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Abstract

Eosinophilic esophagitis (EoE) is an allergic disorder characterized by the recruitment of 

eosinophils to the esophagus, resulting in chronic inflammation. We sought to understand the 

cellular populations present in tissue biopsies of patients with EoE and to determine how these 

populations are altered between active disease and remission. To this end, we analyzed cells 

obtained from esophageal biopsies, duodenal biopsies, and peripheral blood of EoE patients 

in active disease or remission with single-cell RNA and TCR sequencing. Pathogenic effector 

TH2 (peTH2) cells present in the esophageal biopsies of patients with active disease expressed 

distinct gene signatures associated with the synthesis of eicosanoids. The esophageal tissue-

resident peTH2 population also exhibited clonal expansion, suggesting antigen-specific activation. 

Peripheral CRTH2+CD161- and CRTH2+CD161+ memory CD4+ T cells were enriched for either 

a conventional TH2 phenotype or a peTH2 phenotype, respectively. These cells also exhibited 
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substantial clonal expansion and convergence of TCR sequences, suggesting that peripheral peTH2 

cells are expanded in response to a defined set of antigens. The esophagus-homing receptor 

GPR15 was upregulated by peripheral peTH2 clonotypes that were also detected in the esophagus. 

Lastly, GPR15+ peTH2 cells were enriched among milk-reactive CD4+ T cells in patients 

with milk-triggered disease, suggesting that these cells are an expanded, food antigen-specific 

population with enhanced esophagus homing potential.

One Sentence Summary

TH2 cells in eosinophilic esophagitis exhibit clonotypic features of an antigen-specific response 

and enhanced esophagus-homing ability.

Introduction

Eosinophilic esophagitis (EoE) is an allergic disease characterized by chronic esophageal 

inflammation with prominent recruitment of eosinophils, resulting in difficulty swallowing, 

food impaction, and esophageal dysfunction (1, 2). Clinically, EoE often manifests as 

an antigen-specific disease, in which exposure to specific food-derived allergens triggers 

esophageal inflammation (3), but evidence for an antigen-specific adaptive immune response 

in EoE is lacking. Inflammation in EoE involves T helper (TH) 2 cells that produce the 

cytokines IL-5, which promotes eosinophil recruitment and activation, and IL-13, which 

exacerbates epithelial barrier dysfunction (4–6). Much of the available transcriptional and 

genetic data, however, appear to place dysregulation of an epithelial unit at the center of 

disease pathogenesis (6–8). In addition, while patients with EoE exhibit increased numbers 

of highly polarized pathogenic effector TH2 (peTH2) cells in the periphery, these cells have 

“innate-like” phenotypic characteristics, such as the expression of receptors for IL-25 and 

IL-33, that may allow sustained inflammation in the absence of specific antigen stimulation 

(9, 10).

Recent single-cell RNA sequencing studies have confirmed that such peTH2 cells reside in 

the esophageal tissue of patients with EoE, but the limited numbers of these cells recovered 

precluded comprehensive assessment of the clonal relationships within this population (10). 

Ultimately, the signaling pathways that lead to the recruitment of peTH2 cells to the 

esophagus and the full set of mechanisms through which these cells mediate eosinophil 

recruitment and chronic esophageal inflammation remain unknown. Furthermore, the clonal 

identities and antigen specificities of these cells have yet to be determined.

To better understand the cellular mechanisms underlying EoE, we conducted a single-cell 

genomic analysis of the types and functions of cells present in esophageal biopsies, 

duodenal biopsies, and peripheral blood of patients with EoE. We identified a population 

of T cells that expressed peTH2 markers and was enriched in the esophageal biopsies of 

patients with active disease. This population upregulated expression of genes related to Th2 

cytokines and lipid metabolism and also exhibited clonal expansion, consistent with antigen-

dependent activation. In peripheral blood of the same patients, we detected clonotypes 

with a peTH2 phenotype that were shared with those detected in tissue. Peripheral peTH2 

clonotypes that were also detected in the esophagus upregulated the gene for the esophagus-
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homing receptor GPR15. These results suggest that GPR15+ peTH2 cells in EoE are an 

antigen-specific population with enhanced esophagus homing potential.

Results

Mapping the single-cell ecosystem of eosinophilic esophagitis (EoE)

We first analyzed cells dissociated from tissue biopsies collected from ten patients with 

EoE. Six of these patients were diagnosed with active disease at the time of biopsy and 

four patients were diagnosed with disease in remission (Table S1). From each patient, 

we collected up to six biopsies from the esophagus and duodenum. The cells recovered 

from these biopsies were processed for single-cell RNA sequencing with Seq-Well (11, 

12) (Figure 1A). From these tissue samples, we recovered a total of 28,816 high quality 

single-cell transcriptomes with greater than 500 unique genes detected (Figure S1).

The resulting gene expression matrix was processed using dimensionality reduction and was 

visualized with uniform manifold approximation and projection (UMAP) (13). Using graph-

based clustering, we identified nine major clusters corresponding to different cell types 

(Figure 1B). These clusters were annotated according to the expression of marker genes and 

corresponded to T cells, plasma cells, granulocytes, mast cells, myeloid cells, fibroblasts, 

endothelial cells, esophageal epithelial cells, and duodenal epithelial cells (Figures 1C, 

S2, S3, Data file S1). The frequency of some cell populations varied largely between the 

esophagus and the duodenum; minor variation in the frequencies of these clusters in each 

tissue between patients may result from patient-intrinsic differences, such as age, as well 

as technical factors, such as variations in cell viability or the tissue dissociation process 

(Figures 1D, 1E). Epithelial cells were less frequent than expected in biopsies from both 

the esophagus and duodenum, suggesting that the larger sizes of these cells may bias 

against their entry into the wells on the Seq-Well arrays, resulting in an enrichment for 

lymphocyte populations with smaller size. Despite this technical factor, classical marker 

genes of EoE, including epithelial-associated transcripts such as CCL26, POSTN, and 

CAPN14 were significantly upregulated in esophageal biopsies from patients with active 

disease, supporting that the single-cell sequencing data possessed high fidelity (Figure S4).

Eosinophils in the esophagus during active disease activate pathways regulated by NF-κB

The presence of eosinophils in the esophagus is the primary criterion for the diagnosis for 

EoE (1, 2, 5). At higher resolution, the cluster of granulocytes was composed primarily 

of eosinophils but also contained a small population of neutrophils. (Figure 2A–B). The 

eosinophils expressed genes for the surface markers SIGLEC8, CCR3, PTGDR2, and 

IL5RA as well as genes that encode for granule components, such as CLC (Galectin-10) 

and RNASE2 (eosinophil-derived neurotoxin) (Figure 2C). In contrast, the neutrophils 

expressed high levels of the genes for the surface markers CXCR2, FCGR3A, and FCGR3B 
(Figure 2C). Other granule-associated proteins, including PRG2 (major basic protein), 

EPX (eosinophil peroxidase), and RNASE3 (eosinophil cationic protein) were not strongly 

expressed in eosinophils, consistent with prior reports that these proteins are primarily 

synthesized during eosinophil maturation and that the transcripts are not expressed in mature 

eosinophils (14, 15).
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The fraction of eosinophils in the esophagus, calculated as the fraction of total recovered 

single cells, was significantly increased in patients with active disease, even though one 

patient in remission had a slightly elevated frequency of eosinophils (Figure 2D). An 

average of 4.7% of single cells recovered from the esophageal biopsies of patients with 

active disease were eosinophils. Eosinophils were also detected in the duodenal biopsies 

of all ten patients, but their frequency did not significantly differ between active disease 

and remission (Figure 2D). We observed a correlation between the number of eosinophils 

determined by histological staining and the fraction of eosinophils in our single-cell dataset, 

indicating concordance between the observations with single-cell RNA sequencing and with 

those from tissue staining (Figure 2E).

To determine how eosinophils respond to inflammatory signals produced in EoE, we 

identified pathways that were upregulated by eosinophils in the esophagus during active 

disease relative to eosinophils in the duodenum, where inflammation is not typically 

histologically evident (16). We found that several pro-inflammatory pathways, including 

“IL-2/STAT5 signaling”, “TNF signaling via NF-κB”, and “inflammatory response” were 

upregulated by esophageal eosinophils during active disease (Figure 2F), indicating that 

eosinophils recruited to the esophagus in EoE are activated by signals present in the 

esophagus. To elucidate gene regulatory networks that may mediate the activation of 

eosinophils in EoE, we utilized single-cell regulatory network inference and clustering 

(SCENIC) to identify gene modules that were coexpressed with transcription factors and 

enriched for transcription factor cis-regulatory motifs (17). Consistent with the analysis of 

transcriptional pathways, gene modules regulated by NF-κB subunits, including NFKB1, 

NFKB2, REL, and RELB, were among the most enriched modules in esophagus-resident 

eosinophils during active disease (Figure S5, Data file S2). NF-κB activation in eosinophils 

has previously been linked to signaling by the cytokines IL-5 and IL-33, both of which 

have putative roles in EoE pathogenesis, and has been demonstrated to promote the survival 

of eosinophils via the suppression of apoptosis (1, 5, 18–20). Interestingly, gene modules 

regulated by NF-κB were also elevated in the duodenum during active disease, suggesting 

that the inflammatory signaling present during active EoE may promote systemic activation 

of eosinophils, as has been observed in allergic asthma (Figure 2G) (21). Overall, these 

observations suggest that NF-κB is an important mediator of the activation and survival 

of eosinophils in EoE and provide insights into the gene regulatory networks active in 

eosinophils during allergic inflammation.

Phenotypic characteristics and patterns of homing marker expression differentiate 
esophageal and duodenal T cells

Antigen recognition by allergen-specific T cells is thought to initiate a signaling cascade 

that leads to the recruitment of eosinophils to the esophagus in EoE (1, 5). To determine 

the properties of tissue-resident T cells in EoE, we analyzed the subpopulations of T 

cells present in esophageal and duodenal biopsies. Tissue-specific transcriptional differences 

caused T cells to segregate in unsupervised analysis by their tissue of origin (Figure S6A). 

Therefore, we analyzed T cells from the esophagus and duodenum separately. Clustering 

of these cells revealed six clusters of T cells from each the esophagus and the duodenum 

(Figure 3A–B, Data file S3). These included clusters resembling CD8+ tissue resident 
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memory (Trm) cells (clusters E1, E2, D2), TH17 cells (E5, D1), Treg cells (E3, D5), 

peTH2 cells (E6), NK cells (E4, D3, D4) and proliferating Ki-67+ cells (D6) (Figure 3C). 

These cluster annotations demonstrated agreement with previously published single-cell 

RNA sequencing data for innate lymphocytes and NK cells as well as curated modules 

representing T helper cell phenotypes (Figure S6B–C, Data file S4) (22).

We next analyzed the phenotypic relationships between T cells in the esophagus and 

duodenum. In general, esophageal T cells exhibited higher levels of activation than those 

in the duodenum, with esophageal TH17 cells expressing higher levels of IL26, IL17A, and 

IL17F and esophageal CD8+ cells expressing higher levels of IFNG, GZMB, and GNLY 
(Figure S6D–F, Data file S5). We also found that select homing markers were differentially 

expressed between esophageal and duodenal T cells. Specifically, T cells from both tissues 

were broadly positive for ITGA4 and ITGB7, which can combine to form integrin α4β7, a 

canonical gut homing marker (Figure 3D) (23). In contrast, T cells in the duodenum but not 

the esophagus expressed CCR9, a marker associated with homing to the gut, and only CD4+ 

T cells in the esophagus expressed GPR15, a marker previously associated with homing 

to the colon or the skin (24–27). These results suggest that differential expression of these 

markers may promote the specific homing of T cells to either the esophagus or duodenum. 

Consistent with this hypothesis, we detected expression of CCL25 and C10orf99, the genes 

that encode the ligands for CCR9 and GPR15, in only the duodenal epithelium or the 

esophageal epithelium, respectively (Figure 3E) (24, 25). Protein expression was confirmed 

by immunohistochemistry of esophageal biopsies of EoE patients, which identified GPR15-

expressing lymphocytes as well as GPR15L expression concentrated in the basal epithelium 

(Figure 3F). Flow cytometry of T cells from esophageal biopsies derived from an additional 

set of EoE patients also demonstrated frequent surface expression of GPR15 on esophagus-

resident memory CD4+ T cells (Figure 3G–H, S7A–C). These results suggest that GPR15 is 

a novel marker of esophagus homing that is selectively upregulated on CD4+ T cells in the 

esophagus.

peTH2 cells are enriched in the esophagus during EoE

We next examined the relationship between esophagus-resident T cell clusters and each 

patient’s EoE diagnosis. We found that the fraction of the peTH2 cluster (E6), calculated 

as the fraction of total T cells recovered from the esophagus, was significantly higher in 

patients with active disease (Figure 4A). The size of cluster E6 was also correlated with the 

number of eosinophils detected in biopsies, suggesting a relationship between the presence 

of peTH2 cells and the recruitment of eosinophils to the esophagus (Figure 4B).

To further analyze the phenotype of peTH2 cells in EoE, we identified pathways upregulated 

by peTH2 cells relative to other T cells in the esophagus. Consistent with prior studies 

of tissue-resident TH2 cells in EoE and asthma, the pathways significantly upregulated in 

peTH2 cells included arachidonic acid metabolism, lipid metabolism, PPAR-γ signaling, and 

eicosanoid production (Figure S8A–B) (10, 28). To further investigate how dysregulated 

lipid metabolism may mediate tissue-level inflammation in EoE, we mapped the expression 

of genes in peTH2 cells directly onto a network of arachidonic acid metabolism. We 

identified three genes overexpressed by peTH2 cells: PLA2G16, PTGS2, and HPGDS, 
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which together can fully process arachidonate stored in membrane-associated phospholipids 

to form prostaglandin-D2 (PGD2) (Figure 4C). peTH2 cells also overexpressed the genes 

for a variety of enzymes involved in the processing of long-chain and very long-chain 

fatty acids, several of which are reported to have a specificity for arachidonic acid-derived 

metabolites (29–31). We also detected these features among peTH2 cells in a single-cell 

dataset from a prior study of eosinophilic esophagitis as well as datasets generated from 

skin suction blisters of patients with atopic dermatitis and nasal scrapings of patients with 

chronic rhinosinusitis (10, 32, 33) (Figure S9), indicating that they represent functions of 

peTH2 cells that are conserved across multiple tissues and disease contexts. These results 

suggest that a fundamental characteristic of tissue-resident peTH2 cells across multiple 

allergic diseases is dysregulation of lipid metabolism conducive to promoting production of 

PGD2.

To determine to what extent peTH2 cells in the esophagus tissue may directly mediate 

the recruitment and activation of eosinophils, we performed an analysis of receptor-ligand 

interactions to predict communication axes present between tissue-resident eosinophils and 

peTH2 cells. Briefly, we employed a permutation-based approach and a database of receptor-

ligand interactions to identify receptors selectively expressed on eosinophils that are paired 

with ligands selectively expressed by peTH2 cells. Predicted interactions between peTH2 

cells and eosinophils included those involving the Th2 cytokines IL-13, IL-4, and IL-5 as 

well as interactions between eicosanoids and the DP2 receptor (PTGDR2) (Figure 4D). 

Mast cells shared expression of many of these receptors with eosinophils (Figure 4D), 

suggesting that similar pathways may mediate the activation of mast cells and eosinophils 

by peTH2 cells in EoE. Together, these results suggest that a distinguishing characteristic 

of tissue-resident peTH2 cells in EoE is altered lipid metabolism which promotes the 

production of PGD2 and that, in addition to TH2 cytokines, PGD2 may play a role in 

mediating recruitment and activation of eosinophils in the esophagus during EoE.

Tissue-resident peTH2 cells demonstrate a clonally expanded repertoire

We next sought to understand the clonotypic relationships represented among tissue-resident 

T cell phenotypes. We recovered paired TCRα and TCRβ sequences for individual T cells 

from nine of the ten patients in our study (34). In sum, we obtained TCRβ sequences 

for 50.3% of T cells, TCRα sequences for 32.5% of T cells, and both TCRβ and TCRα 
sequences for 21.5% of T cells (Figure S10A). All subsets of T cells demonstrated some 

degree of clonal expansion, indicating that these phenotypes include populations of tissue-

resident memory T cells (Figure 5A–E). Clonally expanded peTH2 cells, defined as multiple 

cells sharing a common alpha or beta chain CDR3 sequence, were detected in three of the 

four patients with active disease and with multiple TCRs recovered from the peTH2 cluster 

(Figure 5F). These results indicate that the repertoire of tissue-resident peTH2 cells in EoE 

exhibits clonal expansion, an important feature of an antigen-specific response.

Peripheral CRTH2+ CD161+ T cells are enriched for a peTH2 phenotype

The surface marker CD161 has been reported to be upregulated on highly differentiated 

peTH2 cells in allergy and helminth infection, and peripheral CRTH2+ CD161+ memory 

CD4+ T cells have been associated with EoE (9, 35, 36). To understand to what extent 
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the peTH2 phenotype observed in the esophagus tissue of patients with active EoE is 

recapitulated among peripheral CRTH2+ CD4+ T cells, we obtained PBMCs from eight 

of the EoE patients in this study. From these samples, we isolated memory CD4+ T cells 

and polyclonally activated these cells ex vivo in a TCR-dependent manner (anti-CD3/anti-

CD28 coated beads) for six hours. We then sorted three populations of memory CD4+ T 

cells: CRTH2+CD161+, CRTH2+CD161-, and CRTH2-CD161- (Figure 6A). Compared to 

patients in remission, patients with active disease had significantly higher frequencies of 

CRTH2+CD161- cells and a trend toward increased frequencies of CRTH2+CD161+ cells 

(Figure 6B).

We also processed CRTH2+CD161+, CRTH2+CD161-, and CRTH2-CD161- CD4+ T cells 

sorted from these eight patients for single-cell RNA sequencing. We obtained data from 

a total of 30,635 cells, comprising 6,664 CRTH2+CD161+ cells, 7,597 CRTH2+CD161- 

cells, and 16,374 CRTH2-CD161- cells. Among these cells, we identified six major clusters 

representing phenotypic states among these CD4+ T cells in the peripheral blood. (Figure 

6C–D, Data file S6). The CRHT2+CD161- population was enriched for cells in cluster 2, 

and the CRTH2+CD161+ population was enriched in cells in clusters 2 and 3 (Figure 6E). 

These clusters did not completely align with the CRTH2+CD161- and CRTH2+CD161+ 

populations defined with FACS, indicating a degree of transcriptional heterogeneity within 

each population defined by surface protein expression. Clusters 2 and 3 expressed features 

typically associated with TH2 cells, including the cytokines IL4 and IL13 (Figure 6F). 

Cluster 3, however, expressed the highest levels of the TH2 cytokines IL4, IL5, IL9, and 

IL13 as well as other features previously associated with a peTH2 phenotype, including high 

levels of HPGDS and the transcripts for surface markers IL17RB and IL1RL1 (9, 35). Taken 

together, these data suggest that cluster 2 contained conventional TH2 (convTH2) cells, and 

cluster 3 contained peTH2 cells.

We then analyzed the expression of genes associated with tissue-resident peTH2 cells in 

each cluster. We found that peripheral peTH2 cells, but not convTH2 cells, upregulated 

the expression of the genes associated with dysregulated lipid metabolism identified in 

esophagus-resident peTH2 cells (Figure 6F). Interestingly, while the levels of TH2 cytokines 

were higher among peripheral peTH2 cells, the levels of these lipid metabolism-related 

genes were higher among tissue resident peTH2 cells, suggesting that dysregulated lipid 

metabolism and eicosanoid synthesis is an acquired function of peTH2 cells in esophageal 

tissue.

Peripheral convTH2 and peTH2 cells are clonally expanded and demonstrate convergence 
of TCR sequences

To assess the clonotypic relationships among peripheral CRTH2+CD4+ T cells in EoE, 

we recovered paired TCRα and TCRβ sequences from sorted cells (Figure S10B). We 

found high levels of clonal expansion among both convTH2 and peTH2 cells but not 

non-TH2 cells, suggesting that these cells may be expanded by exposure to antigen during 

active disease (Figure 7A–B). To determine to what extent cells within a clonotype may 

share similar phenotypes, we examined the distribution of phenotypes present within each 

expanded clonotype. Strikingly, we found that nearly all expanded clonotypes demonstrated 
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a preference for either the convTH2 phenotype or the peTH2 phenotype, indicating that these 

phenotypes represent distinct clonal lineages, potentially associated with the recognition of 

distinct epitopes, that may diverge due to distinct conditions experienced during priming 

(Figure 7C). We also found that the diversity of TCRβ sequences among the peTH2 and 

convTH2 populations was significantly less than non-TH2 cells, further indicating that these 

phenotypes are associated with expanded T cell clonotypes (Figure 7D).

We sought to determine to what extent distinct TCR clonotypes among the convTH2 and 

peTH2 populations may recognize common epitopes. We determined the nearest neighbor 

Hamming distances for all TCRβ CDR3 amino acid sequences recovered from each patient 

and found that clonotypes in the convTH2 and peTH2 populations were significantly more 

likely than non-TH2 cells to have a nearest neighbor within a Hamming distance of one, 

corresponding to a single amino acid substitution, demonstrating a convergence of TCR 

sequences among these clonotypes (Figure 7E). We also utilized GLIPH2 analysis, which 

defines “specificity groups” of TCRs that are predicted to share a common epitope (37). 

convTH2 and peTH2 cells clonotypes significantly more likely than non-TH2 cells to 

belong to a specificity group with another TCRβ sequence, further indicating that distinct 

clonotypes among these populations likely share common epitopes (Figure 7F). In addition, 

we observed that clonotypes that had a nearest neighbor Hamming distance of one or 

belonged to a GLIPH2 specificity group were more expanded than clonotypes without 

these characteristics, suggesting a dominant oligoclonal antigen-specific response (Figure 

S11A–B). Trends in clonal expansion, diversity, and TCR sequence convergence were 

more pronounced between the transcriptionally-defined convTH2 and peTH2 clusters than 

the protein-defined CRTH2+CD161- and CRTH2+CD161+ fractions obtained with FACS, 

indicating that the CD161 marker is neither completely sensitive nor specific for the clonally 

expanded peTH2 transcriptional state (Figure S11C–F). Overall, these results indicate 

that peripheral convTH2 and peTH2 cells in EoE patients exhibit substantial clonotypic 

expansion and TCR sequence convergence, suggesting that their repertoire is selected for a 

defined set of epitopes.

Esophagus-resident peTH2 clonotypes are present among peripheral CRTH2+ CD4+ cells 
and upregulate GPR15

To determine whether T cell clonotypes were shared among peripheral peTH2 cells and 

esophagus-resident peTH2 cells, we compared TCR usage between peTH2 cells from 

esophageal tissue and cells from peripheral blood. We found a total of 26 cells from 

two patients that expressed a TCRβ or TCRα sequence that was also detected in an 

esophagus-resident peTH2 cell, indicating that esophagus-resident peTH2 clonotypes can 

simultaneously be detected in the tissue and among CRTH2+CD4+ cells in the peripheral 

blood (Figure 7G). The TCRβ CDR3 sequences of two of these clonotypes from the same 

patient differed by only a single amino acid substitution (Gly → Ser), suggesting these two 

esophagus-trafficking peTH2 clonotypes likely recognized the same epitope. In total, 84.3% 

(22 out of 26) of peripheral cells that belonged to clonotypes detected among esophagus-

resident peTH2 cells had a peTH2 phenotype, indicating that a subset of peripheral peTH2 

cells share both phenotypic and clonotypic identity with esophagus-resident peTH2 cells.
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To determine if any phenotypic characteristics distinguish esophagus-associated peTH2 cells 

from other peTH2 cells in peripheral blood, we determined genes that were differentially 

expressed between peTH2 clonotypes also detected in the esophagus tissue and other 

peripheral peTH2 cells. The gene GPR15 was the most significantly upregulated transcript 

in peTH2 clonotypes that were found in the esophagus tissue (Figure 7H, Data file S7). 

Only 1.04% of all peripheral peTH2 cells had detectable GPR15 transcript expression, but 

GPR15 transcript was detected in 23% (6 out of 26) of peripheral peTH2 clonotypes that 

were also detected in esophageal biopsies (Figure S12A–B). This result suggests that GPR15 

may function to promote trafficking of peTH2 cells to the esophagus during EoE and that 

GPR15 may serve as a marker of esophagus-associated peTH2 cells in the peripheral blood 

of patients with EoE.

peTH2 cells from patients with milk-triggered EoE demonstrate milk reactivity

Lastly, to determine to what extent esophagus-homing peTH2 cells in EoE are reactive 

to disease-associated antigens, we obtained PBMCs from nine EoE patients with milk-

triggered disease. We stimulated the cells for 22 hours with milk protein and analyzed the 

cells using flow cytometry (Figure S13A). The activation marker CD154 (CD40L) was 

used to detect antigen-reactive CD4+ T cells (38). Strikingly, antigen-reactive CD154+ 

T cells were significantly enriched for CRTH2+CD161+ cells relative to resting CD154- 

cells, indicating that a substantial fraction of peripheral peTH2 cells from patients with 

EoE are reactive to food antigens (Figure 7I–J, S13B). In addition, GPR15 was enriched 

on CD154+ T cells relative to CD154- T cells and was expressed on a fraction of 

CD154+CRTH2+CD161+ T cells, suggesting that a subset of antigen-reactive peTH2 cells 

may possess enhanced esophagus homing potential (Figures 7I, 7K, S13B). FFAR3, a 

previously reported marker for peTH2 cells in EoE (10), was also enriched on CD154+ 

cells relative to CD154- cells but was detected on a much lower fraction of memory CD4+ 

cells than was GPR15 (Figure S13C). Overall, these results demonstrate that a significant 

fraction of peTH2 clonotypes are reactive to disease-associated food antigens and confirm 

the association of GPR15 with antigen-reactive peTH2 cells in EoE.

Discussion

Here, we have analyzed the transcriptional characteristics and TCR repertoire of peTH2 

cells from the esophageal biopsies, duodenal biopsies, and peripheral blood of patients with 

EoE. By comparing the characteristics of peTH2 cells across these three compartments, 

we provide insight into the mechanisms that drive inflammation in EoE, including the 

pathways that lead to recruitment of peTH2 cells to the esophagus, the abilities of these 

cells to mediate eosinophilic inflammation, and the clonal relationships manifest among this 

population.

Previous single-cell sequencing-based studies have been limited in their ability to detect 

eosinophils and other granulocytes because of their low RNA content and high concentration 

of RNAses (33). Using Seq-Well, we recovered numbers of eosinophils that correlated 

with their counts in clinical biopsies. We found that esophagus-resident eosinophils 

exhibited enhanced expression of genes regulated by NF-κB, indicating that these cells 
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are likely responsive to inflammatory signals produced in EoE and are active mediators 

of inflammation. Notably, activation of NF-κB in eosinophils has been demonstrated to 

increase eosinophil survival and has been associated with IL-5 and IL-33 signaling (18–20), 

providing mechanistic insight into the pathways influencing the activation of eosinophils 

during EoE.

In this study, we found expression of the marker GPR15 to be specifically enriched on CD4+ 

cells in the esophagus, especially on peTH2 cells. GPR15 expression was also increased on 

peTH2 clonotypes detected in both esophagus tissue and peripheral blood, and was found to 

be upregulated on milk-reactive peTH2 cells in patients with milk-triggered disease. These 

data suggest that GPR15 expression promotes esophagus homing of peTH2 cells in EoE, and 

that GPR15 may serve as a marker for esophagus-trafficking peTH2 cells in the peripheral 

blood of patients with EoE. Further investigation of this finding in increased numbers of 

patients with a range of clinical presentations could enhance understanding of how this 

population influences the pathology of EoE.

We have also demonstrated the existence of clonal expansion among peTH2 cells in both 

the esophagus tissue and the periphery. In addition, we detected expanded clonotypes 

that exhibit convergence of TCR sequences. This observation suggests the presence of 

an oligoclonal response by multiple clonotypes that adopt a shared phenotype and may 

be dominated by a small number of epitopes within a patient. Interestingly, clonotypes 

typically demonstrated a preference for one of the peTH2 or convTH2 transcriptional 

states, suggesting that each phenotype represents a distinct set of clonal lineages that may 

diverge due to the nature of the particular antigens recognized or due to distinct conditions 

experienced during priming. Lastly, we found that the peTH2 phenotype is highly enriched 

among milk-reactive T cells in patients with milk-triggered disease, further suggesting that 

the dominant epitopes recognized by peTH2 cells in EoE are derived from disease-associated 

allergens. Future studies involving the validation of allergen-specific peTH2 cells in EoE 

patients could enable the identification of the precise allergen-derived epitopes recognized 

by peTH2 cells in EoE and allow the diagnosis of EoE-related food triggers without 

empirical evaluation of avoidance diets, a significant unmet clinical need.

peTH2 cells were originally described as a pro-eosinophilic subset of TH2 cells distinct 

from conventional TH2 cells with an enhanced ability to produce the cytokine IL-5 (39, 

40). Additional characteristics of peTH2 cells have been proposed across a wide spectrum 

of allergic diseases, including increased expression of the surface markers CD161, IL-25R, 

IL-33R, CCR8, and FFAR3, the enzyme HPGDS, and the transcription factor PPAR-γ (9, 

10, 35, 41, 42). In this study, we have highlighted previously undescribed characteristics 

associated with this phenotype, including an upregulation of genes associated with lipid 

metabolism and expression of a complete synthetic pathway for the eicosanoid PGD2. 

Interestingly, our analysis of cognate receptor-ligand pairings transcriptionally active in the 

esophageal tissue (Figure 4D) predicted that peTH2 cells directly influence tissue-resident 

eosinophils through the production of PGD2, a function that was also detected in peripheral 

peTH2 cells but not convTH2 cells. These findings suggest that the pathogenicity of peTH2 

cells may result directly from their production of PGD2 and motivates further studies 

analyzing the differentiation and behavior of peTH2 cells. Such studies could inform 
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mechanisms and interventional treatments for EoE and for other allergic disorders. In 

addition, EoE is a reported adverse event for patients undergoing oral immunotherapy (OIT) 

for food allergy (43–45), suggesting that similar characteristics may develop among food 

allergen-specific CD4+ T cells in patients undergoing OIT.

Allergen-induced inflammation in EoE has been suggested to be driven by the recognition 

of antigen by peTH2 cells (1, 5). This hypothesis is further supported by the detection of 

clonal expansion and convergence of TCR sequences among tissue-resident and peripheral 

peTH2 cells in this study. We observed that these peTH2 cells express the cytokines 

IL-5 and IL-13, which promote inflammation in EoE by driving eosinophil recruitment 

and contributing to epithelial barrier dysfunction, respectively (1, 5, 6). In addition, we 

report evidence that esophagus-resident peTH2 cells are also involved in the production of 

PGD2. The release of PGD2 may promote inflammation by generating a positive feedback 

loop involving the chemotaxis and activation of eosinophils, mast cells, and peTH2 cells 

themselves. This positive feedback loop may be further amplified by other inflammatory 

signals such as IL-33 release from damaged epithelial cells, which induces further activation 

of IL1RL1-expressing eosinophils and peTH2 cells. In addition to these factors, group 2 

innate lymphoid cells (ILC2s), which have also been observed in the esophageal biopsies 

of EoE patients (46), may contribute to inflammation in EoE through the production of 

IL-5 and IL-13. We did not detect ILC2s in our single-cell RNA sequencing; this absence 

may have resulted from the rarity of these cells combined with the relatively small biopsies 

available in this study.

In summary, we have profiled key allergic mediators present in the esophageal and duodenal 

biopsies of EoE patients, including tissue-resident eosinophils and peTH2 cells. We find that 

tissue-resident peTH2 cells are a clonally expanded population associated with a distinct 

phenotypic state involving eicosanoid signaling. These cells are enriched among food 

allergen-reactive CD4+ T cells in EoE patients and exhibit an upregulation of GPR15, 

which promotes esophagus homing. Further knowledge of the development of peTH2 cells, 

their interactions with other allergic mediators, and the antigens recognized by these cells is 

vital to advancing our understanding, diagnosis, and treatment of EoE and other allergic and 

eosinophilic diseases.

Materials and Methods

Study design

The objective of this study was to understand the types and functions of cells present in 

esophageal biopsies and peripheral blood of patients with EoE and to determine how these 

cells are altered in active disease versus remission. Cells from tissue biopsies and peripheral 

blood were analyzed with paired single-cell RNA and TCR sequencing as well as flow 

cytometry. The study was approved by the Institutional Review Board of Partners Healthcare 

(protocol nos. 2010P002087 and 2011P001159) at Massachusetts General Hospital. Sample 

size was determined based on the availability of biopsy samples. Researchers performing 

the single-cell RNA sequencing and flow cytometry experiments were blinded to the patient 

diagnoses. Diagnoses of active EoE and EoE in remission were provided by physicians and 

considered factors such as the number of eosinophils per high power field and other features 
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of microscopic pathology, as well as the appearance of the esophagus upon endoscopy, as 

assessed by EREFS scoring (47), and current patient symptoms (Table S1).

Esophagus biopsy collection and processing

Up to six biopsies in total from the proximal, mid, and distal esophagus or duodenum 

were collected from each patient. Biopsies were minced with scalpels into fragments 

of ~1 mm2 and processed into a single-cell suspension by performing two subsequent 

digestions with Collagenase A (2 mg/mL) and DNase I (100 μg/mL) (both from Millipore-

Sigma, St. Louis, MO) in RPMI medium (Gibco, Waltham, MA) for 40 minutes at 37°C. 

Remaining fragments of tissue were removed by centrifugation (100g for 2 minutes), and 

the supernatant cell suspension was filtered through a 70-micron cell strainer and washed 

twice with cold staining buffer (PBS + 0.5% BSA + 2mM EDTA) before further use. 

For analysis of biopsy samples with flow cytometry, single-cell suspensions from multiple 

patients were pooled and labeled with BUV395-conjugated anti-CD3 (clone UCHT1), APC-

Cy7-conjugated anti-CD4 (RPA-T4), PE-Cy7-conjugated anti-CD45RA (HI100) (all from 

BD Biosciences, San Jose, CA), Live/Dead Fixable Blue stain (L23105; Thermo Fisher, 

Waltham, MA), and PE-conjugated anti-GPR15 (SA302A10; BioLegend, San Diego, CA). 

Samples were analyzed with a BD Fortessa X-20 instrument (BD Biosciences) and analyzed 

with FlowJo v10 software.

Activation and sorting of peripheral blood T cell populations

Cryopreserved PBMC from 8 of the 10 patients included in the tissue-resident single-cell 

analysis were thawed, and memory CD4+ T cells were isolated with the EasySep human 

memory CD4+ T cell enrichment kit (Stemcell Technologies, Vancouver, BC, Canada). 

T cells were cultured in AIM-V medium (Gibco) for 6 hours at a density of 2 × 106 

in 0.5 mL medium per well in 48-well plates, with human T-Activator CD3/CD28 beads 

(Thermo Fisher) in a 1:3 ratio of beads to T cells. After harvesting, the cells were labeled 

with BUV395-conjugated anti-CD3, APC-Cy7-conjugated anti-CD4, PE-Cy7-conjugated 

anti-CD45RA, PerCP-Cy5.5-conjugated anti-CRTH2 (BM16; BD Biosciences), eFluor450-

conjugated anti-CD161 (HP-3G10; Thermo Fisher), and Live/Dead Fixable Blue stain. Live 

CD3+CD4+CD45RA− CRTH2+CD161+, CRTH2+CD161−, and CRTH2−CD161− T cells 

were sorted with a FACSAria Fusion instrument (BD Biosciences).

Analysis of peripheral blood milk-reactive CD4+ T cells

Cryopreserved PBMC from 9 patients with milk- or dairy-triggered EoE (no overlap with 

the patients included in the single-cell analysis) were thawed and cultured in AIM-V 

medium for 22 hours, with or without 75 μg/ml cow’s milk protein (M7409; Millipore-

Sigma), at a density of 5 × 106 in 1 ml medium per well in 24-well plates. FITC-conjugated 

anti-CD154 (clone TRAP1; BD Biosciences) was added to the cultures (20 μL/well) for 

the last 3 hours. After harvesting, the cells were labeled with BUV395-conjugated anti-

CD3, APC-Cy7-conjugated anti-CD4, PE-Cy7-conjugated anti-CD45RA, FITC-conjugated 

anti-CD154, PerCP-Cy5.5-conjugated anti-CRTH2, eFluor450-conjugated anti-CD161, PE-

conjugated anti-GPR15, APC-conjugated anti-FFAR3 (LS-C214200; LSBio, Seattle, WA), 

and Live/Dead Fixable Blue stain. Flow cytometry data were collected with a FACSAria 

Fusion instrument, and analyzed with FlowJo v10 software.
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Single-cell RNA-sequencing

Single-cell suspensions from esophageal biopsies, duodenal biopsies, and sorted subsets of 

peripheral blood CD4+ memory T cells were processed for single-cell RNA sequencing 

using the Seq-Well platform with second strand chemistry, as previously described (11, 12). 

Libraries were barcoded and amplified using the Nextera XT kit (Illumina, San Diego, CA) 

and were sequenced on a Novaseq 6000 (Illumina).

Paired single-cell TCR sequencing and analysis

Paired TCR sequencing and read alignment was performed as described in Tu et al (34). 

Briefly, whole-transcriptome amplification product for each sample was enriched for TCR 

transcripts using biotinylated probes for the human TRAC and TRBC regions and magnetic 

streptavidin beads. The enriched product was further amplified using human V-region 

primers and Nextera sequencing handles. Libraries were then sequenced on an Illumina 

MiSeq or Nextseq using single-end reads. CDR3 consensus sequences were aligned as 

outlined previously. To prevent collisions between cell barcodes that may originate from 

Hamming distance correction, we aggregated all molecules with the same CDR3 sequence, 

clustered the unique molecular identifiers (UMI) of these sequences according to Hamming 

distance with a maximum distance of 2, and retained the single UMI with the greatest 

number of total reads. UMI with less than an 80% CDR3 consensus frequency were then 

excluded from analysis. GLIPH2 analysis was performed as described in Huang et al. using 

the default parameters and version 2 of the provided reference for human data (37).

Single-cell Data Processing and Visualization

Raw read processing of single-cell RNA sequencing reads was performed according to 

Macosko et al (48). Briefly, reads were aligned to the hg38 reference genome and collapsed 

by cell barcode and UMI. For the dataset generated from esophageal and duodenal biopsies, 

cells with less than 500 unique genes detected and genes detected in fewer than 5 cells were 

filtered out, and for the dataset of peripheral CD4+ memory T cells, cells with less than 900 

unique genes detected and genes detected in fewer than 5 cells were filtered out. First, the 

data for each cell was log-normalized to account for library size. We then selected variable 

genes with log-mean expression values greater than 0.1 and a dispersion of greater than 1. 

The ScaleData function in Seurat was used to regress out the number of UMI and percentage 

of mitochondrial genes in each cell and to scale the data to unit variance using a Poisson 

model. Next, principle components analysis was performed and the top ten components were 

used to generate a UMAP visualization. Clusters were determined using the FindClusters 

function in Seurat. A small number of cells recovered from esophageal biopsies clustered 

with duodenal epithelial cells and were excluded from further analysis.

Correction for ambient RNA contamination using SoupX

Ambient RNA correction was performed using SoupX v0.3.0 as described in Young et 

al (49) with minor modifications. Cell contamination fractions were estimated using the 

genes KRT4, KRT5, KRT13, KRT15, and KRT6A in non-esophageal epithelial cells for 

samples from the esophagus and the genes IGHA1, IGHA2, IGHM, IGJ, and IGKC in 

non-plasma cells for samples from the duodenum. These estimates were refined using the 
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calculateContaminationFraction to fit lowess curves between the number of UMI for each 

cell and the estimated contamination fraction. Adjusted counts were rounded to integers to 

preserve the count nature of the data. After ambient RNA correction was complete, the data 

was reprocessed and re-visualized as described above.

Doublet removal and individual cell type analysis

Clusters representing a single cell type were first processed as described in the “single-

cell data processing and data visualization” section above. Doublet clusters were then 

identified as clusters that strongly expressed marker genes associated with more than one 

cell population and were discarded. Preprocessing steps were then performed one additional 

time prior to beginning analysis.

Gene module and pathway enrichment analysis

Gene sets for innate T cell subsets and NK cells were generated by determining the top 

30 differentially expressed genes by each subset in the data from Gutierrez-Arcelus et al., 

were obtained from MSigDB (50), or were curated according to standard marker genes for T 

helper cells. Gene scores were obtained using the AddModuleScore function in Seurat. For 

analysis of eosinophil transcriptomes, MSigDB pathways in the Hallmarks collection were 

analyzed, and for analysis of peTH2 cells, MSigDB pathways in the KEGG and BIOCARTA 

collections were analyzed.

SCENIC analysis of eosinophils

The python package pySCENIC version 0.9.18 was used to infer gene regulatory networks 

in eosinophils (17, 51). The input into the pySCENIC workflow was the gene counts 

matrix for cells classified as eosinophils and the RcisTarget database containing transcription 

factor motif scores for gene promoters around transcription start sites in the hg38 

genome. Transcription factor modules upregulated in eosinophils during active disease were 

identified by performing a two-sided Wilcoxon rank-sum test on the AUCell scores for each 

transcription factor module between eosinophils from esophageal biopsies of patients with 

active disease and eosinophils from the duodenal biopsies of all patients.

Immunohistochemical staining

Formalin-fixed paraffin-embedded biopsy sections were prepared using standard protocols. 

Heat-mediated epitope retrieval was performed at 97 degrees C for 20 minutes with pH 6 

citrate buffer, using the ThermoFisher PT module. Slides were run on the ThermoFisher 

360 Autovision IHC stainer. The run consisted of: Endogenous peroxidase blocking: 10 

minutes, Protein block: 30 minutes, Primary antibody: 60 minutes, Labeled polymer: 

30 minutes, DAB: 5 minutes. The primary antibodies used were: GPR15 (HPA-013775, 

Millipore-Sigma) and C10orf99 (PA5–62266, ThermoFisher).

Receptor-ligand pathway analysis

To identify receptor-ligand interactions between peTH2 cells and eosinophils in the 

esophagus tissue, we utilized pathways annotated as “known” and “literature supported” 

from a published database of receptor-ligand pairs (52). We aimed to identify receptor-
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ligand pairs in which the receptor was selectively upregulated on eosinophils relative to 

other cells from esophageal biopsies and the ligand was selectively upregulated by peTH2 

cells relative to other T cell subsets. We defined eosinophils or peTH2 cells as “expressing” 

a receptor or ligand if at least ten percent of the cells in that cluster expressed transcript 

for that receptor or ligand. For all pathways in which both eosinophils and peTH2 cells 

expressed the corresponding receptor and ligand, we then defined a “receptor score” and 

“ligand score” equal to average normalized expression value for the gene encoding the 

receptor or ligand. We then generated a null distribution for receptor scores and ligand 

scores by performing 10,000 permutations of the cell type labels among cells recovered from 

esophageal biopsies and recalculating both receptor scores and ligand scores. We then used 

this null distribution to calculate p-values for both receptor scores and ligand scores, and 

we defined the p-value for each receptor-ligand pair as the maximum of the p-value for the 

receptor score and the p-value for the ligand score.

Reanalysis of literature datasets

Data from Wen et al., Bangert et al., and Ordovas-Montanes et al. was obtained from 

GSE126250, GSE153760, and the Supplementary Data of Ordovas-Montanes et al. For 

Bangert et al., data from skin suction blisters of patients with atopic dermatitis was used. 

For all datasets, non-T cells and T cells with under 500 unique genes detected were 

excluded. Data from Bangert et al. and Ordovas-Montanes et al. was processed using the 

methodology described above. Data from Wen et al. was first normalized by computing 

transcripts per million. Variable genes were then selected using the FindVariableGenes 

function in Seurat and scaled using the ScaleData function in Seurat. After performing 

PCA, a number of principle components were selected from an elbow plot and used to 

generate UMAP projections for each dataset. For all data sets, clusters were then determined 

using the FindClusters function in Seurat. A small cluster of cells labeled as T cells in the 

Ordovas-Montanes et al. dataset appeared to represent eosinophils and was excluded from 

analysis.

Statistical analysis

Statistical analysis was performed in the R software, version 3.5.1. The specific parametric 

and nonparametric statistical tests are indicated in the figure legends. P-values < 0.05 were 

considered statistically significant. For differential gene expression analysis, genes with 

an adjusted p-value < 0.001 and an average log-fold change of greater than 0.25 were 

considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single-cell RNA sequencing of esophageal and duodenal biopsies of EoE patients.
(A) Schematic of biopsy processing pipeline. Biopsies from ten EoE patients (six with 

active disease, four in remission) were enzymatically dissociated into single-cell suspensions 

and processed for single-cell RNA sequencing using Seq-Well. (B) UMAP projection of 

28,816 cells obtained from the esophageal and duodenal biopsies of ten EoE patients, 

colored by cell phenotype. (C) Dot plots of select marker genes for each cell phenotype, 

displaying average expression and frequency of expression for each gene. (D) UMAP 

projections of cells obtained from esophageal and duodenal biopsies, colored by tissue and 

patient diagnosis. (E) Bar plots depicting relative frequencies of cell phenotypes from the 

esophageal and duodenal biopsies of each patient.
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Figure 2. Eosinophils are enriched and activated in the esophagus during active disease.
(A) UMAP projection of granulocyte cluster colored by tissue and disease status (n = 679 

cells). (B) UMAP projection of granulocyte cluster, colored by type of granulocyte. (C) 

Dot plots of select surface markers and inflammatory effectors expressed by eosinophils 

and neutrophils, displaying average expression and frequency of expression for each gene. 

(D) Fraction of cells in single-cell data that were classified as eosinophils from esophageal 

or duodenal biopsies of patients in disease or remission. P-values were computed using 

a two-sided Wilcoxon rank-sum test (*P < 0.05). (E) Correlation between number of 

eosinophils per high power field in esophagus tissue determined with histological staining 

and fraction of eosinophils in esophagus single-cell data. Spearman’s correlation coefficient 
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and the associated p-value are shown. (F) Pathways upregulated in eosinophils present in 

the esophageal tissue of patients with active disease relative to eosinophils in the duodenum. 

P-values are calculated with a two-sided Wilcoxon rank-sum test and are adjusted with 

Bonferroni correction. (G) Transcription factor module scores produced by SCENIC for 

modules regulated by subunits of NF-κB.
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Figure 3. T cell phenotypes present in the esophagus and duodenum.
(A) UMAP projection of T cells recovered from esophagus biopsies, colored by phenotypic 

cluster (n = 4,423 cells). (B) UMAP projection of T cells recovered from duodenum 

biopsies, colored by phenotypic cluster (n = 4,781 cells). (C) Dot plot of select genes in 

tissue-resident T cell clusters, displaying scaled expression and frequency of expression 

for each gene. (D) Dot plot of select homing markers in esophagus and duodenum T cell 

clusters. (E) Dot plot of CCL25 and C100orf99, the ligands for CCR9 and GPR15, in 

tissue-resident cell phenotypes. (F) Immunohistochemical staining for GPR15 and GPR15L 

in the esophageal biopsies of EoE patients. Scale bar: 200 μm. Results representative of n=3 

patients. (G) GPR15 expression on memory CD4+ T cells isolated from esophageal biopsies 

of EoE patients, as measured by flow cytometry. Results representative of n=3 experiments. 

(H) Fraction of memory CD4+ T cells expressing from esophageal biopsies expressing 

GPR15+.
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Figure 4. Properties of peTH2 cells in the esophagus of patients with EoE.
(A) Relative size of each esophagus T cell cluster by patient and diagnosis. P-value was 

computed using a two-sided Wilcoxon rank-sum test (*P < 0.05). (B) Correlation between 

fraction of T cells in cluster E6 and number of eosinophils per high-power field (hpf). 

Spearman’s correlation coefficient and the associated p-value are shown. (C) Dot plot 

showing the expression of genes associated with prostaglandin synthesis or lipid metabolism 

in each esophagus T cell cluster. (D) Ligand-receptor pathway analysis presenting the 

expression of receptors and ligands in pathways determined to be selectively upregulated 

between eosinophils and peTH2 cells. All pathways shown are determined to be statistically 

significant (Methods).
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Figure 5. Clonotypic relationships of T cells in the esophagus and duodenum.
(A) UMAP projection of phenotypes present among esophageal T cells and (B) duodenal 

T cells. (C) Clonal size of esophageal T cells and (D) duodenal T cells mapped onto 

corresponding UMAP projections. Clonal size is defined as the number of cells from a 

given patient that share a given TRB sequence. (E) Stacked bar plot of clonal size of each 

phenotype. (F) Bar plot of clonal size of peTH2 cells in each patient.
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Figure 6. Comparisons between peripheral and esophagus-resident peTH2 phenotypes.
(A) Representative staining of CRTH2 and CD161 from peripheral blood of EoE patients 

in disease or remission. (B) Percentage of CRTH2+CD161+ and CRTH2+CD161- among 

memory CD4+CD45RA- T cells, as determined by flow cytometry. P-values are calculated 

using a one-sided Wilcoxon rank-sum test (*P < 0.05). (C) UMAP projection of sorted 

CRTH2-CD161-, CRTH2+CD161-, and CRTH2+CD161+ cells, colored by sort fraction (n 

= 30,635 cells; 8 patients). (D) UMAP projection of sorted cells colored by phenotypic 

cluster. (E) Distribution of phenotypic clusters within each sort fraction. (F) Dot plot of 

peTH2-associated genes in T cells from peripheral blood CD4+ T cells and cluster E6 from 

esophageal biopsies.
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Figure 7. TCR repertoire of peripheral convTH2 and peTH2 cells.
(A) Clonal size, calculated using TCRβ, overlaid on UMAP plot. (B) Distribution of 

clonal size among non-TH2, convTH2, and peTH2 phenotypes. (C) Distribution of non-

TH2, convTH2, and peTH2 phenotypes within expanded clonotypes. Up to the seven most 

expanded clonotypes recovered from each patient are displayed, provided they consist of 

greater than 3 cells. Heatmap is colored according to fraction of cells in that clonotype with 

a given phenotype. (D) Shannon diversity of non-TH2, convTH2, and peTH2 cells. Samples 

with fewer than 10 TCRβ sequences recovered are excluded. P-values are calculated using 
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a two-sided Wilcoxon rank-sum test (**P < 0.01). (E) Distribution of nearest-neighbor 

Hamming distance between CDR3 sequences in each phenotype. P-values are calculated 

using a two-sided chi-squared proportion test (***P < 0.001, ****P < 0.0001). (F) Fraction 

of TCRβ sequences in each phenotype that are related to another TCRβ sequence from 

the same patient by GLIPH2. Samples with fewer than 10 TCRβ sequences recovered 

are excluded. P-values are calculated by a one-sided Wilcoxon rank-sum test (*P < 0.05). 

(G) peTH2 clonotypes shared between the peripheral blood and the esophagus. Heatmap 

presents the distribution of phenotypes present in peripheral blood for each clonotype. 

Sequences highlighted in bold were shared between the esophagus and peripheral blood; 

other sequences are paired with these sequences in either location. (H) Genes upregulated by 

clonotypes detected in esophagus tissue relative to all other peripheral peTH2 cells. P-values 

are calculated using a two-sided Wilcoxon rank-sum test and are adjusted with Bonferroni 

correction. (I) Representative staining of CD154+ and CD154- memory CD4+ cells from 

patients with milk-triggered disease. (J) Frequency of CRTH2+CD161+ cells on CD154+ 

and CD154- cells after culture with milk antigen. P-values were calculated using a paired 

two-sided Wilcoxon rank-sum test (**P < 0.01) (K) Frequency of GPR15 expression on 

memory T cell subsets after culture with milk antigen. P-values were calculated using a 

paired two-sided Wilcoxon rank-sum test (*P < 0.05, **P < 0.01).
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