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Abstract

Eosinophilic esophagitis (EoE) is a chronic inflammatory disease that is increasingly recognized as the cause of
common gastrointestinal symptoms including dysphagia, chest and abdominal pain, heartburn, food impaction, and
food refusal in children and adults. Often referred to as “asthma of the esophagus”, eosinophilic esophagitis, like its
asthma counterpart, is an allergic disorder on the rise worldwide. Clinically managed by food avoidance, steroid therapy,
recurring endoscopic evaluations and dilations as needed, eosinophilic esophagitis is a poorly understood disease
process with limited therapies and even fewer diagnostic tools to predict and surveil active inflammation. As a result,
there is a critical need to identify noninvasive biomarkers and therapeutic targets for eosinophilic esophagitis. Here we
review the known contributions of miRNAs to eosinophilic inflammation of the esophagus and the potential for miRNA
biomarkers for EoE in the clinical setting.
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INTRODUCTION

Eosinophilic esophagitis (EoE) is an emerging allergic disease worldwide and a leading cause of dysphagia
and food impaction in children and adults" ™. A progressive fibrostenotic disease, EoE is an antigen-driven,
non-IgE mediated, inflammatory process affecting the esophagus[sl. EoE is characterized by eosinophil-rich
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Figure 1. Pathophysiology of eosinophilic esophagitis. Barrier integrity is essential in the gastrointestinal tract to protect against
inappropriate inflammation. Impaired barrier defenses and allergic sensitization to food and aeroallergens can then initiate inflammation
in the esophageal epithelium. Tissue resident antigen-presenting cells are thought to process and present allergenic peptides to CD4+ T
lymphocytes, activating and skewing T cell differentiation towards T helper type 2 (Th2) lymphocyte development. When activated by
antigen, Th2 cells produce pathogenic and inflammatory cytokines, IL-13, IL-5, and IL-4. IL-13 induces non-traditional immune cells, like
the epithelium, to produce chemoattractant cytokines. One chemokine, CCL26 (also called Eotaxin-3) attracts and recruits eosinophils
to the esophageal tissue. IL-5 promotes eosinophil maturation, differentiation, and activation, leading to the release of allergic mediators.
IL-4 activates B cells to differentiate into plasma cells, undergo class switching, and produce antigen-specific IgE. IgE can then bind to Fc
receptors on mast cells, triggering degranulation and release of histamine and proteases. Activated mast cells also produce TGF-, a key
cytokine implicated in fibrotic processes that lead to stenotic disease and esophageal narrowing

gastrointestinal inflammation in the absence of other underlying causes of eosinophilia such as parasitic in-
fection, inflammatory bowel disease, celiac disease, drug hypersensitivity, malignancy, graft-vs-host disease,
connective tissues disease and autoimmune disorders”™”. Although the etiology of EoE is still under active
investigation, aeroallergen and food antigen exposure are known to trigger inflammation”"". In fact, an al-
lergic origin for EoE is supported by a close association with comorbid atopic diseases such as eczema, food
allergy, asthma and allergic rhinitis"”’, Fresh insights also suggest that EoE may be a late manifestation of
“atopic march™",

The pathophysiology of EoE is marked by immune cell infiltration of the esophageal epithelium and mu-
cosa by eosinophils and other leukocytes (B cells, T cells, and activated mast cells)[“]. These immune cells
are capable of producing Th2 cytokines and eotaxin family chemokines that sustain chronic inflammation
[Figure 1]"*'. Ultimately, inflammation leads to narrowing of the esophageal lumen and symptoms of solid-
food and liquid dysphagia, chest pain, food impaction, acid-reflux and even feeding disorders in chil-
dren"*". While symptoms are currently managed by dietary elimination of offending foods, swallowed
steroids, or some combination of both, there are no FDA-approved treatments that currently exist for EoE.
Consequently, there is a need to identify novel therapeutics and biomarkers to guide therapy.

MicroRNA (miRNAs) are small regulatory molecules active in the control of 30%-60% of the human ge-
nome""”. These small genetic elements are also readily detectable in almost all known bodily fluids and tis-
sues"™"”. Accordingly, miRNAs have emerged as biomarker candidates and putative targets for anti-inflam-
matory and immunomodulatory therapies. A mounting body of work has described miRNA expression and
. . . . . . [20-23] . o . [24,25] . . e. [21,26]
function in many allergic diseases, including asthma™ , atopic dermatitis ', and allergic rhinitis ™.
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Figure 2. Post-transcriptional regulation of target mRNAs by microRNAs. microRNAs bind to complementary sequences on target
messenger RNAs and promote degradation of the nascent transcript before it can be translated into protein

However, to date only three studies have reported on miRNA expression in EoE and fewer still have com-
mented on the function of miRNAs in eosinophilic esophagitis pathogenesis. This review discusses our
current understanding of miRNA roles in eosinophilic esophagitis, offers insights into miRNA potential for
clinical utility, and comments on future investigations.

MIRNA CONTRIBUTIONS TO NORMAL ESOPHAGEAL FUNCTION

First identified in 1977, EoE was originally thought to be a variant of gastroenteritis and was only later iden-
tified as a distinct clinical entity[27]. Nearly three decades later, microRNAs were unearthed as immunoregu-
latory molecules and pathogenic contributors to the inflammation in EoE. miRNAs are small noncoding
RNAs, approximately 12-22 nucleotides in length, that participate in post-transcriptional gene silencing of
targets. Binding of miRNAs with complementary base pairs in the 3’ untranslated region (UTR) of mRNA
transcripts leads to inhibition of target gene expression or protein [Figure 2].

miRNAs have homeostatic roles in normal cellular processes in all cells and tissues. In the gastrointestinal
epithelium, miRNAs have been shown to regulate aspects of mucosal immunity and barrier response””**”.
For example, miR-34a and miR-365 have roles in the maturation of gut-associated lymphoid tissue (GALT).
miR-34a has been shown to downregulate members of the Notch1 signaling pathway that control normal
differentiation of M cells, a highly specialized epithelial cell™. In this way, repression of Notch-1 signal-
ing by miR-34a leads to normal development of structures at the mucosal interface that sample antigen and
initiate immune responses. Likewise, repression of miR-365’s target gene, Myb-related protein B (MYBL2)
is necessary for colonic epithelium to fully differentiate. Deregulation of miRNA pathways or alterations in
miRNA expression in tissue can then perturb homeostasis and lead to disease conditions like eosinophilic

inflammation in the esophagus.

DYSREGULATION OF MIRNAS IN INFLAMED TISSUE DIFFERENTIATES EOE FROM HEALTHY
ESOPHAGI

In 2012, Lu et al.”" uncovered the first evidence of a unique, miRNA signature in diseased esophageal tissue
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Table 1. miRNAs differentially expressed in EoE esophageal tissue compared to healthy controls

microRNA Esophageal expression (EoE vs. healthy)
miR-7 Increased
miR-15a Increased”
miR-20a Increased’
miR-21 Increased ™
miR-29a Increased”
miR-29b Increased’
miR-92a Increased’
miR-106b Increased
miR-126 Increased”
miR-132 Increased’
miR-142-5p Increased”
miR-142-3p Increased"*
miR-212 Increased’
miR-221 Increased”
miR-222 Increased’
miR-223 Increased"”
miR-339-5p Increased”
miR-592 Increased”
miR-642 Increased’
miR-801 Increased’
miR-886-5p or 3p Increased"
Let-7c Decreased"
miR-30-3p Decreased'
miR-99a Decreased”
miR-144 Decreased"
miR-193a-5p and 3p Decreased"
miR-193b Decreased'
miR-203 Decreased'”
miR-210 Decreased ™
miR-211 Decreased"
miR-365 Decreased'
miR-375 Decreased'

miRNA expression data is from the following studies: 'Lu et a/."%, *Zahm et a/.**

from EoE patients. The authors subsequently completed in-depth molecular profiling of esophageal epithe-
lial miRNA expression and identified 32 differentially regulated miRNAs between individuals with EoE and
healthy control subjects. Among these targets [Table 1], miR-375 was the most downregulated and miR-
21 and miR-223 were the most upregulated in EoE tissue™” Similarly, the Zahm study in 2014"" identified
14 miRNAs that are differentially expressed between EoE and healthy subjects, 6 of which were previously
identified by Lu e al.*” in 2012. The additional 8 miRNAs identified by Zahm et al.*”, not seen in Lu et al.””
in 2012, could be more specific to early stages of EoE, as their study utilized a pediatric cohort. Common to
both studies, miR-375, miR-21 and miR-223 emerged as central candidates for EoE biomarkers and thera-
peutic targets.

miR-375 deficiency in esophageal epithelium of EoE patients

Through miRNA microarrays, Lu et al® identified miR-375 as the only miRNA differentially regulated in
epithelial cell lines in response to Th2 cytokine, IL-13. This preliminary work indicated that esophageal ex-
pression of miR-375 was inversely correlated with allergic inflammation and disease. While esophageal levels
of miR-375 were low in EoE, they associated with high levels of inflammation. The same year, the authors
also reported in a second study that esophageal levels of miR-375 reverse with treatment. miR-375 increases
in the esophagus, normalizing to levels comparable to healthy individuals, in adult EoE patients in remission
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Figure 3. Decreased miR-375 in EoE tissue may relieve inhibition of JAK2, promoting cytokine signaling. miRWalk 2.0 predicted that miR-
375 can bind to and target JAK2 for degradation.. Based on data from esophageal biopsies, individuals with EoE have lower levels of miR-
375 than their healthy counterparts. While miR-375 may normally exist to inhibit JAK2 and dampen cytokine signaling, a lack of miR-375
may remove this negative regulation allowing for more cytokine signaling to occur in EoE

on either elimination diet or fluticasone steroid””. Collectively, both studies implicate miR-375 as an effec-
. . . . . .. [31,32]
tive EoE biomarker, accurately reflecting disease activity .

These findings were further substantiated by a study in 2014 that profiled miRNA expression in esophageal
biopsies of pediatric patients with EoE™. Zahm et al.”” observed in their pediatric cohort that esophageal
expression of miR-375 was also lower in EoE individuals compared to healthy controls. Similar to adult stud-
ies, miR-375 expression inversely correlated with inflammation. Children with low miR-375 had increased
Th2 cytokines (IL-5 and IL-13) and mast-cell specific gene (CPA3 and TPSABI) expression. Based on miR-
Walk2.0’s predictive algorithm, miR-375 is not expected to bind to IL-5, IL-13, CPA3 and TPSAB1™Y. As a
result, these Th2 cytokines are unlikely to be the direct targets of miR-375 activity and unlikely to constitute
the mechanism by which miR-375 regulates esophageal inflammation. It seems more likely based on predic-
tive algorithms that miR-375 regulates JAK2, a critical intercellular member of JAK/STAT-mediated cytokine
signaling pathways™". Studies by Lu et al.”"*” and Zahm et al"™*' all similarly identify a deficiency of miR-
375 in diseased esophageal tissue that could, in theory, relieve inhibition on JAK2 and promote increased
signaling of Th2 cytokine pathways [Figure 3].

Abundance of miR-21 and miR-223 in esophageal epithelium associated with inflammation

[33] [32]

In addition to miR-375, Zahm et al.” and Lu et al.” also found that miR-21, miR-223 were differentially
expressed in EoE tissue. In contrast to miR-375, both miR-21 and miR-223 were upregulated or present in
high levels in esophageal biopsies of EoE subjects. Lu et al.” conducted genome-wide expression correlation
analysis which showed that miRNAs, miR-21 and miR-223, co-regulate genes involved in immune regula-
tion. More specifically, miR-21 and miR-223 control processes such as T cell polarization (Th1 vs. Th2), IFN-
gamma signaling and eosinophiliam]. miR-21 in particular has been shown in mouse models of allergic
inflammation and human disease to post-transcriptionally regulate a subunit of the IL-12 cytokine (IL-12p35).
By binding to the 3> UTR of the IL-12p35 transcript, miR-21 can degrade IL-12-p35, inhibiting its action in
promotingTh1 immunity [Figure 4]. In this way, miR-21 inhibition of IL-12 shifts T cell polarization towards
Th2 immunity associated with allergic diseases””. Consistent with this observation in allergic airway in-
flammation, Lu et al.”” also noted likely miR-21 inhibition of IL-12p35 in the esophageal biopsies of EoE pa-
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Table 2. Key miRNAs in EoE, their predicted targets and anticipated phenotypic changes as a result

microRNA Esophageal expression mRNA target Phenotype
(EoE vs. healthy)
miR-375 Decreased expression CXCL12; JAK2; MMD Increased lymphocyte chemotaxis; increased JAK/stat-mediat-
ed cytokine signaling; increased macrophage differentiation
miR-21 Increased expression IL-12 Promotes Th2 type inflammation in the esophagus
miR-223 Increased expression SPINK7 Destruction and impairment of the epithelial barrier

Online bioinformatics database, miRWalk 2.0, was used to predict biologic targets of miRNAs that have yet to be validated /n vitro or in
vivo"¥. Relevant targets involved in inflammatory, immune and barrier function are listed

tients. High levels of miR-21 in the esophagus of EoE patients correlated with decreased IL-12p35, suggesting
a tendency towards Th2 or allergic inflammation in EoE tissue.

Unlike miR-21, which has been actively investigated in numerous types of inflammatory and immune medi-
ated diseases, miR-223 action and targets are not known. Although targets of miR-223 have not be identified
in vitro or in vivo, mRNAs that may be bound by miR-223 were predicted by our group through bioinfor-
matic software miRWalk 2.0 [Table 2]. Serine protease inhibitor, SPINK7, was predicted as a direct target of
miR-223. Interestingly, a recent study led by Marc Rothenberg discovered that individuals with active EoE
lack SPINK?7 in their esophageal epithelium[35]. In vitro experiments in esophageal epithelial cell lines dem-
onstrated that knockdown and knockout of SPINK7 disrupted barrier function and increased inflammatory
cytokine production, suggesting that SPINK7 deficiency may contribute to EoE pathogenesis. Independent
of this study, miR-223 has been shown to be upregulated in esophageal biopsies of EoE patients and our bio-
informatics modeling predicts miR-223 can bind SPINK?7. Taken together, these observations suggest a po-
tential uninvestigated mechanism by which miR-223 exerts pathogenic effects in EoE [Figure 5]. Increased
miR-223 in the epithelium may bind to the 3> UTR of SPINK7, depleting this key protective protein in the
esophagus. SPINK?7 deficiency ultimately leads to impaired barrier integrity and inflammation.

MIRNA REPLACEMENT THERAPY WITH MIR-375

In vitro experiments conducted by Lu et al®" in 2012 showed relevance of miR-375 in the pathogenesis and
treatment of EoE beyond biomarker capacity. Overexpression of miR-375 in esophageal epithelium down-
regulated a panel of IL-13 associated inflammatory genes pathogenic in eosinophilic esophagitis, includ-
ing Th2 cytokines, and proteins involved in mast cell activation and eosinophil chemoattraction™". Taken
together, transfection or “add back” of mir-375 into esophageal epithelium had anti-inflammatory function
that inhibited allergic responses associated with EoE. This work suggests that miR-375 may be protective
against EoE. In many fields like oncology, pharmaceutical and drug development efforts have trialed miRNA
replacement therapy. This therapeutic strategy employs delivery of synthetic, double-stranded miRNA mim-
ics, encased in lipid-based vectors to diseased tissue™. EoF esophageal tissue has been shown to be depleted
of natural or endogenous miR-375, so oral administration of artificial miR-375 could be effective at restoring
anti-inflammatory function missing in EoE patients.

miRNA-based immunotherapies are already under investigation for other inflammatory diseases of the gas-
trointestinal tract, so they may not be out of reach for EoE. Research in the inflammatory bowel disease field
has begun to address potential limitations for RNA delivery to gastrointestinal tissue, accounting for the sta-
bility and protection of RNA in nanoparticles to successfully avoid degradation by ribonucleases, bile salts,
pancreatic lipases and extreme pH. Preliminary miRNA therapeutic work done in murine models of colitis
show efficacy for delivering miRNAs to diseased tissue and exerting appreciable anti-inflammatory effects,
decreasing cytokine expression and reducing disease scores on histology'””. This encouraging work points
towards future investigations of therapeutic oral administration of miR-375 for EoE.
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Figure 4. miR-21 regulates T cell polarization through direct targeting of IL-12p35. IL-12p35 is one subunit of the IL-12 cytokine that
promotes differentiation of naive T cells towards T helper type 1 cells, instead of T helper type 2. Through post-transcriptional regulation,
miR-211is able to inhibit [L-12p35, also inhibiting Th1immunity and shifting T cell polarization and function towards T helper type 2
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Figure 5. miR-223 is predicted to bind to the 3" UTR of the transcript for protease inhibitor, SPINK7, leading to barrier damage and
dysfunction in the esophageal epithelium. SPINK7 is required for normal epithelial cell differentiation and protection of the esophagus
from harsh, food-derived proteases. miRWalk 2.0 predicts that miR-223 can target SPINK7 for degradation. A resulting deficiency of
SPINK7 can lead to increased damage of the esophageal epithelium in EoE

EXTRACELLULAR MIRNAS [PLASMA AND SALIVARY MIRNAS] AS NONINVASIVE
BIOMARKERS

The current standard of care for EoE patients is surveillance by esophagogastroduodenoscopy with biopsy. In
children, recurrent endoscopy can be challenging, traumatic and a substantial financial burden for families
and adult patients alike. These barriers necessitate a search for non-invasive diagnostics and biomarkers™.
Dubbed a liquid biopsy, circulating or plasma miRNAs constitute one potential option for a non-invasive
biomarker to monitor disease progression and responses to therapy. Work by T.X. Lu and colleagues in 2012
identified miR-146a, miR-146b and miR-223 as the most abundant circulating miRNAs in plasma differen-
tially expressed between EoE and healthy individuals. Interestingly, miR-146a and miR-223 levels reverse in
EoE patients who achieved remission with glucocorticoids; whereas, elevated miR-146b plasma levels persist
with remission*”. Not only are these miRNAs stable and detectable in the blood of human subjects, these
findings also provide proof-of-concept for future clinical use of miRNAs as non-invasive biomarkers In Lu’s
study, miR-146a and miR-223 had positive predictive values of 0.82 and 0.77 and negative predictive values
of 0.73 and 0.64, respectively. Taken together, this work demonstrates that a simple blood draw with miRNA
profiling could lead to rapid screening and sensitive detection of disease state and treatment responsiveness
in EoE patients[ﬂ]. Moreover, this work is a promising alternative to recurrent, invasive endoscopies and bi-
opsies that are the current standard of care. The lack of current diagnostic tools to assess inflammation and
manage treatment of EoE patients necessitates further investigation of plasma miRNA biomarkers, specifi-
cally miR-146a and miR-223.

Saliva may be yet another source of biomarkers. Extracellular miRNAs are detectable in the oronasaopha-
ryngeal cavity and can also be obtained non-invasively without endoscopy. Although limited, a few recent
pilot studies hint at the potential to reliably detect different miRNAs signatures in saliva of EoE patients vs.
controls“**"'. Kelbel et al."” analyzed miRNA expression in saliva samples from 15 adult patients with EoE
and 17 healthy controls. They observed increased in miR-570-3p, miR-3613-5p, miR-4668-5p, and miR-30a-
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Table 3. Currently identified eosinophilic esophagitis endotypes

Clinical features Endotype 1 Endotype 2 Endotype 3
Endoscopic appearance Normal Inflammation Fibrostenotic
Steroid responsiveness Sensitive Refractory Mixed responses
Disease onset No age Predominance Pediatric Adult

Atopic status Atopic No clear association with atopy Non-atopic

Molecular profiling of esophageal biopsies from a recent cohort of nearly 200 adult and pediatric patients was correlated with other
clinical features of EoE in order to identify three clusters or distinct groups of disease. The three groups or endotypes range in severity
from mild (Endotype 1) to severe (Endotype 3)™*

5p in EoE samples compared to control. Expression of miR-3613-5p and miR-4668-5p decreased in patients
following fluticasone treatment, suggesting these two miRNAs may be candidate biomarkers for surveilling
treatment response[m. Similarly, Swanson et al profiled salivary miRNA in a pediatric cohort and dis-
covered 97 differentially expressed miRNAs, with miR-223 having the greatest level of expression. Here too,
Swanson et al.""! demonstrate the potential for identifying noninvasive miRNA biomarkers in saliva.

FUTURE PERSPECTIVES AND CONCLUSIONS

Our understanding of miRNA contributions to inflammation and the regulation of immune function has
improved but still remains underdeveloped. In particular, there are many unanswered questions regarding
the role of miRNAs in eosinophilic esophagitis. Recent work has defined three main disease endotypes [Table 3]
that associate with phenotypic and clinical features of EoE". These newly identified EoE endotypes have
not yet been correlated with miRNA expression. It stands to be seen whether miRNAs are differentially ex-
pressed between EoE endotypes and whether miRNAs can then be used to predict disease course and treat-
ment responsiveness for these subpopulations of disease. Similarly, the effects of dietary modification, acid
suppression, and emerging biologic therapies on miRNA profiles in EoE are also under investigation. Future
work that compares miRNA expression among growing cohorts of individuals with EoE may uncover dis-
tinct ‘miRNA fingerprints’ to guide effective and personalized treatment.
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