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Abstract

Allergic diseases are a global health challenge. Individuals harboring loss-of-function variants 

in transforming growth factor beta receptor (TGFβR) genes have an increased prevalence of 

allergic disorders, including eosinophilic esophagitis. Allergic diseases typically localize to 

mucosal barriers, implicating epithelial dysfunction as a cardinal feature of allergic disease. Here, 

we describe an essential role for TGFβ in the control of tissue-specific immune homeostasis 

that provides mechanistic insight into these clinical associations. Mice expressing a TGFβR1 

loss-of-function variant identified in atopic patients spontaneously develop disease that clinically, 

immunologically, histologically, and transcriptionally recapitulates eosinophilic esophagitis. In 
vivo and in vitro, TGFβR1 variant-expressing epithelial cells are hyperproliferative, fail to 

differentiate properly, and overexpress innate pro-inflammatory mediators, which persists in the 

absence of lymphocytes or external allergens. Together, our results support the concept that TGFβ 
plays a fundamental, non-redundant, epithelial cell-intrinsic role in controlling tissue-specific 

allergic inflammation that is independent of its role in adaptive immunity.

One Sentence Summary:

TGFβ is an essential non-redundant epithelial cell-intrinsic controller of allergic inflammation 

independent of its role in adaptive immunity.

Eosinophilic Esophagitis Essentials

Individuals with loss-of-function variants of transforming growth factor beta receptor (TGFβR) 

genes develop allergic diseases including eosinophilic esophagitis (EoE), but mechanisms driving 

disease pathology are not well understood. Here Laky et al. define an essential role for TGFβR 

in maintaining epithelial cell homeostasis to control allergic inflammation. Mice bearing TGFβR1 

loss-of-function variants developed disease symptoms consistent with EoE, which was reflected 

in pathological, immunological, and transcriptional changes to esophagus. Expression of TGFβR1 

variants in epithelial cells was associated with hyperproliferation, defects in differentiation, and 

the release of pro-inflammatory mediators, even in the absence of allergens or lymphocytes. 

These findings highlight an epithelial-cell intrinsic function of TGFβR1 in modulating allergic 

inflammation associated with EoE.

INTRODUCTION

Allergic diseases are among the most pervasive medical conditions to affect humans, and 

their prevalence is rising at a dramatic rate. The factors that initiate allergic inflammation 

and confer the tissue specificity characteristic of allergic conditions remain obscure. As the 

interface with the external environment, epithelial cells are the first to encounter allergens 

and play a pivotal role in maintaining immune homeostasis, but the mechanisms and 
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pathways involved are incompletely understood. It has been proposed that a leaky epithelial 

barrier causes allergic disease by allowing penetration of antigens that then instigate an 

inflammatory immune response. In addition to providing a physical impediment to external 

insults, epithelial cells promote local immune responses and tissue repair that, if unchecked, 

can induce pathology. Even though epithelial dysfunction is a feature of nearly all allergic 

diseases, whether it is a primary inciting event or a consequence of an aberrant immune 

reaction is not clear.

Eosinophilic esophagitis (EoE) is a chronic disease characterized by eosinophilic 

inflammation in the esophagus, typically manifesting in patients as dysphagia and food 

impaction. EoE shares many features in common with other allergic disorders, including 

characteristics of the inflammatory cell infiltrate, the presence of epithelial hyperplasia, 

and the induction of epithelial-derived alarmins, suggesting a shared pathophysiology. Both 

environmental and genetic factors contribute to the pathogenesis of EoE. Among the top 

10 gene variants linked to EoE, nearly all occur in genes expressed by epithelial cells, 

and approximately 1/3 encode proteins involved in transforming growth factor beta (TGFβ) 

signaling (1). We previously reported that patients with Loeys-Dietz syndrome who harbor 

loss-of-function variants in genes encoding the receptor for TGFβ (TGFBR1, TGFBR2) are 

more likely to develop allergic diseases, including EoE (2). To investigate the mechanisms 

by which diminished TGFβR signaling promotes localized allergic inflammation in EoE, we 

utilized mice with the Tgfbr1M318R (R1) variant knocked into the endogenous Tgfbr1 locus 

(3). This variant is a point mutation that results in expression of TGFβR1 devoid of kinase 

activity (4).

We find that R1 mice spontaneously develop EoE that closely recapitulates the human 

disease with 100% penetrance, and we demonstrate that a primary defect in epithelial 

development, independent of lymphocytes or allergens, can initiate a Th2 inflammatory 

cascade. Decreased TGFβR signaling in esophageal epithelial cells leads to an ineffective 

cytostatic differentiation program, resulting in excessive proliferation and secretion of 

pro-inflammatory mediators. We propose the origin of allergic disease to be local sterile 

inflammation initiated by epithelial cells, expanding the role of epithelium beyond barrier 

function to include its innate immune functions in the allergic disease diathesis. These 

findings advance our understanding of the mechanisms that normally limit tissue-specific 

allergic inflammation.

RESULTS

R1 mice spontaneously develop disease that meets the diagnostic criteria for EoE

The most common presenting symptoms in patients with EoE are dysphagia and food 

impaction. While the esophagi of wild type (WT) mice (Fig. 1A) were narrow and empty, 

the esophagi of R1 mice were enlarged (Fig. 1B) and more solid material was recovered 

after flushing esophagi of R1 than WT mice (Fig. 1C). Dilation and impacted food were 

also evident in cross-sections of esophageal tissue from R1 mice (Figs. 1D to G). In addition 

to esophageal dysfunction, a diagnosis of EoE requires the presence of ≥15 eosinophils per 

high powered field. Intact and degranulated eosinophils in R1 esophagi were visualized by 

immunohistochemical (IHC) staining of the eosinophil granule protein major basic protein 
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1 (MBP) (Figs. 1F to J). Eosinophils were rare in WT esophageal tissue (Fig 1F) and a 

single layer of nucleated basal cells was present (Fig 1K). Additional histological features 

characteristic of EoE (5) observed in R1 esophagi included basal cell hyperplasia (Fig. 1L–

N), eosinophilic abscesses (Figs. 1I, M), surface layering of eosinophils (Fig. 1J) and rete 

peg elongation (Figs.1E, M, N). Thus, the clinical and histological features of R1 esophagi 

satisfy the established diagnostic criteria for EoE.

The esophageal transcriptome, inflammatory infiltrate, and age of disease onset in R1 
mice phenocopies EoE endotype 2

A combination of gene expression changes, clinical characteristics, and histopathological 

findings can be used to diagnose several endotypes of EoE (6, 7). To determine the degree 

of similarity between R1 mice and human disease endotypes, we performed RNAseq on 

tissue from the inner esophagi of R1 mice and calculated correlation coefficients between 

the gene expression levels in our mouse samples and the mean expression of each endotype 

from the human discovery cohort of Shoda et al (7). R1 mice have enrichment for genes 

differentially expressed in endotype 2 (EoEe2), and an inverse correlation with endotype 3 

(EoEe3) (Fig. 2A). RT-PCR analyses confirmed that R1 esophagi had higher expression of 

Tslp and Tnfaip6, the 2 genes most uniquely associated with EoEe2 (Fig. 2B).

A physical feature that distinguishes endotypes is the absence of fibrosis in EoEe2 and 

presence of fibrostenosis in EoEe3. COL8A2 is the representative collagen gene in the 

human EoE diagnostic panel, and its upregulation distinguishes EoEe2 and EoEe3 from 

EoEe1 (7). Expression of Col8a2 was significantly higher (P=0.0001) in R1 esophagi than 

WT littermates (Fig. 2C). However, R1 mice did not have narrow esophagi and the most 

highly expressed collagen genes were lower in R1 than WT esophagi, including several 

collagen genes known to be upregulated in response to TGFβ (8). These ex vivo data 

were consistent with in vitro data that show induction of SMAD target genes is impaired 

in cells transfected with the Tgfbr1M318R variant (4). Collagen expression at the protein 

level was visualized with Masson’s Trichrome stain (Fig. 2D) and quantified by measuring 

hydroxyproline (Fig. 2E) (9). There was no increase in collagen in R1 esophagi compared to 

WT mice.

We then expanded our gene expression analyses beyond the EoE diagnostic gene panel. 

Of ×6×104 genes detected, 2.7×103 genes were differentially expressed (Fig. S1). Among 

those differentially expressed genes, 6% differed >2-fold, the cutoff established for the 

human EoE transcriptome (6). Like data sets generated with human biopsies (10, 11), most 

differentially expressed genes were higher in R1 than WT esophagi. Upregulated pathways 

in R1 esophagi were related to immune responses and included genes involved in eosinophil 

cytokine/chemokine signaling, adhesion, and granule proteins; mast cell effector proteins; T 

cell activation, adhesion, and cytokine signaling, and myeloid cell recruitment and activation 

(Fig. 3A). The cell lineages represented in this pattern suggest an inflammatory infiltrate 

reminiscent of human EoE (12, 13).

We corroborated our gene expression data by using flow cytometry to quantify the number 

of total leukocytes, and eosinophils specifically, that were present in WT and R1 esophagi 

from mice of various ages (Figs. 3B, C, and S2). The identity of eosinophils was confirmed 
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by modified Giemsa staining of CD11b+SiglecF+ cells purified from R1 esophagi (Fig. 

3D). Esophageal dilation and increased eosinophils were already present in esophagi of 

R1 pups at weaning (Figs. 3C, E–G), consistent with the pediatric-onset of EoEe2. In 

addition to eosinophils, the inflammatory infiltrate in R1 esophagi included more myeloid 

antigen presenting cells (mAPCs), mast cells, type 2 ILCs (ILC2s), and T cells (Fig. 3H), 

recapitulating the infiltrate observed in patient biopsies (14–16). Consistent with recent flow 

cytometry and single cell gene expression data from human biopsies, B cells, basophils, 

granulocytes, and natural killer cells were few in number in both WT and R1 esophagi 

(Fig. S3) (12, 13). No gross alterations in the frequency of lymphoid or myeloid subsets 

was noted in blood, spleen, or thymus of R1 mice (Table S1). Mice harboring a loss-of-

function variant in TGFβR2 (Tgfbr2G357w/+) also spontaneously develop EoE (Fig. S4). 

Taken altogether, the age of onset, transcriptome, clinical features, histological features, and 

inflammatory infiltrate of mice with defective TGFβR signaling recapitulates human EoEe2.

EoE phenotype caused by the R1 variant is not lymphocyte dependent

TGFβ is a negative regulator of T cells (17), which have been posited to be the primary 

drivers of inflammation in EoE. To determine how T cells contribute to EoE pathology 

in R1 mice, we introduced the R1 variant into mice congenitally lacking lymphocytes. 

Surprisingly, despite a complete absence of T cells, RAG2−/−R1 esophagi had increased 

eosinophils, mast cells, mAPCs, and ILC2s (Fig. 3H) and the numbers were comparable 

to RAG2-sufficient R1 mice. In addition to accumulation of eosinophils, RAG2−/−R1 

mice developed hallmark clinical and histological features of EoEe2, including esophageal 

dilation with food impaction (Figs. 3I–K), basal cell hyperplasia (Figs. 3L, M), and MBP+ 

cells (Figs. 3N, O). In summary, no aspect of the EoE phenotype caused by the R1 variant 

was lymphocyte dependent.

Radio-resistant non-hematopoietic cells are necessary and sufficient to cause an EoE 
phenotype in R1 mice

The development of EoE in RAG2−/− R1 mice excluded ineffective inhibition of T 

cells by TGFβ as the cause of EoE. TGFβRs are ubiquitously expressed. To assess the 

relative contributions of altered TGFβR signaling in bone marrow (BM)-derived versus 

non-hematopoietic cells to EoE pathophysiology, R1 mice were irradiated and reconstituted 

with WT BM. Eight weeks post-reconstitution, WT donor BM-derived eosinophils had 

accumulated in the esophagi of R1 mice (Fig. 4A) accompanied by esophageal dilation 

and food impaction (Fig. 4B). This was true for R1 mice irradiated and reconstituted as 

adults with established disease, or as neonates prior to the onset of disease. In the converse 

experiment, WT mice irradiated and reconstituted with R1 BM did not develop features 

of EoE (Figs. 4C, D). Thus, attenuated TGFβR1 signaling in radio-resistant host cells was 

necessary and sufficient to cause EoE in R1 mice. To the contrary, altered TGFβR1 signaling 

in BM-derived cells alone did not cause disease.

Diminished TGFβR signaling leads to tissue restricted allergic inflammation

A diagnostic criterion of EoE is that eosinophilic inflammation is isolated to the esophagus 

(18). A survey of tissues confirmed that eosinophils were not increased in BM, lymphoid 

organs, or intestines of R1 mice (Fig. 4E). One striking exception was stomach. Unlike in 
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humans, the proximal forestomach in mice is lined by stratified squamous epithelium that 

is contiguous with the esophagus up to the limiting ridge. The distal glandular stomach 

and intestines are lined by simple columnar epithelium. When proximal and distal portions 

of the stomach were analyzed separately, eosinophils were noticeably increased only in 

forestomach. The forestomach of R1 mice also exhibited the same histopathological features 

as the esophagus, namely basal cell hyperplasia, eosinophilic abscesses, and rete peg 

elongation with peripapillary accumulation of eosinophils (Figs. 4F to I). The adjacent 

glandular stomachs of R1 and WT mice were indistinguishable. The observation that 

accumulation of eosinophils in R1 mice was anatomically limited to tissues lined by 

stratified squamous epithelium suggested to us that these specialized cells were responsible 

for the tissue-restricted inflammation.

EoE in R1 mice is not predicated on altered esophageal barrier function

We sought to understand the mechanisms by which epithelium could drive allergic 

inflammation. Because it has been proposed that a leaky epithelial barrier causes EoE 

by allowing penetration of antigens that then instigate an inflammatory response (19), we 

examined expression of genes encoding proteins that contribute to epithelial barrier function 

(Fig. 5A, ●). In healthy differentiating keratinocytes, genes encoding involucrin (IVL), 

envoplakin (EVPL), and periplakin (PPL) are induced concurrently, followed by filaggrin 

(FLG) and loricrin (LOR), and desmoglein 1 (DSG1) (19, 20). Ivl and Evpl expression were 

higher in R1 than WT esophagi, but Ppl was lower in R1 than WT. Expression of Flg did not 

differ between WT and R1 esophagi, but Lor, Dsg1a, and Dsg1b were lower in R1 than WT. 

Discordant expression of genes that are typically co-expressed suggested that differentiation 

of R1 epithelial cells was perturbed.

To determine if the gene expression changes observed impacted intercellular contacts, 

we examined the architecture of the esophageal epithelium using transmission electron 

microscopy. The suprabasal layers of epithelium of WT and R1 esophagi were 

indistinguishable (Fig. 5B–J). Stratum corneum consisted of interlocking fibers that 

excluded luminal contents. Stratum granulosum contained flat, tightly packed cells 

interconnected by evenly spaced desmosomes around the perimeter of each cell. Stratum 

spinosum contained nucleated cells transitioning from cuboidal to flat and interconnected 

by desmosomes between spiny projections. Neither dilated intercellular spaces (ICS) nor 

changes in the number, distribution, or structure of desmosomes were observed in the 

suprabasal strata.

In contrast to the suprabasal layers, substantive differences between R1 and WT esophagi 

were present in the stratum basale. Whereas this layer consisted of only 1–2 cuboidal 

cells in WT esophagi (Fig. 5K) R1 epithelium contained areas that were several cells 

thick, indicative of basal cell hyperplasia (Figs. 5L). At a cellular level, WT basal cells 

were characterized by a network of microvillar projections, well-defined nuclei with diffuse 

chromatin, and abundant mitochondria (Fig. 5N). In contrast, R1 basal cells (Figs. 5O, P) 

displayed clubbing, loss of microvillar projections, nuclei with tightly compacted chromatin, 

increased nucleus:cytoplasmic ratio, and a paucity of mitochondria, suggesting that basal 

cells in R1 esophagi were distressed and displaying ultrastructural features of pyroptosis. 
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Eosinophils were seen adjacent to R1 basal epithelial cells (Figs. 5M, Q). Clubbing can give 

the appearance of dilated ICS, but there was no difference in the mean distance between cell 

bodies of adjacent epithelial cells in the stratum basale of WT and R1 mice (Figs. 5U and 

S5). Thus, the ultrastructural features of R1 esophageal epithelium match pediatric patients 

with active EoE (21).

To determine whether the differences in gene expression and ultrastructural features in 

R1 mice led to a leaky esophageal barrier, we assessed barrier function. Transepithelial 

electrical resistance (TEER) was used to quantitate the electrical impedance of esophageal 

tissue (Fig. 5R). We also measured paracellular transport of molecules comparable in size to 

common food allergens (Figs. 5S, T). Minimal permeability was observed using either assay, 

and there were no differences between WT and R1 tissues. Thus, disruption in esophageal 

barrier function could not explain the development of EoE in R1 mice.

Decreased TGFβR signaling leads to excessive proliferation and impaired differentiation of 
epithelial cells

Because esophageal barrier function was intact, we asked what other mechanisms could 

be driving inflammation in R1 esophagi. A closer look at the gene expression pattern 

of structural genes revealed that the transcriptional profile of R1 esophagi was enriched 

for genes seen in immature epithelial cells, at the expense of genes characteristic of 

differentiated cells. For example, immature epithelial cells express mainly Cdh3, and as cells 

differentiate, they downregulate Cdh3 and begin to express Cdh1 which encodes E-cadherin 

(22). Expression of Cdh3 was higher and Cdh1 lower in R1 compared to WT esophagi 

(Fig. 5A, ◄). Similarly, Cldn4, which is expressed by mature keratinocytes, was decreased 

while Cldn1, which is expressed by immature epithelial cells, was increased (Fig. 5A, ←). 

The promoters for Cdh1, Cdh3, Cldn1 do not contain canonical SMAD binding motifs 

suggesting that their dysregulation in R1 epithelial cells is indirect.

Keratin genes are tightly regulated during development and can be used to evaluate 

keratinocyte differentiation. Basal cell Krt14 was increased whereas Krt13 and Krt78, which 

are expressed by differentiated keratinocytes, were decreased in R1 esophagi (Fig. 5A,*). 

IHC validated that keratin 14 (K14) protein was more highly expressed in R1 esophagi 

and revealed that its localization differed markedly from WT esophagi (Figs. 6A, B). As 

expected, K14 in WT esophagi was restricted to a thin layer of basal cells. R1 esophagi had 

abnormal persistence of K14 far beyond the basal layer. Dysregulated expression of keratins 

and E-cadherin is also seen in patients with EoE (23, 24).

We went on to compare expression of genes that are the most differentially expressed 

between differentiated and basal keratinocytes (25). Interestingly, numerous genes used to 

characterize keratinocyte maturation are targets of TGFβ-mediated regulation. In addition to 

structural genes, other genes were reciprocally dysregulated in R1 esophagi, with basal cell 

genes upregulated and differentiated keratinocyte genes downregulated. Among the most 

strikingly increased were genes encoding the epithelial stem cell amino acid transporter 

Slc1a3, epidermal growth factor receptor ligand Areg, and the transcription factor Ets1 (Fig. 

6C and Tables S2, S3). Overexpression of Ets1 inhibits keratinocyte differentiation and 

induces a stress response (26). Increased Ets1 in R1 esophagi was accompanied by induction 
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of stress keratin 6 (Figs. 6D, E), verifying that differentiation of R1 epithelial cells was 

aberrant.

Many of the genes characteristic of immature keratinocytes reflect the proliferative nature 

of basal cells (Table S3). Among the genes higher in R1 than WT esophagi (Fig. 6C) 

were several that encode proteins involved in proliferation and DNA replication, including 

proliferating cell nuclear antigen (Pcna), which is used to visualize basal cells in biopsy 

sections. In many cell types, including the human esophageal epithelial cell line HET1a, 

TGF-β induces cell cycle arrest (27). We confirmed that primary murine esophageal 

epithelial cells expressed Tgfbr1, that the level of phosphorylated SMAD2/3 was lower in 

R1 than WT esophageal epithelial cells directly ex vivo, and that induction of pSMAD2/3 in 

R1 esophageal epithelial cells in response to recombinant TGFβ in vitro was compromised 

on a per cell basis (Fig. S6). We then looked at expression of cell cycle related genes that 

are modulated at the transcriptional level by TGFβ in vitro (Fig. 6F and Tables S4, S5) (28–

30). Expression of genes encoding proteins that promote proliferation and DNA replication 

were higher in R1 esophagi than WT. Conversely, genes encoding proteins that inhibit 

proliferation and promote differentiation were lower in R1 than WT esophagi. Canonical 

TGFβ target genes that were differentially expressed included inhibitor of differentiation 

(Id), growth arrest and DNA damage inducible (Gadd), growth arrest specific (Gas), cyclin 

dependent kinase (Cdk), CDK regulatory genes (Cdkn, Cdc), and the proto-oncogene Myc. 

Thus, the transcriptome of R1 esophagi suggested aberrant cell cycle regulation.

Much of cell cycle regulation occurs at the post-translational level. To determine if the 

gene expression changes induced by the Tgfbr1M318R variant culminated in increased 

proliferation of epithelial cells in vivo, R1 and WT mice were pulsed with the thymidine 

analogue bromodeoxy-uridine (BrdU). After 24 h, cells with nuclear BrdU indicating that 

they had recently passed through the S phase of the cell cycle, were visualized (Figs. 

6G to N). Scattered BrdU+ cells were seen in a single layer of WT esophagi (Fig 6G), 

whereas esophagi of R1 mice had a greater frequency of BrdU+ epithelial cells (Fig. 6H). 

Increased BrdU+ epithelial cells were also evident in the forestomach (Figs. 6I–L), but 

not glandular stomach (Figs. 6M, N), of R1 mice. These data show that reduced TGFβR 

signaling in squamous epithelial cells impaired cell cycle regulation, manifesting as basal 

cell hyperplasia, which is a prominent histological feature of EoE (5, 31).

Epithelial cells in R1 esophagi initiate an inflammatory cascade

Collectively, our findings demonstrate an accumulation of immature, hyperproliferating, and 

distressed epithelial cells in R1 esophagi. We sought to identify mechanisms by which 

these TGFβ-induced perturbations in epithelial cell homeostasis could lead to inflammation. 

Although most differentiated keratinocyte genes were lower in R1 than WT esophagi, 

Il1r1 and Casp1 were upregulated in R1 basal cells (Fig. 6C). Secretion of preformed 

IL-1α is an innate immune mechanism by which distressed epithelial cells rapidly initiate 

local inflammatory responses that are subsequently amplified and prolonged by induction 

of IL-1β and TNFα (32, 33). Il1b and Tnf were upregulated in R1 esophagi (Fig. 7A). 

Moreover, R1 esophagi had an inflammatory signature indicative of chronic activation by 

IL-1 and TNFα (Fig. 7A and Tables S6, S7) (32, 34–38). The inflammatory cascade at 
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barrier surfaces is intended to protect against infectious agents and promote wound healing. 

IL-1 induced genes that were higher in R1 than WT esophagi included keratinocyte growth 

factors, complement components, cytokines, chemokines, and adhesion molecules (Fig. 7A). 

Ccl17, Ccl22, and Vcam were among the most highly upregulated genes. CCL17 and 

CCL22 attract CCR4+ T cells, ILC2s, mAPCs, and eosinophils (39, 40) whose entry into 

tissues is facilitated by vascular cell adhesion molecule expression on endothelial cells (41–

43). Damage associated molecular pattern molecules (DAMPs) increased in R1 esophagi 

included Il1b, defensins, serum amyloid, chitinase-like, and S100 proteins (44, 45).

Several molecules characteristic of allergic inflammation and epithelial hyperproliferation 

were selected for further investigation at the protein and anatomic levels (Figs. 7B–I and 

S7). In vivo, expression of S100A9 reflects abnormal keratinocyte development and in vitro, 

TGFβ suppresses expression of S100A9 by keratinocytes (46). Epithelial cells containing 

low levels of S100A9 were occasionally seen in WT esophagi (Fig. 7B). and stomach (Fig. 

D). In R1 mice, S100A9 protein was abundant in esophagus (Fig. 7C) and forestomach 

(Fig. 7E) epithelium and hematopoietic cells in the lamina propria, consistent with the 

increased number of eosinophils and mAPCs enumerated by flow cytometry (47). Cells 

expressing eosinophil chemotactic factor like protein (ECF-L, YM1/2, CHI3L3/4) were 

concentrated in the subepithelial layer of esophagi and limiting ridge of WT mice (Figs. 

7F, H) (48, 49). High levels of ECF-L were present throughout the suprabasal epithelium 

and lamina propria of esophagi (Fig. 7G). and forestomach of R1 mice (Fig. 7I). Induction 

of DAMPS was not seen in intestine or esophageal muscle (Figs. 7B–I and S7). The 

observation that eosinophils and DAMPs colocalized in tissues lined by stratified squamous 

epithelium is compelling evidence that attenuated TGFβR signaling in these specialized 

epithelial cells is responsible for the tissue-restricted eosinophilic inflammation in R1 mice. 

Thus, although the esophageal epithelium was structurally intact in R1 mice, diminution of 

TGFβR signaling led to activation and altered immunocyte function of squamous epithelial 

cells.

Esophageal epithelial cells with reduced TGFβR signaling secrete immune mediators with 
chemotactic activity

The ability of non-hematopoietic cells to drive disease in BM chimeras coupled with co-

localization of eosinophilic inflammation and activated epithelial cells in unmanipulated R1 

mice argued that decreased TGFβR signaling in squamous epithelium was central to EoE 

pathogenesis. However, gene expression changes in ex vivo esophageal tissue reflect the 

sum of altered TGFβR signaling in many cell types. To begin to identify transcriptional 

changes caused by the R1 variant that were intrinsic to epithelial cells, organoids were 

initiated using stem cells from the epithelium of R1 and WT esophagi (Fig. 8A). Organoids 

recapitulated many EoE features including elevated expression of EoEe2 signature genes 

(Fig. 8B), increased expression of factors that promote epithelial proliferation (Fig. 8C), and 

hyperproliferative basal cells (Fig. 8D).

Consistent with gene expression data from EoE esophageal tissue (Fig. S1 and (10, 11)) 

most of the differentially expressed genes we examined were higher in R1 than WT 

organoids. Cytokine genes that were increased in R1 esophagi ex vivo and also higher 
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in R1 than WT organoids included IL-1 family members, TNFα, and numerous chemokines. 

Two of the most highly induced chemokine genes in R1 esophagi were Ccl22 and Ccl5 (Fig. 

8E). Ccl22, which encodes stimulated T cell chemotactic protein 1 (50), and Ccl5, which 

encodes RANTES, were each ×7-fold higher in R1 organoids than WT. Increased secretion 

of RANTES by esophageal epithelial cells was confirmed by measuring its concentration 

in R1 or WT organoid culture supernatants (Fig. 8F). Similarly, increased Csf2 translated 

to more GM-CSF secretion by R1 organoids than WT (Fig. 8F). However, not all in vivo 
changes were replicated in vitro. For example, Ccl2 and Ccl8 were increased ≥4-fold in 

esophageal tissue from R1 mice as compared to WT mice ex vivo but did not differ in 
vitro (Fig. 8E). This is consistent with data from patient biopsies in which CCL2 is highly 

expressed by mast cells and fibroblasts, but not epithelial cells (51). Thus, although not 

absolutely required, non-epithelial innate cells likely also contribute to EoE pathology in 
vivo.

C3, CCL5, CCL17, TNFα, and GM-CSF can each attract eosinophils and were higher in R1 

than WT organoids (Figs. 8E, F) (39, 42, 52, 53). To confirm that R1 esophageal epithelial 

cells secrete factors capable of recruiting eosinophils, media conditioned by organoids was 

used in transwell migration assays (Fig. 8G). Media conditioned by R1 epithelial organoids 

recruited more eosinophils than media from WT organoid cultures. Thus, attenuated TGFβR 

signaling was sufficient to induce cell-intrinsic defects in epithelial cells that reproduced in 
vitro the cardinal features of allergic inflammation, namely basal cell hyperplasia, altered 

gene expression, and eosinophil recruitment. Collectively, our data suggest that impaired 

TGFβR signaling in epithelial cells leads to epithelial distress and local release of immune 

mediators that are capable of driving the activation and expansion of other tissue resident 

cells and promoting the recruitment and activation of innate and adaptive immune cells.

DISCUSSION

The prevalence of allergic disease has escalated at an unprecedented rate in recent years, 

necessitating a deeper understanding of the pathways and mechanisms responsible. Using 

mice expressing a Tgfbr1 variant that predisposes to allergic disease in humans as a model 

system, we have identified TGFβR signaling as an essential and non-redundant regulator of 

tissue homeostasis that protects against pathologic type 2 immune responses. Perturbation 

of this signaling pathway recapitulated the inflammatory infiltrate, histologic findings, gene 

expression changes, and clinical features characteristic of human EoE. Remarkably, the 

mechanisms driving disease were epithelial-cell intrinsic and occurred in the absence of 

lymphocytes or external stimuli. TGFβ has long been recognized to play a critical role in 

maintaining tolerance via effects on cells of the adaptive immune system (17). Our work 

reveals a fundamental role for TGFβ in maintaining immune homeostasis and preventing 

tissue-specific allergic inflammation via direct effects on non-hematopoietic cells. We shed 

light on the unique and complex biology of esophageal epithelial cells by demonstrating that 

cell-intrinsic defects that affect their differentiation are sufficient to start an innate immune 

cascade that leads to allergic inflammation. Furthermore, our work demonstrates that 

dysfunction in a single gene can lead to the cardinal manifestations of allergic disease: the 

inflammatory infiltrate, histologic findings, gene expression changes, and clinical features.
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An important concept to emerge from our results is that allergic inflammation, and 

specifically EoE, can be initiated and sustained by epithelial-derived mediators independent 

of the adaptive immune system. We propose that esophageal epithelial cell distress, 

caused in part by aberrant differentiation and excessive proliferation, is an initiating 

event in a chronic inflammatory cascade (33, 54, 55). Our data suggest several ways in 

which clinical features of EoE can develop independent of the adaptive immune system. 

Expression of Tnf and Il1b by R1 esophageal epithelial cells is elevated, and both cytokines 

can influence esophageal smooth muscle contraction resulting in dysphagia and food 

impaction (56). In response to epithelial-derived DAMPs, tissue resident innate immune 

cells proliferate, accumulate, and secrete chemokines and cytokines creating a positive 

feedforward amplification loop (57). Keratinocytes express S100s, which are ligands for 

RAGE (34). IL-1, IL-33, and TNFα stimulate expansion and cytokine secretion by ILC2s 

that drive further epithelial proliferation, activate myofibroblasts, and alter endothelial cell 

gene expression (58–61). Stem cell factor is a growth and activation factor for Kit+ mast 

cells and ILC2s, which contribute to asthma and anaphylaxis (62). ILC2s, mast cells, 

eosinophils, macrophages, and dendritic cells respond to IL-33 (63–65). In patients with 

active EoE, IL-33Rhigh activated mast cells in the esophagus express high levels of IL5, 
IL13, CCL2, CSF1, AREG, and VEGF (51). Furthermore, mast cell-derived mediators can 

cause tissue damage, smooth muscle remodeling, and upregulation of adhesion molecules 

(14, 66–68). Cumulatively, tissue damage, local accumulation of inflammatory mediators, 

increased adhesion molecule expression, and mechanical changes facilitate recruitment, 

extravasation, proliferation, and activation of eosinophils, mast cells, ILC2s, APCs, and T 

cells as well as esophageal dysfunction – the hallmarks of EoE.

Our model bears similarity to previous models in that it places epithelium at the center of 

the EoE diathesis. However, our model differs substantively from others in that our data do 

not support the notion that EoE is caused by an immune response against food antigens that 

cross a leaky esophageal epithelium. Eosinophilic inflammation and esophageal dysfunction 

developed in R1 mice even though suprabasal esophageal epithelial strata were structurally 

intact and impermeable to particulates. Moreover, R1 epithelial cells were hyperproliferative 

and secreted chemokines in vitro. Although evidence suggests that exposure to antigens 

through damaged skin promotes food allergy, there is little convincing evidence that 

exposure to antigens through a leaky esophageal barrier leads to EoE. Antigen-induced 

mouse models of EoE rely on sensitization to antigen at peripheral sites, not in situ in 

the esophagus. Cutaneous, intranasal, or intraperitoneal administration of antigen induces 

esophageal eosinophilia, but oral or intragastric administration of antigen does not (69–72). 

Thus, we favor the hypothesis that in cases where esophageal barrier integrity is impaired, 

it occurs as a consequence of prolonged inflammation and epithelial cell distress (21, 73). 

In support of this hypothesis, functional changes in permeability and barrier gene expression 

are recapitulated by treatment of WT esophageal epithelial cells with exogenous IL-13 (74, 

75), arguing that barrier changes are secondary to type 2 cytokine secretion.

Most current models assert that Th2 cytokines secreted by CD4 T cells responding to food 

antigens initiate EoE. T cells are increased in the esophagi of humans and mice with EoE, 

including R1 mice. However, direct evidence of T cell activation in situ in the esophagus is 

lacking, and most T cells recovered from human EoE biopsies are IFNγ-producing CD8 T 
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cells (12, 13, 16, 76). We propose that accumulation of T cells is a relatively late feature 

of EoE that reflects chronic inflammation initiated by innate cells. Lymphocyte-deficient 

R1 mice developed clinical and histologic features of EoE, and data from mouse models 

of other type 2 diseases corroborate that epithelial hyperplasia and eosinophil accumulation 

can occur in the absence of T cells (64, 77–79). Numerous chemokines expressed by R1 

esophageal stromal cells are chemotactic for previously activated T cells and eosinophils 

(39, 80), providing a potential explanation for why food specific peTH2 cells in peripheral 

blood of patients with EoE would home to the esophagus as a consequence of epithelial 

dysfunction (13).

Growing evidence suggests that T cells are not the only, or even primary, source of Th2 

cytokines in EoE. Tissue resident innate immune cells respond to alarmins released by 

distressed epithelial and stromal cells by producing type 2 cytokines. IL-33Rhigh mast cells 

and ILC2s concentrated at barrier surfaces are poised to quickly secrete type 2 cytokines 

in response to epithelial-derived alarmins, and both lineages are increased in human EoE 

biopsies (15, 68) and R1 esophagi. IL-13 from ILC2s drives smooth muscle proliferation 

and chemokine expression by fibroblasts (59). In patients with active EoE, activated mast 

cells express IL5 and IL13 (51). IL-5 from activated ILC2s, mAPCs, and mast cells 

can support eosinophil proliferation and survival (59, 65). Once in a tissue, eosinophils 

themselves can perpetuate type 2 responses via expression of IL-4, IL-5, IL-9, IL-13 (42, 

81).

We view the esophageal stroma as a dynamic innate immune tissue. Our work underscores 

the inherent potential for epithelium to control localized immune responses, and places 

TGFβ as a central regulator in this process. However, many questions remain. Redundancy, 

timing, and dose pose significant challenges to EoE treatment. Numerous cytokines, 

chemokines, and DAMPs are increased in the esophagi of individuals with EoE. 

Redundancy may explain why biologics targeting a single cytokine or receptor have been 

largely unsuccessful (82). Additionally, because different mediators act at different phases 

of allergic inflammation, the most efficacious therapeutic strategy will likely depend on 

the stage of disease progression when treatment is given. Finally, gene dosage appears to 

impact EoE pathogenesis. Most of the gene variants classified as EoE risk loci occur in 

non-coding regions of the gene, suggesting that changes in expression level contribute to 

EoE pathology. The R1 variant is a partial loss of signaling downstream of TGFβR. Other 

genetic models targeting TGFβ also found that dose matters. Haploinsufficiency of Tgfb1 
results in allergy, while complete loss results in autoimmunity (83). Overexpression of 

TGFβ in skin suppresses epidermal proliferation so completely that it is fatal (84). People 

homozygous for the C509T variant in TGFB1 have an increased risk of developing EoE with 

features of EoEe3 (24). Thus, successful therapy for EoE will require identifying the correct 

targets, at the right time, and the ability to restore gene expression to physiological levels.

Overall, our findings place epithelium as a cornerstone of the allergic diathesis and expand 

the multi-dimensional role of TGFβ in maintaining immune homeostasis. A limitation of 

our study is that we focus on the role of epithelial cells as instigators of EoE. Additional 

studies will be required to determine whether or how other stromal cell and/or hematopoietic 

cell lineages contribute to EoE (14, 85–87). Further studies are also needed to understand 
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how external factors, such as microbiome and diet, influence epithelial homeostasis in the 

esophagus. We expect that mechanistic insight into the underlying etiology of eosinophilic 

inflammation in the esophagus is also highly relevant to other allergic conditions that occur 

in tissues lined by specialized epithelium, including atopic dermatitis, food allergy, and 

seasonal allergies (19, 88).

MATERIALS AND METHODS

Study Design

Individuals heterozygous for variants in TGFBR1 are predisposed to develop allergic 

disease. The aim of this study is to identify the mechanisms responsible. We utilize 

mice with the Tgfbr1M318R variant knocked into the endogenous Tgfbr1 locus and 

eosinophilic esophagitis (EoE) as a model of tissue restricted allergic inflammation. Flow 

cytometry, RNASeq, histology, immunohistochemistry, Western blots, ELISA, transmission 

electron microscopy, and epithelial barrier function assays are used to characterize the 

immunological, transcriptional, histological, and clinical features of disease that occur in 
vivo. Wild type age and sex matched cage mates serve as controls. In vitro organoid cultures 

are used to identify phenotypes that are epithelial cell intrinsic and occur spontaneously in 

the absence of external stimuli or other cell lineages. All data points and N values reflect 

biological replicates.

Animals

Tgfbr1M318R and Tgfbr2G357W knock-in mice were generated as previously described [4]. 

Homozygousity Tgfbr1M318R/M318R is embryonic lethal due to vascular malformations. 

Heterozygous Tgfbr1M318R/+ (R1) mice were compared to age- and sex-matched controls 

homozygous for Tgfbr1+/+. Heterozygous Tgfbr2G357W (R2) mice were compared to age- 

and sex-matched controls homozygous for Tgfbr2+/+. R1 and WT mice were cohoused 

to minimize cage effects. Recombination Activating Gene 2 (RAG2) deficient mice were 

obtained from Taconic Farms. CD45.1 congenic mice were purchased from Jackson and 

backcrossed >12 generations with 129SvE mice purchased from Taconic Farms. IL-5 

transgenic mice [132] and were bred onsite and housed under specific pathogen free 

conditions. Animals were maintained on a fixed diet of autoclaved water and chow 

(NIH-31M). All experiments were approved by the NIAID’s ACUC and conducted in 

accordance with Animal Study Protocol (ASP) LAD11E. Gross photos were taken with a 

Canon PowerShot ELPH170 IS digital camera with 12X optical zoom.

Bone marrow chimeras

Adult and neonatal chimeras were generated as described (89).

Histology and immunohistochemistry (IHC)

Esophagi were fixed overnight in 1X phosphate buffered saline (1X PBS) with 4% 

Paraformaldehyde (PFA) (Electron Microscopy Sciences, Hatfield, PA) and then rinsed 

with 1X PBS. Fixed esophagi were cut in to 6 cross-sections, placed in 3% agarose, 

and then stored in 1X PBS. Paraffin embedding, sectioning, Hematoxlylin and Eosin 

(H&E), staining was performed by HistoServ Inc. (Germantown, MD). Histochemical stains 
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were performed for collagen fibers (Masson’s Trichrome) and mast cells and eosinophils 

(combined eosinophil-mast cell kit; American Mastertech, Lodi, CA). Immunohistochemical 

stains were used to identify eosinophils (Polyclonal goat anti-eosinophil major basic protein 

(EMBP1) (SantaCruz, Dallas TX sc-33938), and polyclonal rabbit anti-mouse CK6A 

(Biolegend, San Diego CA, 905701), polyclonal rabbit anti-mouse CK14 (Biolegend, San 

Diego CA, PRB-155p), rat anti-mouse S100A9 (Abcam, ab105472).

IHC staining was carried out on the Bond RX (Leica Biosystems) platform according 

to manufacturer-supplied protocols. Briefly, 5μm- thick sections were deparaffinized and 

rehydrated. Heat-induced epitope retrieval was performed using Epitope Retrieval Solution 

1, pH 6.0, heated to 100° C for 20 min. The specimen was then incubated with hydrogen 

peroxide to quench endogenous peroxidase activity prior to applying the primary antibody. 

Detection with DAB chromogen was completed using the Bond Polymer Refine Detection 

kit (Leica Biosystems CAT# DS9800). Slides were finally cleared through gradient alcohol 

and xylene washes prior to mounting and coverslipping. Sections were examined by 

a board-certified veterinary pathologist using an Olympus BX51 light microscope and 

photomicrographs were taken using an Olympus DP73 camera.

Bromodeoxyuridine (BrdU)

Mice were injected intraperitoneally with BrdU (Sigma) in 1X PBS and then supplied 

with BrdU supplemented water for 24 hours. Esophagi and stomach were removed, fixed 

overnight in 1X PBS with 4 % PFA (Electron Microscopy Sciences), and then rinsed with 

1X PBS. Paraffin embedding, sectioning, and immunohistochemical staining for BrdU was 

performed by HistoServ Inc. (Germantown, MD).

Transmission electron microscopy

4–6 pieces of tissue from the mid-esophagus of 8–12 wk old WT and R1 mice were fixed 

in 2.5 % glutaraldehyde/ 4 % PFA in 0.1 M phosphate buffer, washed three times with 0.1 

M sodium cacodylate buffer and post fixed with 0.8 % K4Fe(CN)6/0.5 % OsO4 in 0.1 M 

sodium cacodylate for 1 h. After three buffer washes, tissues were stained 1 h with 1 % 

tannic acid, and washed three times with dH2O. Tissues were stained overnight with 1 % 

uranyl acetate, washed three times with dH2O, and dehydrated with a graded ethanol series 

through 100 % ethanol and then twice with 100 % propylene oxide. Dehydrated tissues were 

infiltrated and embedded with epon/araldite resin and cured at 68° C. 80 nm sections were 

cut with a Leica UC6 ultramicrotome prior to viewing at 120 kV on a Tecnai BT Spirit 

transmission electron microscope (Thermo Fisher Scientific, formerly FEI). Digital images 

were acquired with an AMT digital camera system (AMT, Hazy, NY)

Intra-cellular space (ICS)

The mean intracellular distance between the cell bodies of adjacent basal cells was 

calculated by a blinded reviewer using Imaris software (version 9.7.2, Bitplane). 

Measurement Points tool was set to measure in pairs and used to measure distances between 

the cell bodies of adjacent basal cells in the whole image. Examples are shown in Fig 

S5. Statistical data were exported and mean intracellular space and standard deviation was 

calculated.
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Cell isolations

Inflammatory cells from esophagi and stomachs—Esophagi were dissected, sliced 

open lengthwise, and rinsed in 1X PBS to remove ingesta. Each organ was placed 

in RPMI 1640 containing 0.1 mg/ml Liberase (Roche), 0.3 mg/ml DNAase I (Sigma), 

Penicillin/Streptomycin, and 10 mM HEPES, minced into small pieces, and then digested 

by incubating the tissue at 37° C for 15 min in an incubated shaker. The digestion reaction 

was stopped by the addition of cold RPMI supplemented with 10 % fetal bovine serum 

(FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, 1X Non-essential amino acids, 1X 

Penicillin/Streptomycin (cRPMI). Digested tissue was sheered through an 18 G needle, 

filtered through 40 μM nylon mesh, and then washed with cRPMI.

Esophageal epithelial cells were isolated using a protocol adopted from (90). Briefly, 

esophagi were dissected, and the muscle layer manually removed. Inner esophagi were 

sliced open lengthwise and rinsed in 1X PBS to remove ingesta. Each organ was placed 

in 0.5 % Trypsin/EDTA (ThermoFisher), minced into small pieces, and then digested by 

incubating the tissue at 37° C for 20 min in an incubated shaker. The digestion reaction was 

stopped by the addition of cold keratinocyte serum free media supplemented with bovine 

pituitary extract and EGF (cKSFM) and trypsin inhibitor from soybeans (ThermoFisher). 

Digested tissue was filtered through 100 μM nylon mesh.

Intestinal Lamina Propria lymphocytes were isolated using a protocol adapted from 

Sheriden et al. (91). Briefly, small intestines were flushed with HBSS containing 10 mM 

HEPES and 5 % FBS and Peyer’s Patches were removed. Small intestines and colons 

were cut longitudinally, remaining ingesta were removed, and then each organ was cut into 

small 2 mm2 pieces. Intraepithelial lymphocytes were removed by 2 incubations in Hank’s 

Balances Salt Solution (HBSS) with Dithiothreitol, HEPES & FBS. Epithelial cells were 

then removed by 2 incubations in HBSS with HEPES, L-glutamine, Penicillin/Streptomycin, 

and 1.3 mM EDTA. The remaining tissue was digested in RPMI with 100 U/ml collagenase 

I and then filtered through 70 μM nylon mesh. All incubations were all done in an incubated 

shaker at 37 °C. Single cells were resuspended in 44 % Percoll (Sigma), underlaid with 67.5 

% Percoll, and then centrifuged at 2000 rpm for 20 min at 25° C. Cells were harvested from 

the 44 %/67.5 % interface and washed in RPMI 1640.

Spleen, lymph node, and thymus single cell suspensions of spleen and lymph node were 

made by crushing and filtering organs through 100 μM nylon mesh.

Bone Marrow cells were flushed from the femur and tibia of WT and R1 mice using a 26 G 

needle and 3 ml syringe and then filtered through 100 μM nylon mesh.

Peripheral Blood

For CBC peripheral blood was collected in EDTA tubes (Sarstedt) and analyzed by the PHL 

Hematology laboratory.

To isolate eosinophils for transwell assays: Whole blood samples from IL-5 

transgenic mice were collected by retro-orbital bleeding into K3 EDTA coated tubes 

(Sarstedt). Blood was mixed immediately and vigorously to prevent clotting. Whole blood 
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was pooled up to 3 mice per tube, washed with cold 1X PBS containing 0.1 % BSA and 10 

mM EDTA (PBS BSA EDTA) and passed through a 40 μM sterile filter. The blood was then 

centrifuged at 300 × g for 5 min at 4° C to pellet cells and the supernatant was aspirated. 

Red blood cells were lysed using distilled water followed by the addition of 10X PBS. The 

resulting cell pellet was resuspended in 100 μL of PBS BSA EDTA. Mouse anti-CD90.2, 

-CD45R/B220, and -Ly6B.2 MicroBeads (Miltenyi) were added to the cell suspension at a 

20 μL per 1×107 cells. Cells were incubated in a rotating shaker for 15 min at 4° C. Cells 

were resuspended in 10 mL PBS BSA EDTA. Cells were added to an LD Column (Miltenyi) 

and allowed to elute. Unlabeled eosinophils in effluent were collected. Isolated eosinophils 

were counted and resuspended in chemotaxis media at a concentration of 1×106 cells/mL

Flow cytometry

Cells were analyzed on an LSR II Flow cytometer (BD Biosciences) or Aurora Spectral 

Flow cytometer (Cytek). Data were analyzed in FlowJo (Treestar). Viability was monitored 

by Live Dead Fixable (Invitrogen) or Zombie dyes (Biolegend). All samples were Fc-

Blocked with purified anti-mouse CD16/32 prior to surface staining. Intracellular staining 

was performed using Lyse Fix solution and Perm Buffer III (BD Biosciences) according 

to the manufacturer’ instructions. Antibodies and Brilliant Violet staining buffer were 

purchased from BD Biosciences, Biolegend, and eBioscience (Table S8). Hematopoietic cell 

lineages were identified by applying the following gating criteria to Live CD45+ single cells: 

eosinophils (CD11b+SiglecF+), myeloid antigen presenting cells (mAPC) (CD11b+MHC2+), 

mast cells (CD11bnegKit+FcεR1+), ILC2s (Linneg+ST2+KLRG1+Sca1+), T cells (CD3ε+), 

B cells (CD19+), basophils (CD11bnegMHC2negCD3εnegCD19negKitnegCD49b+FcεR1+), 

granulocytes (CD11b+MHC2negGR1+), NK cells (CD11bnegMHC2negCD3εnegCD49b+). 

Epithelial cells were defined as Live CD326+ CD45neg single cells. See also Fig. S2.

Hydroxyproline

The extent of fibrosis in the esophagus was determined by quantifying hydroxyproline levels 

as described in [10].

RNASeq

Esophagi from 16 week old WT and Tgfbr1M318R/+ (R1) mice were harvested, muscle was 

manually removed, and the inner esophagi were snap frozen with liquid nitrogen and stored 

at -80°C until RNA isolation. Total RNA was isolated from the inner esophagi of individual 

WT (N=9) and R1 (N=9) mice (Direct-zol RNA miniprep Plus; Zymo Research Corp., 

Irvine CA). All samples had an RNA Integrity (RIN) number of >9.00. PolyA selected 

mRNA libraries were generated using the Illumina TruSeq Stranded Library protocol, and 

mRNA samples were pooled and sequenced on a HiSeq2500 (Frederick National Laboratory 

for Cancer Research, NIH). All the samples had a raw yield >=42 million paired-end 125 

base-pair reads, and downstream bioinformatic analysis was conducted using the CCBR 

RNA-Seq pipeline (https://github.com/CCBR/Pipeliner). Both reads of each sample were 

trimmed for contaminating adapters and low-quality bases using Trimmomatic v0.36 (92) 

and aligned to the mouse mm10 reference genome and Gencode vM9 annotation using 

STAR v2.5.3 (93). RSEM v1.3.0 (94) was used for gene-level expression quantification, and 

voom quantile normalization implemented in the R package limma v3.36.5 (95) was used 
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to generate normalized gene expression values. Only genes expressed at a level of 1 CPM 

across all 3 samples were carried forward for expression analysis. Read- and alignment-level 

quality was assessed using MultiQC v0.9 (http://multiqc.info/) to aggregate QC metrics 

from FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), FastQ Screen 

(https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/), Picard, RSeQC (http://

rseqc.sourceforge.net/) and Trimmomatic. To compare our mouse model with the three 

recognized human endotypes, we obtained the mean expression values for each gene on the 

96-gene EoE Diagnostic Panel (EDP) (6) for each of the three recognized endotypes. In heat 

maps, each lane is gene expression from an individual WT or R1 mouse.

Barrier function assays

Barrier function assays were performed using a Ussing Chamber (Physiological Instruments, 

San Diego CA). The distal half of esophagi were dissected, rinsed with cold Krebs-

Carbonate buffer (KBR), and tissue was mounted in a P2406 slider (area 0.04 cm2). Both 

sides of the chambers were filled with Krebs-Ringer Bicarbonate Buffer supplemented with 

1.2 mM CaCl2, 1.2 mM MgCl2, and 10 mM glucose. Chambers were maintained at 37° C 

and continuously oxygenated and circulated by gas flow (95% O2/5% CO2).

Transepithelial electrical resistance (TEER)

Ag/Cl electrodes with KBR/2 % agar bridges were used to measure transepithelial potential 

difference (PD) and current (I). After equilibration for 30 min, basal electrical readings 

of potential difference (PD), short circuit current (Isc), and total electrical resistance (RT) 

were recorded every 30 sec for 90 min using Acquire & Analyze software (Physiological 

Instruments). Data are the mean RT of the middle 30 min in Kiloohms (KO)/cm2.

Permeability

10 mg/ml of FITC-Dextran (FD4; Sigma, St. Louis, MO) and 10 mg/ml of Rhodamine B 

isothiocyanate-Dextran (R9379; Sigma, St. Louis MO) were added to the mucosal side of 

the chamber. The serosal side of the chambers was sampled every 30 min for a total of 3 

h. The optical densities of the fluorescent tracers were determined using a Tecan-HP plate 

reader. Absolute values of each tracer were calculated from a standard curve. To determine 

the maximum diffusion, one chamber was left empty (E) without esophageal tissue.

Western Blotting

Lysates—Total esophagi were removed, and the inner (E) and outer (M) layers were 

separated from one another. A section of small intestine (SI) equivalent to the length of 

the esophagus was isolated from an R1 mouse. Each tissue was immediately placed in a 

2.0 ml tube prefilled with 3 mm High Impact Zironium beads (Benchmark Scientific) and 

0.5 ml cold RIPA buffer with protease/phosphatase inhibitors (ThermoFisher). Tissue was 

homogenized using a BeadBlaster homogenizer (MidSci; St. Louis, MO). After spinning at 

10,000 g for 20 min the supernatant was transferred to a new tube and stored at -80° C until 

blotting.
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Gels and Blotting—Samples were denatured by heating to 95° C for 10 min in 

a heat block and mixed with NuPAGE LDS sample buffer containing reducing agent 

(ThermoFisher). Samples were run in a NuPAGE Novex 4–12 % Bis-Tris gel with 

MES running buffer (ThermoFisher) and then proteins were transferred to polyvinylidene 

difluoride (PVDF) membranes using an iBlot (ThermoFisher). Membranes were blocked 

with 5 % Non-fat dry milk (NFDM) in 1X PBS supplemented with 0.1 % Tween 20 (PBST) 

at room temperature. Membranes were incubated overnight at 4° C with primary antibody 

diluted in 2.5 % NFDM. The next day membranes were washed with PBST and then 

incubated with secondary antibody diluted in 2.5 % NFDM. Even loading was monitored by 

stripping blots with Restore Plus Western Stripping Buffer (ThermoFisher) and reblotting.

Antibodies—Primary antibodies anti-mouse- S100A9, S100A8 (R&D), ECF/

CHI3L3/4/Ym1/2 (AbCam), and Hsp90 (Cell Signaling). Horseradish peroxidase 

conjugated secondary antibodies were purchased from Jackson Immunoresearch and Cell 

Signaling. Secondary antibodies were visualized with SuperSignal West Dura or Pico 

substrate (Pierce) and imaged on a Biorad Chemidock Imager.

RT-PCR—Esophagus inner layers were collected from 8–10 wk old R1 and WT mice. 

Tissues were homogenized immediately, and total RNA was extracted using TRIzol 

Reagent (ThermoFisher Scientific, Carlsbad, CA). cDNA was made using iScript Reverse 

Transcription kit (BIO-RAD, Hercules, CA) according to the manufacturer’s instruction. 

TaqMan probes (Applied Biosystems, Foster city, CA) (Table S9) were used to evaluate the 

gene expression level using quantitative polymerase chain reaction (qPCR). Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) probe was used as an internal control. All PCR 

reactions were performed on BIO-RAD CFX96 real time machine. The threshold cycle 

(CT) values of the genes were determined for each sample. The genes that has CT value 

greater than 39 was considered undetectable. The fold-change in gene expression was 

calculated as 2ΔΔCT; where ΔΔCT=ΔCT (R1 mouse) – ΔCT (WT mouse); ΔCT=(CT(gene) 

– CT(GAPDH). All samples were run in duplicate with N≥ 12 mice per group analyzed 

individually.

Organoid Cultures—Organoid culture conditions were adopted from (96, 97). Briefly, 

the inner epithelial layer was mechanically dissected from esophagi isolated from 8–10 

wk old mice and incubated in complete chelating solution (CCS; 6 mM Na2HPO4·H2O, 

8 mM KH2PO4, 0.1M NaCl, 1.5 mM KCl, 40 mM sucrose, 60mM D-sorbital, 1 mM 

DTT) for 15 min then manually minced. CCS was removed by centrifugation at 400 g for 

10 min at 4°C, and pellet was then incubated in 1X Trypsin-EDTA at 37°C for 60 min, 

vortexing every 15 min. Trypsin was inactivated with DMEM+12 % FBS and the suspension 

was passed through a 70 μm sterile filter. Media was removed by centrifugation and cells 

were suspended in Matrigel® (Corning) then placed in a 24-well tissue culture plate and 

polymerized at 37°C for 20 min. Media (Advanced DMEM/F-12 supplemented with 10 

mM HEPES, 1% GlutaMAX, 1% penicillin-streptomycin, 100 μg/ml Primocin, 50 ng/ml 

EGF (Biotechne), 2% B27 Supplement, 1mM N-Acetylcysteine (Sigma), 50% Wnt3A-

conditioned medium (L Wnt3A from ATCC, CRL-2647), 15% R-Spondin 1-conditioned 

medium (HEK293T cells stably expressing mouse Rspo1-Fc from Dr. Calvin Kuo, Stanford 
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University),10% Noggin-conditioned medium (HEK293T cells stably expressing murine 

Noggin-Fc from Dr. Gijs R. van den Brink, Tytgat Institute for Liver and Intestinal 

Research and Department of Gastroenterology and Hepatology, Academic Medical Center, 

Amsterdam, The Netherlands)) was added to cover Matrigel and changed every 48 h for 14 

days. Unless otherwise indicated, media components were from ThermoFisher Scientific.

EdU proliferation assay—Organoids were grown for 14 d and then stained using the 

Click-iT™ EdU Cell Proliferation Kit for Imaging, AlexaFluor™488 dye (ThermoFisher) 

following manufacturer’s instructions with the following modifications: concentration of 

EdU was increased to 50 μm for labeling, incubation time with EdU was 3 h, incubation 

time for cell fixation and permeabilization was 1 h. Images of enteroids, N=34 WT 

and N=36 R1, were obtained with an Olympus FV3000RS confocal microscope focused 

in the equatorial plane of each organoid. Using MetaMorph 7.8.8 (Molecular Devices, 

Downingtown, PA) the outer rim of cells in the equatorial plane was isolated with a mask 

containing the outer perimeter extending inward 10 pixels to exclude out of plane cells. The 

number of pixels above threshold was calculated separately for AlexaFluor488 and Hoechst 

33342.

Luminex magnetic bead assay—Assay was performed as per Manufacturer’s 

instructions (R&D Systems) using WT and R1 organoid conditioned media. Plates were 

read using a Millipore MAGPIX System (Millipore Sigma).

Chemotaxis assay—Chemotaxis assay was performed using an AP48 Neuro Probe 

Multiwell Chamber with an 8.0 μm filter pore size. Chemotaxis media was prepared using 

RPMI 1640, 1.0% FBS, and 10 mM HEPES. 5.6 × 104 isolated peripheral blood eosinophils 

from IL-5 transgenic mice were added to the top chamber. Organoid base media was added 

to the bottom chamber and served as a vehicle control. WT and R1 conditioned media 

were added to the bottom chamber and served as the sample analytes. The chamber was 

incubated at 37° C for 2 h in 5% CO2 to allow for transmigration between the wells. After 

2 h, the number of migrated eosinophils in the lower chamber was determined. Eosinophils 

were identified by their forward and side scatter properties on the BD LSRII flow cytometer 

and analyzed on FlowJo software. Chemotactic index was calculated as the number of 

eosinophils migrated to conditioned media/number of eosinophils migrated to unconditioned 

media.

Statistics

Data were analyzed by non-parametric non-paired two-tailed Mann-Whitney U statistical 

tests using with GraphPad Prism 7.00 for Windows, (GraphPad Software, La Jolla CA). 

Data are expressed as mean ± SEM. Differences were considered significant (*) when 

P <0.05 and non-significant (n.s.) when P>0.05. The number of biological replicates (N) 

and statistical tests performed were based upon previous experience and in consultation 

with statisticians in NIAID’s Bioinformatics Services Branch (NIAID, NIH). For gene 

expression analysis, sample sizes were determined based upon recommendations of staff 

of the Frederick National Laboratory for Cancer Research Sequencing Core Facility (NCI, 

NIH). Differences were considered significant when false discovery rate (FDR) <0.10.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. R1 mice spontaneously develop clinical and histological features that phenocopy human 
EoE.
(A, B) Gross photos of esophagi from WT (A) and R1 (B) mice show esophageal dilation 

and food impaction in R1 mice.

(C) Esophagi of WT or R1 mice were flushed and then the lyophilized contents were 

weighed. Each bar is the mean ± SEM of 5–7 mice analyzed individually.

(D, E) Cross-sections of H&E-stained esophagi from WT (D) and R1 (E) mice show dilation 

and inflammation in R1 mice.

(F-J). IHC for eosinophil granule major basic protein (MBP) in cross-sections of esophagi 

from representative WT (F) and R1 (G) mice illustrate examples of >15 eosinophils per 

hpf (G, H), eosinophilic micro-abscess (I) and surface layering of eosinophils (J) in R1 

esophagi.

(K-N). H&E-stained tissues show basal cell hyperplasia (L), abscess (M) and rete peg 

expansion (E, N) in R1 mice, none of which are seen in WT esophagi (D, K).

D-G Scale bars 200μM; H-N Scale bars 50μM. Mice were ≥24 wk old.
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Fig 2. Transcriptional profile of R1 esophagi is consistent with EoE endotype 2.
(A) Correlation analysis of Tgfbr1M318R mice based on gene expression of the EoE 

Diagnostic Panel of Shoda et al. (7). The Pearson’s correlation coefficient was calculated 

across all 96 genes for 9 individual 16 wk old R1 mice versus the mean expression in the 

discovery cohort for each endotype.

(B) RNA isolated from the inner esophagus of 8–10 wk old WT and R1 mice was analyzed 

by RT-PCR. Data shown are the mean fold change ± SEM for N= 12 mice per group.

(C-E) R1 esophagi show no signs of fibrostenosis, a hallmark feature of EoE endotype 3.

(C) Heat map of RNA-seq expression data depicting collagen gene expression in 16 wk old 

R1 esophagi. The representative collagen gene in the human EoE diagnostic panel Col8a2, is 

highlighted (◄). Collagen genes whose promoter contains a SMAD binding element or have 

been previously demonstrated to be induced by TGFβ are marked by asterisks (*)(8, 98).

(D) WT or R1 esophagi from representative ≥24 wk old mice stained with Masson’s 

Trichrome. Scale bars, 50 μM.

(E) Hydroxyproline content in esophagus, lung, or liver, from ≥24 wk old WT and R1 mice 

was quantified as an indication of collagen content. Each bar is the mean ± SEM of 5–7 

mice analyzed individually. See also Fig. S1.
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Fig. 3. R1 mice develop early onset EoE that is independent of T cells.
(A) RNASeq was performed using RNA isolated from the inner esophagus of 16 wk old 

WT and R1 mice. Heat map depicts the relative expression of genes characteristic of the 

hematopoietic cell lineages indicated.

(B-G) R1 mice develop early onset EoE with characteristics of EoEe2.

The number of total CD45+ cells (B) or eosinophils (C) isolated from esophagi of 3.5–24 wk 

old WT and R1 mice was enumerated using flow cytometry. Each data point is the mean ± 

SEM of ≥7 mice per group. (D) Modified Giemsa stained cytospin of eosinophils isolated 

from R1 esophagi. (E, F) H&E-stained images of esophagi from 3.5 wk old WT (E) and 

R1 (F) weanlings. (G) IHC for MBP in the esophagus of a representative 3.5 wk old R1 

weanling with >15 eosinophils per hpf.

(H) The inflammatory infiltrates isolated from esophagi of 8 wk old WT and R1 mice on 

RAG-sufficient and RAG-deficient backgrounds were analyzed by flow cytometry. Data are 

mean ± SEM of ≥14 mice per group. See also Figs. S2 and S3.

(I-O) Images of esophagi from ≥24 wk old RAG−/− (I, J, L, N) and RAG−/−R1 (I, K, M, 

O) mice. H&E-stained sections illustrate dilation with food impaction (K) and basal cell 

hyperplasia (M) in RAG−/−R1 mice. IHC for MBP+ (N, O).

Scale bars for x-sections 500 μM (E, F, J, K); all others 50 μM.
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Fig. 4. Non-hematopoietic cells are necessary and sufficient to initiate allergic inflammation in 
esophagi of R1 mice.
(A-D) WT and R1 mice were irradiated and reconstituted with CD45-congenic WT BM as 

adults or neonates (A, B). Conversely, WT mice were irradiated and reconstituted with R1 

BM (C, D). Eight weeks after reconstitution the number of donor BM-derived eosinophils in 

the esophagus was enumerated. Data are mean ± SEM of ≥8 mice per group. Gross images 

illustrate that only R1 mice reconstituted with WT BM developed esophageal dilation with 

food impaction (B).

(E-I) Features characteristic of EoE co-localize with stratified squamous epithelium.

The number of eosinophils isolated from various tissues of 4–8 wk old WT and R1 mice was 

calculated. Data are mean ± SEM of ≥4 per group. Images of stomach from representative 

≥24 wk old WT (F, H) or R1 (G, I) mice stained with H&E (F, G) or anti-MBP (H, I). Scale 

bars 500 μM.
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Fig. 5. No evidence of impaired barrier function in esophagi of R1 mice.
(A) Heat map of RNA-seq expression data from 16 wk old WT and R1 mice depicts 

relative expression of genes encoding structural proteins characteristic of each strata of 

epithelium. Genes associated with severe dermatitis, multiple selected developmentally 

regulated structural elements (●), cadherins (◄), claudins (←), and keratins (*) are 

highlighted.

(B-Q) Ultrastructural features of esophagi from 8–16 wk old WT and R1 mice were 

analyzed by transmission electron microscopy. Scale bars are 2 μM except G, J 200 nm; 

K, P 4 μM; L 6 μM; N 5 μM.

(R-T) Transepithelial electrical resistance (R) and paracellular permeability of 4 kD (S) or 

70 kD (T) dextran through the esophageal wall of 8 wk old WT or R1 mice was measured 

using a Ussing Chamber. One chamber was left empty (hashed bars) to determine the 

maximum amount of transfer possible during the 3 h assay. Data are mean ± SEM of ≥4 

mice per group.

(U) Mean distance between cell bodies of adjacent basal epithelial cells in transmission 

electron microscopy images of esophagi from 8–16 wk old WT and R1 mice. Data are mean 

± SEM of N=15 fields scored per genotype. See also Fig S5.
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Fig. 6. R1 esophageal epithelial cells show signs of distress and excessive proliferation.
(A, B) IHC showing the expression pattern of keratin 14 in esophagi from ≥24 wk old WT 

(A) and R1 (B) mice.

(C) Volcano plots of RNA-seq expression data from esophagi from 16 wk old WT and R1 

mice for genes differentially expressed between differentiated or basal keratinocyte genes 

(25). Horizontal dashed lines indicate significance (FDR<0.01). Differentially expressed 

genes whose promoter contains a SMAD2/3 binding element and/or have been previously 

reported to be transcriptionally regulated by TGFβ are blue (34, 98–103).
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(D, E) IHC showing the expression of keratin 6 in esophagi of ≥24 wk old R1 (B) and WT 

(A) mice.

(F) Volcano plots of RNA-seq expression data from esophagi from 16 wk old WT and 

R1 mice for genes encoding proteins that induce cell cycle arrest or promote proliferation 

(28, 104, 105). Horizontal dashed lines indicate significance (FDR<0.01). Differentially 

expressed genes whose promoter contains a SMAD2/3 binding element or have been 

previously demonstrated to be subject to regulation by TGFβ are blue (28, 98, 101, 102, 

104, 105).

(G-N) IHC for the thymidine-analogue BrdU in the esophagus (G, H), forestomach (I, J, K, 

L), and glandular stomach (I, J, M, N), of ≥20 wk old WT (G, I, K, M) and R1 (H, J, L, N) 

mice.

Scale bars 100 μM except I, J 1 mm.
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Fig. 7. R1 epithelial cells show signs of chronic activation associated with tissue-restricted 
inflammation.
(A) Volcano plots of RNA-seq expression data from esophagi from 16 wk old WT and 

R1 mice depicting genes transcriptionally regulated by IL-1 and TNFα (32, 34, 35, 37, 106–

108). Horizontal dashed lines indicate significance (FDR<0.01). Differentially expressed 

genes whose promoter contains a SMAD2/3 binding element and/or have been previously 

demonstrated to be transcriptionally regulated by TGFβ are blue(98–103, 105).

(B-E) IHC staining of S100A9 in esophagi (B, C) and stomachs (D, E) of ≥24 wk old WT 

(B, D) and R1 (C, E) mice.

(F-I) IHC staining of eosinophil chemotactic factor like protein in esophagi (F, G) and 

stomachs (H, I) of ≥24 wk old WT (F, H) and R1 (G, I) mice.

Scale bars esophagus 50 μM, stomach 500 μM. See also Fig S7.
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Fig. 8. Cell intrinsic changes in R1 esophageal epithelial cells drive allergic inflammation.
(A) Representative images of H&E-stained organoids generated from WT and R1 

esophageal epithelial cells. Scale bars 500 μM.

(B, C) RNA isolated from WT and R1 organoids was analyzed by RT-PCR for expression of 

EoEe2 signature genes (B) and genes encoding epithelial growth factors (C). Each bar is the 

mean fold change ± SEM of 6 wells analyzed per genotype.

(D) Organoids generated from WT and R1 esophageal epithelial cells were pulsed with 

the thymidine analogue EdU. Nuclei were stained for EdU (green) and Hoechst33342 

(purple) and then the ratios of EdU+ cells amongst total nucleated Hoechst33342+ cells 

were calculated. Each bar is the mean ± SEM of ≥5 wells analyzed per genotype.

(E) RNA isolated from WT and R1 organoids was analyzed by RT-PCR for expression of 

the genes indicated. Each bar is the mean fold change ± SEM of ≥4 wells analyzed per 

genotype.

(F) The concentration of RANTES and GM-CSF protein secreted by WT and R1 epithelial 

organoids was quantified in culture supernatants using Luminex immunoassays. Each bar is 

the mean ± SEM of 6 wells analyzed per genotype.

(G) Supernatants from R1 and WT organoids were added to the lower chamber of a 

Transwell apparatus. Eosinophils were plated in the top chamber and then allowed to 
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migrate for 3 h before counting. Each bar is the mean ± SEM of ≥15 wells analyzed per 

genotype.
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