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Pleural Effusion IL-33/sST2 Levels and Effects of Low
andHigh IL-33/sST2 Levels onHumanMesothelial Cell
Adhesion and Migration
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Abstract— Interleukin 33 (IL-33) is an alarmin with multiple roles in immunity and cell
homeostasis, highly expressed in barrier sites, acting via the suppression of tumorigenicity 2
receptor (ST2). Production of IL-33 and soluble ST2 (sST2), a decoy receptor for IL-33, has
been implicated in several pulmonary diseases, but both have been scarcely investigated in
pleural diseases. The aim of this study was to determine the levels of IL-33 and sST2 in
transudative (TrPEs), malignant (MPEs), and parapneumonic (PPEs) pleural effusions (PEs)
and investigate the effect of PE fluids from each group with low and high IL-33/sST2 levels
on MeT-5A cell adhesion and migration. IL-33 and sST2 pleural fluid levels were similar
among TrPEs, MPEs, and PPEs. However, a significant correlation was found between IL-33
and LDH and in sST2 levels with lymphocyte counts in TrPEs. Additionally, in MPEs the
levels of IL-33 correlated with the levels of sST2 and with the red blood cell counts.
Furthermore, incubation of MeT-5A cells with MPEs and PPEs bearing low or high levels
of IL-33/sST2 yielded significant differential effects onMeT-5A cell adhesion and migration.
In MPEs, high IL-33/sST2 levels led to increased adhesion and migration of MeT-5A cells,
while in PPEs the effect was the opposite, while no effect in both cell phenotypes was
determined for TrPEs. These results reveal a clinical context dependent effect of the IL-33/
sST2 axis in PEs.
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INTRODUCTION

Interleukin 33 (IL-33) is an alarmin with multiple
roles in immunity and cell homeostasis, by regulating
transcription and acting as a pro-inflammatory cytokine
in a paracrine fashion when released or secreted [1–3].
IL-33 is constitutively highly expressed in airway and
alveolar epithelial cells, smooth muscle cells, fibroblasts,
endothelial cells, and several leucocytes at barrier sites
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exposed to damaging stimuli or pathogens [2, 3]. IL-33
levels are elevated in the serum of patients with asthma,
acute lung injury, COPD, infection, lung cancer and in the
serum and bronchoalveolar lavage in experimental models
of the above-mentioned diseases [1].

IL-33 binds to its receptor, suppression of tumorige-
nicity 2 (ST2), both in its transmembrane (ST2L) or solu-
ble (sST2) form, expressed by a variety of cells [4]. The
binding of IL-33 to ST2L leads to cytokine secretion, cell
activation, and differentiation, while sST2 acts as a decoy
receptor that binds IL-33 and blocks intracellular signaling
and induced pro-inflammatory responses [4]. Increased
sST2 levels in serum and bronchoalveolar lavage have
been described in lung cancer, idiopathic pulmonary fibro-
sis, asthma, COPD, and acute lung injury [5–9]. Increased
concentrations of serum sST2 serve to attenuate the sys-
temic effects of IL-33, constituting an indirect measure of
IL-33 activity [9].

The IL-33/sST2 axis has been scarcely investigated in
the pathophysiology of pleural diseases. IL-33 has been
reported to be significantly elevated in the pleural fluid
from patients with tuberculous pleural effusion (TPE) as
compared to pleural effusions of transudative (TrPE), ma-
lignant (MPE), and parapneumonic (PPE) origin [10–12].
On the contrary, in eosinophilic pleural effusions due to
primary spontaneous pneumothorax (an acute inflammato-
ry condition of the pleural space), the pleural fluid levels of
IL-33 were significantly elevated as compared to subjects
that served as controls (having turberculosis, cancer, pneu-
monia, and hyperhidrosis) [13]. On the other hand, regard-
ing sST2, one study reported significantly higher levels in
MPEs as compared to TPEs and no difference compared to
PPEs [10], while another study reported significantly
higher levels of MPEs as compared to TPEs and TrPEs
[14]. There is only one study from the ones cited above that
have concomitantly assessed IL-33 and sST2 levels in the
pleural fluids of the same underlying causes [10]. In this
study, TPE had higher levels of IL-33 than TrPEs, MPEs,
and PPEs (that had comparable levels of IL-33), while
sST2 levels were significantly higher only in the pleural
fluids of MPE patients as compared to TPE ones and no
different in the PPE patients. However, the levels of sST2
in TrPE patients were not assessed in this study. Moreover,
no correlation was reported between IL-33 and sST2 levels
in the pleural fluids of the patients included neither in the
study as a whole nor in pathology-based subgroup analy-
sis. From the above evidence, the role of the IL-33/sST2
axis in pleural effusions is not clear. In cases of TPE, the
IL-33 levels are significantly increased as compared to
TrPE,MPE, and PPE, while in cases of acute inflammatory

non-infectious pleural effusions (as in the case of sponta-
neous hydropneumothorax) the IL-33 pleural fluid levels
are higher than in all other underlying pathologies.

Tissue repair in the pleura involves focal
remesothelialization by adhesion of floating mesothelial
cells to the site of injury and subsequent cell migration
for wound closure [15]. Pleural mesothelial cells therefore
have a critical role in the resolution of pleural injury
through wound healing mechanisms. When these mecha-
nisms fail, pleural fibrosis, a debilitating disorder for the
patients, occurs [16–18]. The effects of the levels of the IL-
33/sST2 axis in pleural mesothelial cells in phenotypes
pertinent to wound healing processes that follow the reso-
lution of the local inflammation are unknown. IL-33 has a
significant role in mucosal wound healing, while sST2 has
also been reported to affect cell motility in metastatic
cancer cells in the pleura and the peritoneum [19, 20]. We
opted to investigate the effects of the IL-33/sST2 axis in
cell adhesion and cell migration of pleural mesothelial cells
in a pleural pathology-dependent context. For this we
measured the levels of both IL-33 and sST2 in pleural
effusions that based on the literature would not differ
significantly, that is in TrPEs, MPEs, and PPEs, excluding
TPEs and spontaneous hydropneumothoraces. After
assessing the levels of IL-33/sST2 in the respective pleural
effusions, we compared the effects of the pleural fluids
from each group that had concomitantly high and low IL-
33/sST2 levels in terms of cell adhesion and cell migration
in human MeT-5A cells. Our results indicate a differential
effect of the IL-33/sST2 axis depending on the pleural
effusion underlying pathology.

MATERIALS AND METHODS

Subjects and Collection of Pleural Fluids. The study in-
cluded 40 patients (14 with TrPE, 13 with MPE, and 13
with PPE) hospitalized at the University Hospital of Laris-
sa from January 2016 to March 2016. All transudates
(TrPEs) and exudates (MPEs and PPEs) were defined
according to Light’s criteria [21]. TrPEs were diagnosed
based on the presence of congestive heart failure. MPEs
were diagnosed when cancer cells were present in pleural
fluid or pleural biopsies. PPEswere diagnosed based on the
presence of pulmonary infection associated with acute
febrile illness, pulmonary infiltrates, purulent sputum, and
response to antibiotic treatment or identification of the
organism in the pleural fluid. The pleural fluid (PF) sam-
ples were collected in sterile tubes by thoracentesis under
ultrasound guidance. For each PF sample, half was sent to
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the Biochemical Department of the University Hospital of
Larissa for routine biochemical tests [glucose, total protein,
albumin, lactate dehydrogenase (LDH), adenosine deami-
nase (ADA), pH, total white blood cell counts, red blood
cell (RBC) counts, neutrophil and lymphocyte counts) as
part of the clinical diagnosis algorithm, and the rest was
centrifuged (1200×g for 10 min) within 60 min of collec-
tion and stored at − 80 °C until further use. The University
Hospital of Larissa Ethical Committee approved all proce-
dures and written informed consent was obtained from all
individual patients participating in the study. The demo-
graphics and the pleural fluid characteristics of the study
participants according to the pleural effusion type are pre-
sented in Table 1.

PF Measurements of IL-33 and sST2. The measurement
of IL-33 and sST2 levels was performed by ELISA
(#ab119547 and #ab100563, respectively; Abcam, UK)
(detection range for IL-33: 7.8–500 pg/mL, and sST2:
1.65–1200 pg/mL), as per the manufacturer’s instructions.
The limit of detection (LOD) was 1.05 pg/mL for IL-33
and 148.24 pg/mL for sST2. Each sample was analyzed in
duplicate. Appropriate dilutions were done in samples
when measuring sST2. In samples that IL-33 or sST2 had
values below the LOD, they were assigned a value equal to
the LOD for comparison purposes among groups. The
levels of IL-33 and sST2 in the PF were tested for potential
differences in the different pleural effusions and their levels
were correlated. The effect of age (65 years of age as a
cutoff) and gender (males/females) was also assessed for
potential differences in IL-33 and sST2 levels [23, 24].
Additionally, the levels of IL-33 and sST2 were tested for
correlation with parameters of the standard PF biochemis-
try used in Light’s criteria (total protein and LDH levels),
and total and differential PF white blood cell counts as well
as RBC counts in order to speculate for potential relation-
ships among them [22].

In Vitro Assays Using Pleural Fluids with High and Low IL-
33/sST2 Levels. After the determination of IL-33 and sST2
levels in the PFs, they were stratified based on the median
value in each pleural effusion category into High and Low
IL-33/sST2 samples. IL-33 median values for TrPE, MPE,
and PPE were 2.19, 3.14, and 4.08 pg/mL, respectively,
while for sST2 were 1583, 1317, and 1109 pg/mL, respec-
tively. Representative samples from each group (TrPE,
MPE, and PPE) were used for in vitro assays of cell
adhesion and cell migration (wound healing assay). The
High TrPE sample had values of 9.48 and 6544.11 pg/mL
for IL-33 and sST2, respectively, while the Low TrPE
sample had values of 1.05 and 148.24 pg/mL for IL-33
and sST2, respectively. The High MPE sample had values

of 7.25 and 9282.19 pg/mL for IL-33 and sST2, respec-
tively, while the Low MPE sample had values of 1.21 and
518.29 pg/mL for IL-33 and sST2, respectively. The High
PPE sample had values of 6.39 and 1589.14 pg/mL for IL-
33 and sST2, respectively, while the Low PPE sample had
values of 1.05 and 296.99 pg/mL for IL-33 and sST2,
respectively. Therefore, these samples referring to the
in vitro assays will be called High IL-33/sST2 and Low
IL-33/sST2.

Cell Adhesion Assay. Cell adhesion assay was per-
formed in 48-well plates pre-coated with plasma-
fibronectin (FN, 50 μg/mL; #341631, Calbiochem,
USA). MeT-5A cells (human benign immortalized pleural
mesothelial cells) were grown in 10% FBS-RPMI cell
medium supplemented with 1% Penicillin/Streptomycin,
0.5% w/v Plasmocin, and 1% L-glutamine at 37 °C in a
humidified CO2 incubator. Prior to experiments, cells were
synchronized by 24-h serum starvation. Synchronized cells
were suspended in filter sterilized high- and low-
concentration IL-33/sST2 pleural fluids (0.25 × 105 cells
in 100 μL of pleural fluid). Cells were allowed to attach for
90 min at 37 °C in a humidified CO2 incubator and
subsequently unattached cells were aspirated by 3× warm
PBS washes. The attached cells were fixed with 4% PFA
for 10min followed by staining with 0.5% crystal violet for
10 min. Excess stain was removed by washing the plate in
running tap water. Plates were air-dried overnight, follow-
ed by de-staining with 10% acetic acid. The de-stain solu-
tion was subject to OD measurements in a plate reader at
570 nm [25, 26]. Each experiment had a replicate of three.

Wound Healing (Migration) Assay. Assays were carried
out in 48-well plates pre-coated with FN. The backside of
the plates were pre-marked with a straight black line as a
ruler in order ensure that microphotographs at each time
point would be taken from the identical points of each well.
In total 1.35 × 105 ΜeΤ-5A cells were seeded in each well
and allowed to form a monolayer within 24 h. Upon 100%
confluence, the cells were serum starved for 24 h followed
by warm sterile PBS wash. The monolayer was scratched
in a straight line with a 20-μL sterile pipette tip (vertical to
the black ruler line) followed by washing with warm PBS
and treatment with the appropriate pleural fluids. Mono-
layers wound borders were imaged at ×100 magnification
at time t = 0 h (immediately after the scratch). The plates
were then incubated for 8 h. Experiments were terminated
by pleural fluid aspiration, fixation with 4% PFA for
10 min, and followed by image capture at t = 8 h. The
wound edges at both time points were annotated with
dotted white lines in the microphotographs. The area of
the wound was measured in ImageJ using the polygon tool.
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For comparisons, the migration index (MI) formula MI = (
A0 − A8)/A0 was used; A0 represents the wound area mea-
sured at time 0 and A8 represents wound area at the time of
termination of the experiment [26]. Experiments with clin-
ical samples had a replicate of three. In all experiments
imaging of the wounded areas was performed at ×100
magnification. Microscopy was done with a Nikon Eclipse
TS100 microscope that was interfaced with a Leica CCD
camera and imaging was controlled with Leica application
suite LAS version 3.6.

Statistical Analyses. Statistical analyses were per-
formed with GraphPad Prism version 6 for Mac. Quanti-
tative variables were presented as frequencies or mean ±
standard deviation (SD). Outliers were detected by the
Grubbs test. Comparisons of frequencies were performed
with χ2 test. Normality of the data was assessed with the
D’Agostino-Pearson Omnibus normality test where
appropriate. For data with small size number (n = 3), the
similarity of the mean and median values was compared.
Parametric data comparing two groups were analyzed with

unpaired t test while non-parametric data were analyzed
with the Mann-Whitney U test. Parametric data comparing
three or more groups were analyzed with one-way
ANOVA and Tukey’s multiple comparisons test, while
non-parametric were analyzed with Kruskal-Wallis test
and Dunn’s multiple comparison test. Spearman’s correla-
tion was used for correlation analysis. A value of p < 0.05
was considered significant.

RESULTS

Levels of IL-33 and Its Soluble Receptor sST2 Do Not Differ
Significantly in TrPEs, MPEs, and PPEs. There were no dif-
ferences in the fraction of samples in each pleural effusion
category that IL-33 was found below the LOD (TrPE, 3/14;
MPE, 1/13; PPE, 4/13) (χ2 = 2.19; p = 0.33). One value
from the TrPE group was excluded as an outlier

Table 1. Demographics, and Pleural Fluid Characteristics of Study Participants as Whole and According to Type of Pleural Effusion

Αll patients
n = 40

ΤPE
n = 14

MPE
n = 13

PPE
n = 13

p value

Gender
Males 28 (70) 9 (64.3) 8 (61.5) 11 (84.6) 0.371
Females 12 (30) 5 (35.7) 5 (38.5) 2 (15.4) 0.371

Age 67.7 ± 15.0 72.8 ± 13.1 69.2 ± 10.4 60.8 ± 18.7 0.063
Pleural fluid
Glu (g/dL) 92.6 ± 48.3 121.6 ± 28.1 73.4 ± 49.3 73.5 ± 53.0* 0.016
Total protein (g/dL) 3.8 ± 1.3 2.4 ± 0.7 4.7 ± 0.6* 4.5 ± 1.0* < 0.001
Albumin (g/dL) 2.1 ± 0.7 1.5 ± 0.6* 2.8 ± 0.4* 2.1 ± 0.5* < 0.001
LDH (IU/L) 822 ± 1187 118 ± 39 952 ± 1069 1450 ± 1551* < 0.001**

ADA (U/L) 11.0 ± 8.7 4.1 ± 1.8 12.2 ± 6* 17.4 ± 10.4* < 0.001
pH 7.4 ± 0.1 7.4 ± 0.0 7.4 ± 0.1 7.3 ± 0.1 0.162†
N cells/mm3 2823 ± 5277 1152 ± 1210 4338 ± 8543 3107 ± 3176 0.065†
N RBCs/mm3 73,624 ± 183,329 15,574 ± 30,497 135,720 ± 273635* 74,148 ± 158,824 0.014†
N neutro/mm3 1188 ± 1779 339 ± 475 1090 ± 1431 2200 ± 2455* 0.005†

N lymph/mm3 1429 ± 4275 712 ± 696 2901 ± 7414 728 ± 649 0.303
Serum
Total protein (g/dL) 6.7 ± 0.7 6.4 ± 0.5 7.1 ± 0.4* 6.7 ± 0.9 0.027
Albumin (g/dL) 2.1 ± 0.7 3.2 ± 0.7 3.6 ± 0.5 2.7 ± 0.7* 0.006
LDH (IU/L) 273 ± 154 278 ± 128 279 ± 81 284 ± 226 0.951

Type of MPEs
Metastatic Ca 2 (15.4)
Lung cancer 9 (69.2)
Mesothelioma 1 (7.7)
Lymphoma 1 (7.7)

Data are expressed as mean ± SD or as frequencies (percentages). Percentage represents % within the type of pleural effusion
Abbreviations: ADA adenosine deaminase, Glu glucose, LDH lactate dehydrogenase, lymph lymphocytes, N number, neutro neutrophils, RBCs red blood

cells
*Bonferroni; †Kruskal-Wallis H test
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(113.42 pg/mL) and one value was excluded by the MPE
group as an outlier (12.76 pg/mL). There were also no
differences in the fraction of samples in each pleural
effusion category that sST2 was found below the LOD
(TrPE, 1/14; MPE, 1/13; PPE, 1/13) (χ2 = 0.004; p =
0.99). Comparisons of IL-33 concentrations showed no
significant differences among TrPEs (3.52 ± 2.94 pg/mL),
MPEs (4.07 ± 2.14 pg/mL), and PPEs (3.12 ± 1.89 pg/mL)
(Fig. 1a). Similarly, there were no significant differences in
sST2 levels among TrPEs (3044 ± 3390 pg/mL), MPEs
(1536 ± 1936 pg/mL), and PPEs (2538 ± 3215 pg/mL)
(Fig. 1b). No significant differences were found between
the levels of IL-33 or sST2when patients were stratified for
age (above and below 65 years of age) and gender.

Correlations Between IL-33 and sST2 in Each Pleural Effu-
sion Group and of IL-33 and sST2 with Standard Pleural Fluid
Biochemistry and Cytology. The levels of IL-33 and sST2
were correlated in each pleural effusion patient group,
while in order to investigate potential cellular sources of
IL-33 and sST2 their levels were correlated with LDH (an
intracellular marker that implies cellular necrosis), with
white blood cells and RBCs. In TrPEs, IL-33 and sST2
did not correlate (p = 0.98); however, the concentration of
IL-33 positively correlated with pleural fluid LDH (r =
0.71; p = 0.008) (Fig. 2a), while the levels of sST2 posi-
tively correlated with pleural fluid lymphocyte count (r =
0.64; p = 0.017) (Fig. 2b).

As shown in Fig. 3 a in MPEs, the levels of IL-33
significantly correlated with the levels of sST2 with a
correlation coefficient r = 0.71 (p = 0.012). Furthermore,

IL-33 levels positively correlated with the pleural fluid
RBC count (r = 0.68; p = 0.024) (Fig. 3b). No correlations
were detected in PPEs neither between IL-33 and sST2
(p = 0.84) nor among them and routine pleural fluid bio-
chemical and cytological indices.

In Vitro Effects of Low and High IL-33/sST2 PFs Within and
Among the Three Patient Groups on MeT-5A Cell Adhesion. PF
samples from two patients per group with IL-33/sST2
levels below and over the median value in each
group as previously defined by ELISA (concentra-
tions described in Materials and Methods section)
were used for the MeT-5A cell adhesion experiments.
MeT-5A cells in complete 10% FBS-RPMI served as
controls. As shown in Fig. 4 a, PFs from TrPE
patients with either Low or High IL-33/sST2 concen-
trations resulted in significantly decreased cell adhe-
sion of MeT-5A cells as compared to Control (0.11 ±
0.01 and 0.12 ± 0.02 vs. 0.18 ± 0.01, respectively;
p < 0.01 in both cases). No differences in cell adhe-
sion were observed between Low and High IL-33/
sST2 samples (p > 0.05). In MPE samples, the cell
adhesion of MeT-5A cells was significantly decreased
in the Low IL-33/sST2 (0.03 ± 0.01) as compared to
Control (0.18 ± 0.01; p < 0.001) and to High IL-33/
sST2 (0.16 ± 0.02; p < 0.001). No differences oc-
curred between the High IL-33/sST2 and Control
(p > 0.05; Fig. 4b). Finally, in PPEs the cell adhesion
of MeT-5A cells was significantly decreased both in
Low and High IL-33/sST2 as compared to Control
(0 .08 ± 0.01 and 0.04 ± 0.01 vs . 0.18 ± 0.01,

Fig. 1. a Pleural effusion levels of IL-33 and b sST2, as measured by ELISA in transudative (TrPE; n = 14), malignant (MPE; n = 13), and parapneumonic
(PPE; n = 13) pleural effusions. No differences were found among groups in both cases. Values are presented as mean ± SD.
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respectively; p < 0.001), while in High IL-33/sST2
cell adhesion was significantly decreased compared
to Low IL-33/sST2 (p < 0.001; Fig. 4c).

An additional analysis was performed where MeT-5A
cell adhesion in Low and High IL-33/sST2 was compared
among the three groups of pleural effusions. As shown in
Fig. 4 d, samples with Low IL-33/sST2 pleural effusions
resulted in significantly reduced cell adhesion in MPE and
PPE samples as compared to TrPE ones (0.03 ± 0.01 and
0.08 ± 0.01 vs. 0.11 ± 0.01, respectively; p < 0.001 and
p < 0.05), while adhesion in MPEs was significantly de-
creased as compared to PPEs (p < 0.001). On the other
hand, as shown in Fig. 4 e, TrPE samples with High IL-

33/sST2 pleural effusions (0.12 ± 0.02) resulted in signifi-
cantly less adhesion compared to MPE (0.16 ± 0.02;
p < 0.05) and significantly increased adhesion compared
to PPE (0.04 ± 0.01; p < 0.01), while PPE samples had
significantly decreased adhesion compared to MPEs
(p < 0.001).

In Vitro Effects of Low and High IL-33/sST2 PFs Within and
Among the Three Pat ient Groups on MeT-5A Cel l
Migration. The same PF samples from two patients per
group with IL-33/sST2 levels below and over the median
value in each group that were used for cell adhesion ex-
periments were also used for the MeT-5A cell migration
experiments by the wound healing assay. MeT-5A cells in

Fig. 2. a Correlation of pleural fluid IL-33 levels and LDH levels in TrPEs (r = 0.71; p = 0.008). b Correlation of pleural fluid lymphocytes counts and sST2
levels in TrPEs (r = 0.64; p = 0.017).

Fig. 3. a Correlation of pleural fluid IL-33 levels and sST2 levels in MPEs (r = 0.71; p = 0.012). b Correlation of pleural IL-33 levels and red blood cell
counts in MPEs (r = 0.68; p = 0.024).
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complete 10% FBS-RPMI served as Controls. As shown in
Fig. 5 a, PFs from TrPE patients with High IL-33/sST2
concentrations resulted in significantly decreased cell mi-
gration of MeT-5A cells as compared to Control (0.14 ±
0.07 vs. 0.24 ± 0.03; p < 0.05). No differences in cell mi-
gration occurred between Low (0.17 ± 0.04) and High IL-
33/sST2 samples as well as between Control and Low IL-
33/sST2 (p > 0.05 in both cases). In Fig. 5 b, representative
microphotographs of the TrPE group wound healing assay
are shown. In MPE samples, the cell migration of MeT-5A
cells was significantly decreased in the Low IL-33/sST2
(0.02 ± 0.02) as compared to Control (0.24 ± 0.03;
p < 0.001) and to High IL-33/sST2 (0.21 ± 0.07;
p < 0.001). No differences occurred between the High IL-
33/sST2 and Control (p > 0.05; Fig. 5c). In Fig. 5 d, repre-
sentative microphotographs of the MPE group wound
healing assay are shown. Finally, in PPEs the cell migration
of MeT-5A cells was significantly decreased in High IL-
33/sST2 as compared to Control and Low IL-33/sST2

(0.01 ± 0.02 vs. 0.24 ± 0.03 and 0.22 ± 0.01, respectively;
p < 0.001 in both comparisons). No differences occurred
between the Control and the Low IL-33/sST2 cell migra-
tion (Fig. 5e). In Fig. 5 f, representative microphotographs
of the PPE group wound healing assay are shown.

Furthermore, another analysis was done where
MeT-5A cell migration in Low and High IL-33/
sST2 was compared among the three groups of pleu-
ral effusions. As shown in Fig. 6 a, samples with
Low IL-33/sST2 pleural effusions resulted in signifi-
cantly reduced cell adhesion in MPE samples as
compared to TrPE and PPE ones (0.02 ± 0.02 vs.
0.17 ± 0.04 and 0.22 ± 0.01, respectively; p < 0.01
and p < 0.001). In Fig. 6 b, representative micropho-
tographs of the Low IL-33/sST2 wound healing assay
are shown. On the other hand, as shown in Fig. 6 c,
PPE samples with High IL-33/sST2 pleural effusions
(0.01 ± 0.02) resulted in significantly decreased mi-
gration compared to MPE (0.21 ± 0.07; p < 0.05). In

Fig. 4. aDifferences in cell adhesion expressed in O.D. values in TrPEs, b in MPEs and c PPEs. **p < 0.01 and ***p < 0.001 versusControl. @@@p < 0.001
versus High MPE (in b) and Low PPE (in c). d Differences in cell adhesion expressed in O.D. values among Low IL-33/sST2 levels in TrPEs, MPEs, and
PPEs. *p < 0.05 and ***p < 0.001 versus TrPE, ###p < 0.001 versus PPE. e Differences in cell adhesion expressed in O.D. values among High IL-33/sST2
levels in TrPEs, MPEs, and PPEs. *p < 0.05 and **p < 0.01 versus TrPE, ###p < 0.001 versus MPE.
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Fig. 5. aDifferences in cell migration expressed asM.I. in Controls, Low IL-33/sST2, and High IL-33/sST2 TrPEs and b representative microphotographs of
wound healing assay in Controls, Low IL-33/sST2, andHigh IL-33/sST2 TrPEs. *p < 0.05 versusControl. cDifferences in cell migration expressed asM.I. in
Controls, Low IL-33/sST2, and High IL-33/sST2 MPEs and d representative microphotographs of wound healing assay in Controls, Low IL-33/sST2, and
High IL-33/sST2 MPEs. ***p < 0.001 versus Control, @@@p < 0.001 versus High MPE. e Differences in cell migration expressed as M.I. in Controls, Low
IL-33/sST2, and High IL-33/sST2 PPEs and f representative microphotographs of wound healing assay in Controls, Low IL-33/sST2, and High IL-33/sST2
PPEs. ***p < 0.001 versus Control, @@@p < 0.001 versus Low PPE.
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Fig. 6 d, representative microphotographs of the Low
IL-33/sST2 wound healing assay are shown.

DISCUSSION

In this report we investigated the levels of IL-33/sST2
in pleural fluids of patients with TrPEs, MPEs, and PPEs
and furthermore assessed the effects that pleural fluid with
high and low IL-33/sST2 levels from each group had in
cell adhesion and cell migration of the human pleural
mesothelial cell line MeT-5A. We found that both the

pleural fluid levels of IL-33 and sST2 did not differ signif-
icantly among the three groups that we assessed. Only one
previous study had measured both molecules in pleural
fluids of patients finding that there were no significant
differences among IL-33 levels of pleural fluids from
TrPE, MPE, and PPE patients that is in accordance with
our findings [10]. In the same study, the pleural fluid levels
of sST2 were measured only inMPE and PPE patients (but
not in TrPE ones as in ours) where no difference was found
in accordance with our findings. In another study investi-
gating differences in the levels of IL-33 between TPE
(tuberculous pleural effusion) and non-TPE patients, the
three groups that are presented in our study were grouped
as one (the non-TPE) so no comparison with our results

Fig. 6. aDifferences in cell migration expressed asM.I. among Low IL-33/sST2 levels in TrPEs, MPEs, and PPEs and b representative microphotographs of
wound healing assay of the corresponding groups. **p < 0.01 versus TrPEs and ###p < 0.001 versus Low IL-33/sST2 PPE. c Differences in cell migration
expressed as M.I. among High IL-33/sST2 levels in TrPEs, MPEs, and PPEs and d representative microphotographs of wound healing assay of the
corresponding groups. #p < 0.05 versus High IL-33/sST2 MPE.
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can be made [11]. One more study had reported compari-
son of the levels of IL-33 between TPE and MPE patients
alone finding significantly higher levels in the first group,
however in our study no TPE patients were included [12].
As far as sST2 measurements in pleural fluids are con-
cerned, there is one study that compared patients with
pleural effusion due to spontaneous pneumothorax and a
control group that included patients with pleural effusions
due to tuberculosis, cancer, pneumonia, and hyperhydrosis.
The first group had significantly higher pleural fluids levels
of sST2 than the second; however, no comparisons can be
done with our results because no individual values were
provided for the control group that included patients com-
parable with our groups [13]. Finally, in another study the
levels of pleural sST2 were significantly higher in MPE
compared to TPE patients that was not the case in our study
where we found no differences [14]. In the aforementioned
study however, the TrPE group had significantly less pa-
tients than our study (n = 5 versus n = 14) and potentially
this could explain the difference in our findings. One
interesting point in our study that deserves further investi-
gation was the fact that in all groups a fraction of patients
had substantially high levels of sST2, although it could not
be explained by any correlation with our biochemical and
cytological data.

However, we identified some interesting correlations
of both IL-33 and sST2 with biochemical and cytological
indices in the pleural fluid of the patients of TrPE andMPE
groups. In TrPE patients, the levels of pleural fluid IL-33
positively correlated with pleural fluid LDH, while sST2
levels positively correlated with the number of lympho-
cytes in the pleural fluid. LDH is measured as an index of
local cell necrosis and thus tissue injury within the pleural
cavity, and since we did not find any correlation of IL-33
with total and differential white blood cell counts in the
pleural fluid, the most likely source would be from pleural
mesothelial cells undergoing necrosis leading to release of
IL-33 in the fluid [21]. In TrPEs, we also found a positive
correlation of sST2 levels with the pleural fluid lympho-
cyte count, suggesting that the source of sST2 in this group
of patients is mainly lymphocytes. Although we did not
perform a lymphocyte type subset analysis, it is likely that
the source of sST2 in our study were CD4 Tcells since this
finding was also reported in a previous study [14].

In pleural fluids of MPE patients, we found a positive
correlation between IL-33 and sST2 levels. As previously
mentioned, there is only one study that has assessed IL-33
and sST2 in patients with MPEs; however, the authors do
not provide any information on testing a potential correla-
tion of the two molecules in their study [10]. Interestingly,

there is one study that has reported a significant positive
correlation between IL-33 and sST2 levels in the peritoneal
fluid of women undergoing surgery due to endometriosis
[27]. Both malignancy and endometriosis are conditions
characterized by chronic inflammation, therefore potential-
ly in such chronic conditions there are balanced signaling
events in the IL-33/sST2 axis mediated both by the meso-
thelial cells and inflammatory cells that are present. In
connection to the above, it has been shown in a mouse
model that mast cells mediate the formation of MPEs [28].
Furthermore, the authors showed that in MPEs from pa-
tient samples the count of mast cells was significantly
elevated compared to benign effusions [28]. Mast cells
are a known source of IL-33 and also IL-33 can activate
mast cells, while IL-33 primed mast cells produce signifi-
cant amounts of sST2 [4]. Thus, IL-33/sST2 signaling
promotes the activation and maturation of mast cells that
in turn can propagate the formation of the MPE. Nonethe-
less, this is an observation that requires further detailed
investigation where mast cells will be also evaluated in
MPEs along with IL-33/sST2 levels. Furthermore, a sig-
nificant positive correlation of pleural fluid IL-33 levels
and RBC count was found in MPE patients, indicating that
RBCs may be a possible cellular source of IL-33 in MPEs.
In support of this, recent studies have shown that IL-33 is
released after RBCs hemolysis [29]. An elevated RBC
count is a frequent finding in MPEs as compared to benign
pleural effusions (like TrPEs and PPEs), and has been
demonstrated as an independent prognostic factor of ma-
lignancy when undiagnosed large or massive pleural effu-
sions are investigated clinically [30]. Previous studies dem-
onstrated that IL-33 augments vascular endothelial growth
factor (VEGF) expression that is markedly increased in
MPEs [31–33]. Both VEGF and IL-33 have been shown
to impair the endothelial barrier of the pleural capillaries
and this increased vascular permeability could account for
the increased RBC counts found in MPEs [17]. Therefore,
it is possible that IL-33 due to increased RBCs functions as
a loop of sustained vascular permeability by itself and
indirectly by inducing the expression of vasoactive factors
like VEGF that further increase the supply of RBCs in the
pleural cavity [17, 34]. One limitation of our study with
respect to MPEs effects onMeT-5A cells is that potentially
MPEs that are metastatic (due to lung cancer, breast cancer,
etc.) as compared to MPEs due to primary tumor of the
pleura (mesothelioma) could have differential effects on
cell phenotypes.

In sites of pleural injury, mesothelial cells are in-
volved in remesothelialization by focal adhesion of free-
floatingmesothelial cells and subsequent 2Dmigration that
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leads to tissue repair [15, 35]. Given that in all pleural
effusion there are various degrees of tissue injury and
subsequent wound healing, we aimed at elucidating wheth-
er there would be differences in the wound repair mecha-
nisms mentioned above in MeT-5A cells, a human pleural
mesothelial cell line, incubated with pleural fluids from
TrPE, MPE, and PPE patients that had high or low levels of
IL-33/sST2. There are no studies in the literature shedding
light in these processes using actual pleural fluids from
patients. There is only one study that has tested the biolog-
ical effects of pleural fluids from patients with malignant
pleural mesothelioma (MPM) on cell proliferation and cell
migration of human MPM cell lines [36]. In pilot experi-
ments of this study, pleural fluids from MPM patients (not
diluted with cell media) induced an increase in the cell
proliferation after 72 h of incubation that was similar to that
induced by cell culture medium with 10% FCS and signif-
icantly higher than serum free cell medium. In the subse-
quent experiments [with 30% (v/v) diluted MPM fluids],
the pleural fluid from MPM patients induced significant
increases in 5 different human MPM cell lines in terms of
cell proliferation and cell migration as seen by the wound
healing assay. In our study we usedMeT-5A cells, a human
benign pleural mesothelial cell line, and incubated them
with pleural fluids from TrPE,MPE, and PPE patients with
known amounts of IL-33/sST2 concentrations. In each
group the pleural fluids used had high levels of IL-33/
sST2 and low levels of IL-33/sST2 (that is above and
below the median values measured in each group) so as
to compare their effects in a cell adhesion assay and a cell
migration assay (wound healing assay). In all in vitro stud-
ies, we used undiluted pleural fluids in order to maintain
the fluid’s native environment unaffected, while as controls
we used complete cell culture medium with 10% FBS. For
both phenotypes tested, we used time points (90 min for
cell adhesion and 8 h for cell migration) that were
established for MeT-5A in our laboratory as published
previously [25, 26]. In MeT-5A cells incubated with TrPE
fluids, there were no differences in the cell adhesion to-
wards fibronectin substrate when comparing high and low
in IL-33/sST2 fluid levels while both groups had signifi-
cantly less adhesion when compared with controls. In
MPEs, Controls did not differ significantly than High IL-
33/sST2 fluids, while Low IL-33/sST2 fluids led to signif-
icantly less adhesion than both Controls and High IL-33/
sST2 fluids. On the contrary in PPEs, Low IL-33/sST2
fluids led to significant decrease in cell adhesion as com-
pared to Controls and High IL-33/sST2 fluids, and more-
over Low IL-33/sST2 fluids led to significant decrease as
compared to High IL-33/sST2 fluids. Furthermore, we

conducted a comparison within the group of Low IL-33/
sST2 fluids and found that both MPEs and PPEs lead to
significantly less cell adhesion of MeT-5A cells and also
that MPE fluids result in significantly lower cell adhesion
than PPE fluids. Comparing the three different patient
groups in fluids with High IL-33/sST2 fluids, we found
that in MPE fluids the cell adhesion in significantly higher
than TrPE and PPE fluids and that in PPE fluids the
adhesion is significantly less than TrPE fluids. Importantly,
we had the same results in the wound healing assay in
MeT-5A cells when we tested Low and High IL-33/sST2
fluids within each pathological condition as well as when
we compared the Low and High IL-33/sST2 fluids among
the three groups, TrPEs, MPEs, and PPEs.

These data are suggestive of a potential role for IL-33/
sST2 in pleural mesothelial cell adhesion and migration
that dependents on the underlying disease and concentra-
tion levels. Therefore, IL-33/sST2 along with other disease
specific cytokines and growth factors present in the fluid
lead to either increased or decreased mesothelial cell adhe-
sion and migration, differentiated by the etiology of the
pleural effusion and the concentration of the axis compo-
nents. There are no similar studies that we could compare
our results with. However, there are some data in the
literature in other cell types that can aid in the understand-
ing of our findings. In human coronary artery and human
umbilical vein endothelial cells (HUVEC), IL-33 has been
reported to induce the expression of intracellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), endothelial selectin, and monocyte
chemoattractant protein-1 (MCP-1) [2, 17, 37, 38]. Al-
though we did not assess any cell adhesion molecules at
the molecular level, the above studies show that IL-33 can
modulate molecules critical for adhesion in endothelial
cells and that could potentially be the case in mesothelial
cells as well. However, our experimental setup was more
complicated as we had known concentrations of IL-33 and
sST2 in our samples that were used for cell adhesion and
migration assays. It is important to point out that in our
clinical samples the composition of the fluids apart from
the measured parameters is not known (as this would
require extensive proteomics studies) and it is very likely
that the combination of IL-33/sST2 with other, disease
specific components present in each pleural fluid, can
differentially alter cell adhesion molecules turnover as they
differentially altered the phenotypes of cell adhesion and
migration in MPEs and PPEs. Chronic inflammatory con-
ditions (encountered in MPEs) and acute inflammatory
conditions (encountered in PPEs) are known to lead to
different pleural composition of biological factors and this
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is probably why we detect the differences between the two
groups in our study [39]. A very important piece of infor-
mation is that recently focal adhesion kinase (FAK), a
critical component for cell adhesion and migration, has
been shown to enhance the expression of inflammatory
molecules among which both IL-33 and sST2 in murine
squamous cell carcinoma [40].

Furthermore regarding the role of IL-33 in cell migra-
tion, there is more information available. IL-33 has been
shown to favor tissue recovery through modulation of
epithelial repair in intestinal and cutaneous wound healing
in human and murine models [20, 41]. Additionally, it was
observed that sST2 receptor neutralization maintains
wound inflammation, delays healing, and increases fibrosis
[42, 43]. IL-33 has been shown to promote cell migration
and invasion in glioma, head and neck squamous cell
carcinoma, and gastric cancer, outlining its important role
in tumor progression and metastases [20, 44–47]. On the
other hand, inhibition of IL-33 in colon cancer cells result-
ed in reduced tumor growth, migration and colony forma-
tion in vitro, and smaller tumors in vivo [48]. Although in
these studies the combination of IL-33/sST2 levels in terms
of cell migration was not assessed as in ourMPE group, we
agree with the above findings since High IL-33/sST2 levels
in the context of MPE increased cell migration of MeT-5A
cells. In contrast to ourMPE results,MeT-5A cells exposed
to High IL-33 PPE fluid migrated significantly less than
counterparts exposed to Low IL-33 PPE fluids. In connec-
tion to this observation in an experimental sepsis animal
model, animals that did not recover had significantly more
serum sST2 bound to IL-33 than those who recovered [49].
A possible explanation for our finding is that in cases of
acute inflammation, IL-33 signaling aims initially at accu-
mulating anti-inflammatory factors to eliminate the patho-
genic initiator, than in tissue recovering. Importantly, IL-33
is identified as a “dual cytokine” by exerting its protective
and deleterious effect, either as a pro- or anti-inflammatory
or pro-fibrotic factor; therefore, the context of the micro-
environment is critical [50].

Our report is the first to take into consideration the
combination of IL-33/sST2 in mesothelial cell adhesion
and migration under the influence of the native microenvi-
ronment that mesothelial cells reside in. Still it has an
inherent limitation that we already commented above and
relates to the fact other factors present in the pleural fluids
may well influence the effects that we observed. More
detailed investigation employing proteomic analysis prior
to the in vitro experiments is needed to further elucidate our
results.

In conclusion, the present study showed IL-33 and
sST2 pleural fluid levels do not differ significantly among
patients with TrPE, MPE, and PPE. In TrPEs, necrotic
mesothelial cells were probably the source of IL-33 while
sST2 was derived from pleural fluid lymphocytes. In
MPEs, IL-33 pleural fluid levels significantly correlated
with that of sST2 while IL-33 levels correlated with pleural
fluid RBCs suggesting that they are the cellular source of
IL-33. Pleural fluids of TrPE patients that had high and low
IL-33/sST2 concentrations did not result in different rates
of cell adhesion and cell migration. On the other hand, we
report significant differences in cell adhesion and migra-
tion being greater under the influence of MPEs with con-
centrations high in IL-33/sST2 as compared to the ones
with low IL-33/sST2. Finally in PPEs we observed the
opposite effects, namely higher cell adhesion and migra-
tion of MeT-5A cells under the influence of pleural fluids
low in IL-33/sST2 as compared to the ones with high IL-
33/sST2. Our results warrant further investigation of the
role of IL-33/sST2 axis in mesothelial pathophysiology.

COMPLIANCE WITH ETHICAL STANDARDS

All procedures performed involving human partici-
pants were in accordance with the ethical standards of the
University Hospital of Larissa Ethical Committee and
written informed consent was obtained from all individual
patients participating in the study.

Conflict of Interest. The authors have no conflict of
interests to declare.

REFERENCES

1. Chang, J., Y.F. Xia, M.Z. Zhang, and L.M. Zhang. 2016. IL-33
signaling in lung injury. Translational Perioperative Pain Medicine
1: 24–32.

2. Liew, F.Y., N.I. Pitman, and I.B. McInnes. 2010. Disease-associated
functions of IL-33: the new kid in the IL-1 family. Nature Reviews
Immunology 10: 103–110. https://doi.org/10.1038/nri2692.

3. Martin, N.T., and M.U. Martin. 2016. Interleukin 33 is a guardian of
barriers and a local alarmin. Nature Immunology 17: 122–131.
https://doi.org/10.1038/ni.3370.

4. Griesenauer, B., and S. Paczesny. 2017. ST2/IL33 axis in immune
cells during inflammatory diseases. Frontiers in Immunology 8: 475.
https://doi.org/10.3389/fimmu.2017.00475.

5. Bajwa, E.K., J.A. Volk, D.C. Christiani, R.S. Harris, M.A. Matthay,
B.T. Thompson, J.L. Januzzi, and National Heart, Lung and Blood
Institute Acute Respiratory Distress Syndrome Network. 2013.
Prognostic and diagnostic value of plasma soluble suppression of

2083Pleural Effusion IL-33/sST2 Level and Its Effects

http://dx.doi.org/10.1038/nri2692
http://dx.doi.org/10.1038/ni.3370
http://dx.doi.org/10.3389/fimmu.2017.00475


tumorigenicity-2 concentrations in acute respiratory distress syn-
drome. Critical Care Medicine 41: 2521–2531. https://doi.org/
10.1097/CCM.0b013e3182978f91.

6. Tajima, S., K. Oshikawa, S. Tominaga, and Y. Sugiyama. 2003. The
increase in serum soluble ST2 protein upon acute exacerbation of
idiopathic pulmonary fibrosis. Chest 124: 1206–1214.

7. Tzeng, H.T., C.C. Su, C.P. Chang, W.W. Lai, W.C. Su, and Y.C.
Wang. 2018. Rab37 in lung cancer mediates exocytosis of soluble
ST2 and thus skews macrophages towards tumor-suppressing phe-
notype. International Journal of Cancer 143: 1753–1763. https://
doi.org/10.1002/ijc.31569.

8. Xia, J., J. Zhao, J. Shang, M. Li, Z. Zeng, J. Zhao, J. Wang, Y. Xu,
and J. Xie. 2015. Increased IL-33 expression in chronic obstructive
pulmonary disease. American Journal of Physiology Lung Cell
Molecular Physiology 308: 619–627. https://doi.org/10.1152/
ajplung.00305.2014.

9. Zhao, J., and Y. Zhao. 2015. Interleukin-33 and its receptor
in pulmonary inflammatory diseases. Critical Reviews in
Immunology 35: 451–461. ht tps : / /doi .org/10.1615/
CritRevImmunol.2016015865.

10. Lee, K.S., H.R. Kim, S. Kwak, K.H. Choi, J.H. Cho, Y.L. Lee, M.K.
Lee, and S.D. Park. 2013. Association between elevated pleural
interleukin-33 levels and tuberculous pleurisy. Annals of Laboratory
Medicine 33: 45–51. https://doi.org/10.3343/alm.2013.33.1.45.

11. Li, D., Y. Shen, X. Fu, M. Li, T. Wang, and F.Wen. 2015. Combined
detections of interleukin-33 and adenosine deaminase for diagnosis
of tuberculous pleural effusion. International Journal of Clinical
Experimental Pathology 8: 888–893.

12. Xuan, W.X., J.C. Zhang, Q. Zhou, W.B. Yang, and L.J. Ma. 2014.
IL-33 levels differentiate tuberculous pleurisy from malignant pleu-
ral effusions. Oncology Letters 8: 449–453. https://doi.org/10.3892/
ol.2014.2109.

13. Kwon, B.I., S. Hong, K. Shin, E.H. Choi, J.J. Hwang, and S.H. Lee.
2013. Innate type 2 immunity is associated with eosinophilic pleural
effusion in primary spontaneous pneumothorax. American Journal
of Respiratory and Critical Care Medicine 188: 577–585. https://
doi.org/10.1164/rccm.201302-0295OC.

14. Oshikawa, K., K. Yanagisawa, S. Ohno, S. Tominaga, and Y. Sugi-
yama. 2002. Expression of ST2 in helper T lymphocytes of malig-
nant pleural effusions. American Journal Respiratory Critical Care
Medic ine 165: 1005–1009. h t tps : / /doi .o rg /10 .1164/
ajrccm.165.7.2105109.

15. Genofre, E.H., F.S. Vargas, L. Antonagelo, L.R. Teixeira, M.A.C.
Vaz, E. Marchi, and V.L. Capelozzi. 2005. Ultrastructural acute
features of active remodeling after chemical pleurodesis induced
by silver nitrate or talc. Lung 183: 197–207. https://doi.org/
10.1007/s00408-004-2536-x.

16. Batra, H., and V.B. Antony. 2015. Pleural mesothelial cells in pleural
and lung diseases. Journal of Thoracic Diseases 7: 964–980. https://
doi.org/10.3978/j.issn.2072-1439.2015.02.19.

17. Chalubinski, M., K. Wojdan, E. Luczak, P. Gorzelak, M. Borowiec,
A. Gajewski, K. Rudnicka, M. Chmiela, and M. Broncel. 2015. IL-
33 and IL-4 impair barrier functions of human vascular endothelium
via different mechanisms. Vascular Pharmacology 73: 57–63.
https://doi.org/10.1016/j.vph.2015.07.012.

18. Batra, H., and V.B. Antony. 2014. The pleural mesothelium in
development and disease. Frontiers in Physiology 5: 284. https://
doi.org/10.3389/fphys.2014.00284.

19. Gillibert-Duplantier, J., B. Duthey, V. Sisirak, D. Salaün, T. Gargi,
O. Trédan, P. Finetti, F. Bertucci, D. Birnbaum, N. Bendriss-
Vermare, and A. Badache. 2012. Gene expression profiling iden-
tifies sST2 as an effector of ErbB2-driven breast carcinoma cell

motility, associated with metastasis. Oncogene. 31: 3516–3524.
https://doi.org/10.1038/onc.2011.525.

20. Millar, N.L., C. O’Donnell, I.B. McInnes, and E. Brint. 2017.
Wounds that heal and wounds that don’t—the role of the IL-33/
ST2 pathway in tissue repair and tumorigenesis. Seminars in Cell
Developmental Biology 61: 41–50. https://doi.org/10.1016/
j.semcdb.2016.08.007.

21. Light, R.W., M.I. Macgregor, P.C. Luchsinger, and J.C. Ball Jr.
1972. Pleural effusions: the diagnostic separation of transudates
and exudates. Annals of Internal Medicine 77: 507–513.

22. Tsilioni, I., A.S. Filippidis, T. Kerenidi, A.V. Budanov, S.G.
Zarogiannis, and K.I. Gourgoulianis. 2016. Sestrin-2 is sig-
nificantly increased in malignant pleural effusions due to
lung cancer and is potentially secreted by pleural mesothelial
cells. Clinical Biochemistry 49: 726–728. https://doi.org/
10.1016/j.clinbiochem.2016.02.002.

23. Miller, A.M. 2011. Role of IL-33 in inflammation and disease.
Journal of Inflammation (London) 8: 22. https://doi.org/10.1186/
1476-9255-8-22.

24. Zarogiannis, S.G., I. Tsilioni, C. Hatzoglou, P.A. Molyvdas, and K.I.
Gourgoulianis. 2013. Pleural fluid protein is inversely correlated
with age in uncomplicated parapneumonic pleural effusions. Clini-
cal Biochemistry 46: 378–380. https://doi.org/10.1016/
j.clinbiochem.2012.11.024.

25. Arsenopoulou, Z.V., I. Taitzoglou, P.A. Molyvdas, K.I.
Gourgoulianis, C. Hatzoglou, and S.G. Zarogiannis. 2017. Silver
nanoparticles alter the permeability of sheep pleura and of sheep and
human pleural mesothelial cell monolayers. Environmental Toxicol-
ogy & Pharmacology 50: 212–215.

26. Jagirdar, R.M., E. Apostolidou, P.A. Molyvdas, K.I. Gourgoulianis,
C. Hatzoglou, and S.G. Zarogiannis. 2016. Influence of AQP1 on
cell adhesion, migration, and tumor sphere formation in malignant
pleural mesothelioma is substratum- and histological-type depen-
dent. American Journal of Physiology Lung Cellular andMolecular
Phys io logy 310: 489–495. h t tps : / /do i .o rg /10 .1152/
ajplung.00410.2015.

27. Mbarik, M., W. Kaabachi, B. Henidi, F.H. Sassi, and K. Hamzaoui.
2016. Soluble ST2 and IL-33: potential markers of endometriosis in
the Tunisian population. Immunological Letters 166: 1–5. https://
doi.org/10.1016/j.imlet.2015.05.002.

28. Giannou, A.D., A. Marazioti, M. Spella, N.I. Kanellakis, H.
Apostolopoulou, I. Psallidas, Z.M. Prijovich, M. Vreka, D.E.
Zazara, I. Lillis, V. Papaleonidopoulos, C.A. Kairi, A.L. Patmanidi,
I. Giopanou, N. Spiropoulou, V. Harokopos, V. Aidinis, D. Spyratos,
S. Teliousi, H. Papadaki, S. Taraviras, L.A. Snyder, O. Eickelberg,
D. Kardamakis, Y. Iwakura, T.B. Feyerabend, H.R. Rodewald, I.
Kalomenidis, T.S. Blackwell, T. Agalioti, and G.T. Stathopopulos.
2015. Mast cells mediate malignant pleural effusion formation.
Journal of Clinical Investigation. 125: 2317–2334. https://doi.org/
10.1172/JCI79840.

29. Wei, J., J. Zhao, V. Schrott, Y. Zhang, M. Gladwin, G. Bullock, and
Y. Zhao. 2015. Red blood cells store and release interleukin-33.
Journal of Investigative Medicine 63: 806–810. https://doi.org/
10.1097/JIM.0000000000000213.

30. Porcel, J.M., and M. Vives. 2003. Etiology and pleural fluid char-
acteristics of large and massive effusions. Chest 124: 978–983.

31. Atanackovic, D., Y. Cao, J.W. Kim, S. Brandl, I. Thom, C.
Faltz, Y. Hildebrandt, K. Bartels, A. de Weerth, S. Hegewisch-
Becker, D.K. Hossfeld, and C. Bokemeyer. 2008. The local
cytokine and chemokine milieu within malignant effusions.
Tumour Biology 29: 93–104. https://doi.org/10.1159/
000135689.

2084 Kotsiou, Jagirdar, Papazoglou, Hatzoglou, Gourgoulianis, and Zarogiannis

http://dx.doi.org/10.1097/CCM.0b013e3182978f91
http://dx.doi.org/10.1097/CCM.0b013e3182978f91
http://dx.doi.org/10.1002/ijc.31569
http://dx.doi.org/10.1002/ijc.31569
http://dx.doi.org/10.1152/ajplung.00305.2014
http://dx.doi.org/10.1152/ajplung.00305.2014
http://dx.doi.org/10.1615/CritRevImmunol.2016015865
http://dx.doi.org/10.1615/CritRevImmunol.2016015865
http://dx.doi.org/10.3343/alm.2013.33.1.45
http://dx.doi.org/10.3892/ol.2014.2109
http://dx.doi.org/10.3892/ol.2014.2109
http://dx.doi.org/10.1164/rccm.201302-0295OC
http://dx.doi.org/10.1164/rccm.201302-0295OC
http://dx.doi.org/10.1164/ajrccm.165.7.2105109
http://dx.doi.org/10.1164/ajrccm.165.7.2105109
http://dx.doi.org/10.1007/s00408-004-2536-x
http://dx.doi.org/10.1007/s00408-004-2536-x
http://dx.doi.org/10.3978/j.issn.2072-1439.2015.02.19
http://dx.doi.org/10.3978/j.issn.2072-1439.2015.02.19
http://dx.doi.org/10.1016/j.vph.2015.07.012
http://dx.doi.org/10.3389/fphys.2014.00284
http://dx.doi.org/10.3389/fphys.2014.00284
http://dx.doi.org/10.1038/onc.2011.525
http://dx.doi.org/10.1016/j.semcdb.2016.08.007
http://dx.doi.org/10.1016/j.semcdb.2016.08.007
http://dx.doi.org/10.1016/j.clinbiochem.2016.02.002
http://dx.doi.org/10.1016/j.clinbiochem.2016.02.002
http://dx.doi.org/10.1186/1476-9255-8-22
http://dx.doi.org/10.1186/1476-9255-8-22
http://dx.doi.org/10.1016/j.clinbiochem.2012.11.024
http://dx.doi.org/10.1016/j.clinbiochem.2012.11.024
http://dx.doi.org/10.1152/ajplung.00410.2015
http://dx.doi.org/10.1152/ajplung.00410.2015
http://dx.doi.org/10.1016/j.imlet.2015.05.002
http://dx.doi.org/10.1016/j.imlet.2015.05.002
http://dx.doi.org/10.1172/JCI79840
http://dx.doi.org/10.1172/JCI79840
http://dx.doi.org/10.1097/JIM.0000000000000213
http://dx.doi.org/10.1097/JIM.0000000000000213
http://dx.doi.org/10.1159/000135689
http://dx.doi.org/10.1159/000135689


32. Fafliora, E., C. Hatzoglou, K.I. Gourgoulianis, S.G. Zarogiannis.
2016. Systematic review and meta-analysis of vascular endothelial
growth factor as a biomarker for malignant pleural effusions. Phys-
iological Reports 4: pii: e12978. https://doi.org/10.14814/
phy2.12978.

33. Milosavljevic, M.Z., J.P. Jovanovic, N.N. Pejnovic, S.L. Mitrovic,
N.N. Arsenijevic, B.J. Simovic Markovic, and M.L. Lukic. 2016.
Deletion of IL-33R attenuates VEGF expression and enhances ne-
crosis in mammary carcinoma. Oncotarget 7: 18106–18115. https://
doi.org/10.18632/oncotarget.7635.

34. Choi, Y.S., H.J. Choi, J.K. Min, B.J. Pyun, Y.S. Maeng, H. Park, J.
Kim, Y.M. Kim, and Y.G. Kwon. 2009. Interleukin-33 induces
angiogenesis and vascular permeability through ST2/TRAF6-
mediatedendothelial nitric oxide production. Blood 114: 3117–
3126. https://doi.org/10.1182/blood-2009-02-203372.

35. Mutsaers, S.E. 2004. The mesothelial cell. International Journal of
Biochemistry and Cell Biology 36: 9–16.

36. Cheah, H.M., S.M. Lansley, J.F. Varano Della Vergiliana, A.L. Tan,
R. Thomas, S.L. Leong, J. Creaney, and Y.C. Lee. 2017. Malignant
pleural fluid from mesothelioma has potent biological activities.
Respirology 22: 192–199. https://doi.org/10.1111/resp.12874.

37. Demyanets, S., V. Konya, S.P. Kastl, C. Kaun, S. Rauscher, A.
Niessner, R. Pentz, S. Pfaffenberger, K. Rychli, C.E. Lemberger,
R. de Martin, A. Heinemann, I. Huk, M. Gröger, G. Maurer, K.
Huber, and J. Wojta. 2011. Interleukin-33 induces expression of
adhesion molecules and inflammatory activation in human endothe-
lial cells and in human atherosclerotic plaques. Arteriosclerosis
Thrombosis Vascular Biology 31: 2080–2089. https://doi.org/
10.1161/ATVBAHA.111.231431.

38. Choi, Y.S., J.A. Park, J. Kim, S.S. Rho, H. Park, Y.M. Kim, and Y.G.
Kwon. 2012. Nuclear IL-33 is a transcriptional regulator of NF-κB
p65 and induces endothelial cell activation.Biochemical Biophysical
Research Communications 421: 305–311. https://doi.org/10.1016/
j.bbrc.2012.04.005.

39. Porcel, J.M. 2013. Pleural fluid biomarkers: beyond the Light
criteria. Clinics in Chest Medicine 34: 27–37.

40. Serrels, B., N. McGivern, M. Canel, A. Byron, S.C. Johnson, H.J.
McSorley, N. Quinn, D. Taggart, A. Von Kreigsheim, S.M.
Anderton, A. Serrels, M.C. Frame. 2017. IL-33 and ST2 mediate
FAK-dependent antitumor immune evasion through transcriptional
networks. Science Signaling 10: 508. pii: eaan8355. https://doi.org/
10.1126/scisignal.aan8355.

41. Oshio, T., M. Komine, H. Tsuda, S.I. Tominaga, H. Saito, S. Nakae,
and M. Ohtsuki. 2017. Nuclear expression of IL-33 in epidermal
keratinocytes promotes wound healing in mice. Journal of Derma-
tological Sciences 85: 106–114. https://doi.org/10.1016/
j.jdermsci.2016.10.008.

42. Lee, J.S., E. Seppanen, J. Patel, M.P. Rodero, and K. Khosrotehrani.
2016. ST2 receptor invalidation maintains wound inflammation,
delays healing and increases fibrosis. Experimental Dermatology
25: 71–74. https://doi.org/10.1111/exd.12833.

43. Sedhom, M.A., M. Pichery, J.R. Murdoch, B. Foligné, N. Ortega, S.
Normand, K. Mertz, D. Sanmugalingam, L. Brault, T. Grandjean, E.
Lefrancais, P.G. Fallon, V. Quesniaux, L. Peyrin-Biroulet, G.
Cathomas, T. Junt, M. Chamaillard, J.P. Girard, and B. Ryffel.
2013. Neutralisation of the interleukin-33/ST2 pathway ameliorates
experimental colitis through enhancement of mucosal healing in
mice. Gut 62: 1714–1723. https://doi.org/10.1136/gutjnl-2011-
301785.

44. Chen, S.F., S. Nieh, S.W. Jao, M.Z. Wu, C.L. Liu, Y.C. Chang, and
Y.S. Lin. 2013. The paracrine effect of cancer-associated fibroblast-
induced interleukin-33 regulates the invasiveness of head and neck
squamous cell carcinoma. Journal of Pathology 231: 180–189.
https://doi.org/10.1002/path.4226.

45. Fang, K.M., C.S. Yang, T.C. Lin, T.C. Chan, and S.F. Tzeng. 2014.
Induced interleukin-33 expression enhances the tumorigenic activity
of rat glioma cells. Neuro-Oncology 16: 552–566. https://doi.org/
10.1093/neuonc/not234.

46. Liu, J., J.X. Shen, J.L. Hu, W.H. Huang, and G.J. Zhang. 2014.
Significance of interleukin-33 and its related cytokines in patients
with breast cancers. Frontiers in Immunology 5: 141. https://doi.org/
10.3389/fimmu.2014.00141.

47. Yu, X.X., Z. Hu, X. Shen, L.Y. Dong, W.Z. Zhou, and W.H. Hu.
2015. IL-33 promotes gastric cancer cell invasion and migration via
ST2-ERK1/2 pathway. Digestive Diseases and Sciences 60: 1265–
1272. https://doi.org/10.1007/s10620-014-3463-1.

48. Liu, X., L. Zhu, X. Lu, H. Bian, X. Wu, W. Yang, and Q. Qin. 2014.
IL-33/ST2 pathway contributes to metastasis of human colorectal
cancer. Biochemical Biophysical Research Communications 453:
486–492. https://doi.org/10.1016/j.bbrc.2014.09.106.

49. Alves-Filho, J.C., F. Sônego, F.O. Souto, A. Freitas, W.A.Jr. Verri,
M. Auxiliadora-Martins, A. Basile-Filho, A.N. McKenzie, D. Xu,
F.Q. Cunha, and F.Y. Liew. 2010. Interleukin-33 attenuates sepsis by
enhancing neutrophil influx to the site of infection. Nature Medicine
16: 708–712. https://doi.org/10.1038/nm.2156.

50. Vavougios, G., T. Kerenidi, I. Tsilioni, S.G. Zarogiannis, and K.I.
Gourgoulianis. 2015. Pleural effusion levels of DJ-1 are increased in
elderly lung cancer patients with malignant pleural effusions. Redox
R e p o r t s 2 0 : 2 5 4 – 2 5 8 . h t t p s : / / d o i . o r g / 1 0 . 11 7 9 /
1351000215Y.0000000023.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

2085Pleural Effusion IL-33/sST2 Level and Its Effects

http://dx.doi.org/10.14814/phy2.12978
http://dx.doi.org/10.14814/phy2.12978
http://dx.doi.org/10.18632/oncotarget.7635
http://dx.doi.org/10.18632/oncotarget.7635
http://dx.doi.org/10.1182/blood-2009-02-203372
http://dx.doi.org/10.1111/resp.12874
http://dx.doi.org/10.1161/ATVBAHA.111.231431
http://dx.doi.org/10.1161/ATVBAHA.111.231431
http://dx.doi.org/10.1016/j.bbrc.2012.04.005
http://dx.doi.org/10.1016/j.bbrc.2012.04.005
http://dx.doi.org/10.1126/scisignal.aan8355
http://dx.doi.org/10.1126/scisignal.aan8355
http://dx.doi.org/10.1016/j.jdermsci.2016.10.008
http://dx.doi.org/10.1016/j.jdermsci.2016.10.008
http://dx.doi.org/10.1111/exd.12833
http://dx.doi.org/10.1136/gutjnl-2011-301785
http://dx.doi.org/10.1136/gutjnl-2011-301785
http://dx.doi.org/10.1002/path.4226
http://dx.doi.org/10.1093/neuonc/not234
http://dx.doi.org/10.1093/neuonc/not234
http://dx.doi.org/10.3389/fimmu.2014.00141
http://dx.doi.org/10.3389/fimmu.2014.00141
http://dx.doi.org/10.1007/s10620-014-3463-1
http://dx.doi.org/10.1016/j.bbrc.2014.09.106
http://dx.doi.org/10.1038/nm.2156
http://dx.doi.org/10.1179/1351000215Y.0000000023
http://dx.doi.org/10.1179/1351000215Y.0000000023

	Pleural...
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	References



