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Abstract

Background—The role of microRNAs (miRNAS), a key class of regulators of mRNA
expression and translation, in patients with eosinophilic esophagitis (EoE) has not been explored.

Objective—We aimed to identify miRNAs dysregulated in patients with EOE and assess the
potential of these MiRNAs as disease biomarkers.

Methods—Esophageal miRNA expression was profiled in patients with active EOE and those
with glucocorticoid-induced disease remission. Expression profiles were compared with those of
healthy control subjects and patients with chronic (noneosinophilic) esophagitis. Expression levels
of the top differentially expressed miRNAs from the plasma of patients with active EoE and
patients with EoE remission were compared with those of healthy control subjects.

Results—EOoE was associated with 32 differentially regulated miRNAs and was distinguished
from noneosinophilic forms of esophagitis. The expression levels of the most upregulated
miRNAs (miR-21 and miR-223) and the most downregulated miRNA (miR-375) strongly
correlated with esophageal eosinophil levels. Bioinformatic analysis predicted interplay of miR-21
and miR-223 with key roles in the polarization of adaptive immunity and regulation of
eosinophilia, and indeed, these mMiRNAs correlated with key elements of the EoE transcriptome.
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The differentially expressed miRNAs were largely reversible in patients who responded to
glucocorticoid treatment. EOE remission induced a single miRNA (miR-675) likely to be involved
in DNA methylation. Plasma analysis of the most upregulated esophageal miRNAs identified
miR-146a, miR-146b, and miR-223 as the most differentially expressed miRNAs in the plasma.

Conclusions—We have identified a marked dysregulated expression of a select group of
miRNAs in patients with EoE and defined their reversibility with glucocorticoid treatment and
their potential value as invasive and noninvasive biomarkers.

Eosinophilic esophagitis; microRNA,; glucocorticoid; biomarkers

MicroRNAs (miRNAS) are single-stranded RNA molecules of 19 to 25 nucleotides in length
that mediate posttranscriptional gene silencing of target genes.! MiRNAs have diverse roles
in fundamental biological processes, such as cell proliferation, differentiation, apoptosis,
stress response, and immune response, among many others.? To date, few studies have
examined the role of miRNAs in human allergic diseases or esophageal diseases, except for
the setting of asthma and esophageal cancers.28

Eosinophilic esophagitis (EOE) is an emerging worldwide allergic disease characterized by
intense eosinophil infiltration of the esophageal mucosal epithelium that is refractory to
acid-suppressive therapy and is associated with chronic symptoms from childhood into
adulthood.®10 First described in the late 1970s, the incidence and prevalence of EoE have
been on the increase. It is now a global health disease reported in every continent except
Africa.? Multiple studies have demonstrated that EOE is associated with marked changes in
gene expression, particularly in the esophagus, where approximately 1% of the human
genome has an altered tissue-specific expression pattern collectively referred to as the EoE
transcriptome, which is largely but not fully reversible after disease remission with
glucocorticoid therapy.11-14 Furthermore, EOE is a unique opportunity to study
inflammatory diseases in human subjects, especially in the pediatric population, because
obtaining tissue specimens through endoscopy is routine standard of care and the biopsy
material is amenable to molecular analysis.%13 This approach has uncovered the key
interplay of the adaptive and innate immune system, including the key role of I1L-13-driven
epithelial cell gene responses, including eotaxin-3. In addition to acquired gene expression
changes in the esophagus, EoE is also an inherited disease that involves a complex interplay
of genetic and environmental factors.14 Most studies concerning the regulation of the EoE
transcriptome have focused on the induction and regulation of /n situ gene expression by
cytokines (eg, IL-13), transcription factors, and coactivators (eg, signal transducer and
activator of transcription 6 and CREB-binding protein),121516 yet other regulatory
processes, such as mMiRNAs, have not been explored. MiRNAS represent a particularly
attractive class of molecules in the regulation of the EoE transcriptome because a single
miRNA can target hundreds of genes and can mediate the epigenetic mechanisms
underlying gene-environment interactions, which are likely to have a key but currently
unexplored role in EoE.17 Lastly, further interest in studying miRNA involvement in
patients with EoE is derived from the recent identification of a key role of a specific Ty2-
associated miRNA (miR-21) in critically regulating Ty cell polarization because EoE clearly
involves a local polarized T2 response.”-18:19 Thus, we aimed to elucidate miRNA
expression profiles in patients with active EoE, active chronic esophagitis, EOE in remission
after glucocorticoid treatment who have a mainly normalized EoE transcriptome,12:20 and
healthy control subjects.
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METHODS

Human esophageal tissues

Patients were selected without regard to age, race, or sex. Healthy patients had symptoms
consistent with gastroesophageal reflux disease or EOE, but endoscopic and histologic
appearances were normal, as previously reported.13 The inclusion criteria for patients with
active EoE included a clinical diagnosis of EoE and eosinophil counts of 24 or greater per
%400 high-power field in the esophageal biopsy specimens; most patients had lack of
response to proton-pump inhibitor therapy (see Table E1 in this article’s Online Repository
at www.jacionline.org). The inclusion criteria for patients with active chronic esophagitis
include a clinical diagnosis of esophagitis and eosinophil counts of 1 to 15 per x400 high-
power field in esophageal biopsy specimens. Patients with systemic or swallowed topical
glucocorticoid use were excluded from the selection of patients with active EoE or patients
with active chronic esophagitis. The inclusion criteria for patients with EOE responding to
glucocorticoid treatment include a history of EoE, treatment with swallowed topical
glucocorticoid, and response as indicated by eosinophil counts of 1 or less per x400 high-
power field and normalization of histologic features of the disease. The patients with EOE
not responding to glucocorticoid treatment have a history of EoE, treatment with swallowed
topical glucocorticoid, and lack of response, as indicated by esophageal eosinophil counts of
24 or greater per x400 high-power field in biopsy specimens obtained at follow-up visits
after therapy. The patients’ characteristics are listed in Table E1. Eight healthy control
subjects, 10 patients with active EoE, 5 patients with chronic esophagitis, and 6 patients with
EOE responding to glucocorticoid treatment were included in the microarray analysis. The
remaining patients were included in the quantitative PCR studies only. Patients were
selected for miRNA microarray analysis and quantitative PCR studies based on systematic
enrollment on the basis of their presentation to our clinic between November 2007 and July
2009. Subsequently, RNA samples were selected based on the patients’ inclusion criteria
and RNA integrity number of greater than 8, as determined with the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, Calif). Additional patients enrolled
between July 2009 and June 2011 who met the inclusion criteria and have RNA samples that
passed the RNA quality analysis were included in the PCR analysis. This study was
approved by the Institutional Review Board of the Cincinnati Children’s Hospital Medical
Center.

RNA extraction and miRNA microarray analysis

In brief, miRNA expression was profiled with the TagMan Human MicroRNA Array
version 2.0 (Applied Biosystems, Foster City, Calif), and data analyses were carried out with
GeneSpring software (Agilent Technologies). Detailed analyses are described in the
Methods section in this article’s Online Repository at www.jacionline.org. The microarray
data have been deposited into the Array Express database (www.ebi.ac.uk/arrayexpress;
accession no. E-MEXP-3298) in compliance with minimum information about microarray
experiment (MIAME) standards.

Quantitative RT-PCR for miRNA in the esophagus and correlation with major EoE
sighature genes

Levels of miRNA expression were measured quantitatively by using TagMan MicroRNA
Assays (Applied Biosystems), according to the manufacturer’s protocol, as described in the
Methods section in this article’s Online Repository. The list of EOE signature genes used for
correlation analysis is provided in Table E2 in this article’s Online Repository at
www.jacionline.org.
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Analysis of miR-21 and miR-223 coregulated genes by RNA-Seq and gene expression
microarray

Genome-wide expression correlation is described in detail in the Methods section in this
article’s Online Repository.

Patient selection for plasma miRNA analysis

For the plasma miRNA level analysis, healthy atopic control subjects (defined as having
asthma, allergic rhinitis, and/or eczema) were selected to control for the atopy commonly
seen in patients with EOE. The patients with active EOE were selected based on a clinical
diagnosis of EoE and eosinophil counts of 24 or greater per x400 high-power field in the
esophageal biopsy specimens. Patients with systemic or swallowed topical glucocorticoid
use were excluded from the selection of healthy atopic control subjects or patients with
active EoE. The patients with EoE remission were selected based on a history of EoE,
treatment with swallowed topical glucocorticoid, and response as indicated by eosinophil
counts of 1 or less per x400 high-power field and normalization of histologic features of the
disease. Patients were selected retrospectively from cell-free plasma samples collected
between November 2007 and June 2011 based on the selection criteria outlined and the
availability of a sufficient quantity of plasma samples for RNA isolation. A total of 13
healthy subjects, 13 patients with EOE, and 14 patients with EOE remission were included in
the plasma miRNA analysis. Three healthy subjects, 4 patients with EoE, and 3 patients with
EoE remission included in the plasma miRNA analysis overlapped with patients selected for
esophageal miRNA microarray analysis. Other patients included in the esophageal mMiRNA
microarray analysis did not have sufficient quantities of plasma samples available for RNA
isolation.

RNA isolation from human plasma samples

Cell-free human plasma samples (750 pL) were mixed with Trizol LS reagent (Invitrogen,
Carlsbad, Calif) at a 1:3 ratio with 1 pg of MS2 RNA added as a carrier RNA. The
bacteriophage MS2 RNA was selected as a carrier RNA because it does not contain
miRNAs. The RNA was then extracted with the miRNEasy Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s protocols.

Detection of plasma miRNAs

Plasma (prepared from Na-EDTA tubes) miRNAs were reverse transcribed with MegaPlex
RT primers, Human pool set V2.1, with preamplification (Applied Biosystems) according to
the manufacturer’s protocols. The preamplified samples were diluted 1:40, and then 1.5 pL
of the diluted product was used in 15 puL of PCR reaction with TagMan miRNA Assays,
according to the manufacturer’s protocols.

RESULTS

Expression profiling of miRNA in patients with EoE

Esophageal biopsy specimens from patients with EoE and healthy control subjects were
profiled with the TagMan Human miRNA Array V2.0, comprising 677 miRNAs, as
annotated in version 10 of the miRBase registry, to identify miRNAs differentially
expressed in patients with EoE.21 Of the 677 miRNAs assayed, 254 miRNAs were
expressed at greater than background levels (see Table E3 in this article’s Online Repository
at www.jacionline.org). A comparison between healthy control subjects and patients with
EoE identified 21 upregulated and 11 downregulated miRNAs (Fig 1). The most upregulated
miRNAs included miR-21 and miR-223, and the most downregulated miRNA was miR-375.
To validate the differentially expressed miRNAs, we performed quantitative RT-PCR on a
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selected set of differentially expressed miRNAs, including miR-21, miR-223, miR-375,
let-7c, and miR-203 (Fig 2, A-£). There was a strong correlation between the quantitative
RT-PCR and microarray data, with a Pearson correlation coefficient of 0.99 and a P value of
less than .01 (Fig 2, A).

Specificity of the differentially expressed miRNA in patients with EoE

To determine whether the miRNA expression signature is specific to EoE, we compared the
miRNA expression profile with that of healthy control subjects, as well as that of patients
who presented with symptoms of EoE but were ultimately given a diagnosis of chronic
(noneosinophilic) esophagitis. The patients with chronic esophagitis had miRNA expression
profiles similar to those of healthy control subjects and distinct from those of patients with
EoE (Fig 3, A).We did not identify any differentially regulated miRNAs between healthy
control subjects and patients with chronic esophagitis.

Reversibility of the differentially expressed miRNA in patients with EoE

We next asked whether the EOE miRNA expression signature was fixed or reversible in
patients who responded to glucocorticoid treatment and had normalization of esophageal
histology, including eosinophil counts. Comparing patients with active EOE with patients
with EoE who responded to fluticasone propionate therapy, 27 of the 32 differentially
expressed miRNAs were normalized. The reversible miRNAs include all of the top
upregulated and downregulated miRNAs (Fig 3, A). Interestingly, 5 upregulated miRNAs
were still dysregulated in glucocorticoid-responsive patients. These include miR-7,
miR-29b, miR-642, miR-339-5p, and miR92a-1.

Correlation of miRNA expression levels and esophageal eosinophil counts

We aimed to determine whether the magnitude of miRNA expression changes correlated to
the eosinophil counts in the biopsy specimens of patients with EoE. Of the 32 differentially
regulated miRNAs in patients with EoE, levels of 24 significantly correlated with
esophageal eosinophil counts (Table I). Interestingly, the most upregulated miRNAs,
miR-21 and miR-223, also had the strongest correlation of their expression level to
esophageal eosinophil counts. We further correlated the expression of miR-21 and miR-223
to previously identified EoE signature genes. MiR-21 significantly correlated with the
esophageal expression of genes involved in inflammation, including CCL 26 (eotaxin-3);
remodeling, including POSTN (periostin); eosinophilia, including /L5; and cell-specific
markers for eosinophils (CLC [Charcot-Leyden crystal protein]) and mast cells (CPA3
[carboxypeptidase A3] and 7PSABI [tryptase alpha/beta 1]; Fig 3, B). In addition, miR-21
significantly correlated with the gene CTNNAL 1 (alpha-catulin), which has been implicated
in cell growth/proliferation and wound repair (Fig 3, B).22 MiR-223 had the highest
correlation with POSTN, /L5, and CLC expression (Fig 3, C).

MiR-675 is a disease remission—-induced miRNA in patients with EoE

We aimed to determine whether any miRNA was differentially regulated in response to
treatment. Interestingly, we identified 1 miRNA, miR-675, that was upregulated in
glucocorticoid-responsive patients compared with healthy control subjects, patients with
EOE, or patients with chronic esophagitis (Fig 4, A). To determine whether miR-675 is a
glucocorticoid-induced or EoE remission—induced miRNA, we measured miR-675
expression levels in healthy control subjects, patients with EoE, patients with EOE who
responded to glucocorticoid treatment, and patients with EoE who did not respond to
glucocorticoid treatment. We found that miR-675 was induced in patients who responded to
glucocorticoid treatment and not induced in patients who did not respond to glucocorticoid
treatment (Fig 4, B).
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MiR-21 and miR-223 coregulated genes are significantly enriched in pathways involved in
adaptive immunity and regulation of eosinophils

Because miR-21 and miR-223 are the top 2 upregulated miRNAs in patients with EoE, we
further identified mRNA expression patterns that significantly correlated with miR-21 and
miR-223 expression from esophageal RNA samples subjected to RNA-Seq analysis, as well
as previously published mRNA microarray experiments.1113 MiR-21 and miR-223
interactively regulated many similar pathways, including leukocyte proliferation, leukocyte
activation, cytokine production, and immune response (Fig 5, A). The coregulated target
genes of miR-21 and miR-223 were involved in adaptive immune system polarization, IFN-
vy signaling, and regulation of eosinophilia (Fig 5, B, and see Fig E1 in this article’s Online
Repository at www.jacionline.org). The significantly enriched pathways regulated by
miR-21 include regulation of interleukin secretion, interferon production and signaling, and
T-cell differentiation and activation (Fig 5, B). Esophageal IL-12p35 levels showed a strong
inverse correlation with esophageal miR-21 levels (Fig 5, C), supporting our previous
finding that miR-21 regulates Tp1 versus T2 balance by targeting 1L-12p35 expression.’:8

Identification of differentially expressed miRNAs from plasma samples of patients with

EoE

MiRNAs have recently been reported to be present in plasma samples in a stable form
protected from endogenous RNAse activities.23 This suggests the potential for plasma
miRNAs to be used as noninvasive biomarkers.23-25We hypothesized that a subset of
differentially regulated miRNA in the esophageal biopsy specimens of patients with EoE is
also differentially regulated in the patients’ plasma samples. Using plasma samples from
patients with EoE and healthy control subjects, we determined the expression levels of the
10 most differentially regulated miR-NAs associated with EOE. This analysis included 6
upregulated miRNAs (miR-21, miR-132, miR-142-3p, miR-146a, miR-146b, and miR-223)
and 4 downregulated miRNAs (miR-203, miR-210, miR-365 and miR-375). We did not
detect any of the downregulated miRNAs in the plasma samples from patients with EoE or
healthy control subjects after 40 cycles of PCR. For the upregulated miRNAs, we detected
expression of miR-142-3p, miR-146a, miR-146b, and miR-223 in all the plasma samples.
Expression of miR-21 and miR-132 was only detected in some of the samples at a low level
and was not analyzed further. To determine differential expression of the miRNAs between
plasma samples from patients with EOE and healthy control subjects, we used miR-16 as an
endogenous control because miR-16 has been reported to have a constant expression level in
plasma samples.25 There were no significant differences in the average cycle threshold value
of miR-16 between healthy control subjects and patients with EoE (25.5+ 0.4 vs 26.0 £ 1.1,
respectively). Comparing patients with EOE with healthy control subjects, we found
upregulation of miR-146a, miR-146b, and miR-223 in plasma samples from patients with
EoE (Fig 6, A-C). Although miR-146a and miR-223 levels returned to baseline levels in
patients with EOE remission, miR-146b levels remained increased (Fig 6, A-C). Using a 1.5-
fold change cutoff, we calculated the positive and negative predicative values of healthy
control subjects versus patients with active EOE and patients with active EOE versus patients
with EoE in remission (Fig 6, D). The levels of miR-142-3p were not changed between any
of the groups (see Fig E2 in this article’s Online Repository at www.jacionline.org).

DISCUSSION

Herein we provide a comprehensive analysis of global miRNA expression in the esophageal
tissues of patients with EoE. Specifically, we identified 21 upregulated and 11
downregulated miRNAs in patients with active EoE, including miR-21 and miR-223 as the
most upregulated miRNAs and miR-375 as the most downregulated miRNA in patients with
EoE. This EoE-associated miRNA signature correlated with the degree of tissue eosinophilia
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and was distinct from patients with chronic (noneosinophilic) esophagitis. Furthermore, the
differentially expressed miRNAs were largely reversible in patients who responded to
glucocorticoid therapy. To the best of our knowledge, this is the first study to demonstrate
dynamic expression of miRNAs in a human allergic disease and the potential role for tissue
and blood miRNAs as biomarkers that provide insight into disease diagnosis, response to
therapy, and the degree of allergic inflammation.

EOE is currently considered a Ty2-associated disease.12:1819 We found miR-21 to be one of
the most upregulated miRNAS in patients with EOE. MiR-21 has been shown to regulate
IL-12 expression and the balance of T1 versus T2 responses in mice.”8 The high level of
species conservation of the miR-21 binding site in the 3' untranslated region of /L12p35
suggests that miR-21 might have a similar role in human allergic inflammation.” Herein, we
have provided the first set of human data that substantiate that miR-21 likely has a similar
role in human allergic inflammation. Upregulation of miR-21 in patients with EoE could
partially explain the increased T2 cytokine levels and T2 responses seen in patients with
EoE. Indeed, we found that esophageal miR-21 levels inversely correlated with esophageal
IL-12p35 levels. Coregulated miR-21 target genes in the patients with EoE were
significantly enriched in the regulation of T-cell polarization and IFN-y production. Direct
analysis of a myriad of esophageal transcripts for their correlation with miR-21
demonstrated impressive correlations with key elements of the EoE transcriptome, including
cell-specific markers for key inflammatory cells (eosinophils and mast cells), as well as
CCL 26 (eotaxin-3), which is functionally involved in eosinophil recruitment,26 and POSTN
(periostin), which is involved in tissue remodeling?” and eosinophilia® and has recently
been shown to be a key biomarker for anti—IL-13 responsiveness in human asthma.2? These
data provide the first human evidence to substantiate the recent finding that miR-21
critically regulates the polarization of adaptive immunity in mice,8 supporting our previous
finding that miR-21 regulates Tp1 versus T2 balance by targeting 1L-12p35 expression.’
We also found downregulation of let-7¢ that could potentially regulate 1L-13 levels.30 In
addition, we found upregulation of miR-146a in patients with EOE. MiR-146a has recently
been demonstrated to selectively regulate regulatory T cell-mediated suppression of Tyl
cells.3! Therefore, upregulation of miR-146a could potentially suppress Tw1 responses and
promote T2 responses. Together, these findings support a model whereby multiple
miRNAs coordinate polarized Ty responses in the pathogenesis of EoE. Indeed, recent
human studies on 2 other Tyy2-associated diseases (atopic dermatitis and ulcerative colitis)
have identified a role for miRNA in regulating T-cell proliferation and epithelium-derived
chemokine production, as well as upregulating miR-21 in patients with ulcerative colitis and
downregulating let-7 in patients with atopic dermatitis.32:33

One of the defining histologic features of EoE is intense eosinophil infiltration in the
esophagus. We have found that a majority of the dysregulated miRNAs have significant
correlation between the miRNA expression level and the esophageal eosinophil count,
potentially reflecting disease severity. We performed functional enrichment analyses of the
2 miRNAs that most strongly correlated with eosinophil levels (miR-21 and miR-223); it is
remarkable that this analysis empirically predicted that both miRNAs regulate levels of
tissue eosinophilia, drawing further attention to the potential interplay between these 2
miRNAs in patients with allergic inflammation. Indeed, both miRNAs correlated
significantly with I1L-5, a key eosinophil growth factor shown to be contributory in murine
models of EOE and human EoE.343% Another significant histologic finding in patients with
EOE is epithelial basal layer hyperplasia. In particular, miR-203 is known to repress
epithelial cell proliferation and promote epithelial cell differentiation.3¢ Thus, repression of
miR-203 could in part explain the observed epithelial hyperplasia.
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It is notable that several of the EoE-associated miRNAs have recently also been linked with
esophageal squamous carcinoma or with Barrett esophagus, including let-7,37
miR-142-3p,38 miR-203,3° miR-210,%0 miR-223,%1 miR-375,42 and miR-21.43 Indeed, some
miRNAs, such as miR-21, have already been shown to be oncomirs, tumor suppressors, or
both.4445 Although EOE is not considered a premalignant condition, it is notable that EoE
involves marked epithelial cell hyperplasia.

We have identified miR-675 as the only disease remission—induced miRNA. Mir-675 is
derived from the 429 gene, which is a paternally imprinted gene.#6 The overexpression of
H19is commonly associated with various cancers.*’ We have previously found that HZ9is
induced in glucocorticoid-responsive patients compared with patients with EOE or healthy
control subjects; this induction is not seen in patients who did not respond to glucocorticoid
therapy.20 Our current data indicate that the miR-675 expression pattern closely resembles
that of H19. Because the exact roles of HZ9and its miRNA product miR-675 are currently
unknown in the disease remission process, elucidating their functions could potentially lead
to a better understanding of the disease remission process in patients with EOE. On the basis
of the likely role of HZ9and miR-675 in DNA methylation responses and the unique
overexpression of this miRNA specifically within patients in remission, it is tempting to
speculate that miR-675 might be involved in epigenetic reprogramming in the esophageal
cells of patients with EoE remission.

We measured the expression levels of a selected set of EoE-associated miRNAs in plasma
samples from patients with EoE and found that miR-146a, miR-146b, and miR-223 were
upregulated in these plasma samples compared with those from healthy control subjects.
This suggests that miRNAS could potentially serve as noninvasive biomarkers of EoE alone
or in combination with other noninvasive biomarkers. Plasma miRNAs have been reported
to exist both within exosomes and in protein-bound vesicle-free form.#8:49 The circulating
miRNAs could potentially be uptaken by cells through exosome uptake or pinocytosis.50-51
Mast cells have recently been found to release exosomes containing miRNA.0 It is
particularly interesting that mast cells express high levels of both miR-146a and
miR-146b.5253 Notably, patients with EOE have concomitant esophageal
mastocytosis,}3:54:55 which could be a potential source for the increased miR-146a and
miR-146b levels seen in the plasma of patients with EOE. Because miR-146a has been found
to selectively promote regulatory T cell-mediated suppression of Tyl responses, it is
possible that increased circulating levels of plasma miR-146a could further propagate or
help maintain the T2 responses seen in patients with EOE. We noted that although plasma
miR-146a and miR-223 levels returned to baseline during EOE remission, miR-146b levels
remain increased in patients with EOE remission. Although the specific role of miR-146b in
regulating adaptive immune responses has not been investigated, miR-146a and miR-146b
have an identical seed sequence that is critical for miRNA-mediated target gene expression.
Thus, it is plausible that miR-146b could also suppress Tyl responses and promote T2
responses. Patients with EOE in remission often relapse as time progresses.>® We speculate
that the increased miR-146b level might predispose the patients with EOE in remission to a
relapse.

In summary, we report an miRNA signature of patients with EOE. We demonstrated that the
EoE miRNA signature is distinct from that of patients with chronic esophagitis and is
largely reversible on disease remission. We showed that 3 of the differentially regulated
miRNAs in the esophageal biopsy specimens, miR-146a, miR-146b, and miR-223, were also
differentially regulated in plasma samples from patients with EoE. Our study supports a key
role of mMiRNA in regulating Ty2-associated diseases. Future studies will further refine the
clinical utility of miRNAs as biomarkers during EoE diagnosis and as an indicator of disease
activity during treatment, as well as their use in determining steroid susceptibility in patients
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with EoE. Further elucidating and understanding of the roles and regulations of the miRNAs
differentially regulated in patients with EOE might lead to improved patient diagnosis and
facilitate the development of mMiRNA mimics and inhibitors as novel therapies for patients
with EoE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG 1.

MiRNA expression profile in healthy control subjects and patients with EoE: heat map of 21
upregulated and 11 downregulated miRNAs in patients with EOE compared with healthy
control subjects. Red, Upregulated in patients with EOE compared with healthy control
subjects; blue, downregulated in patients with EOE compared with healthy control subjects.
Asterisks (*) after the name of the miRNA indicate the minor form of the miRNA derived
from the passenger strand.
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FIG 2.

Quantitative RT-PCR verification of a selected set of differentially expressed miRNAS in
patients with EOE. A—E, Expression levels of miR-21 (Fig 2, A), miR-223 (Fig 2, B),
miR-375 (Fig 2, O), let-7c (Fig 2, D), and miR-203 (Fig 2, £) were determined in patients
with EoE compared with healthy control subjects. The relative expression levels were
normalized to U6 small nuclear RNA. F, Correlation of miRNA expression levels between
microarray data and quantitative RT-PCR (gPCR) validation (n = 7-17 patients per group).
Data are presented as mean £ SEM.
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FIG 3.

MiRNA expression profile in healthy control subjects and patients with EOE compared with
patients with chronic esophagitis and patients with EoE responding to glucocorticoid therapy
and correlation of miR-21 and miR-223 with EoE signature genes. A, Heat map showing the
expression level of 32 differentially expressed miRNAs in patients with EOE compared with
patients with chronic esophagitis and patients with EoE in remission after glucocorticoid
therapy. Red, Upregulated in comparison with healthy control subjects; b/ue, downregulated
in comparison with healthy control subjects. Asterisks (*) after the name of the miRNA
indicate the minor form of the miRNA derived from the passenger strand. B and C,
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Correlation of EoE signature genes with miR-21 (Fig 3, B) and miR-223 (Fig 3, ©). The

significance of the correlation was plotted as the negative log of Pvalues for each gene. The
aashed line represents the significance level after false discovery rate correction.
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FIG 4.

MiRNAs differentially regulated in patients with EOE in remission. A, Heat map showing
the expression level of miR-675, which is the only miRNA differentially regulated in
patients with EOE who responded to glucocorticoid therapy, compared with that seen in
healthy control subjects, patients with chronic esophagitis, and patients with EoE. Red,
Upregulated in comparison with healthy control subjects; b/ue, downregulated in
comparison with healthy control subjects. B, Relative expression level of miR-675 in
healthy control subjects, patients with EoE, fluticasone propionate—responsive patients, and
fluticasone propionate— nonresponsive patients. Relative expression levels determined by
means of quantitative RT-PCR was normalized to U6 (n = 7-11 patients per group). Data
are presented as mean + SEM.
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FIG 5.

Gene enrichment analysis of miR-21 and miR-223 coregulated genes in patients with EoE.
Extensive enrichment of genes with functional features associated with T-cell polarization,
IFN-y signaling, and regulation of eosinophilia among genes coregulated by miR-21 and
miR-223 in esophageal biopsy specimens. Networks are shown as Cytoscape graph
networks generated from ToppCluster network analysis. A, Abstracted interactions between
miR-21 and miR-223 coregulated target genes. B, Expanded network of miR-21 and
miR-223 coregulated genes. MiR-21 targets that are significantly correlated with miR-21
expression or in the EoE transcriptome are shown as yellow hexagons, and their respective
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feature and function relationships are shown connected through red edges. The features that
are highly significant for other genes in the cluster are connected by gray edges. For
example, miR-21 coregulated targets are significantly enriched in genes that regulate
interleukin production. C, Pearson correlation of miR-21 and 1L-12p35 expression levels in
esophageal biopsy specimens from patients with EoE.
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FIG 6.

MiRNAs differentially expressed in the plasma of patients with active EoE and patients with
EoE remission compared with healthy control subjects. A—C, Expression levels of miR-146a
(Fig 6, A), miR-146b (Fig 6, B), and miR-223 (Fig 6, C) were determined in plasma samples
from patients with active EoE and patients with EOE remission compared with those seen in
healthy control subjects. The relative expression levels were normalized to miR-16 (n = 13-
14 plasma samples per group). Data are presented as mean £ SEM. NS, Not significant (P
>.05). D, Positive and negative predictive values of differentially regulated plasma
miRNAs.
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Correlation between miRNA expression levels and peak eosinophil counts in patients’ biopsy specimens

Pvalue R?
hsa-miR-21 .0002 0.663
hsa-miR-223 .0002 0.657
hsa-miR-132 .0003 0.642
hsa-miR-223" .0005 0.617
hsa-miR-146b .0005 0.615
hsa-miR-801 .0005 0.617
hsa-miR-29b .0005 0.614
hsa-miR-21" .0006 0.606
hsa-miR-375 .0015 0.552
hsa-miR-212 .0015 0.551
hsa-miR-203 .0019 0.538
hsa-miR-142-5p  .0052 0.463
hsa-miR-211 .0060 0.452
hsa-let-7¢ .0065 0.447
hsa-miR-642 .0085 0.425
hsa-miR-210 .012 0.396
hsa-miR-222" .012 0.393
hsa-miR-365 .013 0.390
hsa-miR-142-3p  .021 0.348
hsa-miR-886-3p  .021 0.346
hsa-miR-193b .022 0.343
hsa-miR-92a-1% 023 0.339
hsa-miR-339-5p  .034 0.302
hsa-miR-886-5p  .035 0.298
hsa-miR-146a .051 0.261
hsa-miR-592 .060 0.246
hsa-miR-106b™ 066 0.236
hsa-miR-193a-5p .068 0.234
hsa-miR-193a-3p  .150 0.152
hsa-miR-7 .240 0.104
hsa-miR-30a-3p  .810 0.005
hsa-mir-144" 999 0.000

Asterisks (*) after the name of the miRNA indicate the minor form of the miRNA derived from the passenger strand.
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