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Abstract

Fibrosis is an important pathological change in inflamma-
tory bowel disease (IBD), but the mechanism has yet to be
elucidated. WNT2B high-expressed fibroblasts are enriched
in IBD intestinal tissues, although the precise function of
this group of fibroblasts remains unclear. This study inves-
tigated whether WNT2B high-expressed fibroblasts aggra-
vated intestinal tissue damage and fibrosis. Our study pro-
vides evidence that WNT2B high-expressed fibroblasts and
NK cells were enriched in colitis tissue of patients with
IBD. WNT2B high-expressed fibroblasts secreted wnt2b,
which bound to FZD4 on NK cells and activated the NF-xB
and STAT3 pathways to enhance IL-33 expression. TCF4,
a downstream component of the WNT/B-catenin pathway,
bound to p65 and promoted binding to IL-33 promoter.
Furthermore, Salinomycin, an inhibitor of the WNT/p-
catenin pathway, inhibited IL.-33 secretion in colitis, thereby
reducing intestinal inflammation.Knocking down WNT2B
reduces NK cell infiltration and IL-33 secretion in colitis,
and reduce intestinal inflammation and fibrosis. In conclu-
sion, WNT?2B high-expressed fibroblasts activate NK cells
by secreting wnt2b, which activates the WNT/B-catenin and
NF-xB pathways to promote IL-33 expression and secre-
tion, potentially culminating in the induction of colonic
fibrosis in IBD.
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Key messages

e WNT2B high-expressed fibroblasts and NK cells are
enriched in colitis tissue, promoting NK cells secreting
IL-33.

e  Wnt2b activates NF-xB and STAT3 pathways promotes
IL-33 expression by activating p65 and not STAT3. syn-
drome

e TCF4 binds to p65 and upregulates the NF- kB pathway.

e Salinomycin reduces NK cell infiltration and IL-33 secre-
tion in colitis.

e Knocking down WNT2B mitigates inflammation and
fibrosis in chronic colitis.
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Abbreviations
FZD4 Frizzled class receptor 4

DSS Dextran sulfate sodium;

TNBS 2,4,6-Trinitrobenzene sulfonic acid

IBD Inflammatory bowel disease

DCN Decorin

COL1A1 Collagen type I alpha 1 chain

PDGFRA Platelet-derived growth factor receptor alpha

FOSB FosB proto-oncogene, AP-1 transcription fac-
tor subunit

NKG7 Natural killer cell granule protein 7

KLRD1 Killer cell lectin like receptor D1

Introduction

Inflammatory bowel disease (IBD) is a chronic nonspecific
inflammatory disease involving the whole digestive tract.
There are two main subtypes of IBD, ulcerative colitis and
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Crohn’s disease, which share clinical manifestations includ-
ing fever, diarrhea, abdominal pain, and bloody stools[1]. The
pathogenesis of IBD involves heredity, environment, microor-
ganisms, and immunity[2], but at present, it has not been fully
elucidated. Intestinal fibrosis is a major pathological feature
of inflammatory bowel disease, characterized by excessive
extracellular matrix (ECM) protein deposition[3], which is
a consequence of chronic inflammation[4], but the precise
mechanism remains unclear.

Fibroblasts are normal constituents of the gastrointestinal
(GI) tract, mainly participating in the synthesis of ECM and
maintaining the integrity of the tissue structure. A variety of
fibroblast phenotypes have been recognized. Intestinal tis-
sue predominantly contains fibroblasts, myofibroblasts, and
perivascular fibroblasts/pericytes[5]. Myofibroblasts were
reported to play a major role in the process of intestinal
fibrosis in IBD[6], while the involvement of other clusters
remains controversial[7]. It was recently reported that some
clusters of fibroblasts termed “inflammatory fibroblasts”
could secrete cytokines (IL-6/IL-11)[8] and chemokines
(CXCL9/CXCL10/CCL2)[9], thereby promoting angiogene-
sis and aggravating chronic inflammation[10]. Furthermore,
our previous study found another specific subtype of fibro-
blasts with high expression of WNT2B in IBD[11], which
might participate in the inflammatory response; however,
the precise function of this group of fibroblasts is unclear.

The involvement of immune cells in the intestinal fibrosis
of IBD is important and complex[12]. In intestinal tissue, NK
cells are predominantly distributed in the mucous layer, sub-
mucosa and Lamina propria[13], directly or indirectly contact-
ing intestinal microorganisms and pathogenic microorganisms
and participating in innate and adaptive immune responses[14].
In IBD, NK cells cause an imbalance of the TH1/TH2 response
and aggravate the inflammatory response[15], but the precise
mechanism of how NK cells are activated and involved in
fibrosis are not fully understood. Although it was reported
that tumor-associated fibroblasts interfered with the cytotox-
icity and cytokine production of NK cells[16], the connection
between fibroblasts and NK cells in IBD has yet to be eluci-
dated. The current study aimed to explore the mechanism of
interaction between WNT2B high-expressed fibroblasts and
NK cells, which might elucidate a novel mechanism of intes-
tinal fibrosis in inflammatory bowel disease.

Materials and methods
Reagents
The antibodies anti-WNT2B (A19554, 1:1000), anti-GSK3p

(A11731, 1:1000), and anti-Phospho-GSK3p-S9 (AP1088,
1:1000) were obtained from Abclonal.Anti-Frizzled4
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(ab277797, 2 ug/mL) and Anti-NK1.1 (ab289542, 1:50)
were obtained from Abcam.Anti-GAPDH (60,004-1-Ig,
1:20,000), anti-GFP (50,430-2-AP, 1:2000), anti-IL-33
(12,372-1-AP, 1:500), anti-p-catenin (51,067-2-AP,
1:5000), anti-TCF4 (22,337-1-AP, 1:1000), anti-STAT3
(10,253-2-AP, 1:5000), and anti-NF-kB p65 (10,745-1-
AP, 1:1000) were from Proteintech. Stat Antibody Sampler
Kit IT (93130 T, 1:1000), Phospho-Stat Antibody Sampler
Kit (9914 T, 1:1000), MAPK Family Antibody Sampler
Kit (9926 T, 1:1000), Phospho-MAPK Family Antibody
Sampler Kit (9910 T, 1:1000), anti-Akt1 (2938 T, 1:1000),
NF-kB Pathway Antibody Sampler Kit (9936 T, 1:1000),
and anti-Phospho-Akt (Ser473) (4060 T,1:2000) were from
Cell Signaling Technology (CST). Salinomycin (53,003-10-
4) was obtained from Selleck.

Plasmid construction

The constructs were from Shanghai Genechem Co.,Ltd.
The ANLS-TCF4-MYC plasmid mutated both NLS1 and
NLS-2 sequences[17].All constructs were verified by DNA
sequencing or Western blotting.

Cell lines

Human Intestinal Fibroblast Cells (HIF) were purchased
from ScienCell Research Laboratories (CA, USA) and were
cultured in Fibroblast Medium (2301, ScienCell) containing
2% fetal bovine serum (0010, ScienCell) and 1% fibroblast
growth supplements (2352, ScienCell). NK-92 cells were
obtained from American Type Culture Collection (ATCC)
(NY, USA) and were maintained in MyeloCult™ H5100
(05150, StemCell Technologies) containing 12.5% horse
serum (26,050,088, Gibco) and IL-2 (1:500, 130-097-744,
Miltenyi). All cells were maintained at 37 “C in a humidified
chamber of 5% CO,.

Human colonic tissue

Human colonic tissues were obtained from the normal
and inflammatory colonic biopsies of 51 patients with
IBD provided by the Department of Gastroenterology and
Pathology of Guangzhou Women and Children Medical
Center and Guangzhou First People’s Hospital. The ethi-
cal aspect of the study was approved by the local ethics
committee.

Mice
C57BL/6 J mice were purchased from Southern Medical

University (Guangzhou, China). B6.C-Tg(S100a4-cre)1Egn/
JhrsJ mice were obtained from The Jackson Laboratory
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(stock number 030644). Mice were housed at 23 +2 °C, a
humidity of 55+ 5%, and a 12-h dark/light cycle. Mice were
randomly assigned to different cages for 2 weeks before
experiments. All animals were housed and maintained under
specific pathogen-free conditions in the animal facility at
Nanfang Hospital (Guangzhou, China). All experiments
were performed according to the guidelines approved by
the Institutional Animal Experiment Committee of Southern
Medical University or Nanfang Hospital.

Cell co-culture

HIF transfected with WNT2B plasmids or empty plasmids
were co-cultured with NK92 cells in an inserted cell petri
dish (14,112, LABSELECT). After 48 h, the culture media
were collected to detect the concentration of wnt2b and
IL-33. Fibroblasts and NK92 cells were also collected to
detect the expression level of corresponding proteins and
mRNAs.

CCK-8 assay

A total of 1000-2000 cells in 100ul were added to each
well of a 96-well plate. Multiple experimental groups were
established, with 3 replicates per group. Cells were incu-
bated at 37°C in a 5% CO2 cell culture incubator for 12 h.
Following the completion of different treatments in each
group, 10ul of CCK-8 solution was directly added to each
well. The plate containing CCK-8 was incubated for 0, 12,
24,36, 48, 72 h. The OD values at 450 nm wavelength for
each well were measured using a microplate reader. The

Table 1 Primers used for qRT-PCR

data was subsequently analyzed and processed to generate
a proliferation curve.

Extraction of nuclear proteins

After co-culture with HIF cells for 48 h, NK92 cells were
collected and lysed using a nuclear protein and cytoplas-
mic protein extraction kit (P0028, Beyotime) according to
the manufacturer's guidelines.

RNA extraction, complementary DNA
(cDNA) preparation and real-time reverse
transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from NK92 cells by TRIzol
(15,596,018, Invitrogen), and cDNA was generated using
4 x EZscript Reverse Transcription Mix Il (EZB-RT2G,
EZBioscience, USA). The EZ-Probe qPCR Master Mix for
microRNA (ROX2 plus) (EZB-miProbe-R2, EZBioscience)
was used for real-time PCR. Each sample was analyzed in
triplicate. The primer sequences used in this study are shown
in Table 1.

Transcriptome analysis

HIF transfected with WNT2B plasmids or empty plasmids
were co-cultured with NK92 cells for 24 h. The NK92 cells
were subsequently collected and total RNA was extracted.
RNA integrity was determined with an Agilent 2100 bioana-
lyzer. Next, mRNA was obtained, double-stranded cDNA
was synthesized and end modified, fragments were selected

GENE(human) Primer sequence

1L6 F:5’-GCCACTCACCTCTTCAGAACGA-3’
IL17A F:5’-ACGATGACTCCTGGGAAGACC-3’
IL10 F:5’-GAGAACCAAGACCCAGACATCA-3’
IFNG F:5’-CGAGATGACTTCGAAAAGCTGA-3’
IFNA F:5’-GTTCCAAAAGGCTGAAACCATC-3’
CXCR4 F:5’-GCCTTATCCTGCCTGGTATTGT-3’
CXCL12 F:5’-TGAGCTACAGATGCCCATGC-3’

1L33 F:5’-GGTGACGGTGTTGATGGTAAGA-3’
IL12A F:5’-TAAAACCAGCACAGTGGAGGC-3’
IL12B F:5-TGGTCATCTCTTGGTTTTCCCT-3’
IL10RA F:5’-CAGACCCTGTCCTATGACCTTACC-3’
GAPDH F:5’-GGAAGCTTGTCATCAATGGAAATC-3’

IL33 promoter(1)
IL33 promoter(2)
IL33 promoter(3)
IL33 promoter(4)

F:5’-AATTTGAACTTTCTT-3’
F:5’-TCACTGTTGATCGGT-3’
F:5’-AATAAATAATTGTTT-3’
F:5’-AGATCGAGACCATCC-3’

R:5’-TCACCAGGCAAGTCTCCTCATT-3’
R:5’-GGGATTGTGATTCCTGCCTTC-3’
R:5’-GTTTTCACAGGGAAGAAATCGA-3’
R:5’-ACTGGGATGCTCTTCGACCT-3’
R:5’-TTCATCAGGGGAGTCTCTGTCAC-3’
R:5’-AGGATGACTGTGGTCTTGAGGG-3’
R:5’-ACAATCTGAAGGGCACAGTTTG-3’
R:5’-CCTGGTCTGGCAGTGGTTTT-3’
R:5’-GGCCAGGCAACTCCCATTAG-3’
R:5’-ACCATCTTCTTCAGGGGTGTCA-3’
R:5’-TGCGAATGGCAATCTCATACTCT-3’
R:5’-TGATGACCCTTTTGGCTCCC-3’
R:5’-TCCCTAACCCCACTA-3’
R:5’-GGCCTGGATGAAACA-3’
R:5’-ATCTCTTTTCATCTT-3’
R:5’-TGGAGTGCAGTGGCG-3’
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and amplified by PCR to obtain the library, and then the
libraries were detected. Different libraries were subjected
to Illumina sequencing after pooling according to the effec-
tive concentration and the target data quantity. Functional
enrichment analysis of differential genes, ingenuity pathway
analysis (IPA), gene set enrichment analysis (GSEA), and
protein interaction network analysis were then conducted.

Single cell sequencing analysis

Single cell data were downloaded from the GEO database.
Cell normalization and regression were performed accord-
ing to unique molecular identifier (UMI) count and mito-
chondrial percentage of each sample using Seurat software
package (version 3.1.8). According to principal component
analysis (PCA) of the first 2000 highly variable genes, the
first 20 principal components were used for tSNE construc-
tion and Uniform Manifold Approximation and Projection
(UMAP) construction. Clusters with the same cell types
were selected for Re-tSNE analysis, graph-based clustering,
and marker analysis. The marker genes of Seurat clustering
results and the original expression count of the screened
cells were selected. Intercellular communication molecules
were analyzed systematically by CellPhoneDB. Relative
activation of specific gene sets was then analyzed. Differen-
tially expressed genes (DEGs) in the samples were identified
and the gene co-regulatory network was determined. The
Copy number variations\ (CNV) signal range of each cell
was scored.

Western blotting

Cells were lysed with RIPA lysis buffer (PO013B, Beyotime)
and protein concentrations in the cell lysates were quanti-
fied by Detergent Compatible Bradford Protein Assay Kit
(PO006C, Beyotime). Proteins were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to NC transfer membrane
(HATFO00010, Merck). Membranes were sealed with 5%
skimmed milk powder and 2% BSA at room temperature
for 1 h, incubated overnight with primary antibodies at 4°C,
and then incubated with secondary antibodies at room tem-
perature for 1 h. Finally, the membranes were visualized
with SuperSignal™ West Pico PLUS (34,577, ThermoFisher
Scientific).

Enzyme-linked immunosorbent assay (ELISA)
Cell culture supernatants were collected and the presence
and concentration of wnt2b and IL-33 in the samples were

determined following the steps described in the appropri-
ate ELISA kit (SEL819Hu/SEB980Hu, Cloud-CloneCorp).

@ Springer

Mouse colonic tissues were immersed in DMEM medium for
12 h, the supernatants were collected, and the concentration
of IL-33 was determined using an ELISA kit (SEB980Mu,
Cloud-CloneCorp) in accordance with the manufacturer's
guidelines.

Co-immunoprecipitation (co-IP) analysis

Cell lysates were precleared by incubating with rabbit/
mouse control IgG in Pierce™ Protein A/G Plus Agarose
(80,423, Thermo) at 4°C for 1 h. After centrifugation, the
supernatant were incubated with primary antibodies at 4°C
overnight, and then with Pierce™ Protein A/G Plus Aga-
rose at 4°C for 2 h. Immunoprecipitates were collected and
rinsed four times with cell lysis buffer. Sample were used
to verify the interactome results by western blot.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was performed
with SimpleChIP Enzymatic Chromatin IP Kit (Magnetic
Beads) (9003, Cell Signaling Technologies) according to
the manufacturer's instructions. NanoDrop (ThermoFisher
Scientific) was used for DNA quantification, PCR was per-
formed using the primers of IL33 promoter sequence (as
shown in Table 1).

Hematoxylin and eosin (H&E)-staining
and immunofluorescence

Colorectal segments of mice were removed, fixed in 4%
formaldehyde for 48 h, embedded and sectioned (5 pm),
and then used for H&E staining. For immunofluorescence
(IF), sections were incubated with primary antibodies
overnight at 4 °C, then incubated with fluorescence-
labeled secondary antibodies at room temperature in the
dark for 1 h, and DAPI was used to stain the nucleus.

Animal experiment

Cre mice were randomly divided into 2 groups. The mod-
eled group was treated with rectal enema of TNBS (Sigma)
and tail vein injection of AAV-NC, and it was referred to as
"Control". The modeled group was treated with rectal enema
of TNBS and tail vein injection of WNT2B KD Adeno-
associated virus (AAV-WNT2B KD), and it was referred to
as "WNT2B KD".Mice were injected with AAV(5x 1010
physical particles of AAV in 200ul of PBS) via the tail
vein at 28 days old, then the chronic TNBS models were
constructed.
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Induction of DSS-induced colitis and TNBS-induced colitis
in mice.

For the acute DSS colitis model, 12 to 15-week-old path-
ogen-free male C57BL/6 J mice(27 +5 g) were numbered
and weighed on the first day. The experimental group was
injected with salinomycin (5 mg/kg) through abdominal cav-
ity, while the control group was injected with physiologi-
cal saline, and this regimen continued every other day for
7 days(days 1, 3, 5, 7). All mice received 2.5% DSS in drink-
ing water on days 3, 5, and 7. Weight loss, stool consistency,
and the degree of intestinal bleeding were recorded every
day. All mice were sacrificed on day 10 and the colon and
rectum were collected.

Chronic DSS and TNBS colitis models were constructed
according to a previous study[18].

Masson staining

The paraffin sections were hydrated and stained with pre-
pared Weigert's iron hematoxylin for 8 min, then differenti-
ated in acid ethanol differentiation solution for 15 s, followed
by water rinsing. Counterstained with Masson's blueing
solution was performed for 5 min, followed by water rinsing.
Distilled water rinse was performed for 1 min. Subsequently,
the sections were stained with Ponceau acid fuchsin staining
solution for 5 min, washed in weak acid working solution for
1 min, rinsed in phosphomolybdic acid solution for 1 min,
and finally stained with aniline blue staining solution for
2 min following by a rinse in weak acid for 1 min.

Statistics

Results were expressed as mean + SE. The software pack-
ages GraphPrism 8.0.2 and SPSS 15.0 were used for data
analysis. Groups were compared by single factor analysis
of variance (ANOVA) and then the minimum significant
difference test was performed. Ns, P> 0.05; *, P <0.05; **,
P<0.01; *** P <0.001 were considered significant.

Results

WNT2B high-expressed fibroblasts and NK cells are
enriched in colitis tissue

To determine whether WNT2B high-expressed fibro-
blasts and NK cells are enriched in colonic tissue of IBD,
the data of single cell sequencing for patients with IBD
and healthy controls were extracted and analyzed[11,
19]. Among the main cell groups in colonic inflamma-
tory tissues of patients with IBD, fibroblasts specifically
expressing DCN, COL1A1, and PDGFRA accounted

for a significant proportion of the total cells (Fig. 1A),
and the WNT2B high-expressed fibroblasts accounted
for a large proportion of the fibroblast cluster (Fig. 1B).
WNT2B high-expressed fibroblasts enriched and upregu-
lated immunoglobulin receptor binding and the humoral
immune response in IBD (Fig. 1C). Among the immune
cells, the proportion of NK cells specifically expressing
NKG7 and KLRDI1 in the main cell groups of colonic
inflammation was similar to that of fibroblasts (Fig. 1D).
The activated NK cells significantly enriched and regu-
lated the canonical NF-kB pathway and altered immune
responses (Fig. 1E). Fibroblasts-WNT2B" and NK cells in
the colonic tissue of children with colitis, UC or CD were
higher than in normal children, NK cells were significantly
enriched in colon tissue of children with CD(Fig. 1F). In
terms of cell interaction, WNT2B high-expressed fibro-
blasts could act as upstream cells to interact directly with
NK cells (Fig. 1G). Cellular immunofluorescence staining
revealed that NK cells significantly expressed membrane
receptor FZD4 (Fig. 1H). Finally, the number of NK cells
specifically expressing FZD4 and CD56 and the number of
fibroblasts expressing DPT in human colitis tissues were
significantly higher compared with those in non-inflam-
matory colonic tissues (Fig. 1I-K). The infiltration of these
two cell types in IBD inflammatory tissues showed a posi-
tive correlation (Fig. 1L). In summary, these data demon-
strated that WNT2B high-expressed fibroblasts and NK
cells were enriched in the inflammatory colonic tissues.

WNT2B high-expressed fibroblasts promotes NK
cells secreting IL-33

Given that WNT2B high-expressed fibroblasts might con-
nect with NK cells, and that wnt2b is secretory molecule,
it was predicted that WNT2B high-expressed fibroblasts
might activate NK cells via wnt2b. To explore this hypoth-
esis, wnt2b was overexpressed in colonic HIF to simulate
the WNT2B high-expressed fibroblasts (Fig. 2A). The con-
centration of wnt2b in the supernatants of WNT2B-over-
expressing HIF was significantly higher compared with
that of control fibroblasts (Fig. 2B). In addition, the prolif-
eration activity of WNT2B high-expressed fibroblasts was
enhanced, and the proliferation activity began to show sig-
nificant difference at 12 h(Fig. 2C). After co-culture with
overexpressing and control HIF, a gene expression profile
analysis was determined in the NK92 cells. This analysis
showed that IFNA, IFNB, IL6, IL17, CXCL12, CXCR4,
IL12, IL33, IL10, and IL10RA were the most differen-
tially expressed immunity-related genes (Fig. 2D). The
gene expression was further verified using RT-qPCR, and
this revealed that only IFNA and IL33 were significantly
higher expressed in NK92 cells co-cultured with WNT2B
high-expressed HIF (Fig. 2E). ELISA of the supernatant

@ Springer



Journal of Molecular Medicine

Fibroblast

A&~ -WNT2B

WNT2B

‘WNTZB FOSB

Identiy

A seurat_clusters Fibroblasts DCN Py B
% | B
2
0 e 12
o 1 e13
2 o1
< 3 015
« °4 16
S >4 21 coL1Al -
5 5 °6 o 18 ¢
[] Lo e s 2 7 19 E
g o ‘, e8 o2
J BN |
2 g g o100 22
ﬂ’ ? o1 e 2 20
o 162 2 g
W =
1 & Y
PDGFRA
30 0 [ 10 20 | g
tSNE_1
©
{ o} D

seurat_clusters

mm -log10(adjpval)
iy

mm -log10(adjpval)
T-cell receptor signaling pathway
Canonical NF-kB pathway
TNF signaling pathway
I-kappaB/NF-kappaB complex
leukocyte mediated cytotoxicity
Toll-like receptor signaling pathway

V&
Antigen binding * ‘gf 3 NKG7 Type | interferon production
. . 20 » Inflammatory response
Immunoglobulin receptor binding
Immune response
B cell receptor signaling pathway 9 oz | Regulation of cytokine production
i » 1 o
Humoral immune response » 2 ® 1
A ' b 0 1 2 3 4
Antibacterial humoral response ~ * 4 ® 16 F
u o °5 o 17
Immune system process H P 18
Response to bacterium e KLRD1 100 mm Control
10 ®9 2
) 2 4 6 oo 2 | = Colitis
e 1 23 | P mm UC
. [ H X
« <
20 | . b mm CD
\ 8
| s
‘ a
30 20 0 10 20 *
SNE_L
G FZD4/CD56 Fibroblast-WNT2B" NK

o o
Ugand

typoll
Rocoptor

Control

S

[
—t 1] [

Custer_Fibroblast-WNTZB
Gustor_Infiammatory-foblasts

Colitis

Fig.1 WNT2B" fibroblasts and NK cells are enriched in coli-
tis tissue. The transcriptome data of intestinal histiocytic cells
(GSA:HRAO000072) of PIBD and non-PIBD patients were ana-
lyzed. (A) tSNE plot displaying the main cell groups and fibroblasts
in colonic tissue of PIBD patients. (B) tSNE plot displaying the
proportion of WNT2B" fibroblasts in the fibroblast clusters. (C)
WNT2B" fibroblasts enriched and upregulated the immune response.
(D) tSNE plot displaying the main cell groups and NK cell groups
in the colonic tissue of PIBD patients. (E) Activated NK cells in the
colonic tissue of PIBD patients enriched and upregulated the immune

of NK92 cells showed that after exposure to WNT2B

high-expressed HIF, the NK92 cells secreted signifi-
cantly increased amounts of IL-33 (Fig. 2F). There was no
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significant difference in IL-33 secretion between HIF cells
with and without WNT2B overexpression(Figure S1A).
Tissue immunofluorescence demonstrated that NK cells
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and IL-33 increased significantly in colonic tissue of mice
with chronic colitis induced by TNBS and DSS (Fig. 2G).
Furthermore, NK92 cells were pretreated with salinomycin
(10 pM) for 12 h, an inhibitor of the WNT/B-catenin path-
way, then co-culturing with different WNT2B-expressing
HIF. Western blotting showed that while the co-culture
with WNT2B high-expressed HIF inhibited the phospho-
rylation of GSK3p and elevated the amount of f-catenin
entering the nucleus of the NK cells, salinomycin inhibited
this pathway, indicating that the WNT/B-catenin pathway
in NK92 cells was activated by co-culturing with WNT2B
high-expressed HIF (Fig. 2H, I). Similarly, knocking down

cells and IL-33 in colonic tissue of mice with chronic colitis induced
by TNBS and DSS. Magnification X 40; scale, 50 um. (H, I) NK92
cells were pretreated with salinomycin(10uM) or not for 12 h, then
co-culturing with WNT2B" or wild-type HIF for 48 h. Expression of
molecules involved in WNT/B-catenin pathway in NK92 cells ana-
lyzed by Western blotting. (J, K) NK92 cells transfected with con-
trol siRNA (siNC) or two different siRNA targeting FZD4 (siFZD4)
were co-cultured with HIF after transfection of WNT2B-GFP plasmid
or empty plasmid. Total proteins and nuclear proteins of NK92 cells
were extracted and analyzed by Western blotting. (L) Quantification
of the mRNA expression of IL-33 in NK cells, treated as (H). The
differences were analyzed, and P values were calculated by Graph-
Prism8.0.2. *, P<0.05; ** P<0.01; *** P<0.001 were considered
significant

FZD4 induced a decrease in phosphor-GSK3p and the
entry of B-catenin into the nucleus in NK92 cells, indi-
cating that the WNT/B-catenin pathway was inhibited
(Fig. 2J, K). Moreover, IL-33 expression levels showed
the same trends as nucleus pB-catenin (Fig. 2L), indicating
that activation of the WNT/p-catenin pathway promoted
IL-33 secretion.

Wnt2b activates NF-kB and STAT3 pathways

To explore the pathway activated by wnt2b, IPA was con-
ducted for the whole gene expression profile of NK92
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cells referenced in Fig. 2D. The DEGs were significantly
enriched in inflammation-related pathways such as STAT3,
PI3K/AKT, p38 MAPK, and NF-kB (Fig. 3A). To ver-
ify the activation of these pathways, NK cells were co-
cultured with WNT2B high-expressed or wild-type HIF
and western blotting for members of these pathways was
performed. Wnt2b markedly increased the phosphoryla-
tion of STAT3 (Tyr705) in NK92 cells, but there were no
differences in proteins involved in the PI3K/AKT and p38
MAPK pathways (Fig. 3B-E). On this basis, salinomycin
was shown to inhibit the phosphorylation of STAT3, IkBa,
IKKo/B, and p65, and subsequently decrease the entry of
STAT?3 and p65 into the nucleus of NK cells (Fig. 3F, G).
Cellular immunofluorescence and western blotting con-
firmed that wnt2b promoted entry of Stat3 and p65 into
the nucleus of NK92 cells (Fig. 3H-J). Knocking down
FZD4 expression also inhibited Stat3 phosphorylation and
the NF-xB pathway, and consequently decreased entry of
Stat3 and p65 into the nucleus (Fig. 3K, L). Together,
these results suggest that wnt2b derived from fibroblasts
binds to FZD4 and promotes activation of the STAT3 and
NF-xB pathways.
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Wnt2b promotes IL-33 expression by activating p65
and not STAT3

Since the NF-kB and STAT3 pathways were activated in NK
cells co-cultured with WNT2B high-expressed HIF, induc-
tion of the expression of IL-33 by these pathways was fur-
ther investigated. A ChIP experiment was conducted using
antibodies against p65 or STAT3, and revealed that wnt2b
promoted p65, but not STAT3, binding to the IL-33 pro-
moter (Fig. 4A-D). Knocking down either p65 or STAT3
inhibited their translocation into the nucleus (Fig. 4E,F),
but only p65 knockdown reduced the expression of IL-33
(Fig. 4G). This indicated that wnt2b promotes IL.-33 expres-
sion by activating p65, not STAT3.

TCF4 binds to p65 and upregulates the NF- kB
pathway

TCF4 is a transcriptional factor located downstream of
the WNT/B-catenin pathway. To explore the relationship
between the WNT/B-catenin pathway and p65, TCF4 was
knocked down in NK92 cells before co-culturing with
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Fig.3 Wnt2b activates NF-kB and STAT3 pathways. (A) Whole gene
expression profile analysis showed the signaling pathways enriched
by DEGs, the ratio was the number of differential genes divided by
the number of whole genes contained in each pathway. (B-E) Expres-
sion of molecules involved in STAT, PI3K/AKT, p38 MAPK, and
NF-xB pathways in NK cells whether the WNT/Bcatenin pathway
activated or not. (F) Protein expression of NF-kB pathways and phos-
phorylation of STAT3 in NK92 cells, and the quantified analysis of
P-p65/p65 and P-Stat3/Stat3 in the three repeated WB experiments;
the samples treatment as Fig. 2H. (G) STAT3 and p65 protein con-
tents in the nucleus of NK92 cells, and the quantified analysis of
p65 and Stat3 nuclear translocation in the three repeated WB experi-

@ Springer

ey

ments; the samples treatment as Fig. 21. (H, I) Cellular immunofluo-
rescence showed the entry of Stat3 and p65 into the nucleus of NK92
cells whether the WNT/Pcatenin pathway was activated or not. Mag-
nification X 40; scale, 50 um. (J) Stat3 protein contents in the cyto-
plasm and nucleus of NK92 cells; the samples treatment as Fig. 31.
(K)Stat3 and p65 protein contents in the nucleus of NK92 cells, and
the quantified analysis of Stat3 and p65 nuclear translocation in the
three repeated WB experiments; the samples treatment as Fig. 2K.
(L) Expression of molecules involved in NF-kB pathways and phos-
phorylation of STAT3 in NK92 cells, and the quantified analysis of
P-Stat3/Stat3 and P-p65/p65 in the three repeated WB experiments;
the samples treatment as Fig. 2]
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Fig.4 Wnt2b promotes IL-33 expression by activating p65 instead
of STAT3. (A) DNA electrophoresis of IL-33 promoter sequence
binding to p65 performed by ChIP. (B) Gray values of DNA electro-
phoresis from Fig. 4A. (C) DNA electrophoresis of IL-33 promoter
sequence binding to STAT3 performed by ChIP. (D) Gray values of
DNA electrophoresis from Fig. 4C. (E, F) NK92 cells transfected
with siNC or two different siRNA targeting p65 (siP65) or two dif-
ferent siRNA targeting STAT3(siSTAT3), were co-cultured with or

WNT2B high-expressed HIF. Activation of the WNT/p-
catenin pathway led to the phosphorylation of IkBa,
IKKa/b, and p65, representing activation of the NF-kB
pathway (Fig. 5SA). Since wnt2b induced p65 translocation
into the nucleus, knocking down TCF4 obviously reduced
the nuclear localization of p65 (Fig. 5B). To further verify
the relationship between TCF4 and p65 location, mutated
NLS variant of TCF4 was constructed, and it was found
that TCF4's ability to promote the nuclear translocation
of p65(Fig. 5C,D).Furthermore, co-immunoprecipitation
showed that TCF4 bound to B-catenin and p65, and wnt2b
promoted the binding of TCF4 and p65 (Fig. SE-H). Immu-
nofluorescence displayed that f-catenin, TCF4 and p65 were
colocalized in the nucleus(Fig. 51). These results indicated
that p-catenin, TCF4 and P65 were combined into a ter-
nary complex, while TCF4 bound to p65 and promoted the
nuclear localization of p65.

Salinomycin reduces IL-33 secretion in colitis

To determine whether inhibition of the WNT/B-catenin
pathway has a protective effect on colitis, a series of
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without WNT2B" HIF, then total proteins and nuclear proteins of the
NK92 cells were extracted and analyzed by Western blotting using
the indicated antibodies. (G) NK92 cells transfected with siNC or two
different siRNA targeting P65(sip65) or STAT3(siStat3) were co-cul-
tured with HIF after transfection of WNT2B-GFP plasmid or empty
plasmid for 24 h, and the total RNA of NK92 cells was extracted for
gqPCR analysis. P values were calculated by GraphPrism 8.0.2. *,
P<0.05; **, P<0.01; *** P <0.001 were considered significant

indexes were measured in DSS-induced acute colitis
model mice. Disease activity index scores showed that
salinomycin significantly reduced colitis activity (Fig. 6A)
and also significantly improved shortening of the colon
and rectum, which are representative features of colitis
(Fig. 6B-C). DSS-induced colitis mice exhibit increased
infiltration of immune cells, destruction of the mucous
membrane, disorder of the intestinal villus structure,
crypt deformation, gland destruction, and abscess forma-
tion. Salinomycin significantly alleviated destruction of
the mucous membrane and decreased the pathological
scores of colonic inflammation, indicating that salinomy-
cin reduced inflammatory responses (Fig. 6D-E). Detec-
tion of IL-33 in mice colonic tissues demonstrated that
salinomycin reduced the secretion of IL-33 (Fig. 6F). Fur-
thermore, immunofluorescence of mouse colonic tissues
revealed that salinomycin reduced the expression of IL-33
in colonic inflammatory tissue (Fig. 6G). In summary,
inhibition of the WNT/B-catenin pathway reduced IL-33
secretion in colonic inflammatory tissue and presented a
protective effect on colitis.
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Fig.5 TCF4 binds to p65 and upregulates the NF-kB pathway. (A, B)
HIF transfected with WNT2B-GFP plasmid or empty plasmid were
co-cultured with NK92 for 48 h; the NK92 cells were transfected with
siNC or two different siRNA targeting TCF4(siTCF4). The total pro-
teins and nuclear proteins of the NK92 cells were extracted and ana-
lyzed by Western blotting using the indicated antibodies, the quanti-
fied analysis of P-p65/p65 in the three repeated WB experiments of
total proteins. NK cell transfection of MYC plasmid or TCF4-MYC

Knocking down WNT2B mitigates inflammation
and fibrosis in chronic colitis

To investigate the role of WNT2B in chronic colitis, we
employed a recombinant adeno-associated virus (AAV)
vector-based gene delivery system as an innovative
approach for knocking out WNT2B. B6.C-Tg(S100a4-
cre) mice were administered AAV-WNT2B knockdown
(AAV-WNT2B-KD) or control vectors (negative Adeno-
associated virus, AAV-NC), followed by the construction
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plasmid or ANLS-TCF4-MYC plasmid were analyzed by Western
blotting. Analysis of p65 in nuclear proteins located in NK cells by
Western blotting, the samples treatment as Fig. 5C. (E-H) HIF trans-
fected with WNT2B-GFP plasmid or empty plasmid were co-cultured
with NK92 cells for 48 h. Total proteins of the NK92 cells were
extracted and co-immunoprecipitation and Western blotting were
performed with the indicated antibodies. (I) Immunofluorescence of
fB-catenin, TCF4, p65 in NK cells. Magnification x 40; scale, 50 pm

of chronic colitis models using TNBS. The score of
weight loss and stool condition showed that knocking
down WNT2B reduced colitis activity (Fig. 7A) and also
obviously improved shortening of the colon and rectum
(Fig. 7B-C). There were obvious inflammatory cell infil-
tration and intestinal mucosal injury in TNBS-induced
chronic colitis mice treated with AAV-NC. Knocking
down WNT2B significantly alleviated destruction of
the mucous membrane and decreased the pathological
scores of colonic inflammation (Fig. 7D-E). Meanwhile,
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Fig.6 Salinomycin reduces IL-33 secretion in colitis. In the process
of acute enteritis induced by DSS, one group of mice were injected
intraperitoneally with salinomycin (5 mg/kg), and the other group
were injected with solvent as the Ctrl group..(A) Daily DAI changes
of mice in Ctrl group and Salinomycin group. (B) Representative pic-
ture of colon of mice in each group. (C) Length of colon of mice in
each group. (D) Representative pictures of H&E staining of colonic
tissue of mice in each group. Magnificationx20 and X 50, respec-
tively; scale, 100 pm and 40 um, respectively. (E) Pathological score

immunofluorescence of colonic tissues indicated that
knocking down WNT2B mitigated the infiltration of
NK cells and the expression of IL-33 in chronic colitis
(Fig. 7F). in addition, it was found by Masson staining
that knocking down WNT2B decreased the expression
of fibrosis marker a-SMA in the intestinal tissues of
chronic colitis(Fig. 7G). Immunofluorescence also con-
firmed the decreased expression of WNT2B and a-SMA
in the intestinal tissues of chronic colitis with knocking
down WNT2B (Fig. 7H). in conclusion, knocking down
WNT2B inhibited NK cell infiltration and IL-33 secre-
tion, mitigated inflammatory responses and fibrosis in
chronic colitis.

for colonic tissue of mice in each group. (F) The concentration of
IL-33 in the supernatants of colonic tissue of Ctrl group and Salino-
mycin group. (G) Immunofluorescence of IL-33 in colonic tissue of
acute DSS colitis mice treated with salinomycin or solvent. Magnifi-
cation X 20 and x40, respectively; scale, 100 pm and 50 um, respec-
tively. The differences were analyzed, and P values were calculated
by GraphPrism 8.0.2. *, P<0.05; **, P<0.01; *** P<0.001 were
considered significant

Discussion

There is increasing evidence that fibroblasts involved in
IBD by forming ECM and react directly or indirectly with
immune cells [20]. Fibroblasts accomplish these effects by
differentiating into different clusters such as myofibroblasts
and inflammatory fibroblasts[21]. Besides these two main
clusters, several more clusters of fibroblasts have been iden-
tified but their precise roles in IBD remain unclear[22]. Our
previous research showed that there was a specific cluster
of fibroblasts with high expression of WNT2B, and these
WNT2B high-expressed fibroblasts participated in not
only inflammatory pathways such as the NF-xB and TNF
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pathways, but also the ECM pathway, indicating that this
cell cluster had a dual phenotype[11]. In the current study,
the gene expression patterns of WNT2B high-expressed
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fibroblasts were reanalyzed and found to be enriched in B
cell receptor signaling pathway and immune system pro-
cess, indicating the WNT2B high-expressed fibroblasts
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«Fig.7 Knocking down WNT2B reduces NK cell infiltration and
IL-33 secretion in colitis, and reduce intestinal inflammation and
fibrosis. In the process of chronic TNBS models, control group was
treated with tail vein injection of AAV-NC, and the WNT2B KD
group was treated with tail vein injection of WNT2B KD Adeno-
associated virus (AAV-WNT2B KD). (A)The weight and stool condi-
tion were record in Control group and WNT2B-KD group. (B) Pic-
ture of colon of mice in each group. (C) Length of colon of mice in
each group. (D)Representative pictures of H&E staining of colonic
tissue of mice in each group. MagnificationX20 and x40, respec-
tively; scale, 100 um and 50 pm, respectively. (E) Pathological score
for colonic tissue of mice in each group. (F) Immunofluorescence of
FZD4/NK1.1/IL-33 in colonic tissue of chronic TNBS and DSS coli-
tis mice treated with AAV. Magnification X 20 and X 40, respectively;
scale, 100 um and 50 pm, respectively. (G) a-SMA was detected by
Masson staining in each group of mice. (H) Immunofluorescence
of a-SMA/WNT2B in colonic tissue of chronic TNBS colitis mice
treated with AAV. Magnification X 20 and x40, respectively; scale,
100 pm and 50 pm, respectively. The differences were analyzed,
and P values were calculated by GraphPrism 8.0.2. *, P<0.05; **,
P<0.01; #** P<0.001 were considered significant

might take effect via immune cells. Moreover, CellPhoneDB
analysis manifested that WNT2B high-expressed fibroblasts
interacted with NK cells directly as an upstream regulator,
which has not previously been reported. NK cells are highly
accumulated and play a pivotal role in IBD[15]. Moreo-
ver, the number of NK cells in the lamina propria of the
colon decreased in patients treated with 6-mereaptopurine,
which was associated with reduced disease activity[23, 24].
Results from the current study showed that both fibroblasts
and NK cells were markedly accumulated in the inflamma-
tory colonic tissues in IBD, and the infiltration of these two
cell types showed a positive correlation, indicating that the
WNT2B high-expressed fibroblasts probably acted on NK
cells.

Wnt2b belongs to the Wnt family, which has been
reported as a secreted protein that binds to the FZD fam-
ily and activates the classical WNT/fB-catenin signal path-
way[25]. FZD4 is the main receptor for WNT2B and is
also significantly highly expressed in colonic tissues of
IBD[26]. The classical WNT/B-catenin pathway is a highly
conserved and tightly controlled signaling pathway involved
in the regulation of embryonic development and cell prolif-
eration and differentiation[27]. Activation of this pathway
leads to nuclear translocation of B-catenin, and finally, the
activation of target genes via TCF/LEF transcription fac-
tor[28]. Wnt2b-FZD4 interaction has been confirmed in
peripheral eye development and enterocyte EMT in Crohn's
disease through activation of the classical WNT/p-catenin
pathway[29, 30]. The current study showed that NK cells
markedly infiltrated the IBD colonic inflammatory tissue of
both DSS- and TNBS-induced chronic colitis mouse models,
and the NK cells significantly expressed FZD4. To further
clarify the mechanism underlying these observations, we
constructed the co-culture system of HIF and NK cells and

determined that WNT2B high-expressed fibroblasts secret-
ing wnt2b activated the WNT/B-catenin pathway of NK cells
via FZD4 and promoted IL-33 secretion from NK cells.

IL-33 belongs to the family of IL-1 cytokines and its
receptor is suppression of tumorigenicity 2 (ST2). IL-33
is predominantly produced by epithelial cells, fibroblasts,
and immune cells in the intestine, and participates in the
progress of IBD[31, 32]. IL-33 can be secreted extracellu-
larly as an inflammatory factor, acting on TH2 lymphocytes
and mast cells, and regulating the phosphorylation of kinase
(ERK), p38MAPK, and JNK and activation of the NF-xB
signaling pathway[33, 34]. Recently, IL-33 was shown to
be instrumental in IBD by promoting the TH1 response in
Crohn’s disease[35, 36] and enhancing activation of the TH2
response related to ulcerative colitis[37]. In our research,
IL-33 was demonstrated to be markedly elevated in colonic
inflammation sites of the IBD-like colitis model, congruent
with other studies. Furthermore, the study showed that secre-
tion of wnt2b from WNT2B high-expressed fibroblasts pro-
motes the secretion of IL-33 from NK cells, and it can also
promote the expression of [FNa.The expressions of IFN and
IL-33 are increased in the tissues and serum of autoimmune
diseases and partial infectious disease, which have demon-
strated a positive correlation with disease severity[38]. In
chronic pancreatitis, type I IFN recruits macrophage infil-
trates and stimulates such macrophages to produce TNFa,
which induces damaged pancreatic acinal cells to produce
and release IL-33, while IFNAR knockout, the expression
of IL-33 was inhibited, and it was found that IL-33 could
effectively induce CDS8 T cells to produce IFN-y[39].In SLE,
IL-33 up-regulates the expression of interferon regulatory
Factor 7(IRF7) by acting on ST2 receptor, thereby induc-
ing IFNa mRNA and protein expression[40]. This study
also confirmed in animal experiments that knocking down
WNT2B in intestinal tissue can reduce the expression of
IL-33 and alleviate the fibrosis of intestinal tissue in chronic
colitis.Since IL-33 is reported to promote the expression of
fibrogenic factors IL-5, IL-13, and TGF-f1, leading to fibro-
sis of the GI tract in IBD[41, 42], findings from the current
study provide a new insight that WNT2B high-expressed
fibroblasts might induce GI fibrosis via inflammatory-related
pathway.

STAT3 is a member of STAT protein family. Phospho-
rylation of the tyrosine residue at Tyr705 of STAT3 pro-
tein leads to STAT3 nuclear translocation and downstream
target gene transcription, while phosphorylation of Ser727
enhances the transcriptional activity[43]. In IBD, STAT3
activation promotes acute wound healing, but also leuko-
cyte recruitment and the development of colitis-associ-
ated cancer during chronic inflammation[44]. The NF-xB
pathway is a typical pro-inflammatory signaling pathway
that promotes the expression of cytokines, chemokines,
and adhesion molecules[45]. The WNT/B-catenin signal
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Fig.8 Schematic illustration for the crosstalk of WNT2B" fibroblasts
and NK cells in IBD. Wnt2b binds to FZD4 to activate the WNT/B-
catenin pathway. WNT/f-catenin pathway mediates phosphorylation
of p65 and stat3, leading to increase p65 and stat3 nuclear translo-

pathway could activate the NF-kB and STAT3 path-
ways[30, 46]. There is crosstalk and mutual activation
between the NF-xB and STAT3 pathways. Inhibiting the
STAT3 pathway can affect the NF-xB pathway. STAT3
can bind to the NF-kB complex containing IxB, displac-
ing IxkB from NF-xB, thereby promoting NF-kB activa-
tion and nuclear translocation[47]. Additionally, STAT3
may interact with p65 RelA/p65 in the nucleus and
recruit the p300 histone acetyltransferase (HAT) complex
to the complex[48]. Simultaneous activation of STAT3
and NF-xB can lead to their interaction with each other,
further enhancing their activity. In common with these
research findings, the current study showed that after acti-
vation of the WNT/B-catenin signal pathway, the NF-xB
signaling pathway and STAT3 phosphorylation were both
enhanced in NK cells, resulting in the translocation of
p65 and STATS3 into the nucleus. However, since both
p65 and STAT3 bound to the promoter sequence of IL-33,
wnt2b selectively activated p65 to promote the expres-
sion of IL-33. This study also found that TCF4, a down-
stream transcription factor of WNT/B-catenin signaling,
bound to p65 and promoted its nuclear translocation. The
C-terminal of TCF4 contains a promoter-specific trans-
activation domain, which mediates the interaction with
transcriptional coactivator p300 and activates the NF-kB
pathway[49]. However, the current study provided the
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cation. Whereas p65 binds to the promoter of IL-33 to promote the
expression of IL-33. Importantly, TCF4 interacts with p65 and regu-
lates NF-xB pathway

first evidence that TCF4 could directly bind to and acti-
vate p65, which might be a novel mechanism for WNT/B-
catenin activation of the NF-kB pathway.

Salinomycin, an inhibitor of the WNT/B-catenin pathway,
inhibits tumor growth by destroying the p-catenin/TCF com-
plex[50]. Salinomycin is mainly used in tumor research. In
the present study, salinomycin was used in the establish-
ment of an acute DSS-induced IBD-like colitis model to
explore the effect of the WNT/B-catenin signaling pathway
on IBD. Salinomycin and knock down WNT2B decreased
the colitis activity score[18] and colon tissue HE score[51],
and increased the length of the colon and rectum, indicating
protection from colonic inflammation. Furthermore, knock
down WNT2B reduced the infiltration of NK cells and the
secretion of IL-33. Therefore, our results provide the first
evidence that salinomycin and knock down WNT2B have
anti-inflammatory and anti-fibrotic effects and confirm the
mechanism of WNT2B and WNT/B-catenin signaling induc-
ing IL-33 secretion in vivo.

In summary, this study demonstrated that WNT2B" fibro-
blasts secreted wnt2b, activated the WNT/B-catenin path-
way of NK cells via FZD4, and promoted NF-kB signaling
and IL-33 expression (Fig. 8), further aggravating intestinal
injury and inducing intestinal fibrosis. Findings from the
study may facilitate the establishment of new therapeutic
approaches to prevent IBD complications.
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