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Abstract

Background: B cells play a critical role in the development and maintenance of food allergy by 

producing allergen-specific IgE. Despite the importance of B cells in IgE-mediated food allergy, 

the identity of sIgE-producing human B cells and how IgE is regulated are poorly understood.

Objective: To identify the immunophenotypes of circulating B cells associated with the 

production of galactose-alpha-1,3-galactose specific IgE production in patients with red meat 

allergy.

Methods: B cells in PBMC samples obtained from 19 adults with physician-diagnosed red meat 

allergy and 20 non-meat allergic healthy controls were assessed by mass cytometry along with a 

bioinformatics analysis pipeline to identify discrete B cell phenotypes that associated with serum 

sIgE. Fluorescent flow cytometry was then applied to sort purify discrete B cell subsets, and B 
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cells were functionally evaluated on an individual cell level for the production of sIgE by 

ELISPOT.

Results: Discrete B cell phenotypes abundant in meat allergic subjects compared to non-meat 

allergic controls were found in peripheral blood that do not share typical characteristics of 

classical isotype-switched memory B cells that express high levels of CD27. These B cell subsets 

shared higher IgD and lower IgM expression levels coupled with CXCR4, CCR6 and CD25 

expression. In vitro polyclonal stimulation of purified B cell subsets from meat allergic subjects 

demonstrated that these subsets were enriched for cells induced to secrete sIgE.

Conclusions and Clinical Relevance: Circulating B cells display increased abundance of 

discrete B cell subsets in meat allergic subjects. This observation, coupled with the capacity of 

individual B cell subsets to produce sIgE following activation, implicates these novel B cell 

phenotypes in promoting IgE in meat allergy.

INTRODUCTION

Red meat allergy, also known as alpha-gal syndrome, is among a minority of food allergies 

that pose a serious acute health risk through induction of IgE-mediated anaphylactic 

reactions. This novel form of food allergy develops in adults worldwide and is thought to 

result from tick bites through mechanisms that remain unknown [1–9]. Allergic reactions in 

patients following consumption of red meat are driven by allergen-specific IgE (sIgE) 

against the oligosaccharide galactose-α−1,3-galactose (alpha-gal) [1], which is present in 

the tissues of all non-primate mammals [10, 11]. Despite the importance of IgE in the 

pathogenesis of allergic diseases, the identity of sIgE-producing human B cells and their 

frequency are poorly understood. The reason for this is because B cells that express IgE are 

found at very low frequencies and that serum IgE binds to Fc receptors for IgE on the 

surface of B cells [12–16]. Moreover, there has been a lack of robust assays that allow for 

comprehensive immunophenotyping of B cells within complex biological samples. Although 

some studies have described IgE-expressing B cells in the blood of allergic and healthy 

individuals [17–19], the contribution of such cells to IgE responses is unclear. These 

observations underscore a need to evaluate IgE-producing B cells with greater resolution to 

determine their clinical relevance in allergic diseases.

Here, we sought to interrogate the phenotypes of circulating B cells in patients with food 

allergy to red meat. The study was designed to sample B cells in peripheral blood of patients 

actively avoiding meat who had positive alpha-gal sIgE titers and histories of delayed 

urticaria after eating mammalian meat. Using mass cytometry with a bioinformatics analysis 

pipeline and traditional fluorescent-based flow cytometric cell sorting approaches, we aimed 

to determine whether discrete B cell subsets could be identified in meat allergic subjects that 

associated with alpha-gal sIgE production. Mass cytometry by time-of-flight (CyTOF) 

combines antibodies labeled with metal isotopes with mass spectrometry, which allows for 

single-cell analysis of more than 40 parameters simultaneously with minimal interference 

from signal overlap between channels that are encountered with highly-multiparametric flow 

cytometry [20–22]. We describe the use of viSNE, an algorithm for single-cell visualization 

based on t-SNE embedding [23, 24], SPADE, a density-based algorithm for identifying 

subpopulations of distinct cell types [25] and flowType, an algorithm that defines all 
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possible cell subsets that correlate with a clinical parameter [26, 27]. Application of these 

computational tools to CyTOF datasets led to identification of discrete B cell subsets whose 

abundance were enriched in blood of meat allergic patients. Our analytical approach also 

facilitated the transition from CyTOF to fluorescence-based cell sorting, enabling functional 

examination of cultured B cell subsets that cannot be achieved with mass cytometry since 

cells are vaporized. Testing the capacity of these rare B cell subsets to secrete antibody 

following in vitro stimulation demonstrated that such cells produced alpha-gal sIgE in 

patients with red meat allergy. Our findings support a novel B cell signature in meat allergic 

subjects that associates with alpha-gal sIgE production, which may play a role in the 

pathogenesis of this food allergy.

MATERIALS AND METHODS

Human subjects

All participants were adults (ages 23–77) and included patients with physician-diagnosed 

red meat allergy with alpha-gal sIgE positive titers > 0.35 IU/mL, and non-meat allergic 

healthy controls with no alpha-gal sIgE antibodies (Supplementary Table 1). Inclusion 

criteria for meat allergic subjects included histories of delayed urticaria after meat 

consumption. All meat allergic subjects were actively avoiding meat. Non-meat allergic 

controls had no history of reactions to mammalian meat by self-report, no history of other 

food allergies or anaphylaxis, and had normal total IgE levels for age. Subjects were non-

pregnant without a history of chronic illness. All subjects were recruited through the UVA 

Allergic Diseases Clinic, or else by advertisement. All studies were approved by the 

University of Virginia Institutional Review Board under protocols #13166 and #13298, and 

all study participants gave written informed consent.

Total and alpha-gal specific IgE

Total and alpha-gal IgE antibodies in blood serum were measured using the ImmunoCAP 

system (Phadia US, Portage, Mich) with the ImmunoCAP 250 instrument, according to the 

manufacturer’s instructions. The streptavidin CAP technique was used to measure IgE levels 

to alpha-gal as described previously [28, 29], in which 5 μg of biotinylated cetuximab, a 

chimeric mouse-human IgG1 mAb against epidermal growth factor receptor that contains 

alpha-gal moieties on the Fab portion of the cetuximab heavy chain that are recognized by 

IgE specific for alpha-gal, was added to each streptavidin-coated CAP before serum was 

added. Results were calculated as kUA/L. Alpha-gal sIgE antibody-secreting cells were 

quantified by ELISPOT. Briefly, ELISPOT plates were coated overnight at 4°C with 10 

μg/mL unlabeled cetuximab mAb. Plates were blocked with 10% FBS in RPMI, washed and 

samples were added in appropriate dilutions for 18 h. After washing, biotin-conjugated 

mouse anti-human IgE antibody (BioLegend, San Diego, Calif) was added overnight. Plates 

were washed and HRP-avidin (SouthernBiotech) was added for 24 h. AEC substrate solution 

was used to obtain coloration, and washing plates with water stopped the reaction. The 

number of antibody-secreting spots was quantified using a dual-axis light-dissecting 

microscope and confirmed using an Immunospot Microanalyzer (Cellular Technology 

Limited, Shaker Heights, OH). The numbers of IgE ASCs per million cells were calculated.
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Cell preparation and culture

Peripheral blood mononuclear cells (PBMC) of 14 meat allergic subjects and 10 non-meat 

allergic controls were isolated from venous blood in collection tubes with acid citrate 

dextrose (ACD) by density-gradient centrifugation on Ficoll-Paque PREMIUM media (GE 

Healthcare, Pittsburgh, Penn), and washed twice in PBS. Cells were either frozen in FBS 

(ThermoFisher Scientific, Rockford, Ill) with 20% DMSO achieving > 95% cell viability, or 

freshly enriched for B cells by negative selection using the Human Pan B cell isolation kit 

(Miltenyi Biotech) and sort purified. B cells were cultured in RPMI (ThermoFisher 

Scientific) with 15% FBS, L-glutamine-penicillin-streptomycin (Sigma Aldrich, St. Louis, 

MO), beta mercaptoethanol (Sigma-Aldrich), and 20 ng/mL recombinant human IL-4 

(Peprotech, Rocky Hill, NJ). In 96-well plates, cells were cultured in the presence of 12.5 

ng/mL PMA (EMD Millipore Corp, Billerica, Mass) and 500 ng/mL ionomycin (EMD 

Chemicals, San Diego, Calif) at 37°C in an atmosphere of 5% CO2. Cells were collected at 

day 8 to quantify alpha-gal sIgE-secreting cells by ELISPOT.

Mass cytometry data acquisition and analysis

Thawed PBMCs from 19 meat allergic subjects and 20 non-meat allergic controls were 

washed in PBS with 5% FBS and incubated with 5 μM Cell-ID Cisplatin (Fluidigm, San 

Francisco, Calif) to determine viability, as previously described [30]. Mean PBMC viability 

after thawing was 94%, as determined by trypan blue exclusion. Patient samples were 

obtained over a period of two years, with initial samples analyzed prior to the availability of 

barcoding reagents. Therefore, barcoding was not used in cell preparation and analysis to 

maintain consistency across all samples. For cell surface marker analysis, 3 × 106 live cells 

were first incubated with Fc block to prevent non-specific binding, washed, and stained in 

100 μL PBS with 5% FBS and Ab cocktail at room temperature for 30 min. All of the 

antibodies used in the panel (Supplemental Table 2) were purchased pre-conjugated to 

metals (Fluidigm) and concentrations optimized through the Mass Cytometry Antibody 

Bank services provided by the UVA Flow Cytometry Core Facility. Surface phenotypes 

between freshly isolated and cryopreserved PBMCs were compared and confirmed to be 

equivalent. Cells were washed twice in PBS with 5% FBS and then stained with Cell-ID 

Intercalator-Ir (Fluidigm) in Maxpar Fix and Perm Buffer (Fluidigm) at 4°C overnight. 

Samples were washed once in PBS with 5% FBS, once in Maxpar H2O, resuspended in 

Maxpar H2O, and then collected on a CyTOF 2 instrument (Fluidigm). For quality control, 

the acquisition rate was maintained under 400 events/s, and events were normalized using 

bead standards to minimize batch effects, as previously described [31]. FCS files containing 

the normalized single-cell data were uploaded to Cytobank for analysis. All datasets used 

here are publicly available at http://www.cytobank.org.

Negative staining for cisplatin and positive staining for iridium identified cells, and doublets 

were excluded by higher DNA content and longer event length. Human immune cell subsets 

were identified using standard markers as reported previously [32, 33]. Total CD4+ T cells 

were identified by gating on CD3+CD20−CD4+ cells. Total CD8+ T cells were identified by 

gating on CD3+CD20−CD8+ cells. NK cells were identified by gating on 

CD3−CD20−CD14−CD56+ cells. DCs were identified by gating on 

CD3−CD20−CD56−CD14−HLA-DR+ cells. Monocytes were identified by gating on 
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CD3−CD20−CD14+ cells. Total B cells were identified by gating on CD20+ CD3− cells, and 

were analyzed using the data analysis platforms viSNE, SPADE and flowType. viSNE is a 

CyTOF analysis tool that uses the t-distributed stochastic neighbor embedding (t-SNE) 

algorithm to analyze and display high-dimensional data on a two-dimensional map, with 

cells colored according to frequency or expression of a marker (available at http://

www.cytobank.org) [34]. SPADE uses a density-based algorithm to visualize and enable 

cellular hierarchy of distinct cell types on the basis of similarities across user-selected 

markers (available at http://www.bioconductor.org) [25]. The Bioconductor package 

flowType is a method that defines all possible cell subpopulations within a sample based on 

a certain combination of marker expression levels from all parameters measured (available at 

http://www.bioconductor.org). The heterogeneity of B cell populations was first measured 

using t-SNE inferred clustering by viSNE. SPADE was used to identify discrete B cell 

subsets and to quantify the frequency of cells within each population. FlowType was used on 

the arsinh transformed data (cofactor 5) to partition the cells into a immunophenotype 

hierarchy as described previously [35]. To identify immunophenotypes of B cells found to 

be differentially abundant between allergic and control subjects, a generalized linear model 

was fitted to the immunophenotyped hierarchy, with sIgE titers and age as covariates, using 

a quasi-likelihood framework in edgeR to estimate the dispersion of cell counts as described 

previously [35, 36]. A more conservative approach based on observation weights, described 

by Zhou and colleagues [37], was used to reduce the effect of outliers on count-based 

differential expression analyses. Immunophenotypes enriched in allergic subjects and having 

adjusted P-values better than a false discovery rate (FDR) using the Benjamini-Hochberg 

method of 5% were plotted in a heat map. The code to perform this set of analyses is 

available on github at https://github.com/bc2zb/Cox-et-al-meat-allergy, and the binary 

results files are available at http://www.cytobank.org.

Flow cytometry and cell sorting

For flow cytometric analysis, PBMCs were stained with fluorescent-labeled surface markers 

(Supplemental Table 3), followed by the live/dead stain AQUA (Invitrogen). Cells were 

acquired on an Invitrogen Attune NxT, or sorted with a Becton Dickinson Influx Cell Sorter, 

and analysis was performed using FlowJo software version 9.3.3 (TreeStar Inc., Ashland, 

Ore). Dead cells and doublets were excluded from the analysis and cell population gates 

were determined using fluorescence-minus-one controls.

Statistics

Data are presented as the mean ± SD. Statistical analyses were performed using GraphPad 

Prism, version 6 (GraphPad Software, La Jolla, Calif). Statistics were performed with the 

Fisher exact test, and data with a 2-sided P-value < 0.05 was considered significant. 

Pearson’s correlation coefficient was used to determine the strength of association between 2 

variables. The Mann-Whitney U nonparametric test was used to compare differences 

between allergic and control groups for the frequencies of alpha-gal sIgE ASCs in cultures 

of sorted B cells.
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RESULTS

Meat allergic subjects and healthy controls show equivalent distribution of major 
circulating immune cell populations

We first established a CyTOF staining panel for testing the cellular heterogeneity within 

PBMCs isolated from venous blood. This panel contained 23 leukocyte markers that allowed 

us to identify all of the major immune cell populations, and to profile B cells with greater 

dimensionality by incorporating various markers based on prior indications of their utility in 

polychromatic flow cytometry curated from the literature (Supplementary Table 2). CyTOF 

was performed on cryopreserved PBMC samples obtained from the blood of meat allergic 

patients with a range of positive alpha-gal sIgE titers and healthy controls (Figure 1A). 

Characteristics of subject groups are summarized in Supplementary Table 1. After data 

normalization, we initially assessed the frequencies of major immune cell populations 

(CD4+ and CD8+ T cells, CD56+ NK cells, HLA-DR+ DCs, CD14+ monocytes, and total 

CD20+ B cells), identified by manual gating on standard individual markers. No significant 

differences in the frequencies of T cells, B cells, NK cells, and DCs between allergic and 

control samples were observed (Figure 1B). Monocytes from allergic subjects were found at 

higher frequencies compared with controls. We further compared the frequencies of the 

major mature B cell populations found in peripheral blood when manually gated on the 

standard phenotypic markers CD3, CD20, IgD, and CD27. No significant differences in the 

frequencies of naïve B cells (CD3−CD20+IgD+CD27−), unswitched memory B cells 

(CD3−CD20+IgD+CD27+) and switched memory B cells (CD3−CD20+IgD−CD27+) were 

observed in meat allergic subjects compared with healthy controls (Figure 1C). There was 

also no significant difference in the frequency of the double negative B cell population (IgD
−CD27−), which includes switched memory B cells [38, 39]. Interestingly, this B cell 

population has been shown to contain IgE+CD27− memory B cells that are enriched in the 

blood of children with food allergy [40]. Flow cytometric analysis using fluorescent-labeled 

CD3, CD20, IgD, and CD27 confirmed these results (Supplemental Figure 1).

Comparable results were also observed when B cells were automatically gated using the 

cloud-based Astrolabe platform designed for mass cytometry data 

(astrolabediagnostics.com). Using machine learning, Astrolabe identifies cell subsets based 

on curation of phenotypic signatures reported in the literature and performs differential 

abundance analysis. Moreover, this platform allows for the stratification of cellular subsets 

based on expression of markers that correlate with clinical parameters, including disease 

states. No significant differences in the frequencies of 7 curated B cell subsets, representing 

naïve, memory B cells and double negative B cells based on IgD and CD27 expression, were 

found between subject groups (Figure 2A and2B). Taken together, these findings support the 

view that defining major immune non-B cell and B cell populations based solely on 

conventional immune parameters shows no difference in cell frequencies of meat allergic 

subjects, and does not account for potential cellular heterogeneity within these populations.

Distinct B cell phenotypes are observed in meat allergic subjects

Having established that the standard B cell markers used to delineate total, naïve and 

memory B cells did not reveal changes in cell numbers from meat allergic and healthy 
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subjects, we applied the t-SNE dimensionality reduction approach, viSNE [23, 24] to the 

CyTOF datasets. The datasets from each subject group were concatenated to visualize in the 

form of a scatter plot cohort-level phenotypes. Analysis of total CD20+ B cells using viSNE 

revealed heterogeneity both within the major mature B cell populations and between meat 

allergic and control subjects (Figure 3A and3B). By manually gating on IgD and CD27 to 

annotate naïve, switched and unswitched memory B cells (Figure 3C, Supplemental Figure 

2), we identified multiple islands that were spatially separated, indicating phenotypic 

heterogeneity within these B cell populations that has not been appreciated previously. 

Although the location of each annotated B cell population within the viSNE plots were 

similar between allergic and control subjects, there were marked differences in the clustering 

patterns of cells within each island. The frequencies of B cells within each manual gate were 

quantified for each subject to determine whether there were differences between meat 

allergic and control cohorts. No significant differences in the frequencies of B cells within 

the annotated naïve, switched and unswitched B cells based on IgD and CD27 expression 

were found between subject groups (Figure 3D). These results confirmed the analyses 

performed above, despite phenotypic heterogeneity of B cells in particular within the naïve 

B cell population between subject groups.

Since viSNE helped visualize the data but does not explicitly identify and partition cells into 

subpopulations, we evaluated the CyTOF datasets using SPADE [25], a computational tool 

that enables cellular hierarchy inference among subpopulations of similar cells, to quantify 

discrete B cell subpopulations. Differences in the distribution and frequency of B cells 

between meat allergic and control subjects were found, as indicated by differences in the 

size and color of nodes within the SPADE tree (Figure 3E, Supplemental Figure 3). Fourteen 

nodes within the naïve B cell branches (CD27− IgD+) were statistically enriched in meat 

allergic subjects compared to controls (Figure 3F). In contrast, 16 nodes within unswitched 

(CD27+ IgD+) memory B cell branches and one node within switched (CD27+ IgD−) 

memory B cell branches were found enriched in non-allergic controls compared to meat 

allergic subjects (Figure 3G and3H). However, the enrichment of these memory B cell nodes 

was largely driven by a small subset of control subjects. These findings suggest that 

variation in the combined expression levels of all 23 markers within our CyTOF panel 

accounts for the differences of B cell nodes within the larger populations of naïve and 

memory B cells.

Markers within the CyTOF panel are identified that define B cell clusters associated with 
alpha-gal sIgE in meat allergic subjects

To determine the identity of markers that distinguished B cell phenotypes associated with 

red meat allergy subjects, we analyzed the CyTOF data using the flowType algorithm [26, 

27]. This computational approach first uses automated gating to define all possible cell 

subsets within a dataset based on integrated marker expression levels, without manual gating 

on user-specified markers, and then assesses the relationship between each subset and the 

clinical outcome. Results demonstrated that approximately 500,000 immunophenotypes of B 

cells were identified within the CyTOF panel by flowType (Supplemental Figure 4A). These 

immunophenotypes result from further division of traditional B cell populations into related 

subpopulations. To identify the immunophenotypes of B cells found to be differentially 

Cox et al. Page 7

Clin Exp Allergy. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abundant between meat allergic and control subjects, a generalized linear model was fitted to 

the data, with age as a covariate, using a quasi-likelihood framework in edgeR to estimate 

the dispersion of cell counts [35, 36]. The frequencies of 710 B cell immunophenotypes with 

adjusted P-values better than a false discovery rate (FDR) of 5% were found significantly 

enriched across meat allergic subjects compared to control subjects (Supplemental Figure 

4A). Using a more conservative edgeR approach to reduce the effect of outliers on 

differential abundance analysis [37] yielded a total of 740 B cell immunophenotypes 

enriched across the allergic patient cohort (Figure 4A) and are plotted in a heatmap (Figure 

4B). An average of 143 B cell immunophenotypes (ranging between 5 and 480) were 

enriched in allergic patient samples at an FDR of 5%, whereas an average of 61 of these B 

cell immunophenotypes (ranging between 6 and 181) were enriched in control samples. 

While these B cell immunophenotypes were associated with allergic status, no B cell 

immunophenotype signature was found to be specifically associated with age or the range of 

alpha-gal sIgE titer, although patients with higher sIgE titers generally had more B cell 

immunophenotypes. Not surprisingly, subject-to-subject variability was observed, with some 

phenotypes enriched in control subjects. These observations suggest that other factors such 

as history of tick bites or additional environmental cues may contribute to increased 

frequencies of certain B cell phenotypes unrelated to sIgE antibody production.

Expression levels of 11 of the 23 markers in the CyTOF panel were used by flowType to 

define these B cell immunophenotypes. These immunophenotypes were assigned into four 

main clusters based on similar expression patterns of the 11 markers (Figure 4C). Cluster 1 

comprised B cell immunophenotypes that shared negative expression of IgM, CD24 and 

CD43, variable expression of HLA-DR and IgD, and shared positive expression of CXCR4, 

CD38 and CD25. Cluster 2 comprised phenotypically related B cell subsets that shared 

negative or low expression of IgM and CD24, but generally shared positive expression of 

IgD, CXCR4, CCR6, and CD43. Cluster 3 comprised B cells that shared negative or low 

expression of IgM and CXCR4 and positive expression of CD24, CD25 and IgD. Cluster 4 

comprised B cell subsets that shared positive expression of IgM, CXCR4 and CD25, 

negative expression of CD24 and IgD but were heterogeneous in their expression levels of 

other markers. Interestingly, expression levels of the classical memory B cell marker CD27 

did not discriminate the four clusters of B cell subsets from the meat allergic subjects using 

flowType, with some B cells expressing CD27 and some B cells lacking CD27 expression 

(Supplemental Figure 4B). Membrane IgG and IgE expression was not detectable on B cells 

of any cluster identified by flowType (data not shown). Together, these results demonstrated 

that the B cell signature associated with red meat allergy is rare compared to the overall 

number of B cell immunophenotypes identified by our CyTOF panel, and does not show 

features of conventional human memory B cells, as measured by high expression of CD27 

and intermediate antibody isotypes.

B cells from clusters identified by flowType are capable of producing alpha-gal sIgE 
following in vitro stimulation

To evaluate and compare the functional properties of B cells associated with red meat 

allergy, we designed a fluorescent cytometry panel based on the markers used by flowType 

to group B cell subsets into the four main clusters (Supplementary Table 3). This approach 
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allowed us to sort live B cells within each cluster to test their capacity to secrete alpha-gal 

sIgE in vitro following stimulation (Figure 5A). The frequencies of sorted B cells negatively 

correlated with age in Cluster 1 (Pearson’s r = −0.07), Cluster 2 (r = −0.15), Cluster 3 (r = 

−0.17), and Cluster 4 (r = −0.43). In addition, no significant differences in the frequencies of 

B cell clusters were found between males and females (Student’s t-test p > 0.5). We tested 

the ability for polyclonal stimulation of B cells to induce alpha-gal sIgE production to 

preclude suppositions of the activation requirements for these novel B cell phenotypes. The 

structural conformation of alpha-gal has not been determined, nor is it clear if and how the 

structural conformation affects IgE binding and B cell activation [41]. After stimulation with 

PMA, ionomycin and IL-4, we first assessed alpha-gal sIgE in culture supernatants by 

ImmunoCAP. However, given the small number of cells of each B cell cluster from subjects 

and the short half-life of soluble IgE the amount of IgE antibodies contained in supernatants 

was below the level of detection (data not shown). We therefore employed the ELISPOT 

assay as a sensitive method to enumerate alpha-gal sIgE antibody-secreting cells (ASCs) 

from the B cell cultures (Figure 5B and5C). Results demonstrated that alpha-gal sIgE-

secreting B cells following in vitro stimulation were detected in 9 of 14 meat allergic 

subjects, with alpha-gal sIgE ASCs from the same individual found in Clusters 2 and 3 of 

four patients, Clusters 1 and 3 in one patient, Clusters 1, 2 and 3 in one patient, and in 

Cluster 2 only of three patients. In contrast, alpha-gal sIgE-secreting B cells following 

stimulation were detected in Clusters 1 and 3 from one control subject, with no ASCs found 

in Cluster 2. Analysis of Cluster 4 revealed that three allergic patients but no control subjects 

had alpha-gal sIgE ASCs following stimulation. These findings demonstrated that Clusters 2 

and 3, which contain rare subsets of B cells with higher IgD and lower IgM expression 

levels coupled with CXCR4, CCR6 and CD25 expression, are enriched for cells that are able 

to differentiate into alpha-gal sIgE producing B cells following in vitro polyclonal activation.

DISCUSSION

Using an integrated framework that combined mass cytometry with a bioinformatics 

pipeline, we have demonstrated that a novel B cell signature is associated with meat allergic 

subjects. We have taken advantage of the algorithms, viSNE, SPADE and flowType, to 

identify the minimal number of markers within our CyTOF panel that defined increased 

abundance of novel B cell phenotypes in PBMCs of meat allergic subjects. Eleven surface 

markers defined 740 phenotypically-related but discrete subsets of B cells in meat allergic 

subjects, which can be grouped into four main clusters based on shared expression levels. 

Moreover, we confirmed these findings using fluorescent flow cytometry that enabled 

subsequent functional analysis of purified B cells contained within each cluster to secrete 

alpha-gal sIgE following in vitro stimulation.

Our findings demonstrated that the B cell subsets capable of secreting sIgE following 

activation are found within the naïve population and do not share typical characteristics of 

classical isotype-switched memory B cells that express high levels CD27 [42, 43]. These 

cells may represent a novel population of memory B cells lacking CD27 expression found in 

the peripheral circulation [38, 39] that are prone to differentiate into IgE-secreting cells 

specific for alpha-gal in meat allergic patients. Early work in human adults identified 

peripheral blood memory B cells that express IgM with or without IgD [42, 44, 45], or 
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express IgD only [46, 47]; these cells show somatically mutated IgV genes suggesting the 

involvement of T cell help for their development. Interestingly, given the cutaneous route of 

sensitization implicated in the development of meat allergy, memory B cells displaying low 

to negative CD27 expression have been described in human tissues near epithelial surfaces 

[48–50]. Further work will be required to assess the antigen experience state of the B cell 

subsets we have identified, including analysis of the IgV genes.

Several questions remain regarding the mechanisms of alpha-gal sIgE production from the B 

cell subsets in meat allergic subjects. First, although it is not feasible to functionally 

interrogate each B cell subset within an assigned cluster, further work is needed to explore 

the composition of potentially functionally distinct subsets to determine whether one 

exhibits a propensity for alpha-gal sIgE production following stimulation. Moreover, it will 

be necessary to elucidate how these B cells respond to T cell-dependent signals as well as T 

cell-independent signals, as activation of B cells responding to carbohydrate antigens such as 

alpha-gal is thought to be independent of cognate T cell help. Finally, an important question 

in the study of food allergy is whether sIgE-producing B cells traffic to the gut and mediate 

local IgE responses to digested allergens. Notably, B cell subsets within Clusters 2 and 3 of 

meat allergic subjects shared high expression levels of the chemokine receptors CXCR4 and 

CCR6, which have been implicated in regulating mucosal immunity and driving intestinal 

inflammation during disease pathogenesis [51, 52]. Additional work is needed to better 

understand the contribution of these chemokine receptors on B cells for trafficking to the gut 

mucosa in food allergy.

Increasing our understanding of the B cells that maintain allergic sensitization is critical for 

identifying new targets to treat and prevent allergies. Additionally, detection of novel B cell 

immunophenotypes associated with red meat allergy may serve as a biomarker to identify 

individuals who have, or will become sensitized to red meat, as well as identifying affected 

individuals who may develop severe allergic reactions such as anaphylaxis. Longitudinal 

studies assessing the frequency of these B cell subset in the circulation of individuals with 

red meat allergy, and those who are at high risk of obtaining bites from the lone star tick—

and thus developing the allergy—would be useful in determining the utility of these B cell 

subsets as biomarkers for diagnosis.
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Figure 1. Frequencies of circulating immune cell populations in meat allergic and control 
subjects.
(A) Serum alpha-gal sIgE and total IgE titers in meat allergic (n = 19) and non-meat allergic 

controls (n = 20), ***P < 0.001. (B) CD4+ and CD8+ T cells, natural killer cells (NK), 

dendritic cells (DC), monocytes (Mono), and total B cells expressed as proportion of live 

CD45+ leukocytes, as well as (C) naïve B cells, immunoglobulin unswitched (USM) and 

switched (SM) memory B cells, and double negative (DN) B cells expressed as proportion of 

total CD20+ B cells of subjects were quantified by manual gating.
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Figure 2. Comparable frequencies of curated B cell populations defined by automated gating in 
meat allergic and control subjects.
(A) Heatmap of the relative frequency of 7 different B cell populations in meat allergic (n = 

19) and non-meat allergic control (n = 20) subjects. B cell populations were assigned by the 

Astrolabe Diagnostics analysis platform. (B) Differential abundance analysis of the 

frequencies of B cell populations (light blue dots) compared to non-B cell immune cell 

populations (dark blue dots) shows no difference between allergic and control subjects.
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Figure 3. viSNE and SPADE analysis of CyTOF data shows phenotypic changes of B cells in 
meat allergic subjects.
(A) Gating strategy for viSNE analysis on CD20+ B cells. (B) viSNE plots of concatenated 

datasets from meat allergic (n = 19) and non-meat allergic (n = 20) control subjects. Plots 

are colored by cell frequency. (C) Data from 1 meat allergic and 1 control subject showing 

heterogeneous clusters of naïve B cells, unswitched memory B cells (USw Mem 1, USw 

Mem 2) and switched memory B cells (Sw Mem 1, Sw Mem 2) based on IgD and CD27 

expression. (D) Frequencies of naïve, unswitched memory and switched memory B cells 

expressed as proportion of total CD20+ B cells of subjects were quantified by manual gating. 

(E) A SPADE tree derived from a meat allergic patient and a control subject annotated with 

naïve, unswitched memory and switched memory B cell types on the basis of IgD and CD27 

expression. The size and color of each node denotes the number of cells. (F-H) Frequencies 
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of B cells of each node statistically enriched in naïve, unswitched memory and switched 

memory branches expressed as the percentage of total CD20+ B cells. *P < 0.05, **P < 0.01, 

***P < 0.001.
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Figure 4. FlowType analysis identifies discrete B cell immunophenotypes that associate with 
alpha-gal sIgE in meat allergic subjects.
(A) Volcano plot of differentially abundant B cell immunophenotypes between meat allergic 

subjects and non-allergic controls, with negative log10-scaled FDR-corrected P-values on the 

Y-axis, and the log2 fold change on the X-axis. B cell immunophenotypes to the right and 

colored in red were comparatively found at higher frequencies in allergic patients, 

accounting for age and sIgE titers as covariates. The horizontal red line indicates a 

significance of 0.05 after adjustment of FDR using the Benjamini-Hochberg method. (B) 

Heat map resulting from flowType analysis of CyTOF datasets. Each row represents a 

distinct B cell immunophenotype based on marker expression levels, with its actual 

abundance in each subject expressed as log transformed counts per million indicated by the 

color scale. Corresponding serum alpha-gal sIgE for each subject is shown above the heat 

map. (C) Expression of 11 markers within the CyTOF panel needed to minimally define B 

cell immunophenotypes that were found significantly enriched in meat allergic subjects is 

represented graphically. Each row indicates the expression levels of an individual marker, 

with each column representing B cell immunophenotypes assigned to 4 main clusters based 

on the degree of shared marker expression.
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Figure 5. Polyclonally stimulated B cells sorted from B cell clusters identified by flowType are 
capable of producing alpha-gal sIgE in meat allergic subjects.
(A) Gating strategy for sort purification of B cell subsets grouped into 4 main clusters, with 

each cluster indicated by a colored gate. (B and C) B cells of each cluster from meat allergic 

(n = 14) and non-meat allergic control (n = 10) subjects were cultured 8 days and analyzed 

for alpha-gal sIgE antibody-secreting cells (ASC) by ELISPOT. (B) Representative 

ELISPOT assay images from 1 allergic and 1 control subject. (C) Frequencies of alpha-gal 

sIgE ASCs of each B cell cluster after culture expressed as the number of ASCs per million 

cells. P-values are shown in each panel.
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