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Summary

Background Loss of intestinal epithelial barrier integrity is a critical component of Inflammatory Bowel Disease
(IBD) pathogenesis. Co-expression regulation of ligand-receptor pairs in IBD mucosa has not been systematically
studied. Targeting ligand-receptor pairs which are induced in IBD mucosa and function in intestinal epithelial bar-
rier integrity may provide novel therapeutics for IBD.

Methods We performed transcriptomic meta-analysis on public IBD datasets combined with cell surface protein-
protein-interaction (PPI) databases. We explored primary human/mouse intestinal organoids and Caco-2 cells for
expression and function studies of uPA-uPAR (prime hits from the meta-analysis). Epithelial barrier integrity was
measured by Trans-Epithelial Electrical Resistance (TEER), FITC-Dextran permeability and tight junction assess-
ment. Genetic (CRISPR, siRNA and KO mice) and pharmacological (small molecules, neutralizing antibody and
peptide inhibitors) approaches were applied. Mice deficient of uPAR were studied using the Dextran Sulfate Sodium
(DSS)-induced colitis model.

Findings The IBD ligand-receptor meta-analysis led to the discovery of a coordinated upregulation of uPA and uPAR
in IBD mucosa. Both genes were significantly upregulated during epithelial barrier breakdown in primary intestinal
organoids and decreased during barrier formation. Genetic inhibition of uPAR or uPA, or pharmacologically block-
ing uPA-uPAR interaction protects against cytokine-induced barrier breakdown. Deficiency of uPAR in epithelial
cells leads to enhanced EGF/EGFR signalling, a known regulator of epithelial homeostasis and repair. Mice deficient
of uPAR display improved intestinal barrier function in vitro and during DSS-induced colitis in vivo.

Interpretation Our findings suggest that blocking uPA-uPAR interaction via pharmacological agents protects the
epithelial barrier from inflammation-induced damage, indicating a potential therapeutic target for IBD.

Funding The study was funded by Boehringer Ingelheim.
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Introduction

The intestinal epithelial barrier provides a critical line of
defence and crosstalk with the exogenous luminal envi-
ronment. Dysfunction of the barrier is wusually

*Corresponding author.
E-mail address: Jun.Li@Boehringer-Ingelheim.com (J. Li).
Current address:

www.thelancet.com Vol xx Month xx, 2021

associated with, and in many cases, a driving force of
intestinal disease including Inflammatory Bowel Dis-
ease (IBD)." ? Indeed, mucosal healing has drawn tre-
mendous research attention and emerged as a critical
endpoint in IBD clinical management.* © Identification
of novel genes and pathways underlying mucosal heal-
ing would provide insights for IBD pathogenesis and
therapeutic development.
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Research in context

Evidence before this study

Studies have shown that a leaky, impaired epithelial
barrier is a critical contributor to disease proregression
in Inflammatory Bowel Disease (IBD). Novel IBD drugs
targeting epithelial barrier integrity are in great need to
promote mucosal healing. Urokinase (uPA) is known to
interact with its receptor uPAR and can mediate cell
migration and activation. But the role of uPA-uPAR
interaction in intestinal epithelial function related to IBD
is unknown.

Added value of this study

This study applied a novel Protein-Protein-Interaction
(PPI)-guided IBD transcriptomic meta-analysis and iden-
tified uPA-uPAR as a coordinately upregulated ligand-
receptor pair in IBD biopsies. The coordinated upregula-
tion was also observed in primary human intestinal
organoids during epithelial barrier breakdown induced
by pathogenic cytokines. We further provided func-
tional validation showing that inhibition of uPAR or uPA
genetically, or pharmacologically via PPI inhibitors pro-
tects against barrier damage in intestinal epithelial cells
and organoids. Mice deficient of uPAR also displayed
reduced epithelial damage in DSS-induced colitis. Over-
all, our study demonstrates the role of uPA-uPAR in reg-
ulating the intestinal barrier in IBD and highlights the
therapeutic potential of uPA-uPAR for IBD mucosal
healing.

Implications of all the available evidence

Our study highlights an important role of uPA-uPAR
interaction and signalling in the intestinal epithelium
and its therapeutic potential for IBD.

IBD-associated epithelial damage can be triggered by
dysregulated communication between intestinal cells
and their environment, which often requires signal
transduction between cell surface receptors and their
ligands. For instance, pro-inflammatory cytokines, such
as TNF, IFN-y, IL-6, IL-23, IL-22, IL-17, IL-18 and oncos-
tatin M (OSM), play critical roles in IBD pathogenesis
through receptor-mediated signalling and directly or
indirectly regulate epithelial barrier integrity. Cytokine
receptors on epithelial cells, such as IFN-yR, IL-18R, are
also elevated in IBD biopsies and can mediate epithelial
damage responses.” Epithelial integrity is also regulated
by other cell surface protein-protein interactions, such
as secreted DAMPs and their corresponding receptors
(e.g. HMGB1/RAGE)® and adhesion interactions (e.g.
integrins, cadherins and tight junction proteins).”'®
Moreover, crosstalk of these cell surface interactions is
also important. For instance, TNF activates TNFR2 and
induces redistribution of adhesion proteins to
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basolateral membranes of intestinal epithelial cells ",
while IL-13-induced damage of intestinal epithelial cells
requires TWEAK and its receptor (Fnig)."”

While a broad spectrum of IBD-omic studies look for
disease relevant genes at the individual level, assess-
ment of co-ordinately regulated ligand-receptor pairs is
still lacking. To address this question, we developed a
Protein-Protein Interaction (PPI)-guided IBD meta-
analysis with a specific focus on cell surface and extra-
cellular proteins, aiming to uncover novel IBD-associ-
ated ligand-receptor pairs, followed by functional
investigations in the intestinal epithelium. Among the
identified ligand-receptor pairs, urokinase-type Plas-
minogen Activator (uPA, PLAU) and its receptor
(uPAR, PLAUR) both display significant expression
increase in IBD biopsies, leading us to investigate their
potential roles in IBD pathogenesis.

The uPA-uPAR system has been implicated in a vari-
ety of cellular activities, including cell proliferation,
adhesion, invasion and survival.” The serine protease
uPA cleaves and activates plasminogen, which triggers
a proteolytic cascade to modulate extracellular matrix
(ECM) proteins. Activation of uPA from pro-uPA is
enhanced by the interaction with its receptor uPAR.™
The receptor, uPAR, is also involved in various intracel-
lular signalling pathways through interaction with other
cell surface proteins, including integrin subunits,
GPCRs and EGFR. These interactions activate diverse
signalling pathways including ERK, AKT and PI3K."”

In this study, we identified a coordinated regulation
of uPAR and uPA in the IBD mucosa and during barrier
breakdown of primary human intestinal organoids. We
investigated the uPA-uPAR pathway in the regulation of
intestinal barrier integrity in vitro with primary intesti-
nal organoid-derived monolayers, and in vivo using the
Dextran Sulfate Sodium (DSS)-induced colitis model.
Our results demonstrate a key role of the uPA-uPAR
interaction in the epithelial barrier and highlight its
therapeutic potential for IBD mucosal healing.

Methods

Ethics

Primary human intestinal organoids were generated
from primary small intestinal tissues obtained from
Conversant Bio (now Discovery Life Science, DLS),
which has Institutional Review Board/Ethics Commit-
tee (IRB/EC) processes that dictate the procedure for
actions such as submission and amendment of proto-
cols, obtaining applicable approvals and informed con-
sent from participants. For the primary human
intestinal tissues used in our study, DLS has obtained
IRB/EC approval and the consent of the participants/
donors. DLS procures tissues for research from post-
mortem sites, such as Organ Procurement Organiza-
tions (OPO) sources under next-of-kin consent forms.
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The tissues obtained from DLS fulfil all Boehringer
Ingelheim (BI) legal, ethical, and regulatory require-
ments.

In vivo studies were conducted in compliance with
the rules set forth by the BI site Institutional Animal
Use and Care Committee (IACUC) and in accordance
with the guidelines established in the National Insti-
tutes of Health, Guide for the Care and Use of Labora-
tory Animals. All protocols were reviewed and approved
by the site’s IACUC. In vivo studies were conducted at a
BI facility that was accredited by the International Asso-
ciation for the Assessment and Accreditation of Labora-
tory Animal Care (AAALAC) accredited facilities.
Euthanasia was performed in accordance with the
guidelines established in the Panel on Euthanasia of the
American Veterinary Medical Association. All mice
were housed under 12 h light/dark cycles with free
access to food and water. Experimentation was con-
ducted with consideration to minimize animals’ pain
and distress.

IBD meta-analysis

The IBD meta-analysis was performed with 15 pub-
lished IBD studies (Table S1), including RNA-seq and
micro-array datasets with a total of 1020 IBD tissue
samples (UC or CD) and 373 controls. To better repre-
sent the disease condition for meta-analyses, we selected
the disease group for comparison based on the categori-
zation defined in each study. In general, our selection
criteria include: 1) If disease samples include inflamed
and non-inflamed tissues, we used samples from
inflamed tissues as the disease group (2 studies: E-
MTAB-5464; GSE57945); 2) If disease samples include
any treatment, we used samples prior to treatment as
the disease group (4 studies: GSE10616; GSE16879%;
GSE73661; GSE52746); and 3) If disease samples
include active and inactive patients, we used samples
from active patients as the disease group (4 studies:
GSE59071; GSE75214; GSE52746; GSE37283) (see sup-
plemental information and tables for details). Microar-
ray studies were processed with R Affy package and
quantile normalization was applied to adjust between
array baseline biases. NGS datasets were mapped to
human reference genome GRCh3y.75 using STAR
alignment (v 2.5.2b). Gene counts matrix was later gen-
erated using featureCounts tool from Subread package
(v1.6.0).

Differentially expressed gene significance between
disease patients (UC or CD) and healthy controls from
each study was obtained using GLM model from R
limma package (v. 3.1) (for micro-array datasets) or R
package DESeq2 (v. 1.6.3) (for RNA-seq). Overall signifi-
cant genes were determined through a slightly modified
r-th ordered p value approach.” We selected genes with
fold change >1.5 and adjusted p value < o.05 for subse-
quent analysis.
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We intersected the significantly upregulated genes
with a pool of 7 PPI databases: Intact (v4.2.12)'®, HIP-
PIE (v2.2)7, PIPs (v 12/09/2008)", BioGrid
(v3.5.178)™, Intomics® (v 2018)°°, Clarivate Analytics
MetaCore® (v4.2.3) (https://clarivate.com/cortellis/solu-
tions/early-research-intelligence-solutions/) and Cell-
phoneDB (v2.0.0.0).>" A majority voting mechanism
was applied to select high-confidence ligand-receptor
pairs. Candidates with > 4 PPI databases support are
defined as high-confidence pairs, since they are identi-
fied by more than half of the PPI databases used (4 out
of 7). Table S2 includes detailed information of the 18
candidate pairs identified in this approach.

Primary intestinal organoids isolation and culture
Isolation and culture of primary intestinal organoids
was performed as previously described.”*** Briefly,
human small intestinal tissues (obtained from Cover-
sant Bio, now Discovery Life Sciences, https://www.dls.
com/biospecimens/) were resected from donors and
dissected to recover the epithelial mucosa. Murine small
intestinal tissues were isolated in house. Epithelial
crypts were isolated using EDTA chelation and centrifu-
gation. Crypts were embedded in 3-D Matrigel (Corning
#354230) droplets. Culture media for primary human or
mouse organoids are listed in Table S4. Organoids were
passaged regularly using Cell Recovery Solution (Corn-
ing #354253). During each passage, organoids were bro-
ken up into smaller pieces by pipetting thoroughly in
Cell Recovery Solution before seeding to a new plate.
Only organoids less than 8o days in culture were used
in this work.

Cells and reagents

Caco-2 cells (ATCC HTB-37) were purchased from
American Type Culture Collection (ATCC) and authen-
ticated by Short Tandem Repeat (STR) profiling accord-
ing to the cell bank. Mycoplasma was tested in house.
Caco-2 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) with heat-inactivated Fetal Bovine
Serum (FBS). Cells were passaged every 3-4 days with
0.25% Trypsin-EDTA at the ratio of 1:5—1:8. Dharmacon
Accell siRNA targeting uPAR, uPA or non-targeting
control siRNAs were listed in Table S4. siRNA delivery
followed Dharmacon Accell siRNA protocols. In mono-
layer assay with siRNA treatment, cells were treated
with 1 uM siRNA 3 days prior cytokine stimulation.
Plasmids expressing uPAR, uPA and control plasmids
were purchased from OriGene (#RC201222,
#RC202083 and #PSioooo1). Fugene 6 reagent was
used for plasmid transfection.

All antibodies and TagMan probes included in this
study are commercially available and the Research
Resource Identifiers (RRIDs) are listed in Table S4.
Recombinant human or mouse TNF-« and IFN-y were
purchased from Humanzyme (#HZ-1014) and R&D
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systems (#285-1F-100/CF; #410-MT/CF; #485-MI/CF).
Cytokines were added at a concentration of rong/ml. In
the experiments with EGF treatment, the final concen-
tration of EGF (Life Technologies, #PHGo311Z) was
50 ng/ml.

Small molecule inhibitors (IPR-1110 and WX-UKi)
and small peptide inhibitor (AE234 and AE147y) were
described previously.** *”7 Antibody abs329 was pur-
chased from Novus Biologicals (#Ho0005329-Bo1P). In
experiments with inhibitor treatment, working stocks
(t0ooox in DMSO; 3 mM or 10 mM) were diluted in
DMSO following a step-wise dilution method to a final
concentration of 3 uM or 10 uM. A corresponding
amount of DMSO was diluted in the same fashion and
was used as control treatment. In experiments with anti-
body treatment, antibody stock (1 mg/ml) or mouse IgG
control (same concentration) was diluted in sterile endo-
toxin-free water to a final concentration of 15 ug/ml. In
experiments with small peptide treatment, the working
stock (1o0oox in water; 3 mM) was diluted in sterile
endotoxin-free water to a final concentration of 3 uM. A
corresponding amount of water was used as control
treatment. uPAR and uPA CRISPR KO pool cells were
generated by the Genome Engineering and iPSC Centre
(GEiC) at Washington University in St. Louis. Approxi-
mately 1 x 10° single cells were washed in DPBS and
resuspended in P3 primary buffer (Lonza) with gRNA/
Casg ribonuclease protein (RNP) complex (200 pmol
gRNA + 8o pmol SpCasg) and then electroporated with
a 4D-Nucleofector (Lonza) using CA-137 program. Fol-
lowing nucleofection, cells were screened with targeted
deep sequencing analysis using primer sets specific to
target regions. gRNA sequences were listed in Table S4.
KO pool cells at passage 1—3 were used in this work.

Cell growth and apoptosis analyses were performed
using an IncuCyte S3 Live Cell Imaging system. The
IncuCyte® Caspase-3/7 and Annexin V Dyes were used
to detect apoptotic cells. Data analysis was performed
with the IncuCyte software and GraphPad Prism.

Monolayer assay

Dense and rapidly growing organoid cultures are impor-
tant for successful monolayer assays. One full grown
24-well plate of 3D organoid culture (Figure 2a as an
example of full-grown organoid culture) was used to
seed one 24-well transwell plate (Corning #3397). Prior
to seeding the transwell plate, the inserts of the trans-
well plate were coated with 50 uL Matrigel solution
(Corning #354230; 1:40 dilution in DPBS) and incu-
bated at room temperature for at least one hour. During
transwell coating, organoids were recovered from 3D
Matrigel droplets using Cell Recovery Solution (Corning
#354253) and broken into small fragments (around
10 cells) with vigorous pipetting. These organoid frag-
ments were then resuspended in organoid growth
media with additional mixing to ensure homogenous

distribution. 0.3 mL organoid fragment-containing
media was added to each transwell insert. One insert
was added with only growth media and served as blank
control for TEER reading. Next, 1.4 mL organoid growth
media was added to each outer chamber. The seeded
transwell plate was shaken well to ensure homogenous
distribution of the organoid fragments and kept at room
temperature for 10 minutes before transferring to a tis-
sue culture incubator.

In the monolayer assay with Caco-2 cells, Caco-2
cells were collected and counted in triplicates via the
use of the Invitrogen Countless Cell Counter. Cells
were broken into single cell solution with vigorous
pipetting and seeded to the 24-well transwell at a con-
centration of 0.1 x 1046 cells per insert (0.33 x 1046
/mL; 0.3 mL/insert). The seeded transwell plate was
shaken well to ensure homogenous distribution of the
cells and kept at room temperature for 10 min before
transferring to the tissue culture incubator.

To induce barrier breakdown, TNF-« and IFN-y were
added to the transwell at a concentration of 10 ng/ml. In
experiments with inhibitor treatment, inhibitory mole-
cules were added 30 min before cytokine treatment.
TEER levels were monitored every other day. Superna-
tant from inner wells was collected for ELISA assays.
Electronic resistance (ohm) was assessed using an epi-
thelial volt/ohm meter with an STX2 electrode set
(World Precision Instruments). TEER values were calcu-
lated by the following equation: TEER = (Ohmg,mple —
Ohm onirol) X0.33 ¢cm?®. Pre-barrier formation samples
were collected 24 h after transwell seeding. Post-barrier
formation time points were determined when the
increase of TEER values reach a plateau. Barrier break-
down samples were collected when TEER values
reduces 70% or more (2—3 days after cytokine treat-
ment).

FITC-Dextran molecules were used for permeability
assessment for Caco-2- and primary organoid-derived
monolayers. 10000 (MW) FITC-Dextran was used in
Caco-2 permeability assays and 4000 (MW) in primary-
organoid derived monolayers. Briefly, FITC-Dextran
solution was added to the upper chamber of the trans-
well to a final concentration of 0.5 mg/ml 2 days after
cytokine stimulation and incubated for 4 h. Medium
from lower chamber was then collected for fluorescein
detection via the use of a VICTOR plate reader. Perme-
ability (%) was calculated by normalizing to the read of
the control group.

mRNA assessment

Cultured cells were lysed with RLTplus buffer from Qia-
gen and RNA extraction was performed with a QIAsym-
phony instrument and reagent. Mouse distal colon
tissue was homogenized in Trizol and RNA was
extracted through phenol-chloroform purification. RNA
quality and quantity were measured by Nanodrop.
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cDNA was generated using Invitrogen SuperScript Vilo
kit (#11754050). Tagman assay was performed using a
ViiA 7 instrument. Relative expression was calculated
with 2A-dCt methods and GAPDH (Gapdh) was used as
normalization control unless otherwise noted. Nano-
string analysis was performed according to man-
ufacturer’s instructions. Mouse immunology panel (547
target genes + 14 internal reference genes) and fibrosis
panels (760 target genes + 10 internal reference genes)
were used to profile gene expression in the DSS study.
Nanostring results were analysed in nSolver™ software
and counts were normalized to internal controls. DSS
upregulated genes were defined with fold change over
1.5 (p < 0.05) in WT mice after DSS treatment. Pro-
tected genes were defined with a lower fold change in
the uPAR deficient mice (p < 0.05). http://geneontol

0gy.org/.

Western blot (WES)

Cells were washed with PBS and lysed on ice in RIPA
buffer (Pierce #89900) with 1x protease inhibitor cock-
tail (Roche #4693159001) and 1x PhosSTOP (Roche
#4906845001). Protein concentration was measured by
BCA protein assay. Protein analysis were performed
with the WES™ immunoassay, an automated western-
blot platform based on capillary electrophoresis com-
bined with chemi-luminescence. Samples were pre-
pared following the manufacturer’s instructions
(ProteinSimple) and expression levels were calculated
based on the digital peak area intensity using the COM-
PASS software. a-tubulin was used as a loading control.
The full blots of all the WES results (including Immu-
noprecipitation) are presented in the supplemental file.

ELISA and uPA-uPAR interaction assay

uPA (urokinase) secretion was measured by Quantikine
ELISA kits from R&D Systems (#DUPAoo). Superna-
tant from the inner well was collected at the desired
time point and diluted 1:2 to 1:5 in PBS for ELISA. The
assay was performed following manufacture’s manual.
Protein levels were calculated based on the standard
curve.

In the uPA-uPAR interaction ELISA experiment
(Figure 4e), 25 pl of a 2 pg/ml uPAR solution was
coated to Maxisorp ELISA plates (Nunc #464718) at
room temperature for 1 h. Plates were washed 4 times
with 0.05% Tween-20 solution and subsequently
blocked with 5% BSA in PBS at room temperature for
1 h. Then the antibody was titrated at concentrations
ranging from o0.3—250 nM in the presence of 10 nM
uPA and incubated over night at 4 °C. Plates were
washed 4 times with 0.05% Tween-20 solution. Bind-
ing levels of uPA were detected with an HRP-labelled
(horseradish peroxidase) anti-human uPA polyclonal
rabbit antibody (Molecular Innovations #ASHUPA-GF-
HRP). The detection antibody was used at 1.26 pg/ml
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and incubated at room temperature in the absence of
light for 1 h. Plates were subsequently washed 4 times
with 0.05% Tween-20 solution. TMB (3,3’,5,5"-tetrame-
thylbenzidine) was added as a substrate for HRP and
the reaction was stopped with 1M HCI after incubation
for 7 min. Data was recorded on an ELISA reader at 450
nm and referenced to the signal at 620 nm. IC50 of the
abs329 antibody was determined in GraphPad Prism
using a 4-parameter fit.

Immunoprecipitation (IP)

30—50 pul Dynabeads Protein G (ThermoFisher) was
first incubated with 1ug antibody against target protein
or rabbit IgG control for 1 hour at room temperature,
followed by an overnight incubation with 1mg protein
lysate at 4 °C. On the next day beads were collected
using a magnetic stand and the “unbound” samples
were collected to check IP efficiency. Beads were washed
with cold IP lysis buffer and eluted with low-PH elution
followed by neutralizing reagent buffer (Pierce #
88804). Protein levels in IP complex were assessed by
western blot (WES). Both uPAR IP (IP with uPAR anti-
body and blot with integrin subunits and EGFR antibod-
ies) and the corresponding reciprocal IPs (IP with
integrin subunits or EGFR antibody and blot with
uPAR antibody) were included. Protein levels in the
input samples (cell lysates prior to beads incubation)
were also evaluated.

Phospho-protein profiling

Protein phosphorylation profiling was performed fol-
lowing the instructions from R&D Systems. Cell lysates
were prepared using lysis buffer provided in the kit.
400 ug cellular protein was used for each assay. Dot
blot signal intensity was analysed using Image]. Aver-
age intensity of the duplicates was used for data analy-
sis. Relative intensity was analysed by subtracting the
negative control first, followed by normalization using
reference spot (positive control). Fold change after stim-
ulation was calculated using the relative intensity.

Immunofluorescence and microscopy

For immunofluorescent staining, cells were grown in a
monolayer, washed in cold PBS and fixed with 4% para-
formaldehyde. Fixed cells were directly blocked with
PBS + 0.2% Triton x-100 + 10% Donkey Serum (Jack-
son Laboratory). Mouse distal colons were fixed in 10%
formalin and cut into 4um sections. The sections were
dewaxed, rehydrated and subjected to heat-induced epi-
tope retrieval with Retrieval Solution 1 on a Leica BOND
I11, before blocking with Dako Protein Block (Serum-
free). The samples were incubated with primary anti-
body overnight at 4 °C. Anti-uPAR (RD System
#AF807) Ab and anti-JAM-A ADb (Bethyl Laboratories
#A302-891A) were used at a concentration of 1:200;
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anti-ZO-1 Ab (Abcam #ab216880) was used at a concen-
tration of at 1:400. The next day, cells were washed and
incubated with corresponding secondary antibodies
(Jackson Laboratory, 1:800) and DAPI (Invitrogen).
Immunofluorescent images were taken with a ZEISS
LSM8&8o Confocal Microscope. Bright field 3D organoid
images were taken with a ZEISS Axio Observer Inverted
Phase Contrast Microscope. Bright field 2D monolayer
images were taken with an IncuCyte S3.

DSS-induced colitis in mice

Mice with the C57BL/6 background were used in this
study. The uPAR KO (Plaur -/-) mice*® and wildtype
(WT) littermates were purchased from Jackson Labora-
tory (strain number #002829). Colitis was induced in
9—r10-week-old age-matched WT (n = 17) and uPAR KO
mice (n = 18) using 5% DSS [Dextran Sulfate Sodium
salt, colitis grade (36,000—50,000), MP Biomedicals,
LLC] provided for 5 days in the drinking water, followed
by normal drinking water for 2 days. WT mice fed with
normal drinking water served as the najve group
(n = 8). The WT mice were randomised into treatment
arms (najve or DSS-treated). During DSS treatment,
body weight was measured daily. At the end of the
experiment, mice were sacrificed on day 7 and their
colon was removed, weighed and measured to deter-
mine colon weight to length ratio. Distal colon samples
were collected immediately for RNA isolation and histo-
logical analysis.

Histological analysis

Distal Colons were fixed in 10% formalin and stained
with routine H&E. Histology was scored in a blinded
fashion as described previously.* Briefly, histology
scores include a combination of epithelium morphology
change (score o—4; same below), inflammatory cell
infiltration/inflammation and mucosal ulceration.
Score 1—4 indicated that the damage was observed in
<25%; 25-50%; 50-75% and 75% area, respectively,
while score o indicated normal condition. A total num-
ber of four H&E sections per animal were assessed for
each sample and the average scores were used. Finally,
the sum scores were determined by the combined num-
bers of all three parameters, representing the overall
histopathology status of each sample. Representative
images were acquired with a Leica AT2 digital scanner.
Histology images with a score close to group average
were displayed as examples.

Statistical Analysis

In all bench experiments presented, three or more bio-
logical replicates were included for statistical analysis.
All data were shown as mean + SD in the figures. Sha-
piro-Wilk Test was used to verify the assumption of nor-
mality. Student t test or ANOVA analysis was

performed for datasets passed Shapiro-Wilk Test
(alpha = 0.05). Non-parametric test was used for data-
sets failed to pass the test (Figure S4 a-i). Statistical anal-
ysis was performed using Prism GraphPad Software. p
values are labelled in the figure. For the transcriptome
meta-analysis, the statistical methods (r-th ordered p
value approach) were described above.

Role of funding source

The study was funded by Boehringer Ingelheim and all
authors were Boehringer Ingelheim employees during
the study.

Results

Ligand-receptor transcriptome meta-analysis identifies
UPA-UPAR as a co-regulated pair in IBD

With the advances in bioinformatic algorithms and
growing gene expression databases in the public, it is
possible to generate new hypotheses through investigat-
ing co-regulation of functional gene pairs in disease.
Here we report a comprehensive meta-analysis
approach aimed at identifying IBD associated ligand-
receptor pairs by integrating cell surface PPI databases.
As listed in Figure 1a, we selected fifteen IBD datasets
from public sources (six Ulcerative Colitis, two Crohn’s
Disease and seven combined studies), including a total
number of 1020 IBD tissue samples (UC or CD) and
373 controls. We followed the disease and control
groups exactly as defined in the original publications
and a full description is available in the Methods, Table
S1 and S5. We constructed detailed comparisons by sub-
sets and biopsy locations, and applied R-th ordered p
value (rOP) ranked algorithm® to leverage result from
each individual comparison to derive a final aggregated
significance for each gene. We next queried the signifi-
cantly regulated genes over seven PPI databases with a
specific focus on interactions between cell surface pro-
teins and extracellular proteins for ligand-receptor iden-
tification (Figure 1a, see supplemental methods for
details). A majority voting mechanism was then applied
to select high confidence ligand-receptor pairs. Around
130 candidate pairs were identified with significant
upregulation of both receptor and ligand in disease
groups (median fold change >1.5; adjusted p<o.os).
Among them, a total number of 18 high-confidence
gene pairs were further selected with four or more sup-
porting PPI databases (Table Sz2). We focused on non-
chemokine genes to explore novel IBD-associated
ligand-receptor pairs (Figure 1a). We found several pre-
viously reported IBD risk genes or pairs, thus validating
our meta-analysis approach. For example, Oncostatin M
and its receptor (OSM-OSMR) have been reported to
drive intestinal inflammation, serving as both Dbio-
markers and therapeutic targets for IBD.>** ICAMI (also
known as LFAI) has also been identified as potential
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Figure 1. The search of co-regulated ligand-receptor pairs in IBD mucosa. (a). Meta-analysis on 15 human IBD studies was performed
and aggregated p value (after BH correction) for each gene was obtained by r-th ordered p value approach for UC and CD subtypes:
specifically, 50 percentile p value was used to represent final p value of a given gene in either CD or UC group compared to normal.
Significantly up-regulated genes were selected based on a cut-off final p value < 0.05 and median fold change > 1.5. Separately, an
internal ligand-receptor pool (See Methods) was established based on surveying Protein-Protein-Interaction (PPI) databases.
Ligand-receptor relationship was defined by intrinsic algorism of the databases. The overlap of CD and UC significant genes from
meta-analysis was further intersected with the ligand-receptor pool. High-confidence IBD ligand-receptor pairs were selected with 4
or more supporting PPI databases. (b). Ligand receptor pairs identified from the workflow above. Average values of the pair (FC and
adjusted p) were used in the plot. Note that chemokines and receptors were removed from the graph to highlight the other pairs.
See a full list in Table S1. (c). Expression of uPAR and uPA in all the studies examined. Median fold change between IBD and normal
samples was used to assess the induction. GSE16879 (highlighted with *) was displayed in Figure 1d (anti-TNF study). E-MTAB-5464
(highlighted with # was displayed in Figure S1 (IBD epithelial cell study). (d). mRNA levels of uPAR and uPA in UC and CD
responder/non-responder patients, before and after treatment of anti-TNF (infliximab), compared with non-IBD controls.
(GSE16879).3? R., anti-TNF responders; nR., anti-TNF non-responders; Bef «TNF, before anti-TNF treatment; Aft «TNF, after anti-TNF
treatment. All data are shown as mean & SD and are analysed using 1-way ANOVA followed by Dunnett’s multiple comparison test.
ns, non-significant.
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targets for IBD treatment, although results from clinical
studies with anti-sense oligonucleotides are
inconclusive.”'

Of all the pairs, uPA-uPAR (PLAU-PLAUR) stood
out as a top ligand-receptor candidate pair with high
median fold change and low adjusted p values, indicat-
ing a strong link with IBD (Figure 1b, red). A compre-
hensive analysis of uPAR and uPA expression across
the studies (Figure 1c) showed that the pair is co-ordi-
nately upregulated in both UC and CD patients. Inter-
estingly, we found that both uPAR and uPA showed
higher expression in «TNF (Infliximab) non-respond-
ers, compared to responders after «TNF treatment
(Figure 1d, GSE16879).2*

We noticed that one study included in the meta-anal-
ysis (E-MTAB-5464)*® focused on intestinal epithelial
cells from IBD patients and a significant induction of
uPAR and uPA was shown by our meta-analysis
(Figure 1c). Further analysis of the Howell study*
showed that uPAR and uPA are co-ordinately increased
in CD and UC epithelial cells isolated from different
sections of the intestine (Figure Sia). The expression
levels also correlate with the inflammation status
according to the diagnostic histopathology scores
(Figure Sta-b). These findings indicate a potential role
of uPAR and uPA in regulating intestinal epithelial cells
in IBD.

Expression of uPAR and uPA negatively correlates with
intestinal barrier integrity

To understand the roles of uPAR and uPA in intestinal
epithelial regulation, we first assessed the expression of
uPAR and uPA in a primary human intestinal orga-
noid-derived monolayer assay. A human intestinal epi-
thelial organoid (“epithelial mini-guts”) in vitro culture
system was generated using crypts of healthy small
intestine donors as previously described.”” We further
developed primary organoid-derived monolayer assays
to enable functional studies, as illustrated in Figure 2a.
In all four primary organoid donors we observed an
increase in TEER values over time, indicating the forma-
tion of an intact barrier. To trigger barrier breakdown,
we challenged the barrier simultaneously with IFN-y
and TNF-« 7 and observed a reduction of barrier integ-
rity in all four donors (Figure 2b).

Expression of uPAR and uPA increased at both
mRNA and protein levels after cytokine-induced barrier
breakdown (Figure 2c). This result is consistent with
the discoveries from the ligand-receptor IBD meta-anal-
yses that uPAR and uPA are co-ordinately regulated in
IBD (Figure 1 and Figure Si). Interestingly, we also
observed a significant reduction of uPAR and uPA
expression during barrier formation in all four donors
(Figure 2c). Such inverse correlation between uPA-
uPAR expression and barrier integrity strongly implies
a role of uPA-uPAR in regulating epithelial barrier

integrity and that induced expression of uPAR and uPA
may enhance barrier breakdown.

Epithelial cells deficient of uPAR or uPA are more
resistant to barrier damage and display enhanced
barrier formation
We next investigated whether genetic deletion of uPAR
or uPA protects intestinal epithelial cells from cytokine-
induced barrier disruption. Due to technical challenges
of genetic interventions in primary intestinal organoids
(low and unstable transfection efficiency), we investi-
gated uPAR and uPA expression and function in
human Caco-2 cells, a well-studied cell model for intes-
tinal barrier function. Consistent with the observations
in organoid-derived monolayers, TNF-«a and IFN-y trig-
gered breakdown of the Caco-2 barrier and the expres-
sion of both uPAR and uPA was induced during this
breakdown (Figure 3a, parental groups). We next gener-
ated Caco-2 CRISPR-KO cell pool targeting uPAR or
uPA (Figure 3a). Monolayers derived from uPAR or
uPA-deficient Caco-2 cells were more resistant to cyto-
kine-induced barrier damage as assessed by TEER and
FITC-dextran permeability (Figure 3b). In addition,
induction of Guanylate-binding protein-1 (GBPI), a pro-
tein localized at tight junctions of intestinal epithelial
cells in response to IFN-y*4, was also decreased in the
uPAR- or uPA-deficient cells (Figure 3c). Knocking-
down uPAR or uPA in Caco-2 cells via multiple siRNAs
also resulted in a protective effect (Figure S2a-d).

Maintenance of barrier function is dependent upon
coordinated proliferation and cell death, as well as the
paracellular integrity determined by tight junctions."®
To further understand the role of uPAR and uPA in bar-
rier regulation, we next asked if uPAR or uPA deficiency
leads to altered cellular activities. Caco-2 uPAR or uPA
KO cells displayed no change in proliferation rate as
compared to the parental controls during barrier forma-
tion (Figure S3a) but showed less cell death after cyto-
kine-induced barrier damage (Figure S3c). We also
evaluated the tight junction proteins Zonula occludens-
I (Z0O-1) and Junctional adhesion molecule A (JAM-A)
during barrier formation and breakdown. We observed
that the integrity of tight junction structure (Figure 3e-f,
Figure S6a and d) correlates with barrier function as
measured by TEER and permeability (Figure 3b).
Importantly, barrier damage-associated disruption of
tight junctions (as measured by expression of ZO-1 and
JAM-A) was markedly alleviated in uPAR or uPA KO
cells (Figure 3e-f). These findings indicate that deletion
of uPAR or uPA leads to improved resistance to cyto-
kine-induced barrier damage, including resistance to
disruption of tight junctions and epithelial cell death,
which together contribute to the observed improvement
in barrier integrity (Figure 3b).

Next, we asked whether inhibition of uPAR and uPA
can improve barrier formation. Caco-2 uPAR or uPA
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Figure 2. Both uPAR and uPA are upregulated during intestinal epithelial barrier breakdown. (a). Workflow of the monolayer assay
derived from primary human intestinal organoids from small intestine (See Methods for details). Monolayer breakdown is triggered
by simultaneous TNF-o and IFN-y treatment. (b). TEER assay with four primary intestinal organoid donors (D1, D2, D3 and D4,
n = 20/donor, 10 in control and 10 in stim group). For each donor, comparisons between the control and the stim groups during bar-
rier formation and barrier breakdown are shown. Samples at four time points are used for the later studies: pre indicates pre-barrier
formation; post indicates post-barrier formation; - indicates control treatment; and stim indicates TNF-« and IFN-y treatment. (c). Rel-
ative expression levels of uPAR and uPA during barrier formation and breakdown in four donors (n = 3 per donor per condition,
repeated 3 times). mRNA levels were assessed by Tagman assay and protein levels by ELISA (uPA) or western blot (UPAR). Protein
expression of uPAR was quantified by digital peak intensity values generated by the ProteinSimple COMPASS software and was nor-
malized to the corresponding «-Tubulin peak. All data are shown as mean = SD and are analysed using 2-way ANOVA (b) or paired
Student’s t test (c).
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Figure 3. Genetic deletion of uPAR or uPA protects epithelial barrier from cytokine-induced damage. (a). Protein levels of uPAR and
uPA in parental and KO cells (n = 3/group, same below). Alternative genetic inhibition assay with siRNAs were presented in Figure
S2. (b). Barrier function of uPAR KO cells and uPA KO cells comparing to parental cells assessed by TEER and FITC-Dextran permeabil-
ity. Permeability (%) is achieved by normalizing to the level of parental cells after stimulation. (c). GBP1T mRNA expression (by Tag-
man assay) in parental and KO cells. (d). Barrier formation in uPAR and uPA KO cells (n = 6/group). TEER values during barrier
formation are shown. (e-f). Localization of tight junction proteins ZO-1 (red) (e) and JAM-A (magenta) (f) in the parental and KO cells
before (-) and after barrier damage (stim). Nuclei are visualized with DAPI (blue) Relative intensity is presented on the right (n = 5/
group, normalized to parental controls). All data are shown as mean = SD and are analysed using 2-way ANOVA followed by Sidék's
multiple comparison test (a-c, e-f) or 1-way ANOVA followed by Dunnett’s multiple comparison test (d).
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CRISPR KO cells showed enhanced barrier formation
compared to the parental controls in the absence of any
stimuli (Figure 3d). This result was further validated by
re-expressing uPAR or uPA in the corresponding KO
cells, in which the enhanced barrier formation was
weakened (Figure Sze). These findings, together with
the observed reduction of uPAR and uPA during barrier
formation (Figure 2c), indicates a role of uPA-uPAR
during intestinal barrier formation.

Pharmacological Inhibition of uPA-uPAR interaction
protects barrier function

We next explored the effects of pharmacological inhibi-
tion of human uPA-uPAR on intestinal epithelial bar-
rier function. The ligand, uPA, is a multi-function
protein which has enzymatic activity (serine protease)
and protein-protein interaction function (binding to
uPAR)."* WX-UKI (active component of the prodrug
Upamostat/ MESUPRON®) is a potent inhibitor of uPA
protease activity which is being clinically tested for the
treatment of multiple solid tumours.*® On the other
hand, various PPI inhibitors have been shown to block
the interaction of uPA and uPAR, including uPA pep-
tide-derived antagonists AE234 and AE147, as well as a
recently reported small-molecule inhibitor IPR-
1110°42%27 (Figure 4a). The inhibitory activity of AE234,
AE147 and IPR-1110 in blocking uPA binding to uPAR
was validated in house, whereas WX-UK1 does not affect
the uPA-uPAR interaction. In addition, we evaluated
several commercially available uPAR antibodies and
identified a neutralizing antibody, abs329 (Novus Bio-
logicals), which blocks the binding of uPA to uPAR
(Figure 4a, €).

Here we applied these pharmacological inhibitors in
the primary organoid-derived monolayer and Caco-2
monolayer platforms to assess the role of uPAR and
uPA in epithelial barrier regulation. The uPA protease
inhibitor, WX-UKi1, failed to inhibit the barrier break-
down in Caco-2 cells and in primary epithelial mono-
layers, indicating that the protease function of uPA is
not mediating cytokine-induced barrier breakdown, as
measured by both TEER (Figure 4b) and FITC-Dextran
permeability (Figure S4). On the other hand, we
observed consistent inhibition of barrier breakdown
through different uPA-uPAR interaction blockers in
Caco-2 cells and moreover, in organoid-derived mono-
layers from two donors (Figure 4b-d and Figure S4a-i).
Among them, the uPAR antibody abs329 displayed
highest protection (50%-80% improvement compared
to control IgG treatment), probably due to its potent
inhibition of uPA-uPAR interaction. We also evaluated
tight junction proteins ZO-1 and JAM-A during barrier
formation and breakdown (Figure S5 and SG6). Disrup-
tion of tight junctions was limited by uPA-uPAR block-
ers, such as abs329 in primary human intestinal
organoids (Figure S5 and S6f). In addition, uPA-uPAR
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inhibitors also lead to improved barrier formation in pri-
mary intestinal organoid-derived monolayers (Figure
S4j-m). These results are consistent with our findings
in uPAR or uPA KO cells, suggesting a protective effect
of intestinal barrier integrity achieved by uPA-uPAR
inhibition. The observation with different inhibitors
also supported the notion that uPA-uPAR interaction,
instead of the protease activity of uPA, is key for thera-
peutic consideration to promote epithelial barrier func-
tion.

Inhibition of uPAR sustained EGFR function in barrier
protection

Since the ECM protease activity of uPA is not involved
in barrier function as shown above, we next focused on
the intracellular activities regulated by the receptor
uPAR signalling. It has been reported that uPAR regu-
lates intracellular signals through co-receptors, such as
integrin subunits and EGFR.” Using the uPAR immu-
noprecipitation approach, we found that uPAR interacts
with integrin subunits a5, 81, 83 (ITGA5, ITGB1, ITGB3
respectively), and EGFR in the epithelial cells
(Figure 5a). Interestingly, the interaction between uPAR
and integrin subunits was lost after cytokine-induced
barrier damage, while uPAR-EGFR interaction
remained (Figure 5a). The results were further con-
firmed by reciprocal approaches with antibodies against
integrin subunits or EGFR (Figure s5a). The specific
interaction was confirmed using uPAR KO cells, or in
experiments with control IgG (Figure s5a).

We next found that the pro-repair EGFR signalling
in epithelial cells, assessed by pEGFR (Y1068) **°, was
better induced in uPAR deficient cells when challenged
by pro-inflammatory cytokines (Figure sb). Further-
more, while EGF significantly protected WT cells
against cytokine-induced barrier damage (Figure 5c)
and the correlated GBP-1 expression (Figure 5d), the
effect was less pronounced in uPAR deficient cells
(Figure sc-d), indicating a negative regulation of EGF/
EGFR signalling by uPAR. Given that uPAR interacts
with EGFR under normal and damaged conditions, this
result supports a role of uPAR in promoting barrier
breakdown of intestinal epithelial cells at least partially
by suppressing the EGF/EGFR-dependent pathway.

Further investigation on a total number of 45 kin-
ases/phospho-proteins (R&D Systems, ARYoo03B) con-
firmed enhanced EGFR signalling in uPAR KO cells
(Figure se and Figure S7). A detailed list of phospho-
proteins and the corresponding fold change values is
available in Supplemental Table S3. Also, mitogen- and
stress-activated protein kinase (MSK) and cAMP
Response Element-Binding Protein (CREB) activation
are significantly increased in the KO cells (Figure se
and Figure S7). MSK is known to mediate phosphoryla-
tion and activation of CREB. MSK-CREB signalling has
been linked to the regulation of cell junction and

1
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Figure 4. Inhibition of uPA-uPAR interaction through small inhibitors or uPAR antibody protects barrier function in primary organo-
ids and Caco-2 cells measured by TEER. (Equivalent Permeability results are shown in Figure S4) (a). Schematic display of uPA-uPAR
inhibition by small molecule inhibitor IPR-1110 and WX-UK1, uPAR antibody ab5329 and small peptide AE234 and AE147. (b-d). Two
organoid donors and Caco-2 cells were treated with IPR-1110 and WX-UK1 (b), uPAR antibody ab5329 (c) or small peptide inhibitor
AE234 and AE147 (d) during barrier breakdown (n = 3/group). ELISA validation of ab5329 in blocking uPA-uPAR interaction is pre-
sented in (e). TEER values after damage are recorded. A corresponding amount of DMSO (0.1%) was used as control for small mole-
cule treatment (b); Mouse IgG at the same concentration was used as control for antibody treatment. All data are shown as
mean £ SD and are analysed using 1-way ANOVA followed by Dunnett’'s multiple comparison test. ns, non-significant. (e). ab5329
interferes with uPA-uPAR binding by ELISA assay.
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Figure 5. uPAR interacts with EGFR to regulate barrier function. (a). Co-lmmunoprecipitation (IP) of uPAR and integrin subunit «5, 81,
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and one representative graph is presented. (b). pEGFR (Y1068) levels in parental and uPAR KO cells after 30 min treatment of TNF-«
and IFN-y. Signal intensity is calculated by 3 replicative experiments (see supplemental file for the full blots of the 3 experiments). (c-
d). Parental and uPAR KO cells are treated with EGF followed by barrier breakdown stimulation (n = 3/group). TEER values after break-
down (c) and breakdown-associated GBP1 expression (d) are presented. All data are shown as mean + SD and are analysed using 2-
way ANOVA followed by Sidak's multiple comparison test. ns, non-significant (b-d). (e). Kinase array from parental and KO cells before
and after stimulation. Fold change (FC) of induced phosphorylation in parental and uPAR deficient cells. FC (Stim/Control) is calculated

by the signal. Values were adjusted to reference dots. (f). A proposed model for uPA-uPAR in regulating intestinal epithelial barrier.
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Figure 6. Mice deficient of uPAR display improved intestinal epi-barrier function. (a). Workflow of the monolayer assay derived from
primary murine intestinal organoids from WT (Plaur +/+) and uPAR deficient (Plaur -/-) mice. Monolayer breakdown was triggered
by simultaneous murine TNF-« and IFN-y treatment (10 ng/ml each). 3 donors of each genotype were used in the monolayer assay.
(b). Barrier function after TNF-« and IFN-y induced damage in monolayers derived from WT or uPAR deficient murine intestinal orga-
noids (n = 9/treatment group). TEER and FITC-Dextran permeability were assessed. Stim, murine TNF-oz and IFN-y treatment for 48
hours. (c). Barrier formation in WT and uPAR deficient monolayers was monitored (3 donors/genotype, D1, D2 and D3). (d). Localiza-
tion of ZO-1 (red) and JAM-A (magenta) in the murine organoid-derived monolayers before (-) and after (stim) barrier damage.
Nuclei are visualized with DAPI (blue) in the bottom panel. Bright field images of 3D organoids and 2D monolayers are presented
on the top panel. Relative intensity is presented on the right (n = 5/group, normalized to WT controls). ZO-1 and JAM-A protein lev-
els before and after barrier damage are presented in Figure Sé6e. (e). Workflow of the DSS-colitis study. (f). Histopathology
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intestinal permeability’”, which also aligns with our
findings in the epithelial cells.

Our data suggest the following model (as shown in
Figure 5f): During intestinal epithelial damage induced
by cytokines, expression of uPAR and uPA is induced.
The interaction between uPAR and uPA alters their
dynamic interaction with integrin complex and EGFR,
which affects the pro-repair EGFR signalling. The epi-
thelial cells display disrupted tight junctions and
increased cell death, along with reduced barrier integrity
upon the cytokine challenge. Inhibition of uPA-uPAR
interaction leads to enhanced EGFR signalling pathway,
a reduction in tight junction damage and a reduction in
cell death, all of which are reflected in an overall
improvement in barrier integrity.

Deletion of uPAR in mice enhances epithelial barrier
function in vitro and ameliorates epithelial damage in
DSS-induced colitis in vivo
We next asked if uPAR deficiency could protect intesti-
nal damage in mouse models. We obtained uPAR
knock-out (KO) mice from the Jackson Laboratory
which have been described previously*® and we con-
firmed the loss of uPAR at both mRNA and protein lev-
els (Figure S8a). Intestinal organoid cultures were
established from WT or KO small intestine and were
further adapted into 2D monolayer assays (Figure Ga).
Consistent with our previous observations under uPAR
inhibition in Caco-2 and human organoid-derived epi-
thelial cells, intestinal monolayers derived from uPAR
KO murine intestinal organoids were more resistant to
cytokine-induced barrier damage as measured by both
TEER and permeability (Figure 6b). In addition, barrier
formation was also improved in uPAR KO organoid
donors (Figure Gc¢). Monolayers derived from uPAR
deficient organoids displayed improved tight junctions
(20O-1 and JAM-A) (Figure 6d, S6¢ and e) and reduced
cell death after barrier damage (Figure S3b, d), consis-
tent with the observations in barrier function measured
by TEER and permeability (Figure 6b). The results reca-
pitulate our findings in Caco-2 cells and primary human
organoids.

To further investigate the function of uPAR in vivo,
we used the Dextran Sulfate Sodium (DSS)-colitis
model in WT and uPAR KO mice (Figure Ge).

Expression of uPAR and uPA increased after DSS treat-
ment (Figure S8b). Histo-pathology analysis showed an
extensive damage of the colon epithelial structure,
crypts loss, surface erosions and inflammatory infiltrate
in the lamina propria in WT distal colon after DSS treat-
ment. Notably, uPAR deficient mice displayed signifi-
cant protection with restored colon mucosa architecture
and surface integrity and reduced inflammatory infil-
trate, leading to an improvement in histopathology
parameters (Figure 6f and Figure S8c). A disruption of
tight junctions was observed in WT mice treated with
DSS and was significantly reduced in the KOs
(Figure 6g), which further indicates a protection of epi-
thelial barrier in vivo by uPAR KO. These results are
also consistent with the findings of tight junction pro-
tection in vitro with uPAR deficient mouse organoids
(Figure 6d). Although we did not observe a significant
difference in overall body weight loss (Figure S8d), the
improved colon morphology and reduced epithelial
damage in the uPAR KO mice suggests a protective role
of uPAR inhibition against DSS-induced colitis.

We next assessed the levels of inflammatory
response- and tissue damage-related genes in distal
colon tissue from control (najve) and DSS-treated mice
through Nanostring analysis (Mouse Immunology and
Fibrosis panels) (Figure Gh-i). Deletion of uPAR allevi-
ated a large number of DSS upregulated genes in DSS-
colitis, further confirming the protection of uPAR KO
in DSS- induced colitis at the gene expression level
(Figure Gh); a full list is available in the supplemental
dataset. Many of these genes have been associated with
IBD and/or experimental colitis mouse models. For
example, S100A8/S100A9, which are subunits of cal-
protectin, are enriched in the damaged intestine and are
clinically relevant biomarkers for IBD.**® ICAM1 and
ITGB2 are both highly associated with IBD pathogene-
sis’® and also showed up in our meta-analysis
(Figure 1b). SPP1, or Osteopontin, is another promising
biomarker for IBD.> MMP13, a matrix metalloprotei-
nase, has been linked directly to intestinal epithelial reg-
ulation and promotes breakdown of intestinal epithelial
barrier integrity in DSS colitis.*® IL-6 and IL-18 are also
well-studied cytokines involved in intestinal inflamma-
tion and IEC damage in IBD.*' As illustrated in
Figure Gh, an overall >70% reduction was observed in
these disease-relevant genes, demonstrating a critical

assessment of naive WT controls (n = 8), WT (n = 17) and uPAR deficient mice (n = 18) after DSS-induced colitis. 4 sections from each
animal were scored in a double-blinded fashion and average scores are presented on the right. See Methods for more details. Repre-
sentative images were presented with the corresponding scores. (g). Localization of ZO-1 (red) and JAM-A (magenta) in colonic sec-
tions from naive controls, WT or uPAR KO mice after DSS treatment. Nuclei are visualized with DAPI (blue). Regions with disrupted
tight junction are marked with white arrows. Relative intensity is presented below (naive: n = 3, WT or KO DSS treated groups:
n = 4). (h-i). Gene expression profiling (shown as Heatmap, h) of distal colon tissue from the DSS colitis study comparing WT and
UPAR KO mice. Genes displayed are all DSS-induced genes in WT mice (FC >1.5, p < 0.05, total = 192 genes). Detailed expression
levels of S100a8, S100a9, Spp1, Mmp13, ll6 and I/1b from the Nanostring analysis of individual animals is shown (i). All data are shown
as mean =& SD and are analysed using 2-way ANOVA followed by Sidak's multiple comparison test (b, d) or 1-way ANOVA followed

by Dunnett’'s multiple comparison test (c, f, g, i).
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role of uPAR in DSS-induced inflammation and tissue
damage. Taken together, our data show that uPAR defi-
cient mice are more protected from DSS-induced colitis
at both histology and gene expression levels, highlight-
ing the therapeutic potential of uPAR in IBD.

Discussion

Epithelial barrier integrity is a critical component of gas-
trointestinal homeostasis. In IBD, it has been shown
that barrier dysfunction precedes the onset of enteroco-
litis and facilitates disease progression.** Up to now,
approaches that protect and/or restore barrier function
have gained tremendous research attention. Given that
the intestinal epithelial functsupplemention in IBD can
be regulated by cell surface ligand-receptor interactions,
we took a new approach to mine the large public IBD
mucosa gene expression datasets and generated new
hypotheses based on co-regulated ligand-receptor pairs.
We identified a coordinated upregulation of uPAR and
its ligand uPA in CD and UC intestinal biopsies, indi-
cating an important role of the ligand-receptor pair in
IBD pathogenesis. The high expression of both genes in
the anti-TNF-resistant patients also implies that the
uPA-uPAR pathway may play an important role in TNF-
resistant patients. Overall, our ligand-receptor analysis
with high-dimensional IBD datasets provides new
opportunities to understand the fundamental biological
mechanisms and to identify new targets for IBD treat-
ment.

In addition to the ligand-receptor pair analysis which
demonstrates co-ordinated upregulation of uPA and
uPAR, we also found that both uPA and uPAR show
induced expression during cytokine-induced barrier
breakdown in primary human intestinal organoids and
reduced expression during barrier formation. Similar
regulation of expression was also observed in human
Caco-2 intestinal epithelial cells which allow functional
studies by genetic approaches. Caco-2 cells deficient of
uPAR or uPA that were generated by siRNA KD or
CRISPR KO are protected from inflammation-induced
barrier dysfunction, as shown by the TEER and perme-
ability assays. Furthermore, uPAR or uPA KO by
CRISPR leads to enhanced barrier formation in human
Caco-2 epithelial cells. These findings demonstrated a
key role of the uPA-uPAR pathway in both damage
response and intrinsic barrier function in human cells.

To further validate the function of the uPA-uPAR
interaction in human epithelial cells especially in pri-
mary human organoid-derived cells, we performed addi-
tional pharmacological inhibition studies.
Pharmacological inhibition of the uPA-uPAR interac-
tion by the small molecule inhibitor IPR-1110, the neu-
tralizing antibody abs329, and the peptide antagonists
AE234 and AE14y, improved barrier function in pri-
mary organoid monolayers and in Caco-2 cells. This is
independent of the enzymatic function of uPA, since

the uPA protease inhibitor WX-UK1 did not show signif-
icant protection during barrier dysfunction. These
results argue that uPAR and uPA-uPAR dependent
receptor signalling, rather than merely ECM modula-
tion by uPA protease, play a key role in barrier protec-
tion. Therefore, small molecule inhibitors or antibodies
that target the uPA binding sites on uPAR would be
advantageous for IBD therapeutic development. An
additional advantage of specifically blocking the uPA-
uPAR interaction is that such inhibition avoids potential
unwanted side effects of inhibiting the enzymatic func-
tion of uPA. Our study focused on cytokine-induced
damage in organoids derived from healthy donors.
Since uPAR and uPA are significantly upregulated in
the intestinal epithelium of IBD patients (Figure S1),
future studies using freshly prepared tissue explants
from IBD patients will be helpful to further investigate
the role of uPAR and uPA in the context of IBD.
Primary intestinal organoids derived from uPAR
deficient mice were studied to further confirm our phar-
macological inhibition results in primary human orga-
noids. Monolayers derived from uPAR deficient mouse
intestinal organoids showed enhanced barrier forma-
tion and were protected from cytokine-induced barrier
breakdown (Figure Gb-d), which is consistent with the
observations in human epithelial cells. Moreover, these
mice showed reduced tissue damage and inflammation
upon DSS-induced colitis, as measured by histological
assessment of mucosal integrity and expression of IBD-
associated genes in the mucosal layer. A previous study
found that uPAR knock-out mice exhibited exacerbated
inflammation in a DSS-colitis model.#* It is noted that
our study used a different uPAR KO strain (B6.129P2-
Plaur™J"[])*® with a different genomic deletion com-
paring to the strain in the study by Genua et al.*> The
knock-out mice in our study were genotyped and uPAR
expression was validated at the RNA and protein levels
(Figure S8a). In addition, we applied 5% DSS in our
colitis study, while 2% DSS was used in the study by
Genua et al.*® Tt is possible that the pathological role of
uPAR in intestinal barrier breakdown is more promi-
nent under severe disease conditions. It should also be
noted that in our study, 5% DSS induced expression of
well-established IBD markers and the induction of these
markers was largely reduced in uPAR deficient mice
(Figure Gh). The reduction of intestinal damage upon
DSS challenge in the uPAR knockout mice is consistent
with the enhanced epi-barrier function in uPAR-defi-
cient intestinal organoids in vitro (Figure 6a-d). We also
observed an improvement in epithelial tight junction
structure in uPAR KO mice after DSS treatment
(Figure 6g). These findings also recapitulate our discov-
eries in human epithelial cells and organoids
(Figure 3—4), arguing a conserved function of uPAR in
both mouse and human intestinal epithelium. In addi-
tion, studies in other epithelial systems also indicated a
role for the uPAR pathway in epithelial regulation. For

www.thelancet.com Vol xx Month xx, 2021



Articles

example, Swamynathan et al. showed that SLURP1, a
small, secreted protein that affects uPAR function, can
stabilize corneal epithelial integrity.** Further investiga-
tions with mice in which uPAR is deleted specifically in
intestinal epithelial cells will provide additional insight
into the role of uPA-uPAR in epithelial regulation. Phar-
macological inhibition approaches in various colitis
mouse models will further build confidence in thera-
peutically targeting uPAR for IBD. One limitation of
our study is a lack of potent tool inhibitors of mouse
uPA-uPAR interaction. A monoclonal antibody, and/or
a potent small molecule inhibitor which blocks mouse
uPA-uPAR interaction will be necessary to achieve a bet-
ter understanding of the therapeutic effects in vivo.

As a GPI-anchored protein, uPAR functions through
additional interactions with cell surface proteins/co-
receptors. In this study we confirmed the interaction
between uPAR and integrin subunits (a5, A1 and B3)
and EGFR in intestinal epithelial cells through co-IP
approaches. Furthermore, we found that uPAR interac-
tion with all three integrin subunits decreases after bar-
rier damage while the EGFR binding remains. EGFR
signalling is a key epithelial regulator. It is involved in
various cellular activities such as cell survival, cell junc-
tions, mucin secretion and microbiome communica-
tions.* In this study, we found that uPAR inhibition
leads to improved tight junctions and epithelial cell sur-
vival, which could be achieved through, directly or indi-
rectly, modulating EGFR signalling. However, many
questions remain unanswered, such as the specific
binding site of uPAR-EGFR interaction, how uPA bind-
ing to uPAR inhibits EGFR signalling and what are
other interaction partners of uPAR. A comprehensive
analysis of uPA-uPAR interactome before and after bar-
rier damage would provide insights to further dissect
the signalling complex in response to tissue damage.

In summary, we identified the uPA-uPAR ligand-
receptor pair as a critical regulator in intestinal barrier
integrity. Both uPA and uPAR showed a coordinated
induction in IBD mucosa and during cytokine-induced
barrier breakdown of human intestinal organoids.
Genetic inhibition of uPAR or uPA and pharmacologi-
cal inhibition of the uPA-uPAR interaction improve bar-
rier function, indicating that uPA-uPAR is a potential
IBD target for preventing intestinal barrier breakdown
and promoting mucosal healing.
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