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Abstract

Background and Aim Microscopic colitis, comprising
collagenous colitis and lymphocytic colitis, is a common
cause of chronic diarrhea. Previously, we showed enhanced
chemokine productions in microscopic colitis patients,
indicating dysregulated immune cell chemotaxis in the
immunopathogenesis. We also showed decreased mRNA
of IL-37, mainly regarded as an anti-inflammatory cyto-
kine, in the colonic mucosa of these patients, potentially an
important factor for the chronicity of the colitis. Our aim in
this study was to understand the possible role of IL-37 in
chemokine production using a cell line model.

Methods A colon epithelial cell line, T84, was stimulated
with the TLRS ligand flagellin. IL-37 protein production
was reduced 20% using the CRISPR/Cas9 system, and the
changes in chemokine mRNA and protein expressions were
compared to cells transfected with empty plasmid.
Results The 20% reduction in IL-37 protein levels spon-
taneously increased CCL5, CXCLS, CXCL10, and
CXCL11 mRNA and protein expressions. CCL2 mRNA
and protein levels were enhanced upon TLRS stimulation.
CCL3, CCL20, and CX3CL1 mRNA expressions were
increased either spontaneously or following TLRS
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stimulation, whereas CCL4 and CCL22 mRNA expressions
were significantly decreased.

Conclusions Even a minor decrease in the ability of colon
epithelial cells to produce IL-37 results in altered chemo-
kine expression, mainly an increase in the production of
several chemokines. Our results indicate that a decreased
IL-37 expression by colon epithelial cells may be an
important factor for increasing the recruitment of immune
cells and subsequently developing microscopic colitis.

Keywords IL-37 - Chemokines - CRISPR/Cas9

Introduction

Microscopic colitis (MC), comprising collagenous colitis
(CC) and lymphocytic colitis (LC), is characterized clini-
cally by chronic watery diarrhea. The diagnosis relies on
typical histopathological features that are observed upon
microscopic examination: lymphocytic infiltration of the
epithelium and the lamina propria, as well as a damaged,
flattened, and detached epithelial layer. CC patients have a
characteristic thickened subepithelial collagen layer [1, 2].
Both CC and LC show a mixed inflammatory cell infil-
tration in the lamina propria, including T and B lympho-
cytes, plasma cells, eosinophils, neutrophils, mast cells,
and macrophages [3-5]. Previously, we demonstrated
upregulated gene (CCL2, 3, 4, 5, 22; CXCLS, 9, 10, 11;
and CX3CL1) and protein (CCL2, 3, 4; CXCLS8, 10; and
CX3CL1) expressions in MC patients, which may be
involved in recruiting these mixed cell populations as a part
of the immunopathogenesis [6]. However, it is still not
known what may trigger these aberrant chemokine
expressions in MC patients.
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In another study from our group, both CC and LC
patients showed significantly decreased IL-37 gene
expression in colonic biopsies, suggesting a potential factor
involved in the chronicity of the colonic inflammation in
these patients [7]. Expression of IL-37 can be induced by
Toll-like receptor (TLR) agonists and pro-inflammatory
cytokines such as IL-1pB, tumor necrosis factor (TNF)-a,
and interferon (IFN)-y in peripheral blood mononuclear
cells (PBMCs) and dendritic cells (DCs) [8, 9]. IL-37 is
synthesized as a precursor and requires cleavage by cas-
pase-1 to generate the mature form [10]. Mature IL-37 is
either secreted extracellularly to inhibit the actions of pro-
inflammatory cytokines or their receptors [11] or translo-
cated to the nucleus, where it interacts with Smad3 and
suppresses transcription of pro-inflammatory cytokines
[12, 13]. In different cell types, IL-37 can effectively
reduce production of TNF-o, macrophage inflammatory
protein-2 (MIP-2, CXCL2), IL-1a, IL-6, macrophage col-
ony-stimulating factor (M-CSF), B cell-attracting chemo-
kine-1 (BCA-1, CXCL13), granulocyte—macrophage
colony-stimulating factor (GM-CSF), IL-1B, monocyte
chemoattractant protein-5 (MCP-5/CCL12), and CXCLS8
upon IL-1/TLR stimulation [8, 12].

Although data on IL-37 continue to emerge in various
disease states, knowledge of its functional role, particularly
in colitis, is still in the early stages. Increased IL-37 protein
levels in intestinal epithelial cells from patients with
ulcerative colitis and Crohn’s disease have been detected
using immunohistochemistry [14-17], whereas decreased
IL-37 gene expression has been observed in MC patients in
whole colonic biopsies [7]. Since the anti-inflammatory
cytokine IL-37 has been suggested to be produced by not
only several myeloid cells, but also epithelial cells in the
colon [10, 14, 16], and was shown to be enhanced in the
colonic epithelial cell line T84 upon stimulation with TNF-
o [17], we focused on the possible impact of decreased
mRNA levels of IL-37 on chemokine expression in the T84
cell line. To the best of our knowledge, there is no previous
report on the importance of IL-37 in regulating chemokine
expression in colon epithelial cells. In order to reduce IL-
37 protein levels, we used the type II clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-
associated (Cas) protein 9 (CRISPR/Cas9) system to
achieve targeted mutagenesis in mammalian cells [18-20].

This study demonstrates the regulatory role of IL-37 on
gene and protein expressions of chemokines, some of
which are dysregulated in MC pathogenesis. Even a minor
decrease in the ability of colon epithelial cells to produce
IL-37 results in altered chemokine expression, mainly an
increase in the production of several chemokines. Our
results indicate that decreased IL-37 expression by colon
epithelial cells may be an important factor in increasing the

recruitment of immune cells and subsequently developing
microscopic colitis.

Materials and Methods
Cell Culture

The human epithelial colorectal carcinoma cell line T84
(CCL248, American Type Culture Collection [ATCC],
Manassas, VA, USA) [21] was cultured and subcultured
according to ATCC instructions (http://www.lgcstandards-
atcc.org/). Briefly, the cells were cultured at 37 °C under 5%
CO, in a 1:1 mixture of Ham’s F12 medium and Dulbecco’s
modified Eagle’s medium (DMEM) with 2.5 mM L-glu-
tamine (Gibco, Life Technologies, Grand Island, NY, USA)
supplemented with 5% heat-inactivated fetal bovine serum
(FBS, Gibco, Life Technologies) and 1% gentamicin (Gibco,
Life Technologies). The cells reaching 70-90% confluence
were detached using 0.5% trypsin—-EDTA in PBS (Gibco,
Life Technologies) and subcultured. The cells used in this
study were from passages 10 to 21.

Flow Cytometric Analysis of Toll-Like Receptors
(TLRs)

We performed flow cytometry to detect TLR2, 4, or 5
expression on the T84 cell surface. The cells were stained
with mouse antihuman TLR2 conjugated with Alexa Fluor
488 (CD282, clone 11G7, BD Biosciences, Pharmingen,
San Diego, USA), mouse antihuman TLR4 (CD284, clone
901, BioLegend, San Diego, CA, USA) conjugated with
brilliant violet (BV) 786, and mouse antihuman TLRS5
conjugated with Alexa Fluor 647 (CD285, clone 624915,
BioLegend). Cells were also stained with isotype controls,
mouse IgG x-Alexa Fluor 488 (BD Biosciences), IgG k-
BV786 (BioLegend), or I1gG,k-Alexa Fluor 647 (BioLe-
gend). The monocyte cell line THP-1 (TIB-202, ATCC)
was used as a positive control for TLR2, 4, and 5 expres-
sions on the cell surface [22] (a gift from Professor T.
Bengtsson, School of Medical Sciences, Faculty of Medi-
cine and Health, Orebro University). Data acquisition of at
least 50,000 events was performed using a Gallios flow
cytometer (Beckman Coulter Inc, Fullerton, CA, USA),
and data analysis was performed using version 1.1 of the
Kaluza software package (Beckman Coulter).

Total RNA Isolation, Reverse Transcription (RT),
and Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted from T84 cells using a Gene
MATRIX RNA/miRNA purification kit (EURx, Berlin,
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Germany) according to the manufacturer’s instructions and
quantified using a NanoDrop 200 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). All products
used in the reverse transcription and qRT-PCR were
ordered from Applied Biosystems (Life Technologies), and
procedures were performed according to the manufac-
turer’s instructions. cDNA transcription from 500 ng total
RNA was performed using a High-Capacity cDNA Reverse
Transcription Kit. For gene expression analysis using qRT-
PCR, a TagMan Fast Universal Master Mix was used with
the following TagMan primer—probe sets [6, 7, 23]: IL-37
(Hs00367201_m1), CCL2/MCP-1 (Hs00234140_m1),
CCL3/MIP-1a (Hs00234142_m1), CCL4/MIP-1B (Hs999
99148_m1), CCLS/RANTES (Hs00174575_m1), CCL20/
MIP3A (Hs00355476_m1), CCL22/MDC (Hs015742
47_ml), CXCLS/IL-8 (Hs00174103_ml), CXCL9/MIG
(Hs00171065_m1), CXCL10/IP-10 (Hs01124251_g1),
CXCL11/I-TAC (Hs04187682_g1), and CX3CL1/fractalk-
ine (Hs00171086_m1). Normalization of qRT-PCR results
was performed using GAPDH (Hs99999905_m1), which
showed the most stable results compared to 18S or GUSB
in these cells. The samples were run in a Gene Bio-Rad
CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Inc, Hercules, CA, USA). The comparative
threshold cycle method was used to compare samples with
controls [24].

IL-37 and CXCLS8 Detection Using Enzyme-Linked
Immunosorbent Assays (ELISA)

Secreted CXCLS or IL-37 protein levels in cell media were
measured using CXCL8 or IL-37 DuoSet ELISA Develop-
ment Systems, respectively (R&D Systems, Minneapolis,
MN, USA) at 23 °C, and protein levels were calculated using
a recombinant CXCL8 or IL-37 protein standard curve
according to the manufacturer’s instructions.

To measure the intracellular production of IL-37, pro-
tein extraction from cells was performed in radio-im-
munoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St
Louis, MO, USA) containing a 1:100 protease inhibitor
cocktail (catalogue no: P8340, Sigma-Aldrich) [6]. The
detection of intracellular IL-37 from cell lysate was per-
formed using a human IL-37 ELISA Kit (Adipogen, Life
Sciences, Liestal, Switzerland) due to higher sensitivity
(10 pg/ml). Protein levels were calculated using a recom-
binant IL-37 protein standard curve according to the
manufacturer’s instructions.

Optimization of Flagellin Stimulation
To detect the optimal concentration of TLRS stimulation

with its ligand flagellin, recombinant flagellin from Sal-
monella typhimurium (Novus Biologicals, Cambridge, UK)

@ Springer

was used [25]. T84 cells were cultured at 50,000 cells/cm?
until they reached 70-90% confluence (approximately the
fourth day of culture) [26] and then stimulated for 24 h
with a series of flagellin concentrations: 10, 50, 100, or
500 ng/ml in culture media without FBS or antibiotics at
37 °C under 5% CO,. At the end of the incubation, cells
and culture media were collected for further gene and
protein expression analyses of IL-37 and control of TLRS
response via CXCLS8 [27]. According to the results from
the 24 h flagellin stimulation, the optimal stimulation time
was further analyzed for 6, 12, or 48 h using the minimum
(10 ng/ml) or the optimal (100 ng/ml) flagellin stimulation
and the optimum TLRS response was analyzed as descri-
bed above.

Reduction in IL-37 Expression Using the CRISPR/
Cas9 System

Single guide RNA (sgRNA), specific to the target site of
IL-37a-e, was designed using the E-CRISP software (http://
www.e-crisp.org/E-CRISP/) [28]. The target sequence
(sgRNA) was cloned into the CRISPR/Cas9 plasmid
backbone using a previously described protocol [29].
During the optimizations of the CRISPR/Cas9 system, we
constructed two self-ligated empty plasmid controls using a
Px459 plasmid (pSpCas9(BB)-2A-Puro (PX459) version
2.0, a gift from Feng Zhang, Addgene 62988) to allow self-
ligation, as well as six IL-37sgRNA containing plasmids.
Of these six plasmids, two showed similar results based on
Western blot in reduction in IL-37 protein levels. For
consistency, we chose one clone each for our subsequent
analyses. Briefly, forward (100 uM, 5-3’ CACCGTCCT
GAGTTCTCCCCCACAA) and reverse (100 pM, 5-3'
AAACTTGTGGGGGAGAACTCAGGAC) primers were
annealed using T4 polynucleotide kinase (NEB, New
England Biolabs Inc, Ipswich, MA, USA). The Px459
plasmid was digested overnight using the site specific Bbsl
enzyme (NEB). The ligation of annealed sgRNAs and
Px459 plasmid was performed using T4 DNA ligase
(Thermo Fischer Scientific, Wilmington, DE, USA).
Chemically competent TOP10 E. coli (Invitrogen, Thermo
Fischer Scientific) was used to transform the ligated plas-
mids. The plasmids were isolated using a QIAprep Spin
Miniprep Kit (Qiagen, Hilden, Germany) and sent for
sequencing to Eurofins Genomics Sequencing (Ebersberg,
Germany).

The cells were transfected with 2 pg of IL-37sgRNA or
an empty plasmid (TFneg) using an Amaxa Cell Line
Nucleofector Kit T for T84 cells (Lonza, Cologne, Ger-
many) in a Nucleofector II Device (Lonza). After 48 h of
transfection, IL-37sgRNA and TFneg cells were treated
with 4 pg/ml puromycin (Sigma-Aldrich) to select trans-
fected cells. Optimized flagellin stimulation was then
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repeated for IL-37sgRNA treated and TFneg cells (pas-
sages 6 and 7), after which cells and culture media were
collected for further analysis.

Western Blot

The protein concentrations of the cell lysate were deter-
mined using a DC Protein Assay Kit (Bio-Rad). To detect
the expression of IL-37 in IL-37sgRNA and TFneg cells,
50 pg total protein from cell lysates was resolved in 12%
Bis/Tris gels (Novex, Life Technologies) in NuPage run-
ning buffer (Novex, Life Technologies) and transferred to
nitrocellulose membranes in blotting buffer (Bio-Rad).
After blocking in 5% bovine serum albumin (BSA, Carl
Roth GmbH, Karlsruhe, Germany), nitrocellulose mem-
branes were probed overnight at 4 °C using 3 pg/ml rabbit
polyclonal anti-IL-37b (Novus Biologicals, Cambridge,
UK). Rabbit polyclonal anti-GAPDH (Santa Cruz
Biotechnology, Dallas, Texas) at a 1:15,000 dilution was
used as a loading control. Blots were then incubated with a
horseradish peroxidase-conjugated secondary anti-rabbit
IgG (Santa Cruz Biotechnology, Dallas, TX, USA) and
visualized using a Luminata Forte Western HRP substrate
(Merck Millipore, Billerica, MA, USA). The membranes
were exposed to chemiluminescence using an Odyssey Fc
(LI-COR Biosciences, Lincoln, NE, USA). Densitometric
analysis was performed using version 3.1 of the Image
Studio software package (LI-COR). The calculations were
performed based on density of the IL-37 and GAPDH
bands, respectively, as detected by the software, and the
results were normalized based on IL-37/GAPDH.

Luminex

The cells (wild type, IL-37sgRNA, and TFneg cells) were
incubated for 12 h either with or without 100 ng/ml flag-
ellin in cell culture media without FBS or gentamicin. The
cell culture media were then collected, aliquoted, and
stored at —80 °C until further analysis. Protein levels of
CCL2, 3, 4, 5, 20, 22; CXCL9, 10, 11; and CX3CL1 from
25 ul cell culture media were analyzed in duplicates by
xMAP technology developed using the Luminex (Austin,
TX, USA) [6]. The samples were incubated with chemo-
kine antibody-immobilized beads overnight, then with
detection antibodies for 1 h, and finally for 30 min after the
direct addition of streptavidin—phycoerythrin, all at room
temperature. After subsequent washes, 150 pl wash buffer
was added to samples for data acquisition. The concen-
trations were determined in a Luminex 200 (Millipore,
MA, USA) using a Milliplex Map Kit (Millipore) accord-
ing to the manufacturer’s instructions. The levels of dif-
ferent chemokines from samples and controls were

expressed as pg/ml, according to a standard curve with
known amounts of each analyte.

Statistical Analysis

All data are shown as mean =+ standard error of the mean
(SEM). For optimization of flagellin stimulation, the results
from flagellin-stimulated cells were compared with
unstimulated T84 cells. The results from the cells trans-
fected with CRISPR/Cas9 plasmid containing IL-37sgRNA
(IL-37sgRNA cells) were compared with the results from
the cells transfected with an empty CRISPR/Cas9 plasmid
(TFneg cells), and the unstimulated cells were compared to
stimulated cells within the same cell type (wild type [WT],
TFneg, or IL-37sgRNA). All comparisons were performed
using analysis of variance (ANOVA) with Tukey’s multi-
ple comparisons test; statistical significance was set at
p < 0.05 (GraphPad Prism 5, San Diego, CA, USA). Sta-
tistically significant differences are marked with *, ** or
k% depicting p < 0.05, <0.01, or <0.001.

Results

Optimization of TLRS Response in Intestinal
Epithelial Cells Stimulated with Flagellin

We detected TLR2, 4, and 5 expression on the THP-1 cell
surface, whereas the majority of T84 cells expressed TLRS
on their surface (data not shown), in line with previous
studies [30]. Neither TLR2 nor TLR4 expression was
detected on T84 cells (data not shown) [31]. The experi-
ments were therefore performed using recombinant flag-
ellin from Salmonella typhimurium, a TLRS ligand. The
optimum flagellin stimulation was chosen according to
protein levels of IL-37 from cell lysates and CXCLS8 from
cell media; the latter was used as an indicator for TLRS
signaling due to a strong induction of CXCLS8 upon flag-
ellin stimulation [27]. Following 24 h stimulation, our
results showed that 100 ng/ml flagellin was the minimum
amount that significantly induced IL-37 mRNA expression
(data not shown) and increased protein expression,
although it did not reach significance compared to
unstimulated cells (Fig. 1a). Thereafter, according to
results from the 24 h stimulation, the cells were stimulated
with 10 or 100 ng/ml for 6, 12, or 48 h (Fig. 1a). Signifi-
cant increases in intracellular IL-37 protein levels were
observed in cells stimulated with 10 or 100 ng/ml flagellin
for 12 h (Fig. 1a). In addition, 100 ng/ml flagellin stimu-
lation for 12 h caused a significant increase in IL-37
mRNA expression compared to unstimulated cells (data
not shown).
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Fig. 1 IL-37 and CXCLS8
protein expressions in response
to 10 or 100 ng/ml flagellin
stimulation of T84 cells for
different time periods. Protein
levels of intracellular IL-37 (a),
secreted IL-37 (b), and secreted
CXCLS (¢) in cell culture media
were compared to unstimulated
controls (n = 4). Statistically
significant differences are
marked as *, ** or *** and
depict p < 0.05, < 0.01,

or < 0.001, respectively. All
data are shown as mean + SEM
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It has previously been shown that upon TLR signaling,
IL-37 can be secreted extracellularly to inhibit expression
of cytokines, such as IFN-y [11, 32]. We also addressed
whether secreted IL-37 could be involved in regulation of
chemokine expressions. IL-37 protein levels from cell
media were significantly increased following stimulation
with 100 ng/ml flagellin for 6 h, albeit not at 12, 24, or
48 h, compared to unstimulated cells (Fig. 1b). CXCL8
protein levels in cell media were significantly enhanced
when stimulated with two different flagellin concentrations
(100 and 500 ng/ml) after 24 h (data not shown). In addi-
tion, only 100 ng/ml flagellin stimulation led to increased
CXCLS protein levels in cell media after all four time
points (Fig. 1c). Therefore, according to the mRNA and
protein expression results of IL-37 from cell lysate and
CXCLS from cell media, 100 ng/ml flagellin stimulation
for 12 h was chosen as an optimum setting for further
experiments.

IL-37 Protein Levels Were Reduced by 20% Using
the CRISPR/Cas9 System Compared to Cells
Transfected with Empty CRISPR/Cas9 Plasmid

The CRISPR/Cas9 mediated reduction in IL-37 protein
levels was assessed by Western blot (Fig. 2). Densitometric
measurements from the Western blot where IL-37 protein
levels were normalized to GAPDH protein levels demon-
strated a 20% reduced protein expression in comparison
with TFneg cells.

Reduction in IL-37 Protein Levels Significantly
Increased mRNA and Protein Expressions of CCL2,
CCL5, CXCLS8, CXCL10, and CXCL11

CCL2 is an important chemoattractant for monocytes and
plays a role in T helper type 2 responses [33-35]. IL-

§?'
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IL-37h s e SR e 24KDa
GAPDH e e " = 40KkDa

Fig. 2 Reduction in IL-37 protein expression detected by Western
blot. CRISPR/Cas9 mediated reduction in IL-37 protein expression.
T84 cells were transfected with IL-37sgRNA and intracellular IL-37
protein expressions were compared to cells transfected with an empty
plasmid (TFneg). GAPDH served as a loading control. 50 pg of total
protein from whole cell lysate was loaded. WT wild-type T84 cells

37sgRNA cells showed significant increases in CCL2
mRNA (Fig. 3a) and protein (Fig. 3b) expressions upon
flagellin stimulation compared to both unstimulated IL-
37sgRNA cells and compared to flagellin-stimulated TFneg
cells, whereas unstimulated IL-37sgRNA cells showed
significantly decreased CCL2 protein levels compared to
unstimulated TFneg cells (Fig. 3b).

CCLS is a pleiotropic chemokine attracting Treg cells,
eosinophils, and macrophages [36, 37], whereas CXCLS8
selectively recruits neutrophils [36]. IL-37sgRNA cells
showed significantly increased CCL5 mRNA expression
compared to TFneg cells, as well as spontaneously increased
protein levels (Fig. 3a, b). CXCL8 mRNA and protein levels
were significantly upregulated upon flagellin stimulation in
IL-37sgRNA cells compared to unstimulated IL-37sgRNA
cells (Fig. 3a, b). CXCL8 mRNA levels were also signifi-
cantly increased upon flagellin stimulation in WT cells, and
protein levels were only detected in flagellin-stimulated WT
cells (Fig. 3a, b). Furthermore, flagellin-stimulated IL-
37sgRNA cells showed significantly increased CXCLS
mRNA and protein levels compared to flagellin-stimulated
TFneg cells (Fig. 3a, b). Similarly, chemokine recruiting T
helper 1 (Thl) and CDS8* T cells CXCL11 [38] had signif-
icant increases in both mRNA and protein levels in IL-
37sgRNA cells compared to TFneg cells, regardless of
flagellin stimulation (Fig. 3a, b). CXCL10 mRNA levels
significantly increased upon flagellin stimulation in IL-
37sgRNA cells compared to TFneg cells. Moreover, flag-
ellin stimulation led to a significant increase in CXCL10
mRNA expression in WT and IL-37sgRNA cells compared
to their unstimulated counterparts (Fig. 3a). Additionally,
the reduction in IL-37 protein levels led to spontaneous
increase in mRNA and protein levels of CCL5, CXCLS,
CXCLI10, and CXCL11 (Fig. 3a, b).

Reduced IL-37 Protein Levels Significantly
Increased CCL3, CCL20, and CX;CL1 mRNA
Expressions, Whereas CCL4 and CCL22 mRNA
Expressions Were Significantly Decreased

CCL3 attracts macrophages [36, 39], whereas CX;CL1
recruits macrophages, Th1 and CD8" T cells [36]. In IL-
37sgRNA cells, the reduced IL-37 protein levels caused
significantly increased CCL3 and CX3CL1 mRNA expres-
sions compared to TFneg cells, which was not changed upon
flagellin stimulation (Fig. 4a). However, protein levels of
CCL3 were lower than the detection limit in all cell types
(3.2 pg/ml, Fig. 4b). Compared to TFneg cells, CX;5CL1
protein levels were significantly decreased in IL-37sgRNA
cells, regardless of flagellin stimulation (Fig. 4b).

CCL20 selectively recruits Th17 cells [36] and has
previously been shown to be upregulated by flagellin
stimulation [27, 40]. In the present study, flagellin
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stimulated with 100 ng/ml flagellin for 12 h, whereas empty bars
denote unstimulated cells. First, unstimulated cells with reduced IL-
37 levels (IL-37sgRNA) were compared to unstimulated cells
transfected with an empty plasmid (TFneg), whereas the IL-37sgRNA
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cells stimulated with flagellin are compared to TFneg cells stimulated
with flagellin. Second, unstimulated cells are compared to flagellin-
stimulated cells, within the same cell type (WT, TFneg or IL-
37sgRNA). Statistically significant differences are marked with *, **,
or *** depicting p < 0.05, < 0.01, or < 0.001. All data are shown as
mean £+ SEM. WT wild-type T84 cells, N.D not detected
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«Fig. 4 mRNA (a) and protein (b) levels of CCL3, CX;CL1, and
CCL20 (n =5). The filled bars represent cells stimulated with
100 ng/ml flagellin for 12 h, whereas empty bars denote unstimulated
cells. First, unstimulated cells with reduced IL-37 levels (IL-
37sgRNA) were compared to unstimulated cells transfected with an
empty plasmid (TFneg), whereas the IL-37sgRNA cells stimulated
with flagellin are compared to TFneg cells stimulated with flagellin.
Second, unstimulated cells are compared to flagellin-stimulated cells,
within the same cell type (WT, TFneg or IL-37sgRNA). Statistically
significant differences are marked with *, ** or *** depicting
p < 0.05, <0.01, or < 0.001. All data are shown as mean £+ SEM.
WT wild-type T84 cells, N.D not detected

stimulation significantly upregulated CCL20 mRNA
expression in all cell types compared to unstimulated cells
(Fig. 4a). Similarly, flagellin stimulation in WT cells led to
significantly increased CCL20 protein levels compared to
unstimulated WT cells (Fig. 4b). CCL20 mRNA levels
were significantly enhanced in flagellin-stimulated IL-
37sgRNA cells compared to flagellin-stimulated TFneg
cells (Fig. 4a), whereas CCL20 protein levels in cell media
were not significantly changed (Fig. 4b).

CCL4 and CCL22 attract macrophages [36, 39], and
CCLA4 can also recruit eosinophils [36, 37]. Upon flagellin
stimulation, all cell types showed significantly increased
CCL22 mRNA levels compared to unstimulated cells,
whereas IL-37sgRNA cells showed significantly reduced
CCL4 and CCL22 mRNA expressions compared to TFneg
cells (Fig. 5a). CCL4 protein levels were lower than the
detection limit (3.2 pg/ml), and no significant change was
detected in CCL22 protein levels in cell media (Fig. 5b).

CXCL9 recruits Thl and CD8" T cells [38]. In WT
cells, flagellin stimulation led to significantly increased
CXCL9 mRNA expression compared to unstimulated WT
cells, and CXCL9 protein levels were detected only in
flagellin-stimulated WT cells (Fig. 5a, b). We did not
detect any CXCL9 protein or any significant changes in
CXCL9 mRNA expression in IL-37sgRNA or TFneg cells
regardless of flagellin stimulation (Fig. 5a, b).

Discussion

In this study, we used an intestinal epithelial cell line
model to understand the possible regulatory role of IL-37
on chemokines involved in recruitment of immune cells in
the immunopathology of MC. Even a minor reduction in
IL-37 protein levels resulted in noticeable upregulations in
mRNA and protein expressions of CCL2, CCL5, CXCLS,
and CXCL11. In addition, IL-37 may be involved in reg-
ulation of CCL3, CXCL10, CX5CL1, and CCL20 mRNA
expressions, whereas CCL4 and CCL22 mRNA expres-
sions were further decreased in cells with reduced IL-37
protein levels. Overall, our results show that IL-37 might
be an important regulatory factor involved in chemokine
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expressions by colon epithelial cells and could play a role
in the development of MC.

The intestinal epithelial cell line T84 expressed TLRS
on the cell surface, in line with previous findings [31].
Colonic epithelial cells express TLRS predominantly on
the basolateral side, which is separated from the colon
microbiota [41]. Due to epithelial damage in inflammatory
bowel disease (IBD) patients, the bacteria can reach the
basolateral side of epithelial cells and may lead to aberrant
immune responses [42], which is supported through
upregulation of TLRS expression in IBD patients [43].
Similarly, MC patients also show intestinal epithelial cell
damage [1] and enhanced production of CCL2 [6]. In IBD
patients, increased CCL2 mRNA and protein expressions
were detected in areas with epithelial cell damage and were
correlated with disease activity [44]. Enhanced CCL2
mRNA and protein levels in cells with reduced IL-37 levels
indicate a possible correlation between TLRS stimulation
due to enhanced contact with microbiota and CCL2
expressions in disease immunopathogenesis. In addition,
the present study shows that TLRS signaling led to
increased mRNA and protein levels, corroborating our
previous studies [6, 23] as well as findings in Crohn’s
disease (CD) and ulcerative colitis (UC) patients [44—49].

IL-37 gene and protein expressions were induced by
TLRS signaling. As we observed no significant changes in
IL-37 secretion in the cell media of T84 cells after 12 h of
flagellin stimulation, the main focus of this study was the
function of intracellular IL-37, which suppresses tran-
scription of cytokines and chemokines in the nucleus
[12, 13]. Spontaneous increases in chemokine mRNA and
protein expressions in cells with reduced IL-37 protein
levels support an anti-inflammatory role of intracellular IL-
37 on chemokine production [12, 13]. Upregulation of
these chemokines might be due to the diminished IL-37
gene levels observed in MC patients [7], which in turn may
contribute to their aberrant immune responses via recruit-
ing mixed immune cell populations of neutrophils, eosi-
nophils, monocytes, and effector T cells [36, 37, 50, 51].
The sum of a changed chemokine pattern due to reduced
IL-37 expression warrants further functional studies aimed
at dissecting MC disease pathology using a transwell
migration assay to determine the effect of reduced IL-37
expression in T84 cells in attracting immune cells.

We suggest that the 20% reduction in IL-37 expression
compared to TFneg cells, which might be considered a
modest effect, may in fact better mirror the in vivo situation
and the changes observed in CC and LC patients ex vivo due
to a reduction in IL-37 gene expression rather than a com-
plete loss of function in these patients [7]. Our previous study
showing a similar chemokine expression profile [6] further
supports our current model of a reduced IL-37 production
which affects chemokine production. MC is a chronic
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Fig. 5 mRNA (a) and protein A CCL4
(b) levels of CCL4, CCL22, and

CXCL9 (n = 5). The filled bars

represent cells stimulated with 30 4
100 ng/ml flagellin for 12 h,
whereas empty bars denote
unstimulated cells. First,
unstimulated cells with reduced
IL-37 levels (IL-37sgRNA)
were compared to unstimulated
cells transfected with an empty
plasmid (TFneg), whereas the
IL-37sgRNA cells stimulated
with flagellin are compared to
TFneg cells stimulated with
flagellin. Second, unstimulated
cells are compared to flagellin-
stimulated cells, within the
same cell type (WT, TFneg or
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inflammatory disease, with the highest incidence in peo-
ple > 60 years. It has been shown that elderly people can
have altered cytokine productions which affects the inflam-
matory response [reviewed in [52, 53]]. This cell line model
with reduced IL-37 protein levels may suggest a possible risk

of MC development in elderly people, if the ability to pro-
duce IL-37 decreases in certain individuals [53].

Decreased IL-37 protein levels in T84 cells were
achieved by targeted mutagenesis using the CRISPR/Cas9
system [19], in which Cas9 protein triggered immune

@ Springer
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responses or feedback mechanisms in T84 cells. To
exclude possible effects of transfection on chemokine
expression, IL-37sgRNA cells were compared to cells
transfected with plasmids without IL-37sgRNA constructs
(TFneg cells). Although we achieved a minor reduction
(20%) using IL-37sgRNA, the changes in chemokine
expression due to reduced IL-37 protein levels were evi-
dent for several chemokines. These reductions may be
clinically more relevant for understanding MC
immunopathogenesis, since these patients demonstrated
reduced IL-37 gene expressions but not a defect in the gene
level [7]. These results may elucidate the effect of reduced
IL-37 mRNA and protein levels observed also in other
inflammatory diseases, such as Behcet’s disease [54],
ulcerative colitis [7], and hepatocellular carcinoma [55].

Conclusions

In this study, we have demonstrated the regulatory role of
IL-37 on chemokine gene and protein expressions in the
colon epithelial cell line. Our results show that even a
minor decrease in the ability of colon epithelial cells to
produce IL-37 results in a change in chemokine expression,
mainly an increase in the production of several chemo-
kines. A decreased IL-37 expression by colon epithelial
cells may therefore be an important factor in increasing the
recruitment of immune cells and subsequently developing
microscopic colitis.
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