS-PAGE analysis of Ara h 263 
1 (64 kDa) and Ara h 2 (17 kDa) degradation by Rothia (A) and Staphylococcus (B). (C to F) Molecular 264 
modeling of Ara h 1 (Alphafold database code: AF-P43238-F1), in yellow are marked the peptides below 3 265 
kDa identified by mass spectrometry following digestion by R1 (C), R3 (D), S1 (E), and S3 (F); in purple 266 
are marked the immunopeptides recognized by human IgE. (G and H) Western blot showing binding of PN-267 
allergic human IgE to PN allergens after Rothia (G) and Staphylococcus (H) digestion. (I) Western blot 268 
showing IgE from Ara h 1-sensitized mice binding to Ara h 1 after bacterial digestion. (J) Western blot 269 
showing IgE from Ara h 2-sensitized mice binding to Ara h 2 after bacterial digestion. Bar charts indicate 270 
quantification of allergens remaining after bacterial digestion. Data are presented as the mean ± SEM of 271 
each group. Displayed P values were calculated using an unpaired t-test between undigested PN and 272 
bacterially digested PN in every panel of the figure.  273 

 274 

Microbial metabolism mitigates peanut allergenicity 275 

The structural modifications of Ara h 1 and Ara h 2 caused by microbial metabolism 276 

affected IgE recognition, prompting us to assess the functional consequences using a 277 

mast cell activation assay32,33. We sensitized bone marrow-derived mast cells (BMMCs) 278 

with sera from mice allergic to either native Ara h 1 or recombinant Ara h 2 and assessed 279 

IgE-mediated mast cell activation after challenge with bacterial PN digests. This was done 280 

by challenging the BMMCs with either PN-bacterial digests or undigested PN, and 281 

measuring CD63 and CD107a surface expression, along with β-hexosaminidase activity 282 

in the cell supernatants (Figure 5 & Figure S5A). Our initial controls confirmed that serum 283 

from Ara h 1-allergic mice induced BMMC activation following Ara h 1 or CPE challenge, 284 

but not upon Ara h 2 stimulation, and vice versa (Figure S5B–C). We then observed that, 285 

among the three Rothia strains, PN-digestion by strain R2 consistently reduced BMMC 286 

activation for both Ara h 1 and Ara h 2 (Figure 5A–B); while PN-digestion by strains R1 287 

and R3 significantly decreased BMMC responses in Ara h 2-sensitized cells (Figure 5A–288 

B). On the other hand, among the three Staphylococcus strains, PN-digestion by strain 289 

S1 significantly reduced BMMC activation in Ara h 1-sensitized cells (Figure 5C), while 290 

BMMC responses to Ara h 2 were impaired by the digestion of the three strains (Figure 291 

5D). In sum, these results demonstrate that the metabolism of key PN allergens by human 292 

oral bacteria can modulate the ability of these allergens to trigger IgE-mediated mast cell 293 

activation. 294 



 295 

Figure 5. Challenge with bacterially digested peanut impairs mast cell activation. Mast cells (MCs) 296 
were sensitized with pooled sera from mice allergic to Ara h 1 or Ara h 2 and then challenged with 297 
undigested peanut (PN; gray) as a positive control or with PN digested by bacteria (orange for Rothia, blue 298 



for Staphylococcus). The bacterial strains used were R1—Rothia aeria, R2—Rothia dentocariosa, R3—299 
Rothia mucilaginosa (A, B) and S1—Staphylococcus epidermidis, S2—Staphylococcus aureus, S3—300 
Staphylococcus aureus (C, D). Negative controls (white bars) consisted of MCs sensitized with sera from 301 
non-allergic mice and challenged with PN digested by bacteria. The bar graphs indicate CD63 or CD107a 302 
expression and β-hexosaminidase activity, normalized to 100% to allow data comparison across different 303 
experiments. Data are presented as mean ± SEM for each group. While all 304 
three Rothia and Staphylococcus strains are displayed in the same graphs, statistical analyses were 305 
performed separately for each bacterium against its respective control. P-values were calculated using one-306 
way ANOVA with Dunnett’s post-hoc test when comparing against undigested PN in all panels, except for 307 
R1-CD63-Ara h 2 (B), S2-CD107a-Ara h 1 (C), and S1-CD107a-Ara h 2 (D), where the Kruskal-Wallis test 308 
with Dunn’s post-hoc correction was used instead. The negative control includes pooled results from naïve 309 
MCs challenged with PN digested by all three Rothia and Staphylococcus species. Statistical comparisons 310 
against undigested PN were conducted using one-way ANOVA with Dunnett’s post-hoc test for β-311 
hexosaminidase activity (D), CD63 (A), and CD107a (A-C), or the Kruskal-Wallis test with Dunn’s post-hoc 312 
correction for β-hexosaminidase activity (A-C), CD63 (B-D), and CD107a (D).  Refer also to Figure S5. 313 

 314 

Microbial peanut metabolism alters systemic allergen access 315 

To study the in vivo capacity of human oral bacteria to degrade PN allergens, we 316 

colonized GF C57BL/6 mice with bacterial strains exhibiting varying allergen-degrading 317 

capacities. We selected three Staphylococcus strains based on their PN-degrading 318 

capacity in vitro: one with strong capacity to degrade both Ara h 1 and Ara h 2 (S1), one 319 

that degrades only Ara h 1 (S3), and one with no detectable allergen-degrading capacity 320 

(S2). Additionally, we included a Rothia strain (R3) capable of degrading both Ara h 1 and 321 

Ara h 2. GF mice were used as controls. After colonization, mice were gavaged with CPE 322 

(Figure 6A), as previously described for SPF and ASF mice. Successful transfer of PN-323 

degrading capacity was confirmed in colonized mice (Figure 6B). Notably, we observed 324 

a reduction in Ara h 1 and Ara h 2 levels in the small intestinal content of mice colonized 325 

with allergen-degrading bacteria, such as S1 and R3 (Figure 6C). Additionally, systemic 326 

levels of Ara h 1 and Ara h 2 were reduced in these mice (Figure 6D). In contrast, Ara h 327 

1—and particularly Ara h 2—showed increased systemic levels in mice colonized with 328 

PN-degrading bacteria that had impaired allergen-degrading capacity (S2) (Figure 6D). 329 

To study whether bacterial metabolism alters allergen passage through the mucosa and 330 

subsequent systemic access, we assessed allergen translocation across ex vivo mouse 331 

small intestinal tissue using Ussing chambers. CPE, pre-incubated with or without the 332 

different bacterial strains was applied to the mucosal side of the chamber, and Ara h 1 333 

and Ara h 2 levels were quantified on the serosal side of the tissue after 2 hours. We 334 

found that PN-degrading bacteria with impaired allergen-degrading capacity facilitated 335 

the passage of Ara h 1 and Ara h 2 through the intestinal mucosa (Figure 6E). These 336 

findings suggest that bacteria metabolize PN in vivo and control allergen passage through 337 

the intestinal mucosal barrier.  338 



 339 

Figure 6. Bacteria dictate systemic access of allergens in vivo.  340 
(A) Experimental design. Germ-free C57BL/6 mice were mono-colonized with bacteria (R3– Rothia 341 
mucilaginosa, S1- Staphylococcus epidermidis S2- Staphylococcus aureus, and S3- Staphylococcus 342 
aureus) with different capacities to digest peanut (PN) allergens. One group of mice maintained germ-free 343 
served as controls. Mice were provided a PN bolus intra-gastrically 3 weeks after colonization and sacrificed 344 
40 min later. (B) PN-degrading capacity of small intestinal content of mice mono-colonized with different 345 
bacteria and germ-free control as determined the diameter of PN hydrolytic halo, and degradation of Ara h 346 
1 and Ara h 2. (C and D) PN allergens, Ara h 1 and Ara h 2 in small intestinal content (C) and serum from 347 



peripheral blood (D). (E) Translocation of PN allergens digested by bacteria (R3 (orange), S1 (light blue), 348 
S3 (dark blue), S2 (medium blue), or non-growth control (black)) from the mucosal to serosal side of small 349 
intestinal tissue in Ussing chambers. Data are presented as mean + SD (B) and mean where each dot 350 
represents an individual mouse (C, D, E). n=4–8 mice per group. Displayed P values were calculated using 351 
a one-way ANOVA with Tukey’s post-hoc test. 352 

 353 

Microbial peanut metabolism dictates anaphylactic reactions in vivo 354 

To evaluate the impact of microbial PN metabolism on anaphylactic responses, ASF 355 

C3H/HeN mice—which have impaired microbial PN metabolism and are susceptible to 356 

anaphylactic reactions upon oral exposure—were sensitized to PN via i.p. injection and 357 

subsequently challenged with bacterially pre-digested PN (Figure 7A). Four groups of 358 

mice received an i.g. PN challenge with either untreated PN (control) or PN pre-digested 359 

by one of the following bacteria: a) Rothia R1, b) Staphylococcus S1, or c) 360 

Staphylococcus S2, each exhibiting distinct allergen-degrading capacities. While all 361 

groups showed similar PN-specific IgE levels after sensitization (Figure 7B), serum 362 

mMCP-1 levels were lower in mice challenged with microbially pre-digested PN (Figure 363 

7C). Notably, mice challenged with PN pre-digested by Staphylococcus S2, which has 364 

limited allergen-reducing capacity, exhibited higher serum levels mMCP-1. In a 365 

subsequent experiment, additional ASF C3H/HeN mice were sensitized to PN (i.p.) and 366 

then colonized with Rothia strains with efficient PN-degrading capacity (Figure 7D). After 367 

sensitization, ASF mice with and without PN-degrading bacteria were challenged to PN 368 

i.g. Despite having similar PN-specific IgE levels in serum after sensitization (Figure 7E), 369 

mice colonized with Rothia strains capable of digesting PN allergens demonstrated 370 

significantly reduced serum mMCP-1 levels (Figure 7F). Overall, these findings highlight 371 

the critical role of microbial allergen metabolism in modulating allergic responses in vivo.  372 

 373 

Peanut-degrading bacteria are increased in allergic patients better tolerating 374 

peanut  375 

To investigate the role of the oral microbiota in allergic reactions, we collected saliva 376 

samples from a small well-defined cohort of PN-allergic patients (Figure 7G & Table S1). 377 

Prior to initiating oral immunotherapy (OIT), allergic patients underwent PN challenge to 378 

determine their threshold for reactivity (PN threshold), guiding OIT practices. We 379 

analyzed serum levels of IgE and the composition of the oral microbiota. Notably, serum 380 

levels of IgE specific to Ara h 1 and Ara h 2 showed a poor association with PN threshold 381 

(Figure 7H), suggesting the role of additional factors. Examining the oral microbiota, we 382 

observed non-significant clustering based on PN threshold (Figure S6). While PN-383 

degrading taxa were present across patients with varying PN thresholds, individuals with 384 

higher PN thresholds exhibited a greater abundance of taxa capable of degrading Ara h 385 

2 (Figure 7I). Notably, Micrococcales—a taxon that includes Rothia and Micrococcus, 386 

both efficient at degrading immunodominant Ara h 1 and Ara h 2—was reduced in highly 387 

sensitive allergic patients with low PN threshold (0–40 mg), independent of serum Ara h 388 



2-specific IgE levels (Figure 7J). Conversely, patients with high levels of Ara h 2-specific 389 

IgE with higher PN threshold showed an increased relative abundance of Micrococcales. 390 

These findings suggest that the oral microbiota could serve as a predictive marker of 391 

threshold reactivity to PN, highlighting the potential importance of microbial allergen 392 

metabolism in IgE-mediated reactions. 393 

 394 



 395 



Figure 7. Microbial peanut metabolism reduces allergic reactions in vivo and is associated with 396 
allergen tolerance.  397 
(A) Experimental design. Specific pathogen-free (SPF) C3H-HeN mice were sensitized intra-peritoneally 398 
(i.p.) to peanut (PN) once per week for 4 weeks. Sensitized mice were challenged intra-gastrically (i.g.) 399 
after 7 weeks with a bolus of PN previously digested by Rothia (R3), Staphylococcus epidermidis (S1), and 400 
Staphylococcus aureus (S2), or a non-digested control containing 24 mg of PN. Mice were sacrificed 40 401 
minutes later. Heatmap represents the capacity of bacteria to degrade PN allergens in vitro. n=5 mice per 402 
group. (B) Serum PN-specific IgE before PN challenge. (C) Serum mucosal mast cell protease 1 (mMCP-403 
1) after PN challenge. (D) Experimental design. C3H-HeN mice with altered Schaedler flora (ASF) 404 
microbiota sensitized i.p. to PN once per week for 4 weeks. One week after the last sensitization, mice were 405 
co-colonized with Rothia strains once per week for three weeks. Mice were provided a PN bolus i.g. three 406 
weeks after the first colonization and sacrificed 40 minutes later. n=7 mice per group. (E) Serum PN-specific 407 
IgE before PN challenge. (F) Serum mMCP-1 after PN challenge. (G) Experimental design. PN-allergic 408 
patients (n=19) were tested for PN threshold (low – 0-40 mg PN; high - >40 mg PN) using increasing PN 409 
concentrations before enrolment in oral immunotherapy (OIT). (H) Correlation plot of Ara h 1-specific IgE 410 
(y= -0.09x + 42.45, R2 = 0.15, P=0.11) and Ara h 2-specific IgE (y= -0.11x + 58, R2= 0.21, P=0.06) against 411 
PN threshold. (I) Relative abundance (%) of PN-degrading and Ara h 2-degrading bacteria in patients with 412 
low (0-40 mg) and high (>40 mg) PN threshold. (J) Relative abundance of Micrococalles in patients with 413 
low (0-40 mg) and high (>40 mg) PN threshold. Dot colour represents high (≥20 kUA/mL, red) and low (<20 414 
kUA/mL, black) Ara h 2 IgE in serum. Data are presented as mean where each dot represents an individual 415 
mouse. Displayed P values were calculated using a one-way ANOVA with Tukey’s post-hoc test (C, D) and 416 
unpaired Student’s t-test (F, G). Refer also to Figure S6. 417 

 418 

DISCUSSION 419 

The human microbiome is essential for maintaining homeostasis, and disruptions in its 420 

composition are associated with immune disorders. The oro-gastrointestinal microbiota 421 

has gained attention for its role in influencing oral tolerance and sensitization to food 422 

antigens14-16,34. While studies have reported differences in the intestinal microbiota 423 

composition of food-allergic patients18-20, the microbial mechanisms underlying food-424 

induced anaphylaxis remain largely unknown. In this study, we show that human saliva 425 

harbors allergen-degrading bacteria capable of metabolizing immunodominant PN 426 

allergens, thereby modulating IgE-mediated reactions to foods. Identifying the microbes 427 

involved in PN metabolism in humans and characterizing the related microbially-mediated 428 

IgE-specific immune responses could have implications for reducing the severity of 429 

allergic reactions. 430 

The antigenic properties of many foods are attributed to their resistance to gastrointestinal 431 

digestion23,24. Dietary allergens, such as those from PN, are poorly metabolized by human 432 

digestive enzymes21,22. However, the intestinal microbiota possesses a vast repertoire of 433 

metabolic pathways absent in humans, that participate in food digestion35. For example, 434 

the capacity of the intestinal microbiota to degrade other recalcitrant antigenic proteins, 435 

such as gluten36, has been demonstrated37,38. Here, using gnotobiotic mouse models, we 436 

demonstrate that the microbiota contributes to PN allergen metabolism in vivo, with its 437 

composition influencing the amount of allergen reaching the intestine and circulation. 438 

While the intestinal microbiota affects host metabolism and food-dependent immune 439 

responses through mechanisms such as altering the intestinal barrier, motility, or immune 440 



activation14,39-41, we confirmed the presence of PN-degrading bacteria capable of 441 

digesting Ara h 1 and Ara h 2 along the gastrointestinal tract in wild-type SPF mice. These 442 

findings reveal the role of the intestinal microbiota in allergen metabolism and raise 443 

important questions about the impact of diet-microbiota interactions on food allergies. 444 

Food allergies are mostly mediated by IgE42, which, unlike other antibodies, can trigger 445 

life-threatening reactions to minute amounts of allergen2. We hypothesized that microbial 446 

metabolism could modulate IgE-mediated reactions to PN. First, we demonstrated that 447 

mice with defective PN-degrading capacity (ASF mice) developed more severe allergic 448 

reactions to PN than those with efficient PN metabolism (wild-type SPF mice) following 449 

i.g. sensitization and challenge. ASF mice also exhibited greater mucosal mast cell 450 

activation, likely increasing intestinal permeability and facilitating systemic allergen 451 

access43,44—a critical step in IgE-mediated anaphylaxis45. Intriguingly, ASF mice also 452 

developed higher titers of antigen-specific IgE than SPF controls, potentially due to their 453 

reduced ability to metabolize PN allergens. Similar increases in antigen-specific IgE have 454 

been reported in GF mice and mice colonized with limited microbial communities following 455 

sensitization46-48. Given that food-induced anaphylaxis is largely IgE-dependent49,50, and 456 

that the microbiota may influence IgE-mediated food sensitization independently of 457 

allergen degradation14, differences in sensitization between mouse strains could explain 458 

the severity of allergic reactions. To bypass local microbial factors, we evaluated the role 459 

of microbial metabolism in IgE-mediated food responses using additional models of 460 

systemic51 and passive33,52 sensitization. Following PN challenge, ASF mice with 461 

defective PN-degrading capacity developed more severe allergic reactions, characterized 462 

by increased mast cell degranulation and hypothermia, compared to conventional mice, 463 

despite similar PN-IgE titers. Altogether, these results indicate that microbial metabolism 464 

plays a crucial role in shaping IgE-mediated allergic reactions to foods in mice. 465 

Food-induced anaphylaxis is usually caused by accidental allergen exposure through 466 

food consumption, posing a persistent threat that significantly impacts the quality of life 467 

of patients and their families53,54. Although several co-factors—such as exercise, estrogen 468 

levels, alcohol, and drugs—have been associated with an increased risk of 469 

anaphylaxis10,55, the variations in allergen thresholds and individual susceptibility to 470 

anaphylaxis remain poorly understood. A recent study of subjects with accidental food-471 

induced allergic reactions demonstrated that anaphylaxis severity is independent of the 472 

amount of allergen ingested, emphasizing individual sensitivity and the potential role of 473 

microbiota in modulating systemic access of PN56. To explore the potential role of 474 

microbial allergen metabolism in humans, we first searched for PN-degrading bacteria in 475 

healthy donors. We focused on the oral cavity, where ingested food first interacts with the 476 

oral microbiota, as anaphylactic reactions typically occur shortly after allergen exposure. 477 

While most microbiota research has centered on the large intestinal lumen due to its ease 478 

of sampling and high bacterial density, recent studies have highlighted the stability and 479 

complexity of the oral microbiota, as well as its relevance in health and disease57. 480 

Moreover, the oral microbiota serves as a continuous source of bacteria for the intestinal 481 

tract, seeding the small intestine with taxa such as Rothia and Staphylococcus58, where 482 



they may persist and contribute to allergen metabolism as food moves through the upper 483 

gastrointestinal tract59. Given this microbial continuity, studying intestinal colonization 484 

provides a complementary perspective on the functional contributions of these bacteria 485 

beyond their initial presence in the oral cavity, particularly in contexts where they influence 486 

allergen processing throughout the gut. Using techniques including SDS-PAGE, Western 487 

blotting, and proteomics, we confirmed the presence of PN-degrading bacteria in the oral 488 

cavity, which displayed varying capacities to degrade immunodominant PN allergens. 489 

Notably, different members of the oral microbiota disrupted epitopes critical for human 490 

IgE recognition and altered IgE binding of sera from PN-allergic patients and mice 491 

sensitized to Ara h 1 or 2. Overall, these results confirm the capacity of bacteria to 492 

potentially alter allergenicity in the oral cavity of humans. 493 

Dominant taxa in the oral cavity such as Rothia, and phylogenetically related taxa, such 494 

as Micrococcus, demonstrated a consistent capacity to digest both Ara h 1 and Ara h 2 495 

in vitro, thereby altering IgE recognition. The capacity of Rothia to degrade other dietary 496 

antigens such as gluten proteins has been also suggested60,61. Remarkably, impaired IgE 497 

recognition of PN upon Rothia digestion hampered the activation of the classical pathway 498 

of anaphylaxis both in vitro (mast cell assays) and in vivo (PN-allergic mice challenged 499 

with digested PN). In addition, the PN-degrading capacity of Rothia was validated in vivo, 500 

reducing the concentration of major PN allergens reaching the small intestine and 501 

circulation. We also tested the capacity of Rothia strains to alter IgE-mediated reactions 502 

following colonization in a competitive environment. To avoid changes in the adaptive 503 

immune response, ASF mice were colonized following sensitization. ASF mice colonized 504 

with Rothia ameliorated IgE-mediated reactions and mucosal mast cell activation upon 505 

challenge, in comparison to ASF controls. These data demonstrate that bacteria with PN-506 

degrading capacity can modulate acute allergic responses in vivo.  507 

Microbial PN metabolism does not always confer protection against IgE-mediated 508 

responses. Certain PN-degrading genera, such as Gemella or Streptococcus, lacked 509 

allergen-degrading capacity in vitro. However, Staphylococcus, a main PN-degrading 510 

taxon in the oral cavity, displayed strain-specific effects in our work. Others have reported 511 

that skin colonization by Staphylococcus aureus induces keratinocyte release of IL‑36α62, 512 

a pro-inflammatory cytokine linked to allergic sensitization to foods27. Additionally, 513 

Staphylococcus and other microbial proteases can induce immune activation and low-514 

grade inflammation in the colon63, and promote inflammatory responses to innocuous 515 

antigens64,65. Our findings revealed that Staphylococcus strains vary in their capacity to 516 

remove PN allergens and alter IgE-mediated recognition and mast cell activation in vitro. 517 

In gnotobiotic mice colonized with Staphylococcus strains exhibiting differing PN-518 

degrading capacities, efficient strains reduced Ara h 1 and Ara h 2 levels in the small 519 

intestine and serum. However, these immunodominant peptides increased systemically 520 

in mice colonized with a strain lacking efficient PN-degrading capacity. Enhanced 521 

passage of Ara h 1 and Ara h 2 through the intestinal mucosa after partial digestion of PN 522 

by this Staphylococcus strain was also confirmed with Ussing chambers, highlighting the 523 

role of bacterial activity in systemic allergen access, a critical step in anaphylactic 524 



reactions45. These results indicate that Staphylococcus species, including 525 

Staphylococcus aureus, may facilitate allergen passage through the mucosal barrier and 526 

promote allergic inflammation when allergen degradation is incomplete66,67. Some 527 

Staphylococcus strains can also compromise the epithelial barrier and increase 528 

permeability directly68,69.  Therefore, microbes may have a dual impact on IgE-mediated 529 

immune responses, depending on the bacteria’s ability to degrade PN allergens, 530 

regardless of its taxonomy. Complete microbial degradation of PN allergens reduces IgE 531 

responses, while inefficient metabolism may promote anaphylaxis by enhancing the 532 

passage of allergens through the mucosa. Altogether, the ability of the microbiota to 533 

completely degrade immunodominant allergens and reduce IgE recognition of PN 534 

significantly influences subsequent mast cell activation and anaphylactic reactions. 535 

The primary medical recommendation for food allergic patients is strict avoidance of the 536 

allergenic food. However, this is almost an unsurmountable challenge for certain allergies, 537 

given the ubiquity of some foods such as egg, wheat, milk or PN, resulting in a high rate 538 

of accidental exposures7,70,71. Allergen thresholds differ among PN-allergic patients, with 539 

some individuals experiencing anaphylactic reactions even after exposure to minimal 540 

amounts of PN72,73. To investigate the potential role of microbial allergen metabolism in 541 

food-induced anaphylaxis, we characterized the oral microbiota of PN-allergic patients 542 

starting OIT and presenting with varying allergen thresholds. Ara h 2-specific IgE was 543 

associated with allergen thresholds, consistent with previous findings74,75. Interestingly, 544 

patients with higher PN threshold presented higher relative abundance of 545 

Micrococcales—an order including PN-degrading Rothia and Micrococcus—, than highly 546 

sensitive allergic patients to PN, independently of IgE titers. Similarly, previous studies 547 

have reported an increased relative abundance of Rothia in the saliva of PN-allergic 548 

children undergoing OIT76. Moreover, PN threshold has been linked to bacterial 549 

composition in the saliva of PN-allergic children, with Rothia aeria77 and Veillonella78—550 

oral microbiota members with PN-degrading capacity—increasing among those with 551 

greater reaction threshold. These findings suggest that the threshold of allergen reactivity 552 

correlates with the metabolic activity of oral microbiota against food allergens, potentially 553 

serving as a predictive marker for assessing allergen reactivity. Longitudinal assessment 554 

of oral microbiota and allergen reactivity during peanut OIT in future studies will further 555 

inform how microbiota may influence OIT outcomes. Although OIT remains the only 556 

allergen-specific treatment with disease-modifying potential, it is associated with 557 

limitations such as events that compromise patient adherence, quality of life, and overall 558 

effectiveness54,79,80. Functional analysis of the oral microbiota may help identify patients 559 

with low allergen thresholds who are unable to undergo OIT. Furthermore, the unique 560 

capacity of microorganisms to metabolize PN allergens could be leveraged to raise 561 

allergen reactivity threshold. Characterizing PN-degrading bacteria could also be applied 562 

to reduce cross-contamination risks—a leading cause of unintentional allergen exposure 563 

and a significant concern in food allergy management71,81-83—and improve the 564 

formulation of hypoallergenic products. In summary, our findings reveal a novel microbial 565 

mechanism of relevance in food-induced anaphylaxis. Overall, our results underscore the 566 

role of the human microbiota in dictating the severity of IgE-mediated reactions upon food 567 



exposure through allergen metabolism and highlight the therapeutic potential of 568 

harnessing bacterial allergen-degrading capabilities for managing food allergies. 569 
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Human samples 1000 

Human saliva from peanut (PN) allergic patients entering oral immunotherapy (OIT; n=19) 1001 

were collected. These samples were obtained from children aged 1-14 years who 1002 

participated in a standard clinical oral food challenge to establish peanut threshold prior 1003 

to clinical management with PN OIT at Massachusetts General Hospital. Saliva was 1004 

collected with the SalivaBio Children’s Swab (Salimetrics) following the manufacturer’s 1005 

protocol, and samples were stored at -80oC until further use. PN- and antigen-specific Ig 1006 

levels in plasma from patients undergoing OIT were measured using a Phadia 1007 

ImmunoCAP 1000 instrument (ThermoFisher) according to the manufacturer’s 1008 

instructions. Saliva samples from healthy volunteers (n=13) were collected at McMaster 1009 

University under BUP#423. All patients and healthy volunteers provided written informed 1010 

consent as per local institutional review board guidelines. Supportive and demographics 1011 

data can be found in Table S1. 1012 

 1013 

Human sera for western blotting were provided by the Allergology Service at Hospital 1014 

Universitario de La Princesa (Madrid, Spain). The Research Ethics Committee of Hospital 1015 

Universitario de La Princesa approved the study protocol (reference 4460). All the donors 1016 

provided written informed consent with no conflict of interest. Donor sera characterization 1017 

is detailed in Supplementary Table S2. 1018 

Mice 1019 



Age-, sex-, and strain-matched controls were used in all experiments. Specific pathogen-1020 

free (SPF) C57BL/6 mice were purchased from Charles River and Taconic, while SPF 1021 

C3H-HeN mice were purchased from Taconic. Germ-free (GF) C57BL/6 mice used for 1022 

colonization experiments were originally purchased from Taconic and derived GF by two-1023 

stage embryo transfer. They were bred in flexible-film gnotobiotic isolators at McMaster 1024 

University’s Farncombe Family Digestive Health Research Institute Axenic Gnotobiotic 1025 

Unit (AGU). C3H-HeN mice with altered Schaedler flora (ASF) microbiota, a simple and 1026 

stable microbiota63,84, were bred and housed in GF conditions at the AGU. All mice were 1027 

maintained on a 12-h light-dark cycle and fed an autoclaved chow diet and sterile water 1028 

ad libitum. Eight-to-12-week-old mice were used throughout. All procedures were 1029 

approved by the Environmental Council of the Community of Madrid with PROEX 1030 

references 45.2/20 and 9.7/23, and the McMaster University Animal Care Committee and 1031 

McMaster University Animal Research Ethics Board in accordance with the Animal 1032 

Utilization Protocol #22-26. Ethical regulations for animal research were strictly followed. 1033 

 1034 

Food allergy and anaphylaxis model 1035 

To study the impact of microbes on PN metabolism and anaphylaxis, C3H-HeN mice with 1036 

different microbiota were sensitized to PN using distinct techniques. 1. Intra-gastric 1037 

sensitization: mice were provided 3.25 mg of crude PN extract (CPE; Greer Laboratories 1038 

Inc) and 0.625 µg of cholera toxin (List Biological Laboratories) in 0.1 mL of PBS by oral 1039 

gavage once a week for 6 weeks; 2. Intra-peritoneal sensitization: mice were provided 1040 

3.25 mg of CPE and 6.25 µg of cholera toxin in 0.1 mL of PBS intra-peritoneally once a 1041 

week for 4 weeks; 3. Passive sensitization- mice were subjected to 3 intra-peritoneal 1042 

injections (0.1, 0.2, and 0.4 mL) of serum obtained from intra-peritoneally sensitized PN-1043 

allergic mice as described33. After sensitization, mice were challenged with a 24 mg bolus 1044 

of CPE in 0.8 mL of PBS by oral gavage. In some experiments, CPE was pre-digested 1045 

with PN allergen-degrading bacteria (Rothia R1, Staphylococcus S1, or S2), or mice were 1046 

colonized with PN-degrading bacteria (Rothia R1, R2, and R3), prior to the oral challenge 1047 

to evaluate the impact of bacterial PN metabolism on allergenicity and anaphylaxis. 1048 

Serum was collected 48 h before challenge. Mice were monitored for 40 min after 1049 

challenge for changes in rectal (core) body temperature. Peripheral blood was collected, 1050 

and mice were euthanized 40 min after the oral challenge. Mucosal mast cell protease 1 1051 

(mMCP-1) was quantified in serum after the PN challenge, as it is a key biomarker of 1052 

anaphylaxis in mice, serving a similar role to serum tryptase for indicating mast cell 1053 

activation in humans85. 1054 

Microbiota model for studying microbial PN metabolism  1055 

To investigate the role of microbiota in PN metabolism, we used two colonization 1056 

approaches: 1. We studied PN metabolism in mice colonized with ASF and SPF 1057 

microbiota, and GF controls; 2. GF C57BL/6 mice were mono-colonized with selected 1058 

PN-degrading bacteria (Rothia R3 or Staphylococcus S1, S2, or S3). After colonization, 1059 



mice were administered 24 mg of CPE in 0.8 mL of PBS by oral gavage. Small and large 1060 

intestinal contents and serum from peripheral blood were collected 40 minutes post-1061 

administration for quantification of PN allergens Ara h 1 and Ara h 2 in biological samples 1062 

by ELISA (Indoor Biotechnologies) as described below. Additionally, small intestinal 1063 

contents were incubated ex vivo with CPE overnight (o/n), and remaining Ara h 1 and Ara 1064 

h 2 levels were quantified by ELISA (Indoor Biotechnologies). 1065 

 1066 

Characterization of bacterial PN-degradation and immune activation 1067 

To assess bacterial degradation of PN allergens and its impact on immune activation, we 1068 

performed in vitro digestions, proteomic characterization, and mast cell activation assays. 1069 

Bacterial isolates were incubated with CPE and degradation of Ara h 1 and Ara h 2 was 1070 

quantified by ELISA. Then, Rothia (R1, R2, and R3) and Staphylococcus (S1, S2, and 1071 

S3) candidates were selected for further characterization by SDS-PAGE, and Western 1072 

blotting. Western blotting was performed using sera from PN-allergic patients as well as 1073 

sera from mice allergic to Ara h 1 or to Ara h 2, to identify IgE-binding epitopes in the 1074 

digested PN allergens. Proteomic analysis using nano liquid chromatography coupled to 1075 

mass spectroscopy was used to characterize the degradation products and PN-specific 1076 

epitopes. For immune activation studies, bone marrow-derived mast cells (BMMCs) were 1077 

cultured and sensitized to PN with sera from PN-allergic mice. These cells were 1078 

challenged with bacterially digested PN to evaluate BMMC activation by β-1079 

hexosaminidase release and flow cytometry analysis of degranulation markers (CD63, 1080 

CD107a). 1081 

 1082 

METHOD DETAILS 1083 

Mouse colonization procedures 1084 

For colonization of GF C57BL/6 mice with ASF and SPF microbiota, fresh cecal and colon 1085 

contents were harvested from SPF C57BL/6 mice (Taconic) or ASF C3H-HeN mice, 1086 

diluted 1:10 in sterile PBS in anaerobic conditions, and 0.2 mL of each cecal/fecal 1087 

suspension was orally gavaged to mice. 1088 

 1089 

For mono-colonization of GF C57BL/6 mice with PN-degrading bacteria, Rothia R3 or 1090 

Staphylococcus S1, S2, or S3 were grown o/n in brain heart infusion broth (BHI; Research 1091 

products International Corp.) and 109 colony forming units (CFU) from the culture were 1092 

provided by oral gavage with PBS as a vehicle. GF controls were provided PBS by oral 1093 

gavage.  1094 

 1095 

For PN anaphylaxis model, ASF C3H-HeNTac mice received 109 CFU total of Rothia R1, 1096 

R2, and R3, by oral gavage, administered once per week for three weeks after 1097 

sensitization and before PN challenge. Sterile PBS was used as a vehicle and served as 1098 



a non-colonization control. Colonization was confirmed one week after the final oral 1099 

gavage by culturing mouse fecal suspensions on BHI agar plates. Bacteria were 1100 

subsequently identified by PCR and Sanger sequencing as described below.  1101 

 1102 

PN-specific IgE determination 1103 

Peripheral blood was collected by retro-orbital bleeding 48 h before the PN challenge. 1104 

Serum PN-specific IgE was measured using a sandwich ELISA adapted from previously 1105 

described methods33. Briefly, 96-well plates (high-binding, flat-bottom, polystyrene; 1106 

Corning, USA) were coated o/n at 4oC with 2 µg/mL rat anti-mouse IgE antibody diluted 1107 

in PBS. Plates were washed with PBS/0.05% Tween-20 (PBS-T; Sigma Aldrich), then 1108 

blocked with 1% BSA in PBS-T for 2 h at room temperature (RT). Plates were washed 1109 

thoroughly with PBS-T, then serum samples were incubated on the plate at 1/2 dilution 1110 

o/n at 4oC. To detect PN-specific IgE, plates were incubated with biotinylated-CPE (biot-1111 

CPE; 0.1518 µg/mL in blocking solution) for 90 min at RT. Biot-CPE was generated using 1112 

the EZ-Link Sulfo-NHS-LC-Biotinylation kit (Thermo Scientific). A standard curve, to 1113 

which no capture antibody or sera was added, was generated using biot-CPE, serially 1114 

diluted from 75 ng/mL to 0.6 ng/mL in PBS. Plates were washed thoroughly, then 1115 

incubated with streptavidin-HRP (1:250 dilution in blocking solution; Thermo Scientific) 1116 

and tetramethylbenzidine substrate (TMB; Thermo Scientific or Biolegend). The reaction 1117 

was stopped with 1 N H2SO4. OD was measured at 450 nm, and the values were 1118 

interpolated against the biot-CPE standard curve to determine relative PN-specific IgE 1119 

binding. Results are expressed as PN-IgE (Relative Binding, OD), reflecting the ability of 1120 

serum PN-specific IgE to bind PN allergens. 1121 

mMCP-1 quantification 1122 

Peripheral blood was collected by retro-orbital bleeding 40 min after the PN challenge.  1123 

The concentration of mMCP-1 was quantified using a Mouse mMCPT-1 ELISA kit 1124 

(Thermo Scientific) following the manufacturer’s instructions. Briefly, serum samples were 1125 

diluted by 1/25 and incubated on the capture antibody (anti-mouse mMCPT-1)-coated 1126 

plate for 2 h at RT. After washing, a biotin-conjugated anti-mouse mMCPT-1 antibody 1127 

was added to the plate and incubated for 1 h at RT. The reaction was developed with 1128 

avidin-HRP and TMB, stopped with 1N H2SO4 and OD was measured at 450 nm. The 1129 

results are expressed as ng of mMCP-1 per mL of serum and multiplied by the dilution 1130 

factor of the sample. 1131 

 1132 

ELISA detection of PN allergens in biological samples 1133 

Ara h 1 and Ara h 2 were detected in samples harvested 40 min following intra-gastric 1134 

administration of 24 mg of CPE in 0.8 mL of PBS. Serum from peripheral blood was 1135 

collected by retro-orbital bleeding and analyzed undiluted. Whole small and large 1136 

intestinal content was analyzed after dilution by 1/5 and 1/10 in PBS. The quantification 1137 



of PN allergens was performed using proprietary ELISA kits for Ara h 1 and Ara h 2 1138 

following the manufacturer’s instructions (Indoor Biotechnologies). Briefly, for Ara h 1 1139 

detection by ELISA (Indoor Biotechnologies): Plates pre-coated with a monoclonal anti-1140 

Ara h 1 antibody were washed with wash buffer, and biological samples and Ara h 1 1141 

standards were added and incubated for 1 h. The plates were washed, and a second 1142 

monoclonal anti-Ara h 1 antibody conjugated to peroxidase was added and incubated for 1143 

1 h. After a final wash, TMB substrate was added, and the reaction was stopped with 0.5 1144 

N H2SO4. OD was measured at 450 nm, and results were expressed as the concentration 1145 

of Ara h 1 in biological samples, multiplied by the dilution factor. For Ara h 2 detection by 1146 

ELISA (Indoor Biotechnologies): Plates pre-coated with a monoclonal anti-Ara h 2 1147 

antibody were washed with wash buffer, and biological samples and Ara h 2 standards 1148 

were added and incubated for 1 h. After washing, a rabbit anti-Ara h 2 polyclonal detection 1149 

antibody was added and incubated for 1 h. This was followed by the addition of a 1150 

peroxidase-conjugated anti-rabbit IgG for 1 h. After the final wash, TMB substrate was 1151 

added, and the reaction was stopped with 0.5 N H2SO4. OD was measured at 450 nm, 1152 

and results were expressed as the concentration of Ara h 2 in biological samples, 1153 

multiplied by the dilution factor. 1154 

Detection of PN degradation by microbes isolated from human saliva and mouse 1155 

intestinal content 1156 

Whole human saliva samples from healthy individuals (n=13) and mouse small and large 1157 

intestinal contents (10 mg/mL in PBS) were plated on agar media plates designed to 1158 

isolate PN-degrading bacteria. BHI media enriched with powdered PN (organic partially 1159 

defatted PN; PB&Me, Sahah Naturals) or agar supplemented with powered PN were 1160 

used. Plates were incubated with samples for 48 h in aerobic and anaerobic conditions 1161 

(Bactron IV anaerobic chamber). The bacteria were isolated based on their capacity to 1162 

generate a visible hydrolytic halo in the media, which is indicative of the breakdown of PN 1163 

components in the media. Isolated bacteria demonstrating PN hydrolytic activity were 1164 

incubated in liquid BHI with CPE (0.5 mg/mL). After 48 h of incubation under aerobic or 1165 

anaerobic conditions, the amount of Ara h 1 and Ara h 2 in media was quantified by ELISA 1166 

as described above and degradation capacity was displayed as a semi-quantitative 1167 

measure by comparing the initial concentration of Ara h 1 and Ara h 2 in the non-growth 1168 

negative control to the remaining concentration in the experimental samples. 1169 

Salivary and intestinal microbes were identified using Sanger sequencing technology. 1170 

Briefly, DNA from isolates was extracted by picking single bacterial colonies into water, 1171 

boiling, and centrifuging at 2,000 RCF for 2 min. The 8F-926R region of the 16S rRNA 1172 

gene was amplified by PCR using the extracted DNA and sequences were determined 1173 

using Sanger sequencing (FW primer: 5’- AGAGTTTGATCCTGGCTCAG-3’, RV primer: 1174 

5’-CCGTCAATTCCT-TTRAGTTT-3’). The resulting sequences for the isolates were 1175 

taxonomically assigned using the NCBI nucleotide collection database86. 1176 



Microbial digestion of PN for challenge 1177 

Selected bacteria (Rothia aeria (R1), Staphylococcus epidermidis (S1), and 1178 

Staphylococcus aureus (S3)) were grown o/n on BHI agar plates enriched with 1% 1179 

powdered PN to confirm PN degradation capability (visible PN hydrolytic halo). For each 1180 

strain, a 10 mL pre-inoculum was prepared by o/n culture in liquid BHI. Then, 10 µL of 1181 

pre-inoculum was transferred into 5 mL of OptiMEM medium containing 30 mg/mL CPE 1182 

and incubated for 6 h to complete the PN digestion process. The resulting digests were 1183 

boiled for 5 min to kill the bacteria, and 800 µL of the digests, containing 24 mg of digested 1184 

PN, was administered by oral gavage at the time of challenge as described above. 1185 

OptiMEM medium served as the vehicle for non-digested CPE challenge. 1186 

Measurement of ex vivo intestinal PN-degrading capacity 1187 

The ability of the intestinal content from mice colonized with PN-degrading bacteria to 1188 

degrade PN was assessed using ELISA and a bioassay with agar media enriched with 1189 

PN. Solid BHI agar enriched with 1% powdered PN was prepared, and a 50 μL aliquot of 1190 

diluted (1/2 in PBS) small intestinal content was placed into wells created in the agar. The 1191 

plates were then incubated for 24 h. The PN-degrading capacity was determined by 1192 

measuring the diameter of the clear halo around the inoculation site, indicating 1193 

degradation, and the results were expressed in millimeters. In addition, the intestinal 1194 

contents were also incubated with CPE (0.5 mg/mL). After 48 h of incubation, the quantity 1195 

of Ara h 1 and Ara h 2 in media was analyzed by ELISA as described above.  1196 

Ussing chamber detection of PN translocation after bacterial digestion 1197 

Translocation of PN allergens after digestion by bacteria was evaluated ex vivo using 1198 

small intestinal sections of SPF C3H-HeN mice and the Ussing chamber technique. For 1199 

preparation of bacterial PN allergen digestions, Rothia mucilaginosa (R3), 1200 

Staphylococcus epidermidis (S1), and Staphylococcus aureus (S2 & S3) were grown for 1201 

16 h in BHI liquid medium. Bacteria were then incubated in BHI with 5 mg/mL CPE for 4 1202 

h to allow for bacterial digestion of the PN allergens. After incubation, samples were boiled 1203 

for 15 min. Bacterial digestions were performed in triplicate, with a negative control 1204 

containing no bacterial inoculum. For the Ussing chamber technique, 1.5 cm sections of 1205 

proximal small intestine were collected, opened along the mesenteric border, and 1206 

mounted on the sliders of Ussing chambers. Each chamber exposed 0.25 cm² of tissue 1207 

surface area to 4 mL of circulating oxygenated Krebs buffer containing 10 mM glucose 1208 

(serosal side) and 10 mM mannitol (mucosal side), maintained at 37°C and aerated with 1209 

95% O2 and 5% CO2. Then, 0.2 mL of each bacterial digestion was placed into 4 mL of 1210 

Krebs buffer on the mucosal side of the chamber. The experiment was run for 2 h, after 1211 

which the total mucosal and serosal volumes were collected. The concentrations of PN 1212 

allergens Ara h 1 and Ara h 2 on the serosal side were quantified by ELISA and expressed 1213 

as intestinal translocation of allergens. The Ussing chamber system was from Physiologic 1214 

Instruments. 1215 



Microbial digestion of PN for proteomic and immune activation assays 1216 

Rothia (R1- Rothia aeria R2- Rothia dentacariosa R3- Rothia mucilaginosa) and 1217 

Staphylococcus (S1- Staphylococcus epidermidis, S2- Staphylococcus aureus, S3- 1218 

Staphylococcus aureus) species were selected for characterization of PN allergen 1219 

degradation and allergenicity. Bacteria were grown o/n in BHI (10 mL), then 10 µL of 1220 

bacterial culture was taken and used to inoculate 1 mL of OptiMem with 0.5 mg/mL CPE. 1221 

The bacteria were incubated in the media with CPE for 4 h at 37oC. After the incubation, 1222 

the digestion was stopped by boiling for 5 min. Subsequently, the digestion of Ara h 1 and 1223 

Ara h 2 were detected using ELISA, SDS-PAGE and Western blotting, and BMMC 1224 

activation assays. 1225 

SDS-PAGE and Western blotting 1226 

To assess PN degradation profiles produced by degradation by Rothia and 1227 

Staphylococcus species we performed SDS-PAGE and Western blotting. Bacteria were 1228 

grown in 0.5 mg/mL as mentioned above. Undigested PN, was used as control. Then 1229 

Laemmli sample buffer (Bio-Rad) with β-mercaptoethanol (Sigma-Aldrich) at 1/10 was 1230 

added at 1/4 in a final volume of 50 µL. Before loading the gel (Any kD™ Mini-PROTEAN® 1231 

TGX™ Precast Protein Gels, Bio Rad), samples were heat-denatured at 100ºC for 5 min. 1232 

Moreover, a protein molecular weight marker was added (ThermoFischer). The gel was 1233 

run in 1X running buffer (i.e., SDS/Tris/Glycine 10X, Bio-Rad) for 1-1.5 h at 100 V using 1234 

an electrophoretic cell and a power supply Mini-Protean System Bio-Rad (Bio-Rad).  1235 

 1236 

For SDS-PAGE, after running, the gel was placed in staining solution (45% of methanol 1237 

and 10% of acetic acid in distilled water, plus 0.2% w/v of Coomassie blue, Bioscience) 1238 

for 1 h in agitation. Then, the staining solution was removed using destaining solution 1239 

(20% methanol and 10% acetic acid, Sigma-Aldrich, in distilled water) in constant 1240 

agitation, the process was repeated every 15 min until the background was eliminated. 1241 

Then, the gel was photographed using a molecular imaging system (Amersham 1242 

ImageQuant™ 800). 1243 

 1244 

For Western blotting, after running the gel, the bands of the gel were transferred to a 1245 

nitrocellulose membrane (Bio-Rad) using a transfer system (fiber pad, filter paper, 1246 

membrane, gel, filter paper and fiber pad) and transfer buffer (20% methanol and 10% of 1247 

Tris-Glycine 1X in distilled water). The transference was run for 1 h at 400 mA. Then, to 1248 

check that bands were transferred correctly, the membrane was stained with Ponceau S 1249 

Staining solution (ThermoScientific). After cleaning with water and 3 washes with TBS-T 1250 

solution, the membrane was blocked in constant agitation for at least 1 h with 3% BSA 1251 

(NZYtech) in TBS-T. Then, the membrane was incubated with sera from PN-allergic 1252 

donors, or sera from mice allergic to Ara h 1 or to Ara h 2 (diluted in 3% BSA at different 1253 

dilutions depending on the amount of IgE) as primary antibody, at 4ºC o/n with smooth 1254 

agitation. Sera from non PN-allergic donors (Table S2) and non PN-allergic mice were 1255 



used as negative control. During day 2, after performing 6 washes with TBS-T every 10 1256 

min with agitation, the membrane was incubated with anti-human IgE-HRP (Invitrogen) 1257 

1:10,000 or anti-mouse IgE-HRP (SouthernBiotech) 1:1,000 as secondary antibody for 1 1258 

h at RT with agitation. Then, 6 washes with TBS-T every 10 min with agitation were 1259 

performed before revealing the membrane According to the instructions of the 1260 

manufacturer (Cytiva-Merck), 1:1 of peroxide and luminol and 1 mL of the mixture was 1261 

added to the membrane. The chemiluminescent signal of the gel was captured in a 1262 

chemiluminescent imaging system (Amersham ImageQuant™ 800). SDS-PAGE and 1263 

Western blots were analyzed using Fiji ImageJ. 1264 

 1265 

Proteomics 1266 

Proteomics was performed to identify bacterial degradation products of PN allergens and 1267 

to map PN-specific epitopes. Microbial PN digestions (above) by Rothia (R1, R2, and R3) 1268 

and Staphyloccocus (S1, S2, and S3) were ultra-filtered using microcon filter units with a 1269 

3 kD cutoff that were previously equilibrated and washed with water. The peptides of the 1270 

flow-through were selected (<3 kD) and they were cleaned with ZipTip with 0.6 µL 1271 

C18 resin (Merck Millipore) to avoid the presence of elements that could interfere with the 1272 

mass spectrometry, and they were drained in a SpeedVac Vacuum Concentrator. The 1273 

samples, resuspended in a volume of 14 µL and 2 µL LC-MS grade water containing 2% 1274 

(v/v) acetonitrile and 0.1% (v/v) formic acid, were used for the quantification with the QBIT 1275 

method, analyzing around 0.8 µg per sample. The peptides were analyzed by nano liquid 1276 

chromatography coupled to mass spectrometry in data-dependent-acquisition mode 1277 

using an UltiMate 3000 High Pressure Liquid Chromatograph (Fisher Scientific) and a 1278 

Orbitrap Exploris™ 240 Mass Spectrometer (Fisher Scientific). The flow of the 1279 

chromatograph was 250 nL/min for 60 min, and an Easy‑spray PepMap C18 analytical 1280 

column 50 cm × 75 μm (Fisher Scientific) was used. 1281 

The obtained MS1 and MS2 spectra were analyzed using the Peaks 1282 

(https://www.bioinfor.com/peaksdb/) search engine against an Arachis hypogaea 1283 

proteome database obtained from UniprotKB (https://www.uniprot.org/) combined with a 1284 

list of typical laboratory contaminants, using a tolerance of 10 ppm and 0.02 Da for the 1285 

precursor ions and fragments, respectively. Carbamidomethylation in cysteines was used 1286 

as fixed modification and acetyl in the N-terminal end of the protein and methionine 1287 

oxidation were used as variable modifications. The search was performed without 1288 

restrictions to any proteases and the results were shown as proteins identified with at 1289 

least a unique peptide with a False Discovery Rate ≤1%. 1290 

The unique peptides obtained after the analysis were located and identified in the 1291 

sequences of Ara h 1 and Ara h 2, which were downloaded from the Protein Data Bank 1292 

(https://www.rcsb.org/). The most common human IgE binding epitopes of Ara h 1 and 1293 

Ara h 2 were found in the following allergen databases: Allergen Nomenclature 1294 



(https://allergen.org/); Allergen Online (http://allergenonline.org/); and Compare 1295 

Database (https://db.comparedatabase.org/). Furthermore, previous studies were 1296 

considered to specify immunodominant IgE binding epitopes29-31. Molecular structure 1297 

analysis was performed with Chimera v1.17.3 for tridimensional visualization of allergens 1298 

and relevant epitopes before and after bacterial digestion. 1299 

Mice sensitization to Ara h 1 and Ara h 2  1300 

Mice were sensitized to immunodominant PN allergens to generate sera specific to Ara 1301 

h 1 or Ara h 2 specific IgE to be used in mast cell degranulation assays (above). To 1302 

sensitize mice against native Ara h 1 (InBio) or recombinant Ara h 2 (prepared as 1303 

reported87 using Uniprot reference Q6PSU2-1 without the signal peptide), 3 1304 

intraperitoneal injections with 10 µg of the allergen plus 1 mg aluminum hydroxide 1305 

(Alhydrogel® adjuvant 2%, InvivoGen) were performed. Previously, aluminum hydroxide 1306 

and allergen were mixed at 4ºC during 30 min in a ferris wheel. Between the first and 1307 

second injection, 2 weeks were left; and 1 week between the second and third injection. 1308 

Blood samples were collected and centrifuged at 16,000 RCF to obtain sera for mast cell 1309 

activation assays and Western blot analysis (see below). Control sera from PN-allergic 1310 

mice were generated following immunization with a classical model of food allergy.33,52 1311 

 1312 

Bone marrow-derived mast cell culture 1313 

BMMCs were cultured to assess mast cell activation by bacterially digested PN allergens. 1314 

Bone marrow from femur and tibia of C57BL/6 (Charles River) mice were used to obtain 1315 

BMMCs as described88. In short, bone marrow was flushed out inserting a 23-gauge 1316 

needle (BD Microlance) attached to the 10 mL syringe filled with PBS (Gibco) at the knee 1317 

side of both types of bone. Then, the cell suspension collected was filtered with a 40 µm 1318 

filter (Falcon). After centrifugating 5 min at 286 RCF and RT, the pellet was lysed with 1319 

ACK lysing buffer (Lonza). Erythrocyte-lysed bone marrow cells were cultured for 4 weeks 1320 

in Petri dishes at 37ºC and 5% CO2 in Iscoves´s Modified Dulbecco´s Medium (IMDM, 1321 

Gibco) supplemented with 10% fetal bovine serum (FBS, Cytiva), 1% minimal essential 1322 

medium (MEM, Gibco), 1% sodium pyruvate (Biowest), 1% penicillin/streptomycin (P/S, 1323 

Gibco), 1% non-essential amino acids (Biowest), 0.01% recombinant murine stem cell 1324 

factor (SCF, PeproTech) and 0.05% recombinant murine Interleukin (IL-3, PeproTech), 1325 

until they differentiated into mature BMMCs. Cell growth and viability were monitored 1326 

using the trypan blue exclusion test. The culture media was changed weekly, and the 1327 

cellularity was kept below 0.5 × 106 cells/mL. 1328 

 1329 

BMMC activation 1330 

BMMC activation was conducted as reported32,33. In brief, BMMCs were sensitized o/n at 1331 

37ºC and 5% CO2 with sera at a concentration range of 15–40 ng/mL from Ara h 1- or 1332 

Ara h 2-sensitized mice. Culture media was changed 1-2 days previous sensitization. PN-1333 

allergic mice sera were used as a positive control. BMMC sensitization was done at a cell 1334 



density of 1 × 106 cells/mL. The next day, BMMCs were washed to eliminate unbound Igs 1335 

(cells were spun at 265 RCF for 5 min and low break) and resuspended in supplemented 1336 

IMDM without cytokines, nor FBS, at a cell density of 1 × 106 cells/mL. For BMMC 1337 

activation, bacteria with PN-degrading potential isolated from saliva and gut of healthy 1338 

donors were selected. Then, 0.1 × 106 BMMCs per condition were placed in a U/V bottom 1339 

96-well culture plate (Falcon) and challenged with bacterially digested PN (Stallergenes 1340 

Greer) at 25 µg/mL and 100 µg/mL in Ara h 1-sensitized BMMCs, or at 50 µg/mL and 200 1341 

µg/mL in Ara h 2-sensitized BMMCs. Media and undigested PN were used as negative 1342 

and positive controls, respectively. After 20 min at 37ºC and 5% CO2, the reaction was 1343 

stopped on ice and BMMC activation was determined via β-hexosaminidase activity in 1344 

the supernatants, and phenotypically (CD63 and CD107a expression) by flow 1345 

cytometry32. 1346 

 1347 

β-hexosaminidase activity assay 1348 

BMMCs were centrifugated as above described to recover cell-free supernatants. A 1349 

volume of supernatant of 45 µL was added in duplicates to 45 µL of β-hexosaminidase 1350 

substrate solution (2 mM p nitrophenyl N-acetyl β-D-glucosamine, Sigma-Aldrich) diluted 1351 

in 0.1 M citrate buffer (45 mM dehydrated sodium citrate, 55 Mm citric acid, Sigma-Aldrich, 1352 

in distilled H2O) in a flat-bottom 96-well plate. After incubation at 37ºC for 45 min in the 1353 

dark, 45 µL NaOH 1 M (1M sodium hydroxide, Sigma-Aldrich, in distilled H2O) were added 1354 

to stop the reaction. OD was measured at 405 nm with a microplate reader. Buffers alone 1355 

and BMMC lysates (0.5% Triton X-100, Sigma Aldrich, was used for cell lysis) were used 1356 

as control, absorbance background (B) and total lysis, respectively. The percentage of 1357 

BMMC degranulation, based on β-hexosaminidase activity, was calculated as follows:  1358 

Degranulation (%)=
OD supernatant-B  

OD total lysis-B
×100 1359 

Flow cytometry 1360 

BMMCs were resuspended in ice-cold FACS buffer (2.5 mM EDTA, PanReacAppliChem, 1361 

0.5% BSA in PBS). BMMCs were blocked with 1:50 Fc block (purified anti-mouse 1362 

CD16/32, BioLegend) for 15 min on ice to prevent non-specific antibody binding. Then, 1363 

BMMCs were incubated with BV421 rat anti-CD117 (c-kit) (BioLegend) 1/200; APC rat 1364 

anti-CD63 (BioLegend) 1:200; PerCP-Cy5.5 rat anti-CD107a (LAMP-1) (BioLegend) 1365 

1:200; PE rat anti-IgE (BioLegend) 1:200; PE-Cy7 rat anti-FcεR1α (BioLegend) 1:200; on 1366 

ice for 30 min covered from light. Viability was assessed with efluor780 dye (eBioscience) 1367 

1:4,000. After washing with FACS buffer to eliminate unbound antibodies, cells were 1368 

analyzed on a BD FACSCantoll flow cytometer. On average, 10,000 events of live and 1369 

singlet cells were recorded. Data were analyzed with FlowJo v10 software; dead cells 1370 

and aggregates were excluded and fluorescence minus one (FMO) controls were used 1371 

for gating. 1372 

 1373 



Microbiota analysis 1374 

DNA was extracted from mouse fecal pellets and human saliva and the hypervariable V3-1375 

V4 regions of the 16S rRNA gene were amplified with polymerase chain reaction (PCR) 1376 

using Taq polymerase (Life Technologies), as previously described63. Forward barcoded 1377 

primers targeting the V3 region (v3f_341f-CCTACGGGNGGCWGCAG) and reverse 1378 

primers targeting the V4 region (v4r_806r-GGACTACNVGGGTWTCTAAT) were used. 1379 

Forward primers included six-base pair barcodes to allow multiplexing samples. Purified 1380 

PCR products were sequenced using the Illumina MiSeq platform by the McMaster 1381 

Genomics facility. Primers were trimmed from the obtained sequences with Cutadapt 1382 

software89,90, and processed with Divisive Amplicon Denoising Algorithm 2 (DADA2; 1383 

version 1.14.0) using the trained SILVA reference database (version 138.1)91,92. A 1384 

phylogenetic tree of the sequences was calculated using FastTree 293, and data was 1385 

explored using the phyloseq package (version 1.30.0) in R (version 3.6.2)94. After data 1386 

cleanup, a total of 292,618 reads were obtained with a minimum of 11,651 and maximum 1387 

of 60,790 with an average of 32,513 reads per sample for mouse microbiota. For human 1388 

healthy control salivary microbiota, a total of 273,686 reads were obtained with a 1389 

minimum of 1,881 and maximum of 48,620 with an average of 16,099 reads per sample. 1390 

For PN allergic patient salivary microbiota, a total of 844,167 reads were obtained with a 1391 

minimum of 3,236 and maximum of 145,324 with an average of 36,702 reads per sample. 1392 

Alpha-diversity was measured using observed species and Chao1 indices. Beta-diversity 1393 

was calculated on normalized data and the originated matrices were ordinated using 1394 

principal coordinate analysis based on Jaccard distance (mouse microbiota) and Bray-1395 

Curtis dissimilarity (human microbiota). 1396 

 1397 

STATISTICAL ANALYSIS 1398 

All variables were analyzed using GraphPad Prism 9 and 10 software (GraphPad 1399 

Software, USA). Parametric data are depicted as dot plots with each dot representing an 1400 

individual mouse or biological replicate. Normal distribution was determined by 1401 

D’Agostino-Pearson omnibus normality test, Shapiro-Wilk test, and Kolmogorov-Smirnov 1402 

test with Dallal-Wilkinson-Lillie correction. One way analysis of variance (ANOVA) was 1403 

used to evaluate differences between more than two groups with a parametric distribution 1404 

and Tukey’s or Dunnet’s post-hoc corrections were applied. Student’s t-test (two-tailed) 1405 

was performed to evaluate the differences between two independent groups as 1406 

appropriate. Data with non-normal distribution were evaluated with Kruskal-Wallis test 1407 

with Dunn’s post-hoc test for more than two groups. A P value of ≤ 0.05 was selected to 1408 

reject the null hypothesis. Information regarding specific P values, value of n, and how 1409 

data are presented can be found in figure legends. 1410 



 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rat anti-mouse IgE (clone R35-72) BD Pharmingen Cat# 553413 

Anti-mouse IgE-HRP (clone: 23G3) SouthernBiotech Cat#1130-05 

Anti-human IgE-HRP Invitrogen Cat#A18793 

Sera from Ara h 1- or Ara h 2-sensitized mice This paper N/A 

Purified anti-mouse CD16/32 (clone: 93) BioLegend Cat#101302 

BV421 rat anti-CD117 (c-kit) (clone: ACK2) BioLegend Cat#135124 

APC rat anti-CD63 (clone: NVG-2) BioLegend Cat#143906 

PerCP-Cy5.5 rat anti-CD107a (LAMP-1) (clone: 1D4B) BioLegend Cat#121626 

PE rat anti-IgE (clone: RME-1) BioLegend Cat#406908 

PE-Cy7 rat anti-FcεR1α (clone: MAR 1) BioLegend Cat#134318 

Bacterial and virus strains  

Rothia aeria This paper R1 

Rothia dentacariosa This paper R2 

Rothia mucilagenosa This paper R3 

Staphylococcus epidermidis This paper S1 

Staphylococcus aureus This paper S2 

Staphylococcus aureus This paper S3 

Biological samples   

Serum from peanut-allergic donors Hospital Universitario 
de la Princesa 

N/A 

Saliva from Healthy controls McMaster University N/A 

Saliva from peanut-allergic patients Mass General Hospital N/A 

Chemicals, peptides, and recombinant proteins 

ACK Lysing Buffer Lonza Cat#BP10-548E 

Iscoves´s Modified Dulbecco´s Medium (IMDM) Gibco Cat#12440-053 

Fetal Bovine Serum (FBS) Cytiva Cat#SV30160.03 

Minimal essential medium (MEM) Gibco Cat#11120-037 

Penicillin/Streptomycin Gibco Cat#15140122 

Non-essential amino acids Biowest Cat#X0557-100 

Sodium Pyruvate Biowest Cat#L0642 

Recombinant Murine Stem Cell Factor (r-mSCF) PeproTech Cat#250-03 

Recombinant Murine Interleukin 3 (r-mIL-3) PeproTech Cat#213-13 

Native Ara h 1 InBio Cat#NA-AH1-1 

Native Ara h 2 InBio Cat#NA-AH2-1 

Recombinant Ara h 2 Centre for Plant 
Biotechnology and 
Genomics 

N/A 

Aluminum hydroxide, Alhydrogel® adjuvant 2% InvivoGen Cat#21645-51-2 

Bovine Serum Albumin (BSA) NZYtech Cat#9048-46-8 

Tetramethylbenzidine (TMB) Biolegend Cat#421101 

Peanut (PN; CPE) Stallergenes Greer Cat#XPF171D3A25 

p nitrophenyl N-acetyl β-D-glucosamine Sigma-Aldrich Cat#N9376-100MG 

0.5% Triton X-100 Sigma Aldrich Cat#9036-19-5 

Ethylenediaminetetracetic acid (EDTA) PanReacAppliChem Cat#131026 

Efluor780 viability  eBioscience Cat#65-0865-14 

Key Resource Table



 

Any kD™ Mini-PROTEAN® TGX™ Precast Protein Gels Bio Rad Cat#4569034 

Nitrocelulose membrane Bio Rad Cat#1620115 

Protein molecular weight marker ThermoFischer Cat#26619 

Microcon units Sigma Cat#UFC5003 

Cholera toxin from Vibrio cholerae Inaba 5698 List Biological 
Laboratories 

Cat#100B, 9100B 

Brain-heart infusion (BHI) broth Research Products 
International Corp. 

Cat#B11000-1000 

Powdered PN PB & Me, Sahah 
Naturals 

SKU#62845116652 

Opti-MEMTM Reduced Serum Medium Gibco, 
ThermoScientific 

Cat#31985070 

Critical commercial assays 

Mouse MCpT-1 Uncoated ELISA Kit with Plates Thermo Scientific Cat#88-7503-22 

Ara h 1 ELISA 2.0 Indoor 
Biotechnologies 

Cat#EPD-AH1-5 

Ara h 2 ELISA 2.0 Indoor 
Biotechnologies 

Cat#EPD-AH2-5 

EZ-Link Sulfo-NHS-LC-Biotinylation Kit ThermoScientific Cat#21435 

Deposited data 

Microbiome data (TBD)   

Experimental models: Cell lines 

   

Experimental models: Organisms/strains 

Mouse:C57BL/6 (6–12 weeks of age, male or female)  Charles River 
Laboratory 

Strain No.: 027 

Mouse:C3H-HeN Taconic Biosciences  Strain No.: 
C3H/HeNTac 

Mouse:C57BL/6N (germ-free) Taconic Biosciences Strain No.: 
C57BL/6NTac 

Oligonucleotides 

Microbiota primers 
F: (v3f_341f-CCTACGGGNGGCWGCAG) 
R: (v4r_806r-GGACTACNVGGGTWTCTAAT) 

IDT DNA N/A 

Sanger sequencing primers 
F: (5’- AGAGTTTGATCCTGGCTCAG-3’) 
R: (5’-CCGTCAATTCCT-TTRAGTTT-3’) 

IDT DNA N/A 

Recombinant DNA 

   

Software and algorithms 

Graph Pad Prism v 9.0  GraphPad https://www.graphpa
d.com/demos/ 

FlowJo v10 BD https://www.flowjo.co
m/solutions/flowjo 

Peaks Bioinformatics 
Solutions Inc. 

https://www.bioinfor.
com/peaksdb/ 

UniprotKB Uniprot https://www.uniprot.o
rg/ 

Protein Data Bank RCSB PDB https://www.rcsb.org/ 



 

Allergen Nomenclature Allergen 
Nomenclature. 
Financial contributions 
from IUIS, EAACI, 
and AAAAI 

https://allergen.org/ 

Allergen Online AllergenOnline. 
University of 
Nebraska-Lincoln 

http://allergenonline.
org/ 

Compare Database Compare https://db.compared
atabase.org/ 

Chimera v1.17.3 University of California 
San Francisco (UCSF) 

 
https://www.cgl.ucsf.
edu/chimera/ 

ImageJ 1.53q Fiji https://fiji.sc/ 

Illumina MiSeq Illumina Inc. https://www.illumina.
com/ 

Cutadapt Marcel Martin1 https://cutadapt.read
thedocs.io/ 

DADA2 (version 1.14.0) Benjamin Callahan2 https://benjjneb.githu
b.io/dada2/ 

SILVA Database (version 138.1) SILVA Consortium3 https://www.arb-
silva.de/ 

FastTree 2 Morgan N. Price et al.4 https://www.microbe
sonline.org/fasttree/ 

Phyloseq (version1.30.0) Paul J. McMurdie & 
Susan Holmes5 

https://joey711.githu
b.io/phyloseq/ 

R (version 3.6.2) R Foundation for 
Statistical Computing 

https://www.r-
project.org/ 

Other 

Sterile Dish 100 mm x 20 mm CC-treated  Corning Cat#430167 

U/V-bottom 96 well TC-treated microplates  Falcon Cat#353910 

Flat-bottom 96 well high binding microplates  Costar Cat#3590 

23-gauge needle BD Microlance Cat#300800 

40 µm filter  Falcon Cat#352340 

Microplate reader Promega GloMax Discover 

SalivaBio Children’s Swab Salimetrics Cat#5001.06 

Flow cytometer BD FACSCantoII 

Ussing chamber system Physiologic 
Instruments 

Cat#P2400 

Imaging system  Amersham ImageQuant™ 800 

ZipTip with 0.6 µL C18 resin Merck Millipore Cat#ZTC18S008 

UltiMate 3000 High Pressure Liquid Chromatograph Fisher Scientific Cat# IQLAAAGABH
FAPBMBFB 

Orbitrap Exploris™ 240 Mass Spectrometer Fisher Scientific Cat#BRE725535 

Easy‐spray PepMap C18 analytical column 50 cm × 75 
μm 

Fisher Scientific Cat#ES903 

Non-heparinizing microcapillaries (Fisher Scientific), Fisher Scientific Cat#11884040 
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Figure S1. Intestinal microbiota of Altered Schaedler Flora (ASF) and specific pathogen 
free (SPF) mice. (A) Beta-diversity (Jaccard index) plot of fecal microbiota of ASF and 
SPF mice where each dot represents one mouse. (B) Alpha diversity metrics based on 
observed species and Chao1 index of ASF and SPF mice where each dot represents one 
mouse. (C) Order-level relative abundance of the microbial composition of ASF and SPF 
mice where each bar represents one mouse. n=4–5 mice per group. 
  

Supplemental Text and Figures Click here to access/download;Supplemental Text and
Figures;20250217_Supplement_FINAL.docx



 
Figure S2. Peanut (PN) digestion by Altered Schaedler Flora (ASF) and specific 
pathogen-free (SPF) intestinal contents of C3H-HeN mice. ASF and SPF C3H-HeN mice 
were provided a 24 mg bolus of PN i.g. Peripheral blood and small intestinal contents 
were collected 40 minutes post PN delivery for analysis. n=5 mice per group. PN allergens 
(Ara h 1 and 2) in small intestinal content (A) and in serum from peripheral blood (B). (C) 
Heatmap showing digestion capacity of ASF and SPF microbiota of C3H-HeN mice 
against Ara h 1 and 2. Intestinal contents were subsequently incubated with PN allergens 
in vitro and remaining allergens were quantified after digestion. Each row represents one 
mouse. Significance levels: Ara h 1 SPF vs. ASF (P<0.0001), Ara h 2 SPF vs. ASF (P= 
0.0001). Data are presented as mean where each dot represents an individual mouse (A-
B), or each row represents one mouse (C). Displayed P values were calculated using an 
unpaired Student’s t-test. 
 
  



 
Figure S3. Body temperature reduction of Altered Schaedler Flora (ASF) and specific 
pathogen-free (SPF) mice in response to peanut (PN) challenge in different sensitization 
models, and characterization of allergic donor serum used for passive sensitization 
corresponding to Figure 2. (A-C) Body temperature reduction after PN challenge for i.g., 
i.p., and passively sensitized mice, respectively. (D) PN-specific IgE and IgG1 in allergic 
donor serum used for passive sensitization. Data are presented as mean + SD. Displayed 
P values were calculated using an unpaired Student’s t-test. 



 
Figure S4. Characterization of peanut (PN)-degrading bacteria isolated from human 
saliva. (A) Heatmap of PN allergen degradation capacity of bacterial strains. (B) 
Degradation of Ara h 1 and 2 by bacterial strains that were further characterized in Figures 
4 and 5 for their proteomic profiles and effects on mast cell activation. Colour scale (blue-
yellow-red) represents allergen degradation. 
  



 
Figure S5. Characterization of sera specificity from mono-sensitized mice. (A) Gating 
strategy. Bone marrow-derived mast cells (MCs) co-express FcεRI and CD117. MC 
activation was detected by the expression of CD63 and CD107a. Gates of positive and 
negative controls are shown. Controls of sera specificity to (B) Ara h 1 and (C) Ara h 2. 
MCs were sensitized with a pool of sera from Ara h 1- or Ara h 2-allergic mice, 
respectively, and then challenged with undigested PN (blue), native Ara h 1 (white) or 
recombinant Ara h 2 (grey). Data are presented as the mean +/- SEM of each group. 
Displayed P values were calculated using a one-way ANOVA with Tukey’s post-hoc test 
in panels B and C (CD107a and β-hexosaminidase activity) or using Kruskal-Wallis test 
with Dunn´s post hoc test in panel C (CD63). 
  



 
Figure S6. Peanut (PN)-allergic patients (n=19) were tested for PN threshold using 
increasing PN concentrations before enrolment in oral immunotherapy (OIT). (A) Bray-
Curtis-based principal coordinate analysis of the microbiota of PN-allergic patients. Dot 
size represents serum Ara h 2-specific IgE levels, while dot colour corresponds to the PN 
threshold (scales shown). 
  



Table S1: Detailed subject demographics. Peanut, PN; Male, M; Female; F. 
 

Status ID Sex Age Race PN 
threshold 

(mg) 

Ara h 1 
IgE 

(kUA/mL) 

Ara h 2 
IgE 

(kUA/mL) 

PN-allergic PN1 F 10 Unknown 300 0.10 1.19 

PN2 F 7 Asian 300 0.10 2.44 

PN3 F 1 White 300 0.10 0.10 

PN4 F 27 White 440 15.2 13.8 

PN5 F 6 White 375 20.3 25.7 

PN6 M 6 White 40 11.6 0.41 

PN7 M 7 White 300 N/A N/A 

PN8 F 15 White 440 17.3 12.1 

PN9 M 9 White 12 100 25.8 

PN10 M 13 White 6 9.11 0.19 

PN11 M 10 White 43 18 88.5 

PN12 F 13 White 13 100 58.2 

PN13 F 13 White 43 100 100 

PN14 F 14 White 12 100 96.7 

PN15 M 9 White 6 5.95 20.7 

PN16 M 11 Asian 160 7.62 9.92 

PN17 F 2 Asian 80 1.41 0.84 

PN18 F 2 Black/African American 15.5 0.18 40.1 

PN19 M 4 Unknown 12 16.7 100 

Non-PN-
allergic 

HV1 M 35 White  
 
 
 
 
 

N/A 

 
 
 
 
 
 

N/A 

 
 
 
 
 
 

N/A 

HV2 M 22 White 

HV3 M 20 White 

HV4 F 26 White 

HV5 F 33 White 

HV6 F 24 White 

HV7 F 18 White 

HV8 M 30 White 

HV9 F 38 White 

HV10 F 20 Black/African American 

HV11 M 40 Asian 

HV12 F 66 White 

HV13 M 33 White 

 
 
 
 
 
 
 
 
 
 



Table S2: Serum characterization for western blotting. Peanut, PN.  
 

Serum Total IgE 
levels 
(kU/L) 

PN IgE 
(kUA/mL) 

rAra h 1 
IgE 

(kUA/mL) 

rAra h 2 
IgE 

(kUA/mL) 

rAra h 3 
IgE 

(kUA/mL) 

rAra h 8 
IgE 

(kUA/mL) 

rAra h 9 
IgE 

(kUA/mL) 

Sex Age Positive Skin 
Prick Test 

Other 
hypersensitivities 

A 12,49 Unknown 52.9 >100 26.6 0.02 0.02 F 30 PN, pollen of 
Cupressaceae, 

Acer 
pseudoplatanus, 
olive, grasses, 
Salsola, dog, 

cat, horse and 
rabbit. Minimal 

reaction to mites 
and aspergillus 

 

Persistent 
moderate asthma 
and intermittent 

rhinoconjunctivitis 
 

B 176 54.9 20.4 24.5 0 0 0 F 19 PN, chickpea, 
arizonica pollen, 
minimal reaction 

to pine nuts 

Atopic dermatitis 

 

 
 
 


