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Abstract

Background and Aims: Colonic eosinophilia, an enigmatic finding often referred to as
eosinophilic colitis (EoC), is a poorly understood condition. Whether EoC is a distinct disease or
a colonic manifestation of eosinophilic gastrointestinal diseases (EGIDs) or inflammatory bowel
disease (IBD) is undetermined.

Methods: Subjects with EoC (n=27) and controls (normal [NL, n=20], Crohn disease [CD,
n=14]) were enrolled across sites associated with the Consortium of Eosinophilic Gastrointestinal
Disease Researchers (CEGIR). EoC was diagnosed as colonic eosinophilia (ascending =100,
descending =85, sigmoid =65 eosinophils/high-power field) with related symptoms. Colon
biopsies were subjected to RNA sequencing. Associations between gene expression and histologic
features were analyzed with Spearman correlation; operational pathways and cellular constituents
were computationally derived.

Results: We identified 987 differentially expressed genes (EoC transcriptome) between EoC
and NL (>1.5-fold change, £ < .05). Colonic eosinophil count correlated with 31% of EoC
transcriptome, most notably with CCL11and CLC (r=0.78 and 0.77, P<.001). Among EoC

and other EGIDs, there was minimal transcriptomic overlap; and minimal evidence of a strong
allergic type 2 immune response compared with other EGIDs. Decreased cell-cycle and increased
apoptosis in EoC compared with NL were identified by functional enrichment analysis and
immunostaining using Ki-67 and cleaved caspase-3. Pericryptal circumferential eosinophil collars
were associated with the EoC transcriptome (£ < .001). EoC transcriptome-based scores were
reversible with disease remission and differentiated EoC from IBD, even after controlling for
colonic eosinophil levels (P < .0001).
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Conclusion: We established EoC transcriptomic profiles, identified mechanistic pathways, and
integrated findings with parallel IBD and EGID data. These findings establish EoC as a distinct
disease compared with other EGIDs and IBD, thereby providing a basis for improving diagnosis
and treatment.
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Lay summary:

We established a distinct transcriptomic profile in EoC, identified functional molecular pathways,
and assessed its clinical significance.
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INTRODUCTION

Eosinophilic gastrointestinal diseases (EGIDs) are clinicopathologically characterized by
marked eosinophilic infiltration of the gastrointestinal (Gl) tract with related symptoms

and are classified according to the site of infiltration: eosinophilic esophagitis (EOE),
eosinophilic gastritis (EoG), eosinophilic duodenitis (EoD), eosinophilic gastroenteritis
(EGE), and eosinophilic colitis (EoC).1 Among EGIDs, EoC represents the least frequent
manifestation (1.6-2.1 per 100,000 persons) and least well-understood disorder;2# however,
patients with EoC have a higher disease burden of symptoms and comorbidities than patients
with EoE, the most common EGID.® Due to a lack of agreed-upon diagnostic criteria,

EoC is currently defined as a clinicopathologic disorder that primarily affects the colon
with eosinophil-rich inflammation in the absence of known causes of eosinophilia.: 7 This
diagnostic definition is problematic because there are numerous more common diseases
associated with colonic eosinophilia, most notably inflammatory bowel disease (IBD), and
the relationship between IBD and eosinophilic infiltration in GI biopsies is unclear. Further
knowledge of EoC characteristics and pathogenesis may lead to consensus criteria for
diagnosis and to reduced disease burden.

With regard to the molecular causes of EGIDs, substantial progress has been made
using whole-genome transcript expression profiling (transcriptome) of tissue biopsies from
patients with EoE,8-12 and, more recently, from patients with EoG.13-15 Cumulative evidence
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has elucidated specific molecular, cellular, and immune mechanisms involved in EoE and
EoG pathogenesis, 16 17 including overproduction of type 2 cytokines (e.g., IL-5, 1L-13)
and 1L-13-induced gene products (e.g., CCL26/eotaxin-3, CAPN14).18. 19 |n contrast,
EoC pathogenesis remains poorly understood due to EoC’s relative rarity and challenging
differential diagnosis.

The differential diagnosis for increased eosinophil density in colonic mucosa is clinically
problematic because colonic eosinophils are present during homeostasis unlike esophageal
eosinophils; the eosinophil level is highest in the ascending colon, tapers to lower levels

in the recto-sigmoid colon,2%: 21 and increases during inflammation in many conditions.16
As eosinophil-rich inflammation is not exclusive to EoC, primary EoC is a diagnosis that
can be made only after all other known causes for increased colonic mucosal eosinophils
have been eliminated.: 7- 16 Distinguishing EoC from other causes of Gl eosinophilia

(e.g., hypereosinophilic syndrome, IBD, infection, and autoimmune disorders) is important
because the therapeutic strategy may substantially differ.%: 7 16 |f EoC were similar to other
EGIDs, elimination diets and anti-type 2 cytokine therapy would be appropriate therapies;
conversely, if EOC were similar to IBD, distinct anti-inflammatory and/or biologics (e.g.,
anti-TNF) therapy would be preferred. The lack of a way to accurately differentiate these
colonic states is increasingly recognized as a clinical conundrum.?22

Herein, we aimed to answer three fundamental questions in the field: (1) Is EoC a distinct
disease entity?; (2) What is its molecular and cellular relationship to other EGIDs and
IBD?; and (3) Does EoC show evidence of allergic type 2 immunity? Accordingly, we
examined pediatric and adult patients with EoC across multiple sites associated with the
Consortium of Eosinophilic Gastrointestinal Disease Researchers (CEGIR)23 and subjected
colonic biopsies to genome wide transcriptomic profiling and parallel histological analysis,
followed by pathway interrogation, and comparison of the derived findings to other EGIDs
and IBD.

Materials and Methods

Study Design and Participants

This study was conducted in CEGIR,23 a national collaborative network of academic centers
caring for and researching adults and children with EGIDs. The CEGIR observational study,
Outcome Measures in Eosinophilic Gastrointestinal disorders Across the ages (OMEGA),

is a longitudinal cohort study investigating the natural history of EoE, EoG, EoD, EGE,

and EoC during routine clinical care. Demographic, clinical, endoscopic, and histologic data
and Gl tissue were prospectively collected starting from 2015; all samples from any CEGIR
site that contributed subjects with EoC were used (n = 5 sample-providing institutions)
(Supplementary Table S1). The clinical features of subjects were determined during a
standard-of-care evaluation using standardized intake forms. All subjects’ clinical data were
stored at the Rare Diseases Clinical Research Network (RDCRN) Data Management and
Coordinating Center (University of South Florida in Tampa, FL [2015-2019] and Cincinnati
Children’s Hospital Medical Center [CCHMC; 2020-2024]).
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An EoC diagnosis was made using the combination of: (1) presence of symptoms;
symptoms include (but are not limited to) hematochezia, bloody/non-bloody diarrhea,
tenesmus, abdominal pain, (2) a history of clinical features indicative of colonic
inflammation, such as anemia, peripheral eosinophilia, hemoccult positive stool, EGID,
and/or allergic diseases (allergic rhinitis, asthma, food allergy, eczema, or other allergic
features suggestive of atopic disease), and (3) colonic mucosal eosinophilia (ascending
colon =100 eosinophils/high-power field [HPF], descending colon =85 eosinophils/HPF,
and/or sigmoid colon =65 eosinophils/HPF) based on 2X the upper limit of normal for
each anatomic site in normal biopsies.24 25 Inclusion and exclusion criteria are detailed

in Supplementary Table S2. In each case, alternative causes of mucosal eosinophilia were
ruled out including proctocolitis in infancy; negative tests typically included stool culture
for pathogenic bacteria or parasites, viral antibody titers and/or PCR, Celiac and IBD
serology.24 For diagnosed EoC cases, EoC disease activity was defined by colonic biopsy
eosinophil counts meeting (active EoC) or being lower than the above colonic eosinophilia
criteria (inactive EoC). The patients with inactive EoC showed colonic eosinophilia more
than the threshold level in the past but less than the threshold level when the biopsy
samples were analyzed. Subjects with EoC and concomitant EGID involving other Gl
segments (esophagus: =15 eosinophils/HPF, stomach: =30 eosinophils/HPF in 5 HPF) were
not excluded.

Non-EoC control subjects (normal [NL], Crohn disease [CD] as an IBD-representative/
spectrum disease) from the Cincinnati Center for Eosinophilic Disorders (CCED) EGID
database between 2015-2019 included children and adults who had undergone endoscopy,
had no history of EoC nor pathologic evidence of EoC surveyed during the index
endoscopy, and had colonic biopsies collected for research purposes during the index
endoscopy. NL were patients who underwent endoscopic examination due to digestive
symptoms but did not show colonic eosinophilia. NL subjects having treatments because
of concomitant diseases [e.g., gastroesophageal reflux disease (GERD) and IgE-mediated
food allergy] were not excluded. A CD diagnosis was made using previously published
guidelines.26 Features include a variable combination of: (1) clinical signs and symptoms
including abdominal pain, diarrhea, rectal bleeding, growth delay, and pubertal delay, (2)
physical findings including abdominal tenderness, perirectal skin tags, perirectal fistula,
and erythema nodosum, (3) endoscopic findings of aphthous, linear or stellate ulcerations,
cobble stoning, skip lesions, and strictures in the ileum or colon, (4) histologic findings
including ulceration, crypt abscesses, non-caseating granuloma, focal changes within
biopsy, and patchy inflammation, and (5) cross-sectional imaging findings including mural
thickening, hyperemia, abnormal luminal caliber, altered peristalsis, fibro-fatty proliferation,
regional lymphadenopathy, and sinus tracts/fistulae. CD diagnosis and disease activity
was based on a combination of the clinical, endoscopic, and histologic characteristics

by gastroenterologists and pathologists at CCHMC. The inflammation status (inflamed,
non-inflamed) of subjects was defined by assessing histologic features of chronicity and
quantifying acute inflammation. A subset of patients with CD who also had a high

peak colonic eosinophils/HPF (=65 eosinophils/HPF) was defined as CD-high colonic
eosinophils.

Gastroenterology. Author manuscript; available in PMC 2023 May 01.
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This study was approved by the institutional review boards of the participating institutions
via a central institutional review board at CCHMC. An informed consent/assent form was
signed by the subjects and/or their legal guardians per institutional guidelines prior to
inclusion in the study.

Molecular Evaluation

RNA sequencing was performed using the QuantSeq 3° mRNA Seq Library Prep

Kit FWD for Illumina (Lexogen) as previously described.1! Briefly, total RNA was
extracted with the miRNeasy kit (Qiagen, Valencia, Calif) and evaluated with an Agilent
Bioanalyzer by the CCHMC Gene Expression Core. Data analyses were performed using
DESeqg2 in CLC Genomics Workbench software (CLC bio, Waltham, MA, USA) and
GeneSpring software ver. 14.9 (Agilent Technologies). Transcripts per kilobase million
(TPM) were assessed for statistical significance. Data are available at EGIDExpress (https://
egidexpress.research.cchmc.org/data/). Functional enrichment analyses were performed with
the ToppGene suite and CluGO.27: 28 Cell type enrichment analysis was performed with
xCell.29 EoC score was calculated by summing the normalized expression values of

genes dysregulated in the EoC transcriptomes. A real-time reverse-transcription quantitative
polymerase chain reaction (RT-gPCR) was performed to determine mucosal expression

of genes associated with type 2 inflammation in patients with EGIDs.15 30 As another
relevant disease control, publicly available colonic transcriptome datasets from patients with
ulcerative colitis (UC) having active colitis and patient clinical data were comprehensively
searched and obtained by the BaseSpace correlation engine (Illumina Inc., San Diego, CA,
USA). One dataset having colonic eosinophil counts (GSE109142)31 were also used for EoC
score analysis.

Histologic Features

Colonic biopsies were assessed for the peak eosinophil counts and other histologic features
of EoC. Hematoxylin and eosin (H&E)—stained biopsy slides from NL, CD, and EoC were
reviewed by CEGIR pathologists blinded to the diagnosis. Standardization across centers
was performed by a view finder that mimicked a round high-power field and measured
0.27 mm?2, an area that is commonly covered at 40X magnification. Histologic features

in images of all submitted colon biopsies were as follows: acute crypt abscess, acute
cryptitis, acute inflammation, crypt architectural abnormalities, crypt dropout/loss, crypt
epithelial injury, crypts partly destroyed by eosinophilic inflammation, eosinophil crypt
abscess, eosinophil cryptitis, eosinophils in muscularis mucosa/submucosa, eosinophils in
surface epithelium, granulomas, lamina propria eosinophil sheets, lymphocytes in surface
epithelium, overall eosinophilic inflammation, pericryptal circumferential eosinophil collars,
subcryptal eosinophil aggregates, subcryptal lymphoplasmacytes, and surface epithelial
injury. Each feature was scored using a 3-point scale (0 = absent, 1 = mild/moderate, 2

= marked) (Supplementary Table S3).

Immunostaining of Biopsy

Biopsies were stained as previously described. 13 32 Ki-67 (a proliferation marker,
790-4286, Roche) or cleaved caspase-3 (an apoptotic marker, ab2302, Abcam) were
evaluated for immunochistochemical staining. Ki-67 (MA5-14520; Invitrogen) and phospho-

Gastroenterology. Author manuscript; available in PMC 2023 May 01.
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histone H3 (#9706; Cell Signaling Technology) were evaluated for immunofluorescent
staining.

Statistical Analysis

Results

Data are presented as n (%) or median (interquartile range [IQR]) unless otherwise stated.
Missing data were excluded from all formal statistical analyses. Nonparametric correlation
analysis was performed using Spearman’s rank correlation coefficient. For continuous data,
statistical significance was determined by the Mann-Whitney U test (nonparametric test, 2
groups) or Kruskal-Wallis test followed by a Dunn multiple-comparison test (nonparametric
test, =3 groups). Benjamini-Hochberg correction was applied for multiple testing to control
the false-discovery rate (FDR). For categorical data, the chi-square test was used. A
significant Pvalue was defined as <0.05.

For detailed information, see the Supplementary Material and Methods.

Subject Characteristics

Eighty-seven colonic biopsies (n = 31 EoC [12 active, 19 inactive], 27 CD [16 inflamed,
11 non-inflamed], 29 NL) from 61 subjects (n = 27 EoC, 14 CD, 20 NL) were analyzed,
with instances of multiple biopsies (n = 3 EoC, 13 CD, 8 NL subjects) being obtained from
different colon sites during a single endoscopy. Demographic and clinical characteristics
of the study cohort stratified by group (EoC, CD, NL) are detailed in Table 1 and
Supplementary Table S4.

Ages ranged from 4-64 years, with 43 pediatric (70.5%) and 18 adult (29.5%) subjects.
There was a similar proportion of both genders, with 29 male (47.5%) and 32 female
(52.5%) subjects. Most subjects self-identified as White (93.4%). Many subjects had a
history of atopy (any allergic disease, 62.3%), such as asthma, allergic rhinitis, atopic
dermatitis, and food allergy (24.6%, 47.5%, 32.8%, and 19.7%, respectively). Peak colonic
eosinophil counts ranged from 2-187 eosinophils/HPF (active EoC 69-187, inactive EoC
9-44, CD 9-110, NL 2-52 eosinophils/HPF).

Focusing on subjects with EoC (n = 27), 15 (56%) had concurrent eosinophilia in the
esophagus, 5 (19%) in the stomach, and 1 (0.4%) in both the esophagus and stomach.
Whereas demographic features (age at biopsy, gender, race) were similar at baseline among
EoC, CD, and NL subjects, EoC subjects had significantly higher peak colonic eosinophil
counts (P=.025) and a higher percentage of treatment (proton pump inhibitor therapy

at time of biopsy, mainly for concurrent eosinophilia in the esophagus) than CD and NL
subjects.

Identification of EoC transcriptome

First, we molecularly profiled EoC employing a stringent diagnostic criteria (more than
twice the normal number of mucosal eosinophils in colon).24 33 To minimize variability and
detect meaningful gene dysregulation, we examined the ascending colon, which usually has
higher eosinophil counts among colon sites.20 We generated an RNA sequencing data set

Gastroenterology. Author manuscript; available in PMC 2023 May 01.
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from colonic tissue of active EoC (n = 6) and NL (n = 8) and compared gene expression. We
identified 987 differentially dysregulated genes in active EoC versus NL biopsies (= 1.5-fold
change, FDR P<.05) (Figure 1A). Unsupervised clustering analysis showed separation
between active EoC and NL (Figure 1B). Of these gene signatures (e.g., EoC transcriptome),
577 transcripts were upregulated and 410 were downregulated in active EoC compared

to NL (Supplementary Table S5). Notably, despite clinical heterogeneity, there were no
substantial molecular differences in several comparisons, such as EoC with coexisting EOE
vs. EoC alone, pediatric vs. adult patients, atopic vs. non-atopic, and treated vs. untreated
patients (Supplementary Figure S1).

Subsequently, we identified a core gene set for subjects with inflamed CD having active
colitis to compare with the EoC transcriptome. Using the same approach as for EoC,

we identified the 996-gene CD transcriptome (Supplementary Figure S2 and Table S5),
which included previously identified genes and pathways associated with inflamed CD (e.g.,
IBD; C0021390 at DisGeNET)3* (Supplementary Figure S3). Comparing the EoC and IBD
[CD, from this study; ulcerative colitis (UC), from 14 published data as summarized in
Supplementary Table S6] transcriptomes demonstrated that EoC was distinct (Figure 1C
and Supplementary Figure S4), and unsupervised principal component analysis (PCA) and
hierarchical clustering analysis demonstrated robust separation of active EoC, inflamed CD,
and NL groups (Figure 1D-E).

EoC transcriptome associates with colonic eosinophilia and distinguishes EoC from other

EGIDs

The peak colonic eosinophil count from ascending to sigmoid colon significantly correlated
with 31% of the EoC transcriptome (Supplementary Table S5), most notably with the
expression of eosinophil chemoattractant gene C-C motif chemokine ligand 11 (CCL11,r
=0.78, P<.001) and the eosinophil-specific gene Charcot-Leyden crystal (CLC, r = 0.77,
P<.001) (Figure 2A-B). CCL11and CLC correlated with each other (r = 0.63, £<.001)
(Figure 2C). Conversely, the peak colonic eosinophil count correlated with 8% of the CD
transcriptome (Supplementary Table S5). The number of genes correlating with the peak
colonic eosinophil count significantly differed between the EoC and CD transcriptomes (P <
.001) (Figure 2D).

To determine the relationship between EoC and other EGIDs, we compared the EoC
colonic transcriptome with the previously published EoE esophageal and EoG gastric
transcriptomes.® 15 Notably, there was almost no overlap among transcriptomes of

these three EGIDs (EoE, EoG, EoC) (9 genes; 1% of EoC transcriptome) (Figure 2E).

The common EGID genes, including CLC, which is a hallmark of active eosinophilic
inflammation,3° were regulated in similar manners in subjects with EoE, EoG, and EoC
(i.e., upregulated in EOE, E0G, and EoC: ALOX5AF, CD9, CLC, CSFZRB, CXCL1,
GAPT, MMP12, NCF2, and SOCSI). For upregulated genes, there were some genes in

the EoC transcriptome that modestly overlapped with the EoE and EoG transcriptomes
whereas downregulated genes in the EoC transcriptome did not overlap with other EGIDs
(Supplementary Table S7). Comparing type 2—related gene expression by RT-qPCR (Figure
2F-H) showed that the main chemotactic factor for EoC (lower Gl EGID) was likely CCL 11,

Gastroenterology. Author manuscript; available in PMC 2023 May 01.
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whereas it was CCL 26 for both EoE and EoG (upper Gl EGIDs) (Figure 2G). Expression of
type 2 cytokines (e.g. /L13, /L4, and /L5) were increased in patients with EOE and EoG but
not in EoC, although there was substantial heterogeneity (Figure 2H).

Functions and cell types enriched in the EoC transcriptome

To identify EoC-associated molecular pathways, we performed functional annotation
enrichment analyses. The highest enrichments were decreased cell cycle functions and
increased apoptosis pathways (Figure 3A-B and Supplementary Table S8). Processes
downregulated of the EoC transcriptome showed a decrease in cell cycle transcripts (P

= 8.6E-7), including proteasome genes. Upregulated processes of the EoC transcriptome
were enriched for apoptosis signaling (P= 1.9E-4), including ribosomal genes. There
was enrichment in granulocyte activation and degranulation and innate immunity
(Supplementary Table S8). Immunohistochemically confirming the pathway analyses
showed reduced colonic epithelial and lamina propria cells with positive Ki-67 staining
(cell proliferation marker) in biopsy specimens from patients with EoC compared with
NL and CD (P<.001) (Figure 3C-D). The number of examined active EoC biopsies

was small, but generally Ki-67+ cells appeared reduced in crypts located in areas of
dense eosinophilic inflammation. Immunofluorescent staining confirmed reduced Ki-67
staining and also showed decreases in other proliferation markers (phospho-histone H3)
(Supplementary Figure S5). In contrast, the number of cleaved caspase-3+ (cell apoptosis
marker) cells was significantly increased in EoC and CD versus NL biopsy specimens (P =
.02) (Figure 3, C, D).

Further evaluating the relative composition of immune cell subsets, epithelia, and other
stromal cell types in EoC, we applied a computational gene expression deconvolution
approach using xCell.2% Of the 64 cell types represented by gene expression, several
immune cells were specifically increased in EoC and CD. Active EoC had increased gene
expression associated with eosinophils, basophils, CD4+ effector memory T cells, and
multipotent progenitors, whereas inflamed CD had increased gene expression associated
with monocytes, plasma cells, neutrophils, activated dendritic cells, and megakaryocytes
(Figure 3E-F).

Colonic histologic features and transcript association with disease

All subjects with active EoC showed marked, though uneven, colonic eosinophilic
inflammation (Figure 4A) even within the same biopsy specimen. In subjects with EoC,
the ascending colon had higher peak eosinophil counts than the left colon (mean 96.3
eosinophils/HPF vs. 43.7 eosinophils/HPF, respectively; £=.007), consistent with the
normally higher counts in the right than left colon, whereas histologic features other

than eosinophil count were similar regardless of disease activity (active vs. inactive EoC).
Notably, tissue eosinophilia with no additional crypt architectural abnormalities was the
most common finding (87%) in EoC colonic biopsies.

Assessing the relationships among the EoC colonic histologic features, we generated
a correlation plot with clustering arrangement (Figure 4B). Consistent with features
commonly reported by pathologists examining such biopsies, there were strong correlations

Gastroenterology. Author manuscript; available in PMC 2023 May 01.
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for inflammatory and structural changes in crypts; the most significant was between crypt
epithelial injury and crypt dropout/loss (r = 0.80). Also, there were significant correlations
within eosinophilic features, the most significant being between pericryptal circumferential
eosinophil collars and lamina propria eosinophil sheets (r = 0.52). However, possibly due

to the low occurrence, features related to eosinophilic and acute crypt abscess had low
correlations with other features. Some features were included to distinguish EoC from IBD,
including CD, and were not expected to correlate with EoC-related features; for example,
sarcoid-like granulomas are a characteristic finding in CD but not EoC and therefore are not
expected to correlate with EoC histopathology.

Notably, some colonic histologic features specifically associated with diseases, reflecting
the intent of the histopathologic examination to distinguish among various colonic
diseases. Among the histologic features, 5 features showed differences among the active
EoC, inflamed CD, and NL. As expected, overall eosinophilic inflammation, pericryptal
circumferential eosinophil collars, and eosinophilic cryptitis were significantly increased in
active EoC compared with inflamed CD or NL (Figure 4C, upper), whereas acute cryptitis
and acute inflammation were significantly increased in inflamed CD compared with active
EoC or NL (Figure 4C, lower).

To understand the potential link between eosinophil-associated histologic features and the
identified EoC-related functional pathways, we assessed correlations between eosinophilic
histologic features and cell proliferation (Ki-67) and apoptosis (cleaved caspase-3) in the
epithelium. Pericryptal circumferential eosinophil collars were negatively correlated with
cell proliferation (r = —0.45, P< .05) and positively correlated with apoptosis (r = 0.48,
P<.05) (Figure 4D), suggesting that epithelial-eosinophil cross-talk occurs in areas of
eosinophilic collar formation.

Further dissecting the molecular basis for colonic histopathology in EoC, we evaluated
associations between the EoC transcriptome and histologic features using Spearman r

at the gene level (Figure 4E). We observed that histologic features commonly observed

in EoC biopsies, such as overall eosinophilic inflammation, pericryptal circumferential
eosinophil collars, and lamina propria eosinophil sheets, highly correlated with the EoC
transcriptome and clustered together. Genes associated with each major histologic feature (r
> 0.3, P<.05) showed enrichment in several biological processes: overall eosinophilic
inflammation, purine ribonucleotide biosynthetic process (P = 2.85E-07); pericryptal
circumferential eosinophil collars, mitochondrion organization (£ = 3.24E-07); and lamina
propria eosinophil sheets, protein targeting to endoplasmic reticulum (P = 8.63E-06)
(Supplementary Table S9). Overall, we found that EoC had unique pathogenic gene sets and
histologic manifestations, suggesting clinical utility of these features because of correlation
with pathogenic gene sets.

EoC transcriptome as a function of differential diagnosis and disease activity

Generating quantitative values to reflect molecular changes, we developed an EoC score by
summing the normalized expression values of the dysregulated EoC transcriptome genes
(987) (Figure 5A) to distinguish active EoC from other conditions and quantify EoC
severity.
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The EoC score was increased in patients with active EoC compared to non-EoC (P < .001)
(Figure 5B, discovery). This finding was replicated in an independent patient cohort, with
EoC and non- EoC, regardless of the colon sites (descending and sigmoid colon, A< .001)
(Figure 5B, replication).

Exploring the potential reversibility of the EoC transcriptome according to disease activity,
we compared the EoC score among active EoC, inactive EoC, and NL. Similar to the

peak colonic eosinophil count (£ < .001) (Figure 5C, left), the EoC score was specifically
increased in patients with active EoC compared to non-EoC patients and patients with
inactive EoC (P < .001) (Figure 5C, right; 5D).

We created a score with the use of a more limited number of genes by using different
cut-offs (e.g., 5-fold change, 3-fold change). Although these gene-subset EoC scores (5-fold
change or 3-fold change, respectively) showed similar results (Supplementary Figure S6),
the EoC score based on the entire EoC transcriptome (987 genes) showed a better correlation
with peak colonic eosinophil counts (Spearman r = 0.63, £<.0001).

Finally, assessing the potential utility of the EoC transcriptome for definitive diagnosis,

we utilized our dataset (EoC and CD) and one dataset (UC) having colonic eosinophil
counts (GSE109142)3! to generate a modified EoC score, the EoC-IBD differential score,
for differential diagnosis against clinically challenging cases. Genes for the modified EoC
score were selected from the EoC transcriptome on the basis of the following considerations:
dysregulation between EoC and IBD defined by Pvalues and fold changes and bidirectional
changes of gene expression. On the basis of the EoC-1BD differential score derived from

17 genes (Supplementary Table S10), we compared active EoC and a subset of inflamed
IBD (CD and UC) having high colonic eosinophil levels (clinically challenging cases).
Although there was no difference in the peak colonic eosinophil count between active

EoC and inflamed IBD with high colonic eosinophilia (P=.211) (Figure 5E, left), the
EoC-IBD differential score separated these groups (P < .0001) (Figure 5E, right). A receiver
operating characteristic curve analysis demonstrated excellent diagnostic merit for the EoC-
IBD differential score (P=.0001, AUC = 1.00) (Figure 5F).

DISCUSSION

Herein, we report fundamental information about the molecular and histologic features of
EoC. First, we defined the EoC transcriptome, a core gene set conserved across colon sites
in patients with EoC. Second, we demonstrated that the EoC transcriptome is associated
with tissue eosinophil levels and disease activity, is markedly distinct from upper GI EGID
transcriptomes. Although we cannot fully rule out type 2 immunity, there was no evidence
of strong type 2 allergic inflammation in EoC when compared with the type 2 signature
seen in EoE and EoG. Third, robust EoC gene expression revealed functional pathways in
EoC pathogenesis, including molecular evidence for reduced cell proliferation and increased
apoptosis, which were substantiated in biopsies by Ki-67 and cleaved caspase-3 staining.
Reduced cell proliferation was unexpected and suggests that distinct cellular mechanisms
might be locally operational in EoC. Fourth, based on cell deconvolution, we identified
the involvement of eosinophils, basophils, CD4+ effector memory T cells, and multipotent
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progenitors in EoC. Fifth, we linked the magnitude of molecular changes to histologic
changes. Strong correlations with the EoC transcriptome were observed in pericryptal
circumferential eosinophil collars, providing a better understanding of histologic features

of clinical biopsies. Finally, we showed that the EoC score, based on the EoC transcriptome,
readily assessed disease activity and distinguished EoC from the clinically challenging cases
of IBD with high eosinophilia. This collective evidence establishes that EoC is a discrete
disease entity involving pathways distinct from those of upper EGIDs and IBD.

We identified CLC as the gene most highly induced in EoC. Given this gene’s specificity

to eosinophils and basophils and that eosinophilic inflammation is a hallmark of EoC,16: 35
this finding substantiates the data’s integrity. Indeed, colonic CLC expression levels strongly
correlated with eosinophilia-quantified disease severity. CLC protein (i.e., galectin 10) is an
eosinophil specific granule protein that is secreted by activated eosinophils and promotes
type 2 immune activity. Antibodies directed against key epitopes of the CLC crystallization
interface have been shown to dissolve preexisting CLCs in mucus from patients with asthma
and were effective in controlling disease in a humanized mouse model.38 As CLCs can

be found in EoC stool,37-39 these antibodies may be beneficial for relieving EoC tissue
inflammation.

Though CLC and other eosinophil products likely promote proinflammatory changes in
EoC, we observed that eosinophil regulation may differ in patients with EoC compared

to other EGIDs. Notably, CCL 11 (eotaxin-1), but not CCL 24 (eotaxin-2) nor CCL26
(eotaxin-3), was highly upregulated in tissue from patients with EoC compared with control
tissue and exhibited a significant, positive correlation with colonic CLC expression. This
finding is consistent with an essential role for CCL 11 (eotaxin-1) in regulating eosinophil-
associated Gl pathology, from the small intestine to the colon, in a mouse model and
humans.#0: 41 CCL 11 (eotaxin-1) upregulation is also observed in IBD,*L 42 suggesting
similar colonic eosinophil regulation. Why CCL 11 (eotaxin-1) is specifically overexpressed
compared with CCL24 (eotaxin-2) and CCL 26 (eotaxin-3) deserves further study and may
relate to the lack of strong type 2 cytokines, such as IL-13, which drives CCL 26 expression
in EoE. Several possibilities could account for these findings, such as differences in tissue
composition (e.g., resident cell types) or distinct disease mechanisms (e.g., differential cell
recruitment or altered gene expression programs of resident cells). The dissimilarities in
differentially regulated transcripts, especially CCL 26 (eotaxin-3) in patients with upper
EGIDs (EoE, EoG) and CCL11 (eotaxin-1) in those with lower EGID (EoC) might arise,

at least partially, from the distinct structural cells and immunocytes present in those tissues.
The apparent weaker type 2 immune response deserves further analysis given the small
sample size and the heterogeneity observed.

Pathway analysis of the EoC transcriptome identified a robust reduction in cell cycle
pathways, which was substantiated by a decreased number of proliferating (Ki-67)

cells in EoC colonic biopsies. In contrast, upper GI EGIDs (EoE and EoG) feature
expansion of the basal epithelium and increased cell proliferation.13: 16 A series of
downregulated genes, including NADPH oxidase 1 (NOXJ), stratifin (SFN), and several
26S proteasome (PSMC1, 3, 6, PSMD4, 7), may relate to the decreased cell proliferation,
as decreased NOXZ expression is known to produce a significant decline in reactive
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oxygen species (ROS) production and cell cycle arrest.*3 Interestingly, NOX2-deficient
mice have interstitial pneumonitis with eosinophilic crystals and granulomas.** Inhibiting
SFN expression increases apoptosis and cell cycle arrest.*® In addition, the 26S proteasome
is known as the end point of the ubiquitin-proteasome pathway that is chiefly required

for cell cycle progression. The observed enrichment of decreased expression in 26S
proteasome—associated genes might relate to decreased proliferation in patients with EoC.
Notably, several cases of colitis were reported after taking bortezomib, an inhibitor

of the 26S proteasome.6: 47 Functional pathway analysis of the EoC transcriptome

also showed evidence of increased apoptosis in agreement with an increased number

of apoptotic (cleaved caspase-3) cells in EoC colonic biopsies. Positive regulation of
apoptosis could slow down epithelial turnover and proliferation in colonic tissue, leading
to impaired intestinal barrier function and facilitating inflammatory processes. Relatedly,
in colon biopsy specimens from infants with allergic/eosinophilic colitis, high numbers of
apoptotic epithelial cells were identified by apoptotic cell-specific histochemical assay.*®
Interestingly, previous microRNA analysis of patients with EoC also suggested this
phenomenon.*® Furthermore, the dominance of caspase 3, in contrast to caspase 8 and

the ripoptosome, further contrasts the tissue-specific responses related to EoC and EoE
pathogenesis.>? Our collective data suggest distinct molecular and cellular mechanisms are
locally operational in patients with EoC.

Although specific clinicopathologic consensus diagnostic criteria have not been established
for EoC, our study highlights colonic histologic changes as having utility in EoC diagnosis.
Applying a stringent threshold values for EoC diagnosis,2* our data suggest that additional
pathologic changes, including the presence of eosinophil sheets, cryptitis or crypt abscesses,
and muscular involvement, are also present and may facilitate the diagnosis of EoC.
Furthermore, the lack of acute inflammation and cryptitis (features of IBD) should raise
suspicion for EoC. These data support the importance of a systematic survey of histologic
features other than eosinophil counts in colonic biopsies from Gl diseases. Further research
is needed to establish the appropriate histologic criteria and guidelines for EoC that will
assist pathologists to differentiate between normal findings and disease and differential
diagnoses. Similarly, efforts to raise awareness of the importance of quantifying Gl tract
eosinophilia and reporting associated histologic findings are needed.

EoC had a distinct molecular profile and correlating histologic features. Of the EoC
histologic features, eosinophilic features were highly associated with the EoC transcriptome,
with the strongest association being pericryptal circumferential eosinophil collars. As
expected, not all histologic features showed strong associations with the EoC transcriptome,
possibly due to the low occurrence in patients with EoC of some histologic features

that were anticipated to be prominent in CD but not EoC, namely, acute inflammatory

cells, surface erosion/ulceration, and lamina propria fibroplasia.>! Indeed, some colonic
histologic features, including pericryptal circumferential eosinophil collars, were specifically
associated with the EoC-associated functions (decreased cell proliferation, increased
apoptosis). The imbalance of cell proliferation and cell death, normally maintained in
cellular homeostasis, and its correlation with unique histologic features associated with EoC
suggests epithelial-eosinophil cross-talk particularly at the interface of eosinophilic collars.
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The eosinophilic features best reflected the molecular signature changes in EoC, warranting
close attention to them when interpreting disease diagnosis and activity.

Despite promising results, our study has limitations. First, the small sample size of EoC

(n = 27) due to the rarity of the disease limits the impact of results. Also, heterogeneity

in EoC (e.g., comorbid EoC-EoE vs. EoC alone) might affect the results, although it

might be practical as reflecting the real-world manifestations. The study definition for

EoC and its activity was applied for balanced feasibility and accuracy, warranting future
analyses with further accurate evaluations (e.g., controlled comorbidity, validated symptom
assessment, and standardized endoscopic/histomolecular follow-up). Second, our findings
included patients with active EoC and CD who had mixed treatment status (Table 1) and
patients who had treatment-refractory disease, which might influence the results. However,
patients still exhibited signs of active disease clinically, histologically, and molecularly.
Therefore, the treatments were not effective in eradicating the disease, and key molecular
pathways involved in pathogenesis were likely still active, at least partially. Third, though we
utilized unbiased, highly sensitive, genome-wide transcriptome approaches to identify key
gene signatures, the analyses were performed on whole biopsies, composed of a mixture of
cellular components, rather than single cells. We performed computational deconvolution of
cell subset proportions to address this limitation; however, future studies using single-cell
preparations will be important for further cellular subset characterizations. Finally, the data
were limited by the cross-sectional approach, highlighting the importance of additional
replication, particularly in prospective and longitudinal studies.

In conclusion, we established EoC as a unique Gl disease by identifying a conserved
colonic transcriptome that associates with colonic eosinophilia, is markedly distinct from
that of other Gl diseases, and is uniquely associated with distinct histologic features,
especially pericryptal circumferential eosinophil collars. Mechanistically, we uncovered that
EoC is not related to strong type 2 immunity but rather apoptosis and reduced epithelial

cell proliferation. Our data propel more mechanistic studies that will lead to new insights
regarding EoC pathogenesis and to future molecular-based prevention and therapies.
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What You Need to Know
BACKGROUND AND CONTEXT:

Eosinophilic colitis (EoC) is a poorly understood disease process. Classification of EoC
as part of a spectrum of eosinophilic gastrointestinal disorders (EGID) or inflammatory
bowel disease (IBD) has not been determined.

NEW FINDINGS:

We identified a conserved colonic transcriptome in EoC patients, which was proportional
to the degree of colonic eosinophilia, markedly distinct from other gastrointestinal
diseases, and uniquely associated with mechanistic processes distinct from other EGID.

LIMITATIONS:

Although this study deeply examined the largest number of samples from EoC to date,
the cohort size is still limited in size and scope.

IMPACT:

We establish EoC as a disease markedly distinct from other EGID and IBD, with a
disease mechanism that does not involve allergic inflammation, thereby providing a
foundation for understanding the disease and improving diagnosis and treatment.
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Figure 1. Distinct, conserved pattern of gene expression in active EoC colonic tissue.
A, Volcano plot (red, upregulated; b/ue, downregulated) of expression profiles of

differentially dysregulated genes between NL and subjects with active EoC (EoC, FDR P<
.05, =1.5-fold change). B, Clustering analysis based on 987 differentially expressed genes
(EoC transcriptome). C, Venn diagram of the number of genes dysregulated in EoC and

CD transcriptomes (Supplemental Figure S1). D, Colonic transcriptome data on NL (b/ue),
subjects with inflamed CD (CD, yellow), and subjects with active EoC (red) reduced to 3-
dimensional presentation by multidimensional scaling analysis for visual presentation of the
expression distance between samples. E, Heat map (red, upregulated; b/ue, downregulated)
and clustering analysis of the expression profiles of the 1,847 genes from the EoC and/or
CD transcriptomes with differentially dysregulated expression in active EoC and/or inflamed
CD vs. NL (FDR P< .05, =1.5-fold change). B and E, each column represents an individual
subject or control. CD, Crohn disease; EoC, eosinophilic colitis; NL, normal; FDR, false
discovery rate.
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Figure 2. EoC transcriptome associates with colonic eosinophilia and distinguishes EoC from NL
and other EGIDs.

A-C, correlation plots for peak colonic eosinophil count and colonic expression of CLC
and CCL 11, the genes that most correlated with EoC eosinophil count. D, Correlation of
peak colonic eosinophil counts with each of the EoC and CD transcriptomes. ****p < .0001,
using the chi-square test. E, Venn diagram of the number of genes dysregulated in EGID
transcriptomes (EoE, EoG, EoC). F-H, Comparisons of type 2—related gene expression by
RT-gPCR in active EGIDs [esophagus (EoE n=82, NL n=50), stomach (EoG n=21, NL
n=20), colon (EoC n=12, NL n=16)]. F, eosinophil and mast cells genes; G, eosinophil
chemotactic chemokines; H, type 2 cytokines. Data presented as median with interquartile
range. Markers represent individual samples. *P< .05, **P< .01, and ****P< .0001, using
Mann-Whitney U'test. CD, Crohn disease; EoC, eosinophilic colitis; EoE, eosinophilic
esophagitis; EoG, eosinophilic gastritis; EGIDs, eosinophilic gastrointestinal diseases; NL,
normal; Gl, gastrointestinal; HPF, high-power microscopic field; TPM, transcripts per
kilobase million.
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Figure 3. Functions and cell types enriched in EoC transcriptome.
A-B, Functional annotation enrichment analyses of 410 downregulated (A) and 577

upregulated (B) genes of EoC transcriptome using CluGO overview charts and showing
the 5 most significant terms in biological process by ToppGene (full list; Supplementary
Table 8). C-D, Decreased cell proliferation and increased apoptosis in patients with

EoC. Representative photographs and quantitative evaluation of Ki—67+ (proliferating) and
cleaved caspase-3+ (apoptotic) colonic cells from NL, inflamed CD, and active EoC. Ki-
67+: left, 4X; right, 20X. Cleaved caspase-3+: left, 10X; right, 20X. *P< .05, versus NL.
E-F, Specific increase of gene expression—estimated proportion of cell types in EoC (E)
and CD (F). Data presented as mean = SEM. *P< .05, **P< .01, ***p < .001, ****p<
.0001, using Kruskal-Wallis test followed by Dunn multiple-comparison test. aDC, activated
dendritic cells; CD, Crohn disease; CD4+ Tem, CD4+ effector memory T cells; EoC,
eosinophilic colitis; MPP, multipotent progenitors; NL, normal; FDR, false discovery rate;
SEM, standard error of mean.
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Figure 4. Colonic histologic features and associations with colonic transcripts.
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A, Hematoxylin and eosin-stained colon biopsy specimen of a representative subject with
EoC (200X magnification). Eosinophils densely populate crypts (arrow) and pericryptal
circumferential collars (arrowhead). B, Histologic feature clustering in colon biopsies with
features arranged to ensure that members of the same cluster are adjacent in the correlation
plot and in the same order as in the cluster members. Color map shows correlations among
histologic features; darker red shades indicate stronger positive correlations. C, Comparison
of histologic features among NL, inflamed CD, and active EoC. Data are mean + SEM.

*P< .05, **P< .01, and ****p < .0001, using Kruskal-Wallis test followed by Dunn

multiple-comparison test. D, Spearman r correlations of eosinophilic histologic features with
cell proliferation/apoptosis in the epithelium. *£ < .05. E, Hierarchic relationships between
histologic features on the basis of EoC transcriptome gene expression profile correlations,
showing a Spearman r-based heat diagram for gene-level correlations. Darker red shades
indicate stronger positive correlations, whereas darker blue shades indicate stronger negative
correlations. EoC, eosinophilic colitis; CD, Crohn disease; NL, normal; SEM, standard error

of mean.
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Figure 5. EoC transcriptome as a function of disease activity and differential diagnosis.
A, Schematic summary of EoC score generation based on dimensionality reduction of the

EoC transcriptome to distinguish active EoC vs. NL and quantify EoC disease severity. B,
Discovery and replication of the EoC score with independent patients and from different
colon sites (discovery: ascending, replication: descending/sigmoid colon). Peak colonic
eosinophil count (left) and EoC score (right) are shown. Data are mean + SEM. ***P<
.001, using Mann-Whitney U'test. C, EoC score as a function of disease activity in EoC.
Peak colonic eosinophil count (left) and the EoC score (right) are shown. Data are mean *
SEM. **P< .01, ***p<.001, and ****p < .0001, using Kruskal-Wallis test followed by
Dunn multiple-comparison test. D, Unsupervised principal component analysis of the EoC
transcriptome showed complete separation of active EoC from inactive EoC and controls,
whereas controls and inactive EoC overlapped. E, Comparison between active EoC and the
challenge cases of IBD (CD and UC) with high colonic eosinophil count (High eos). Peak
colonic eosinophil count (left) and the EoC-IBD differential score (right) are shown. The
dashed line indicates 65 eosinophils/HPF. Data are mean + SEM. NS, not significant, ***P <
.001, and ****P < .0001, using Mann-Whitney Utest. F, A receiver operating characteristic
curve analysis showing utility of the EoC-IBD differential score to differentiate active EoC
from IBD (CD and UC) (High eos). AUC, area under the curve; EoC, eosinophilic colitis;
IBD, inflammatory bowel disease; CD, Crohn disease; UC, ulcerative colitis; NL, normal;
HPF, high-power microscopic field; SEM, standard error of mean.
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Table 1.

Demographic and clinical characteristics of study subjects.

NL CD EoC P value
Subjects (n) 20 14 27
Demographic features
Age at biopsy (min.—max. years)  15.1 (4.3-44.9)  17.3(11.7-21.6) 14.0 (7.1-64.4) .26
Gender (% Male) 8 (40%) 7 (50%) 14 (52%) 71
Race (% White) 18 (90%) 14 (100%) 25 (93%) 49
Colonic eosinophil counts
Peak (eos/HPF) 28.5(23.8-37.5) 485(31.0-68.3) 55.5(23.8-100.8) .025
Range (min.-max. eos/HPF) 2-43 16-110 9-187
Biopsies (n)
Total 29 27 31 -
Active or inflamed - 16 12 -
Normal 16 - - -
Right colon 10 14 21 -
Left colon 19 13 10 -
History of EGIDs
EoE - - 15 (56%) -
EoG - - 5 (19%) -
EoC - - 27(100%) -
History of atopy
Atopy (any) 15 (75%) 8 (57%) 15 (56%) 36
Asthma 7 (35%) 2 (14%) 6 (22%) 36
Allergic rhinitis 13 (65%) 5 (36%) 11 (41%) .16
Eczema 8 (40%) 3 (21%) 9 (33%) 52
Food allergy 5 (25%) 0 (0%) 7 (26%) A1
Treatment at biopsy
Ongoing diet therapy 9 (45%) 2 (14%) 12 (44%) 12
Proton pump inhibitor 11 (55%) 0 (0%) 9 (33%) .004
Topical steroids 3 (15%) 0 (0%) 8 (30%) .059
Systemic steroids 0 (0%) 4 (29%) 2 (7%) .019
Immune modulator 0 (0%) 2 (14%) 0 (0%) <.001
Biologies 0 (0%) 9 (64%) 0 (0%) <.001

*
Data are n (%) or median (interquartile range [IQR]) unless otherwise stated.
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CD, Crohn disease; EoC, eosinophilic colitis; EGIDs, eosinophilic gastrointestinal diseases; EOE, eosinophilic esophagitis; EoG, eosinophilic

gastritis; eos/HPF, eosinophils per high-power microscopic field; max., maximum; min., minimum; NL, normal.
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