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Abstract

Objectives: Esophageal microbiota and regulation of adaptive immunity are increasingly being investigated in
eosinophilic esophagitis (EoE). Toll-like receptors (TLRs) play a central role in the initiation and maintenance of innate
immune activity. Our objective was to characterize the esophageal and duodenal innate immune response in EoE and
its modulation by dietary therapy.

Methods: Esophageal and duodenal biopsy samples were collected from 10 adults with untreated EoE, before and
after effective treatment with a six-food elimination diet (SFED), and 10 controls with normal esophagus. In all cases,
bacterial load (by mRNA expression of 16S), TLRs, mucins, transcription factors, interleukins, components of the NKG2D
system, and innate immunity effectors were assessed by qPCR. Protein expression of TLRs were also determined by
immunofluorescence.

Results: Bacterial load and TLR1, TLR2, TLR4, and TLR9 were overexpressed on biopsies with active EoE compared with
controls. Muc1 and Muc5B genes were downregulated while Muc4 was overexpressed. Upregulation of MyD88 and
NFκB was found together with IL-1β, IL-6, IL-8, and IL-10 mediators and PER-1, iNOS, and GRZA effectors. NG-K2D
components (KLRK1, IL-15, MICB) were also upregulated. In all cases, changes in active EoE were normalized following
SFED and mucosal healing. Duodenal samples also showed increased expressions of TLR-1, TLR-2, and TLR-4, but not
16S or any other mediators nor effectors of inflammation.

Conclusions: Esophageal TLR-dependent signaling pathways in EoE support the potential implication of microbiota
and the innate immune system in the pathogenesis of this disease.

Introduction
Eosinophilic esophagitis (EoE) is a chronic, food-trig-

gered, immune-mediated disease of the esophagus, clini-
cally characterized by symptoms referred to esophageal
dysfunction, and histologically defined by an eosinophil-
rich inflammation of the esophageal mucosa1,2, among
other cell types3. The incidence and prevalence of EoE
have rapidly increased in children and adults in recent
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years4, making it today a common cause of chronic dys-
phagia and food impaction in young patients.
The involvement of an adaptive Th2-type immune

response to food antigens in EoE was known from the first
descriptions of the disease;5,6 several cytokines, and che-
mokines derived from T cells present within the inflam-
matory infiltrate in EoE promote food-specific
responses7,8, in which local production of IgE9, but also
IgG4 derived from plasma cells located in the esophageal
lamina propria of EoE patients10 might play a relevant
role. Profibrogenic factors released by inflammatory cells
determine fibrous remodeling of the esophageal tis-
sues11,12. Avoiding the consumption of specific food
triggers, whenever possible, constitutes a first-line therapy
for EoE13,14.
In contrast to the highly specialized adaptive immu-

nity, the innate immune system recognizes and responds
to environmental insults and pathogens without the
need for an immunoglobulin-driven antigen-specific
response. Evidence pointing towards a potential role for
the innate immunity in EoE has arisen recently. Eso-
phageal epithelial cells have been revealed as major
effectors initiating the inflammatory phenomena in EoE,
not just through the release of eotaxin-3 and other
chemoattractants for eosinophils15, but also by pro-
moting the recruitment of invariant natural killer T
(iNKT) cells toward the esophageal epithelium16, which
constitutes a major cytokine source. A specific role for
mast cells (MCs) has also been recognized in the
pathophysiology and symptoms of EoE which reverse
after effective dietary treatment17. Changes in the eso-
phageal microbiome composition in adult and pediatric
EoE patients compared to non-EoE controls have also
been recently described18,19 while modification of the
microbiota caused by antibiotic consumption has been
recognized as an early life risk factor for developing
EoE20. Together, these evidences give rise to a potential
role that the innate immune system in general, and the
microbial pattern recognition receptors (PRRs) in par-
ticular, might play in EoE pathogenesis.
Among PRRs, Toll-like receptors (TLRs) are type-I

transmembrane receptors expressed both on epithelial
and lamina propria cells with the capacity to distinguish
between pathogen and commensal microbes21. In
humans, there are a total of 11 different TLR (named from
TLR-1 to TLR-11), each having different specificities
which, once stimulated, activate intracellular signal
transduction pathways mediated by MAP kinases and NF-
κB, ultimately triggering a pro-inflammatory immune
response. As a part of the innate immune system22, TLRs
activation is responsible, among other functions, for
triggering inflammatory responses by acting as a link
between innate and adaptive immunity23,24. Indeed, acti-
vation and maturation of antigen-presenting cells and

regulatory T cells (Tregs) depends on TLR-mediated
signaling, highlighting their role on mucosal immune
homeostasis.
Numerous studies have evaluated the role of TLRs in

inflammatory, autoimmune, and allergic diseases, with the
relationship between allergy and TLR activation currently
positioned at the frontier of immunology research22,25,26.
TLR expression in esophageal epithelial samples, how-
ever, has only been demonstrated recently27. Despite this,
no study has yet assessed their potential role in EoE.
Therefore, in order to get a deeper insight into this
mechanism in the context of EoE, here we have char-
acterized the expression of human TLRs, as well as of
several immune-mediators and effectors, on esophageal
and duodenal samples from healthy controls and patients
with EoE, both before and after dietary-induced disease
remission.

Methods
Participants and clinical assessment
Adult EoE patients who were naïve to topical or sys-

temic steroids and dietary therapy for EoE were pro-
spectively recruited. Diagnosis for EoE was defined by
consensus guidelines28 and consisted in (i) infiltration of
esophageal epithelium by 15 or more eosinophil leuko-
cytes per high-powered field (hpf) (ii) absence of eosino-
philic infiltration in biopsy specimens from gastric and
duodenal mucosa; (iii) lack of histologic response after an
8-week trial of PPI therapy; and (iv) exclusion of drug
intake, parasites, esophageal caustications, hematologic
neoplasm, or other events in the patient’s medical history
as possible causes of esophageal eosinophilia. Esophageal
biopsies were obtained from each patient with EoE at
baseline and after 6-weeks of an empiric six-food elim-
ination diet (SFED) that induced histologic and clinical
remission of EoE. Patients’ support was provided as pre-
viously described31. The duration and intensity of dys-
phagia events, along with the frequency and intensity of
heartburn and regurgitation, were assessed structurally,
by means of a non-validated score developed for achala-
sia32 and previously used in adult EoE12,17, at the begin-
ning of the study and after completing the dietary
treatment.
Gender-matched control samples were obtained from

individuals who consecutively underwent endoscopy
under sedation during the study period, because of dys-
pepsia or a suspected gastroduodenal ulcer. All selected
control subjects exhibited a normal endoscopic appear-
ance of the esophagus, in which hiatus hernia, incompe-
tent cardias, and esophageal peptic lesions were excluded,
and the analyses of esophageal mucosal biopsies were also
reported as normal. Familial and personal background of
atopy was identified in all EoE patients and control par-
ticipants, based on clinical records.
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Endoscopic and biopsy-sampling procedure
All endoscopic exams were performed under propofol

sedation by a single board-certified gastroenterologist
(AJL) with a flexible 9-mm-caliber Pentax EG-2770K
gastroscope (Pentax of America, Inc, Montvale, NJ). A
minimum of four biopsies were taken from both upper
and lower esophageal thirds with the aid of a standard
needle biopsy forceps (Endo Jaw FB-220U, Olympus
Medical Systems, Tokyo, Japan). As TLR have been
described as overexpressed in the duodenal mucosa of
several digestive diseases29,30, and even in non-inflamed
tissues33, four mucosal biopsies were also taken from the
second portion of the duodenum and processed for his-
topathological analysis. Three additional biopsies from the
middle esophageal third and two from the duodenum of
each participant were collected during the endoscopic
procedure and preserved in an RNA stabilization solution
(RNAlater; Ambion, Inc, Austin, Tex) at –80°C until
processing for gene expression study.

Histological study
Esophageal samples were fixed in formalin, embedded

in paraffin, and routinely processed for hematoxylin and
eosin staining. The histological analysis was performed by
an experienced pathologist (JMO) blind to the experi-
mental groups. The peak number of eosinophils was
counted in the most densely inflamed areas with the aid of
Nikon Eclipse 50i (Nikon Corp, Tokyo, Japan) light
microscopy in three high-powered field (0.238 mm2). Peak
eosinophil count per hpf was calculated in the epithelial
strata by averaging the eosinophil counts.

Immunofluorescence
Formalin-fixed, paraffin-embedded tissues were sec-

tioned at 5 μm. Cuts were deparaffinized and rehydrated
following general procedures. Specific antigen retrieval
and permeabilization processes were performed depend-
ing on the antibody. After treatment with Blocking
Solution (Dako Diagnósticos, Barcelona, Spain) for 2 h at
room temperature, samples were incubated with the pri-
mary antibodies anti-TLR1, TLR2, TLR3, TLR4, TLR6, or
TLR9 (Supplementary Table 1) overnight at 4 °C. Incu-
bation with the secondary antibodies Alexa Fluor 594 goat
anti-rabbit IgG or Alexa Fluor 488 goat anti-mouse IgG
(Life Technologies, Madrid, Spain) was performed for 30
min at room temperature. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI). The negative
control slides followed the same procedure excluding the
addition of the primary antibodies. Fading was controlled
using the Prolong anti-fade mounting media (Molecular
Probes, Barcelona, Spain). A fluorescence microscope
(BX61, Olympus, Barcelona, Spain) was used for visual
analysis and images of the epithelium and the lamina
propia were taken at high magnification (×400).

Analysis of RNA expression
Total RNA was isolated with the MirVanaTM miRNA

Isolation Kit (Ambion), following the manufacturer’s
instructions. Gene expression for the different determined
genes was evaluated in all samples. Each assay and its assay
ID number is available at Applied Biosystems (Madrid,
Spain) (Supplementary Table 2). Simultaneous quantitative
real-time PCRs (qPCR) were performed with TaqMan Low-
Density Arrays (Applied Biosystems) preconfigured in a
384-well format and spotted on a microfluidic card. Each
TaqMan Gene Expression Assay consists of a forward and
reverse primer at a final concentration of 900 nM and a
Taq-Man MGB probe (6-FAM dye-labeled; Applied Bio-
systems), with a final concentration of 250 nM. The assays
are gene specific and have been designed to span an
exon–exon junction. Thermal cycling conditions were 2
min at 50 °C, 10min at 95 °C, followed by 40 cycles of
denaturation at 95 °C for 15 s, and annealing and extension
at 60 °C for 1min in an ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems). This procedure
was replicated twice for each gene and each sample, with
water as a negative control.
Relative changes in mRNA expression of human genes

were calculated with the cycle threshold (Ct) method35 with
the aid of Sequence Detection System 2.1 software (Applied
Biosystems). The amount of mRNA for each gene was
calculated in each sample using the Ct value. Relative gene
expression was calculated as follows: 2ΔΔCt, where ΔΔCt
=ΔCttarget gene−ΔCt control genes. The fold change for
the treatment was defined as the relative expression com-
pared with the corresponding control and was calculated as
follows: 2ΔΔCt, where ΔΔCt=ΔCtpatient−ΔCthealthy,
and expressed as arbitrary relative units (rU). Expression
levels of all target genes were normalized to 18S, GAPDH,
PGK1, GUSB, and b-actin expression.
Bacterial load was determined by using two primers

developed against the V4 region of the 16S rRNA, as
previously described34. Three replicas were amplified per
sample and expression levels were normalized to those of
the same eukaryotic genes, thus making them indepen-
dent of the biopsy size.
In order to identify overlap or cluster formation we

performed Principal Component Analysis (PCA) plots
and Heatmaps by ClustVis web tool36. ClustVis is written
using the Shiny web application framework (R package
version 0.10.2.1) for R statistics software, using several R
packages internally36,37. Each PCA was calculated using
Singular Value Decomposition (SVD) with imputation38.
Heatmap is plotted using pheatmap R package (version
0.7.7). The package uses popular clustering distances and
methods39 implemented in dist and hclust functions in R.
Heatmaps show a data matrix where coloring gives an
overview of the numeric differences, and genes and
samples are clustered hierarchically.
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Statistical analysis
Optimal sample size was calculated based on our pre-

vious results17 aimed for a power of 90%. Means and
standard deviations were reported for continuous vari-
ables and are expressed as mean (standard deviation)
throughout the text. Proportions were reported for cate-
gorical data. Results are expressed as a median with an
interquartile rank (IQR) for scoring clinical symptoms.
Comparisons between groups (control subjects and EoE
patients) were performed with nonparametric tests: the
Mann–Whitney U-test for quantitative variables and the
Fisher exact test for nominal variables. For comparison
before and after SFED treatment, the nonparametric-
paired Wilcoxon signed-rank test was used. To control for
multiple testing, post hoc comparisons were performed
using Holm-Bonferroni-corrected p values. A nonpara-
metric correlation test (Spearman’s rho) was used for
analyzing the association between eosinophils, gene
expression, and clinical symptoms. A 0.05 level of sig-
nificance was used throughout. Statistical analyses were
performed with the aid of PASW 18.0 statistical analysis
software (SPSS Inc, Chicago, Ill).

Ethics
The study was conducted in accordance with the prin-

ciples of the Declaration of Helsinki and approved by the
institutional review board of La Mancha Centro General

Hospital. Informed consent was obtained from all patients
prior to all endoscopic exams.

Results
Study population
Of the 14 patients with EoE screened, 10 (8 men and 2

women) achieved histological and clinical remission and
were included in this study. Additionally, 10 gender-
matched control subjects were also included. The groups
had a mean (standard deviation) age of 33.1 (10.1) and 53
(19.9) years, respectively. Individual clinical characteristics
of the experimental subjects are given in Table 1 and
Supplementary Table 3. Mean duration of symptoms in
EoE patients exceeded 4 years (50.8 ± 40.9 months). No
difference in clinical manifestations was observed between
atopic and non-atopic subjects (Table 2).

Intraepithelial eosinophils
In EoE patients, absolute peak intraepithelial eosinophil

density was 56.8 (29.9) cells/hpf, which decreased to 3
(4.2) cells/hpf after SFED-based treatment (p < 0.001). No
eosinophils were detected in any of the esophageal sam-
ples from controls. No differences in eosinophil counts
were detected between atopic and non-atopic EoE
patients, being 55 (30.4) vs. 61 (34.8) cells/hpf, respec-
tively. No eosinophilic infiltration was found in duodenal
samples.

Table 1 Clinical characteristics of EoE patients included in the study

Patients Age

(years)

Sex Time of

evolution

(months)

Symptoms Endoscopy Familiar

background of

atopy

Personal

background of

atopy

Identified food

triggered

Caliber Mucosal

appearance

1 25 M 12 FI, Dy N LF, Rg No No F&S & Ri

2 18 M 60 FI, WL N LF, C Sister: D AR Le, Nu & Co

3 38 M 4 Dy, AP R WP, Rg No BA, AR Mi, Eg, F&S, Le &

So

4 36 M 36 FI N LF, WP, Rg Brother: FS BA, AR Mi, Nu & So

5 38 F 60 FI, Dy N LF, WP Sister: AR BA, AR Wh, Leg & Nu

6 18 M 24 AP, V N LF, Rg No AR, FS Mi, Le, Nu & Co

7 51 F 24 FI, Dy N LF, WP, Rg No No Mi & Egg

8 34 M 48 FI, Dy, Ht R LF, WP, C, Rg Father: BA; Brother:

AR

No Mi

9 38 M 120 FI, Dy N Normal No BA, AR, FS Ri

10 35 M 120 Dy, AP N Rg, C Brother: DS BA, AR, FS Mi, F&S & Co

Sex: M male, F female. Symptoms: FI food impaction, Dy dysphagia, AP abdominal pain, V vomiting, Ht heartburn, WL weight loss. Endoscopy: N normal, R reduced, Rg
rings, LF longitudinal furrows, C crêpe-paper appearance, WP white plaques. Atopy: BA bronchial asthma, AR allergic rhinitis, FS food sensitivity, D dermatitis, DS drug
sensitivity. Food triggers: Mi milk, Ri rice, F&S fish & seafood, Le legumes, Nu nuts, Wh wheat, Co corn, Eg eggs, So soy
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TLR1, TLR2, TLR4, and TLR9 are overexpressed on the
inflamed EoE esophagus
Given that it has been recently demonstrated that TLRs

are expressed on esophageal epithelial cells40, here we
decided to assess their levels on the inflamed mucosa
from EoE patients, as well as on the paired non-inflamed
mucosa from the same patients after dietary treatment-
induced disease remission compared with healthy con-
trols. Our results, showed that mRNA expression of 4 out
of the 6 TLR studied was higher in patients with active
EoE, compared to healthy controls: TLR1 (2.7-fold
increase), TLR2 (3.7-fold increase), TLR4 (4.6-fold
increase), and TLR9 (3.4-fold increase) (p < 0.05 for all
comparisons). TLR expression in EoE patients returned to
normal following dietary therapy-induced remission
(Fig. 1a–f) (p < 0.05 regarding baseline conditions), find-
ings confirmed at the protein level by immuno-
fluorescence (Fig. 1g–j). No significant changes were
found for TLR3 and TLR6 mRNA or protein expression.
No association was observed between age of patients/
controls and TLR expression levels (data not shown).
TLR receptors allow the innate immune system to

recognize conserved pathogen associated molecular pat-
terns, so we next determined the total mucosa-associated
microbiota load in those samples. The average bacterial
load detected in esophageal samples of subjects with
active EoE was higher (2.85-fold) compared to control
non-EoE samples (p < 0.002), thus confirming previous
observations on a pediatric cohort18. Microbiota levels
were subsequently normalized (1.16-fold increase) fol-
lowing SFED-induced disease remission (p < 0.005)
(Fig. 2a), in parallel with the observed TLRs expression.
Given that the microbiota is not usually in direct con-

tact with the epithelium but, instead, embedded on the
mucus-layer, we also studied the expression levels of the
mucins that have been described to be expressed by the
human esophagus41,42. Our results revealed that, while
Muc1 and Muc5B were downregulated by 2-fold (p=
0.023) and 21.5-fold decrease (p= 0.003), respectively,
Muc4 was expanded on the inflamed mucosa from EoE
patients (7.2-fold increase; p= 0.001) with all mucin levels

Table 2 Clinical characteristics and gene expression
levels of atopic and non-atopic EoE patients

Atopic vs. non-atopic p

Time of evolution (months) 60.6 (45.1) vs. 28 (18.3) 0.250a

Symptom score 9 (5.9) vs. 6 (2) 0.723a

Symptoms

Dysphagia 57.1% vs. 100% 0.475b

Food impaction 57.1% vs. 100% 0.475b

Abdominal pain 42.9% vs. 0% 0.475b

Heartburn 0% vs. 33.3% 0.300b

Vomiting 14.3% vs. 0% >0.999b

Weight loss 14.3% vs. 0% >0.999b

Endoscopy findings

Reduced caliber 14.3% vs. 33.3% >0.999b

Normal mucosa 14.3% vs. 0% >0.999b

Longitudinal furrows 57.1% vs. 100% 0.475b

Rings 71.4% vs. 66.7% >0.999b

Crêpe-paper appearance 28.6% vs. 33.3% >0.999b

White plaques 42.9% vs. 66.7% >0.999b

Peak eosinophil count 55 (30.4) vs. 61 (34.8) 0.908a

TLR1 gene expression 2.2 (2.3) vs. 1.5 (2.4) 0.569a

TLR2 gene expression 41.3 (62.9) vs. 44.2 (34.5) 0.909a

TLR3 gene expression 10.5 (9.5) vs. 3.2 (4.4) 0.087a

TLR4 gene expression 3.6 (9.3) vs. 3.1 (2.7) 0.569a

TLR6 gene expression 2.1 (4.6) vs. 2.9 (3.1) 0.909a

TLR9 gene expression 1.9 (6.7) vs. 3.8 (2.7) 0.425a

16S gene expression 0.75 (0.5) vs. 0.54 (0.8) 0.732a

MUC1 gene expression 1.1 (1.7) vs. 0.3 (0.9) 0.360a

MUC2 gene expression NA —

MUC4 gene expression 14.4 (22.1) vs. 20.3 (10.6) 0.732a

MUC5B gene expression 0.32 (0.51) vs. 0.09 (0.03) 0.138a

MyD88 gene expression 2 (0.4) vs. 2.3 (0.5) 0.425a

NF-κB gene expression 2.9 (0.8) vs. 4 (0.8) 0.305a

IL-1α gene expression 0.13 (0.17) vs. 0.13 (0.06) 0.909a

IL-1β gene expression 3.3 (5.6) vs. 8.8 (4.3) 0.125a

IL-6 gene expression 0.21 (0.14) vs. 1.3 (1.2) 0.138a

IL-8 gene expression 103 .7 (196.6) vs. 179.39 (138.1) 0.425a

IL-10 gene expression 6.7 (5.7) vs. 29.9 (14.8) 0.087a

TNF-α gene expression 1.8 (2.2) vs. 1 (2.2) 0.909a

PRF1 gene expression 10.4 (8.7) vs. 7.9 (5.7) 0.909a

iNOS gene expression 0.041 (0.03) vs. 0.03 (0.02) 0.909a

GZMA gene expression 2.3 (1.7) vs. 3 (4.3) 0.909a

Table 2 continued

Atopic vs. non-atopic p

GZMB gene expression 17.3 (18.7) vs. 26.3 (13) 0.425a

IL-15 gene expression 13.1 (11.8) vs. 15.7 (6.3) 0.305a

MICA gene expression 1.2 (1.3) vs. 0.8 (1.6) 0.909a

MICB gene expression 2.8 (2.4) vs. 2.5 (0.6) 0.305a

KLRK1 gene expression 1.7 (1.2) vs. 4.6 (4.4) 0.210a

a Mann–Whitney U-test
b Chi-square test
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restored to normal following SFED-induced mucosal
healing (Fig. 2b–d). As expected, and in agreement with
the literature42, Muc2 expression was not found in our
samples.

The innate immune system is activated in the inflamed
mucosa from active EoE patients
Having identified that the microbiota, TLR receptors,

and mucins expression were altered in adult patients with
active EoE (Figs. 1 and 2), we next studied whether that
could translate to an activated innate immune system in
those patients. Every TLR—except TLR3 that was not
upregulated in our samples (Fig. 1)—utilizes the adapter
protein MyD88 to activate the transcription factor NF-
κB43. Therefore, we first assessed the mucosal expression
of both transcription factors (Fig. 3a, b), which were
upregulated in samples of EoE patients with active disease
(1.8- and 2.2-fold increase, respectively; p < 0.001) sug-
gesting that TLR signaling is functional in those patients.
In order to further confirm this signaling pathway, we
assessed the expression of several NF-κB-induced cyto-
kines. IL-1β (3.5-fold increase; p < 0.01), IL-6 (4-fold
increase; p < 0.05), IL-8 (12.2-fold increase; p < 0.001), and
IL-10 (6.8-fold increase; p < 0.001) were also upregulated

on the inflamed mucosa of EoE patients compared to
controls, values that returned to normal following SFED-
induced mucosal healing, in parallel to MyD88 and NF-κB
(p < 0.001 in both cases). No changes were noted for IL-1α
and TNFα, (Fig. 3c–h).
As a consequence of the immune activation displayed

by the esophageal mucosa on EoE patients, we further
studied whether these changes also correlated with the
expression of several innate immune effectors including
PRF-1, iNOS, GZMA, and GZMB (Fig. 4a–d) all of them,
with the exception of GZMB, were upregulated in the
inflamed mucosa from those patients (1.6-, 7.1-, and 2.7-
fold increase, respectively; p < 0.05; p < 0.001, and p < 0.05,
respectively) compared to controls, with levels being
restored to control values following dietary intervention
(p < 0.05 compared to baseline).
Finally, we also assessed expression of the NK-G2D

system (IL-15, MICA, MICB, and KLRL1)44, which was
also upregulated in the inflamed mucosa from EoE
patients (2.8-fold increase for IL-15, 2.6-fold increase for
MICB, 2.4-fold increase for KLRK1; p < 0.001, p < 0.01,
and p < 0.05, respectively) (Fig. 4e–h). The levels of IL-15
and KLRK1 came back to normal following dietary
intervention (p < 0.001 and p < 0.05, respectively). No

Fig. 1 TLR overexpression in the esophagus of EoE patients. a–f mRNA expression (in relative units) of TLR1, TLR2, TLR3, TLR4, TLR6, and TLR9 in
esophageal biopsies from EoE patients before and after six-food elimination diet (SFED) treatment, and healthy controls. g–j Immunofluorescence
expression of TLR1, TLR2, TLR4, and TLR9 was also determined on the same type of samples. Paired t-test compared EoE patients before and after SFED,
while EoE patients (both before and after SFED) were compared with the control population by non-paired t-test. Horizontal bars indicate mean values
(*p < 0.05; **p < 0.01; ***p < 0.001)
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changes in mRNA expression of MICA were noted.
Together, our results confirm that the innate immune
system is activated in active EoE patients, hence sug-
gesting that it may participate in its pathogenesis.

Increased duodenal expression of TLR receptors, but not
other immune components, in EoE
The esophagus of EoE patients carries a higher bacterial

load, which coupled with altered mucus layers and
increased levels of TLR receptors (Figs. 1 and 2) results in
an activated innate immune system in those patients
(Figs. 3 and 4). Therefore, we next studied whether some
of those characteristics could also be displayed in other
gastrointestinal tissues where EoE patients do not display
inflammation, as is the case with the duodenum.
To our surprise, TLR1 (2.04-fold increase, p= 0.001),

TLR2 (1.4-fold increase; p= 0.007), and TLR4 (1.4-fold
increase; p= 0.013), but not TLR9, were also upregulated
in the non-inflamed duodenum from the same patients,
levels that were restored to control values in SFED-
induced disease remission (Fig. 5a–f). Nevertheless, total
bacteria load (Fig. 5g) as well as mucin levels (Supple-
mentary Figure 1) were normal in the same patients.
Indeed, the increased expression of duodenal TLRs does
not appear to be functional as it did not result in increased
levels of transcription factors triggered by TLRs (Sup-
plementary Figure 2A,B), higher cytokine profile

(Supplementary Figure 2C-H), levels of innate immunity
effectors (Supplementary Figure 3A-D) or the activation
of the NK-G2D system (Supplementary Figure 3E-H) on
the duodenum.

Differential genetic signature in the esophagus and the
duodenum
Having detected an altered gene expression profile in

samples from patients with active EoE regarding controls
with a healthy esophagus, which decreased following
SFED-induced remission, we next studied whether that
was reflected in a differential gene expression fingerprint
for those patients. Given that TLR expression was also
higher in the non-inflamed duodenum of EoE patients, we
first analyzed all the data revealing that the samples sort
together based on the tissue (Fig. 6) irrespective of the
source of the patients, as should be expected, given that
the esophagus and the duodenum are two different sec-
tions of the gastrointestinal tract with different functions
and structures.
We also performed a multivariate analysis separating

the samples based on the tissue source. Our results
revealed how esophageal samples from patients with
active EoE display a differential gene expression profile,
compared with the EoE samples under remission and
from controls with a healthy esophagus, when studied
both as a PCA (Supplementary Figure 4A) or as a

Fig. 2 Bacterial load and mucin expression in the esophagus of EoE patients. a Total microbiota load (determined as 16s gene expression) and b–d
mRNA expression (in relative units) of Muc1, Muc4, and Muc5B mucins were determined in esophagus biopsies from patients before and after six-food
elimination diet (SFED) treatment, and healthy controls. Paired t-test compared EoE patients before and after SFED, while EoE patients (both before and
after SFED) were compared with the control population by non-paired t-test. Horizontal bars indicate mean values (*p < 0.05; **p < 0.01; ***p < 0.001)
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heatmap analysis (Supplementary Figure 4B), although,
the same was not true for the duodenum (Supple-
mentary Figure 5). Therefore, although TLR receptors
seem to be constitutively overexpressed throughout the

upper gastrointestinal tract during active EoE, their
signaling is only functional in the esophagus of these
patients, hence keeping the immune response restric-
ted to this segment.

Fig. 3 Innate immune system activation in the esophageal mucosa of EoE patients. a, b mRNA of transcription factors (MyD88 and NF-κB) and c–h
cytokines (IL-1α, IL-1β, IL-6, IL-8, IL-10, and TNFα) expression (in relative units) were determined in esophageal biopsies from patients before and after six-
food elimination diet (SFED) treatment, and healthy controls. Paired t-test compared EoE patients before and after SFED, while EoE patients (both before
and after SFED) were compared with the control population by non-paired t-test. Horizontal bars indicate mean values (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 4 Activation of the NKG2D system and expression of effectors of inflammation in the esophageal mucosa of EoE patients. a–d mRNA of
innate immunity effectors (PRF-1, iNOS, GZMA, and GZMB); and e–h the NK-G2D system (IL-15, MIC-A, MIC-B, and KLRK1) expression (in relative units)
were determined in esophagus biopsies from patients before and after six-food elimination diet (SFED) treatment, and healthy controls. Paired t-test
compared EoE patients before and after SFED, while EoE patients (both before and after SFED) were compared with the control population by non-
paired t-test. Horizontal bars indicate mean values (*p < 0.05; **p < 0.01; ***p < 0.001)

Arias et al. Clinical and Translational Gastroenterology  (2018) 9:147 Page 9 of 14

Official journal of the American College of Gastroenterology



Discussion
This is the first study examining the potential role of

TLRs in the pathophysiology of EoE. Our results

demonstrate that active EoE is characterized by upregu-
lated esophageal expression of TLRs compared to healthy
controls, despite the wide interindividual variability

Fig. 5 The TLR overexpression in the duodenum from EoE patients it not coupled with increased bacterial load. a–fmRNA expression (in relative
units) of TLRs (TLR1, TLR2, TLR3, TLR4, TLR6, and TLR9); and gmicrobial 16S were determined in duodenal biopsies from patients before and after six-food
elimination diet (SFED) treatment, and healthy controls. Paired t-test compared EoE patients before and after SFED, while EoE patients (both before and
after SFED) were compared with the control population by non-paired t-test. Horizontal bars indicate mean values (*p < 0.05; **p < 0.01)
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documented in our series of patients. Moreover, tran-
scription factors and subsequent effectors of the TLRs
signaling pathway are also upregulated in EoE, and
restored to control after effective dietary treatment. In
contrast, the duodenal mucosa shows no inflammatory
activity despite comparable profile expression of the same
TLR genes. This study adds to the cumulative literature
investigating the role of TLRs in different gastrointestinal
inflammatory conditions, including inflammatory bowel
disease29,45,46, celiac disease30,47, food allergy48, and sev-
eral atopic disorders49,50.
In recent years, multiple studies have investigated the

signaling pathways mediated by TLRs in the allergic
airway disease51,52, where they regulate immune
responses and are connected to the activity of high
affinity IgE receptor (FcεRI) expressed on mast cells,
acting as a connector between the innate and adaptive
immune systems. A predominant role for TLR-2, 4 and
9 has been recognized in bronchial asthma53,54. In
contrast, the functioning of TLRs in the gastrointestinal
tract has just started to be defined and its role is being
increasingly recognized in digestive disorders. However,
a map regarding TLR expression by different cell types
in different human intestinal segments is still missing,
something which is particularly important, as the
properties of the immune system change systematically
throughout the length of the gastrointestinal tract55.
Indeed, focusing on the esophagus, which is particularly
exposed to multiple antigens from microbial, alimentary
and airborne origin, this organ requires specific
mechanisms to protect its mucosa from chronic
damage, including an effective peristaltic activity,

epithelial tight junctions, and stratified squamous epi-
thelium. Also, the role of esophageal epithelial cells in
immune defense and maintenance of tolerance has not
yet been fully investigated.
Bronchial asthma and EoE share multiple resemblances,

including an altered Th2-type immune response triggered by
potentially innocuous antigens, the involvement of eosino-
phils and mast cells in the pathophysiology17, the transmural
inflammation that promotes smooth muscle dysfunction and
fibrous remodeling8,56, and clinico-pathological response to
topic steroids and avoidance of antigen triggers expo-
sure13,57,58. However, and despite all these similarities, as well
as the fact that the prevalence of bronchial asthma among
EoE patients is three times higher than in the non-EoE
population59, no study has assessed yet the role of TLRs on
EoE, as in the case of bronchial asthma52,53. Hence, and given
that it has been recently reported that TLR receptors are
expressed in the healthy esophagus40,60, we decided to char-
acterize their expression in the context of EoE by describing
how TLR-1, TLR-2, TLR-4, and TLR-9 are expanded in the
inflamed mucosa from active EoE patients, and its modula-
tion by SFED.
TLR-1 responds to triacyl lipopeptides and TLR-2 to

lipotecoic acid and peptidoglycan, both being compo-
nents of the bacterial wall61. Both are involved in
reducing the activation of FcεRI54,62, which results in a
reduced IgE-mediated mast cell degranulation. TLR-4,
on the contrary, is stimulated upon exposure to lipo-
polysaccharide present in Gram-negative bacteria. Some
allergens (such as the major house dust mite allergen or
Derp2) show a structural homology with MD2 protein,
which is a co-mediator of TLR-4 activation54,63, and

Fig. 6 The esophagus and the duodenum display a differential gene expression profile. a Principal component analysis (PCA) and b Heatmaps
were determined using all genes detailed in Table 2 from both the esophagus and the duodenum from active (aEoE) and quiescent (qEoE) patients and
healthy controls
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could activate TLR-4-mediated response by a molecular
mimicry mechanism. In contrast to TLR-1 and 2, sti-
mulation of TLR-4 increases the activation of FcεRI and
promotes Th2-type cytokines involved in eosinophilic
responses, as documented in respiratory tract allergy64.
In resting conditions, TLR-4 expression is reduced in
bronchial mucosal referred to TLR-2, with the TLR-2/4
ratio determining the final sense of the FcεRI activa-
tion65,66. In the particular case of our EoE samples,
expression of TLR-2 was 10-fold higher that TLR-1, in
agreement with the lack of a significant role for IgE in
EoE patients. Indeed, IgE plays a limited role in the
pathophysiology of EoE, and although it binds to mast
cells in the epithelium of atopic patients with this dis-
ease67, it does not constitute its main route of activa-
tion17. Hence, EoE patients do not develop rapid
inflammatory responses following exposure to trigger-
ing foods68, and treatment with anti-IgE monoclonal
antibodies has been shown to be completely ineffective
improving esophageal symptoms and inflammation in
patients with EoE10. Finally, TLR-9 is an intracellular
receptor activated by bacterial CpG-DNA binding,
promoting Th1-type immune responses with increased
production of IFNα-b. The stimulation of FcεRI by
allergens suppresses the activation of TLR-9, with the
consequent reduction of Th1 responses and the pro-
motion of Th2 ones leading to the appearance of allergic
reactions.
The increased expression of TLR in active EoE was

accompanied by higher bacterial load detected in the same
samples and by a downregulation in Muc1 and Muc5B
genes, probably determined by epithelial cell damage and
dysfunction, impaired mucosal integrity, and increased
permeability69 with exposition to bacterial components, and
enhanced activation of the mucosal innate immunity
mediated by TLRs, which is restored after avoiding exposure
to food antigens. Despite constituting a plausible explana-
tion for our results, some other findings point towards the
hypothesis that TLRs may play a primary role in EoE. To
begin with, an increased expression of Muc4 gene was
found, potentially to compensate for the decrease in Muc1
and Muc5B, which suggests that the mucous integrity in
active EoE is preserved enough to limit a direct contact of
the esophageal microbiota with the mucosal surface. In
addition, signaling pathways specific for TLR activation (IL-
8, MyD88), together with increased production of several
effectors of direct cytotoxicity (PRF-1, GZMA, iNOS) make
it hard to consider TLR activation as an epiphenomenon.
Notably, increased TLR expression was also found in the
duodenum from the same patients despite having a non-
inflamed mucosa (as confirmed both during endoscopy and
histological assessment) while displaying no changes in
bacterial load or upregulation of mediators of inflammation.
All together, our results suggest that TLRs are primarily

involved in EoE pathogenesis. It can be speculated therefore
that an overexpression of TLRs in non-inflamed segments of
the gastrointestinal tract of EoE patients could parallel the
increase of proinflammatory cytokines also in non-inflamed
tissue from patients with IBD33. The question remains,
however, why if TLRs are also overexpressed on the non-
inflamed mucosa from these patients, disease is nevertheless
restricted to the esophagus. One possibility is that increased
mucosa-associated microbiota load (or its metabolic activity)
in the esophagus (but not in the duodenum) may be the
trigger for inflammation (either as a direct effect or by
mimicking dietary components), an issue which we are
currently studying. Indeed, and given the study approach we
used (qPCR), cell types responsible for mucosal TLRs
expression were not defined; ongoing work is trying to
address this point, by defining the exact immune or epi-
thelial cells that overexpress TLRs, in agreement with recent
observations27,40. Last, but not least, current work is also
characterizing the mucosa-associated microbiota from those
patients, with the overall aim of unraveling the specific
microbiota contribution to EoE pathogenesis.
We are aware, however, of the limitations from our

study, the main one being the limited sample size (only
10 subjects per group) This was as a consequence of the
difficulty in recruiting patients who are naïve to therapy
and who also responded to a SFED. Despite the sig-
nificant differences in gene expression levels between
EoE and control samples, a wide variability in expression
levels from patient to patient was documented, which
prohibits a simplified interpretation of the data. The
small number of patients included in this study there-
fore prevented deeper analysis of the source of such
variability. We are also aware that our control group
included gender but not aged-matched healthy indivi-
duals. This is due to the fact that, according to current
guidelines for managing dyspepsia, endoscopic exams
can be avoided in young patients who do not present
alarming symptoms70. Nevertheless, we feel that these
limitations are lessened by the fact that we have only
included patients with EoE at the moment of diagnosis,
hence, eliminating the effect of previous exposure to
topical steroids or any other anti-inflammatory drugs.
As such, baseline eosinophil densities and gene
expression levels are a true reflection of the pathophy-
siological changes associated with EoE.
In summary, we here provide evidence, for the first time

to our knowledge, that TLR-dependent signaling path-
ways are activated in the esophageal mucosa of adult
patients with EoE, strongly suggesting a role in the
pathophysiology of the disease. The exact mechanisms
however that mediate the complex interactions between
esophageal microbiota, the innate immune system and
food-specific inflammatory responses in the pathophy-
siology of EoE warrants further research.
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Study Highlights

What is current knowledge
● EoE is a predominantly Th2-type inflammatory
esophageal condition, in which preliminary evidence
points to a potential role for innate immunity.

● The role of TLRs has been evaluated in several
inflammatory, autoimmune, and allergic diseases.
However, a possible involvement of TLR-mediated
signaling in the pathophysiology of EoE has not yet
been documented.

What is new here
● Active EoE is characterized by an upregulated
expression of TLRs in the esophageal mucosa
compared to healthy controls, which returns to
normal after dietary therapy-induced remission.

● Activation of TLRs in the esophageal mucosa of
patients with EoE supports a relevant role for
microbiota in the pathophysiology of the disease.

● TLR-mediated signaling pathways are functional in
the esophageal mucosa of patients with active EoE,
promoting an activation of the innate immune
system that is restricted to the esophagus and
contributes to cell damage.
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