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A synthesis and subgroup analysis of the
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eosinophilic esophagitis tissue transcriptome

Justin Jacobse, MD, MSc,??*¢ Rachel Brown, MD, PhD,*f Frank Revetta, BS,° Michael Vaezi, MD, PhD,?
Matthew A. Buendia, MD,? Christopher S. Williams, MD, PhD,?*f Tina Higginbotham, MPA,?
M. Kay Washington, MD, PhD,*" Jeremy Goettel, PhD,**" Girish Hiremath, MD, MPH,? and Yash A. Choksi, MD?<f

Nashville, Tenn; and Leiden, The Netherlands

Background: Eosinophilic esophagitis (EoE) is a chronic immune
mediated inflammatory disorder of the esophagus. It is still
unknown why children and adults present differently, and there is
little evidence about why it is more common in men than women.
Objective: Qur aim was to synthesize published and
unpublished esophageal bulk RNA-sequencing (RNA-seq) data
to gain novel insights into the pathobiology of EoE and examine
the differences in EoE transcriptome by sex and age group.
Methods: Esophageal bulk RNA-seq data from S published and
2 unpublished studies resulting in 137 subjects (EoE: N = 76;
controls: N = 61) were analyzed. For overall analysis, combined
RNA-seq data of patients with EoE were compared with those of
controls and subgroup analysis was conducted in patients with
EoE by age of the patient (children [<18 years] vs adults [>18
years]) and sex (female vs male). Gene-set enrichment analysis,
ingenuity pathway analysis (IPA), cell-type analysis,
immunohistochemistry, and T-cell or B-cell receptor analysis
were performed.

Results: Overall analysis identified dysregulation of new genes in
EoE compared with controls. IPA revealed that EoE is
characterized by a mixed inflammatory response compared with
controls. Cell-type analysis showed that cell composition varied
with age: children had more mast cells, whereas adults had more
macrophages. Finally, gene-set enrichment analysis and IPA
revealed pathways that were differentially regulated in adults
versus children and male versus female patients with EoE.
Conclusions: Using a unique approach to analyze bulk RNA-seq
data, we found that EoE is characterized by a mixed
inflammatory response, and the EoE transcriptome may be
influenced by age and sex. These findings enhance insights into
the molecular mechanisms of EoE. (J Allergy Clin Immunol
2024;153:759-71.)
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Abbreviations used
BCR: B-cell receptor
EoE: Eosinophilic esophagitis
GSEA: Gene-set enrichment analysis
IHC: Immunohistochemistry
IPA: Ingenuity pathway analysis
PPI: Proton pump inhibitor
RNA-seq: RNA sequencing
STAT: Signal transducer and activator of transcription
TCR: T-cell receptor

Eosinophilic esophagitis (EoE) is a chronic inflammatory
disease resulting in esophageal dysfunction.'” Previous esopha-
geal bulk RNA-sequencing (RNA-seq) studies have provided in-
sights into the pathophysiology of EoE. However, these studies
individually include a relatively small number of patients with
EoE, and this small sample size has limited our ability to under-
stand the influence of biological variables, such as age and sex, on
the molecular mechanisms of EoE. As such, fundamental ques-
tions in EoE remain unanswered, such as why men develop
EoE more frequently than women and why children have different
symptoms than adults at presentation. Studying the esophageal
transcriptome with a larger sample size may provide clues to
some of these questions.

The earliest studies used microarray analysis of esophageal
tissue biopsies to understand the pathogenesis of EoE.” More
recent studies have used bulk RNA-seq,”® which provides an
advantage over microarray because it is an unbiased approach
to defining the transcriptome.” One of these studies found
estrogen-responsive genes to be altered in patients with EoE
compared with controls and has suggested that estrogen signaling
may be protective in the development of EoE." Another study
found that IFN-a— and IFN-y-responsive genes are upregulated
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TABLE Il. Study details*
Read type,
RNA source length, read
Data set name GEO identifier material RNA extraction Library prep target no. Platform
Choksi GSE242373 Biopsies frozen in Trizol (Life Technologies, NEB Library preparation kit PE, 150 bp, Illumina
RNAlater Carlsbad, Calif) followed by (NEBNext Poly(A) selection) 50 million NovaSeq6000
(Thermofisher, RNeasy Mini Kit with on- (Illumina, San
Waltham, column DNase treatment Diego, Calif)
Mass) at —80°C (Qiagen, Hilden, Germany)
Greuter et al® GSE148381 FFPE biopsies Maxwell RSC RNA FFPE Kit SMARTer Stranded Total RNA-  PE, 50 bp, Illumina
(Promega, Madison, Wis) Seq Kit v2-Pico Input NA NovaSeq6000
Mammalian (Takara Bio USA,
Inc, San Jose, Calif)
Hiremath GSE242373 Biopsies frozen in Trizol (Life Technologies) NEB Library preparation kit PE, 150 bp, Illumina
RNAlater at followed by RNeasy Mini Kit (NEBNext Poly(A) selection) 50 million NovaSeq6000
—80°C with on-column DNase
treatment (Qiagen)
Menard- GSE197702 Biopsies in RNeasy Mini Kit NEBNext Poly(A) mRNA PE, 150 bp, Illumina
Katcher'® RNAlater Magnetic Isolation Module 40-60 NovaSeq6000
and NEBNext Ultra II million
Directional RNA Library Prep
Kit for Illumina
Ruffner et al°  GSE156651 Biopsies frozen in QIAzol lysis reagent (Qiagen, SMART-Seq v4 Ultra Low Input SE, 58 bp, 5 Illumina
RNAlater at Hilden, Germany) followed by RNA Kit for Sequencing million HiSeq2500
—80°C miRNeasy Kit with on-column (Takara) and NexteraXT DNA
DNase digestion sample preparation kit
(Illumina)
Sherrill et al°  GSE58640 Biopsies collected QIAzol lysis reagent followed by TruSeq mRNA Library Prep Kit PE, 100 bp, Illumina
in RNAlater RNeasy Mini Kit (Illumina) NA HiSeq2000
stored at 4°C
for <4 wk
Wheeler et al*t GSE113341 Biopsies Qiagen kit TruSeq Stranded Total RNA PE, 125 bp, Illumina
Library Prep Kit with Ribo- 100-150 HiSeq2500
Zero million

FFPE, Formalin-fixed paraffin-embedded; GEO, Gene Expression Omnibus; NA, not applicable; PE, paired-end; SE, single-end.

*Previously published studies have a reference in the first column.

+The Methods section in the study by Wheeler et al* erroneously refers to the study by Sherrill et al” as source for RNA-seq samples.

in children and adults with EoE.® Although important, these
studies have not adequately answered the aforementioned funda-
mental questions.

In this study, we performed a synthesis of previous and new
esophageal bulk RNA-seq data to examine the esophageal tran-
scriptome of EoE and to identify differences in gene expression
associated with age of onset and sex in patients with EoE. We
hypothesized that in pediatric patients, gene expression would
reflect more Ty2-type inflammation, whereas in adults it would be
related to chronic inflammation, tissue remodeling, and fibrosis.
Moreover, considering the male predisposition of EoE, we hy-
pothesized that the immune response would include more inflam-
matory pathways in male patients than in female patients.

METHODS
Identification of studies

Relevant publications were identified by searching the Gene
Expression Omnibus database for “Eosinophilic Esophagitis” in
December 2022. Studies were included if there was esophageal
bulk RNA-seq data available either from the Gene Expression
Omnibus database or from the authors, as assessed by 2 authors
(Y.A.C. and J.J.). In addition, 2 unpublished data sets from our
institution were included. Details of these studies have been pro-
vided in the Online Repository at www.jacionline.org.

RESULTS

Seven articles describing bulk RNA-seq data of esophageal
tissue biopsies from patients with EoE were identified (Table
1).*'° The RNA-seq (meta)data from 1 study were not publicly
available and were thus excluded.” The data from the study by
Wheeler et al* (GSE1133341) were later reanalyzed by Miller
et al,” and thus the data from the latter study were not included.
This data set was referred to as Wheeler et al* in this study. In
addition, we performed RNA-seq on tissue biopsies in-house
from controls and patients with EoE. These 2 in-house data
sets are separated by age group, that is, pediatrics (referred to
as Hiremath) and adults (referred to as Choksi). The demo-
graphic data of included subjects are provided in Table II, and
treatment status at the time of sample collection is provided
in Table El (in the Online Repository available at www.
jacionline.org).

Accounting for study heterogeneity

We first determined whether the data could be segregated by
disease status. Initially, we assessed the effect of study
heterogeneity, or batch effect, by performing a principal-
component analysis (Fig 1, A). As expected, before batch
correction of the data, most of the variance observed was due
to which study the data originated from, suggesting that this
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TABLE Il. Demographic data of subjects with esophageal bulk RNA-seq from previous studies with available data and new
subjects reported in this article

Control EoE Mean age (y) Eosinophils/hpf
Control EoE
Data set N Female, n (%) Male, n (%) Female, n (%) Male, n (%) Ped Adult Ped Adult Control EoE
Choksi 23 9 (64) 5 (36) 3 (33) 6 (67) NA 38 NA 36 0 42
Greuter et al® 17 2 (29) 5(71) 3 (30) 7 (70) NA 56 NA 31 0 105
Hiremath 25 7 (54) 6 (46) 2 (17) 10 (83) 14 NA 14 NA 1 64
Menard-Katcher 27 14) 6 (22) 2(7) 18 (67) 10 NA 13 19 0 70
Ruffner et al® 9 3 (75) 1 (25) 2 (40) 3 (60) NA 51 NA 43 5 84
Sherrill et al’ 16 3 (50) 3 (50) 4 (40) 6 (60) 13 NA 6 32 0 164
Wheeler et al* 20 5 (50) 5 (50) 5 (50) 5 (50) 11 NA 11 NA 0 52
Total 137 30 (22) 31 (23) 21 (15) 55 (40) 12 45 13 34 1 81
NA, Not applicable; Ped, pediatric.
A B
§ 504 Disease status §
3 Control s 20 . 8
g EoE g | 1
g o %
Y L_20 4 i
§ -257 § | | | | | T T T T 1 T T T T
26 (5 2\() 4\0 -60 -30 . 0 ) 30 60 Disease status Age group Dietary intervention
) Disz(;;é?;?a/;u\éa”ance * Control Adults Yes Missing
PC1: 43% variance Control EoF 4+ EoE Peds No
1 Study il il il
Ruffner
Menard—Katcher ) ) )
4 She”” T T T T T T T
Sex Female Male PPI Histamine
| Wheeler
Choksi Yes Yes
= No No
Disease status Greuter B Missing Missing
«  Control Hiremath
4 EoE N
T T T T
Steroids Yes No Missing

FIG 1. Synthesis of esophageal RNA-seq requires controlling for study. RNA-seq data from multiple studies
(Table I) were collectively analyzed. A and B, Principal-component analyses before correcting for data set
(study) (Fig 1, A) and after accounting for data set (Fig 1, B) as a variable. Only disease status exhibits segre-
gation of patients. Age group, dietary intervention, sex, PPl use, histamine use, and steroid use do not.

approach would be unlikely to yield biological insights.
Indeed, before batch correction, variance could not be ex-
plained by age, sex, or disease status (see Fig E1, A and B, in
this article’s Online Repository at www.jacionline.org).
Thus, we corrected for batch effect with the removeBatchEf-
fect function in limma'' (see the Online Repository). After cor-
recting for variance due to study, samples segregated by
disease status (EoE vs control; Fig 1, B), indicating that a
meta-analysis was possible. We then examined which other co-
variates contribute to variation using principal-component
analysis plots and limma and proceeded with a model including
study and age group (<18 years or >18 years), sex (male or fe-
male), and proton pump inhibitor (PPI) use. Rather than mak-
ing individual models for covariates of interest, a single model

that included study and the other covariates was used for ana-
lyses in an effort to perform a conservative and rigorous assess-
ment of the RNA-seq data.

Identification of new genes in the EoE
transcriptome

First, we validated our approach of synthesizing multiple
RNA-seq studies by comparing the differentially expressed
genes we identified in patients with EoE versus controls with
previously published results. Most of the dysregulated genes (all
upregulated and downregulated genes listed in Table E2 in this
article’s Online Repository at www.jacionline.org) noted in our
analysis have previously been shown to be associated with EoE
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FIG 2. RNA-seq synthesis demonstrates new EoE-associated genes. A, Heatmap demonstrating a selection
of significantly altered genes in all patients with EoE vs controls, where significance is defined as log, fold
change greater than |2| and adjusted P value less than .05. Many of these genes have previously been



J ALLERGY CLIN IMMUNOL
VOLUME 153, NUMBER 3

(Fig 2, A and B). Most of these genes are listed with references
in Table E3 (in the Online Repository available at www.
jacionline.org), and the function of a few of these genes has
already been elucidated.'” "

Some of the prominent genes included C-C motif chemokine
ligand 26 (CCL26),'* cadherin-like protein 26 (CDH26),'*"*
periostin  (POSTN),"” leucine rich repeat containing 31
(LRRC31),"® sialic acid—binding Ig-like lectin 6 (SIGLEC6)," so-
lute carrier 9, subfamily A, member 3 (SLCY9A3),'® neurotrophic
tyrosine kinase receptor 1 (NTRKI),”' and IL-33 receptor
(ILIRLI).*° There were other genes such as arachidonate
15-lipoxygenase (ALOX15),” ATPase 13A5 (ATPI3A5),"”
TNF-a—induced protein 6 (INFAIP6),” cathepsin C (CTSC),”
pro—melanin- concentrating hormone (PMCH),”**** apoliprotein
B (APOBEC3A),” pendrin (SLC26A4),”* epiplakin 1
(EPPKID),*°IL-17 receptor beta (/L] 7RB),”” transmembrane pro-
tein 71 (TMEM71)," and retinoic acid receptor beta (RARB),"”
whose association with EoE has been previously described but
their function has not been defined.>'%!%-22:24-27 Notably, a subset
of the upregulated genes that, to our knowledge, were not previ-
ously described to be associated with EoE were BCL2-like 15
(BCL2L15), patched domain containing 4 (PTCHD4), mesothelin
(MSLN), transglutaminase 6 (TGM6), and bone morphogenetic
protein receptor type 1B (BMPRIB). A list of other newly identi-
fied genes is provided in Table E3.

Like the upregulated genes, the function of only a few of the
downregulated genes in EoE such as desmogelin-1 (DSG1)*® and
filaggrin (FLG)”’ has already been elucidated. Several other
downregulated genes such as carboxylesterase 1 (CES/ ),> carti-
lage acidic protein 1 (CRTACI),*” cysteine-rich secretory protein
2 (CRISP2) and CRISP3,” metallothionein 1H (MT1H),*” alkaline
ceramidase 1 (ACERI),”® MTIG,** liver glycogen synthase
(GYS2),”> ALOX12,” cytidine deaminase (CDA),”” endothelin 3
(EDN3),21 secreted Ly6/uPAR-related protein 1 (SLURPI ),3
and keratin-associated protein 3-2 (KRTAPS’-Z)3 " have been asso-
ciated with EoE, but their role in EoE has not yet been delineated.
Our analysis also uncovered genes such as IL12A antisense
RNAT1 (IL12AS-1) and epithelial mitogen (EPGN) HLA complex
group 22 (HCG22), which have not been associated with EoE and
their functionality in EoE has not been elucidated. Altogether, the
analysis provided confirmation of many of the known EoE-related
genes, validating our methodology, as well as identified new
genes that were previously not associated with EoE.

Gene-set enrichment analysis identifies interferon
response as being dysregulated in EoE

Next, a preranked gene-set enrichment analysis (GSEA) was
done to identify pathways dysregulated in EoE (Fig 2, C). In agree-
ment with one of the studies,’ the gene sets with the highest
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normalized enrichment score out of the Broad hallmark gene sets
were related to IFN-a and IFN-y response. Most other Broad hall-
mark gene sets that were upregulated were related to inflammation.
Among the Broad immune signature gene sets, the one most en-
riched (with the highest normalized enrichment score) was related
to mast cell activation (Fig 2, D; see Tables E4 and E5 in this arti-
cle’s Online Repository at www.jacionline.org; GSEA data for
cellular components are provided in Table E6 in this article’s Online
Repository at www.jacionline.org). There were no Broad hallmark
pathways that were de-enriched, but in WebGestalt, the de-enriched
pathways were related to loss of differentiation (Fig 2, E). As such,
our GSEA revealed that most of the gene sets enriched in EoE are
related to inflammation, and many of the gene sets de-enriched in
EoE are related to epithelial differentiation.

EoE is characterized by a mixed inflammatory
response

Ingenuity pathway analysis (IPA) was then used to identify
canonical pathways (see Fig E2 in this article’s Online Repository
at www.jacionline.org) and upstream regulators that could explain
these transcriptional changes. The upstream regulators with the
highest predicted activity were primarily proinflammatory cyto-
kines (see Fig E3 a nd Table E7 in this article’s Online Repository
at www.jacionline.org) such as IL-4, IL-5, IL-1f, IL-13, IL-15,
colony-stimulating factor 1, IFN-y, and TNF (Table E7). The
only downregulated cytokine was IL1-RN. Although some of the
cytokines that were dysregulated were typically associated with
T-cell-mediated inflammation characterized as Ty2 (IL-4, IL-5,
and IL-13), others were not (IL-1p3, IL-15, and TNF).

Next, we focused on transcription factors. As expected, GATA3
and signal transducer and activator of transcription 6 (STAT6) were
identified as activated in our data set. Notably, STAT3, STAT1, and
V-maf musculoaponeurotic fibroscarcoma oncogene homolog B
(MAFB) were also activated (Table E7). One of the downregulated
transcription factors was RUNX3 (Table E7). Altogether, these
altered transcription factors suggest that a mixed inflammatory
milieu is present in the esophagus of patients with EoE.

Finally, altered canonical pathways identified by IPA were
examined. Several canonical pathways with low P values had z
scores indicating activation of B-cell-related pathways (Fig
E3, A). This was also true in the WebGestalt enrichment anal-
ysis (Fig 2, E). In IPA, the upregulated pathways included a
pathway called SLE signaling in B cells and signaling via
FcyRIIP signaling in B cells. Most of the former pathway con-
sists of genes related to immunoglobulins and includes CD22
and CD79A (Fig E3, D). Genes from the FcyRIIf signaling in
B cells, including BTK, are shown in Fig E3, B. Another
pathway with a high z score was IL-15 (Fig E3, A), and dysre-
gulated genes from the IL-15 pathway are shown in Fig E3, C.

o
]

identified and/or studied, and all genes with available references are provided in Table E8. Red indicates
high z scores for upregulated genes, and green indicates high z scores for downregulated genes. Super-
vised clustering was done in which the disease status and the study were preset. Each vertical bar is a sub-
ject. B, Normalized counts of select genes were plotted to show minimal variance by study. C, GSEA using
Broad with only significantly altered hallmark gene sets shown. An FDR of less than 0.05 was used as a
threshold for statistical significance. Gene sets are listed in order of the value of the NES. D, Enrichment
plot depicting the gene set with the highest NES in the immune signatures database from Broad GSEA.
E, GSEA depicting gene sets with an FDR of less than 0.05 as assessed by WebGestalt on Gene Ontology
biological processes. The figure panel was limited to the 10 gene sets with the lowest FDR. Gene sets are
listed in order of the value of the NES. EMT, Epithelial mesenchymal transition; FDR, false-discovery rate;

NES, normalized enrichment score.
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cell type is present. Each horizontal bar represents a subject. NA indicates no P value could be calculated
by xCell. B, Heatmap of all cell types that are included (ie, have P <.20). Cell types were removed if P value

FIG 3. Cell-type analysis reveals different compositions of cell types between adult and pediatric EoE. A,
Heatmap of P values of beta distribution. In this beta distribution, a P value of less than .20 indicates a
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In addition, canonical pathways with a negative z score included
IL-12 signaling in macrophages, retinol biosynthesis, inhibition of
matrix metalloproteinases, and erythropoietin signaling (Fig E3, A).

In summation, we identified upstream regulators, transcription
factors, and altered canonical pathways, which suggest that
inflammation in EoE is not purely T2 but is a mixed inflamma-
tory milieu.

Cell-type analysis distinguishes adult EoE from
pediatric EoE

To determine the cellular composition of esophageal biopsies
from patients with EoE, cell-type analysis was done using a
computational tool to derive cell types from RNA-seq data.*” This
analysis calculates an enrichment score that refers to the degree to
which the genes in 1 or more gene sets ascribed to a particular cell
type are upregulated or downregulated within a subject, which is
called single-sample GSEA. The first step of this analysis consists
of comparing the cell-type score to a random mixture of cell types
that does not contain the particular cell type (Fig 3, A). This is
done to reduce false-positive results. After exclusion of cell types
that were predicted to be absent from esophageal biopsies (see the
Online Repository; Fig 3, A), 55 cell types remained (Fig 3, B).

Disease status (F = 22.56; P <.001), study (F = 14.76; P =
.001), and age group (F' = 3.74; P = .01) contributed to dissimilarity
in cell types. In contrast, sex did not significantly contribute to the
dissimilarity in cell types (F = 1.44; P = .19). These data suggest
that esophageal cell-type composition in EoE depends on disease
status and study, with a minor contribution from the age group of
the patient and no apparent contribution from the sex of the patient.
We also examined the contribution of treatment status and found
that, of the treatment parameters in this cohort, only PPI treatment
status contributed to the cell-type scores (F = 2.27; P = .016). To
preserve statistical power, we did not add this parameter to the final
model (data not shown). As such, the final model included study
(F = 19.50; P =.001) and a composite variable of disease status
and age group, that is, pediatric controls, pediatric EoE, adult con-
trols, and adult EoE (F = 14.89; P = .001).

The post hoc analysis demonstrated differences in cell compo-
sition between adults with EoE compared with adults without
EoE (Benjamin-Hochberg—adjusted P = .0015) and children
with EoE compared with children without EoE (Benjamin-Hoch-
berg—adjusted P =.001) (Fig 3, C; see also Fig E4 in this article’s
Online Repository at www.jacionline.org).

The highlighted findings that were different in adults and
children were that mast cells were enriched in pediatric patients
but not in adults, platelets were de-enriched in pediatric
patients but not in adults, and macrophages were enriched in
adults but not in pediatric patients (Fig 3, C). To confirm these
findings, we performed immunohistochemistry (IHC) in a sepa-
rate cohort of adult and pediatric patients for tryptase (mast

o
<

JACOBSE ET AL 765

cells), CD68 (a macrophage marker), and CD41 (a platelet
marker). Patient characteristics for this cohort are provided in
Table E8 (in the Online Repository available at www.
jacionline.org). We demonstrated that tryptase staining was
significantly increased in pediatric patients but not in adults,
CD68 was significantly increased in adults but not in pediatric
patients, and CD41 showed a trend toward reduction in pediat-
ric patients but not in adults (Fig 3, D and E).

As expected, eosinophils were increased in children and adults
with EoE (Fig E4). In addition, in children and adults with EoE,
the gene expression attributed to interstitial dendritic cells was
increased. Several cell-type gene signatures seemed to be
uniquely upregulated in adults with EoE, including Tyl cells,
M2 macrophages, and smooth muscle cells (Fig E4). Other cell
types were enriched in children with EoE, including y3T cells.
Altogether, these data suggest that esophageal cell-type composi-
tion is associated with both disease status and age.

The tissue B cells in EoE are heterogeneous

Next, we investigated the specificity of T and B cells because
EoE is thought to be an antigen-mediated disease, and the B-cell
activation pathway was upregulated in patients with EoE (Fig 2, E;
see also Fig E3). To determine B-cell receptor (BCR) specificity,
we derived BCR sequences from the RNA-seq data and assessed
the diversity separately for children and adults. Clonotypes
(IgH) were detected in 98 samples. BCR diversity was signifi-
cantly higher in patients with EoE compared with controls (Fig
4, A), both in children and in adults. Moreover, the number of clo-
notypes that occupy 50% of the repertoire, a measure to assess
clonality, was not different between patients with EoE and con-
trols in either age group (Fig 4, B), indicating that the B-cell reper-
toire was not clonal. Finally, we assessed the overlap in BCR
sequences between subjects to determine whether certain clono-
types were shared between subjects. The overlap analysis did
not show that BCR sequences were shared between subjects
(see Fig E5, A, in this article’s Online Repository at www.
jacionline.org). Overall, these data suggest that the B-cell
response in patients with EoE is diverse rather than consisting
of expansion of 1 or multiple B cells. We also assessed the same
parameters of repertoire diversity in T cells (N = 107 samples)
and did not find differences (Fig 4, C and D; see also Fig E5, B).

Transcriptomic analysis of subgroups with EoE
Next, we performed differential expression analysis for various
covariates of interest (see metadata for all subjects in Table E9 in
this article’s Online Repository at www.jacionline.org), that is,
age group (Fig 5; see also Fig E6 in this article’s Online Reposi-
tory at www.jacionline.org), sex (Fig 6; see also Fig E7 in this ar-
ticle’s Online Repository at www.jacionline.org), and PPI

could not be calculated or if Pvalue was greater than .20 in at least 12 subjects (see also the Online Repos-
itory). The values in the heatmap are the xCell enrichment scores, which indicate the gene signatures of a
particular cell type present. It is only valid to compare the enrichment score between parameters within a
particular cell type, not between cell types. C, Permutational multivariate ANOVA was used to identify
cell types that were significantly different between EoE and control in adults and children (see the Online
Repository for more details). The stars indicate the significance as assessed by the SIMPER analysis. *P <
.05; **P < .01; ***P < .001. The enrichment score ascribed to select cell types is shown. D, Representative
IHC images (40X) for proteins that are typical for the cell types from Fig 3, C, in human samples (see
Table E8). E, Subsequently, the amount of positive staining was quantified. The scale bar in all images is
100 pM. The adjusted P values were calculated using the Kruskal-Wallis test and were subsequently cor-
rected using Bonferroni to account for assessment of multiple cell types.
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FIG 4. The B cells in EoE are heterogenous. A-D, MiXCR was used to derive BCR and TCR sequences from
bulk RNA-seq data. Immunarch was then used to assess diversity in B cells (Fig 4, Aand B) and T cells (Fig 4,
C and D). The statistical test used was the Kruskal-Wallis test with the Dunn post hoc test.

treatment status (see Fig ES8 in this article’s Online Repository at
www.jacionline.org). All these comparisons were done in a single
model of the expression data as shown in Fig 1, B.

Transcriptome of EoE in children versus adults

First, we separately assessed the genes altered in EoE versus
controls in children and adults (Fig 5, A, and Tables E1I0 and E11).
Overall, most pathways were enriched in both adults and children,
although to varying degrees. However, GSEA using Broad iden-
tified pathways that were differentially regulated in adults but
not children and in children but not adults (Fig 5, B). Myogenesis,
apical junction, and STAT3 pathways were enriched only in
adults, whereas the G2M checkpoint pathway was enriched
only in children. Most notably, we identified the gene set “Myo-
genesis,” which contains many collagen genes, as upregulated in
adults but not in children (Fig 5, B). In a heatmap, we listed the
individual genes within the myogenesis pathway that were signif-
icantly altered in at least 1 comparison (Fig 5, C); that is, they
were significantly altered in adults or in children. The fold
changes are listed on the right. We have also graphically repre-
sented normalized counts (Fig 5, D) for 1 gene (CLU) in which
the difference between controls and EoE is greater in adults
than in children, 1 gene (MEF2C) that is upregulated in adults
but downregulated in children, and 1 gene (GADD45B) that is
downregulated to a similar degree in adults and in children.

Subsequently, a comparison was done by IPA to identify
pathways (Fig E6) differentially regulated in children and adults
with EoE. Fig E6, A, shows pathways upregulated in both children
and adults with EoE, and Fig E6, B, shows pathways downregulated
in both adults and children with EoE. Fig E6, C, illustrates pathways
significantly dysregulated only in adults, only in children, or in
opposite directions. Bold text indicates that they are significantly
dysregulated in opposite directions. Notably, IL-6 and STAT3 are
downregulated in children but upregulated in adults. In addition,
antioxidant actions of vitamin C and eicosanoid signaling are upre-
gulated in children but downregulated in adults. Fig E6, D, high-
lights the cytokine-related pathways that are upregulated in both
children and adults, whereas Fig E6, E, highlights the cytokine-
related pathways downregulated in both children and adults. Fig
E6, F, shows those dysregulated in opposite directions.

Transcriptome of EoE in male versus female
patients

Next, we compared the patients with EoE separately on the
basis of sex. For this analysis, we pooled both children and

adults and did the comparison by sex. Using the significantly
upregulated and downregulated genes (Fig 6, A, Tables E12 and
E13), we performed a similar analysis as for the 2 age groups.
The pathways that were upregulated in both male and female
patients are shown in Fig E7, A, and those that were downregu-
lated are shown in Fig E7, B. In IPA, the pathways that were up-
regulated in only males, only females, or in opposite directions
are displayed in Fig 6, B. Notably, the complement system and
IL-12 signaling and production in macrophage pathways were
downregulated in male patients but upregulated in female pa-
tients. To determine which pathways were driven by sex, we
repeated this analysis but removed genes on the X and Y chro-
mosomes (Fig 6, C). In this analysis, the same 2 pathways were
dysregulated in the same direction, but now STAT3 was signif-
icantly upregulated in male patients and downregulated in fe-
male patients. Moreover, removing the X and Y chromosome
genes resulted in the stearate biosynthesis I (Animals)
pathway, which was downregulated in male patients but upre-
gulated in female patients in the analysis with X and Y genes
(Fig 6, B), no longer being altered (Fig 6, C). Normalized
counts from candidate genes in this pathway are shown in
Fig 6, D. All genes from the IL.-12 signaling and production
in macrophages are shown in Fig 6, E, and all genes from the
STAT3 pathway are shown in Fig 6, F. Collectively, these
data suggest that sex-based transcriptional differences exist
in the pathogenesis of EoE.

Transcriptome of PPI-treated patients with EoE

Finally, we compared gene expression of patients with EoE
who were on PPIs with that of controls, and gene expression of
patients with EOE who were not on PPIs with that of controls (Fig
E8, A, and Tables E14 and E15). Overall, the number of pathways
that were differentially regulated on PPI status was small (Fig ES,
B-D).

DISCUSSION

Many questions regarding the pathophysiology of EoE
remain unanswered. Because some previous esophageal bulk
RNA-seq studies comparing patients with EoE versus controls
were not large enough to perform subgroup comparisons,”*'"
we synthesized both publicly available data and new (unpub-
lished) esophageal bulk RNA-seq data to demonstrate the EoE
transcriptome and determine whether there are differences by
age group and sex. Although our results corroborated several
genes that have already been reported to be involved in EoE,
our analysis also identified new genes and transcription factors
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FIG 5. Myogenesis pathway is enriched in adults but not in children with EoE. A, Venn diagram of upregu-
lated (/eft) and downregulated (right) genes comparing patients with EoE with controls in adults and pedi-
atrics (Peds) separately. B, GSEA using Broad hallmark gene sets. The color of the circles indicates the
comparison; that is, dark green circles indicate the comparison of children with EoE vs children without
EoE, and light green circles indicate the comparison of adults with EoE vs adults without EoE. Both age
group comparisons are plotted in the same graph. Only statistically significant gene sets (FDR < 0.05) are
shown. C, Genes from the myogenesis pathway were then screened for statistical significance (adjusted
P<.05in at least 1 of the 2 comparisons and log, fold change >|0.5|) and listed in this heatmap. Supervised
clustering was applied. D, Normalized counts for select genes from the myogenesis pathway are shown.

FDR, False-discovery rate.
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FIG 6. Sex-specific differences in EoE are related to IL-12 and STAT3 signaling. A, Venn diagram of upregu-
lated and downregulated genes comparing male patients with EoE with male controls without EoE and fe-
male patients with EoE with female controls without EoE. B, IPA pathways that were significantly different
and regulated in opposite directions. Pathways that are statistically significantly altered in both compari-
sons are in boldface. C, IPA pathways that were significantly different after excluding X and Y chromosome
genes before differential gene expression analysis. D, Select genes from the Stearate in Biosynthesis | (An-
imals) pathway. E and F, Heatmap of all genes in the IL-12 signaling and production in the macrophages
(MF) pathway (Fig 6, E) and the STAT3 pathway (Fig 6, F). Both Fig 6, E, and Fig 6, F, are clustered on disease

status and sex.

that have not been reported to have differential expression in
EoE. First, genes and pathways related to B cells were upregu-
lated in EoE. The transcription factors STAT1 and MAFB were

identified as activated in IPA

on the basis of changes in the

expression of their downstream targets. Analysis of upstream
regulators revealed that various proinflammatory cytokines
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were increased, including both Tyl and Ty2 cytokines, as well
as IL-15. In addition, several differences in gene expression,
enrichment of pathways, and cell types were identified in adults
compared with children. Cell-type analysis and confirmatory
IHC identified mast cells as significantly increased in pediatric
patients but not in adults and macrophages as significantly
increased in adults but not in pediatric patients. In addition,
cell-type analysis suggested that a mixed Ty1/Ty2-type inflam-
mation was more likely in adults than in children with EoE.
Finally, sex-based transcriptional differences suggested altered
IL-12 signaling in macrophages (upregulated in female patients)
and STAT3 (upregulated in male patients after removing genes
on the X and Y chromosomes).

A central observation of our study is that there are significant
differences in immune cell gene signatures besides eosinophils,
basophils, and T cells,”®** which are yet to be studied extensively,
specifically in dendritic cells, mast cells, B cells, and macro-
phages. The role of dendritic cell-bound IgE in EoE* and the
limited knowledge of antigen-presenting cells in EoE in general
have been reviewed elsewhere.’® In the case of mast cells,
although other studies have shown that they are present in
EoE,>’ the mechanism by which mast cells contribute to EoE dis-
ease pathogenesis remains largely limited to the description of
mast cell presence and their capacity to produce IL-13 in
EoE.** One mechanistic study does show that in a murine model
of EoE,3 4 mast cells contribute to disease in an IL-5-independent
manner.’® In addition, we have demonstrated that mast cells are
more predominant in children with EoE, and thus further study
is needed because this could explain why adults and children pre-
sent with different symptoms. As for B cells, in our study, we iden-
tified activation of the FceRI signaling pathway. FceRI, a high-
affinity IgE receptor, is required for IgE-dependent mast cell
degranulation and is the only receptor for IgE expressed in the
esophagus.*’ We also identified dysregulation of several B-cell—
related pathways containing immunoglobulin genes, including
IGHE. Consistent with this finding, IgE™ mast cells are present
in the esophagus of patients with EoE.*' However, arguments
have been made that EoE is non-IgE-mediated because anti-IgE
therapies have not been successful in the treatment of EoE."”
Despite this, these data raise the question of whether the role of
mast cells in EoE pathogenesis is through IgE-dependent mast
cell degranulation or another mechanism. As for macrophages,
there has been little study into their role in EoE pathogenesis,
although 1 study suggests that macrophages may be a source of
IL-15, which can induce epithelial cells to produce eotaxins."’
However, to our knowledge, we were unable to find any data about
macrophage infiltration in adults versus pediatric patients.

The transcription of genes associated with yd T cells was also
dysregulated in children with EoE compared with controls. To
our knowledge, other studies have not detected alterations in
vd T cells, a cell type that might have been overlooked thus far, be-
cause single-cell RNA-seq shows that most of the esophageal T
cells in EoE are aB+.44 Dietary factors can modulate intestinal
v3 T cells,” and food antigens are a known trigger for EoE. On
the basis of our findings, it is possible that the dietary antigens could
trigger EoE, at least in children, via regulation of v T cells.*o*

Another notable observation of our study is that EoE is
characterized by a mixed inflammatory milieu (to a greater
degree in adults than in children), as evidenced by cell-type
analysis and the various proinflammatory cytokines found to be
upstream regulators of disease by IPA. One possible explanation
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is that although food antigens may trigger disease, once barrier
dysfunction has occurred, other types of inflammation get
subsequently triggered. As such, therapies to strengthen the
epithelial barrier may be instrumental in patients who are
difficult to treat.

Our study has limitations. Being largely computational,
experimental data would need to confirm whether the findings
reported here are true. In particular, the cell-type enrichment
analysis has several caveats, including that it is possible to make
comparisons between subject groups but not between cell types.
Moreover, the post hoc analysis for the permutational multivariate
ANOVA to examine which factors are associated with differences
in cell-type enrichment scores can be confounded by variation in
enrichment values. Furthermore, cell types that are susceptible to
degradation during tissue processing, such as eosinophils, might
drop out of an RNA-based analysis because of degradation of
the RNA. Thus, we cannot conclude that cell types are altered
solely on the cell-type enrichment analysis, but we can use the
data to determine what should be studied further. As such, we
confirmed some of the findings with IHC.

Another limitation comes from the metadata regarding
treatment status because data regarding some of the previous
therapies and length of those therapies were not available. In
addition, we did not have the data to determine when in the
disease course the subjects were sampled. Thus, how gene
expression changes as a function of treatment for EoE is an area
for future studies.

Lastly, our study does not yield information about the cell-
specific transcriptome. This might be addressed in the future as
more studies of single-cell RNA-seq become available.”®***°
Despite these limitations, our study has several strengths. We
curated the largest data set of bulk RNA-seq data from patients
with EoE, and this allowed us to conduct meaningful subgroup
analyses. We used several unique and advanced techniques to
combine various studies seamlessly and accounted for batch ef-
fect. This approach is particularly relevant and may be useful in
synthesizing RNA-seq data in other rare diseases such as eosino-
philic gastritis or eosinophilic colitis. Finally, some of the newly
identified cell types, cytokines, and metabolic pathways could
serve as potential therapeutic targets to advance the management
of EoE.

We applied a unique methodology for synthesizing bulk RNA-
seq data from patients with EoE and controls to appraise the EoE
transcriptome and perform subgroup comparisons. We found
significant transcriptional differences between adults and pediat-
ric patients and between male and female patients. Future areas of
studies include substantiating the findings reported here with
experimental evidence and combining data from single-cell
RNA-seq data sets.

Data availability
Previously published data and metadata are detailed in Tables I
and II and in Tables E1 and E9 in the Online Repository.
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Key messages

o We have identified new genes and transcription factors
that are dysregulated in EoE, while confirming many of
the previously reported ones, using an integrated solution
for analyzing RNA-seq data in which correction for batch

effect, or study heterogeneity, is possible.

We have found novel transcriptional differences between
adults and children with EoE, including cell types that are
significantly enriched in only adult or pediatric disease.

We have found pathways that are dysregulated in oppo-
site directions in male versus female patients with EoE.
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