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Purpose: This study aimed to investigate gene expression profiles, identify potential hub genes, and predict drugs for patients with
erosive esophagitis (EE). Despite its clinical significance, molecular-level exploration of this condition has been limited.

Patients and Methods: RNA sequencing was performed on clinical biopsy samples from eight EE patients and eight healthy
controls. Integrated bioinformatic tools were then utilized to analyze the data, including functional enrichment analysis, protein-protein
interaction network analysis, weighted gene co-expression network analysis, immune infiltration analysis, and identification of small-
molecule compounds. Additionally, the expressions of the identified hub genes were assessed in clinical samples.

Results: A total of 2801 genes with differential expression were identified, including four potential hub genes: SOX9, SPP1, TIMP1,
and TLR4. Moreover, the overexpression of these hub genes was verified in clinical samples. Analysis of Immune infiltration indicated
an imbalance in the distribution of immune cell types in patients with EE. Correlation analysis between immune cells and hub genes
unveiled noteworthy relationships. Specifically, SOX9 exhibited a negative correlation with CD8 T cells but a positive correlation with
resting memory CD4 T cells. SPP1 displayed a positive correlation with naive B cells, while TIMP1 exhibited a negative correlation
with resting dendritic cells. Furthermore, the study identified ten small-molecule drugs with potential therapeutic effects for EE,
including loreclezole and mercaptopurine.

Conclusion: This study provides valuable insights into the molecular understanding of EE, offering new perspectives on disease
mechanisms. The findings may inspire further research leading to the development of novel treatment strategies for EE.
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Introduction
Gastroesophageal reflux disease (GERD) is widely considered the most prevalent digestive disorder among adults, posing
a significant public health issue.'” Patients with GERD commonly manifest symptoms such as distressing heartburn,
effortless regurgitation, and additional complications, causing challenges in clinical management.> A recent systematic
review of nearly one hundred studies revealed its worldwide average prevalence of 13.3%.* GERD has two primary
subtypes, non-erosive reflux disease (NERD) and erosive esophagitis (EE), mainly based on the presence or absence of
macroscopic erosions.” By performing endoscopy, clinicians can diagnose GERD patients with esophageal mucosal
breaks or ulcerations as having EE and grade its severity from A (mild) to D (severe) according to the Los Angeles (LA)
classification system.®’

The understanding of the pathogenesis of GERD has undergone a significant transformation from a conventional
“top-down” model to the later “bottom-up” concept, commonly referred to as the “cytokine sizzle”.®’ The theory of
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cytokine-driven mucosal injury suggests that cytokine secretion triggered by reflux sets in motion the development of
esophagitis.” The esophageal mucosa acts as the first defense against the noxious refluxate, playing a pivotal role in the
pathogenesis of GERD. Recent advances in exploring how the aggressive components of the refluxate lead to mucosal
inflammation have contributed to the current integrated view of pathogenesis of GERD mucosa, which includes changes
in the permeability of the esophageal epithelial barrier, activation of nociceptive nerves, and inflammation mediated by
cytokines.’

Heterogeneity of reflux components and causal factors can affect symptom perception and treatment efficacy of EE.’
Molecular analysis at the mucosal level may provide a better explanation for the differences in disease symptoms and
treatment response.’ Pathophysiological mechanisms underlying GERD are still poorly understood. Although our recent
study identified the transcriptomic signature of NERD,'® gene expression signatures of EE remain elusive.

This study involved RNA sequencing and comprehensive transcriptional analysis performed on treatment-naive
individuals with EE. The primary objectives of this study were to identify and validate hub genes, investigate immune
cell infiltration, and predict potential drug candidates for the treatment of EE. Hub genes were determined using weighted
gene co-expression network analysis (WGCNA) and protein-protein interaction (PPI) network analysis. Subsequent
validation was performed using samples from EE patients and rat experimental models. Additionally, an extensive
analysis of immune cell infiltration in EE was conducted, and for the first time, Connectivity Map (CMap) analysis was
applied to predict small-molecule compounds for EE treatment. The findings of this study offer valuable insights into the
pathogenesis of EE and present potential therapeutic approaches.

Materials and Methods

Biopsy Specimens

Eight consecutive patients with EE and eight healthy controls (HCs) were recruited for this study. All participants,
including both healthy volunteers and those with symptoms suggestive of GERD, agreed to undergo 24-hour (24-h)
multiple intraluminal impedance-pH (MII-pH) monitoring and endoscopy consecutively. EE was defined as having
abnormal 24-h MII-pH parameters and the presence of EE. Patients with lower grades of esophagitis (LA grades A or B)
were excluded, while those with LA grades C or D were included. HCs were defined as individuals with negative pH-
impedance investigations and no esophageal mucosal lesions. Tissue samples from EE patients and HCs were obtained
from Ruijin Hospital, affiliated with Shanghai Jiao Tong University. All participants enrolled, both HCs and EE patients,
had not received any antisecretory or prokinetic therapy prior to the study. The samples were taken from macroscopically
intact esophageal mucosa near the mucosal breaks, approximately 5 cm away from the squamocolumnar junction.
Informed consent was obtained from all participants, and the study protocol was approved by Ruijin Hospital ethics
committee in accordance with the Declaration of Helsinki.

Transcriptome Sequencing

Biopsies from eight patients with EE and eight HC volunteers were collected and then immersed in RNAlater solution
(Ambion, TX, USA). The RNA extraction, library creation, and sequencing analysis were performed by Novogene
(Beijing, China). RNA integrity and library quality were assessed using a Bioanalyzer 2100 machine (Agilent
Technologies, CA, USA). For sequencing, an illumine NovaSeq6000 platform (Illumina, CA, USA) was utilized.

Differential Analysis and WGCNA

We conducted differential analysis and WGCNA by following the methodologies outlined in our previously published
article.'® The read counts normalization and analysis of differentially expressed genes (DEGs) was performed using
DESeq2. The principal component analysis (PCA) was conducted to elucidate the comparability between samples. The
thresholds for significant differential expression were defined as adjusted P- value < 0.05 and absolute fold change (FC) >
2. The WGCNA was recruited to determine the relative significance and module membership of mRNAs.'" The minimal
number of module genes was determined to be 30. The H-clust tool in R was used to construct the network heatmap
graphic of co-expression modules.
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Gene Ontology (GO) and Pathway Enrichment Analysis
ClueGO (version 2.5.7), a plugin of Cytoscape, was employed to visualize the results of GO analysis for the biological
process (BP), cellular component (CC), and molecular function (MF)."? The web tool Metascape (http://metascape.org)

was used to perform the pathway enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG)."?

PPl Network Construction and Hub Gene Extraction
The STRING database (http://string-db.org/) was utilized to construct the PPI network for the DEGs.'* To identify the
hub genes within the DEGs PPI network, the CytoHubba plugin from Cytoscape software (version 3.8.2) was

employed.’> Hub genes that were present in both the PPI network and the WGCNA network were extracted using
a Venn diagram.

Gene Set Enrichment Analysis (GSEA)

We utilized GSEA (www.broadinstitute.org/gsea) to identify enriched functions and pathways from the curated gene sets

(C2: canonical pathways) in the Molecular Signature Database, consistent with our prior research.

Establishment of Rat Models of Reflux Esophagitis

Six-week-old Sprague-Dawley male rats were procured from the Shanghai branch of Beijing Vital River Laboratory
Animal Technology Co., Ltd. The breeding and surgical procedures for the experimental animals were carried out within
the barrier environment of the Animal Experiment Center, located at Ruijin Hospital. All animal studies were approved
by Animal Ethic Committee of Ruijin Hospital. The rats underwent solid food restriction one day prior to and following
the surgery. The surgical procedure of esophagoduodenostomy anastomosis was performed on ten rats through an upper
midline incision, as described in previously published studies.'® Additionally, a control group consisting of ten rats
underwent a sham surgery. Esophageal tissue samples from both groups were stained with hematoxylin and eosin (H&E)
for histological examination to assess the effectiveness of the model.

Validation Analysis of RNA Sequencing in Clinical Samples and Rat Models

Total RNA was extracted from biopsy samples and established rat models for quantitative reverse transcription polymerase
chain reaction (qQRT-PCR) analysis using TRIzol reagent (Invitrogen, CA, USA). The mRNA levels were then analyzed using
SYBR Green Master Mix (Yeasen, Shanghai, China), with -Actin serving as the internal control. The primer sequences
utilized in this study are listed in Table S1. To evaluate the discriminative ability of putative hub genes in distinguishing
between patients with EE and healthy controls (HCs), receiver operating characteristic (ROC) curves were generated using the
R program (pROC). qPCR detection and ROC analysis were performed on biopsy tissue samples from twenty cases in the EE
group and twenty cases in the HC group. Additionally, qPCR validation was conducted on rat model tissues using ten cases
from the modeling group and ten cases from the sham operation group. Furthermore, the expressions of hub genes in clinical
samples were assayed by immunohistochemistry (IHC). The antibody information used in IHC is as follow: Anti-SOX9
antibody (ab185966, Abcam, USA), Anti-SPP1 antibody (22952-1-AP, Proteintech, China), Anti-TIMP1 antibody
(ab216432, Abcam, USA) and Anti-TLR4 antibody (ab22048, Abcam, USA).

Immune Infiltration Analysis
To evaluate the expression of immune genes in EE, we initially obtained a set of 2483 immune-related genes from the
IMMPORT database (http://www.immport.org/home)."” Subsequently, by intersecting these genes with our DEGs data,

we identified a total of 305 up-regulated immune-related genes. From these, we selected the top 20 genes with the highest
log2 FC for further analysis. The expression data was then normalized using the “Limma” R package. Next, we utilized
the CIBERSORT algorithm to assess the infiltration profile of immune cells between EE and HC samples.'® For this
analysis, we obtained the reference signature matrix “LM22” from the CIBERSORT website (http://CIBERSORT.
stanford.edu/), which contains genetic information for 22 major immune cell subtypes. Finally, we conducted correlation
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analysis between our 4 hub genes and the relevant immune characteristics, based on the results of immune cell infiltration

LEINNT3

analysis. All the aforementioned results were visualized using the R packages “corrplot”, “pheatmap”, and “ggplot2”.

Drug Prediction

To identify potential drugs effective against EE, we utilized the Broad Institute’s CMap, an innovative online tool capable
of identifying chemical compounds that target specific gene expression signatures.'” By comparing the selected genes
with the integrated data in the tool, potential drug candidates could be predicted based on their ability to modify gene
expression. The genes in the WGCNA turquoise module were sorted in descending order by log2 FC, and 100 genes
containing the four hub genes were selected for CMap analysis. Compounds with a negative connectivity score were
considered effective for EE. The SwissTargetPrediction web tool (http://www.swisstargetprediction.ch/) was used to

determine the macromolecular targets of the compounds. 3D molecular models of potential drugs were retrieved from
PubChem (https://pubchem.ncbi.nlm.nih.gov/), while the 2D structural information was obtained from PDB (https://
www.rcsb.org/) and transformed into 3D profiles using Chem3D (version 21.0). For further molecular docking analysis
and visualization of results, we utilized AutoDock (version 4.2.6), AutoDock Vina (version 1.1.2), and PyMol (version

2.5). Furthermore, the ADMET descriptors algorithm protocol was employed to measure the ADMET properties
(absorption, distribution, metabolism, excretion, and toxicity) of the drugs. This assessment plays a crucial role in
evaluating the drugs’ overall suitability for further development and their potential for clinical utilization (https://biosig.
lab.uqg.edu.au/pkesm/). >’

Statistical Analyses

The qRT-PCR data were reported as the mean+standard deviation. The statistical significance of differences was assessed
using the non-parametric Mann Whitney U-test and the Student’s #-test (for normal distribution). In addition, other
statistical analyses in this study were conducted using R studio software and the mentioned bioinformatical tools.

Results
RNA-Seq Data Processing

Biopsy samples were obtained from a total of eight patients with EE and eight HC volunteers for the purpose of RNA
sequencing. The demographic and clinical characteristics of these patients are provided in Table S2. The resulting
sequencing data set has been deposited into the Gene Expression Omnibus (GEO) under the accession number
GSE190027. A visual representation of the study’s design can be found in Figure S1.

Differential Expressed Genes

The gene profiles of the two groups exhibited significant differences as revealed by the PCA analysis of the RNA-seq
data (Figure l1a). The EE and HC groups exhibited a total of 2801 DEGs, with 2102 genes upregulated and 699 genes
downregulated. Figure 1b depicts a volcano plot illustrating the distribution of gene expression based on the log2 FC
and — log10 adjusted P-value for all genes. The heatmap in Figure lc¢ displays all the DEGs.

Functional Enrichment Analysis and GSEA

GO analysis was conducted to investigate the biological functions of the DEGs, and the top terms of BP, CC, and MF are
depicted in Figure 2a—c. The BP analysis revealed significant associations of the DEGs with complement activation,
morphogenesis of branching structures, and appendage morphogenesis. The major CC terms were immunoglobulin
complexes, extracellular matrix, and blood microparticles. Regarding MF, the DEGs were enriched in integrin binding,
glycosaminoglycan binding, and peptide receptor activity. Notably, immune-related BP terms such as adaptive immune
response, regulation of leukocyte activation, and leukocyte-mediated immunity were prominently identified. KEGG
pathway analysis indicated that the DEGs were mainly enriched in protein digestion and absorption, neuroactive ligand-
receptor interaction, and complement and coagulation cascades (Figure 2d).
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Figure | Analysis of RNA sequencing data. (a) Principal component analysis (PCA) of sequencing data generated from biopsies of eight patients with erosive esophagitis (EE)
and eight healthy controls (HCs). (b) The distribution of differentially expressed genes (DEGs) is presented in a volcano plot, which provides an overview of their expression
patterns. Upregulated genes are shown as red dots, while downregulated genes are represented as blue dots. (c) DEGs retrieved from sequencing data are illustrated in the
clustered heatmap. Red in the heatmap denotes upregulation, while green denotes downregulation.

The results of GSEA revealed distinct gene enrichment patterns between the EE and HC groups. Specifically, we
found that genes that were highly expressed in EE group were enriched in several pathways, including the IL-18
signaling pathway, chemokine signaling pathway, leukocyte transendothelial migration, and cytokine-cytokine receptor
interaction (Figure 2e¢). These pathways are known to play crucial roles in immune responses and inflammatory
processes. On the other hand, the genes that were found to be lowly expressed in the EE group were specifically
enriched in mitochondria-related pathways. This suggests the presence of oxidative stress damage and mitochondrial
dysfunction in the EE group. This finding aligns with a previous report that demonstrated the importance of oxidor-
eductase activity, mitochondrial biogenesis, and adenosine triphosphate biogenesis in maintaining barrier function
through the regulation of energy-dependent tight junctions (Figure 2f).'®

Overall, these results shed light on the molecular mechanisms underlying the effects of EE on gene expression and
cellular pathways. The enrichment of genes in specific signaling pathways suggests the involvement of immune and
inflammatory processes in the response to EE, while the mitochondrial dysfunction provides insights into the potential

impact on cellular energy metabolism and barrier function.

Modules of WGCNA

A total of 31377 genes obtained from the sequencing analysis results were analyzed using WGCNA. Hierarchical
clustering analysis did not identify any outlier samples (Figure 3a). The correlation coefficient was 0.82, and we set f =2
as the optimal soft-thresholding power (Figure 3b). The hierarchical clustering tree displayed 25 distinct modules
(Figure 3c). The module-trait relationships indicated that the turquoise (r = - 0.95, p = 2¢-08), brown (r = - 0.77, p =
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5e-04), and royal blue (r = - 0.77, p = 5¢-04) modules exhibited the strongest correlations with the histological results
(Figure 3d). A heatmap plot displays the clustering dendrogram of all selected genes (Figure 3e). Figure 3f depicts the
hierarchical clustering dendrogram and eigengene adjacency heatmap, illustrating the connections between coexpression
modules and the trait weight. The Median Rank statistics and the Preservation Zsummary statistics of each module are
displayed in Figure 4a and b. Among the three most correlated modules (turquoise, brown, and royal blue), the turquoise
module, which had a medium statistic median rank (Figure 4a) and maximum Zsummary preservation (Figure 4b), was
identified as the key module.

PPl Network Analysis and Hub Gene Identification

We constructed a PPI network using 1824 nodes and 13591 edges that were derived from the protein-coding DEGs to
identify the key genes associated with EE (Figure S2). Subsequently, the interactive relationships were incorporated into
Cytoscape plugins. By utilizing the Degree algorithm of CytoHubba plugin, we identified the top 18 genes, which included
TNF, MMP9, IL10, BMP4, CXCLS8, COL1A1, TLR4, IGF1, MMP2, PPAGR, SOX9, SPP1, SHH, BMP2, NCAMI,
TIMP1, ITGB3, and APP (Figure 4c). Using a Venn plot, we determined that four hub genes (SOX9, SPP1, TIMP1, and
TLR4) were shared by the turquoise module and analyzed the results obtained from CytoHubba (Figure 4d). We visualized
the expression levels of these four genes in the initial RNA sequencing analysis using a heatmap (Figure 4¢).

Validation of Hub Genes in Clinical Samples and Rat Models

The qRT-PCR results using RNA extracted from clinical samples provided evidence of significant expression of all four
hub genes in the EE group, which aligned with the findings from RNA sequencing analysis (Figure 4e and 5a).
Furthermore, ROC analysis based on the qRT-PCR results demonstrated that the mRNA levels of these hub genes
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Figure 4 Identification of hub genes. (a) The median rank statistics of each module indicate that a module with a lower median rank demonstrates higher observed
preservation statistics compared to a module with a higher median rank. (b) The preservation Zsummary statistics of each module reveal that the module with the relatively
higher preservation statistics Zsummary and the relatively lower preservation statistics medianRank was identified as the key module. (c) The top 18 hub genes using
Cytoscape based on the protein-protein interaction (PPI) network. The color indicates the score calculated by Degree algorithm of CytoHubba plugin, with higher scores
appearing more red and lower scores appearing more yellow. (d) Venn diagram depicting overlapping genes in the DEG-PPI Network and WGCNA. (e) Hub genes are
illustrated in the clustered heatmap. Red in the heatmap denotes upregulation, while blue denotes downregulation.
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Figure 5 Validation of hub genes in clinical samples. (a) Quantitative reverse transcription polymerase chain reaction assessment of hub genes. n = 20 per group. Data were
presented as mean * standard deviation. The statistical significance of differences was assessed using the Mann Whitney test (*p < 0.05). (b) Receiver operating characteristic

(ROC) curve analyses of hub genes. Abbreviations: AUC, area under the ROC curve. An AUC of 0.9-1.0 is considered to indicate excellent discrimination. (c)
Immunohistochemistry staining of hub genes. Scale bar, 50 pm.

held significant diagnostic value for EE (Figure 5b). IHC experiments further validated the differences in protein
expression levels of the hub genes in the clinical specimens (Figure 5c).

To induce mixed reflux, surgical rat models were created following the methodology outlined in the previous study
[20]. Figure 6a displays tissue pictures of esophagus, stomach, and proximal duodenum, as well as H&E staining from
the different groups of rats. Histological staining of the reflux groups revealed characteristic manifestations of esopha-
gitis, such as thickening of the basal layer of the mucosa and elongation of papillae. After successfully establishing the
reflux rat model, total RNA was extracted from the esophageal mucosa. All the four hub genes showed significantly
increased expression in the reflux group (Figure 6b).
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anastomosis site. Scale bar, 50 um. (b) Quantitative reverse transcription polymerase chain reaction assessment of hub genes. n = 10 per group. Data were presented as
mean * standard deviation. The statistical significance of differences was assessed using the two-tailed Student’s t-test (*p < 0.05).

Immune Infiltration Analysis in EE

To explore the immune aspects of EE and facilitate the development of targeted treatment approaches, we conducted an
investigation into the immune features of this disease. We collected a total of 2483 immune-related genes from the
IMMPORT database and identified 305 of them that exhibited up-regulation in EE after intersecting with our DEGs data
(Figure 7a). Furthermore, we ranked these 305 genes in descending order based on their log2 FC and selected the top 20
genes for further analysis. Notably, significant differences in the expression of immune-related genes were observed
between the EE and HC groups (Figure 7b).

Among the 22 immune cell subtypes obtained from the CIBERSORT website, we retained 20 for the subsequent
analysis, as none of the 16 samples showed a significant association with the other two subtypes. Using the CIBERSORT
algorithm, we further elucidated and compared the infiltration of these 20 immune cell subsets between the two groups.
As shown in Figure 7c, substantial variations in the infiltration proportions could be observed. Specifically, the EE group
exhibited higher levels of infiltration in B cells, Plasma cells, resting memory CD4 T cells, macrophage MO, and resting
mast cells. On the other hand, the HC group demonstrated greater abundance of CD8 T cells, macrophage M2, and
resting dendritic cells. The stacked bar graph (Figure 7d) depicted the percentage of each of the 20 immune cell subtypes
in every sample, providing a clear visualization of the deviations in immune infiltration features between the two groups.
This was further supported by the PCA plot (Figure 7¢), which confirmed the distinctions in immune cell composition
between the EE and HC groups. The immune infiltration analysis reveals an imbalance in immune cells, suggesting that
immune dysregulation plays a crucial role in the development and progression of EE. The analysis of the correlation
between the selected hub genes (SOX9, SPP1, TIMP1, TLR4) and immune-related information were displayed in
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Figure 7f and g. In Figure 7f, multiple synergistic relationships were observed between the hub genes and immune-
related genes. Figure 7g presented the correlation results among the hub genes and the 20 immune cell subsets, with
significance thresholds set at [R| > 0.4 and p < 0.01. Upon examination of the results, it was found that SOX9 exhibited
a negative correlation with CD8 T cells (R = —0.66, p = 0.0056), while showing a positive correlation with resting
memory CD4 T cells (R = 0.86, p = 1.6e-05) (Figure 7h and i). SPP1 displayed a positive correlation with naive B cells
(R=0.71, p=0.002) (Figure 7j). TIMP1 demonstrated a negative correlation with resting dendritic cells (R =—0.86, p =
1.6e-05) (Figure 7k). These correlations were statistically significant and met the predetermined thresholds.

Drug Prediction for EE

The top ten chemical compounds displaying the most negative connectivity scores were selected as potential medications
for EE based on the analysis using the CMap (Table S3). It was predicted that small-molecule compounds, such as aldose
reductase inhibitors, immunosuppressants, and GABA receptor agonists, may possess potential therapeutic effects on EE.
The 3D structural models illustrating these ten chemical compounds were visualized in Figure 8a. To forecast the binding
affinity and interaction of the potential drugs with their respective targets, molecular docking analysis was conducted
relying on the evaluation of the lowest calculated binding energy using AutoDock Vina (Figure 8b—e). Additionally,
pharmacokinetic properties of the drugs were obtained using the ADMET descriptors algorithm protocol (Table S4). All
four compounds demonstrated extensive absorption within the human intestine. Notably, Ponalrestat exhibited relatively
limited capability to penetrate the blood-brain barrier compared to the other three compounds, and all drugs displayed
suboptimal distribution properties in the central nervous system. With the exception of BRD-K88742110, the remaining
compounds revealed potential hepatotoxicity, while only AC-55649 indicated the potential for skin sensitization.

Discussion

EE is a complex disorder characterized by diverse symptoms and a multifaceted etiology. A real-world study has shown
that both patients and physicians express dissatisfaction with the current treatment options for EE,*' which imposes
a substantial economic burden on society.”? The management of this chronic recurrent disease necessitates personalized
approaches tailored to each individual case.”” However, the lack of available transcriptional profiles considerably
hampers efforts to comprehend its underlying mechanisms and devise precise treatment strategies. This study marks
the inaugural unveiling of the transcriptional landscape of EE. The findings of this study contribute to a deeper
understanding of the molecular mechanisms underlying the pathogenesis of EE. By identifying the hub genes and
their overexpression in both clinical samples and experimental rats, the study provides valuable insights into the
molecular alterations that occur in EE.

Refractoriness and recurrence pose challenging issues for EE.>' The rates of proton pump inhibitor — refractory
GERD reported in different studies vary.”> While some argue that NERD forms a substantial portion of refractory GERD
cases,” a meta-analysis indicates that EE and truly NERD (defined by both endoscopy and 24-h MII-pH monitoring) have
similar response rates to antisecretory therapy.>* Therefore, there is an unmet need for the treatment of EE. It is worthy to
comprehensively explore the gene expression profile of EE in order to delve deeper into its molecular mechanisms and
find solutions for difficult-to—treat cases.

Clinical history, questionnaires, and the response to antisecretory therapy alone are inadequate for definitively
diagnosing GERD, often necessitating further investigations.”> The Lyon Consensus surpasses previous classifications
by proposing parameters for diagnosing GERD using endoscopy and pH-metry (or pH-impedance monitoring).”> The
inclusion criteria for this study adhere to these parameters. Moreover, the Lyon Consensus emphasizes that low-grade EE
may have a physiological basis and exhibits a robust response to acid suppression therapy, with minimal risk of
progressing to Barrett’s esophagus.”® Consequently, patients with LA-A or LA-B esophagitis were excluded, while
those with severe-grade EE (LA-C or LA-D) were included.

The sequencing results indicate that EE and NERD represent distinct diseases rather than merely different manifesta-
tions within the GERD spectrum, based on comparison with our previous work.'® Partially consistent with prior research,
the cytokines IL-1p, IL-8, IL-33, and MCP-1 (CCL2) exhibited notable increases in the EE group.?”-*® However, contrary
to earlier findings, we did not detect differential expressions of RANTES (CCLS5) or IL-6 in these two groups.”’
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Moreover, we validated the activation of various proteins involved in crucial signaling pathways, such as the MAPK,
AKT, and NF-kB pathways.

To comprehend the process of EE initiation and development, we conducted GO and KEGG enrichment analysis for
DEGs. This analysis revealed that the complement activation pathway plays a pivotal role in EE progression.
Furthermore, GSEA analysis highlighted the significant involvement of chemokine signaling. Although immune cells
are considered the primary contributors to esophageal inflammation, they are not the sole culprits. Exposed to stomach
contents, including pepsin, trypsin, acid, and the esophageal microbiome, the epithelial cells of the esophagus become the
primary instigators of inflammation. These cells generate and release proinflammatory mediators, such as proinflamma-
tory cytokines, reactive oxygen species, and platelet-activating factor. These mediators not only exacerbate epithelial
damage but also activate mesenchymal cells. Activation of epithelial cells by any external stimulus results in the
upregulation of molecules and mediators that facilitate communication with immune cells and amplify the immune
response. This reaction involves the upregulation of adhesion molecules and the release of additional cytokines and
chemoattractants, which perpetuate inflammation through a self-sustaining loop. However, comprehensive further
research is necessary to elucidate the precise mechanisms underlying the immune response in EE. Our immune
infiltration analysis provides additional evidence and insights for the study of immune mechanisms of EE.

In addition to performing the DEG analysis, we utilized WGCNA and CytoHubba from Cytoscape to gain further
insights into the hub genes associated with genotype-specific modules. Among the identified hub genes, SOX9 stood out
as it exhibited the most significant difference and displayed highest diagnostic value. This finding was further validated in
a surgical reflux rat model. Immune infiltration analysis showed that SOX9 was significantly associated with resting
memory CD4 T cells and CD8 T cells in EE mucosa. SOXO9 is a transcription factor commonly found in Paneth cells and
potential stem cells of intestinal crypts.”” It has been established as a vital marker for the intestinal epithelium.
A previous study has demonstrated that the activation of DMBT1, a human columnar cell factor found in Barrett’s
epithelium, is regulated by SOX9.%° Furthermore, the expression of sonic hedgehog in the mouse esophageal epithelium
led to the expression of SOX9 in epithelial cells and columnar cytokeratin.>® Comprehensive investigations examining
the role of SOX9 in EE are warranted. Toll-like receptors play a pivotal role as transmembrane receptors in the human
innate immune system.’' These receptors are expressed not only in immune cells but also in non-immune cells. Our
bioinformatic analysis revealed TLR4 as one of the identified hub genes for EE. Activation of TLR4 is thought to exert
a substantial influence on inflammatory signaling pathway in the digestive tract.*” Inhibition of the TLR4/NF«B signaling
pathway is regarded as a logical approach for the development of preventive and therapeutic drugs targeting intestinal
inflammation.*” Nevertheless, the precise mechanisms by which TLR4, as well as other identified hub genes, contribute
to GERD remain enigmatic. The roles of hub genes in EE necessitate additional functional experimental validation due to
the study’s limited sample size. Furthermore, leveraging the advancements in single-cell sequencing technology, our
research team will persist in performing single-cell multi-omics research to elucidate the specific roles and mechanisms
of the mentioned hub genes in EE.

The GABA(B) receptor agonist baclofen has been applied for the treatment of GERD due to its significant inhibition
of transient lower esophageal sphincter relaxations.*> In CMap analysis, loreclezole, another GABA receptor agonist,
was predicted for the treatment of EE. The immunosuppressant mercaptopurine, which has the potential to modulate the
exaggerated immune response and reduces inflammation processes is also predicted to be beneficial in the treatment of
EE.* These candidate drugs were predicted based on gene expression profiles, highlighting the importance of exploring
gene expression patterns for the development of targeted therapeutic options for GERD.

GERD encompasses a variety of syndromes that are characterized by a diverse range of pathophysiological factors.
As a result, the idea of a universally applicable therapeutic approach is rendered ineffective. Evidently, GERD
demonstrates significant variability, emphasizing the necessity to comprehensively understanding its gene expression
profile for precise management. Therefore, we implemented transcriptomic sequencing and integrated bioinformatic

analysis to facilitate comprehensive research on GERD.
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Conclusion

A thorough analysis was conducted to investigate the transcriptomic study on EE. Four hub genes, namely SOX9, SPP1,
TIMPI, and TLR4, associated with EE were identified and validated in both clinical samples and rat models. Notably,
immune-related genes of EE were also identified, and the study further delved into immune infiltration and potential drug
candidates for EE. This study has the potential to offer novel insights into the gene expression patterns of EE, paving the
way for further research endeavors and facilitating the development of precise therapeutic strategies for treating EE.
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