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Abstract: The cytokine Interleukin (IL)-20 belongs to the IL-10 superfamily. IL-20 levels are reported
to increase in the intestines of Ulcerative Colitis (UC) patients, however not much is known about
its effects on intestinal epithelial cells. Here, we investigated the influence of IL-20 on intestinal
epithelial cell lines and primary intestinal organoid cultures. By using chemical-induced (dextran
sodium sulphate; DSS) colitis and a spontaneous model of colitis (Winnie mice), we assess whether
recombinant IL-20 treatment is beneficial in reducing/improving pathology. Following stimulation
with IL-20, intestinal primary organoids from wild-type and Winnie mice increased the expression of
ERK1/2. However, this was lost when cells were differentiated into secretory goblet cells. Importantly,
IL-20 treatment significantly reduced endoplasmic reticulum (ER) stress, as measured by spliced-
XBP1 in epithelial cells, and this effect was lost in the goblet cells. IL-20 treatment in vivo in the DSS
and Winnie models had minimal effects on pathology, but a decrease in macrophage activation was
noted. Taken together, these data suggest a possible, but subtle role of IL-20 on epithelial cells in vivo.
The therapeutic potential of IL-20 could be harnessed by the development of a targeted therapy or
combination therapy to improve the healing of the mucosal barrier.
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1. Introduction

Cytokine-based immune therapies are becoming a popular option in the treatment
of ulcerative colitis (UC). Several antibodies are currently in use or in clinical trials to
reduce inflammation, promote epithelial wound healing and barrier integrity, ultimately to
improve the severity of UC. Among others, anti-TNF-« therapy has been found to be the
most effective [1]. However, all the current therapies have severe side effects and/or the
patients do not respond to the therapies. Therefore, there is still an unmet need to develop
new, more effective, universal treatment strategies to cure UC.

Interleukin (IL)-20 belongs to the IL-20 subfamily and IL-10 superfamily of cytokines,
and acts through the heterodimeric receptor complexes including IL-20RA /IL-20RB and
IL-22RA /IL-20RB [2]. The receptor subunits that can be found in different tissues, however,
are abundantly expressed in the skin, pancreas, intestine, and reproductive organs [3]. It
has been found that the expression of IL-20RA /IL-20RB receptor subunits was elevated in
the colon during active UC, and expression was further enhanced during remission [4]. The
levels of IL-20 were also shown to be higher in active UC compared to patients in remission
and healthy controls, however, its impact on disease modulation is still unknown [5]. In
various tissues, IL-20 activated a number of signalling pathways, where activation of STAT3
was the most prominent signalling found in the stably transfected HEK293 cells with
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IL-20RA and IL-20RB and in the HT-29 intestinal epithelial cells [6]. IL-20 is well-known for
regulating skin inflammation, cell differentiation and growth [7,8].

Monocytes, keratinocytes, macrophages, and dendritic cells are the main sources
of IL-20 [5]. Despite the pro-inflammatory role in psoriasis, IL-20 was found to promote
epithelial wound healing of the injured mouse cornea [9] and foot ulcer in the diabetic db/db
mice [10]. We have previously shown that IL-20 did not affect the colonic epithelial cell line
proliferation [11]. Although IL-20 possesses a higher affinity with IL-20RA /IL-20RB than
IL-22RA /IL-20RB, IL-20-induced wound healing in db/db mice was mediated through the
later complex [10]. This suggests that depending on a given context, the cytokine-receptor
affinity changes. Colonic biopsy samples from the active UC patients showed high IL-20
expression, which decreased during remission [4]. In addition, decreased frequencies of
IL-20 gene polymorphisms (rs2981573 and rs2232360) were also reported to have a positive
correlation with the development of UC [12]. These indicate the possible potential role of
IL-20 in active colitis, which also could be beneficial in exogenous delivery to promote fast
recovery.

However, no studies have yet demonstrated the exact role of IL-20 on intestinal epithelial
cells in controlling intestinal inflammation. Therefore, this study has been undertaken
to understand the signalling cascades activated and the transcriptomic modifications
governed by this cytokine in the primary intestinal epithelial cells from wild-type animals
and Winnie mice that develop spontaneous colitis. We next evaluated whether IL-20 treatment
impacts acute and spontaneous intestinal inflammation using different pre-clinical models of
ulcerative colitis.

2. Results
2.1. Recombinant IL-20 Activates ERK1/2 in Intestinal Epithelial Cells but Does Not Modulate
Signaling in Goblet Cells

To understand the effects of IL-20 in the intestine in a controlled manner, we used the
primary intestinal organoid culture system. The primary intestinal epithelial cells (IECs)
were passaged at least 4-5 times to ensure the absence of immune cells. Comprehensive
analyses of signalling pathways in undifferentiated IECs from wild-type (WT) animals
showed that recombinant IL-20 (rIL-20) treatment only activated the ERK1/2 pathway
(Figure 1A). To assess whether IL-20 activates ERK1/2 in colitis, we utilized the Winnie
mouse model of colitis, which carries a missense Muc2 gene mutation which results in an
epithelial cell defect. rIL-20 also activated ERK1/2 in the Winnie IECs (Figure 1B).

Goblet cells are the major secretory cells in the intestine and are responsible for
producing mucins that are the main macromolecular component of the secreted mucus
layer. Therefore, WT and Winnie IECs were differentiated into goblet cells using the notch
v-secretase inhibitor, DAPT. Interestingly, IL-20 did not further activate any of the signalling
pathways assessed in the differentiated cells from WT or Winnie animals, suggesting that it
mainly affects epithelial cells (Supplementary Figure S1A,B).
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Figure 1. rIL-20-induced signalling pathways in primary intestinal epithelial cells. Representative
western blot images of phosphorylated STAT1, STAT3, STAT5, Akt, NF-kf3 p65, ERK1/2, 90-RSK,
p-c-Jun, and p38 in undifferentiated C57BL/6 (WT) (A) and Winnie (B) primary colonic organoids
following treatment with rIL-20 (100 ng/mL) for 1 h. Data are presented as mean £+ SEM with
individual cultures from 3—4 independent experiments. * p < 0.05 and ** p < 0.01 compared with
untreated controls (non-parametric Man-Whitney ¢-test).

2.2. Recombinant IL-20 Treatment Did Not Modulate Pathology in Acute Chemical-Induced Colitis

In this study, 2.5% dextran-sodium sulphate (DSS) was administered to WT animals in
drinking water for 7 days, causing significant body weight loss (Figure 2A), diarrhea, and
bloody stools (Figure 2B), which are the hallmarks of this chemical-induced colitis model.
Animals were treated with 100 ng/g of body weight (intraperitoneally) of rIL-20 daily for
7 days. Mouse rIL-20 treatment did not alter body weight or diarrhea scores (Figure 2A,B).
Colon weight/length ratio is a measure of pathology and demonstrated an increase with
DSS administration. However, rIL-20 treatment did not markedly alter colon weight length
ratio (Figure 2C). Histological assessment of the colon using H&E staining and periodic
acid-Schiff-Alcian blue (PAS/ AB) staining for goblet cells, demonstrated the increase in
immune cell infiltration and the loss of goblet cells with DSS administration (Figure 2D).
However, no major changes were apparent in immune cell infiltration and goblet cell loss
with rIL-20 treatment.
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Figure 2. The effects of rIL-20 on DSS-induced colitis. C57BL/6 mice challenged with 2.5% DSS were
either treated with rIL-20 (100 ng/g/body weight) or PBS i.p (DSS only). Body weight loss (A), diarrhea
score (B), rectal bleeding score (C), colon weight/length ratio (D), and representative tissue pathology
(haematoxylin and eosin staining) and mucin producing goblet cells in the intestines (PAS/AB staining)
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(D) of the animals.Flow cytometric relative frequency of immune cell populations (E), relative gene
expression of pro-inflammatory cytokines (F) and cellular stress markers (G) and antimicrobials (H)
were measured by qRT-PCR in the primary cells isolated from naive and rIL-20 treated animals as in B.
Data are presented as mean + SEM (n = 8-12). # p <0.05, id p<0.01, itk p <0.001, i p <0.0001, *p <0.05
and ** p < 0.001 when compared with control (One-way ANOVA followed by Bonferroni’s post hoc test).

2.3. IL-20 Is Capable of Reducing Endoplasmic Reticulum Stress; However, Has No Major Effects
on Pathology in the Acute DSS-Induced Colitis Model

We have previously demonstrated that IL-22, which is from the same sub-family as IL-20,
can reduce cellular stress in intestinal epithelial cells and goblet cells [13]. To confirm that IL-20
similarly affects cellular stress, we utilised the LS174T cell line. rIL-20 reduced the baseline levels
of sXBP1 in LS174T cells (Supplementary Figure S3). The co-treatment of undifferentiated LS174T
cells with tunicamycin (Tm) for 6 h and rIL-20 (100 ng/mL) showed that rIL-20 significantly
suppressed sXBP1 gene expression (Supplementary Figure S3). DAPT treatment of cells,
which induces goblet cell differentiation, resulted in a slight increase in sXBP1, fitting
with previous reports [14]. rIL-20 treatment did not affect the expression of sXBP1 in
DAPT-differentiated secretory LS174T cells, mirroring the ERK1/2 activation observed
in epithelial cell organoids, which was lost with differentiation (Figure 1; Supplementary
Figure S1).

Next, we assessed whether there were any changes in the immune cells in the mesenteric
lymph nodes (mLNs) with rmIL-20 treatment. Flow cytometric analyses on the mLNs,
harvested from the rIL-20 treated WT mice, demonstrated that there were no major changes
in the CD4* T cells, CD44* activated T cells or «4p7* activated T cells (Figure 2E). However,
rIL-20 treatment significantly reduced the number of F4/80* macrophages, suggesting a
slight reduction in macrophage infiltration to the mesenteric lymph nodes. Overall, no
major changes were observed in the intestinal expression levels of cytokines, including
I11beta, 116, [117a and the chemokine Mip2a, reflecting the lack of changes in the T cell profile
(Figure 2F; Supplementary Figure S2).

Despite the effects of IL-20 in vitro, there were no major changes in cellular stress
markers (Grp78, sXbpl, Nos2) observed in vivo in the DSS animals treated with rIL-20
(Figure 2G). Atoh1 (Atonal homolog 1) is a transcriptional regulator of intestinal progenitors,
towards secretory cell lineages. We observed a significant increase in Afohl in LS174T
cells treated with rIL-20, along with a decrease in Hes1, suggesting that IL-20 has the
potential to promote goblet cell differentiation (Supplementary Figure S3). Corroborating
the in vitro data, an increase in Afohl was observed with rIL-20 treatment in vivo, however
no major changes were observed in the secretory cell markers, antimicrobials Reg3y/B or the
major intestinal mucin, Muc2 (Figure 2H). Gene expression data, along with the histology,
suggested that rIL-20 treatment only slightly affected the pathology in the intestine.

2.4. IL-20 Treatment Transiently Improves Diarrhea in Winnie Mice without Long-Term
Improvements in Pathology

Winnie mice provide a spontaneous colitis model, in which progressive pathology develops
with age. To determine whether rIL-20 can halt the progression of colitis, we utilized Winnie
mice at 6 weeks of age as colitis emerges in these animals. We did not observe any major
changes in the body weight of the animals treated with rIL-20 (Figure 3A). Winnie mice have
diarrhea, which progressively worsens with age. There was a transient but significant
improvement in diarrhea in the Winnie animals treated with rIL-20 (Figure 3B). Despite
this, we observed no major changes with rIL-20 treatment in the colon weight/length
ratio, histological assessment of pathology, immune cell infiltration, goblet cell volume
or expression of secretory cell markers (Figure 3C-I). Gene expression analyses showed
that no major changes were observed in the ER stress marker Grp78 and cytokine I/1-beta
(Supplementary Figure S4). Interestingly, rIL-20 treatment in Winnie mice resulted in a slight
decrease in the activated macrophages (MHC II* F4/80* cells), which was accompanied by
a significant decrease in 116 in the distal colon (Supplementary Figure S4).
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Figure 3. The in vivo effects of rIL-20 on a spontaneous colitis mouse model. C57BL/6 or Winnie
mice either treated with rIL-20 (100 ng/g/body weight) or PBS i.p were analysed for body weight
loss (A), diarrhea score (B), colon weight/length ratio (C), tissue pathology (H,E) in the proximal and
distal colon (D), flow cytometric relative frequency of T cells (E), myeloid cells (F), representative
H&E staining and mucin producing goblet cell (PAS/AB) staining images (G), relative colon-specific
goblet cell volumes (H) and cellular stress markers (I) measured by qRT-PCR in the colons of naive
and rIL-20 treated animals as in B. Data are presented as mean + SEM (n = 6-8). # p < 0.05, # p < 0.01,
### p < 0.001, and ##* p < 0.0001 when compared with control (One way ANOVA followed by Dunnett’s
post hoc test).
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3. Discussion

This study aimed to understand the potential signalling mechanism(s) modulated by
IL-20 in the intestinal epithelial cells. In addition, we evaluated the therapeutic potential of
using recombinant IL-20 in the acute and spontaneous models of colitis. It is interesting
that, although IL-20 is in the same subfamily as IL-22 and share common receptor subunits
IL-22RA1, these cytokines have vastly differing roles. Depending on the tissue environment
and site of action, IL-20 has been described to act as a pro-or anti-inflammatory cytokine,
however its role in the intestine is not well-defined.

The receptor subunits for IL-20 include IL-22RA1, IL-20RA, and IL-20RB, and are highly
expressed in the colon. It has been found that IL-20 activated the JAK1/STAT3 signalling
pathway in the HT-29 intestinal epithelial cells but did not modulate cell proliferation [15].
This is in agreement with our previously published work, as IL-20 did not influence cell
proliferation in immortalized intestinal cell lines [11]. However, in this study, we utilized
primary murine organoids to isolate the direct effects of IL-20 on healthy epithelial cells,
in the absence of immune cells. We show that IL-20 significantly activated ERK1/2 in
undifferentiated mIECs from wild-type animals. We observed slightly higher activation of
ERK1/2 in Winnie mice, suggesting that the receptor expression may be increased. Previous
reports have demonstrated that the epithelial cell expression of IL-20RB and IL-20 protein
are increased in colitis [4].

A high DSS concentration in drinking water, given during the acute DSS model,
damages the intestinal epithelial lining by stripping off the mucins and depleting goblet
cells. This allows luminal bacteria and the associated antigens to penetrate the mucosa
and initiate inflammatory immune responses in the epithelium and underlying tissues [16].
Using the DSS model, we did not observe any major improvements in pathology with
IL-20 treatment. Similarly, no major changes in pathology were observed in the Winnie
mouse model of spontaneous colitis. Interestingly, IL-20 treatment increased the expression
of atonal homolog 1 (Atohl) in the DSS model. Although the Atohl increase with IL-20
exposure was not observed in the Winnie animals, we confirmed that IL-20 can drive Atohl
directly using intestinal cell lines. The increase in Atohl was accompanied by a decrease in
Hes1. Atohl is a transcriptional regulator of goblet cell differentiation, whilst Hes1 drives
the intestinal stem cells towards an absorptive lineage, like the enterocytes [17,18]. This
data suggests that IL-20 may drive the transit amplifying cells in the intestine towards
a more secretory cell phenotype. This effect of IL-20 could be explained by the lack of
receptor expression on goblet cells; IL-20 failed to activate signalling pathways in intestinal
organoids after differentiation into goblet cells. Moreover, reports of IL-20 receptors
increasing in colitis are accompanied by a loss of goblet cells, suggesting that absorptive
epithelial cells are the main target of IL-20, potentially along with immune cells.

IL-20, unlike IL-22, has also been reported to act on immune cells. In particular,
IL-20 activated p38 MAPK in monocyte-derived dendritic cells enhanced the expression
of co-stimulatory molecule CD86, to increase the migration of DCs [19]. IL-20, through
IL-20RA, was also shown to inhibit IL-17A production by yoT cells [20]. We did not
note many alterations in the immune cell profile or cytokines, with rIL-20 treatment in
our models. There is a possibility that the lack of impact on pathology in vivo is due to
non-specific binding or low local concentrations of the cytokine with an intraperitoneal
route of administration. However, we did note a decrease in the percentage of F4/80
macrophages in the DSS animals treated with rIL-20. In Winnie mice with emerging colitis,
whilst no changes in the percentage of F4/80 cells was observed, there was a trend towards
a decrease in MHCII+ve F4/80 macrophages with rIL-20 treatment, suggesting a reduction
in macrophage activation. The decrease in Il6 expression in the distal colon of Winnie mice
with IL-20 treatment could be due to a decrease in activated macrophages.

ER stress and the unfolded protein response are major contributors in IBD pathogenesis.
Using the Winnie mice, we have previously shown that cellular stress and protein misfolding
can prime an immune response even in the absence of microbiota [13,21-24]. Therefore,
therapeutics that can alleviate mucosal ER stress could be of major benefit in healing the
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barrier in IBD. Using LS174T cells, we found that IL-20 can suppress spliced-Xbp1 from
baseline levels or tunicamycin-induced spliced-Xbp1. This is reminiscent of the suppressive
effects of IL-10 and IL-22 on tunicamycin induced cellular stress [13,21,25]. In contrast to
IL-10 and IL-22, which can reduce cellular stress in goblet cells, the effect of IL-20 was lost
when organoids were differentiated into goblet cells. Overall, our data suggests that the
observed effects of IL-20 were mediated via the epithelial cells, or potentially the immune
cells as reported before [19]. Whilst IL-20 may reduce cellular stress in epithelial cells, it
will not act to promote the restoration of the mucosal barrier. Therefore, it will be unlikely
that rIL-20 treatment alone is sufficient to improve pathology in intestinal inflammation.
Further studies with a targeted delivery of higher doses and/or frequency of the cytokine
and antibody, in combination with other immunotherapies, might provide beneficial effects
in intestinal epithelial inflammation.

4. Materials and Methods
4.1. Chemicals and Reagents

DMEM-F12, Advanced DMEM, DPBS, FBS, TrypLE™ Express, pen-strep, glutamax,
and protease inhibitor were purchased from Gibco Life Technologies (Grand Island, NY, USA).
TGF-B and ROCK inhibitors were procured from Tocris Bioscience (Bristol, UK). Mouse rIL-20
was procured from BioNovus Life Sciences (NSW, Australia). All phosphorylated antibodies
against STAT1, STAT3, STATS5, Akt, 42/44MAPK (ERK1/2), NF-kBp65, 90RSK, and c-Jun,
secondary antibodies against rabbit and mouse, were obtained from Cell Signaling Technology
(Danvers, MA, USA) and (3-actin from Novus Biologicals (Littleton, CO, USA). Phosphatase
inhibitor PhosSTOP was purchased from Roche (Basel, Switzerland). Antibodies against
mouse CD3, CD45, and F4/80 were procured from BD Bioscience (CA, USA), where mouse
specific CD4, CD11b, CD11c, CD44, x4(7 were found, and Zombie GreenTM fixable viability
kit were from Biolegend (CA, USA).

4.2. Animals

In this study, 5-6-weeks-old C57BL/6 male mice were purchased from the Animal
Resource Centre, Australia. The animals were housed under standard laboratory conditions
maintaining 12 h light/dark cycle, 25 + 2 °C temperature, and 55-60% of relative humidity,
with a standard chow diet and water ad libitum. All experimental protocols conducted
in this study were approved by the Institutional Ethics Committee of The University of
Queensland (MRI-UQ/107/16/ECR/PDRF/NHMRC).

4.3. Murine Primary Intestinal Epithelial Cell Culture (mIECs)

The mouse colon was removed, longitudinally opened, and washed with ice-cold PBS
containing 1% pen-strep to remove all faecal material. Tissue was then cut to the size of
approximately a centimetre and treated with ice-cold 8 mM EDTA /PBS, containing 1%
pen-strep for 1 h at 4 °C. Subsequently, the tissue was incubated with 2 mg/mL collagenase
and 50 pg/mL gentamycin in F12-DMEM, containing 10% FBS, 1% Glutamax, and 1%
pen-strep (washing medium) for 5-10 min at 37 °C. Crypts were then isolated using a
10 mL medium through 30 s vortexing and repeating the process 5 times. Isolated crypts
were collected through washing and centrifugation at 500 rpm for 5 min at 4 °C, and plated
in a 24-well plate following Matrigel embedding [26].

4.4. Western Blotting

The undifferentiated and DAPT-differentiated mIECs were treated with recombinant
IL-20 for an hour and harvested with RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NacCl, 1.0 % Nonidet P-40, 0.1% sodium deoxycholate), supplemented with phosphatase
and protease inhibitors. Protein concentrations in the lysates were determined using a
BCA assay kit (Thermo Scientific) and samples were stored at -80 °C until use. In total,
40-45 pg of proteins from each sample were resolved using NuPAGE 4-12 % Bis-Tris
protein gels (Invitrogen™; Seventeen Mile Rocks, QLD, Australia) at 100 V and transferred
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to a PVDF membrane using a Thermo Scientific™ iBlot™ 2 dry blotting system. The
membranes were then blocked in an odyssey buffer for 2 h. Following incubation with
primary antibody overnight at 4 °C, membranes were washed with PBST and treated with
a fluorophore-conjugated secondary antibody for 2 h at room temperature. After washing
the membranes, images were scanned using the Odyssey Imaging System and processed,
and densitometric analysis was conducted on blots with positive bands using Image Studio
Lite software (LI-COR Biosciences, Lincoln, Nebraska, USA).

4.5. Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT PCR)

The quantitative reverse transcriptase polymerase chain reaction (q-RT PCR) was
performed according to the protocol described previously [25]. Briefly, after desired treatment,
cells were lysed using TRIzol™ (Invitrogen) and pure RNA were collected using ISOLATE
IT RNA Mini Kit from Bioline (Alexandria, NSW, Australia). For the animal samples, tissues
were homogenized using beads (Lysing Matrix D Bulk; MP Biomedicals, Seven Hills, NSW,
Australia) in TRIzol™ and then the kit instructions were followed. Equal 1 pg of RNA
were then used to synthesize the corresponding cDNA, using a Bioline cDNA synthesis
kit. Depending on the targeted genes, the cDNA was diluted up to 1:10 ratio to perform
PCR. 2.5 pL of diluted cDNA, 0.75 pL of desired primer (Table S1, 3.75 uL of SYBR green
(SensiFAST™ SYBR® Lo-ROX kit, Bioline), and 0.5 uL of DNase and RNase free water were
mixed together and run in a Real-Time PCR System (Applied Biosystems® ViiA™ 7, Life
Technologies Corporation, CA, USA) for 40 cycles. The Ct values were then analysed using a
ViiA 7 software (Life Technologies Corporation). The relative quantitation was determined
by the AACt method, normalized to the housekeeping gene B-actin and expressed as a fold
difference to the mean of the relevant control samples. The amplification of the targeted
genes (primers in Supplementary Table S1) was verified from the melting curve obtained
from the experiment. The fold-changes were analysed and plotted using GraphPad Prism
software (version 6).

4.6. Effects of rIL-20 in Acute DSS-Induced Colitis

In C57BL/6 mice, acute colitis was induced by administering 2.5% w/v of dextran sodium
sulphate (DSS; M.W. 40,000 g/mol; PanReac AppliChem, Barcelona, Spain) in drinking water
for 7 consecutive days. Recombinant mIL-20 (100 ng/g daily) was given through intraperitoneal
injection starting from the same day of DSS, where the naive and DSS only groups received PBS
equivalent to their body weight (1%). Mice were monitored daily and scored for their body
weight change, rectal bleeding, and stool consistency (0 = hard, 1 = soft but form in a shape,
2 = soft but form in shape and falls apart when picked up, 3 = no form, 4 = watery). At day 7,
mice were euthanised through cervical dislocation. The colon was removed, and the entire length
was measured from proximal colon (PC) to rectum. Colons were then longitudinally opened,
cleaned, and their weight recorded. The proximal and distal colons were separately collected
for RNA extraction and rolled to fix in 10% formalin for histology. Moreover, the mesenteric
lymph nodes were collected to check the immune cell profiles through flow cytometry analysis.

4.7. Effects of rIL-20 in Winnie Spontaneous Colitis

Six-weeks-old Winnie mice were treated with recombinant mIL-20 (100 ng/g every
2 days; i.p.) for two weeks. Then the animals were sacrificed, the colon tissues were
collected and harvested for histology, and gRT PCR analyses were conducted, as described
previously.

4.8. Flow Cytometry Analyses of the Immune Cells

The collected mesenteric lymph nodes (MLNs) were crushed through a 70 um strainer
and suspended in DMEM containing 10% FBS, 1% glutamax, and 1% pen-strep in ice.
The single cells were collected through centrifugation at 500 rpm for 5 min at 4 °C and
resuspended in MACS buffer (Miltenyi Biotech, Bergisch Gladbach, Germany). Then, the
cells were incubated with fluorophore conjugated primary antibodies specific to CD3, CD4,
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CD11b, CD11c¢, CD44, CD45, F4/80, MHC-II, and o437 in MACS buffer for 30 min. Cells
were then washed and specific cell types were identified through Frotessa (BD Biosciences,
CA, USA). Data were analysed using Flow]o (Ashland, OR, USA).

4.9. Histological Analysis of Intestinal Tissues

Intestinal tissues were folded as Swiss roll and immediately perfused in 10% formalin
and incubated at room temperature for 24 h. Tissues were subsequently embedded in
paraffin and sectioned as per requirements. The tissue was sectioned at 5 pm and stained
with hematoxylin-eosin (H&E) or periodic acid-Schiff-Alcian blue (PAS/AB) and viewed
in a digital microscope (Olympus, Tokyo, Japan). The pathology in DSS-treated mice
was blindly scored for each animal using H&E stained slides, according to the conditions
that follow: (i) inflammation severity (0 = none, 1 = mild, 2 = moderate, 3 = severe),
(ii) infiltration extent (0 = no infiltrate, 1 = infiltrate around crypt base, 2 = infiltrate
reaching to muscularis mucosae, 3 = extensive infiltration reaching the muscularis mucosae
and thickening of the mucosa with abundant edema, 4 = infiltration of the submucosa),
(iii) epithelial damage (0 = normal morphology, 1 = some loss of goblet cells /some crypt
abscesses or damage, 2 = loss of goblet cells in large areas /extensive crypt abscesses or
damage, 3 = loss of crypts < 5 crypt widths, 4 = loss of crypts > 5 crypt widths, <20%
ulceration, 5 = > 20% ulceration) iv) percentage of epithelial damage, crypt abscessed,
crypt loss or ulceration (0 = 0%, 1 = 1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-100%). To
check mucins and the goblet cells, the sections were stained with Alcian blue and periodic
acid-Schiff reagents.

4.10. Statistical Analyses

Data are presented as the mean £ SEM. The GraphPad Prism (La Jolla, CA, USA)
software program was employed for the analyses and plotting of the data. A nonparametric
t-test, a one-way ANOVA, followed by Dunnett’s post hoc test, or two-way ANOVA
followed by Bonferroni’s post hoc test, were performed wherever applicable to determine
statistical differences as indicated in the figure legends.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24010174/s1, Figure S1: IL-20 specific modulation of signalling
pathways in differentiated primary intestinal epithelial cells; Figure S2: Intestinal cellular stress
and differentiation markers in the rIL-20 treated LS174T cells; Figure S3: rIL-20 modulates cellular
ER stress in LS174T cell lines; Figure S4: ER stress and pro-inflammatory markers in rIL-20 treated
Winnie mice; Table S1: Primer Sequences.

Author Contributions: Conceptualization, S.Z.H.; methodology, M.M., KY.W., H.S.; M.A.R.; valida-
tion, M.M. and A.M.; formal analysis, M.M., S.Z.H.; investigation, M.M.; resources, S.Z.H.; data cura-
tion, M.M., KY.W., H.S,; RW. and S.Z.H.; writing—original draft preparation, M.M.; writing—review
and editing, S.Z.H., KY.W.,, RW.,, A M., M.AR. visualization, S.Z.H.; supervision, S.Z.H.; funding
acquisition, S.Z.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Mater Foundation (S.Z.H.), University of Queensland, Aus-
tralian Infectious Diseases Research Centre and Gastroenterological Society of Australia. S.Z.H.
was supported by NHMRC Career Development Fellowship (2018-2021), UQ Amplify Fellowship
(2022-2024). M.M. was supported by Research Training Program Scholarship (Australian Govern-
ment Department of Education and Training), University of Queensland Centennial Scholarship
(University of Queensland) and Frank Clair Scholarship (Mater Research).

Institutional Review Board Statement: All experimental protocols conducted in this study were
approved by the Institutional Ethics Committee of The University of Queensland (MRI-UQ/107/16/ECR/
PDRF/NHMRC).

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms24010174/s1
https://www.mdpi.com/article/10.3390/ijms24010174/s1

Int. . Mol. Sci. 2023, 24, 174 11 0f12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Yamamoto-Furusho, J.K. Inflammatory bowel disease therapy: Blockade of cytokines and cytokine signaling pathways. Curr.
Opin. Gastroenterol. 2018, 34, 187-193. [CrossRef] [PubMed]

Wang, M.,; Tan, Z.; Zhang, R.; Kotenko, S.V,; Liang, P. Interleukin 24 (MDA-7/MOB-5) signals through two heterodimeric
receptors, IL-22R1/IL-20R2 and IL-20R1/IL-20R2. J. Biol. Chem. 2002, 277, 7341-7347. [CrossRef] [PubMed]

Parrish-Novak, J.; Xu, W.; Brender, T.; Yao, L.; Jones, C.; West, J.; Brandt, C.; Jelinek, L.; Madden, K.; McKernan, P.A.; et al.
Interleukins 19, 20, and 24 signal through two distinct receptor complexes. Differences in receptor-ligand interactions mediate
unique biological functions. . Biol. Chem. 2002, 277, 47517-47523. [CrossRef] [PubMed]

Fonseca-Camarillo, G.; Furuzawa-Carballeda, J.; Llorente, L.; Yamamoto-Furusho, ] K. IL-10- and IL-20-expressing epithelial and
inflammatory cells are increased in patients with ulcerative colitis. J. Clin. Immunol. 2013, 33, 640-648. [CrossRef]

Niess, ].H.; Hruz, P; Kaymak, T. The Interleukin-20 Cytokines in Intestinal Diseases. Front. Immunol. 2018, 9, 1373. [CrossRef]
Dumoutier, L.; Leemans, C.; Lejeune, D.; Kotenko, S.V.; Renauld, J.C. Cutting edge: STAT activation by IL-19, IL-20 and mda-7
through IL-20 receptor complexes of two types. J. Immunol. 2001, 167, 3545-3549. [CrossRef]

Wegenka, U.M. IL-20: Biological functions mediated through two types of receptor complexes. Cytokine Growth Factor Rev. 2010,
21, 353-363. [CrossRef]

Bosanquet, D.C.; Harding, K.G.; Ruge, F,; Sanders, A.].; Jiang, W.G. Expression of IL-24 and IL-24 receptors in human wound
tissues and the biological implications of IL-24 on keratinocytes. Wound Repair Regen. 2012, 20, 896-903. [CrossRef]

Zhang, W.; Magadi, S.; Li, Z.; Smith, C.W,; Burns, A.R. IL-20 promotes epithelial healing of the injured mouse cornea. Exp. Eye
Res. 2016, 154, 22-29. [CrossRef]

Kolumam, G.; Wu, X.; Lee, W.P,; Hackney, ].A.; Zavala-Solorio, ].; Gandham, V.; Danilenko, D.M.; Arora, P.; Wang, X.; Ouyang, W.
IL-22R Ligands IL-20, IL-22, and IL-24 Promote Wound Healing in Diabetic db/db Mice. PLoS ONE 2017, 12, e0170639. [CrossRef]
Moniruzzaman, M.; Wang, R.; Jeet, V.; McGuckin, M.A.; Hasnain, S.Z. Interleukin (IL)-22 from IL-20 Subfamily of Cytokines
Induces Colonic Epithelial Cell Proliferation Predominantly through ERK1/2 Pathway. Int. J. Mol. Sci. 2019, 20, 3468. [CrossRef]
[PubMed]

Yamamoto-Furusho, ] K.; De-Leon-Rendon, ].L.; de la Torre, M.G.; Alvarez-Leon, E.; Vargas-Alarcon, G. Genetic polymorphisms
of interleukin 20 (IL-20) in patients with ulcerative colitis. Immunol. Lett. 2013, 149, 50-53. [CrossRef] [PubMed]

Gulhane, M.; Murray, L.; Lourie, R.; Tong, H.; Sheng, Y.H.; Wang, R.; Kang, A.; Schreiber, V.; Wong, K.Y.; Magor, G.; et al. High
Fat Diets Induce Colonic Epithelial Cell Stress and Inflammation that is Reversed by IL-22. Sci. Rep. 2016, 6, 28990. [CrossRef]
[PubMed]

Grey, M.].; De Luca, H.; Ward, D.V,; Kreulen, I.A.; Bugda Gwilt, K,; Foley, S.E.; Thiagarajah, ].R.; McCormick, B.A.; Turner, J.R,;
Lencer, W.I. The epithelial-specific ER stress sensor ERN2/IRE1beta enables host-microbiota crosstalk to affect colon goblet cell
development. J. Clin. Invest. 2022, 132, €153519. [CrossRef]

Andoh, A,; Shioya, M.; Nishida, A.; Bamba, S.; Tsujikawa, T.; Kim-Mitsuyama, S.; Fujiyama, Y. Expression of IL-24, an activator
of the JAK1/STAT3/SOCS3 cascade, is enhanced in inflammatory bowel disease. J. Immunol. 2009, 183, 687-695. [CrossRef]
[PubMed]

Eichele, D.D.; Kharbanda, K.K. Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our understanding
of inflammatory bowel diseases pathogenesis. World ]. Gastroenterol. 2017, 23, 6016-6029. [CrossRef] [PubMed]

Lo, YH.; Chung, E.; Li, Z.; Wan, YYW.; Mahe, M.M.; Chen, M.S.; Noah, T.K.; Bell, K.N.; Yalamanchili, H.K.; Klisch, T.J.; et al.
Transcriptional Regulation by ATOH1 and its Target SPDEF in the Intestine. Cell Mol. Gastroenterol. Hepatol. 2017, 3, 51-71.
[CrossRef]

Vooijs, M,; Liu, Z.; Kopan, R. Notch: Architect, landscaper, and guardian of the intestine. Gastroenterology 2011, 141, 448-459.
[CrossRef]

Bech, R.; Jalilian, B.; Agger, R.; Iversen, L.; Erlandsen, M.; Otkjaer, K.; Johansen, C.; Paludan, S.R.; Rosenberg, C.A.; Kragballe, K.;
et al. Interleukin 20 regulates dendritic cell migration and expression of co-stimulatory molecules. Mol. Cell. Ther. 2016, 4, 1.
[CrossRef]

Myles, I.A.; Fontecilla, N.M.; Valdez, P.A.; Vithayathil, PJ.; Naik, S.; Belkaid, Y.; Ouyang, W.; Datta, S.K. Signaling via the IL-20
receptor inhibits cutaneous production of IL-1beta and IL-17A to promote infection with methicillin-resistant Staphylococcus
aureus. Nat. Immunol. 2013, 14, 804-811. [CrossRef]

Hasnain, S.Z.; Tauro, S.; Das, I; Tong, H.; Chen, A.C.; Jeffery, PL.; McDonald, V.; Florin, T.H.; McGuckin, M.A. IL-10 promotes
production of intestinal mucus by suppressing protein misfolding and endoplasmic reticulum stress in goblet cells. Gastroenterology
2013, 144, 357-368.€9. [CrossRef]

Wang, R.; Moniruzzaman, M.; Wong, K.Y.; Wiid, P; Harding, A.; Giri, R.; Tong, W.H.; Creagh, J.; Begun, J.; McGuckin, M.A; et al.
Gut microbiota shape the inflammatory response in mice with an epithelial defect. Gut Microbes 2021, 13, 1-18. [CrossRef]
Wang, R.; Hasnain, S.Z.; Tong, H.; Das, I.; Che-Hao Chen, A.; Oancea, 1.; Proctor, M.; Florin, T.H.; Eri, R.D.; McGuckin, M. A.
Neutralizing IL-23 is superior to blocking IL-17 in suppressing intestinal inflammation in a spontaneous murine colitis model.
Inflamm. Bowel. Dis. 2015, 21, 973-984. [CrossRef] [PubMed]

Das, I.; Png, CW.; Oancea, 1.; Hasnain, S.Z.; Lourie, R.; Proctor, M.; Eri, R.D.; Sheng, Y.; Crane, D.I; Florin, TH.; et al.
Glucocorticoids alleviate intestinal ER stress by enhancing protein folding and degradation of misfolded proteins. J. Exp. Med.
2013, 210, 1201-1216. [CrossRef] [PubMed]


http://doi.org/10.1097/MOG.0000000000000444
http://www.ncbi.nlm.nih.gov/pubmed/29846261
http://doi.org/10.1074/jbc.M106043200
http://www.ncbi.nlm.nih.gov/pubmed/11706020
http://doi.org/10.1074/jbc.M205114200
http://www.ncbi.nlm.nih.gov/pubmed/12351624
http://doi.org/10.1007/s10875-012-9843-4
http://doi.org/10.3389/fimmu.2018.01373
http://doi.org/10.4049/jimmunol.167.7.3545
http://doi.org/10.1016/j.cytogfr.2010.08.001
http://doi.org/10.1111/j.1524-475X.2012.00840.x
http://doi.org/10.1016/j.exer.2016.11.006
http://doi.org/10.1371/journal.pone.0170639
http://doi.org/10.3390/ijms20143468
http://www.ncbi.nlm.nih.gov/pubmed/31311100
http://doi.org/10.1016/j.imlet.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23183096
http://doi.org/10.1038/srep28990
http://www.ncbi.nlm.nih.gov/pubmed/27350069
http://doi.org/10.1172/JCI153519
http://doi.org/10.4049/jimmunol.0804169
http://www.ncbi.nlm.nih.gov/pubmed/19535621
http://doi.org/10.3748/wjg.v23.i33.6016
http://www.ncbi.nlm.nih.gov/pubmed/28970718
http://doi.org/10.1016/j.jcmgh.2016.10.001
http://doi.org/10.1053/j.gastro.2011.06.003
http://doi.org/10.1186/s40591-016-0046-x
http://doi.org/10.1038/ni.2637
http://doi.org/10.1053/j.gastro.2012.10.043
http://doi.org/10.1080/19490976.2021.1900996
http://doi.org/10.1097/MIB.0000000000000353
http://www.ncbi.nlm.nih.gov/pubmed/25803508
http://doi.org/10.1084/jem.20121268
http://www.ncbi.nlm.nih.gov/pubmed/23650437

Int. . Mol. Sci. 2023, 24, 174 12 0of 12

25. Hasnain, S.Z.; Borg, D.J.; Harcourt, B.E.; Tong, H.; Sheng, Y.H.; Ng, C.P; Das, I.; Wang, R.; Chen, A.C.; Loudovaris, T.; et al.
Glycemic control in diabetes is restored by therapeutic manipulation of cytokines that regulate beta cell stress. Nat. Med. 2014,
20, 1417-1426. [CrossRef] [PubMed]

26. Miyoshi, H.; Stappenbeck, T.S. In vitro expansion and genetic modification of gastrointestinal stem cells in spheroid culture. Nat.
Protoc. 2013, 8, 2471-2482. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/nm.3705
http://www.ncbi.nlm.nih.gov/pubmed/25362253
http://doi.org/10.1038/nprot.2013.153

	Introduction 
	Results 
	Recombinant IL-20 Activates ERK1/2 in Intestinal Epithelial Cells but Does Not Modulate Signaling in Goblet Cells 
	Recombinant IL-20 Treatment Did Not Modulate Pathology in Acute Chemical-Induced Colitis 
	IL-20 Is Capable of Reducing Endoplasmic Reticulum Stress; However, Has No Major Effects on Pathology in the Acute DSS-Induced Colitis Model 
	IL-20 Treatment Transiently Improves Diarrhea in Winnie Mice without Long-Term Improvements in Pathology 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Animals 
	Murine Primary Intestinal Epithelial Cell Culture (mIECs) 
	Western Blotting 
	Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT PCR) 
	Effects of rIL-20 in Acute DSS-Induced Colitis 
	Effects of rIL-20 in Winnie Spontaneous Colitis 
	Flow Cytometry Analyses of the Immune Cells 
	Histological Analysis of Intestinal Tissues 
	Statistical Analyses 

	References

