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Abstract. IL-1-related cytokines share similarities in
their receptor distribution and signalling pathways;
however, overlapping actions of these cytokines have
not been clearly demonstrated. The aim of our study
was to compare the capacity of different IL-1-related
cytokines to stimulate production and release of mul-
tiple CC and CXC chemokines by epithelial cells.
The chemokine gene expression was studied using a
c¢DNA array system in human alveolar type-II like
cells A549 stimulated by IL-1p, IL-18, and IL-33.
The chemokine levels in culture supernatants were
measured using multiplex immunoluminometric as-
say or by ELISA. In repetitive experiments, in re-
sponse to IL-1f epithelial cells expressed mRNA for
CCL2, CCL5, CXCL1, CXCL2, CXCL3, CXCLS5,
CXCL6, CXCLS8, and CXCLI11. In contrast, induc-
tion of epithelial cells by IL-33 and IL-18 resulted
only in moderate up-regulation of a few CC or CXC
chemokines compared to the potent effect of IL-1§
stimulation. We conclude from our data that indi-
vidual members of the IL-1 family, although related
in molecular structure and signalling pathways,
widely differ in their capacity to stimulate epithelial
production of both CXC and CC chemokines.
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Introduction

Respiratory epithelial cells play an important role in
defence mechanisms of the lung by releasing chemokines
responsible for recruitment of immune cells. Their re-
ceptor structures are able to recognize different signals
from the environment and in the case of injury respond
immediately by up-regulation of pro-inflammatory genes.
A large scale of chemokines may be released from lung
epithelial cells in response to bacterial motifs (Gud-
mundsson and Hunninghake, 1999; Koyama et al.,
1999b; Graham and Paton, 2006; Mendez-Samperio et
al., 2006; Sachse et al., 2006; Kohwiwattanagun et al.,
2007), viral infections (Carpenter et al., 2002; Jang et
al., 2006, Kanzawa et al., 2006), fungi (Zhang et al.,
2005), but also to non-infectious injuries such as cyclic
stretch (Li et al., 2003; dos Santos et al., 2004), oxygen
tension (Wendel et al., 2008) or inhaled stimuli from the
environment like allergens (Asokananthan et al., 2002;
Adam et al., 2006; Kauffman et al., 2006), exhaust par-
ticles (Lee et al., 2005), or mineral particles (Ovrevik et
al., 2006). In addition to these immediate responses to
external stimuli, respiratory epithelial cells actively
communicate with immune cells in the frame of the cy-
tokine network. Among the pro-inflammatory cytokines,
tumour necrosis factor (TNF) a (Krunkosky et al., 2005)
and IL-1P (Koyama et al., 1999a; O‘Gorman et al., 2005;
Thomas et al., 2007) are the most potent inducers of
chemokines in the respiratory epithelium. These cyto-
kines are released within minutes after reperfusion fol-
lowing organ transplantation, and thus play an important
role in driving the immune response (Walsh et al., 2004).

The role of other members of the IL-1 family of cy-
tokines such as IL-18 and IL-33 in the activation of epi-
thelial cells has been much less characterized. Although
they share structural similarities and several biological
properties overlap for these cytokines (Barksby et al.,
2007), differences do exist in signalling pathways (Lee
et al., 2004; Schmitz et al., 2005). In an animal model,
instillation of IL-18 was associated with a significant in-
crease in peribronchial eosinophil accumulation togeth-
er with a significant increase in eotaxin, but not other
eosinophil chemotactic factors (Campbell et al., 2000).
Furthermore, IL-18 with IL-2 promotes Th2 cytokine
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production from T cells and natural killer (NK) cells and
IL-18 along with IL-3 also stimulates basophils and
mast cells towards Th2 cytokine responses in a mouse
model of bronchial asthma (Ishikawa et al., 2006). On
the other hand, a recent study demonstrated that the
combination of IL-2 and IL-18 might prevent airway
hyperreactivity and airway inflammation, likely through
IL-12-mediated induction of interferon y (IFN-y) pro-
duction in NK cells (Matsubara et al., 2007). IL-18 may
also be involved in enhancing the lipopolysaccharide
(LPS)-induced neutrophilic inflammation of the lung
but does not affect the resolution of inflammation
(Harris et al., 2007). Similarly to IL-18, IL-33 promotes
production of Th2-associated cytokines (Ho et al., 2007;
likura et al., 2007) and seems to also be a selective Th2
chemoattractant (Komai-Koma et al., 2007). The role of
IL-33 in allergic inflammation is supported by an ex-
perimental study showing inhibition of Th2 cytokine
production by soluble IL-33 receptor ST2 (Hayakawa et
al., 2007). It has become quite clear that epithelial sur-
faces play an active role in immune and immunopatho-
logical reactions in the lung (Schleimer et al., 2007);
however, the mechanisms by which respiratory epithe-
lial cells regulate the influx of immune cells in response
to the IL-1 family of cytokines has not yet been fully
elucidated. The aim of our study was to compare IL-1§,
IL-18, and IL-33 with respect to their capacity to induce
multiple chemokines in the epithelial tissue culture model.

The importance of studying chemokines is obvious
from the number of clinical studies. Hoffman et al.
(2009) have demonstrated elevated levels of MIG
(CXCL-9) and interferon-inducible protein 10 (IP-10)
(CXCL-10) in plasma samples of patients with primary
graft dysfunction (PGD) after lung transplantation.
Cumulative elevation of monokine induced by inter-
feron-y (MIG) (CXCL-9) and IP-10 (CXCL-10) meas-
ured in bronchoalveolar lavage (BAL) has been associ-
ated with a significant risk of graft failure after transplant
(Neujahr et al., 2012). Furthermore, IP-10 plays a key
role in early injury after cardiac and kidney transplanta-
tion (Hoffman et al., 2009). Although the most potent
inducer in chemokine expression is ischaemia/reperfu-
sion (I/R) injury, chemokines also play an important
role in autoimmune diseases such as psoriasis vulgaris
(Ekman et al., 2013) or systemic lupus erythematosus
(Hrycek et al., 2012).

Material and Methods

Cell culture technique

The A549 alveolar type II-like cell line was purchased
from American Tissue Culture Collection (ATCC,
Manassas, VA). Cells were cultured in Iscove’s modi-
fied Dulbecco’s medium (IMDM) (Sigma-Aldrich, St.
Louis, MO) containing 5% foetal calf serum (FCS) and
L-glutamine, penicillin, streptomycin (Sigma-Aldrich)
until confluence in 6-well tissue culture plates (Costar,
Corning, NY). The medium was removed and the cells

were washed twice with Earle’s Balanced Salt Solution
(EBS) (Sigma-Aldrich) to exclude the effect of different
serum factors and then stimulated in serum-free IMDM
medium with IL-1f (1-100 ng/ml), IL-18 (1-100 ng/ml)
purchased from R&D Systems (Minneapolis, MN) and
IL-33 (1-100 ng/ml) obtained from Alexis Bioche-
micals (San Diego, CA). After 24 h the supernatants
were collected and tested for concentrations of selected
chemokines by Luminex technology (R&D Systems)
and the cells for isolation of total RNA were harvested
by trypsinization with Trypsin-EDTA Solution for
Endothelial Cell Cultures (Sigma-Aldrich). After cell
detachment, the effect of trypsin was inhibited by FCS.
Cells were centrifuged and the cell pellet was resus-
pended in the RNA stabilization reagent RNAprotect
Cell Reagent (Qiagen, Hilden, Germany). Before RNA
isolation cells were centrifuged at 5,000 g for 5 min to
remove the stabilization reagent. RNA was isolated us-
ing a column-based commercial kit RNeasy Plus Mini
Kit (Qiagen) according to manufacturer’s instructions.
Spectrophotometric measurement was performed for
checking the quality of nucleic acid isolation.

Gene expression of chemokines and chemokine
receptors

The expression of genes that encode 26 different
chemokines and 16 chemokine receptors as well as 44
other related genes was analysed using RT2 PCR Profiler
kit — Human Chemokines & Receptors PCR Array
(SABiosciences, Frederick, MD, Table 1) according to
manufacturer’s instructions. Twelve primer pairs for
quality control of reverse transcription and PCR synthe-
sis efficacy and contamination with genomic DNA are
included in the gene array.

The starting amount of RNA for cDNA synthesis was
0.5 pg in each sample. Measurement of each sample
was repeated three times. Evaluation of relative gene
expression was performed with web-based software
PCR array analysis (http://www.sabiosciences.com/
pcrarraydataanalysis.php). The algorithm is based on
relative quantification of a certain gene in the sample
compared to the same gene in the control sample using
the 2;24€ equation. ¢-Test statistics was used for assess-
ing the differences in gene expression. Genes with at
least 4-fold change with P value less than 0.05 were con-
sidered statistically significant.

Determination of selected chemokines
by a multiplex immunoluminometric assay

The A549 cells were stimulated with different con-
centrations of pro-inflammatory cytokines IL-1f, IL-18,
and IL-33. After 24 h the supernatants were simultane-
ously tested for the presence of different CC (CCL2,
CCL3, CCL4, CCL5) and CXC (CXCLS, CXCLSY)
chemokines using the x-multianalyte profiling technol-
ogy (x-MAP) in a Luminex machine. The device is
based on laser analysis of analyte-specific antibody-
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Table 1. List of analysed genes

Abbreviation | Name CXCLI11 Chemokine (C-X-C motif) ligand 11
APLNR Apelin receptor CXCLI2 Chemokine (C-X-C motif) ligand 12
BDNF Brain-derived neurotrophic factor CXCL13 Chemokine (C-X-C motif) ligand 13
CXCR5 Chemokine (C-X-C motif) receptor 5 CXCL2 Chemokine (C-X-C motif) ligand 2
Cs Complement component 5 CXCL3 Chemokine (C-X-C motif) ligand 3
C54R1 Complement component Sa receptor 1 CXCcL5 Chemokine (C-X-C motif) ligand 5
CCBP2 Chemokine binding protein 2 CXCL6 Chemokine (C-X-C mo?if) ligapd 6
CCLI Chemokine (C-C motif) ligand 1 (granulocyte chemotactic protein 2)
CXCL9 Chemokine (C-X-C motif) ligand 9
ccLil Chemokine (C-C motif) ligand 11 emokine ( motif) ligan
CCLI3 Chemokine (C-C motif) ligand 13 CXCR3 Chemokine (C-X-C motif) receptor 3
emokine (C-C motif) ligan - -
CCLIS Chemokine (C-C motif) ligand 15 CXCR4 Chemokine (C-X-C motif) receptor 4
CCLIG Chemokine (C-C motif) ligand 16 CXCR6 Chemokine (C-X-C motif) receptor 6
CCLI7 Chemokine (C-C motif) ligand 17 CYFIP2 Cytoplasmic FMR1 interacting protein 2
emokine (C-C motif) ligan
TYMP Thymidine phosphoryl
CCLIS Chemokine (C-C motif) ligand 18 o 1n‘e P OSP (?ry ase
(pulmonary and activation-regulated) GDF5 Growth differentiation factor 5
CCLI9 Chemokine (C-C motif) ligand 19 GPR31 G protein-coupled receptor 31
CCL2 Chemokine (C-C motif) ligand 2 HCARI Hydroxycarboxylic acid receptor 1
CCL3 Chemokine (C-C motif) ligand 3 HIFI1A4 Hypoxia inducible factor 1, a subunit
CCLe Chemokine (C-C motif) ligand 4 (basic helix-loop-helix transcription factor)
IL13 Interleukin 13
ccLs Chemokine (C-C motif) ligand 5 ferenrin
; . IL16 Interleukin 16
CcCL7 Chemokine (C-C motif) ligand 7
CCLS Chemokine (C-C motif) ligand § IL18 Interleukin 18 (interferon y-inducing factor)
B B £ IL1A Interleukin 1, a
CCRI1 Chemokine (C-C motif) receptor 1
; B 1.4 Interleukin 4
CCRI10 Chemokine (C-C motif) receptor 10
- - IL8 Interleukin 8
CCR2 Chemokine (C-C motif) receptor 2
CCR3 Chemokine (C-C motif) tor 3 CXCRI Chemokine (C-X-C motif) receptor 1
emokine (C-C motif) receptor
LTB4R Leukotri B4 t
CCR4 Chemokine (C-C motif) receptor 4 VP2 Meu .0 riene I recif il 2 (gelat .
: ; atrix metallopeptidase 2 (gelatinase A,
CCRS5 Chemokine (C-C motif) receptor 5 72 kDa gelatinase, 72 kDa type IV
CCR6 Chemokine (C-C motif) receptor 6 collagenase)
CCR7 Chemokine (C-C motif) receptor 7 MMP7 Matrix metallopeptidase 7
CCRS Chemokine (C-C motif) receptor 8 (matrilysin, uterine)
CCRLI Chemokine (C-C motif) receptor-like 1 MYDSS Myel(()ég)dlfferentlatlon primary response
: : : gene
CCRL2 Chemokine (C-C motif) receptor-like 2 NFKBI Nuclear factor of « light polypeptide gene
CKLF Chemokine-like factor enhancer in B-cells 1
CMTM1 CKLF-like MARVEL transmembrane AIMPI Aminoacyl tRNA synthetase
domain containing 1 complex-interacting multifunctional protein 1
CMTM?2 CKLE-like MARVEL transmembrane SDF2 Stromal cell-derived factor 2
domain .contalmng 2 SLIT? Slit homologue 2 (Drosophila)
CMTM3 gﬁ;ﬁgﬂgﬁ;‘égL fransmembrane TCP10 T-complex 10 homologue (mouse)
CMTM4 CKLF-like MARVEL transmembrane TLR2 Toll-like receptor 2
domain containing 4 TLR4 Toll-like receptor 4
CMKLRI CHEMOKINE-LIKE RECEPTOR 1 TNF Tumour necrosis factor
CSF3 Colony-stimulating factor 3 (granulocyte) TNFRSFIA Tumour necrosis factor receptor superfamily,
CX3CLI Chemokine (C-X3-C motif) ligand 1 member 1A
CX3CRI Chemokine (C-X3-C motif) receptor 1 TNFSF14 Tumour necrosis factor (ligand) superfamily,
member 14
CXCLI Chemokine (C-X-C motif) ligand 1 . - -
(melanoma érow ths timug.ti fg activity, ) TREM1 Triiggermg receptor expressed on myeloid
’ cells 1
CXCLIO Chemokine (C-X-C motif) ligand 10 VHL Von Hippel-Lindau tumour suppressor
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coated microparticles (beads) that differ in fluorescent
intensity. For our measurement we used the Luminex'®
System (Luminex B.V., Oosterhout, The Netherlands)
supplied with two lasers, a 635 nm diode laser exciting
the red and infrared fluorochromes associated with mi-
croparticles and the second laser, 523 nm neodymium/
yttrium-aluminium-garnet laser exciting fluorochrome
phycoerythrin (PE) that is conjugated with streptavidin.

Briefly, during the first 3 h, 50 pl of supernatants were
incubated at room temperature with gentle agitation on
a horizontal orbital shaker together with chemokine-
specific antibody-coated microparticles, and after wash-
ing off the unbound substances the secondary antibodies
conjugated with biotin were added and samples were
then incubated for another 1 h. After incubation and
washing off the unbound secondary antibodies, strepta-
vidin-PE was added and bound to biotin on a secondary
biotinylated antibody, and after 30 min incubation and
washing the microparticles were finally resuspended in
100 pl of wash buffer and then evaluated by the Luminex
analyser. Standards and samples were incubated in a spe-
cial filter-bottomed 96-well plate from which the fluid
was drained out using a microplate vacuum manifold.
The concentrations of individual chemokines were cal-
culated by interpolation from particular standard curves.

Statistics

Paired-sample #-test, one-way analysis of variance
(ANOVA), Kruskal-Wallis test, and Spearman rank cor-
relations were used for the statistical analysis of dif-
ferences in the chemokine levels in supernatants of
stimulated cells; P values below 0.05 were considered
statistically significant.

Results

The effect of IL-1p, IL-18, and IL-33 on
chemokine gene induction in A549 cells

Stimulation with 50 ng/ml of IL-1p for 24 h resulted
in up-regulation of nine chemokine genes with the high-

A 20-
g 118
== IL-18

= IL-33

1o
108

fold change

est increase in mRNA expression found for CXCLI
(GROa), CCL5 (RANTES), CXCL5 (ENA-78), CXCLS
(IL-8), CXCL6 (GCP-2), CXCLII (I-TAC), CXCL2
(GROB), CXCL3 (GROy) and CCL2 (MCP-1) (Fig.
1A). Stimulation of A549 cells with 50 ng/ml of IL-18
slightly up-regulated expression of only two chemokine
genes, CXCL5 (ENA-78) and CXCL6 (GCP-2). IL-33
was a more potent stimulator as its stimulation resulted
in a moderate increase of five chemokine mRNAs,
CXCLI (GROa), CCL5 (RANTES), CXCL5 (ENA-78),
CXCL6 (GCP-2) and CXCL2 (GROB) as compared to
unstimulated cells. Neither IL-18 nor IL-33 was able to
induce CXCLS, CXCL11, CXCL3 and CCL2.

All three cytokines down-regulated expression of
CCL17 (TARC), CCR7, CCRLI, CCRL2, CX3CLI
(Fractalcine), CXCL12 (SDF), CXCR5 and CXCR6
(Fig. 1B).

Chemokine concentrations in culture
supernatants of stimulated epithelial cells

In order to confirm mRNA data obtained from qRT-
PCR, a panel of selected CC and CXC chemokines was
evaluated by using the multiplex luminometric system
Luminex. In agreement with mRNA data, stimulation of
A549 cells with IL-1f (50 ng/ml) for 24 h induced high
levels of CCL2 (MCP-1) (Fig.2A) and CCL5 (RANTES)
(Fig. 2D). Despite a high concentration of CCL3 (MIP-
la) (Fig. 2B) and CCL4 (MIP-1p) (Fig. 2C) proteins in
the supernatant, mRNA data did not show any signifi-
cant up-regulation of the corresponding genes. This
might be due to the fact that mRNA expression was as-
sessed at a certain time point, while measurement of
protein concentration came from a cumulative effect of
the chemokine in the supernatant during the incubation,
and thus mRNA expression did not necessarily corre-
spond with the protein concentration. In the case of
CCL5, borderline up-regulation was also found in cells
stimulated with 50 ng/ml of either IL-18 or IL-33.
Similarly to CC chemokines, in CXC chemokines IL-10
was also found to be the most potent stimulus inducing

B gp-
EE IL-1B

B IL-18
= IL-33

0t
-20

40 [

fold change

L]
(9 "Jo\:\
o ¥} 00 00 d.

Fig. 1. The cells were cultured until confluence and then stimulated with cytokines at 50 ng/ml concentrations. The ex-
pression of genes encoding 26 different chemokines and 16 chemokine receptors as well as the 44 other related genes
were analysed using the RT2 PCR Profiler kit. Stimulation of A549 cells with IL-1f resulted in increased (1A) or de-
creased (1B) expression of mRNA in some chemokine genes. Both IL-18 and IL-33 showed only a limited effect on
chemokine gene expression.
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Fig. 2. The cells were cultured until confluence and then stimulated with cytokines IL-1p, IL-18, and IL-33 at 50 ng/ml
concentrations. The supernatants were collected after 24 h and the levels of A) CCL2 (MCP1), B) CCL3 (MIP-1a), C)
CCL4 (MIP-1B) and D) CCL5 (RANTES) were measured by Luminex. Only IL-1 but not IL-18 or IL-33 induced sig-

nificant release of the chemokine.

both CXCL5 (ENA-78) and CXCLS8 (IL-8) (Fig. 3).
Neither IL-18 nor IL-33 showed significant induction of
chemokine release to the culture media of A549 cells. In
order to exclude the possibility that IL-18 and IL-33 re-
quire higher concentrations than IL-1B to be able to
stimulate the cells, the dose dependency of CXCLS re-
lease was tested for all three stimuli. The CXCLS re-
lease from AS549 cells reached the plateau at 10 ng of
IL-1p/ml, and neither IL-18 nor IL-33 showed an ade-
quate effect up to 100 ng/ml concentrations (Fig. 4).
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Fig. 3. Similarly to CC chemokines, also in CXC chemoki-
nes IL-1p was found to be the most potent stimulus induc-
ing both CXCL5 (ENA-78) and CXCLS (IL-8).

Discussion

Our data demonstrated respiratory epithelial cells as
an important source of both CC and CXC chemokines
and support their role as key elements in regulating im-
mune and inflammatory reactions in the lung (Schleimer
et al., 2007). The differences in the capacity of individ-
ual members of the IL-1 family of cytokines to induce
chemokines might be partially explained by the receptor
expression or binding properties. In this respect, our

Production of CXCLS (IL-8) by AB49 cells
stimulated by IL-1 related cytokines
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Fig. 4. In order to exclude the possibility that IL-18 and
IL-33 require higher concentrations than IL-1 to be able
to stimulate the cells, the dose dependency of CXCLS8 re-
lease was tested in all three stimuli.
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previous study showed detectable basal expression of
IL-18a chain receptors in A549 cells and a moderate re-
sponse to recombinant IL-18 (Krasna et al., 2005). Also,
the expression of the IL-33 receptor gene has been dem-
onstrated in A549 cells (Tajima et al., 2007). Signalling
differences are another possibility for the fact that IL-1§
is a much more potent inducer of chemokine genes than
other members of the IL-1 family (Lee et al., 2004). The
cell-specific effects should be taken into account as
well. The role of IL-18 or IL-33 in inflammatory re-
sponses has not yet been completely elucidated and their
main effect might rather be relatively specific targeting
of T lymphocytes (Ishikawa et al., 2006; Komai-Koma
et al., 2007) than induction of local inflammation with
tissue damage, like in the case of TNF-a or IL-1B. Our
data are in agreement with a recent study showing that
IL-1B, but not IL-18, induces transcription-dependent
lower airway epithelial cell-specific CCLS5 secretion
(Thomas et al., 2007) and extend these observations to
multiple chemokines. With respect to T-lymphocyte
chemoattraction by factors derived from respiratory
cells, the previous study documented a key role of IFN-y
in the induction of CXCL9 (MIG), CXCLI10 (IP-10),
and CXCL11 (I-TAC), where IL-1p was involved only
as a co-stimulatory factor (Sauty et al., 1999). In our
experiments, IL-1 itself was shown to be a potent in-
ducer of the CXCL1I gene and did not require pre-stim-
ulation with IFN-y. The induction of CXCL9 and
CXCLI0 genes was not clearly demonstrated in our
study, possibly due to a different time point needed for
analysis of mRNA expression.

Chemokines released from respiratory epithelial cells
in response to pro-inflammatory cytokines are undoubt-
edly the key regulators regulating the influx of either
neutrophils, monocytes, NK cells, dendritic cells, mast
cells, or T lymphocytes to the site of mucosal injury.
Recent pharmacological strategies in progress involving
chemokine antagonists should also be tested by using
inhalatory routes to interrupt epithelial communications
with other immune cells.
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