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Eosinophilic esophagitis (EoE) is an increasingly common food allergy disease of the esophagus that received its medical designation code in 2008. Despite this recency, great strides have been made in the understanding of EoE pathophysiology and type 2 immunity through basic and translational scientific investigations conducted at the bench. These advances have been critical to our understanding of disease mechanisms and generating new hypotheses, however, there currently is only one very recently approved FDA-approved therapy for EoE, leaving a great deal to be uncovered for patients with this disease. Here we review some of the innovative methods, models and tools that have contributed to the advances in EoE discovery and suggest future directions of investigation to expand upon this foundation.
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Introduction

Eosinophilic esophagitis (EoE) is a chronic, antigen-mediated inflammatory disease of the esophagus characterized histologically by esophageal eosinophilia (>15 eosinophils per high power field, HPF) and clinically by esophageal symptoms such as dysphagia and recurrent food impaction (1). While the incidence of EoE appears to be increasing across several populations throughout the Western world (2, 3), there currently is only one recent FDA-approved therapy for EoE. Advances in disease management and therapeutic options for patients with EoE have been limited by our current understanding of the pathophysiology of the disease, including fundamental signaling mechanisms, key cell types driving disease, and understanding the relative contributions and interplay of genetic and environmental influences. Although the first description of EoE was reported in 1978 by Landres et al, and EoE was first proposed as a distinct clinicopathologic entity in 1993 by Attwood et al, the disease did not receive a medical diagnostic (ICD-9) code until 2008 (4–6). Despite the relative novelty of the disease, significant progress has been made over the last two decades advancing our understanding of EoE through application of basic and translational scientific approaches which we highlight here. Collectively, these basic and translational efforts have made meaningful contributions to the field of eosinophilic GI diseases, and pave new paths for future areas of investigation.



Animal Models of Disease

A critical component in understanding mechanisms of disease is utilization of relevant model systems. In several closely related diseases, including inflammatory bowel disease (7, 8), asthma (9, 10) and atopic dermatitis (11, 12) animal models have proven to be invaluable for uncovering fundamental pathomechanisms and validating potential therapeutic interventions. Over the last decade, several murine models have emerged to help uncover the pathophysiology and disease mechanisms of EoE. The first of these models was described by Mishra et al. in 2001 where intranasal exposure of Aspergills fumigatus was administered to mice three times weekly over a three-week period resulting in both bronchial and gastrointestinal eosinophil accumulation as well as esophageal epithelial hyperplasia (13). This was the first description of a pathophysiological connection between allergic hypersensitivity responses in the lung and the esophagus. Like most EoE models, this model is best utilized in mice of Balb/C background, which are more prone to type 2 inflammatory responses, and results in eosinophil responses outside of the esophagus. Using this model, Brandt et al. demonstrated that α4β7-integrin is important for gastrointestinal eosinophil trafficking – specifically the absence of the β7 gene did not significantly affect eosinophil recruitment into the lung of allergen-challenged mice but did affect intestinal recruitment (14). The aspergillus model was also used by Blanchard et al. to demonstrate an important role for periostin, which is one of the most overexpressed genes (35-fold) in the esophagus of EoE patients in eosinophil recruitment (15, 16). In this model, aspergillus-sensitized mice lacking periostin displayed decreased eosinophil recruitment to the lungs and esophagus.

Several models have used intraperitoneal ovalbumin (OVA)-alum sensitized mice that were subsequently challenged with two doses of intragastric OVA-coated beads. This resulted in eosinophil infiltration throughout the gastrointestinal tract as well as gastromegaly and cachexia—a process that was one of the first to report the pathologic function of eotaxin and eosinophils in allergic GI disease (17). Several iterations followed this approach that used mice or guinea pigs and altered timing and duration of allergen antigen sensitization or challenge. Methods included utilization of skin sensitization or incorporation of corn, peanut, or environmental allergens such as dust mites (18–21). An important advance was made in 2013, when Noti and colleagues reported the importance of thymic stromal lymphopoietin (TSLP) in eliciting basophil responses to promote EoE. They did this by skin sensitizing mice with a vitamin D analog plus OVA or crude peanut extract for 2 weeks followed by intragastric OVA challenge and found marked TSLP upregulation along with an EoE-like phenotype (22). This was one of the first descriptions to incorporate basophils in an EoE model of pathology. What is more, Venturelli et al. then showed that epicutaneous sensitization and intranasal OVA challenge resulted in accumulation of eosinophils and upregulation of type 2 inflammatory cytokines and the IL-33 receptor, ST2, in the esophagus (23). Interestingly, inhibition or deletion of ST2 in addition to depletion of basophils markedly diminished the type 2 inflammatory response.

Collectively, these models support EoE (and perhaps the more distal eosinophilic gastrointestinal diseases) as a type 2 inflammatory condition that can be induced through various modes of allergen sensitization including respiratory, skin, and gastrointestinal tract. These sensitization models are powerful tools for investigating specific antigen-driven aspects of EoE but differ from human disease in several important ways, including the development of diffuse gastrointestinal (not isolated to the esophagus) and/or systemic eosinophilia.

More recent models have investigated cytokine overabundance. For instance, IL-33, which was first described in 2005 as triggering strong type 2 responses, is known to be uniquely increased in the esophagus of patients with EoE (24). Subsequently, Judd et al. administered IL-33 intraperitoneally for 1 week, which resulted in profound esophageal eosinophilia that was IL-13 dependent, supporting a mechanistic tie (25). Notably, this model is uniquely effective in both Balb/C and C57B6 background mice. A subsequent model that is early in development has expanded upon this line of methodology by localizing IL-33 overexpression to the esophageal epithelium with OVA sensitization and found a more robust esophageal eosinophilia than wildtype mice undergoing OVA sensitization (26).

Eotaxin-3 (CCL26) and TSLP overexpression models, either globally or esophageal tissue-specific, have not yet been described in EoE. There are several examples in atopic dermatitis of transgenic mice that overexpress type 2 cytokines under keratin promotors (e.g., K14-IL4+K5-IL13, K5-TSLP, K14-IL33) that develop AD-like skin disease (27). Notably, these skin-specific keratins are also expressed in the esophagus, but to date no complete descriptions of esophageal pathology has been published using these methods, though one would expect development of EoE-like disease. It is interesting to note that two of the most highly overexpressed genes in the esophagus (CCL26, TSLP) have not reverse translated to mouse models to date.



Human Esophageal Tissue Investigations

Studies of human esophageal tissue isolated from EoE patients, enabled by major advances in cellular and molecular biology techniques and the advent of next-generation sequencing, have rapidly expanded our fundamental understanding some of the key disease pathways, cell types and intercellular interactions underlying the development of EoE. Some of the earliest examples include performing microarray and later bulk RNA transcriptional profiling on esophageal biopsies from patients with EoE compared to non-EoE controls (16, 28). Consistently, these studies have revealed high levels of CCL26 (eotaxin-3) expression in the esophagus, as well as induction of type 2 cytokines such as epithelial alarmins (TSLP, IL-33), IL-4, IL-5, IL-13 and stromal factors (16, 28, 29). Interestingly, early investigations attempting to tease out molecular differences between EoE and EoE that responded to PPI found that transcriptionally, they were largely indistinguishable (30). Other transcriptional analyses have suggested that loss of a critical serine protease, SPINK7, may be an early event in EoE pathogenesis (31). Most recently bulk RNA sequencing has been applied to study increasingly common EoE variants where eosinophils are reduced or absent, yet inflammation in the esophagus persists (32). The investigators found that compared to classic EoE and GERD specimens, the three EoE subtypes they identified (EoE-like esophagitis, lymphocytic esophagitis, non-specific esophagitis) all lacked the classic Th2 inflammatory response, despite having endoscopic and histologic structural similarities to classic EoE. These findings present opportunities for further investigation of esophagitis variants.

While bulk RNA-sequencing proved to be revolutionary in many ways, its limitations include failure to capture fine details of disease as subtle immune signatures are lost among the bulk of epithelial gene changes. Additionally, bulk RNA-sequencing lacks the ability to map risk variants to specific cell types and remains difficult at resolving and transcriptionally characterizing human eosinophils and other low transcriptionally abundant cells that are currently not well represented in the public archives of genome-wide expression. Thus several groups have begun to leverage new technology enabling transcriptional profiling at single single-cell resolution (single-cell RNA-seq) to comprehensively map the cell types and states within the esophagus and understanding how changes in gene expression programs relate to cell frequency and disease-specific patterns of intercellular signaling.

At the single cell level, groups have better defined tissue resident T cells pertinent to EoE, identifying T cell subsets such as Tregs, and pathogenic Th2 cells that express abundant IL-5, IL-13 and HPGD2 (33, 34). While Wen et al. were foundational in their descriptions, this study was limited by a small number of cells recovered (~1000) and focusing on T cells without exploration of eosinophils or other implicated cell types. Morgan et al. later utilized single cell RNA-sequencing to profile approximately 14,000 esophageal cells. In this study, they identified 8 distinct cell clusters, and described increased clonality within a subset of Th2 cells expressing the epithelial homing factor GPR15+, which were enriched in dairy-triggered EoE patients. Notably, when investigated peripherally, these GPR15+ Th2 cells were reactive to cow’s milk protein highlighting the antigen-driven nature of EoE and suggesting potentially novel approaches to blood-based identification of disease triggers in some patients (33). It is worth remarking that Morgan et al. were able to recover tissue eosinophils using their seq-Well platform which is the first of its kind. We also note, however, that the platform is biased against capture of large cells and thus epithelial cells were underrepresented limiting the potential for discovery of epithelial-immune interactions.

Analysis of the EoE esophageal transcriptome has given rise a number of important hypotheses and guided critical follow-on mechanistic studies. Additional tools including immunohistochemistry, immunofluorescence, and flow cytometry have enabled assessment of tissue spatial distribution and expression levels of proteins and quantification and phenotyping of suspected culprit cells such as eosinophils, mast cells, basophils, T cells and group 2 innate lymphoid cells (ILC2s) comprising the immune microenvironment of the esophagus (16, 24, 25, 35–39). Immunohistochemistry and immunofluorescence have been used for many years to query spatial aspects and expression of various proteins, and electron microscopy of EoE esophagi revealed 80% of tissue eosinophils were in various stages of cytolysis (40). While T cells and allergic granulocytes have remained at the forefront of many investigations, there is increasing work being directed towards understanding immunoglobin responses and characteristics in EoE. Wright et al. found elevated total and food-specific IgG4 levels in EoE esophagi after the landmark clinical trial revealed esophageal IgG4 deposits in the lamina propria of patients with EoE (41, 42). Interestingly, IgG4 levels decreased in this small cohort of patients as diet elimination led to remission. These findings highlight an important path for plasma cell investigation in prediction and response to food triggers.

In addition to the complex landscape of esophageal immune cells, esophageal epithelial and stromal cells have been well-recognized as key drivers of disease, including through the production of eosinophil chemotactic factors (e.g., CCL26) and factors that regulate barrier function (CAPN14) and tissue remodeling (POSTN). Human- and mouse-derived organoid models and immortalized esophageal epithelial cells in air liquid interface cultures have been used to study the mechanistic roles of Notch and TGF-β signaling in the epithelial and stromal microenvironment (43, 44). Human esophageal epithelial cell lines generated from patients with EoE have provided novel insight into potential mechanism of action for proton pump inhibition (PPI) controlling EoE inflammation (45). The latter study built on data that PPIs prevent eotaxin-3 expression by blocking STAT6 from binding to the eotaxin3 promoter, and further revealed that PPIs block eotaxin-3 release by inhibiting a non-gastric H+/K+ ATPase present on esophageal epithelial cells. Interestingly, the EoE disease pathway in this model described IL-4 binding to EoE epithelial cells triggering calcium release from the endoplasmic reticulum leading to downstream eotaxin-3 transcription and release. Both non-dihydropyridine calcium channel blockers (verapamil and diltiazem) and H+/K+ ATPase blockade through PPIs could block this process. Other ex vivo cell line investigations include utilization of primary EoE fibroblasts to assess the potential of thiazolidinediones to abrogate TGF-β mediated fibrosis, and a one-of-a-kind model utilizing an esophageal explant from cadavers allowing for functional examination of metrics such as tensile physiology (46, 47). These investigations have begun to elucidate mechanisms of disease and treatment response and will generate multiple avenues for future investigation.

As a paradigmatic allergic disease with strong but incompletely identified environmental contributing factors, the role of the microbiome is of great interest where much is left to be determined. Investigators have only begun to explore how the microbiome and host may interact in EoE. Studies have used new innovations such as the esophageal string test (EST), which is a weighted tablet at the end of a string once swallowed, remains in the esophagus for 1 hour and can accurately distinguish active from inactive EoE (48). Microbial 16S investigations of EST revealed an increased bacterial burden in patients with EoE and GERD; particularly, the genus Haemophilus was significantly increased in untreated EoE compared to non-EoE controls (49). Around the same time, Benitez et al. performed 16S rRNA on esophageal biopsies and oral swabs from 68 patients with EoE or non-EoE (50). They found that Proteobacteria were abundant in EoE patients compared to non-EoE controls, and that the oral cavity bacteria were consistent no matter the disease state, suggesting oral samples instead of esophageal biopsies are not appropriate for EoE surveillance. More recently, Laserna-Mendieta et al. applied similar 16S rRNA methodologies to paired samples of esophageal biopsies of patients who underwent one of the three conventional treatment methods and non-EoE controls (baseline and post intervention): PPI, swallowed topical corticosteroids or food elimination diet with 10 in each group (51). Overall, there were no alpha or beta diversity differences among patients with EoE pre- or post-treatment. Investigators did note a trend toward a decrease in alpha diversity between patients with EoE who underwent diet elimination compared to baseline pre-diet samples. Interestingly, post therapy, patients treated with PPI and diet had more similar microbial compositions whereas those on topical steroids were closer to non-EoE controls. More recently, Benitez et al. confirmed prior reports using 16S rRNA and incorporated internal transcribed spacer for fungal investigations on esophageal biopsies from EoE patients treated with or without topical steroids (52). This was the first examination of fungal species, and among several descriptions they report the family Cladosporiaceae was significantly increased in patients with inactive disease who responded to steroids compared to inactive patients who had never received steroids before. Collectively, these findings suggest there are differences and changes in the esophageal bacterial microbiome composition in patients with EoE, though much is left to be uncovered. It should be noted that many investigators utilized different approaches in sample acquisition methods which could account for some of the differences noted and standardizing a method of sampling microbiota would be beneficial for generalizing findings. Future endeavors should be directed towards high sensitivity methods of detection, mechanistic underpinnings of changes, and expansion beyond the bacterial microbiome.



Patient Secretions 

Recent work has examined the utility of salivary and esophageal secretions as a more readily accessible compartment to perform analysis of protein, nucleic acid, and cellular biomarkers of disease. Salivary samples are an attractive alternative to invasive endoscopies. A recent report found that previously undescribed microRNA-4668 was present and significantly enriched in the saliva of patients with EoE vs non EoE, and notably levels of miRNA-4668 decreased in patients treated with topical steroids (53). Salivary proteomes are also in the early stages of discovery. In a cohort of 20 pediatric patients with atopy (9 of whom had EoE), investigators detected IL-4, IL-5, IL-13, eotaxin-3 and TSLP (54). Similarly, in a small cohort of active EoE, resolved EoE and non-EoE controls, several type 2 inflammatory cytokines were significantly elevated in the saliva of patients with active vs resolved EoE (55).

Esophageal secretions obtained by mucosal brushing allow for a broader sampling of the esophagus, which is of particular importance given the patchiness of disease in EoE. Other studies have turned towards mucosal brush samplings of the esophageal mucosa. Several years ago, investigators reported a correlation between disease activity and levels of the eosinophil granule protein eosinophil peroxidase (EPO) in esophageal secretions obtained by mucosal brushing (56). Similarly, Smadi et al. examined eosinophil-derived neutoxin (EDN) by cytology brush inserted through a nasogastric tube as a method to circumvent endoscopy and found EDN concentration correlated well with EoE disease activity (57). These esophageal brushing approaches were suggested as an alternative method of measuring disease activity particularly given that the overwhelming degranulation of tissue eosinophils in EoE may limit the utility of counting grossly intact eosinophils by microscopy. Endoscopic brush sampling was later further developed and applied to measure total and common EoE allergen food-specific immunoglobulins. Future studies validating the predictive ability of esophageal secreted food-specific antibodies to detect culprit triggers may be valuable (58). As discussed above, one-hour EST is being validated as a minimally invasive test alternative to endoscopy. In addition to microbial analyses, EST was shown to capture eosinophil granule proteins that correlated with histology and accurately distinguished active from inactive EoE in both children and adults (48).



Peripheral Blood Biomarkers in EoE

Many studies have investigated peripheral blood markers or surrogates to better understand the pathophysiology of EoE and allergy, as well as the predictive capacity of peripheral markers in disease status, activity, or EoE allergens. Blood eosinophils are generally challenging to study due to their low abundance, terminal differentiation, and relatively low transcriptional activity and mechanistic and functional studies of these cells and their application to EoE have been limited. Early studies linked absolute eosinophil counts to disease activity under the hypothesis that there are elevated numbers of eosinophils migrating from the bone marrow to the esophagus, though clinical application of this has not been incorporated into practice through monitoring (59, 60). Another trial by Botan et al., 2017 analyzed the activation states of peripheral blood eosinophils and found that morphologically, the eosinophils of patients with EoE were more activated compared to non-EoE controls (61). To elucidate mechanisms of eosinophil activation, Nguyen et al. measured activation markers and transcription factors on eosinophils from whole blood and found that CD66b and intracellular pSTAT1 and pSTAT6 levels were higher in patients with EoE compared to healthy controls (62). Others have turned to eosinophil progenitors (EoP) and found that EoP levels correlate with disease activity in pediatric EoE, which is relevant as these eosinophil-lineage committed CD34+ cells are known to be mobilized during allergic responses and thought to propagate Th2 responses in the tissue either as progenitors themselves or through in situ hematopoiesis (63). Further data studying eosinophils and EoP and their mechanisms of activation and behavior is needed to expand upon EoE pathology.

In addition to peripheral blood eosinophils, there has been great interest in discovering non-invasive biomarkers for EoE in serum. Eotaxin-3, CLC, ECP, EDN, MBP, IL-15, and TGFβ1 have been reported to be elevated in EoE (16, 60, 64, 65). Ishihara et al. found that BCA-1, HCC-1, CTACK, SDF-1, MIP3B, and SCCA2 were elevated in EoE patients, but there was large overlap between patients with EoE and other eosinophilic gastrointestinal diseases (66). To distinguish the various cytokine patterns in EoE, inflammatory bowel disease, and airway allergy, Johnsson et al. compared patients with these different diseases to each other and to healthy controls and measured plasma cytokine levels (67). They found that CCL5 (RANTES) was the main elevated chemokine relative to healthy controls and other disease categories. Of note, CCL1 levels in the blood of EoE patients were inversely correlated with percentage of circulating eosinophils and CCR3 surface expression on eosinophils was decreased in comparison to healthy controls and patients with allergic airway disease. Blanchard et al. performed an 84-plex cytokine assay to compare controls and patients with active EoE and found that IL-13, IL-4, IL-5, IL-6, CD40L, IL-12p70 and EGF were significantly different in EoE compared to control plasma (68). In contrast, Dellon et al. found no significant differences between patients with EoE and controls at baseline and between patients with EoE before and after treatment, despite including IL-5, IL-13, TSLP, and eotaxin-3 in their investigations (69). Given the complexity of the data, Hines et al. collated available studies on minimally invasive biomarkers in EoE and concluded that several promising biomarkers have been identified to differentiate active from inactive EoE, but few could differentiate EoE from other atopic diseases (70). Collectively, several studies have investigated various peripheral cytokines with mixed results prohibiting clinical application at this time; though we note differences in experimental acquisition and design between studies, which may contribute to the varied findings. While the use of non-invasive blood markers has great benefit, further validation is required before clinical application particularly controlling for co-morbid atopic disease.

Other peripheral blood investigations have turned to the role of predicting or understanding EoE allergen triggers. Dilollo and colleagues compared blood samples of control subjects, EoE subjects with milk trigger, and subjects with IgE mediated milk allergies and found that stimulation of peripheral CD4 memory cells with milk peptide resulted in proliferation and IL-4 production from these T cells in patients with known milk trigger (71). Proliferation and IL-4 production had a high sensitivity and specificity for predicting milk allergenicity. They also investigated total and milk-specific IgG4 levels, which were comparable between control and EoE groups. Similarly, these investigators also showed circulating CD4+ T cells produce IFNγ in response to milk peptide from EoE patients with dairy as a known trigger compared to controls (72). Together, these data unveil exciting potentials for peripheral determination of EoE allergens and warrant further investigation with varied dietary or aeroallergens, as well as the predictive potential of multiple allergens as this is common in EoE.



Discussion

Collectively these methodologic investigations at the benchtop have led to meaningful discoveries in our understanding of EoE and type 2 immunity (Figure 1). Animal models and primary cells have created an avenue of critically studying mechanisms of disease, manipulating the environment in a controlled, systematic way. While great progress has been made in understanding hardy cell types such as lymphocytes, epithelial cells and fibroblasts, there is still a need for mechanistic tools for studying allergic granulocytes such as eosinophils, mast cells and basophils among others. Additionally, patients and providers would benefit from the development and clinical validation of non-invasive methods of monitoring disease and predicting allergen responses, as much of the healthcare burden of EoE falls in chronic management. Exciting progress is beginning to be made by examining basic mechanisms of activation and specificity of T cell responses, which could potentially translating to significant advances in how we diagnose and manage EoE. This seemingly incremental progress at the laboratory benchtop collectively culminates to great progress in the long-term arc of understanding disease. We hope this non-exhaustive collection of studies collating models and tools to investigate EoE at the bench inspires current and future investigators.




Figure 1 | Schema of varied tools and models for investigation of eosinophilic esophagitis including animal models, human esophageal cells and tissue, esophageal secretions and peripheral blood or serum. Created with Biorender.com.





Author Contributions

AMU and GR wrote the first draft of the manuscript. All authors contributed to intellectual input and editing and approve of the final version of the article.



References

1. Dellon, ES, Liacouras, CA, Molina-Infante, J, Furuta, GT, Spergel, JM, Zevit, N, et al. Updated International Consensus Diagnostic Criteria for Eosinophilic Esophagitis: Proceedings of the AGREE Conference. Gastroenterology (2018) 155:1022–33.e10. doi: 10.1053/j.gastro.2018.07.009

2. Dellon, ES, and Hirano, I. Epidemiology and Natural History of Eosinophilic Esophagitis. Gastroenterology (2018) 154:319–32.e3. doi: 10.1053/j.gastro.2017.06.067

3. Shaheen, NJ, Mukkada, V, Eichinger, CS, Schofield, H, Todorova, L, and Falk, GW. Natural History of Eosinophilic Esophagitis: A Systematic Review of Epidemiology and Disease Course. Dis Esophagus (2018) 31. doi: 10.1093/dote/doy015

4. Attwood, SE, Smyrk, TC, Demeester, TR, and Jones, JB. Esophageal Eosinophilia With Dysphagia. A Distinct Clinicopathologic Syndrome. Dig Dis Sci (1993) 38:109–16. doi: 10.1007/BF01296781

5. Landres, RT, Kuster, GG, and Strum, WB. Eosinophilic Esophagitis in a Patient With Vigorous Achalasia. Gastroenterology (1978) 74:1298–301. doi: 10.1016/0016-5085(78)90710-2

6. Attwood, SE, and Furuta, GT. Eosinophilic Esophagitis: Historical Perspective on an Evolving Disease. Gastroenterol Clin North Am (2014) 43:185–99. doi: 10.1016/j.gtc.2014.02.010

7. Low, D, Nguyen, DD, and Mizoguchi, E. Animal Models of Ulcerative Colitis and Their Application in Drug Research. Drug Des Devel Ther (2013) 7:1341–57. doi: 10.2147/DDDT.S40107

8. Mizoguchi, A. Animal Models of Inflammatory Bowel Disease. Prog Mol Biol Transl Sci (2012) 105:263–320. doi: 10.1016/B978-0-12-394596-9.00009-3

9. Aun, MV, Bonamichi-Santos, R, Arantes-Costa, FM, Arantes-Costa, FM, Kalil, J, and Giavina-Bianchi, P. Animal Models of Asthma: Utility and Limitations. J Asthma Allergy (2017) 10:293–301. doi: 10.2147/JAA.S121092

10. Zosky, GR, and Sly, PD. Animal Models of Asthma. Clin Exp Allergy (2007) 37:973–88. doi: 10.1111/j.1365-2222.2007.02740.x

11. Jin, H, He, R, Oyoshi, M, and Geha, RS. Animal Models of Atopic Dermatitis. J Invest Dermatol (2009) 129:31–40. doi: 10.1038/jid.2008.106

12. Guerrero-Aspizua, S, Carretero, M, Conti, CJ, and Del Rio, M. The Importance of Immunity in the Development of Reliable Animal Models for Psoriasis and Atopic Dermatitis. Immunol Cell Biol (2020) 98:626–38. doi: 10.1111/imcb.12365

13. Mishra, A, Hogan, SP, Brandt, EB, and Rothenberg, ME. An Etiological Role for Aeroallergens and Eosinophils in Experimental Esophagitis. J Clin Invest (2001) 107:83–90. doi: 10.1172/JCI10224

14. Brandt, EB, Zimmermann, N, Muntel, EE, Yamada, Y, Pope, SM, Mishra, A, et al. The Alpha4bbeta7-Integrin Is Dynamically Expressed on Murine Eosinophils and Involved in Eosinophil Trafficking to the Intestine. Clin Exp Allergy (2006) 36:543–53. doi: 10.1111/j.1365-2222.2006.02456.x

15. Blanchard, C, Mingler, MK, McBride, M, Putnam, PE, Collins, MH, Chang, G, et al. Periostin Facilitates Eosinophil Tissue Infiltration in Allergic Lung and Esophageal Responses. Mucosal Immunol (2008) 1:289–96. doi: 10.1038/mi.2008.15

16. Blanchard, C, Wang, N, Stringer, KF, Mishra, A, Fulkerson, PC, Abonia, JP, et al. Eotaxin-3 and a Uniquely Conserved Gene-Expression Profile in Eosinophilic Esophagitis. J Clin Invest (2006) 116:536–47. doi: 10.1172/JCI26679

17. Hogan, SP, Mishra, A, Brandt, EB, Royalty, MP, Pope, SM, Zimmermann, N, et al. A Pathological Function for Eotaxin and Eosinophils in Eosinophilic Gastrointestinal Inflammation. Nat Immunol (2001) 2:353–60. doi: 10.1038/86365

18. Akei, HS, Mishra, A, Blanchard, C, and Rothenberg, ME. Epicutaneous Antigen Exposure Primes for Experimental Eosinophilic Esophagitis in Mice. Gastroenterology (2005) 129:985–94. doi: 10.1053/j.gastro.2005.06.027

19. Hu, Y, Liu, Z, Yu, X, Pasricha, PJ, Undem, BJ, and Yu, S. Increased Acid Responsiveness in Vagal Sensory Neurons in a Guinea Pig Model of Eosinophilic Esophagitis. Am J Physiol Gastrointest Liver Physiol (2014) 307:G149–57. doi: 10.1152/ajpgi.00097.2014

20. Cho, JY, Doshi, A, Rosenthal, P, Beppu, A, Miller, M, Aceves, S, et al. Smad3-Deficient Mice Have Reduced Esophageal Fibrosis and Angiogenesis in a Model of Egg-Induced Eosinophilic Esophagitis. J Pediatr Gastroenterol Nutr (2014) 59:10–6. doi: 10.1097/MPG.0000000000000343

21. Rayapudi, M, Mavi, P, Zhu, X, Pandey, AK, Abonia, JP, Rothenberg, ME, et al. Indoor Insect Allergens are Potent Inducers of Experimental Eosinophilic Esophagitis in Mice. J Leukoc Biol (2010) 88:337–46. doi: 10.1189/jlb.0110025

22. Noti, M, Wojno, ED, Kim, BS, Siracusa, MC, Giacomin, PR, Nair, MG, et al. Thymic Stromal Lymphopoietin-Elicited Basophil Responses Promote Eosinophilic Esophagitis. Nat Med (2013) 19:1005–13. doi: 10.1038/nm.3281

23. Venturelli, N, Lexmond, WS, Ohsaki, A, Ohsaki, A, Nurko, S, Karasuyama, H, et al. Allergic Skin Sensitization Promotes Eosinophilic Esophagitis Through the IL-33-Basophil Axis in Mice. J Allergy Clin Immunol (2016) 138:1367–80.e5. doi: 10.1016/j.jaci.2016.02.034

24. Travers, J, Rochman, M, Caldwell, JM, Besse, JA, Miracle, CE, and Rothenberg, ME. IL-33 Is Induced in Undifferentiated, non-Dividing Esophageal Epithelial Cells in Eosinophilic Esophagitis. Sci Rep (2017) 7:17563. doi: 10.1038/s41598-017-17541-5

25. Judd, LM, Heine, RG, Menheniott, TR, Buzzelli, J, O'Brien-Simpson, N, Pavlic, D, et al. Elevated IL-33 Expression is Associated With Pediatric Eosinophilic Esophagitis, and Exogenous IL-33 Promotes Eosinophilic Esophagitis Development in Mice. Am J Physiol Gastrointest Liver Physiol (2016) 310:G13–25. doi: 10.1152/ajpgi.00290.2015

26. Doyle AD, SK, Luo, H, LeSeur, WE, Lee, JJ, Kita, H, Jacobsen, EA, et al. Transgenic Expression of a Novel Secreted and Active Form of IL-33 Promotes Tissue Eosinophilia in a Mouse Model of Eosinophilic Esophagitis. J Allergy Clin Immunol (2019) 143. doi: 10.1016/j.jaci.2018.12.887

27. Kim, D, Kobayashi, T, and Nagao, K. Research Techniques Made Simple: Mouse Models of Atopic Dermatitis. J Invest Dermatol (2019) 139:984–90.e1. doi: 10.1016/j.jid.2019.02.014

28. Sherrill, JD, Kiran, KC, Blanchard, C, Stucke, EM, Kemme, KA, Collins, MH, et al. Analysis and Expansion of the Eosinophilic Esophagitis Transcriptome by RNA Sequencing. Genes Immun (2014) 15:361–9. doi: 10.1038/gene.2014.27

29. Sherrill, JD, Gao, PS, Stucke, EM, Blanchard, C, Collins, MH, Putnam, PE, et al. Variants of Thymic Stromal Lymphopoietin and Its Receptor Associate With Eosinophilic Esophagitis. J Allergy Clin Immunol (2010) 126:160–5.e3. doi: 10.1016/j.jaci.2010.04.037

30. Peterson, KA, Yoshigi, M, Hazel, MW, Delker, DA, Lin, E, Krishnamurthy, C, et al. RNA Sequencing Confirms Similarities Between PPI-Responsive Oesophageal Eosinophilia and Eosinophilic Oesophagitis. Aliment Pharmacol Ther (2018) 48:219–25. doi: 10.1111/apt.14825

31. Azouz, NP, Klingler, AM, Pathre, P, Besse, JA, Baruch-Morgenstern, NB, Ballaban, AY, et al. Functional Role of Kallikrein 5 and Proteinase-Activated Receptor 2 in Eosinophilic Esophagitis. Sci Transl Med (2020) 12. doi: 10.1126/scitranslmed.aaz7773

32. Greuter, T, Straumann, A, Fernandez-Marrero, Y, Germic, N, Hosseini, A, Yousefi, S, et al. Characterization of Eosinophilic Esophagitis Variants by Clinical, Histological, and Molecular Analyses: A Cross-Sectional Multi-Center Study. Allergy (2022). doi: 10.1111/all.15233

33. Morgan, DM, Ruiter, B, Smith, NP, Tu, AA, Monian, B, Stone, BE, et al. Clonally Expanded, GPR15-Expressing Pathogenic Effector TH2 Cells Are Associated With Eosinophilic Esophagitis. Sci Immunol (2021) 6. doi: 10.1126/sciimmunol.abi5586

34. Wen, T, Aronow, BJ, Rochman, Y, Rochman, M, Kc, K, Dexheimer, PJ, et al. Single-Cell RNA Sequencing Identifies Inflammatory Tissue T Cells in Eosinophilic Esophagitis. J Clin Invest (2019) 129:2014–28. doi: 10.1172/JCI125917

35. Uchida, AM, Lenehan, PJ, Vimalathas, P, Miller, KC, Valencia-Yang, M, Qiang, L, et al. Tissue Eosinophils Express the IL-33 Receptor ST2 and Type 2 Cytokines in Patients With Eosinophilic Esophagitis. Allergy (2022) 77:656–60. doi: 10.1111/all.15127

36. Vimalathas, P, Farris, A, Letner, D, Deshpande, V, Yajnik, V, Shreffler, W, et al. Integrin alphaM Activation and Upregulation on Esophageal Eosinophils and Periostin-Mediated Eosinophil Survival in Eosinophilic Esophagitis. Immunol Cell Biol (2018) 96:426–38. doi: 10.1111/imcb.12018

37. Wen, T, Kuhl, J, Putnam, P, Mukkada, V, Farrell, M, Kaul, A, et al. A Flow Cytometry-Based Diagnosis of Eosinophilic Esophagitis. J Allergy Clin Immunol (2017) 140:1736–9.e3. doi: 10.1016/j.jaci.2017.07.022

38. Doherty, TA, Baum, R, Newbury, RO, Yang, T, Dohil, R, Aquino, M, et al. Group 2 Innate Lymphocytes (ILC2) Are Enriched in Active Eosinophilic Esophagitis. J Allergy Clin Immunol (2015) 136:792–4.e3. doi: 10.1016/j.jaci.2015.05.048

39. Betuci M, BE, Schanin, J, Rasmussen, H, Singh, B, Drake, R, Peterson, K, et al. EoE Biopsies Have Elevated and Activated Mast Cells That Produce Cytokines and Chemokines That Drive Disease Pathogenesis. J Allergy Clin Immunol (2020) 145. doi: 10.1016/j.jaci.2019.12.758

40. Saffari, H, Hoffman, LH, Peterson, KA, Fang, JC, Leiferman, KM, Pease, LF, et al. Electron Microscopy Elucidates Eosinophil Degranulation Patterns in Patients With Eosinophilic Esophagitis. J Allergy Clin Immunol (2014) 133:1728–34.e1. doi: 10.1016/j.jaci.2013.11.024

41. Wright, BL, Kulis, M, Guo, R, Orgel, KA, Wolf, WA, Burks, AW, et al. Food-Specific IgG4 Is Associated With Eosinophilic Esophagitis. J Allergy Clin Immunol (2016) 138:1190–92.e3. doi: 10.1016/j.jaci.2016.02.024

42. Clayton, F, Fang, JC, Gleich, GJ, Lucendo, AJ, Olalla, JM, Vinson, LA, et al. Eosinophilic Esophagitis in Adults Is Associated With IgG4 and Not Mediated by IgE. Gastroenterology (2014) 147:602–9. doi: 10.1053/j.gastro.2014.05.036

43. Nguyen, N, Fernando, SD, Biette, KA, Hammer, JA, Capocelli, KE, Kitzenberg, DA, et al. TGF-Beta1 Alters Esophageal Epithelial Barrier Function by Attenuation of Claudin-7 in Eosinophilic Esophagitis. Mucosal Immunol (2018) 11:415–26. doi: 10.1038/mi.2017.72

44. Kasagi, Y, Chandramouleeswaran, PM, Whelan, KA, Tanaka, K, Giroux, V, Sharma, M, et al. The Esophageal Organoid System Reveals Functional Interplay Between Notch and Cytokines in Reactive Epithelial Changes. Cell Mol Gastroenterol Hepatol (2018) 5:333–52. doi: 10.1016/j.jcmgh.2017.12.013

45. Odiase, E, Zhang, X, Chang, Y, Nelson, M, Balaji, U, Gu, J, et al. In Esophageal Squamous Cells From Eosinophilic Esophagitis Patients, Th2 Cytokines Increase Eotaxin-3 Secretion Through Effects on Intracellular Calcium and a Non-Gastric Proton Pump. Gastroenterology (2021) 160:2072–88.e6. doi: 10.1053/j.gastro.2021.02.016

46. Kurten, RC, Rawson, R, Shoda, T, Duong, LD, Adejumobi, D, Levy, R, et al. Development and Application of a Functional Human Esophageal Mucosa Explant Platform to Eosinophilic Esophagitis. Sci Rep (2019) 9:6206. doi: 10.1038/s41598-019-41147-8

47. Nhu, QM, Hsieh, L, Dohil, L, Dohil, R, Newbury, RO, Kurten, R, et al. Antifibrotic Effects of the Thiazolidinediones in Eosinophilic Esophagitis Pathologic Remodeling: A Preclinical Evaluation. Clin Transl Gastroenterol (2020) 11:e00164. doi: 10.14309/ctg.0000000000000164

48. Ackerman, SJ, Kagalwalla, AF, Hirano, I, Gonsalves, N, Katcher, PM, Gupta, S, et al. One-Hour Esophageal String Test: A Nonendoscopic Minimally Invasive Test That Accurately Detects Disease Activity in Eosinophilic Esophagitis. Am J Gastroenterol (2019) 114:1614–25. doi: 10.14309/ajg.0000000000000371

49. Harris, JK, Fang, R, Wagner, BD, Choe, HN, Kelly, CJ, Schroeder, S, et al. Esophageal Microbiome in Eosinophilic Esophagitis. PloS One (2015) 10:e0128346. doi: 10.1371/journal.pone.0128346

50. Benitez, AJ, Hoffmann, C, Muir, AB, Dods, KK, Spergel, JM, Bushman, FD, et al. Inflammation-Associated Microbiota in Pediatric Eosinophilic Esophagitis. Microbiome (2015) 3:23. doi: 10.1186/s40168-015-0085-6

51. Laserna-Mendieta, EJ, FitzGerald, JA, Arias-Gonzalez, L, Ollala, JM, Bernardo, D, Claesson, MJ, and Lucendo, AJ. Esophageal Microbiome in Active Eosinophilic Esophagitis and Changes Induced by Different Therapies. Sci Rep (2021) 11:7113. doi: 10.1038/s41598-021-86464-z

52. Benitez, AJ, Tanes, C, Mattei, L, Hofstaedter, CE, Kim, DK, Gross, J, et al. Effect of Topical Swallowed Steroids on the Bacterial and Fungal Esophageal Microbiota in Eosinophilic Esophagitis. Allergy (2021) 76:1549–52. doi: 10.1111/all.14602

53. Bhardwaj, N, Sena, M, Ghaffari, G, and Ishmael, F. MiR-4668 as a Novel Potential Biomarker for Eosinophilic Esophagitis. Allergy Rhinol (Providence) (2020) 11:2152656720953378. doi: 10.1177/2152656720953378

54. Hiremath, G, Olive, A, Shah, S, Davis, CM, Shulman, RJ, and Devaraj, S. Comparing Methods to Collect Saliva From Children to Analyze Cytokines Related to Allergic Inflammation. Ann Allergy Asthma Immunol (2015) 114:63–4. doi: 10.1016/j.anai.2014.09.012

55. Gabrielle Ro, ALP, Hazel, MW, Uchida, AM, and Peterson, KA. Salivary Cytokines Reveal A Type 2 Inflammatory Profile in Eosinophilic Esophagitis. Gastroenterology (2022).

56. Saffari, H, Leiferman, KM, Clayton, F, Baer, K, Pease, LF, Gleich, GJ, et al. Measurement of Inflammation in Eosinophilic Esophagitis Using an Eosinophil Peroxidase Assay. Am J Gastroenterol (2016) 111:933–9. doi: 10.1038/ajg.2016.184

57. Smadi, Y, Deb, C, Bornstein, J, Safder, S, Horvath, K, and Mehta, D. Blind Esophageal Brushing Offers a Safe and Accurate Method to Monitor Inflammation in Children and Young Adults With Eosinophilic Esophagitis. Dis Esophagus (2018) 31. doi: 10.1093/dote/doy056

58. Peterson, K, Lin, E, Saffari, H, Qeadan, F, Pyne, A, Firszt, R, et al. Food-Specific Antibodies in Oesophageal Secretions: Association With Trigger Foods in Eosinophilic Oesophagitis. Aliment Pharmacol Ther (2020) 52:997–1007. doi: 10.1111/apt.15879

59. Schlag, C, Miehlke, S, Heiseke, A, Brockow, K, Krug, A, von Arnim, U, et al. Peripheral Blood Eosinophils and Other Non-Invasive Biomarkers can Monitor Treatment Response in Eosinophilic Oesophagitis. Aliment Pharmacol Ther (2015) 42:1122–30. doi: 10.1111/apt.13386

60. Konikoff, MR, Blanchard, C, Kirby, C, Buckmeier, BK, Cohen, MB, Heubi, JE, et al. Potential of Blood Eosinophils, Eosinophil-Derived Neurotoxin, and Eotaxin-3 as Biomarkers of Eosinophilic Esophagitis. Clin Gastroenterol Hepatol (2006) 4:1328–36. doi: 10.1016/j.cgh.2006.08.013

61. Botan, V, Dos Santos Borges, TK, Rocha Alves, EA, Rocha Alves, EA, Claudino Pereira Couto, S, Bender Kohnert Seidler, H, et al. Enhanced Activation of Eosinophils in Peripheral Blood and Implications for Eosinophilic Esophagitis Diagnosis. J Gastroenterol Hepatol (2017) 32:1318–27. doi: 10.1111/jgh.13710

62. Nguyen, T, Gernez, Y, Fuentebella, J, Patel, A, Tirouvanziam, R, Reshamwala, N, et al. Immunophenotyping of Peripheral Eosinophils Demonstrates Activation in Eosinophilic Esophagitis. J Pediatr Gastroenterol Nutr (2011) 53:40–7. doi: 10.1097/MPG.0b013e318212647a

63. Schwartz, JT, Morris, DW, Collins, MH, Rothenberg, ME, and Fulkerson, PC. Eosinophil Progenitor Levels Correlate With Tissue Pathology in Pediatric Eosinophilic Esophagitis. J Allergy Clin Immunol (2019) 143:1221–4.e3. doi: 10.1016/j.jaci.2018.10.036

64. Zhu, X, Wang, M, Mavi, P, Rayapudi, M, Pandey, AK, Kaul, A, et al. Interleukin-15 Expression is Increased in Human Eosinophilic Esophagitis and Mediates Pathogenesis in Mice. Gastroenterology (2010) 139:182–93.e7. doi: 10.1053/j.gastro.2010.03.057

65. Wechsler, JB, Ackerman, SJ, Chehade, M, Amsden, K, Riffle, ME, Wang, MY, et al. Noninvasive Biomarkers Identify Eosinophilic Esophagitis: A Prospective Longitudinal Study in Children. Allergy (2021) 76:3755–65. doi: 10.1111/all.14874

66. Ishihara, S, Shoda, T, Ishimura, N, Ohta, S, Ono, J, Azuma, Y, et al. Serum Biomarkers for the Diagnosis of Eosinophilic Esophagitis and Eosinophilic Gastroenteritis. Intern Med (2017) 56:2819–25. doi: 10.2169/internalmedicine.8763-16

67. Johnsson, M, Bove, M, Bergquist, H, Olsson, M, Fornwall, S, Hassel, K, et al. Distinctive Blood Eosinophilic Phenotypes and Cytokine Patterns in Eosinophilic Esophagitis, Inflammatory Bowel Disease and Airway Allergy. J Innate Immun (2011) 3:594–604. doi: 10.1159/000331326

68. Blanchard, C, Stucke, EM, Rodriguez-Jimenez, B, Burwinkel, K, Collins, MH, Ahrens, A, et al. A Striking Local Esophageal Cytokine Expression Profile in Eosinophilic Esophagitis. J Allergy Clin Immunol (2011) 127:208–17, 217 e1-7. doi: 10.1016/j.jaci.2010.10.039

69. Dellon, ES, Rusin, S, Gebhart, JH, Covey, S, Higgins, LL, Beitia, R, et al. Utility of a Noninvasive Serum Biomarker Panel for Diagnosis and Monitoring of Eosinophilic Esophagitis: A Prospective Study. Am J Gastroenterol (2015) 110:821–7. doi: 10.1038/ajg.2015.57

70. Hines, BT, Rank, MA, Wright, BL, Marks, LA, Hagan, JB, Straumann, A, et al. Minimally Invasive Biomarker Studies in Eosinophilic Esophagitis: A Systematic Review. Ann Allergy Asthma Immunol (2018) 121:218–28. doi: 10.1016/j.anai.2018.05.005

71. Dilollo, J, Rodriguez-Lopez, EM, Wilkey, L, Martin, EK, Spergel, JM, and Hill, DA. Peripheral Markers of Allergen-Specific Immune Activation Predict Clinical Allergy in Eosinophilic Esophagitis. Allergy (2021) 76:3470–8. doi: 10.1111/all.14854

72. Ruffner, MA, Hu, A, Dilollo, J, Benocek, K, Shows, D, Gluck, M, et al. Conserved IFN Signature Between Adult and Pediatric Eosinophilic Esophagitis. J Immunol (2021) 206:1361–71. doi: 10.4049/jimmunol.2000973




Conflict of Interest: AMU Consultant/Advisory: Sanofi-Genzyme and Regeneron. JJG has received research support from the American Partnership for Eosinophilic Disorders (APfED) and Takeda Pharmaceuticals. KAP Consultant/Advisory: AGA, Alladapt, AstraZeneca, Allakos, Bistol Meyers Squibb, Ellodi, Invea, Lucid, Medscape, Peerview, Regeneron, Takeda. Speaker: AGA, Regeneron, Peerview, Takeda, Allakos, Medscape. Equity: Nexeos Bio.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Uchida, Ro, Garber, Peterson and Round. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2022.943518_cover.jpg
’ frontiers l Frontiers in Immunology

Models and Tools for Investigating
Eosinophilic Esophagitis at the Bench





OEBPS/Images/fimmu-13-943518-g001.jpg





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Models and Tools for Investigating Eosinophilic Esophagitis at the Bench

      

        		

          Introduction

        



        		

          Animal Models of Disease

        



        		

          Human Esophageal Tissue Investigations

        



        		

          Patient Secretions

        



        		

          Peripheral Blood Biomarkers in EoE

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





