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Introduction: Heartburn pathogenesis in GERD remains incompletely understood.
We aimed to identify differences in the immune cell signature and sensory mucosal
markers between reflux phenotypes and healthy asymptomatic subjects.

Methods: Thirty-seven patients with heartburn symptoms were phenotyped
endoscopically and with objective reflux studies into erosive reflux disease
(ERD) (N=10), nonerosive reflux disease (NERD) (N=9), functional heartburn
(FH) (N=9), and Barrett's esophagus (BO) (N=9). Bulk mRNA-sequencing(RNA-
seq) was conducted on RNA extracted from endoscopic biopsies, and immune
cell deconvolution analysis was performed using CIBERSORT. RNA-seq findings
were validated by immunofluorescent staining for CD1a, nerve growth factor
(NGF), and mast cell tryptase in corresponding patient biopsies.

Results: Transcriptomic analysis detected higher mast cell abundance in BO,
ERD, and NERD compared to healthy controls (p<0.05), with decreased dendritic
cell infiltration in BO, ERD, and NERD patients compared to healthy controls and
FH patients. CDla-positive dendritic cell infiltration was significantly higher in the
healthy esophageal mucosa at protein level compared to BO (p=0.0005),
ERD (p=0.0004), and FH patients (p=0.0096). Moreover, NGF co-expression
on mast cells in GERD patients was significantly higher than in healthy
controls (p=0.0094).
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Discussion: The mucosa in patients with GERD had a significant increase in NGF
expression on mast cells, suggesting an upregulation of signalling for neuronal
sprouting in GERD. Moreover, decreased dendritic cell abundance in
GERD esophageal mucosa may play a role in reduced oral tolerance and
development of subsequent immune responses which may participate in
esophageal sensitivity.
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1 Introduction

Gastroesophageal reflux disease (GERD) is among the top 3
outpatient diagnostics in the United States, and refractory
symptoms including heartburn and regurgitation persist in over
30% of patients who do not respond to acid suppressant therapy (1-
4). Moreover, heterogeneity exists in symptom perception between
GERD patients. While the mechanisms underlying heartburn in
erosive reflux disease (ERD) can be attributed to macroscopic
mucosal inflammation visible at endoscopy, molecular
mechanisms underlying heartburn pathogenesis are less clear,
particularly in the absence of macroscopic mucosal injury in over
60% of GERD patients who are diagnosed with non-erosive reflux
disease (NERD) (1, 5). PPI-refractory NERD patients demonstrate
hypersensitivity to acid and, occasionally, saline perfusion,
compared with their erosive counterparts and healthy controls
(6-8). In contrast, many Barrett’s esophagus (BE) patients do not
present heartburn symptoms despite having had years of
pathological acid reflux, while functional heartburn patients (FH)
perceive heartburn despite having no association with reflux
events (9).

Identifying the molecular signature of the esophageal mucosa
specific to the discrepancy of symptoms observed between GERD
patients with similar levels of acid exposure will assist in the
development of novel treatments. The histologic finding of dilated
intercellular spaces, a morphologic measurement of a “leaky”
epithelium that allows easy passage of noxious refluxate, may
indicate impaired mucosal integrity in NERD patients and
contribute to heartburn perception (10). We recently identified
the expression of transient receptor potential vanilloid subfamily
member-1 (TRPV1) on superficial sensory nerves in patients with
NERD, alongside increased epithelial cell expression of acid-sensing
ion channel-3 in ERD and NERD, collectively highlighting the
potential mucosal mechanisms for heartburn sensation in different
reflux phenotypes (11).

The immune cell signature of the esophageal mucosa in
heartburn patients without overt inflammation has not previously
been characterized. Based on what is known about symptom-based
conditions in other gastrointestinal tissues, neuroimmune
interactions may also play an important mechanistic role in
symptom generation, given that sensory neurons have also been
shown to signal to tissue-resident innate immune cells including
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dendritic cells during the early phases of inflammation (12, 13). We
sought to identify the immune cell signature of GERD phenotypes
underlying the differences in the mucosal pathogenesis of heartburn
sensation and, thus, the potential future therapeutic implications, by
first using a bulk RNA-sequencing approach followed by
localization studies of the esophageal mucosa from GERD
patients and asymptomatic subjects.

2 Materials and methods

2.1 Study subjects

All patients were prospectively recruited (2019-2022) following
informed consent and were required to have a clinical history of
problematic heartburn requiring investigation with a clinical
referral for endoscopic examination. Adults of either gender (18-
70 years old) with symptoms of at least moderate heartburn more
than 3 times per week were included. Patients were excluded if they
1) were pregnant, 2) had severe upper gastrointestinal motility
disorders, 3) were hypersensitive to local anesthetic, 4) took
coagulopathy or concurrent anticoagulant medication, and 5) had
any other medical condition that would make it unsafe for the
patient to participate. All patients filled out the validated Reflux
Disease Questionnaire during consent (Supplementary Table 1).

Four patient groups were studied: NERD, ERD, BE, and FH.
Patients were recruited from the Royal London Hospital (Queen
Mary University of London). BE patients were recruited from a
dedicated BE endoscopic surveillance list at the Royal London
Hospital. The study was granted ethical approval by the NRES
Committee London-Queensquare (Study reference: 19/LO/1506).

Patients underwent endoscopy +/— wireless ambulatory reflux
monitoring. All patients (except those with known Barrett’s
esophagus) had stopped PPI treatment for >7 days before
endoscopy and reflux testing. Post-procedure, patients were divided
into clinical phenotypes according to the definitions detailed below.

2.1.1 Erosive reflux disease patients

Symptomatic patients with at least LA grade B esophagitis at
endoscopy were included in the ERD group. Five distal esophageal
mucosal biopsies were taken per patient from non-eroded mucosa
3 cm above the gastroesophageal junction.
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2.1.2 Non-erosive reflux disease and functional
heartburn patients

In symptomatic patients who showed no visible esophageal injury
on endoscopy, five distal esophageal mucosal biopsies were obtained per
patient (3 cm above the gastroesophageal junction). In the same session,
an endoscopically sited wireless intraesophageal pH sensor capsule was
placed [systems used: OMOM, Jinshan Science & Technology (Group)
Co. Ltd., Chongqing, China; or Bravo, Medtronic, Shoreview, MN,
USA). A 96-h pH recording was performed.

Patients with pathological acid exposure (>4.2% over the study
period) on analysis of their reflux studies qualified for a diagnosis of
NERD. Patients whose reflux testing studies did not meet
pathological acid exposure criteria and had negative reflux/
symptom association were diagnosed with FH and included in
the study. Patients with physiological acid exposure and positive
reflux/symptom association (i.e., hypersensitivity patients) were not
included due to insufficient patient numbers.

2.1.3 Barrett's esophagus patients

Adults undergoing routine endoscopic surveillance for known BE
with heartburn symptoms or screening for suspected BE following
previous endoscopic diagnosis of ERD were prospectively recruited.
In keeping with treatment guidelines for BE patients, PPI treatment
was not stopped prior to endoscopy. Patients with clear visualization
of columnar epithelium =1 cm above the gastroesophageal junction
on endoscopy and histopathologic recognition of intestinal
metaplasia were diagnosed with BE. In addition to clinical
surveillance biopsies, five distal esophageal mucosal biopsies were
taken from the squamous mucosa 1 ¢cm above the squamocolumnar
junction, away from the BE segment, for the purposes of this study.

2.1.4 Healthy control group
Data from patients with ERD, NERD, FH, and BE were
compared with the data from a group of healthy and

TABLE 1 Demographic data of study subjects.

10.3389/fimmu.2023.1282577

asymptomatic volunteers. Fourteen asymptomatic volunteers
(aged 18-80) were recruited and studied (Supplementary
Table 1). None had a history of gastrointestinal symptoms, and
none had a history of anti-reflux medications. All healthy controls
(HCs) had a Reflux Disease Questionnaire score of 0. Healthy
controls were excluded if they 1) had previous upper GI surgery, 2)
had severe upper GI motility disorders, 3) were pregnant, 4) were
taking coagulopathy or concurrent anticoagulant medication, and
5) had any severe midface trauma or recent nasal surgery.

All subjects had a normal esophageal appearance on endoscopy.
Five distal esophageal biopsies were obtained per volunteer (3 cm
above the gastroesophageal junction) at the Royal London Hospital.
Distal esophageal biopsies of these HCs were prepared and analyzed
in an identical fashion to the patient biopsies used in this study.

In total, biopsies from 75 patients reporting with heartburn
were analyzed. For RNA sequencing studies, we analyzed 37 patient
biopsies. Immunohistochemical analyses were conducted on a
minimum of 10 representative patient biopsies per phenotype for
each panel of staining (Table 1).

2.2 Biopsy processing

Of the five biopsies, three were orientated and fixed in 4%
paraformaldehyde (PFA) for 3 h, followed by cryoprotection in
30% sucrose in phosphate-buffered saline (PBS) for 24 h at +4°C.
Fixed tissue was embedded in optimum cutting temperature
compound (Sakura Tissue-Tek, Torrance, USA, Cat. No. 4853),
and 4 serial (10 um) sections were cut perpendicular to the
mucosal surface on a cryostat (Leica 180UV) and mounted on
positive-charged glass slides (Thermo Scientific, Waltham,
Massachusetts, USA, J1800AMNZ).

Two of the five biopsies taken per patient at endoscopy were
placed in RNAlater and stored at —80°C until RNA extraction.

Mean

Age

age (years) range (years)

Phenotype Number of participants studied for RNA sequenc-
ing analysis

NERD 9

ERD 10

FH 9

BE 9

HC 8

Phenotype Number of patients studied for IF analysis

NERD 11

ERD 23

FH 18

BE 19

HC 10

44 28-53 3:6
46 21-74 2:8
41 20-71 3:6
54 31-75 4:5
27 20-35 6:2

Mean age (years) Age range (years) Female:male

52 30-71 5:6
45 22-61 7:16
46 22-70 10:8
60 32-78 8:11
31 20-70 6:4
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2.3 Bulk mRNA sequencing

RNA was extracted from a representative number of GERD and
HC esophageal biopsies (Table 1) stored in RNAlater at —80°C until
use. RNA was extracted using the RNeasy mini kit as per the
manufacturer’s instructions, including on-column DNAse I
digestion (both from Qiagen, Hilden, Germany). Subsequent
processing of RNA samples took place at the Blizard Genome
Centre where eluted RNA was quantified using a NanoDropTM
spectrophotometer (Thermo Fisher 2000/2000c). The quality and
integrity of the total RNA were assessed using Bioanalyser 2100
(Agilent, Santa Clara, USA) and assigned an RNA integrity (RIN)
score. Only samples with RIN >8 were used to prepare libraries for
RNA sequencing.

Total RNA (100 ng) was used to prepare directional mRNA
libraries using the NEBNext Ultra II Directional RNA library
preparation kit multiplex oligos for Illumina (New England
BioLabs, Ipswich, Massachusetts, USA, Cat. No. 10032630).
Libraries were then quantified prior to pooling using a Qubit 2.0
fluorometer and qualified (Agilent TapeStation system) using
D1000 ScreenTape and reagents (Agilent). Libraries were diluted
and pooled, and pooled libraries were requantified prior to
sequencing (Qubit 2.0 and Agilent TapeStation systems) using HS
D1000 reagents (Agilent). Finally, mRNA libraries were sequenced
on the NextSeq500 system (Illumina, San Diego, California, USA)
by the Blizard Genome Centre.

2.4 RNA sequencing data analysis

Sequencing analysis was conducted using Partek Flow®
software. FASTQ files were demultiplexed and underwent pre-
alignment QC to ensure that the collected data did not have any
obvious systematic errors before alignment. Next, Spliced
Transcripts Alignment to a Reference (STAR) was used to align
sequenced reads to the hg38 human genome (14). Adapter sequence
overrepresentation was insignificant, so trimming was not
necessary. Post-alignment QC was performed to check the quality
of alignment. All samples had more than 97% alignment to the
genome. The total number of reads was more variable, but most
samples had more than 17 M reads (Supplementary Table 1). There
was no parameter for removing outliers based on QC metrics.

Principal component analysis (PCA) was then performed
including the first two principal components following batch
effect correction. The PCA shows the similarity between healthy
controls (Supplementary Figure 1A), where they are spatially
arranged close to one another. Samples NE8 (FH), SH061119
(BE), and RC110320 (BE) appeared to be outliers as they were
spatially dissimilar to the other GERD samples. These samples were
further evaluated using a selection of Barrett’s segment (SOX9,
MUCS5AC) and stromal collagen genes (COL3-6A) to check the
significant expression of these genes among any of the samples
(Supplementary Figure 1D). The three outliers identified by PCA
had significantly higher expression of stromal collagen genes (NE8)
and Barrett’s segment genes (SH061119 and RC110320), and were
excluded from downstream analysis (Supplementary Figure 1D).

Frontiers in Immunology

10.3389/fimmu.2023.1282577

Supplementary Figure 1C shows PCA once outliers have
been removed.

Aligned genes were normalized using median ratio for DESeq2
on Partek Flow. Differentially expressed genes between phenotypes
were calculated using the Wald test in DESeq2 R package (15) with
an FDR-adjusted p-value of less than 0.01. The most biologically
significantly differentially expressed genes were visualized as
hierarchical clustering heatmaps on Partek Flow®.

Gene set enrichment analysis of FDR-filtered differentially
expressed genes was performed on Partek Flow® with a 0.01 p-
value cutoff. R was used to visualize the most significantly
biologically enriched gene functions. Metascape and Cytoscape
were used to visualize functionally enriched gene ontologies (GO)
and compare GSEA results (16).

2.5 Cellular deconvolution

Deconvolution analysis for quantification of relative levels of
distinct cell types per sample was carried out on normalized counts
using CIBERSORT (17). Bulk gene signatures of GERD patient
phenotypes and HCs were grouped into six different immune
cell categories.

2.6 Quantitative real-time polymerase
chain reaction

RNA was extracted from esophageal mucosal biopsies stored in
RNAlater' ' (Sigma, St Louis, Missouri, USA, Cat. No. R0901-
100ml) solution using RNeasy Mini Kit (Qiagen, Cat. No. 74016)
and DNAse-treated (Qiagen, Cat. No. 79254) according to the
manufacturer’s instructions. Eluted RNA was quantified using the
NanoDropTM spectrophotometer (Thermo Fisher 2000/2000c), and
only samples with >100 ng/ul of RNA were used for the qPCR
experiments. DNA was synthesized using the QuantiTect reverse
transcription kit (Qiagen, Cat. No. 205310). Quantitative real-time
polymerase chain reaction (qQRT-PCR) was performed on the
AB7300 Real-Time PCR system (Applied Biosystems) using the
QuantiFast SYBR green PCR kit (Qiagen, Cat. No. 204056).
QuantiTect Primer Assays (Qiagen) were used for the 18S
(QT00199367), NGF (QT00001589), and CXCL8 (QT00000322)
genes. Relative gene expression was calculated using the 274"
method as described previously (18).

2.7 Immunofluorescence staining

Sections were air-dried for 1 h, washed with PBS to remove the
embedding medium, and serum-blocked to remove non-specific
binding (Abcam, Cat. No. ab64226). Sections were then incubated
with a combination of primary antibodies for the detection of
immune cells, nociceptive sensory nerves, or inflammatory
cytokine receptors at +4°C for 16-18 h. The following conditions
were used for each primary antibody: protein gene product 9.5
(PGP9.5, a pan-neuronal marker used to identify afferent nerves)
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(1:200 dilution, polyclonal rabbit anti-human, Dako, Cat. No.
75116), nerve growth factor (NGF, 1:200 dilution, monoclonal
rabbit anti-human, Abcam, ab52918), mast cell tryptase (1:400
dilution, monoclonal mouse anti-human, Dako, Cat. No. M7052),
and CDla (used as an activated dendritic cell marker) (1:200
dilution, monoclonal mouse anti-human, Dako, Glostrup,
Denmark, Cat. No. M3571). Following overnight incubation,
sections were washed 3 times (10 min/wash) in PBS, and a
secondary antibody was applied (donkey anti-mouse 488 nm and
donkey anti-rabbit 568 nm, Invitrogen, Thermo Fisher Scientific,
ab175470 and ab150105, 1:400 concentration) for 1 h. Sections were
then washed 3 times in PBS and mounted with Vectashield HardSet
antifade mounting medium with DAPI fluorescent stain (4',6-
diamiidino-2-phenylindole; Vector Laboratories, Newark,
California, USA, H-1500) and a 0.16-0.19-mm coverslip (Thermo
Fisher Scientific, 22X30-1.5).

Negative control slides were prepared with the primary antibody
omitted but the secondary antibody was applied and did not show
positive labeling (data not shown). Specific binding of immune cell
markers and NGF antibodies was confirmed using inflammatory
bowel disease (IBD) colon tissue. These sections showed specific
binding of CD1la and tryptase and NGF, where cellular expression
was observed between crypts in the colon and positive cells often co-
localized with pan-leukocyte marker CD45 (data not shown).
PGP9.5-immunoreactive structures were identified, and nerve
distribution was characterized as previously described (11). All
microscopy was performed using a Leica DM4000 Epi-fluorescence
microscope, except when specified as being acquired using a Zeiss 880
laser scanning confocal microscope.

2.8 Image analysis

The distance of afferent mucosal nerve endings was confirmed
in terms of the number of cell layers from the fiber to the luminal
surface as previously described (11). NGF/mast cell tryptase co-
expression was quantitatively assessed on Fiji using the JaCOP
plugin, Manders’ coefficient (a Mander’s coefficient of 1.0 indicates
100% overlap, while 0 indicates no overlap between the channels
assessed). For immune cell counting, the percentage of cells positive
for the marker of interest was calculated relative to the total number
of DAPI-positive cells. Cells were counted automatically using the
“analyse particles” tool of Fiji. Five images were quantified per
sample, and a meal cell count per sample was calculated.
Submucosal cells were excluded from the analysis.

2.9 Ex-vivo biopsy assay

Three esophageal mucosal biopsies from a total of three ERD
patients and five healthy volunteers were taken at endoscopy and
immediately transported on ice in Dulbecco’s modified Eagle’s
medium (DMEM) liquid (high glucose) with GlutaMAX I (Life
Technologies, Cat. No. 31966021) supplemented with 0.4%
penicillin/streptomycin (50 U/ml) (Sigma, Cat. No. P4333-20ML)
and processed within 15 min. Biopsies were individually weighed.
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In a sterilized hood, biopsies were carefully placed in warm DMEM
media in 96-well plates, ensuring minimal disruption to biopsies.
Biopsies were incubated at 37°C with 95% O, and 5% CO, to allow
normalization for 30 min. The plate was then taken out, the
supernatant was carefully removed, and the aliquots were stored
at —80°C until used for cytokine quantification as the “baseline”
concentration. Wells with biopsies were replaced with fresh DMEM
and placed on ice. Mucosal biopsies were sequentially and carefully
orientated using a stereomicroscope to have an apical to basolateral
polarity, thereby anchoring the submucosal aspect of the biopsy
onto a 0.4-um membrane in a Transwell insert (from 6-well
Transwell plate). The luminal aspect of each biopsy was
sequentially challenged with pH 7 (control), pH 5, and pH 2 for
5 min, washed with PBS, and placed back in their respective wells
with DMEM media in a 96-well plate, and subsequently maintained
at 37°C with 95% O, and 5% CO, overnight (18 h). The supernatant
was then removed and aliquots were stored at —80°C.

2.10 Cytokine detection

Esophageal mucosal biopsies taken at endoscopy were challenged
with pH 5 and pH 2 acid as described in the Supplementary Methods.
Quantification of B-NGF was performed using a Bio-Plex Pro
Human Cytokine Assay (171304090M, Bio-Rad). The assay plate
was read using the xPONENT software on a MAGPIX detection
system. The results file was extracted and analyzed in Bio-Plex
Manager. The concentration in range for the baseline supernatant
was subtracted from the sample post-pH challenge to give the
concentration of cytokine release (pg/ml). Cytokine release between
ERD and healthy controls and cytokine release with different pH
conditions were compared by two-way ANOVA using GraphPad
Prism 9.0. Values are presented as mean + SD.

2.11 Statistical analysis

A two-way ANOVA test was used to compare the expression
levels of the genes of interest between GERD patients and healthy
controls and among GERD phenotypes. A one-way ANOVA test was
used to analyze differences in quantitative levels of protein expression
between GERD phenotypes. When ANOVA was positive, the
Bonferroni test was used to identify which of the pairs was
significantly different. Values are expressed as mean * standard
deviation (SD). GraphPad Prism 9.0 was used for the
statistical analysis.

3 Results

3.1 Global transcriptome of GERD
esophageal mucosa highlights differential
immune regulation

The corresponding fixed frozen biopsies from patients and
healthy controls included in the RNA sequencing study were
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FIGURE 1

Global transcriptome highlights differential immune regulation of esophageal mucosa in gastroesophageal reflux disease (GERD). (A) H&E staining of
fixed corresponding biopsies of samples included in the RNA sequencing (and immunofluorescence) studies highlights that all samples had an intact
basal layer and papillary structures indicating an acceptable tissue thickness. Submucosa was occasionally seen in some samples, such as the
representative ERD sample here. The scale bar represents 100 um. (B) Volcano plot showing upregulated genes in GERD as log2-scaled fold change
in red dots on the right of the graph and genes downregulated in GERD compared with healthy controls (HCs) on the left. Five hundred eighty-nine
genes were upregulated in GERD, and 94 genes were downregulated in GERD compared with HCs. (C) Heatmap displaying the immune-related
significantly DE genes between healthy controls and GERD with FDR p = 0.01. (D) Bar graph displaying the most biologically enriched gene ontology
(GO) pathways from GSEA as log-scaled p-values (p < 0.01). HC: N = 8, Barrett's esophagus (BE): N = 7, erosive reflux disease (ERD): N = 10,
functional heartburn (FH): N = 8, non-erosive reflux disease (NERD): N = 9.

stained with hematoxylin and eosin (H&E) to determine sample To assess quantitative immune-relevant gene expression
viability. All samples had an intact basal layer of the epithelium and  changes between the esophageal mucosa of healthy controls and
contained papillary structures indicating adequate tissue thickness ~ GERD patients, differential expression (DESeq2) analysis was
across all patient phenotypes studied (Figure 1A). performed between healthy controls (N = 8) and GERD patients
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Differential gene expression in normal and NERD esophageal mucosa. (A) Heatmap displaying the top significantly differentially expressed (DE) genes
between HC and NERD from a total of 137 significantly DE genes. (B) Bar graph of statistically significantly enriched biological pathways against log-

transformed p-values (p < 0.01). HC: N = 8, NERD: N = 9.

(N = 37). An FDR filter of <0.01 was applied and detected 979
differentially expressed (DE) genes between the normal esophageal
mucosa and that of GERD patients, as shown in Figure 1B. GERD
patients had 589 upregulated genes, while only 94 genes were
downregulated in GERD compared with HCs (Figure 1B). The
most significantly differentially expressed genes between HCs and
GERD esophageal mucosa included the upregulation of immune-
related genes such as IGLC3, CXCL6, and MMP2 (Figure 1C).
DESeq2 analysis also picked up genes related to the structural
organization of the esophageal mucosa including ACTN4
which participates in cytoskeletal reorganization and may induce
hyperplasia often seen in ERD and NERD patients (Supplementary
Figure 2A) (19, 20).

Gene set enrichment analysis (GSEA) was performed to infer
important biological processes and molecular functions associated
with DE genes between healthy and GERD esophageal mucosa. A
total of 979 significantly DE genes were taken as input and were
highlighted in 896 molecular pathways including regulation of the
immune system and humoral immune response as statistically
significative (p < 0.01) (Figure 1D, Supplementary Figure 2B).

DESeq?2 analysis of HCs with NERD patients alone highlighted
the upregulation of genes including DES, GKNI1, ADAMY, and
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MMP9 in NERD compared with HCs (Figure 2A), which were
highlighted in the maintenance of gastrointestinal epithelium,
epithelial structure maintenance, and regulation of the innate
immune response (Figure 2B). The mucosal differences between
FH patients and HCs were also individually assessed and showed
downregulation of circadian rhythm-related genes PERI and
CIART, which were highly expressed in the healthy esophagus
(Figures 3A, B). Compared with the healthy esophageal mucosa,
ERD patients had 356 DE genes including an increased expression
of CXCL1, KRT10, KRT16, and CCL2I and downregulation of the
tight junction protein CLDNI0 (Figure 4A). Statistically significant
DE genes (p < 0.01) were highlighted in several molecular pathways
including positive regulation of cell proliferation, humoral immune
response, and complement activation (Figure 4B). DESeq2 analysis
of HCs and BE patients highlighted 3,010 DE genes, including
IGKV1-12 and NRCAM which were among the most significantly
upregulated genes in BE compared with healthy controls, while
MUC21 and TGMI-2 were among the most significantly
downregulated genes in BE (Figure 5A). These DE genes were
highlighted in biological pathways including igA immunoglobulin
complex, extracellular matrix organization, and regulation of cell
migration, as shown in Figure 5B.
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Differentially expressed genes between normal and FH esophageal mucosa. (A) Heatmap displaying the FDR-filtered most significantly DE genes
between HC and FH from a total of 711 DE genes. Z score = log2 fold change in gene expression. (B) Bar graph of the most statistically significative

functional categories highlighted (p < 0.01). HC: N = 8, FH: N = 8.

3.2 Dendritic cells are more abundant in
healthy esophageal mucosa compared
with GERD

Based on the finding of differential immune-related genes
between HCs and GERD esophageal mucosa, we next estimated
the proportions of different immune cell types present in our
esophageal mucosal tissue sequenced in bulk, using
computational deconvolution methods. The relative levels of
distinct immune cells within esophageal mucosal RNA isolated
from bulk-sequenced FH (N = 8), NERD (N =9), ERD (N = 10), BE
(N =9), and HC (N = 8) samples were determined using
CIBERSORT and filtered for p <0.05 (21). This highlighted
decreased dendritic cell fraction in the esophageal mucosa in BE,
ERD, and NERD patients compared with FH patients and healthy
controls (Figure 6A). DESeq2 analysis between healthy controls and
GERD patients highlighted significantly higher expression of CDIC,
CDIA, and FCERIA, genes encoding monocyte-derived dendritic
cell surface markers (22, 23), in healthy controls compared to
GERD patients (Figure 6B). FH patients showed relatively higher
levels of expression of dendritic cell marker genes compared with
NERD, ERD, and BE patients (Figure 6B).
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Immunofluorescence (IF) studies were undertaken to study the
expression profile of dendritic cell surface markers highlighted with
RNA sequencing to infer posttranslational modifications at the
protein level. CD1a, a well-described dendritic cell subset marker,
was used to identify dendritic cells present in the esophageal mucosa
of biopsies from healthy controls and GERD patients. GERD samples
phenotyped into ERD (N = 22), NERD (N = 10), FH (N = 17), and BE
(N = 18) and healthy controls (N = 10) were evaluated for CDla"
dendritic cells in the esophageal mucosa. CD1a" dendritic cells were
most frequently interpapillary in nature, being detected on the
outside of and in between papillary structures (Figure 6C). The
abundance of CDla" dendritic cells was significantly higher in
healthy controls compared to BE (p = 0.0005), ERD (p = 0.0004),
and FH patients (p = 0.0096) (Figure 6D).

The localization of dendritic cells was also assessed in relation to
deep afferent nerve endings previously detected in a representative
number of ERD samples and healthy controls with PGP9.5. There
appeared to be no anatomical relationship between afferent nerves
and dendritic cells in the esophageal mucosa. PGP9.5" afferent
nerves were detected in the submucosa but were not in close
proximity to interpapillary dendritic cells detected in the
esophageal mucosa in ERD patients or healthy controls (Figure 6E).
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categories highlighted (p < 0.01). HC: N = 8, ERD: N = 10.

3.3 Mast cells are closely apposed to
afferent nerve endings in ERD

Immune enrichment analysis of the RNA sequencing dataset
highlighted a higher abundance of mast cells in esophageal mucosal
biopsies from patients with NERD, ERD, and BE compared with
patients with FH and healthy controls (Figure 7A). DESeq2 analysis
between healthy controls and GERD patients highlighted
significantly higher expression of TPSABI, the gene that encodes
tryptase, in ERD patients compared with HCs, and the common
mast cell surface markers KIT, CD34, VCAMI, and CDI6 in BE
patients compared with HCs (Figure 7B) (24, 25). Mast cell
chemoattractant genes, including CXCL6, MUC3A, and TGF-f3,
were also significantly higher in GERD compared with HCs
(Supplementary Figure 4).

The localization of mast cells within the esophageal mucosa was
assessed using immunofluorescence staining for mast cell tryptase.
Mast cells were most often seen surrounding the papillae near the
basal layer of the squamous epithelium, but tryptase granules were
occasionally also detected around the more superficial layers of the
mucosa (Figure 7C). Mast cells of three types of morphologies were
observed in esophageal mucosa: 1) oval-shaped mast cells with
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intracellular tryptase granules, in the “resting” form; 2) those with a
highly granulated morphology, in anaphylactic degranulation; and
3) a combination of oval-shaped cells which appeared to be
releasing tryptase granules or “piecemeal degranulation,” as
shown in a representative ERD sample (Figure 7C). These cell
types were seen across all GERD phenotypes and healthy controls,
with no notable morphologic differences or significant changes to
mast cell numbers between healthy controls and GERD phenotypes
(Figure 7D). Moreover, there was no significant correlation between
mast cell infiltration and the severity of inflammation in ERD
patients (Supplementary Figure 3).

To assess whether tissue infiltration of mast cells induces
neuroplastic and inflammatory changes in the esophageal mucosa
of patients with GERD, IF data were further evaluated to
qualitatively assess the spatial relationship between mast cells
residing in the esophageal mucosa and afferent nerve endings.
This revealed the innervation of deep PGP9.5-immunoreactive
afferent nerves in the same esophageal mucosal papillary
structures of ERD patients where mast cell infiltration was
observed, while in healthy controls where mast cells were
detected, afferent nerve endings were not found within the same
papillae (Figure 7E).
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categories highlighted (p < 0.01). HC: N = 8, BE: N = 7.

3.4 NGF expression on mast cells is
increased in GERD

To assess whether mast cell infiltration into the esophageal
mucosa of patients with GERD causes neuroplastic changes through
NGF release, the relative level of NGF gene expression in the
esophageal mucosa of patients with GERD was assessed via qPCR
studies. NGF gene expression was higher in GERD esophageal
mucosa compared with healthy esophageal mucosa (p = 0.03)
(Figure 8A). ERD and NERD patients had the highest level of
NGF gene expression among the GERD phenotypes although the
difference between ERD/NERD samples and healthy controls did
not reach statistical significance (p = 0.09 and p = 0.66, respectively)
(Figure 8A). Ex-vivo biopsy experiments assessing esophageal
mucosal response to acid exposure also detected a noticeably
increased NGF release from ERD esophageal mucosal biopsies at
baseline, pH 5, and pH 2 compared with healthy control esophageal
mucosa (Figure 8B).

GERD samples phenotyped into ERD (N = 23), BE (N = 19),
NERD (N = 11), and FH (N = 18) and healthy controls (N = 9)
were assessed for NGF protein expression on mast cells infiltrating
the esophageal mucosa. Tryptase™ mast cells detected in the
esophageal mucosa were found to frequently co-express NGF
in all GERD groups, and NGF ' Tryptase” mast cells were
intrapapillary (Figure 8C).
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Quantitative analysis demonstrated that GERD patients had
significantly higher NGF co-expressing on mast cells compared
with healthy controls (Figure 8D) (p = 0.0087). Post-hoc analysis
with Bonferroni’s test detected significantly higher NGF/tryptase
colocalization in patients with BE (p = 0.0094) and patients with FH
(p = 0.0458) compared with healthy controls (Figure 8D).

4 Discussion

In this study, we report phenotypic transcriptomic changes to
the immune gene signature across the chronic GERD disease
spectrum, concurring with the role of T-lymphocyte infiltration
driving acute inflammation at ERD onset (26). We demonstrate a
significant loss in dendritic cell infiltration in the GERD esophageal
mucosa compared with healthy esophageal mucosa. We also report
a close association between deep afferent nerve endings and mast
cells in ERD patients, with increased NGF expression on mast cells
infiltrating the GERD esophageal mucosa. Our data suggest a
connection between neuropeptides and mucosal inflammation in
reflux sensation, as summarized by a schematic model in Figure 9.

A decreased mucosal dendritic cell population in GERD
patients suggests a pathogenic change in the GERD esophageal
mucosa. It is likely that immature dendritic cells in the healthy
esophageal mucosa, a squamous epithelium exposed to antigens
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B, basal aspect of the biopsy sample

from the lumen, survey the epithelium for pathogens to release anti-
inflammatory cytokines to suppress an adaptive immune response.
Dendritic cells observed in the esophageal mucosa were often
interpapillary, suggesting that they reside in the epithelial layer
rather than infiltrate from the submucosa, as often seen with other
immune cells (26, 27). Our findings suggest that the oral tolerance
mechanism was significantly compromised in patients with FH,
ERD, and BE and considerably decreased in patients with NERD.
However, the insignificant difference between healthy controls and
NERD patients was possibly due to the lower sample number in this
group of patients compared with the other GERD phenotypes.
These findings are similar to those reported in the literature in the
intestine, where intestinal dendritic cells are integral for preventing
pathological immune responses to harmless antigens (28-31). Our
findings of dendritic cell loss in GERD, coupled with increased
infiltration of mast cells, likely highlight a switch to the adaptive
immune response in GERD, where other immune cell populations
are recruited to protect the esophageal mucosa against luminal
antigens (26). There did not seem to be an association between
esophageal dendritic cells screening the mucosa and afferent nerve
endings seen in healthy controls or GERD patients, suggesting that
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the mechanism of dendritic cell immune response in GERD is not
sensory nerve-driven.

The increased mast cell population compared with healthy
controls, as suggested by cellular deconvolution of our
transcriptomic data, may result in increased hypersensitivity
experienced by ERD patients. Although IF studies failed to detect
a significant difference in mast cell infiltration between GERD
samples and healthy controls, the median number of mast cells
detected by mast cell tryptase staining was notably higher in ERD
and BE compared with HCs. Mast cells have been widely recognized
for their role in initiating reciprocal communication with
nociceptors on sensory nerve fibers in a range of inflammatory
conditions (32-35). Being one of the first responders of the immune
system present near externally exposed surfaces allows sensitized
nerves to signal to tissue-resident innate immune cells like mast
cells by releasing inflammatory mediators such as substance P
which can activate mast cells to release neurotrophic factors
including NGF, leading to a bidirectional cycle of hypersensitivity
(36). The observation of intrapapillary mast cells in very close
apposition to deep afferent nerve endings in the papillae of patients
with ERD further supports this as a potential mechanism that may
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among the disease groups was not statistically different (p = 0.0751). (E) A representative ERD sample with a deep afferent nerve marked by PGP9.5
in the same mucosal papillae as a mast cell and a representative HC with an arrow of an intrapapillary afferent nerve ending, while a mast cell was
detected within the mucosa localized away from the positive PGP9.5 signal. Scale bar: 50 um. L, luminal, B, basal aspect of the biopsy sample

lead to increased pain transmission in a group of patients who do
not present with superficial afferent nerve innervation. This might
be due to the histamine released from mast cells which may induce
activation of sensory fibers by interacting with histamine receptors
on nerve endings, based on our finding of HRH2 gene encoding
histamine receptor 2 upregulation in GERD compared with HCs.
We detected a notable increase in the median mast cell
quantification in the hyposensitive BE cohort compared with
HCs. However, sensitivity is a complex mechanism generated by
multiple factors including neuronal innervation, receptor
expression, and their interaction with inflammatory mediators. It
is also important to note that the BE samples included in our study
were from the squamous tissue above the BE segment; thus, the
sensory profile of Barrett’s itself remains relatively unstudied.
There is increased co-expression of NGF in mast cells
infiltrating the esophageal mucosa of patients with GERD
compared with healthy controls, which may be one of the key
mechanisms behind heartburn sensation. Elevated mast cell
numbers and NGF content characterize a number of

Frontiers in Immunology

inflammatory conditions including the colonic mucosa in IBD
patients (37-39). The increase in NGF content in mast cells
infiltrating the esophageal mucosa of GERD patients could be a
possible mechanism of nerve fiber sprouting leading to sensitivity.
Overexpression of NGF in the dorsal horn of the adult spinal cord
has previously been associated with extensive axonal sprouting,
where the axons were identified as a subpopulation of nociceptive
fibers expressing CGRP and substance P, suggesting that NGF
induces neuronal plasticity and regulates the hyperalgesic
response (40). NGF regulates nerve fiber outgrowth and, thus,
pain transmission by signaling through its tyrosine kinase
receptor A (NTRK1). A recent study importantly highlighted
increased nerve fiber density and sprouting and increased
expression of NGF on tryptase’ mast cells in mucosal colon
tissues from IBS patients compared with controls, highlighting a
role for NGF in increasing nerve sprouting by signaling via NTRK1
receptors expressed on nerve fibers (32). Our findings suggest that
mucosal mast cells are also key players in heartburn transmission,
given their increased expression of NGF which likely leads to
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NGF co-expression is increased in mast cells infiltrating the GERD esophageal mucosa. (A) Normalized expression fold change of NGF in relation to
the reference gene 18S, normalized against healthy control samples. One-way ANOVA detected a significant difference among the control and
GERD samples (p = 0.03). NERD: N = 10, BE: N = 11, ERD: N = 11, FH: N = 10, Control: N = 9. (B) No significant differences in NGF were observed (p
> 0.05, two-way ANOVA); three biopsies were taken from the control (N = 3) and ERD (N = 3). Error bars represent SD. (C) Oval-shaped mast cells
identified with mast cell tryptase (shown by white arrows) adjacent to the papillae do not express NGF in HC. Released NGF/NGF expressed by other
immunocytes near mast cells. Intrapapillary mast cells co-express NGF (yellow arrow) in a patient with ERD. Intrapapillary mast cells co-express NGF
(yellow arrow) and mast cell without NGF expression in nearby papillae (white arrow) in a representative BE patient. A deep intrapapillary mast cell
was co-expressing NGF (yellow arrow), while another mast cell in close proximity (white arrow) did not express NGF in a patient with NERD. NGF
and tryptase colocalization in a degranulating intrapapillary mast cell (yellow arrow) and released NGF detected in the same papillae in a patient with
FH. The scale bar represents 100 um; the insert scale bar represents 40 pm. (D) Quantification of colocalization between mast cell tryptase and NGF
using Manders' coefficient (M1) detected significantly higher NGF co-expression in BE (p = 0.0094) and FH (p = 0.0458) compared with HCs. Error
bars represent SD. L, luminal side, B, basal aspect of the biopsy sample

sprouting of nociceptive nerve endings, thus increasing activation of ~ histamine, or proteases which lower the activation threshold of the
sensory pathways. The morphology of intrapapillary mast cells  nerve endings and perpetuate esophageal sensitivity.

detected near mucosal afferent nerves in ERD patients being This study has several strengths including demonstrating novel
“anaphylactic” further suggests that they could be releasing NGF,  transcriptomic findings on esophageal mucosal expression of
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FIGURE 9

Summary diagram of the findings. Diagram demonstrating mucosal mechanisms elucidated by our current study. Dendritic cells are significantly
more abundant in healthy esophageal mucosa compared with GERD phenotypes. In contrast, dendritic cells are decreased, while NGF-expressing
mast cells are increased in heartburn patients. Histamine receptor 2 and NTRK1 expressed on deep sensory nerves in close apposition to mast cells

likely get sensitized by neuropeptides such as NGF released by mast cells.

neuroimmune markers which were validated on corresponding
patient biopsies immunohistochemically. Additionally, the
patients included in the study are carefully phenotyped by
endoscopic and reflux studies. A limitation of the study is that
patients with BE included in the study were “on” PPIs at the time of
endoscopy, unlike ERD, NERD, and FH patients who discontinued
PPI use at least 7 days prior to biopsy collection. This was in keeping
with clinical guidelines which issue long-term PPI administration
for BE patients to reduce the risk of esophageal adenocarcinoma
(41). Moreover, the healthy control group was considerably younger
than the GERD group, which may have played a role in the mucosal
findings of the study. Reflux perception is multifactorial, and other
comorbidities, such as stress and the use of medications other than
antireflux that were not excluded, could conceivably impact the
mucosa. Finally, we acknowledge that biopsies represent only a
small percentage of esophageal surface area, thus limiting the
number of nerve endings detected and potentially influencing
spatial relationships between mast cells and nerve endings.

We believe that this study has advanced the current
understanding of mucosal pathogenesis of GERD and has
translational potential. In ERD patients where superficial sensory
nerves were not identified, NGF-expressing mast cells in close
vicinity to deep afferent nerves are likely to have an indirect role
in inducing pain transmission upon NGF release into the
esophageal mucosa and subsequent activation of neighboring
nerves. The loss of dendritic cells in heartburn patients could
conceivably highlight a switch to the adaptive immune response,
where other immune cell populations are recruited to protect the
esophageal mucosa against luminal antigens. Our findings raise the
enticing possibility of topical therapy with antagonists against NGF
and histamine receptors, particularly in patients who are refractory
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to PPIs, and warrant further mechanistic experiments to further
unravel potential therapeutic targets.

In conclusion, our study has identified two key findings in well-
phenotyped GERD patients. First, there is a loss in conventional
dendritic cell populations in heartburn patients compared with
healthy subjects. This is likely the first step in the inflammatory
response seen in the GERD esophageal mucosa preceding the
activation of the adaptive immune response. Second, mast cells
infiltrating the GERD esophageal epithelium have increased NGF
co-expression. This may highlight a peripheral sensitization
mechanism driving a sensory change in the perception of acid
reflux stimuli. These findings suggest that immune cell regulation
may reduce symptom generation in the treatment of GERD patients,
perhaps in the form of novel topical antagonists. These findings
warrant follow-up studies for further elucidation of peripheral
sensitization mechanisms to discover more robust treatment targets.

Data availability statement

The sequencing data discussed in this publication are deposited
in the NCBI's Gene Expression Omnibus and are accessible through
GEO Series accession number GSE226303.

Ethics statement

The studies involving humans were approved by the NRES
Committee London-Queensquare (Study reference: 19/L0/1506).
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1282577
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ustaoglu et al.

Author contributions

AU: Data curation, Formal Analysis, Investigation,
Methodology, Validation, Writing - original draft, Writing -
review & editing. FD: Data curation, Formal Analysis,
Visualization, Writing - review & editing. MD’a: Data curation,
Investigation, Visualization, Writing - review & editing. SM:
Formal Analysis, Visualization, Writing - review & editing. CL:
Funding acquisition, Methodology, Project administration,
Resources, Writing - review & editing. EM: Project
administration, Resources, Writing - review & editing. DB:
Methodology, Supervision, Visualization, Writing - review &
editing. DK: Conceptualization, Methodology, Supervision,
Writing - review & editing. DS: Funding acquisition, Project
administration, Resources, Supervision, Writing - review &
editing. PW: Conceptualization, Funding acquisition,
Methodology, Supervision, Visualization, Writing - review &
editing. MP: Conceptualization, Investigation, Methodology,
Supervision, Visualization, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. DPK receives
funding from Cancer Research UK (C7570/A19107). MP receives
funding from Innovate UK (Project number: 10028205). PW received
a research grant from Reckitt Benckiser (Grant code NSCL1F6R).

References

1. Vakil N. The Montreal definition and classification of gastroesophageal reflux
disease: a global evidence-based consensus. Am ] Gastroenterol (2006) 101:1900-20.
doi: 10.1111/j.1572-0241.2006.00630.x

2. Mittal RK, Holloway RH, Penagini R, Blackshaw LA, Dent J. Transient lower
esophageal sphincter relaxation. Gastroenterology. (1995) 109(2):601-10. doi: 10.1016/
0016-5085(95)90351-8

3. Kahrilas PJ, Boeckxstaens G, Smout AJPM. Management of the patient with
incomplete response to PPI therapy. Best Pract Res Clin Gastroenterol (2013) 27
(3):401-14. doi: 10.1016/j.bpg.2013.06.005

4. Peery AF, Crockett SD, Murphy CC, Lund JL, Dellon ES, Williams JL, et al. Burden
and cost of gastrointestinal, liver, and pancreatic diseases in the United States: update
2018. Gastroenterology (2019) 156:254-272.e11. doi: 10.1053/j.gastro.2018.08.063

5. El-Serag HB. Epidemiology of non-erosive reflux disease. In: Digestion
Switzerland: Karger (2008). p. 6-10.

6. Weijenborg PW, Smout AJPM, Verseijden C, van Veen HA, Verheij J, de Jonge WJ,
et al. Hypersensitivity to acid is associated with impaired esophageal mucosal integrity in
patients with gastroesophageal reflux disease with and without esophagitis. Am ] Physiol
Gastrointest Liver Physiol (2014) 307(3):G323-9. doi: 10.1152/ajpgi.00345.2013

7. Yang M, Li ZS, Chen DF, Zou DW, Xu XR, Fang DC, et al. Quantitative
assessment and characterization of visceral hyperalgesia evoked by esophageal
balloon distention and acid perfusion in patients with functional heartburn,
nonerosive reflux disease, and erosive esophagitis. Clin | Pain (2010) 26(4):326-31.
doi: 10.1097/AJP.0b013e3181c8fc83

8. Nagahara A, Miwa H, Minoo T, Hojo M, Kawabe M, Osada T, et al. Increased
esophageal sensitivity to acid and saline in patients with nonerosive gastro-esophageal reflux
disease. J Clin Gastroenterol (2006) 40(10):891-5. doi: 10.1097/01.mcg.0000225673.76475.9d

9. Ustaoglu A, Nguyen A, Spechler S, Sifrim D, Souza R, Woodland P. Mucosal
pathogenesis in gastro—esophageal reflux disease. Neurogastroenterol Motil (2020) 32
(12):€14022. doi: 10.1111/nmo.14022

Frontiers in Immunology

15

10.3389/fimmu.2023.1282577

Acknowledgments

We acknowledge the help of colleagues from the Blizard
Institute Genome Centre, particularly Dr. Chaz Mein and Dr.
James Boot.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1282577/
full#supplementary-material

10. Barlow WJ, Orlando RC. The pathogenesis of heartburn in nonerosive reflux
disease: A unifying hypothesis. Gastroenterology. (2005) 128(3):771-8. doi:
10.1053/j.gastro.2004.08.014

11. Ustaoglu A, Sawada A, Lee C, Lei WY, Chen CL, Hackett R, et al. Heartburn
sensation in non-erosive reflux disease: pattern of superficial sensory nerves expressing
TRPV1 and epithelial cells expressing ASIC3 receptors. Am ] Physiology—
Gastrointestinal Liver Physiol (2021) 320(5):G804-15. doi: 10.1152/ajpgi.00013.2021

12. Khalil M, Babes A, Lakra R, Férsch S, Reeh PW, Wirtz S, et al. Transient receptor
potential melastatin 8 ion channel in macrophages modulates colitis through a
balance-shift in TNF-alpha and interleukin-10 production. Mucosal Immunol
(2016) 9(6):1500-13. doi: 10.1038/mi.2016.16

13. de Jong PR, Takahashi N, Peiris M, Bertin S, Lee ], Gareau MG, et al. TRPM8 on
mucosal sensory nerves regulates colitogenic responses by innate immune cells via
CGRP. Mucosal Immunol (2014) 8:491. doi: 10.1038/mi.2014.82

14. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
Ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29(1):15-21. doi: 10.1093/
bioinformatics/bts635

15. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):1-21.
doi: 10.1186/s13059-014-0550-8

16. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of systems-level
datasets. Nat Commun (2019) 10(1). doi: 10.1038/s41467-019-09234-6

17. Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling tumor
infiltrating immune cells with CIBERSORT. Methods Mol Biol (2018) 1711:243. doi:
10.1007/978-1-4939-7493-1_12

18. Livak K], Schmittgen TD. Analysis of relative gene expression data using real—
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25
(4):402-8. doi: 10.1006/meth.2001.1262

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1282577/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1282577/full#supplementary-material
https://doi.org/10.1111/j.1572-0241.2006.00630.x
https://doi.org/10.1016/0016-5085(95)90351-8
https://doi.org/10.1016/0016-5085(95)90351-8
https://doi.org/10.1016/j.bpg.2013.06.005
https://doi.org/10.1053/j.gastro.2018.08.063
https://doi.org/10.1152/ajpgi.00345.2013
https://doi.org/10.1097/AJP.0b013e3181c8fc83
https://doi.org/10.1097/01.mcg.0000225673.76475.9d
https://doi.org/10.1111/nmo.14022
https://doi.org/10.1053/j.gastro.2004.08.014
https://doi.org/10.1152/ajpgi.00013.2021
https://doi.org/10.1038/mi.2016.16
https://doi.org/10.1038/mi.2014.82
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s13059&ndash;014&ndash;0550&ndash;8
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fimmu.2023.1282577
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ustaoglu et al.

19. ACTN4 actinin alpha 4 [Homo sapiens (human)]. NCBI. Available at: https://
www.ncbi.nlm.nih.gov/gene/81.

20. Savarino E, Zentilin P, Mastracci L, Dulbecco P, Marabotto E, Gemignani L, et al.
Microscopic esophagitis distinguishes patients with non-erosive reflux disease from
those with functional heartburn. J Gastroenterol (2013) 48(4):473-82. doi: 10.1007/
500535-012-0672-2

21. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12
(5):453-7. doi: 10.1038/nmeth.3337

22. Mair F, Prlic M. OMIP-44: 28—color immunophenotyping of the human dendritic
cell compartment. Cytometry Part A (2019) 95(8):925-6. doi: 10.1002/cyto.a.23854

23. Patente TA, Pinho MP, Oliveira AA, Evangelista GCM, Bergami-Santos PC,
Barbuto JAM. Human dendritic cells: Their heterogeneity and clinical application
potential in cancer immunotherapy. Front Immunol (2019) 10(JAN):3176. doi:
10.3389/fimmu.2018.03176

24. Dahlin JS, Hallgren J. Mast cell progenitors: origin, development and migration
to tissues. Mol Immunol (2015) 63(1):9-17. doi: 10.1016/j.molimm.2014.01.018

25. Plum T, Wang X, Rettel M, Krijgsveld ], Feyerabend TB, Rodewald HR. Human
mast cell proteome reveals unique lineage, putative functions, and structural basis for
cell ablation. Immunity (2020) 52(2):404-416.¢5. doi: 10.1016/j.immuni.2020.01.012

26. Dunbar KB, Agoston AT, Odze RD, Huo X, Pham TH, Cipher D], et al
Association of acute gastroesophageal reflux disease with esophageal histologic
changes. JAMA (2016) 315(19):2104-12. doi: 10.1001/jama.2016.5657

27. Huo X, Agoston AT, Dunbar KB, Cipher DJ, Zhang X, Yu C, et al. Hypoxia-
inducible factor-2alpha plays a role in mediating oesophagitis in GORD. Gut. 2016/10/
04. (2017) 66(9):1542-54. doi: 10.1136/gutjnl-2016-312595

28. Coombes JL, Powrie F. Dendritic cells in intestinal immune regulation. Nat Rev
Immunol (2008) 8(6):435. doi: 10.1038/nri2335

29. Mowat AMI. Anatomical basis of tolerance and immunity to intestinal antigens.
Nat Rev Immunol (2003) 3(4):331-41. doi: 10.1038/nri1057

30. Bertolini TB, Biswas M, Terhorst C, Daniell H, Herzog RW, Pifieros AR. Role of
orally induced regulatory T cells in immunotherapy and tolerance. Cell Immunol
(2021) 359:104251. doi: 10.1016/j.cellimm.2020.104251

Frontiers in Immunology

16

10.3389/fimmu.2023.1282577

31. Clausen BE, Stoitzner P. Functional specialization of skin dendritic cell subsets in
regulating T cell responses. Front Immunol (2015) 6(OCT):534. doi:
10.3389/fimmu.2015.00534

32. Dothel G, Barbaro MR, Boudin H, Vasina V, Cremon C, Gargano L, et al. Nerve
fiber outgrowth is increased in the intestinal mucosa of patients with irritable bowel
syndrome. Gastroenterology (2015) 148(5):1002-1011.e4. doi: 10.1053/j.gastr0.2015.01.042

33. Gupta K, Harvima IT. Mast cell-neural interactions contribute to pain and itch.
Immunol Rev (2018) 282(1):168-87. doi: 10.1111/imr.12622

34. Barbara G, Wang B, Stanghellini V, de Giorgio R, Cremon C, di Nardo G, et al.
Mast cell-dependent excitation of visceral-nociceptive sensory neurons in irritable bowel
syndrome. Gastroenterology (2007) 132(1):26-37. doi: 10.1053/j.gastr0.2006.11.039

35. Leon A, Buriani A, Dal Toso R, Fabris M, Romanello S, Aloe L, et al. Mast cells
synthesize, store, and release nerve growth factor. Proc Natl Acad Sci U.S.A. (1994) 91
(9):3739. doi: 10.1073/pnas.91.9.3739

36. Yu YB, Zuo XL, Zhao QJ, Chen FX, Yang J, Dong YY, et al. Brain—derived
neurotrophic factor contributes to abdominal pain in irritable bowel syndrome. Gut
(2012) 61(5):685-94. doi: 10.1136/gutjnl-2011-300265

37. Levine JD, Coderre TJ, Covinsky K, Basbaum AI. Neural influences on synovial
mast cell density in rat. ] Neurosci Res (1990) 26(3):301-7. doi: 10.1002/jnr.490260306

38. Yukawa S, Yamaoka K, Sawamukai N, Shimajiri S, Kubo S, Miyagawa I, et al.
Dermal mast cell density in fingers reflects severity of skin sclerosis in systemic
sclerosis. Mod Rheumatol (2013) 23(6):1151-7. doi: 10.3109/s10165-012-0813-8

39. di Mola FF, Friess H, Zhu ZW, Koliopanos A, Bley T, di Sebastiano P, et al. Nerve
growth factor and Trk high affinity receptor (TrkA) gene expression in inflammatory
bowel disease. Gut (2000) 46(5):670-8. doi: 10.1136/gut.46.5.670

40. Romero MI, Rangappa N, Li L, Lightfoot E, Garry MG, Smith GM. Extensive
sprouting of sensory afferents and hyperalgesia induced by conditional expression of
nerve growth factor in the adult spinal cord. ] Neurosci (2000) 20(12):4435-45. doi:
10.1523/JNEUROSCI.20-12-04435.2000

41. Singh S, Garg SK, Singh PP, Iyer PG, El-Serag HB. Acid-suppressive
medications and risk of oesophageal adenocarcinoma in patients with barrett’s
oesophagus: A systematic review and meta- Analysis. Gut (2014) 63:1229-37. doi:
10.1136/gutjnl-2013-305997

frontiersin.org


https://www.ncbi.nlm.nih.gov/gene/81
https://www.ncbi.nlm.nih.gov/gene/81
https://doi.org/10.1007/s00535-012-0672-2
https://doi.org/10.1007/s00535-012-0672-2
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1002/cyto.a.23854
https://doi.org/10.3389/fimmu.2018.03176
https://doi.org/10.1016/j.molimm.2014.01.018
https://doi.org/10.1016/j.immuni.2020.01.012
https://doi.org/10.1001/jama.2016.5657
https://doi.org/10.1136/gutjnl-2016-312595
https://doi.org/10.1038/nri2335
https://doi.org/10.1038/nri1057
https://doi.org/10.1016/j.cellimm.2020.104251
https://doi.org/10.3389/fimmu.2015.00534
https://doi.org/10.1053/j.gastro.2015.01.042
https://doi.org/10.1111/imr.12622
https://doi.org/10.1053/j.gastro.2006.11.039
https://doi.org/10.1073/pnas.91.9.3739
https://doi.org/10.1136/gutjnl-2011-300265
https://doi.org/10.1002/jnr.490260306
https://doi.org/10.3109/s10165-012-0813-8
https://doi.org/10.1136/gut.46.5.670
https://doi.org/10.1523/JNEUROSCI.20-12-04435.2000
https://doi.org/10.1136/gutjnl-2013-305997
https://doi.org/10.3389/fimmu.2023.1282577
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identification of novel immune cell signature in gastroesophageal reflux disease: altered mucosal mast cells and dendritic cell profile
	1 Introduction
	2 Materials and methods
	2.1 Study subjects
	2.1.1 Erosive reflux disease patients
	2.1.2 Non-erosive reflux disease and functional heartburn patients
	2.1.3 Barrett’s esophagus patients
	2.1.4 Healthy control group

	2.2 Biopsy processing
	2.3 Bulk mRNA sequencing
	2.4 RNA sequencing data analysis
	2.5 Cellular deconvolution
	2.6 Quantitative real-time polymerase chain reaction
	2.7 Immunofluorescence staining
	2.8 Image analysis
	2.9 Ex-vivo biopsy assay
	2.10 Cytokine detection
	2.11 Statistical analysis

	3 Results
	3.1 Global transcriptome of GERD esophageal mucosa highlights differential immune regulation
	3.2 Dendritic cells are more abundant in healthy esophageal mucosa compared with GERD
	3.3 Mast cells are closely apposed to afferent nerve endings in ERD
	3.4 NGF expression on mast cells is increased in GERD

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


