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Abstract
Barrett’s esophagus (BE) is an inflammatory condition and a neoplastic precursor to esophageal adenocarcinoma (EAC). 
Inflammasome signaling, which contributes to acute and chronic inflammation, results in caspase-1 activation leading to 
the secretion of IL-1β and IL-18, and inflammatory cell death (pyroptosis). This study aimed to characterize caspase-1 
expression, and its functional importance, during disease progression to BE and EAC. Three models of disease progression 
(Normal–BE–EAC) were employed to profile caspase-1 expression: (1) a human esophageal cell line model; (2) a murine 
model of BE; and (3) resected tissue from BE-associated EAC patients. BE patient biopsies and murine BE organoids were 
cultured ex vivo in the presence of a caspase-1 inhibitor, to determine the importance of caspase-1 for inflammatory cytokine 
and chemokine secretion.
Epithelial caspase-1 expression levels were significantly enhanced in BE (p < 0.01). In contrast, stromal caspase-1 levels 
correlated with histological inflammation scores during disease progression (p < 0.05). Elevated secretion of IL-1β from 
BE explanted tissue, compared to adjacent normal tissue (p < 0.01), confirmed enhanced activity of caspase-1 in BE tissue. 
Caspase-1 inhibition in LPS-stimulated murine BE organoids caused a significant reduction in IL-1β (p < 0.01) and CXCL1 
(p < 0.05) secretion, confirming the importance of caspase-1 in the production of cytokines and chemokines associated 
with disease progression from BE to EAC. Targeting caspase-1 activity in BE patients should therefore be tested as a novel 
strategy to prevent inflammatory complications associated with disease progression.
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Abbreviations
CRC​	� Colitis-associated colorectal cancer
EAC	� Esophageal adenocarcinoma
HGD	� High-grade dysplasia
IFN-γ	� Interferon-gamma
IHC	� Immunohistochemistry
IL	� Interleukin
LDH	� Lactate dehydrogenase

LGD	� Low-grade dysplasia
NLRP	� Nod-like receptor protein
SCJ	� Squamocolumnar junction
TNFα	� Tumor necrosis factor alpha

Introduction

Barrett’s esophagus (BE) is an inflammation-driven, pre-
neoplastic condition that is part of a pathological sequence 
of events predisposing to esophageal adenocarcinoma (EAC) 
[1, 2]. BE is defined by the replacement of normal squamous 
epithelium with specialized intestinal metaplasia in the dis-
tal esophagus [3]. With disease progression, BE patients may 
develop features of low- and high-grade dysplasia leading to 
an increased risk of EAC. Nonetheless, annual risk of devel-
oping BE-associated EAC is relatively low at 0.12% [4]. BE 
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patients currently undergo surveillance endoscopies, despite 
the low rates of progression [3]. As inflammation seems to be 
a main driver of tumor progression, a better understanding of 
inflammatory pathways during disease progression is required 
to improve preventive strategies [5].

Caspase-1 is a member of the inflammatory caspase sub-
family, which also includes caspase-4 and -5 in humans and 
caspase-11 in mice [6]. Once activated, caspase-1 is respon-
sible for the direct cleavage and subsequent secretion of the 
potent inflammatory cytokines IL-1β and IL-18 as part of 
the canonical inflammasome pathway [7]. The activation of 
caspase-1 also results in an inflammatory form of cell death, 
termed pyroptosis, which requires gasdermin D (GSDMD) 
cleavage [8]. Importantly, caspase-1 activation is an outcome 
of all inflammasome pathways and is therefore a meaningful 
indicator for inflammasome-associated inflammation [9]. Cas-
pase-4 and -5 have also been shown to regulate and activate the 
inflammasome through the non-canonical pathway [6].

BE is an inflammatory condition with elevated levels of 
chemokines and cytokines, including the neutrophil chemoat-
tractant IL-8 and pro-inflammatory cytokine IL-1β [10, 11]. 
The influence of inflammatory chemokine and cytokine levels 
on esophageal disease progression is supported by a recent 
study which identifies a correlation between increasing neutro-
phil–lymphocyte ratio (NLR) and neoplastic progression [12]. 
Furthermore, overexpression of mature IL-1β in the esophagus 
of mice is responsible for the transgenic BE model, L2-IL-1B 
[13]. This model highlights the importance of inflammasome 
pathways in disease development. IL-1β stimulates autocrine 
signaling to induce BE pathogenesis in the absence of addi-
tional risk factors such as bile acid exposure or obesity [13].

The inflammasome sensor proteins NLRP1, NLRP3 and 
AIM2 are expressed in normal esophageal tissue (www.prote​
inatl​as.org) [14], which are potentially primed through stimuli 
present in the distal esophagus, leading to enhanced inflamma-
tion. This scenario has already been indicated for the NLRP3 
inflammasome during BE [15].

We hypothesize that caspase-1-mediated inflammation has 
a role in the pathogenesis of BE and progression to EAC. We 
provide evidence that caspase-1 is highly expressed in BE and 
EAC. Ex vivo inhibition of caspase-1 in BE patient biopsies 
and in murine BE organoid cultures reduced inflammatory 
cytokine and chemokine secretion, suggesting that caspase-1 
inhibition may represent a novel strategy to prevent inflamma-
tory acceleration of esophageal carcinogenesis.

Materials and methods

Esophageal cell line model of disease

Cell lines Het-1A (normal squamous, RRID: CVCL_3702), 
QH (CP-A, metaplasia, RRID: CVCL_C451), GO 

(CP-B, high-grade dysplasia, RRID: CVCL_C452), OE33 
(EAC, RRID: CVCL_0471) and SKGT4 (EAC, RRID: 
CVCL_2195) represent stages of disease progression. All 
lines, except OE33 and SKGT4 (ECACC), were obtained 
from ATCC. Het-1A, QH and GO were cultured in BEGM™ 
Bronchial Epithelial Cell Growth Medium Bullet kit 
(Lonza). OE33, SKGT4 and THP-1 (RRID: CVCL_0006) 
cell lines were cultured in RPMI 1640 GlutaMAX™, 10% 
FBS (Labtech), and penicillin–streptomycin (100 U/mL, 
100 µg/mL).

Immunoblotting

20  µg protein lysate was run on 12% SDS-PAGE gels, 
transferred to nitrocellulose, and probed with primary anti-
bodies: anti-caspase-1 (1:500, RRID: AB_2069053); anti-
caspase-4 (1:1000, RRID: AB_590743); anti-caspase-5 
(1:1000, RRID: AB_590746); anti-β-actin (1:10,000, RRID: 
AB_262011); followed by HRP-secondary antibody (Jack-
son ImmunoLabs). Immunoblots were coated with enhanced 
chemiluminescent (ECL) substrate (Millipore) and devel-
oped using the BioRad ChemiDoc™ MP Imaging System. 
Densitometric analysis was performed using Biorad Image 
Lab software.

Animal studies

The L2-IL-1B mice used were developed by backcrossing 
C57BL/6J mice with the mouse model (L2-IL1B, Tg[ED-
L2-IL1RN/IL1B]#tcw), which involved targeting IL-1β 
expression to the squamous epithelium of the mouse using 
an Epstein Barr virus L2 promoter [13, 16]. Mice included 
both genders, were monitored daily and were fed a standard 
chow diet and water ad libitum.

For histology, mice of four different age groups (3, 
6, 9 and 12  months) representing disease progression 
were killed by isoflurane overdose (n = 5 per group). The 
esophagus and stomach of L2-IL-1B mice were resected, 
formalin fixed (10%) and paraffin embedded. Histological 
scoring was performed by an experienced mouse patholo-
gist using a blinded scoring system (Supplementary Table 
I) [5]. This system used previously established criteria for 
the influx of immune cells per high-power field, metapla-
sia, and neoplastic progression in mice [5, 13, 17]. Inflam-
mation represents a score of all immune cells within a 
defined area of tissue around the squamocolumnar junction 
(SCJ), predominantly made up of neutrophil myeloid cells. 
Metaplasia was assessed through identification of mucus 
producing cells per gland, and the number of glands with 
mucus producing cells in the BE area. Neoplastic progres-
sion was evaluated using the following scoring criteria: 
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0—no neoplastic progression; 1—‘superficial epithelial 
atypia’ describes a phenotype that includes more than just 
mucus cell metaplasia, with single cells showing nuclear 
enlargement in selected crypts within the BE area at the 
squamous–columnar junction; 2—‘atypia in granular com-
plexity’ describes a phenotype that includes more than 
just mucus cell metaplasia, with multiple spanning cells 
showing nuclear enlargement and stratification in multi-
ple crypts within the BE area at the squamous–columnar 
junction; 3—‘low-grade dysplasia’ describes a phenotype 
that has some alterations in crypt structure, with cells 
showing hyperchromatic nuclei with mild crowding and 
stratification; 4—‘high-grade dysplasia’ describes a phe-
notype which has a distorted crypt architecture with size 
irregularity, budding and crowding (back-to-back) crypts, 
loss of nuclear polarity, markedly enlarged, overlapping 
and hyperchromatic nuclei with dysplastic epithelium on 
mucosal surface. Goblet cell ratio was assessed by deter-
mining whether each crypt consisting of columnar epithe-
lium was positive or negative for goblet cells. The number 
of positive crypts was then divided by the total number of 
crypts and defined as a percentage (%) [5, 18].

Immunohistochemistry (IHC) was performed using the 
Vectastain ABC DAB detection kit (Vector Labs) for each 
mice age group. Sections were deparaffinized, rehydrated 
and heated; antigen retrieval was carried out in 10 mM cit-
rate buffer (pH 6.0, 15 min). Tissue was blocked (3% BSA, 
5% goat serum) and quenched (3% H2O2) prior to incuba-
tion with anti-caspase-1 (1:50, RRID: AB_1660708), fol-
lowed by secondary antibody (Vector Labs). Appropriate 
negative controls (primary antibody omitted) were used. 
Imaging was performed using Aperio ImageScope viewing 
software (Leica Biosystems). Scoring was performed by 
two blinded reviewers (G.B., A.A./E.F.) using a validated 
semi-quantitative scoring system [5]. Caspase-1 expres-
sion was assessed in the epithelium and stroma for percent 
positivity within the BE region.

Murine BE organoid culture

For organoid culture, cells were taken from the cardia 
region at the SCJ of 12-month-old L2-IL-1B mice and 
cultured as 3D organoids in Matrigel for 3 weeks, as pre-
viously described [19]. Three days prior to harvesting, 
organoids were pre-treated (1 h) with caspase-1 inhibitor, 
WEHD.CHO (50 μM) before 24-h stimulation with LPS 
(1 μg/mL). The following day, media were replaced and re-
treated with inhibitor and LPS for a further 24 h. Organoid 
diameters (µm) were assessed under a light microscope 
(Zeiss, Axiovert 200 M) and analyzed (ImageJ software, 
Fiji) at 0 h (before treatment), 24 h (during treatment) and 
48 h (before harvest).

BE‑associated EAC patient tissue

All patients, recruited in the Irish national referral center 
for upper GI malignancy, were histologically confirmed 
with BE-associated EAC. Formalin-fixed, paraffin-
embedded esophagectomy tissue was retrieved from 32 
EAC patients. Defined areas of tumor, islands of BE and 
adjacent normal mucosa were identified by an experienced 
histopathologist (E.K.). Tissue microarrays (TMAs) were 
constructed by taking three tissue cores from each histo-
logically defined tissue area, 4 µm sections were placed on 
glass slides and heated overnight (37 °C).

IHC staining was performed using the Leica Bond-III 
fully automated tissue stainer (Leica Biosystems). Slides 
were dewaxed before pre-treatment with Bond Epitope 
Retrieval Solution I. Primary antibody, anti-caspase-1 
(1:250 dilution, RRID: AB_2069053), was diluted in Bond 
Primary Antibody Diluent. Detection and visualization of 
stained cells was achieved using the Bond Polymer Refine 
Detection Kit, using DAB chromogen. Caspase-1 expres-
sion was assessed by two blinded reviewers (K.O., J.P.) 
using a validated semi-quantitative scoring method [20].

Optimization of caspase‑1 inhibitor dose in THP‑1 
cells

Dose response [1, 5, 10  µM] of caspase-1 inhibitor, 
WEHD.CHO (Trp-Glu-His-Asp-aldehyde, Calbiochem) 
was carried in the THP-1 cell line (ATCC). WEHD.CHO 
was chosen for its reported superior caspase-1 specificity 
[21–23]. THP-1 cells were differentiated to macrophages 
(10 ng/mL PMA, 48 h), before priming overnight with 
LPS (1 µg/mL, Sigma). NLRP3 inflammasome activa-
tion was induced using ATP (5 mM, 30 min). Caspase-1 
activity was determined by quantifying IL-1β secretion in 
supernatants.

Ex vivo BE patient explant culture

Histologically confirmed patients with BE were prospec-
tively recruited from St. James’s Hospital. BE biopsies were 
taken from identified areas of metaplasia, while matched 
adjacent squamous tissue was taken ≥ 5 cm from the proxi-
mal border of the BE region. Two matched biopsies were 
used per treatment group (4 metaplasia, 4 normal adjacent 
per patient). Ex vivo matched normal and metaplastic biop-
sies were cultured in conditioned M199 media and treated 
with or without caspase-1 inhibitor (10 µM WEHD.CHO 
dissolved in H2O, 16 h) before supernatant collection. Inhib-
itor cytotoxicity was tested by measuring LDH secretion 
(CytoTox96®, Promega).
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Quantification of cytokine secretion

Cytokine levels in supernatants from ex vivo biopsy and 
murine organoid incubations were quantified by ELISA. For 
mouse work: IL-1β and IL-6 were used (MesoScale Diagnos-
tics multiplex) and CXCL1 and CXCL2 (R&D Systems). For 
human work: IL-1β, IL-6 and TNFα (MesoScale Diagnostics 
multiplex); IL-8, IL-1α, IFN-γ (BioLegend®); IL-18 (R&D 
Systems) were used. All assays were performed as per manu-
facturer’s protocols. Cytokine levels were normalized to total 
protein content per biopsy/organoid culture (pg/µg).

Statistical analysis

GraphPad Prism 5 software was used for statistical analysis, 
represented as mean ± SEM. Cell line and mouse experi-
ments were analyzed using one-way ANOVA, followed by 
Tukey’s post hoc test. Clinical data were analyzed using 
Wilcoxon signed-rank test, one-way ANOVA followed by 
Tukey’s post hoc test or two-way ANOVA followed by Bon-
ferroni’s post-test. Correlation analysis was performed using 
Spearman’s correlation coefficient. Statistical significance 
p < 0.05.

Results

A cell line model of BE to EAC progression reveals 
strong expression of caspase‑1

To determine inflammatory caspase expression during dis-
ease progression to EAC, an esophageal cell line model rep-
resenting different stages of disease was employed. The cell 
lines used were: normal squamous (Het-1A), BE (QH), high-
grade dysplasia (GO), well-differentiated EAC (SKGT4), 
and poorly differentiated EAC (OE33) (Fig. 1a). LPS-stim-
ulated THP-1 cells served as positive control. Expression 
of the inflammatory caspases-1, -4 and -5 in each cell line 
was assessed, as all three caspases are capable of regulat-
ing inflammasome pathway activities [6]. Immunoblots and 
densitometry graphs represent relative protein expression 
of the inflammatory caspases (Fig. 1b, c). Caspase-1 was 
highly expressed in the metaplastic cell line (p < 0.01), while 
two EAC cell lines (p < 0.01) had undetectable levels of cas-
pase-1. Caspase-4 expression was increased in the OAC cell 
line, OE33, although not significantly. In contrast, no sig-
nificant differences in caspase-5 expression were detected 
across the cell lines.

Characterization of disease progression 
in the L2‑IL‑1B mouse model of BE

Observations from the cell line model of progression 
suggested that caspase-1 may be upregulated during 

metaplasia. We next sought to identify caspase-1 expres-
sion levels during disease development stages in the 
L2-IL-1B transgenic mouse model of BE [13].

We characterized disease development over time in 
L2-IL-1B mice using H&E staining. Figure 2a shows rep-
resentative images of the BE region in groups of mice 
aged 3, 6, 9 and 12 months. Histological analysis revealed 
development of inflammation and early evidence of meta-
plasia at 3 months (Fig. 2b, c), with established metapla-
sia (p < 0.001) within 6 months (Fig. 2c). At 9 months, 
histological scores reveal well-established inflammation 
(p < 0.05) and metaplasia (p < 0.001), with characteristics 
of early murine neoplasia (p < 0.05) (Fig. 2a-e). 12-month-
old mice reveal the most progressed disease phenotype, 
distinguished by features of early neoplasia (p < 0.01), and 
reduced goblet cell ratio (p < 0.05). Goblet cells are pro-
posed to be protective in BE, while reductions in goblet 
cell ratios may indicate increased susceptibility to neopla-
sia [18]. Collectively, the histological scores confirm that 
L2-IL-1B mice develop metaplasia within 6 months and 
advance to early murine neoplastic tissue formations at the 
SCJ in the following months [13].

Fig. 1   A cell line model of EAC progression reveals strong expres-
sion of caspase-1. a Cell lines representative of EAC progression: 
Het-1A (normal squamous), QH (BE), GO (high-grade dysplasia), 
OE33 and SKGT4 (EAC) and THP-1 (positive control). b Western 
blot analysis and c subsequent densitometric analysis (arbitrary units) 
of inflammatory caspase-1 (45 kDa), caspase-4 (43.2 kDa, 36.7 kDa) 
and caspase-5 (49.7  kDa, 33.3  kDa) in esophageal cell lines. 20  µg 
lysate was loaded/well of a 12% SDS-PAGE gel (Biorad). Immuno-
blots are representative of three independent experiments. Densi-
tometry data represents mean ± SEM (n = 3), normalized to loading 
control, β-actin using Biorad Image Lab software. One-way ANOVA 
followed by Tukey’s post hoc test: *p < 0.05, **p < 0.01
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Epithelial caspase‑1 expression is upregulated 
during BE metaplasia in L2‑IL‑1B mice.

To determine caspase-1 expression levels during the estab-
lishment of metaplasia, tissue sections from the SCJ of 
L2-IL-1B mice were IHC stained and scored for caspase-1 
expression within the metaplastic regions [5]. Wild-type 
mice were excluded as no intestinal metaplasia was pre-
sent in these mice, and therefore received a score of zero. 
Epithelial caspase-1 levels were substantially upregulated 
(p < 0.001) in 9-month-old mice at the SCJ when metaplasia 
was fully established (Fig. 3a, b). Observations from the 
L2-IL-1B BE model are therefore in agreement with data 
generated from the cell line model of disease development, 
where the metaplastic cell line had significant levels of cas-
pase-1, while tumor cell lines had poor expression (Fig. 1c). 
This further supports our hypothesis that epithelial caspase-1 
may be playing a key role in driving metaplastic inflam-
mation and early disease. In contrast, stromal expression 
levels of caspase-1 increased with disease progression with 
the highest values in 9- and 12-month-old mice (Fig. 3c). 
This result correlated with histological values for inflam-
mation and neoplastic progression at the SCJ in L2-IL-
1B mice (p < 0.05) (Fig. 3e, f), suggesting that caspase-1 
expressed within inflammatory infiltrates of BE metaplasia 
regions may contribute to inflammation-associated disease 
progression.

Metaplastic regions of EAC patient resection tissue 
display elevated epithelial caspase‑1 expression 
levels.

We next sought to determine whether similar caspase-1 
expression patterns occurred during disease progression 
in EAC patients. TMAs were generated from areas of 
patient-matched adjacent normal tissue, BE metaplasia and 
EAC within esophageal resection tissue from 32 patients 
(Table 1). The TMAs were stained and scored for caspase-1 
expression levels.

Similar to previous observations from the murine and 
in vitro models, we observed significantly higher levels 
of epithelial caspase-1 expression in metaplastic tissue 
(p < 0.01) compared to normal esophageal tissue, but not 
in tumor tissue (Fig. 4a, b). CASP1 gene expression was 
also higher in BE tissue when compared to matched normal 
gastric cardia (Supplementary fig. 1). As expected, stromal 
caspase-1 expression scores were higher in metaplastic and 
tumor regions, when compared to less inflamed adjacent 
normal tissue, although differences were not statistically 
significant (Fig. 4a, c).

Fig. 2   Characterization of disease progression in the L2-IL-1B 
mouse model of BE. a Representative H and E stained images of 
the BE region at the SCJ in L2-IL-1B mice at 3 (n = 4), 6 (n = 5), 9 
(n = 5) and 12 (n = 5) months (Aperio ImageScope, Leica). Arrows: 
1) columnar epithelium, 2) well-differentiated goblet-like cells, 3) 
nuclear misalignment and crowding in early neoplastic columnar 
cells. Magnification 20 × , scale bars = 20 µm. b Histological scores 
for inflammation (scale: 0 = no inflammation, 1 = mild, 2 = moderate, 
3 = severe). c Histological scores for metaplasia (scale: 0 = no meta-
plasia, 1 = rare mucous cells, 2 = single metaplastic glands, 3 = multi-
ple metaplastic glands). d Histological scores for neoplastic progres-
sion (scale: 0 = no neoplastic progression, 1 = superficial epithelial 
atypia, 2 = atypia with granular complexity, 3 = low-grade dysplasia, 
4 = high-grade dysplasia). e Goblet cell ratio (%) calculated as a per-
centage of goblet cell positivity within each crypt in the BE region. 
Data represent mean ± SEM. One-way ANOVA, followed by Tukey’s 
post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3   Epithelial caspase-1 expression is upregulated during BE 
metaplasia in L2-IL-1B mice. a Representative images of cas-
pase-1 IHC staining in BE regions at the SCJ in L2-IL-1B mice at 
3 (n = 4), 6 (n = 5), 9 (n = 5) and 12 (n = 5) months. Images taken at 
20 ×   magnification, scale bars = 10 µm. Graphs represent cytoplas-

mic caspase-1 positivity (%) of b columnar epithelium and c stroma 
within the BE region. Data represent mean ± SEM. One-way ANOVA 
followed by Tukey’s post hoc test. Correlation of stromal caspase-1 
expression (%) versus scores for d inflammation and e dysplasia. 
rs = Spearman’s correlation coefficient, *p < 0.05, ***p < 0.001
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Biopsies from BE regions secrete higher 
levels of inflammatory mediators, compared 
to adjacent normal biopsies

Ex vivo explant culture of BE patient biopsy tissue (meta-
plastic and matched normal) was subsequently carried 
out to characterize the inflammatory cytokine secretion 
profile of metaplastic BE tissue, particularly regarding 
IL-1β and IL-18, as their secretion is directly dependent 
on caspase-1. Explant biopsies were taken from previously 
diagnosed BE patients (n = 10) undergoing routine sur-
veillance endoscopies. Patient characteristics are shown 
in Table 2. For each patient, biopsies were taken from the 
identified areas of metaplasia (× 2) and normal squamous 
epithelium (× 2). Analysis of culture supernatants con-
firmed that BE explant tissues demonstrated higher levels 

of IL-1β, IL-6, IL-8 and IFN-γ (p < 0.01), when compared 
to adjacent normal tissue (Fig. 5a, c–e). Elevated levels of 
these inflammatory cytokines have been reported by other 
studies [10, 15, 24]. In contrast, levels of IL-18 secretion 
were reduced (p < 0.01) in BE explants compared to adja-
cent normal tissue (Fig. 5b). Analysis of pro-IL1B and 
pro-IL18 mRNA expression in two publicly available BE 
patient datasets [25, 26] showed that pro-IL1B mRNA is 
significantly increased, while pro-IL18 mRNA levels are 
significantly lower in BE tissue, compared to adjacent nor-
mal tissue (Supplementary fig. 2a–d). These observations 
suggest that the columnar epithelial cells of metaplastic 
tissue have a lower constitutive pro-IL-18 expression com-
pared to adjacent normal squamous tissue.

Effect of caspase‑1 inhibition on inflammatory 
cytokine secretion in BE patient biopsies

To determine the functional role of caspase-1, normal and 
BE explants (n = 10 patients) were cultured in the presence 
or absence of a tetra-peptide caspase-1 inhibitor (WEHD.
CHO). A dose response analysis of WEHD.CHO carried 
out in activated THP-1 macrophages revealed that cas-
pase-1 activity was optimally inhibited at 10 µM, as indi-
cated by reduced levels of IL-1β secretion (Fig. 6a). Anal-
ysis of supernatants from the biopsy cultures revealed no 
significant differences in LDH secretion between WEHD.
CHO-treated and -untreated groups, indicating no cytotoxic 
effect of WEHD.CHO (Fig. 6b). Analysis of inflammatory 
cytokines from the supernatants revealed varying levels of 
caspase-1 inhibitor efficacy (Fig. 6c–f). 50% of patients 
showed reduced IL-1β secretion, and 60% of patients showed 
reduced IL-8 secretion, in response to inhibitor treatment 
(Fig. 6c, f). These results highlight the inter-patient variabil-
ity and heterogeneity associated with patient biopsy analysis.

Further separation of cytokine secretion profiles based 
on patient obesity status (BMI, obese ≥ 30 kg/m2) revealed 
that obese BE patients had slightly higher, although not sig-
nificant, IL-1β and IL-18 secretion levels (Supplementary 
fig. 3a, b). In response to caspase-1 inhibition, 4/6 obese BE 
patients had reduced IL-1β secretion with no obvious differ-
ences observed for IL-18 secretion (Supplementary fig. 3c, 
d). These results suggest that caspase-1 inhibition may limit 
inflammation in BE patients, particularly those with obesity. 
However, inhibitor analysis in a larger BE patient cohort is 
required for this to be statistically confirmed.

Caspase‑1 inhibition limits the secretion of IL‑1β 
and CXCL1 in BE organoid cultures

To further explore the importance of caspase-1 activity dur-
ing metaplasia, BE organoids from 12-month-old L2-IL-1B 
mice were cultured and stimulated with LPS in the presence 

Table 1   EAC Patient characteristics

Patient no NAT Differentiation Grade Lymph node

1 No Poor Not stated 2/8 positive
2 Yes Moderate Not stated Negative
3 No Moderate Not stated 19 negative
4 No Poor Not stated 11 negative
5 Yes Moderate ypT2N0Mx Negative
7 No Moderate Not stated 5/17 positive
9 Yes Poor yPT3N1Mx 1 positive
10 No Well pT1N0Mx Negative
11 Yes Poor ypT3, N1 3/10 positive
12 No Moderate pT3N1Mx 4/6 positive
14 No Moderate Not stated 7 negative
15 No Moderate to poor TIcN0MX 25 negative
16 No Moderate pT3N1Mx 4/14 positive
17 No Poor pT3N1Mx 4/10 positive
18 No – pT1N0Mx 22 negative
19 Yes Poor ypT3N1Mx 1/10 positive
20 Yes Moderate yPT2N0Mx 40 negative
21 No Poor pT3N0(ITC)Mx 19 negative
22 Yes – ypT2N0Mx 5 negative
23 No Well pT3N0Mx 10 positive
24 No Moderate-poor pT3pN1Mx 5/12 positive
25 No Poor pT2N0Mx 14 negative
27 Yes Moderate yPT3N1 1/8 negative
28 No Moderate ypT3N0Mx 12 negative
29 Yes Moderate ypT1N1Mx 2/7 positive
30 Yes Poor pT3N1Mx 2/17 positive
31 Yes Moderate ypT3N1Mx 3/18 positive
32 Yes Moderate-poor pT3N2Mx 6/17 positive
34 Yes Poor ypT3N1Mx 1/9 positive
35 No Moderate-well pT1 Negative
38 No Moderate pT1bN0Mx Negative
39 No Moderate pT1aN0Mx 17 negative
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or absence of WEHD.CHO (Fig. 7). Representative images of 
untreated metaplastic organoids are shown at 0, 24 and 48 h 
(Fig. 7a). Although organoid growth plots revealed no signifi-
cant differences in proliferation between groups (Fig. 7b), we 
observed reduced IL-1β (p < 0.01) secretion in the presence of 
the caspase-1 inhibitor in LPS-stimulated organoids (Fig. 7d). 
BE organoids secreted low levels of IL-6, with no significant 

differences observed between treatment groups (Fig. 7e). In 
contrast, significant secretion of the murine IL-8 orthologs 
CXCL1 and CXCL2 (p < 0.01) occurred in response to LPS 
stimulation (Fig. 7f, g). In the presence of the caspase-1 inhibi-
tor, reductions in CXCL2 secretion were not found to be sig-
nificant; however CXCL1 secretion from stimulated organoids 
was significantly reduced (p < 0.05) (Fig. 7f, g).

Fig. 4   Metaplastic regions of EAC patient resection tissue display 
elevated epithelial caspase-1 expression levels. a Representative 
images of caspase-1 IHC staining in epithelial and stromal cells in 
histologically defined areas of normal, metaplasia and tumor. Mag-
nification 20 ×  (Leica Biosystems). Caspase-1 IHC scores in b epi-

thelium (normal, metaplasia and tumor (n = 32, 32, 26, respectively)) 
and c stroma (normal, metaplasia and tumor (n = 28, 32, 30, respec-
tively)). Data represent mean ± SEM. Wilcoxon signed-rank test: 
**p < 0.01

Table 2   Barrett’s esophagus 
patient characteristics

Patient Age Sex Weight (kg) BMI (kg/m2) Prague classification Vienna grade

1 51 M 111.6 36.03 C0M3 1
2 77 F 89.2 40.72 C1M3 1
3 69 M 74.4 24.43 C12M12 3
4 64 F 89.6 37.78 C5M9 1
5 62 M 82 26.78 C0M5 1
6 77 F 56.3 24.69 C2M3 1
7 57 M 94 28.69 C1M2 1
8 86 M 81.9 28.01 C1M5 1
9 59 M 96.2 33.29 C1M2 4
10 49 M 109 37.64 C0M6 1
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Fig. 5   Biopsies from BE regions secrete higher levels of inflamma-
tory mediators, compared to adjacent normal biopsies. Matched 
esophageal biopsies were taken from diagnosed BE patients (n = 10) 
from BE and adjacent normal regions. Explant biopsies were cultured 
for 16  h and culture supernatants were subsequently measured for 

levels of inflammatory mediators and normalized to total protein: a 
IL-1β, b IL-18, c IL-6, d IL-8, e IFN-γ, f TNFα and g IL-1α (pg/µg). 
Cytokines were measured using MSD multiplex analysis (a–c) and 
ELISA (d–g). Data represents mean ± SEM. Wilcoxon signed-rank 
test: **p < 0.01
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Discussion

This study characterizes the expression of caspase-1 dur-
ing esophageal disease, confirming that stromal caspase-1 
expression correlates with histological inflammation during 

disease progression (Normal-BE-EAC). A selective over-
expression pattern for epithelial caspase-1 during BE meta-
plasia was identified, and caspase-1 inhibitor experiments 
suggest that caspase-1 mediates the production of disease-
associated inflammatory factors during esophageal disease 

Fig. 6   Effect of caspase-1 inhibition on inflammatory cytokine secre-
tion in BE patient biopsies. a Dose response of caspase-1 inhibitor, 
WEHD.CHO (Trp-Glu-His-Asp-aldehyde) (1  µM, 5  µM, 10  µM) in 
the THP-1 cell line. Cells were PMA stimulated (10  ng/mL, 48  h) 
prior to LPS stimulation (1  µg/mL, 18  h), followed by ATP stimu-
lation (5  mM, 30  min). Graph is representative of three independ-
ent experiments. Paired Student’s t test: *p < 0.05, ***p < 0.001. b-f 
Matched esophageal biopsy explants were taken from areas of BE 

and adjacent normal tissue from previously diagnosed BE patients 
(n = 10). Esophageal explants were cultured with or without WEHD.
CHO (10 µM) for 16 h. b Cytotoxicity assay measuring LDH levels 
in supernatants from adjacent normal and BE explants. Data repre-
sents mean ± SEM. Secretion of inflammatory mediators c IL-1β, d 
IL-18, e IL-6 and f IL-8 (pg/µg) were measured using MSD multiplex 
analysis (c, d) and ELISA (e, f). Two-way ANOVA followed by Bon-
ferroni’s post-test: non-significant
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progression. We and others have observed that inflammation 
is a main driver of disease progression in BE and therefore 
anti-inflammatory strategies directed against the inflamma-
some might emerge as preventative therapies [1, 5].

Although the majority of inflammasome studies have 
been performed in innate immune cells, active inflamma-
some complexes have been identified in epithelial cells 
derived from mucosa including the skin, intestine and lung 
[27]. A study by Nadatani et al. supports our findings, show-
ing that NLRP3 inflammasome activation occurs in LPS-
stimulated BE cell lines, but not in normal squamous cells, 
resulting in IL-1β secretion [15]. A rationale for this obser-
vation may be provided by our data, which employed three 
separate model systems to confirm that caspase-1 expression 
is significantly higher in BE, compared to normal squamous 
epithelial cells. Our data suggests that increased availability 
of caspase-1, which associates with ASC and upregulated 
NLRP3 following LPS priming, contributes to the increased 
NLRP3 activity observed in BE epithelial cells.

There are many examples of inflammasome signaling 
driving inflammation-associated carcinogenesis, identify-
ing caspase-1 as a common instigator and driver of disease 
[28, 29]. However, inflammasomes are also attributed with 
roles in anti-tumor immunity during carcinogenesis [30]. 
In our study, caspase-1 expression was undetectable in the 
two EAC cell lines used in the cell line disease progres-
sion model, while in the murine model epithelial caspase-1 
expression levels appeared to decrease once a more dys-
plastic phenotype had developed. Similar observations have 
been made in inflamed and tumorigenic colon tissue, where 
a trend toward elevated epithelial caspase-1 expression in 
inflamed tissue, but lower levels in tumor tissue from coli-
tis-associated colorectal cancer (CRC) patients was shown 
[31]. In the context of non-GI adenocarcinomas, caspase-1 
expression is also significantly lower in tumor compared to 
adjacent tissue in both breast and prostate [32, 33]. These 
observations suggest that tumor-induced suppression of 
caspase-1 expression, and thus inflammasome activity, 
may be occurring in established EAC cells, highlighting 
the complexity of inflammasome signaling during cancer 
progression.

BE is a mosaic of metaplastic subtypes, displaying sig-
nificant heterogeneity on a cellular and molecular level. 
Inflammation is maximal at the SCJ and is characterized 
by increased levels of IL-1β and IL-8, the expression of 

which is stimulated by the interaction between immune cells 
and epithelia at the SCJ [10]. As part of its pro-inflamma-
tory effect, IL-1β induces the expression of IL-8/CXCL1 
chemokines [34, 35]. Consistent with metaplastic heteroge-
neity, data generated from BE patient biopsies were variable 
in terms of caspase-1 inhibition effects, with observed reduc-
tion in IL-1β and IL-8 secretion in 50% and 60% of patients, 
respectively. However, a trend toward a greater IL-1β reduc-
tion in inhibitor-treated obese patient explants, compared 
to those from non-obese patients was observed. This is 
an interesting observation, as both BE and EAC risks are 
strongly related to obesity and weight gain [36, 37]. Addi-
tionally, the Irish National Barrett’s Registry has previously 
reported that approximately 76% of Barrett’s patients are 
overweight or obese [38].

In the transgenic BE mouse model (L2-IL-1B), epithelial 
CXCL1 and IL-8 have recently been implicated in neutrophil 
recruitment and accelerated disease progression during a 
high fat diet [5]. Results from this study show that LPS-
stimulated BE organoids produce significant levels of the 
IL-8 orthologs, CXCL1 and CXCL2, supporting the hypoth-
esis that metaplastic tissue responds to esophageal microbial 
stimuli in an inflammatory manner, as has recently been sug-
gested [15]. Furthermore, incubation of LPS-stimulated BE 
organoids in the presence of a caspase-1 inhibitor resulted 
in significantly reduced IL-1β and CXCL1 secretion, sup-
porting a role for caspase-1 in BE pathogenesis.

In summary, we identify an association between cas-
pase-1 signaling and metaplastic inflammation, which calls 
into question the therapeutic potential of targeting inflamma-
some pathways or caspase-1 activity in BE patients. Block-
ing IL-1 signaling, via anakinra, rilonacept or canakinumab, 
has been FDA approved to treat a broad spectrum of dis-
eases, including rheumatoid arthritis, Crohn’s disease and 
type II diabetes [39]. The CANTOS trial revealed significant 
reductions in lung cancer incidence and cancer mortality in a 
canakinumab-treated cohort of patients [40]. Similar to BE 
and associated EAC, lung cancer is epithelial derived and 
highly associated with chronic inflammation [2, 41]. It is 
therefore tempting to speculate that the mechanisms identi-
fied in this study could effectively be targeted by these drugs 
to help limit inflammation-induced acceleration of disease 
progression in BE patients. However, caution must also be 
taken, as data also suggests that caspase-1 is actively sup-
pressed within established EAC tissue.
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