1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

gl Allergy. Author manuscript; available in PMC 2024 November 01.

Published in final edited form as:
Allergy. 2024 October ; 79(10): 2798-2811. doi:10.1111/all.16208.

Children with eosinophilic esophagitis non-responsive to
combination therapy have distinct esophageal transcriptomic
and microbiome profile

Girish Hiremath?, Yash Choksi?:3, Hernan Correa?, Justin Jacobse?®, Suman R. Das®,
Siyuan Ma’, Jeremy A. Goettel®9, Seesandra V. Rajagopala®

1Division of Pediatric Gastroenterology, Hepatology and Nutrition, Vanderbilt Children's Hospital,
Vanderbilt University Medical Center, Nashville, Tennessee, USA

2Department of Medicine, Division of Gastroenterology, Hepatology and Nutrition, VVanderbilt
University Medical Center, Nashville, Tennessee, USA

STennesee Valley Health System, Veteran's Affairs, Nashville, Tennessee, USA

4Division of Pathology, Vanderbilt Children's Hospital, Vanderbilt University Medical Center,
Nashville, Tennessee, USA

Swillem-Alexander Children’s Hospital, Department of Pediatrics, Leiden University Medical
Center, Leiden, The Netherlands

5Department of Medicine, Division of Infectious Disease, Vanderbilt University Medical Center,
Nashville, Tennessee, USA

"Department of Biostatistics, Vanderbilt University Medical Center, Nashville, Tennessee, USA

8Department of Pathology, Microbiology and Immunology, Division of Molecular Pathogenesis,
Vanderbilt University Medical Center, Nashville, Tennessee, USA

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

Correspondence Girish Hiremath, Division of Pediatric Gastroenterology, Hepatology and Nutrition, Monroe Carell Jr. Children’s
Hospital at Vanderbilt, Vanderbilt University Medical Center, DOT 11226, Children’s Way, Nashville, TN 37232, USA.
girish.hiremath@vumc.org; Seesandra V. Rajagopala, Department of Medicine, Division of Infectious Diseases, Vanderbilt University
Medical Center, Nashville, TN 37232, USA. s.v.rajagopala@vumc.org.

AUTHOR CONTRIBUTIONS

G.H. contributed to conceptualizing the study, acquisition, analysis, and interpretation of data, drafting the manuscript, and critical
revision of the manuscript. Y.H. contributed to the analysis, and interpretation of the data and made critical revisions to the
manuscript. H.C. contributed to acquisition and interpretation of data, and critical revision of the manuscript. J.J. contributed to the
analysis, and interpretation of the data and made critical revisions to the manuscript. S.R.D. contributed to interpretation of data, and
critical revision of the manuscript. S.M. contributed to analysis and interpretation of data, and critical revision of the manuscript.
J.A.G. contributed to interpretation of data, and critical revision of the manuscript. S.V.R. contributed to conceptualizing the study,
acquisition, analysis, and interpretation of data, drafting the manuscript, and critical revision of the manuscript. Each of the authors
has approved the final draft submitted.

CONFLICT OF INTEREST STATEMENT

G.H. serves a consultant to Bristol Myer Squibb, Regeneron, and Sanofi. In addition, he has received speaker fees from Bristol
Myer Squibb. All other authors declare that the research was conducted without commercial or financial relationships that could be
construed as a potential conflict of interest.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Supporting Information section at the end of this article.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hiremath et al. Page 2

9Center for Mucosal Inflammation and Cancer, Vanderbilt University Medical Center, Nashville,
Tennessee, USA

Abstract

Background: A combination of proton-pump inhibitors (PPI) and topical steroids (TS) is used
to treat children with eosinophilic esophagitis (EoE). However, a subset of children do not
respond to this combination therapy. We aimed to identify the esophageal transcriptional, cell
composition, and microbial differences between the non-responders (EoE-PPI-TSnr; n=7) and
responders (EOE-PPI-TSr; n=7) to the combination therapy for EoE and controls (n7=9) using
metatranscriptomics.

Methods: Differential gene expression analysis was used to identify transcriptional differences,
validated using the EoE diagnostic panel (EDP). Deconvolution analysis was performed to identify
differences in their cell type composition. Microbiome analysis was conducted from esophageal
biopsies RNAseq data, and microbial abundance was correlated with esophageal gene expression.

Results: In all, 3164 upregulated and 3154 downregulated genes distinguished EoE-PPI-

TSnr from EoE-PPI-TSr. Eosinophilic inflammatory response, cytokine signaling, and collagen
formation pathways were significantly upregulated in EOE-PPI-TSnr. There was a 56% overlap in
dysregulated genes between EoE-PPI-TSnr and EDP, with a perfect agreement in the directionality
of modulation. Eosinophils, dendritic cells (DCs), immature DCs, megakaryocytic-erythroid
progenitors, and T helper type 1 cells were significantly higher in EOE-PPI-TSnr. There was

no significant difference in microbiome diversity. The relative abundance of Fusobacterium sp.
and Acinetobacter sp. notably differed in EOE-PPI-TSnr and correlated with the key pathways.

Conclusion: Our results provide critical insights into the molecular, cellular, and microbial
factors associated with the lack of response to PPl and TS combination therapy in children
with EoE. This study advances our understanding of the pathobiology of EoE while guiding
personalized treatment strategies.

Graphical Abstract
/—(Differential esophagus transcription signatureSDﬁ

Children Assembly of Coliagen Fibrits
with eosinophilic esophagitis and Other Multimeric Structures T—
undergoing PPl and TS Extracellular Matrix Organization | ]
combination therapy
Cytokine Signaling in Immune System -

Responders
n=7 Matabolism of Lipids
Nen-responders i ** * L13a-mediated Transkational Silencing
n=7

=
 comm—
Metaliothiongins Bind Morals [N

Controls %%%%g Signaling pathways a5 -0 % 0 2% 580
= ) w' I w
L9 W i) In non-responders. % genes down % genes up
i = Acinetobacter sp.
= Cutibacterium acnes
® Fusobacterium sp.
z = | philus sp.
0.0 02 0.4 08
Relative abundance = Pravotella sp.

—(Differential esophagus microbiome signatures )7

Allergy. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hiremath et al. Page 3

This study aimed to identify the esophageal transcriptional, cell composition, and microbial
differences between the non-responders and responders to the combination therapy for EoE

and controls using metatranscriptomics. In children with eosinophilic esophagitis and on a
combination of proton-pump inhibitors and topical steroids therapy, non-responders show
upregulation of cytokine signaling, assembly of collagen fibrils, and extracellular matrix
organization, along with downregulation of the L13a-mediated translational silencing and
metallothionein pathways. Additionally, there are distinct esophageal microbiome signatures that
appear to be linked to the differential transcription signatures.

Abbreviations: EoE, eosinophilic esophagitis; PPI, proton pump inhibitors; TS, topical steroids

Keywords
eosinophilic esophagitis; gene expression; immune response; Metatranscriptomics; microbiome

11 INTRODUCTION

Eosinophilic esophagitis (EoE) is a T helper 2 mediated, allergen-driven chronic disease of
the esophagus characterized by complex interactions between the host and environmental
factors.! It is estimated to affect 34 per 100,000 children annually.? Affected children
typically present with refusal to feed, swallowing difficulties, vomiting, and abdominal pain.
Their diagnosis is confirmed by an intense eosinophilic inflammation [defined as a peak
eosinophil count (PEC) of =15 eosinophils per high power field (eos/hpf)] in at least one of
the multiple esophageal biopsies in the absence of other causes of esophageal eosinophilia.3
Sub-optimal control of the esophageal eosinophilic inflammation, either due to a delay in
diagnosis or non-response to therapies, can lead to fibrostenotic complications requiring
endoscopic or surgical interventions.* Therefore, the primary goals of EoE therapy are to
ameliorate symptoms, control eosinophilic inflammation, and prevent complications.®

Proton-pump inhibitors (PPIs) are commonly used as the firstline pharmacological agent to
manage pediatric EoE.® However, on average, only about 39% (range 23%-83%) of children
with EoE on a PPI achieve histologic remission (defined as a PEC of <15 eos/hpf).”8
Although there is limited data, in those non-responsive to PPI monotherapy, topical steroids
(TSs) can be added off-label (combination therapy) to induce and maintain histologic
remission.® However, some children may not respond to this combination therapy. They
continue to experience clinical symptoms while remaining at a higher risk for ensuing
complications due to uncontrolled eosinophilic inflammation. The host and environmental
factors associated with non-response to combination therapy remain to be thoroughly
evaluated.

Esophageal gene expression using microarray analysis and RNA sequencing has been
performed to elucidate molecular signatures associated with response to PP18-11 and TS.12
Likewise, multiple studies using the 16S rRNA-sequencing technique have demonstrated
that esophageal microbial dysbiosis can be associated with the pathogenesis and treatment
response in EOE.13-16 However, little is known about the molecular and commensal
microbial alterations associated with non-response to PP1 and TS combination therapy in
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children with EoE. This represents a critical knowledge gap with significant implications for
advancing our understanding of the pathobiology of EoE and personalizing pharmacological
management of pediatric EoE.

Recent advances in high-throughput sequencing technologies, such as metatranscriptomics,
have enabled a comprehensive analysis of host and non-host gene expression and
microbiome through more extensive sequencing and sophisticated bioinformatic analysis
compared to conventional approaches (such as microarray analysis, RNA sequencing, 16S
rRNA sequencing).1” This technique is uniquely suited for studying the host microbiome
as it allows for species-level identification of micro-organisms and their potential roles

in disease states.18:19 Furthermore, this versatile approach can enhance our ability to
unravel the complex interaction between host cells and microbiome in the pathogenesis

of disease state and treatment response. However, metatranscriptomics has not been applied
to elucidate the host esophageal and microbial associations with a non-response to the
combination therapy in children with EoE.20

To address the knowledge gap, we primarily sought to identify molecular and microbial
differences between children with EoE who responded to combination therapy, those

who did not, and non-EoE controls using metatranscriptomics. The secondary aims were

to validate the differences in gene expression using the EoE diagnostic panel (EDP)

and to determine the differences in the cell type composition between responders and
non-responders. EDP comprises of representative EOE genes and has been validated for
molecular diagnosis of EoE, disease endotyping, and predicting treatment response.10-21 Qur
exploratory aim was to assess the correlation between the esophageal molecular response
and the esophageal microbiome in non-responders. We hypothesized that children with EoE
who were non-responsive to combination therapy would have a distinct esophageal gene
expression profile and microbial community compared to responders and non-EoE controls.

21 METHODS
2.11 Study design

Prospectively collected distal esophageal biopsies and corresponding clinical metadata after
obtaining appropriate informed consent and assent under the auspices of the Vanderbilt
institutional review board approved protocols (# 151341 and 160785) for previously
published studies were analyzed.22:23 Briefly, children 6-18 years old with a previous
diagnosis of EOE or upper gastrointestinal symptoms suggestive of EoE and undergoing
an esophagogastroduodenoscopy (EGD) at Vanderbilt Children's Hospital were enrolled.
During the EGD, 2-3 biopsies, each from the proximal and distal esophagus (4-6 per
participant), were collected for clinical care and submitted for histopathologic assessment
per our institutional protocol. In addition, two distal esophageal biopsies (<5 cm from the
lower esophageal sphincter) were collected for research purposes and stored in RNA later
(Qiagen, catalog number 76154) separately at —80°C. Children with known esophageal
injury or surgery, celiac disease, inflammatory bowel disease, and exposure to antibiotics
and systemic steroids within the past 30 days were excluded to minimize confounding.
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2.2 1 Study groups

Per the 2018 AGREE consensus statement, children with symptoms of esophageal
dysfunction and a PEC of =15 eos/hpf without other causes of esophageal eosinophilia
were diagnosed with EoE.24 Children with EOE and on PPI and TS for at least 12 weeks at
their EGD were classified as non-responders (EoE-PPI-TSnr) if their PEC was 215 eos/hpf.
Participants were considered responders (EOE-PPI-TSr) if their PEC was <15 eos/hpf. In our
institution, as a standard of care, EOE patients are typically initiated on a PP monotherapy,
and TS is added to PPl monotherapy non-responders to treat them with PPI-TS combination
therapy. The treatment response is typically assessed between 12 weeks and 16 weeks in
children with EoE, and post-treatment biopsies were analyzed in this study. The non-EoE
control (controls) group comprised of children who did not have a prior diagnosis of

EOE and did not meet the histologic criteria for EOE. This group included children with
abdominal pain and functional dyspepsia.

2.31 Clinical data collection

Demographic (age at EGD, sex, ethnicity), clinical (weight, indication for EGD, allergic
co-morbidities, PPl and TS exposure and dose, and the number of esophageal biopsies),
endoscopic (esophageal mucosal) abnormalities visualized during EGD and rated per the
validated endoscopic reference score [EREFS],2° and histologic (PEC) information was
gathered from the electronic medical records.

2.41 Metatranscriptomic sequencing of esophageal biopsies

The total RNA from the esophageal biopsies collected for research and stored at —80°C

was extracted.2 1llumina sequencing libraries were made using the NEBNext Ultra Il RNA
Library Prep Kit (NEB #E7775), with human rRNA removal prior to library preparation.2’
The quality of the libraries was assessed using an Agilent Bioanalyzer DNA High Sensitivity
chip. The libraries were then sequenced on an Illumina NovaSeq 6000 platform (S4 flow
cells run) with 2 x 150 base pair reads, with a sequencing depth of ~40 million paired-end
reads per sample (see Data S1 for additional details).

2.51 Statistical analysis

Descriptive statistics were used to characterize the cohort. Continuous variables are
presented as median (interquartile range [IQR]), and frequencies and percentages describe
categorical variables.

To assess host gene expression, we mapped reads identified as originating from human
transcripts to the human genome (hg19) using HISAT2.28 We quantified the read counts

for genomic features using HTseq and combined the feature counts of all samples into a
single matrix using a custom R script.2? Differential expression analysis was performed to
comparing EOE-PPI-TSr, EOE-PPI-TSnr, and control groups using the DESeq2 package.30
Genes with a significant log2 fold change with an adjusted p-value < 0.05 were considered
as differentially expressed. The differentially expressed genes for each group were analyzed
for enrichment of Reactome Human Pathways using Enrichr and regarded as significant
when false discovery rate (FDR) <0.05.3! Further, to substantiate our findings and to
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identify new pathways for investigation. We compared the differentially expressed genes'
directionality with the previously validated EDP.

The individual cell types that contributed to the gene expression patterns in EOE-PPI-TSnr
and EOE-PPI-TSr groups were identified through deconvolution analysis using xCell.32:33
We converted raw gene counts to log counts per million (CPM) with a prior count of

3 using limma (version 3.50.3) and calculated raw enrichment scores, which were then
normalized. To improve accuracy, a beta distribution was used to exclude all cell types not
in the gene count mixture using a threshold of cell types present in at least three samples.
Finally, spillover was calculated with a default alpha of 0.5, and Z-scores demonstrating
enrichment were graphed using a complex heatmap (version 2.10.0).34 A Wilcoxon-signed
rank test with Benjamin—Hochberg correction for multiple testing was performed to assess
the statistical relation between the cell type scores and treatment response status.

For the microbiome analysis, we used microbial reads to profile the composition of
microbial communities at the species level using metagenomics operational taxonomic units
(mOTUs) profiler.3® The differences in relative abundance (proportion) of bacteria of interest
were calculated by using a Kruskal-Wallis test.38 Microbial richness and alpha diversity
metrics were analyzed using the Phyloseq R package version 1.30.0.37 The Shannon and
Chaol diversity indices were calculated from the mOTUs profiler counts in the samples

to assess the alpha diversity of the microbial communities they represent.3> The Wilcoxon
rank sum test assessed the statistical significance of microbial richness and alpha diversity
differences.

Next, we explored the correlation between differentially expressed esophageal genes and
the microbiome. We performed nonparametric Kendall's tau rank correlations between each
microbial species' relative abundance and each differentially expressed gene's normalized
expression level in EOE-PPI-TSnr and EoE-PPI-TSr children (excluding controls). Kendall's
tau correlation accounted for ties caused by heavily zero-inflated microbial abundances.

Finally, we assessed the power of our sample size by performing nonparametric resampling
of the target genes/microbes within the EOE-PPI-TSr and EoE-PPI-TSnr groups. The results
from differential expression/abundance analysis on the resampled data using DESeq?2 for
genes and Kruskal-Wallis tests for microbes were synthesized across 100 resampling
iterations to estimate power.

31 RESULTS

3.1 1 Characteristics of the cohort

Esophageal samples from 23 children were analyzed, including 7 with EOE-PPI-TSnr, 7
with EOE-PPI-TSr, and 9 with controls. The cohort's median age was 14 years19-15 at the
time of EGD, most of whom were White (91%) and male (65%). Expectedly, children

with EoE had a higher burden of atopic co-morbidities than controls, and EoE-PPI-TSnr
children had significantly higher PEC than EOE-PPI-TSr and controls. Interestingly, children
in the EOE-PPI-TSnr group had significantly higher rates of food allergy than those in the
EoE-PPI-TSr group (Table 1).
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3.21 Unique transcriptional changes distinguish non-responders to the combination

therapy

Using gene expression data, the PCA plot distinctly segregated EOE-PPI-TSnr from EoE-
PPI-TSr and controls. In all, 6318 genes were significantly modulated. Of these, 3164 genes
were upregulated, and 3154 were downregulated in EOE-PPI-TSnr children compared to
EOE-PPI-TSr children (Figure 1). Only three genes (CCL22, HLA-DRB5, and MT-CO1)
were downregulated in EOE-PPI-TSr children compared to controls, indicating that the
transcriptional profile of the EOE-PPI-TSr children and controls are substantially similar.

In EOE-PPI-TSnr children, the pathways involved in eosinophilic inflammatory response
such as cytokine signaling, signaling to RAS, assembly of collagen fibrils and other
multimeric structures, extracellular matrix organization, integrin cell surface interactions,
signaling by NTRKSs, signaling by receptor tyrosine kinases and neutrophil degranulation
were notably upregulated compared to EOE-PPI-TSr children. Conversely, expression

of several pathways, including metallothioneins that bind metals, cohesin loading onto
chromatin, the establishment of sister chromatid cohesion, synthesis of PIPs at the late
endosome membrane, defects in cobalamin (B12) metabolism, L13a-mediated translational
silencing of ceruloplasmin expression, antigen processing, and lipid metabolism, were
downregulated in EOE-PPI-TSnr compared to EOE-PPI-TSr children (Figure 2A). Compared
to the EOE-PPI-TSSr group, 150 out of 702 (21%) genes involved in the cytokine

signaling pathway were upregulated (Figure 2B), and 52 out of 108 (48%) genes within

the L13a-mediated translational silencing of ceruloplasmin expression pathway were
downregulated in the EOE-PPI-TSnr group (Figure 2C). Additionally, genes associated with
metallothioneins (MT) such as MT2A, MT1A, MT1M, MT1F, MT1G, MT1H, MT1X,

and MT1E (Figure 2D), alongside serine peptidase inhibitors (SPINK), including SPINKS5,
SPINK7, and SPINKS, and key epithelial barrier genes including desmoglein-1 (DSG1)
were downregulated in EOE-PPI-TSnr children compared to EOE-PPI-TSr children were
downregulated in children with EOE-PPI-TSnr relative to those in the EOE-PPI-TSr group
(Figure 2).

3.31 Gene expression profile in non-responders is validated by the EDP

We validated gene expression changes observed in our EOE-PPI-TSnr children with the
validated EDP panel. The EDP panel consists of 96 genes, of which 77 genes are
modulated (50 genes were upregulated and 27 genes were downregulated), and there is

no change in the expression of 19 genes quantified using PCR. We found that 56% (43

of 77) genes were differentially expressed in the EOE-PPI-TSnr children compared to the
EOE-PPI-TSr overlapped with the genes modulated in the EDP panel. Of these, 20 genes
were upregulated in our cohort of EOE-PPI-TSnr children, and the same genes were also
upregulated in the EDP panel. Likewise, 23 genes downregulated in our cohort of EOE-PPI-
TSnr children were also as downregulated in the EDP panel. Importantly, the directionality
of gene modulation in the EOE-PPI-TSnr children perfectly correlated with EDP panel
gene expression annotations. Similarly, we validated the differentially expressed in the
EOE-PPI-TSnr compared to healthy controls. We observed that 52% (40 of 77) of genes
differentially expressed in EOE-PPI-TSnr overlapped with the EDP panel. Of these, 21 genes
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were upregulated and 19 genes downregulated, and the directionality of gene modulation
perfectly correlated with EDP panel gene expression annotations (Figure 3).

3.41 Cell type composition is distinct in non-responders to combination therapy

Deconvolution analysis revealed that cell type composition was significantly different in

the EOE-PPI-TSnr group compared to EOE-PPI-TSr and control groups. Specifically, the
eosinophils, dendritic cells (DC), immature DCs, megakaryocytic-erythroid progenitors,
chondrocytes, mast cells and T helper type 1 cell were significantly higher in EOE-PPI-TSnr
children compared to EOE-PPI-TSr and control groups (Figure 4). Given the high relevance
of mast cells in the pathophysiology of EoE, we validated mast cell density (CD117) per
high power field (40x) on the clinical biopsies. We found that esophageal samples from
children with EoE-PPI-TSnr had a significantly higher density of CD117 stained cells
compared to EOE-PPI-TSr and controls (Data S1).

3.51 Esophageal microbiome can be differentially altered in non-responders to
combination therapy

Hemophilus sp., Cutibacterium acnes, and Prevotella sp. were the dominant members of the
esophageal microbiome in all three groups. We observed no significant differences in the
species diversity index (a-diversity) and overall community composition as measured by f-
diversity metrics (Figure 5A,B). However, the differences in the abundance of Acinetobacter
sp., Fusobacterium sp., and Prevotella sp. between groups were observed. Acinetobacter sp.
was notably abundant in EOE-PPI-TSnr (average relative abundance of 27%) compared to
the EOE-PPI-TSr children and controls (both at zero presence). However, this difference

in abundance did not achieve statistical significance (o= 0.1751, Kruskal-Wallis test). On
the other hand, the relative abundance of Fusobacterium sp. was significantly higher in the
EOE-PPI-TSr group (27%) compared to the controls (2.5%) and the EOE-PPI-TSnr group
(0%), p-value of 0.049 (Figure 5C).

3.6 1 Relationship between differentially expressed esophageal genes and microbiome
and EoOE activity indices

Finally, we explored the associations between esophageal gene expression and the
esophageal microbiome among EoE-PPI-TSnr and EoE-PPI-TSr patients. As such, the
identified microbe-gene associations are in concordance with and likely reflect the
differences between the two groups. We found a positive correlation between Acinetobacter
abundance and cytokine and interleukin signaling. Specifically, cytokines and interleukins
such as interleukin (IL)-13, IL5RA, CXCL1, CCL26 and CXCLS6 and genes involved in the
inflammation process, including CBP, ALOX15, HRH1, and TNFAIP6 were upregulated

in samples with a higher Acinetobacter sp abundance. Conversely, the expression of

genes involved in epithelial barrier function, such as DSG1 and filaggrin (FLG) were
negatively correlated with Acinetobacter abundance. We also observed a negative correlation
in the abundance of Fusobacterium sp. and the expression of 1L-13, IL5RA, CXCL1,
CCL26, CXCLS6, and genes associated with inflammation, including CBP, ALOX15, HRH1,
and TNFAIP6 (Figure 6). There was a positive association between Acinetobacter and
EREFS score (p-value: 0.014, padj: 0.23). Among the bacteria of interest, Acinetobacter
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positively associated with the PEC; however, the adjusted p-value did not achieve statistical
significance (p= 0.086).

3.71 Power analysis

For gene expression, we selected representative genes upregulated in EoE-PPI-TSnr
compared to EOE-PPI-TSr. These have log2 fold changes of 0.87, 1.07, and 3.15,
corresponding to the first, second, and third quartiles of all significant genes' log2 fold
changes. After correcting for multiple tests, our sample size had >94% power to detect a
log2 fold change of =1.07. This ensured the reliability of our gene expression findings.

On the other hand, we selected Acinetobacter, Prevotella (both enriched in EoE-PPI-TSnr),
and Fusobacterium (depleted in EOE-PPI-TSnr) and found that we had inadequate power to
detect changes in the esophageal microbiome. These power analysis results agreed with our
empirical findings (Data S1).

41 DISCUSSION

PPl and TS remain the mainstay of the pharmacological approach to managing children
with EoE. However, treatment non-response poses a significant challenge. This study used
metatranscriptomics to investigate the association between esophageal gene expression and
microbiota and the response to PPl and TS combination therapy. We observed that the
transcriptional profiles of EOE-PPI-TSr and controls clustered together, suggesting that
combination therapy normalizes gene expression in responders. In contrast, we found that
the prevalence of food allergy was higher in EOE-PPI-TSnr and the pathways involved

in the eosinophilic inflammatory response, cytokine signaling, and extracellular matrix
organization were significantly upregulated in EOE-PPI-TSnr. This is consistent with our
current understanding that potential immunologic mechanisms, including IL-4 and IL-13
signaling pathways are central in sustaining eosinophilic inflammation in EoE.38:39

Dupilumab is a monoclonal antibody directed against IL-4 receptor alpha, a receptor
involved in signaling pathways for both IL-4 and IL-13 known to promote eosinophil
recruitment, fibroblast proliferation, and B-cell class switching to IgE production, and was
recently approved by the United States Food and Drug Administration for use in children
(=1 year and weighing =15 kg) with EoE.#041 Many unanswered questions exist about the
position of this biologic in routine clinical practice. Our observations about the upregulated
eosinophilic inflammatory pathways in EOE-PPI-TSnr provide an immunopathologic basis
for using Dupilumab as a therapeutic option for those who failed to respond to combination
therapy. However, it is important to note that the patient characteristics, clinical presentation,
caregivers, and healthcare providers' preferences could substantially influence the initiation
of Dupilumab therapy in a pediatric EOE patient.

Next, we found that the several MT genes (MT2A, MT1A, MT1M, MT1F, MT1G, MT1H,
MT1X, and MT1E) were significantly decreased in EOE-PPI-TSnr children compared

to EOE-PPI-TSr children. MTs are cysteine-rich cytosolic proteins that regulate cell
differentiation and proliferation.#2 The MT genes are key in modulating innate and adaptive
immunologic responses by acting as regulators of zinc metabolism and protecting cells
against oxidative stress, and can be induced by PPIs.11 The diminished expression of
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MT genes in EOE-PPI-TSnr is likely due to the undifferentiated esophageal epithelial

cell subpopulations, which can be seen in inflammatory states and inadequate response

to PP1s.43 These genes hold potential as a biomarker for predicting response to combination
therapy and could provide novel insights into the mechanisms underlying non-response in
children with EoE.

Novel to our study is the identification of L13a-mediated translational silencing of the
ceruloplasmin expression pathway being downregulated in EOE-PPI-TSnr compared to EoE-
PPI-TSr. While the L13a-mediated translational silencing pathway is primarily associated
with regulating copper homeostasis, it can also play a pivotal role in modulating allergic
inflammation.#4 LL13a can bind to the mRNA of pro-inflammatory cytokines such as

IL-5, which activates and recruits eosinophils and immune cells associated with allergic
inflammation. By inhibiting the translation of IL-5, L13a may be involved in modulating
reciprocal changes in its downstream targets, such as overexpression of pro-inflammatory
cytokine pathways known to contribute to eosinophilic inflammation and regulation of the
translation of other genes involved in epithelial barrier integrity and adhesion molecules
such as SPINK and DSG1.4546 Based on our data, L13-a mediated translational silencing of
ceruloplasmin holds potential as a novel therapeutic target to manage EoE.

Deconvolution analysis added depth and granularity to our observations by allowing us to
characterize the cellular composition and heterogeneity across the study groups. Specifically,
it allowed us to infer that the composition of the esophageal cell type is distinct in
EoE-PPI-TSnr children and may contribute to the observed transcriptional profiles. The
higher levels of eosinophils, DCs, and immature DCs in EOE-PPI-TSnr children reflect
ongoing inflammation and immune dysregulation in this subset of patients. Additionally,

the higher levels of megakaryocytic-erythroid progenitors, which give rise to megakaryocyte
and erythroid lineages, and T helper type 1 cells involved in the immune response against
pathogens warrant further investigation. A more focused approach, such as single cell-

RNA sequencing, might allow us to confirm these differences and overcome some of the
limitations of deconvolution analysis by providing high-resolution insights into cell-to-cell
heterogeneity, characterization of different cell states, and unbiased exploration of cell
populations.

With growing interest in host-microbiome interactions in the pathogenesis and management
of EoE, we explored how the esophageal microbiome might influence the esophageal
epithelial gene expression concerning the treatment response. We found a positive
correlation between Acinetobacter abundance and the upregulation of genes involved in
cytokine and interleukin signaling pathways, including IL-13, IL5RA, CXCL1, CCL26, and
CXCLS6. In contrast, there was a negative correlation between Acinetobacter abundance and
genes involved in epithelial barrier function, such as DSG1 and FLG. This suggests that
Acinetobacter may play a role in influencing the response to combination therapy in children
with EoE. Animal model studies are being planned to investigate how the microbiome
(including Acinetobacter) influences the dysregulated pathways observed in EOE-PPI-TSnr.

There are limitations to our study. This single-center study was conducted in the pediatric
population, so the results may not be more generalizable to adults with EOE. A majority
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of children with EoE presenting to our referral center are already on a PPI, TS, or a
combination therapy. This limited our ability to collect and analyze pre- and post-PI-TS
combination therapy esophageal samples. As such, it was beyond the scope of this study

to determine if the non-response was due to primary or secondary resistance and if the
L13a pathway is differentially expressed at baseline or is a feature of lack of treatment
response in children with EOE-PPI-TSnr. Likewise, microbiome alterations may have existed
prior to treatment initiation, and the temporal relationship between microbiome composition
and treatment response needs to be studied further. While our study had sufficient power

to identify critical differences in esophageal gene expression between the EOE-PPI-TSnr
and the EOE-PPI-TSr groups, it was not powered to detect more moderate gene expression
changes, such as that expected between the EOE-PPI-TSr and the control group and in

the esophageal microbiome with statistical significance. A multi-center, prospectively study
with optimal sample size and pre- and post-treatment esophageal samples from the same
subject would enable us to overcome these limitations and also study the impact of other
biological variables (such as age, gender, and ethnicity) on the response to combination
therapy. We used distal esophageal samples, which may not reflect an individual's global
changes in the esophagus. However, it has been previously demonstrated that EDP analysis
of the distal esophagus assesses spatial inflammation along the length of the esophagus.*’
Lastly, removing host ribosomal RNA from the tissue samples poses a significant challenge
with metatranscriptomics to capture microbial signatures from tissue samples precisely.
Although our protocol allowed us to capture microbial transcripts successfully, further
optimization may be required to capture the complete transcriptome of the microbial
community to assess their functional capabilities.

Despite these limitations, our study has several strengths. We used the most recent
guidelines to define EoE and the widely accepted threshold to define treatment response,
thereby increasing the reproducibility of our study. This is the first study to use
metatranscriptomics to investigate molecular mechanisms and microbial changes associated
with response to combination therapy in children with EoE. We report two original
observations, including identifying L13-a translational silencing of the ceruloplasmin
expression pathway and unique cell composition in EOE-PPI-TSnr children. We observed

a positive correlation of Acinetobacter abundance with 1L-13, IL5RA, CXCL1, CCL26,
and CXCL6 gene expression. The functional relevance of these interactions requires further
investigation.

In conclusion, this study provides novel insights into the immunaobiology of EoE and
highlights the underlying molecular mechanisms and microbial changes in non-responders
to combination therapy. It also identifies MT genes as potential biomarkers predicting
response to combination therapy and the L13a-mediated translational silencing pathway as
a novel therapeutic target for managing EoE. The study also suggests that Acinetobacter
may have a role in treatment response. These findings provide valuable information to
foster future research on EoE pathogenesis and treatment, leading to informed clinical
decision-making, personalized care, and identifying novel therapeutic targets.
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Clinical Implications

Non-response to pharmacologic therapy in children with eosinophilic
esophagitis (EOE) poses a significant burden and is associated with persistent
symptoms and impaired quality of life, psychological impact, and disease
progression.

Using metatranscriptomics, this study identifies dysregulated genes and
pathways in the esophageal tissue in non-responders to the proton-pump
inhibitors (PPI) and topical steroids (TS) (combination therapy). It provides
invaluable insights into the underlying molecular mechanisms of non-
responsiveness to combination therapy in children with EoE. The high
concordance between dysregulated genes in non-responders and the EoE
diagnostic panel (EDP) suggests the potential utility of the EDP in predicting
treatment response.

Differences in esophageal cell type composition, such as increased levels
of eosinophils, dendritic cells, and T helper type 1 cells in non-responders,
maybe a potential biomarker for predicting response to combination therapy.

The association between the abundance of Fusobacterium sp., Acinetobacter
sp., and inflammatory signaling pathways, as well as epithelial barrier
dysfunction, highlights the role of microbial factors in treatment response
and suggests targeting the microbiome for improved therapeutic outcomes in
children with EoE.
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FIGURE 1.
Esophagus tissue transcriptome. (A) PCA plot depicting the EOE-PPI-TSr, EOE-PPI-TSnr,

and Control groups. (B) Volcano plot illustrating significantly modulated genes, including
upregulated genes 3164 (red) and downregulated genes 3154 (blue) in EOE-PPI-TSnr
children compared to EoE-PPI-TSr children, with thresholds set at log, (FC) of -1 and

1 (x-axis) and —log1o(FDR) = 0.05 (y~axis).
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I EoE-PPI-TSr
EoE-PPI-TSnr

—
=

Signaling pathways that are modulated in EOE-PPI-TSnr compared to EOE-PPI-TSr. (A)
Reactome human pathways from the differential gene expression analysis. Upregulated
pathways are shown in red, and downregulated pathways are shown in blue. On the y~axis,
the pathway name and the total number of genes in each pathway are displayed. On the
x-axis is displayed the percentage of genes in each pathway that are up- or downregulated:;
only a subset of significant pathway enrichment with g < 0.05 is shown. (B) The heat map
was generated using normalized counts to highlight expression trends of genes that are
significantly upregulated in EOE-PPI-TSnr compared to EOE-PPI-TSr, specifically within the
cytokine signaling pathways. (C) The heat map was generated using hormalized counts to
highlight expression trends of genes that are significantly downregulated in EOE-PPI-TSnr
compared to EoE-PPI-TSr, specifically within the iL13a-mediated translational silencing of
the Ceruloplasmin expression pathway. (D) Plot showing the reactome metallothioneins bind
metals pathway genes significantly downregulated in the EOE-PPI-TSnr compared with the
EOE-PPI-TSr group. On the x-axis is displayed the g-value for the downregulated genes with
g < 0.05. On the y~axis, the log2 fold change for those genes is displayed. The size of the
dots represents the base mean, the mean of normalized counts of all samples.
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FIGURE 3.
(A) Heatmap showing the expression profile of genes in our cohort of EOE-PPI-TSnr,

EoE-PPI-TSr, and controls which are included in the EoE diagnostic panel (EDP). (B) Venn
diagram illustrating total number of differentially expressed genes in EOE-PPI-TSnr versus
EOE-PPI-TSr and their overlap with the differentially expressed genes in the EDP panel (77
genes).
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Species
Undlassified

B eitonelia_sp.
Streptococcus_sp.

B staphyiococcus_sp.
Staphylococcaceae_sp.

B Rothia_mucilaginosa
Proteobacteria_sp.

B Propionibacterium_humerusii
Prevotella_sp.

I Porphyromonadaceae_species
Neisseria_sp.

B Voraxella_catarrhalis

I Lawsonella_clevelandensis

B Haemophilus_sp.

B Fusobacterium_sp.

B permacoccus_nishinomiyaensis

I cutibacterium_acnes

B Acinetobacter_sp.

Esophagus microbiome diversity and abundance. (A) The esophagus microbiome alpha
diversity and richness were compared between EOE-PPI-TSnr, EOE-PPI-TSr, and control
group. (B) A principal coordinate analysis plot of Bray—Curtis dissimilarities (beta-diversity)
over the first two-axis is shown. Dots represent individual data points, and the color
represents sample groups. The microbiome community composition was not significantly
dissimilar among the EOE-PPI-TSnr, EOE-PPI-TSr, and control groups. (C) A color-coded
bar plot showing the relative abundance of the microbiome at the species level. The samples
are portioned into EoE-PPI-TSnr, EOE-PPI-TSr, and control groups.
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FIGURE 6.
Heatmap illustrating the relationship between microbial abundance and the differentially

expressed genes in EOE-PPI-TSnr (compared to EOE-PPI-TSr) included in the EDP. Using
EOE-PPI-TSr and EoE-PPI-TSnr (excluding controls) samples, we calculated nonparametric
Kendall's tau rank correlations between each microbial species' relative abundance and

DE gene's normalized expression level. Microbe-gene correlation coefficients are then
visualized through heatmap along with hierarchical clustering, from which we observed
distinct correlation patterns between groups of microbial species and DE genes.
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