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	 Background:	 Chemical pleurodesis is one of the major therapeutic options for patients with recurrent malignant pleural ef-
fusion. Mesothelial cells are considered to play a pivotal role in the response to different chemical compounds 
(sclerosants) used for pleurodesis. Malignant cells might have an impact on the mesothelial response to ap-
plied sclerosing agents and, in consequence, on the efficacy of pleurodesis. We aimed to evaluate the impact 
of cancer cell paracrine on mesothelial cell response to different sclerosing agents.

	 Material/Methods:	 The study used mesothelial cell (MeT-5A) cultures stimulated with sclerosing agents (talc, doxycycline, io-
dopovidone, and TGF-b for 24 h) in the presence or absence of supernatants from adenocarcinoma cultures 
(HCC827). The mesothelial mRNA expression and protein levels of IL-6, IL-8, and TGF-b was assessed. Further, 
lung fibroblasts were cultured with and without cell supernatants from previously established cell cultures for 
24 h. Then, concentration of soluble collagen was evaluated in culture supernatants.

	 Results:	 The exposure of mesothelial cells to sclerosants decreased the concentration of IL-6 and IL-8 protein. The ad-
dition of mediators secreted by adenocarcinoma altered the inflammatory response of the mesothelial cells 
to sclerosing agents. IL-8 concentration in cultures stimulated with talc and adenocarcinoma supernatant was 
higher compared to cultures stimulated with talc only. The exposure of lung fibroblasts to supernatant from 
mesothelial cell (with or without adenocarcinoma) did not affect collagen secretion.

	 Conclusions:	 An addition of soluble factors produced by adenocarcinoma altered the inflammatory response of the pleural 
mesothelial cells after stimulation with sclerosing agents. Our observations suggest that the tumor paracrine 
effect affects biological pathways of pleurodesis.
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Background

The pleura is a thin membrane that covers the outer surface 
of the lungs as well as the mediastinum, diaphragm, and in-
ner surface of the chest wall. Together, these surfaces delim-
it the pleural cavity, which resembles a collapsed sac that en-
cases the lung. Physiologically, this cavity contains a minimal 
amount of lubricating fluid. A balance between pleural fluid 
formation and reabsorption can be disrupted in numerous dis-
eases, leading to accumulation pleural effusion, which is clin-
ically manifested primarily as exertional or resting dyspnea.

Pleural effusion is a common and debilitating complication of 
various malignancies. It has been estimated that approximate-
ly 200 000 and 50 000 new cases of malignant pleural effu-
sion (MPE) are diagnosed each year in the United States and 
United Kingdom, respectively [1,2]. Lung and breast carcino-
ma have been reported to be responsible for 53-75.2% of all 
MPEs [3,4]. There are data showing that up to 30% of all lung 
cancer patients and 7-11% of breast cancer patients develop 
pleural effusion in the course of the disease [5]. Furthermore, 
it is estimated that MPE occurs in nearly 50% of all patients 
with metastatic cancers [6]. Since malignant pleural involve-
ment is usually a manifestation of advanced (metastatic) dis-
ease, curative treatment is only occasionally possible, and 
pleurodesis is 1 of only 2 therapeutic options (the other is 
indwelling pleural catheter [IPC]) that can offer a long-term 
symptomatic effect. Chemical pleurodesis is the administra-
tion of a sclerotizing agent (eg, talc) into the pleural cavity, 
aimed at ablation of the pleural cavity. Its objective is to ob-
tain an adhesion of the parietal and visceral pleura to form 
a permanent symphysis. It is performed to prevent accumu-
lation of fluid from pleural cavity, which is common in neo-
plastic disease with pleural metastases. Accumulation of the 
fluid in the pleura often causes shortness of breath and de-
creased exercise tolerance. Procedures that can prevent pleu-
ral fluid recurrence are of great importance in palliative care. 
The latter method is less invasive and therefore is widely pre-
ferred to treat patients with recurrent MPE. The efficacy of 
chemical pleurodesis in patients with MPE is estimated at be-
tween 41.3% and almost 100% [7-9], depending on a range 
of factors, including the underlying cancer type and sclerosing 
agent used. A wide variety of sclerosants have been used in 
the past, but nowadays talc and doxycycline are mainly used 
in everyday practice worldwide. Povidone-iodine (PVP-I) is a 
less commonly used but promising sclerotic agent. Research 
on this chemical compound is ongoing. TGF-b has not been 
used in human studies, but it is an interesting subject of re-
search due to its unique properties – it creates pleural adhe-
sions without causing inflammation. Although there has been 
more than 100 years of experience with chemical pleurode-
sis, information on the mechanisms of action of various scle-
rosing agents is very incomplete [10].

Contrary to an early belief, the pleura is not merely a mechan-
ical transmitter of pressure changes in the chest, but is an ac-
tive organ involved in fluid exchange, cell-to-cell interactions 
and secretion of mediators. Histologically, the pleura is com-
posed of a single layer of mesothelial cells on the layer of con-
nective tissue. Due to the large number of these cells and their 
presence in the entire pleura, mesothelial cells play a pivot-
al role in the response to pleural injury. A growing amount of 
data emphasizes the role of the mesothelial cells as one of the 
most important structural elements that determine the effica-
cy of pleurodesis. The cascade of reactions leading to the for-
mation of pleural adhesions is believed to be triggered by ac-
tion of the sclerosing agent on normal mesothelial cells. They 
seem to be the main source of cytokines and initiate the ear-
ly stages of inflammation by increasing the influx of other 
cells (including neutrophils and fibroblasts), eventually lead-
ing to pleural fibrosis. In response to chemical stimulants, me-
sothelial cells secrete interleukin 8 (IL-8), monocyte chemoat-
tractant protein (MCP-1), vascular endothelial growth factor 
(VEGF), platelet-derived growth factor (PDGF), transforming 
growth factor b (TGF-b), basic fibroblast growth factor (bFGF), 
and a variety of other mediators [11], eventually leading to fi-
broblast proliferation and production of collagen and extra-
cellular matrix components. Thus, in the pleurodesis process, 
this group of cells is primarily affected by the administered 
drug (sclerosant), and the effectiveness of the pleurodesis pro-
cess depends on their correct response. The mechanisms of 
pleurodesis are still poorly understood. It seems possible that 
the magnitude of some mesothelial cell responses is related 
to the chemical used for pleurodesis [12]. The extent of malig-
nant pleural involvement is thought to be another important 
factor adversely affecting the efficacy of pleurodesis. It is well-
known that the procedure is less successful in patients with 
extensive malignant pleural involvement. In part, this may be 
explained by impaired lung expandability and the lack of prop-
er apposition of visceral and parietal pleura, which can occur 
by reducing the number of healthy mesothelial cells by infil-
trating the tumor. This phenomenon is also probably linked 
to a number of mechanisms, including physical obstacles in 
the close contact between 2 pleural layers, more rapid fluid 
reaccumulation, lower pH of the fluid, and lower number of 
intact mesothelial cells able to respond to the sclerosant [13-
15]. It is possible that the direct action of the substances se-
creted from cancer cells on the interactions and their intensi-
ty between the normal mesothelium and other cells, including 
fibroblasts, is linked to the lower efficiency of pleurodesis in 
cancer patients. There are scant data on the direct influence 
of factors released from malignant cells on the response of 
mesothelial cells to sclerosing agents. Considering the large 
number of cytokines, growth factors, and other bioactive sub-
stances that are secreted by malignant cells [16], it can be hy-
pothesized that they affect the mesothelial response to the ap-
plied sclerosing agents and, in consequence, on the efficacy of 
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pleurodesis. This largely unknown interplay may affect our un-
derstanding of the mechanisms of pleurodesis and the ability 
to predict its outcome. However, an additional mechanism in 
which the paracrine action of cancer cells impairs the response 
of mesothelial cells to the applied sclerosants has been pos-
tulated. Considering the aforementioned gap in knowledge of 
the interaction among the sclerosing agent, mesothelial cells, 
and tumor cells, we undertook the present study to shed more 
light on this issue.

This in vitro study was designed to evaluate possible mecha-
nisms affecting the response of mesothelial cells to different 
sclerosing agents. We assumed that this response, including an 
interplay between mesothelial cells and fibroblasts, can be af-
fected by active mediators secreted by tumor cells. In the vast 
majority of cases, neoplastic lesions in the pleura are metastat-
ic, with the most common being adenocarcinoma. Therefore, 
we used adenocarcinoma cells to assess the role of neoplas-
tic cells in our experiment. Fibroblasts were cultured to simu-
late the final stage of pleurodesis—fibrosis. Therefore, 3 cell 
types were selected for in vitro experiments and cultures: me-
sothelial cells, fibroblasts, and adenocarcinoma cells. We used 
supernatant from adenocarcinoma as a model of the diverse 
set of factors (eg, proteins, lipids, exosomes, and other small 
molecular messengers) secreted and released from adenocar-
cinoma. The aim of this study was to evaluate the impact of 
biologically active mediators secreted by cancer cells on (1) 
mesothelial cell responses to different sclerosing agents and 
(2) the effect of mesothelial cell-derived mediators on colla-
gen production by lung fibroblasts.

Material and Methods

General Study Design

The design of this study included MeT-5A cells, which are nor-
mal, non-cancerous pleura cells, and their culture was intend-
ed to represent a healthy pleura. The human adenocarcino-
ma culture was the source of supernatant containing all the 
biochemical factors secreted by this group of cells. The super-
natant from adenocarcinoma was added to an experimental 
group of mesothelial cells to simulate a cancer paracrine ef-
fect. Fibroblasts were cultured with supernatants from me-
sothelial cells to evaluate the effect on collagen production.

This was an experimental study based on human mesothe-
lial cell (MC) cultures: MeT-5A, human adenocarcinoma cell 
(ADC) cultures (HCC827), and human lung fibroblast cultures 
(CC-2512). The study was conducted in 2 phases. In the first, 
ADC and MC were cultured. This phase included the evalua-
tion of MC responses to different sclerosing agents tested in 
the presence and absence of supernatants from ADC cultures. 

ADC cells were cultured until 100% confluence, then the super-
natant from cells was collected. MeT-5A cultures were divid-
ed into 2 groups: cultured with standard medium or cultured 
with ADC supernatant addition. All MC cultures (with or with-
out ADC) were incubated with or without sclerosing agent for 
24 h (Figure 1). Briefly, the experiment included 4 MC cultures:
1.�	without ADC culture supernatant and not treated with scle-

rosant (A-S-)
2.�	without ADC culture supernatant and treated with (A-S+)
3.�	with ADC culture supernatant (150 μL per total 500 μL) and 

not treated with sclerosant (A+S-)
4.	�with ADC culture supernatant (150 μL per total 500 μL) and 

treated with sclerosant (A+S+).

Importantly, there were 4 different subsets of sclerosant-
treated cultures, each with a different type of chemical used: 
talc, PVP-I, doxycycline, and TGF-b (see the section Sclerosing 
agents, below). When presenting the study results, the type 
of sclerosant is shown in brackets following the major data 
on the culture set. Thereafter, mRNA expression of selected 
cytokines and growth factors involved in pleurodesis (IL-6, IL-
8, TGF-b, MCP-1, IL-17A, matrix metalloproteinase 9 [MMP9]) 
was assessed in cell lysates, while the protein levels of IL-6, 
IL-8, and were TGF-b were measured in culture supernatants.

The second phase of the study was designed to assess the pro-
fibrotic activity of mediators secreted by the mesothelial cells 
stimulated with sclerosants incubated with or without ADC su-
pernatant. For this purpose, lung fibroblasts (at 80% of con-
fluency) were cultured with or without cell supernatants from 
2 different sets of previously established cell cultures (150 μL 
per total 500 μL) for 24 h (Figure 1). Then, the concentration 
of soluble collagen was evaluated in culture supernatants.

Different controls were used in this study. For mesothelium: 
(1) unstimulated cells, (2) cells with 150 μL of pure RPMI per 
total 500 μL – this control stands for A+ cultures and controls 
if response of mesothelial cells (MeT-5A) with ADC superna-
tant is not influenced by medium used for cancer cell culti-
vation (RPMI), which is different than in MeT-5A cells. (3) For 
controlling the level of mediators produced by the cancer cell 
line, we used the control in which mesothelial cells (MeT-5A) 
were cultivated for 24 h with supernatant from ADC without 
any sclerosants (A+S-): unstimulated cells with 150 μL of ADC 
supernatant per total 500 μL – this control evaluates the pro-
file of inflammatory load added with ADC supernatant to MeT-
5A cells. For fibroblasts, the control with untreated fibroblasts 
was used to measure a background collagen production.

Cell Cultures

Human immortalized mesothelial cells isolated from pleural 
fluids obtained from non-cancerous individuals MeT-5A (ATCC 
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CRL-9444) were purchased from ATCC (VA, USA). These cells 
were cultured in M199 medium (Sigma Aldrich, MO, USA) sup-
plemented with 3.3 nM mouse epidermal growth factor (EGF) 
(Corning, NY, USA), 400 nM hydrocortisone (Sigma Aldrich, MO, 
USA), 870 nM zinc-free bovine insulin (Sigma Aldrich, MO, USA), 
20 mM HEPES (Gibco, Thermo Fisher, MA, USA), and 0.001% 
Trace elements (Corning, NY, USA). Human lung fibroblasts 
(CC-2512) were purchased from Lonza (NY, USA) and cultured 
in Minimum Essential Medium (MEM) (Gibco, Thermo Fisher, 

MA, USA) supplemented with 1% MEM Non-Essential Amino 
Acids (Gibco, Thermo Fisher, MA, USA). Human lung adeno-
carcinoma cells HCC827 (ATCC CRL-2868) were provided by 
ATCC (VA, USA) and cultured in RPMI (Gibco, Thermo Fisher, 
MA, USA). All culture media were supplemented with 10% fe-
tal bovine serum (Thermo Fisher, MA, USA) and 1% antibiotic 
cocktail (Gibco, Thermo Fisher, MA, USA). Cells were cultured 
at 37ºC in 5% CO2 at passage 3-5.
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Figure 1. �A flow chart presenting the general study design, including phase 1 and 2. Initially, adenocarcinoma (ADC) cells were cultured 
and supernatant was collected. After that, mesothelial cell cultures where incubated with or without supernatant from ADC 
and treated or not treated with a sclerosant. After 24 h, the levels of cytokines in cell culture supernatants and mRNA in cell 
lysates were measured (end of phase 1). Then, supernatants from mesothelial cell cultures were used to stimulate fibroblast 
culture (phase 2). The fibroblast culture was assessed for collagen secretion. The whole experiment was repeated for each 
of the following sclerosants: talc (20 μg/mL), PVP-I (0.001%), doxycycline (2 μg/mL), and TGF-b (0.2 μg/mL). Created with 
BioRender.com.

Forward primer Reverse primer Product size

18s rRNA GGATGAGGTGGAACGTGTGAT AGGTCTTCACGGAGCTTGTTG 148

IL-6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT 67

IL-8 GAGCACACAAGCTTCT ATCAGGAAGGCTGCCAAGAG 114

MMP9 GCTCACCTTCACTCGCGTG CGCGACACCAAACTGGATG 61

MCP-1 GAGAGGCTGAGACT GTGCGAGCTTCAGTTTGAGAATT 52

TGF-b CAGCAACAATTCCTGGCGATA AAGGCGAAAGCCCTCAATTT 136

IL-17A AGGAATCACAATCCCACGAAAT GGTGAGGTGGATCGGTTGTAGT 149

IL-1b qHsaCIP0033362 119

Table 1. Sequence of primers used in PCR.

e936065-4
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Mierzejewski M. et al: 
Impact of tumor on pleurodesis in vitro

© Med Sci Monit, 2022; 28: e936065
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Sclerosants

The following agents were used as sclerosants: Talc (Novatech, 
France) at a dose of 20 μg/mL, PVP-I (ChemCruz, TX, USA) at 
a concentration of 0.001%, doxycycline (Sigma Aldrich, MO, 
USA) at a dose of 2 μg/mL, and TGF-b (R&D Systems, MI, USA) 
at a dose of 0.2 μg/mL.

Protein Concentration Measurement

The levels of the IL-6, IL-8, and TGF-b in cell culture superna-
tants were measured using commercially available streptavi-
din-biotin-based ELISA kits: human IL-6 (88-7066), human IL-8 
(88-8086), and human/mouse TGF-b (88-8350) (Thermo Fisher, 
MA, USA). The sensitivity of kits was 2 pg/mL, 2 pg/mL, and 8 
pg/mL for IL-6, IL-8, and TGF-b, respectively. Briefly, ELISAs were 
performed in microplates (Costar, Cambridge, MA, USA) sensi-
tized with specific monoclonal antibodies for each cytokine, ac-
cording to the manufacturer’s instructions. After washing and 
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distribution of the samples, specific biotin-conjugated antibod-
ies were added. After incubation with streptavidin-peroxidase, 
substrate was added for development of the reaction. The ab-
sorbance was measured on an Infnite M Nanono microplate 
reader (Tecan, Switzerland) at 450 nm with reference to 570 
nm. All standards and samples were measured in duplicate.

Collagen Level Measurements

Collagen concentration in supernatants from fibroblast cultures 
was measured by colorimetric Soluble Collagen Assay Sircol 
(Biocolor, UK) according to the manufacturer’s procedure (test 
sensitivity 1.0 µg/100 μL collagen). Briefly, 1 mL of Sircol dye 
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Figure 2. �(A-D) IL-1b, IL-6, IL-8, IL-17A mRNA expression in mesothelial cells stimulated with sclerosants (doxycycline, PVP-I, talc and 
TGF-b) cultivated with or without adenocarcinoma cell supernatant addition. Data are presented as median with interquartile 
range. DOXY – doxycycline, PVP-I – iodopovidone; TGF-b – transforming growth factor b; IL-6, IL-8 – interleukin 6 and 8; 
MMP9 – matrix metalloproteinase 9; MCP-1 – monocyte chemoattractant protein; RPMI – Roswell Park Memorial Institute 
medium. The figure was created using GraphPad Prism software (version 9.3.1). GraphPad Software, Inc., San Diego, CA, USA.
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was added to 100 μL of each sample, incubated for 30 min, 
and then centrifuged at 13 000×g for 10 min. The pellets were 
washed with Acid-Salt Wash Reagent and drained. We added 
250 μL of alkaline metal reagent to each tube before vortex 
mixing. We transferred 200 μL of the sample onto a 96-well 
plate, and absorbance was measured on an Infnite M Nanono 
microplate reader (Tecan, Switzerland) at 555 nm. Absolute val-
ues were obtained with a standard curve (collagen type I stan-
dard supplied with the kit) in the range 0.5 to 15 μg/100 μL.

RNA Isolation and Reverse Transcription

Total RNA was isolated from the cells using Trizol (Sigma Aldrich, 
MO, USA). The concentration and purity of isolated RNA was 
measured on a DU650 spectrophotometer (Beckman Coulter, 
CA, USA). One microgram of total RNA was used for reverse 
transcription (Thermo Fisher, MA, USA).
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Real-Time PCR

The real-time PCR was performed with an ABI-Prism 7500 
Sequence Detector System (Applied Biosystems, Foster City, 
USA). For PCR reaction, 0.8 µL of cDNA was amplified in 16 µL 
PCR volume, containing a Power SYBR Green PCR Mastermix 
(Thermo Fisher, MA, USA) with 150 nM of specific primers 
(Thermo Fisher, MA, USA, BioRad, CA, USA) (Table 1) as stan-
dard procedure (95˚C for 15 s and 60˚C for 60 s for 40 cy-
cles). We applied 18s rRNA for each sample as an endogenous 
control to normalize gene expression levels. The unstimu-
lated cells from each experiment were used as a calibrator. 
Each sample was measured in duplicate. Relative quantifica-
tion values were calculated by the 2–DDCT method according 
to Livak et al [17]. Data are expressed as expression levels 
relative to the mean DCT of control unstimulated mesotheli-
al cells. The results are expressed as relative quantification 
units (fold change).

Statistical Analysis

Statistical analyses were performed using Statistica 12.0 soft-
ware (StatSoft, Inc., Tulsa, USA) and GraphPad (version 9.3.1). 
Data are presented as median and interquartile range (IQR). 
Data distribution was tested using the Shapiro-Wilk test. 
Differences between continuous variables were tested using 

the nonparametric Mann-Whitney U test. Differences were 
considered statistically significant at P<0.05.

Results

mRNA Expression of Mediators in Mesothelial Cells

The impact of sclerosants on inflammatory mediators was 
weakly seen on mRNA level in 24 h (Figures 2A-2D, 3A-3C). 
Generally, sclerosants upgraded mRNA expression of evaluat-
ed markers (Figures 2A, 2B, 2D, 3B, 3C), with statistical signif-
icance found for IL-17 mRNA after talc treatment (14.92-fold 
change [0.30- to 17.52-fold change]) compared to controls (0.36-
fold change [0.20- to 30.84-fold change]), P=0.04 (Figure 2D). 
MMP9 mRNA expression was elevated in A+S+ (TGF-b) cul-
ture (4.21-fold change [2.22- to 6.26-fold change]) compared 
to control with ADC (A+S-) (0.79-fold change [0.44- to 0.88-
fold change]), P=0.03 (Figure 3B). Talc was the only sclerosant 
that caused increase of IL-6 mRNA expression in A+S+ culture 
(1.82-fold change [1.22- to 2.01-fold change]) compared to A-S+ 
culture (1.05-fold change [0.85- to 1.55-fold change]), P=0.04 
(Figure 2B), with simultaneous lack of significant difference 
compared to or between untreated controls.
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Figure 3. �(A-C) TGF-b, MMP9, MCP-1 mRNA expression in mesothelial cells stimulated with sclerosants (doxycycline, PVP-I, talc, and 
TGF-b) cultivated with or without adenocarcinoma cell supernatant addition. Data are presented as median with interquartile 
range. DOXY – doxycycline; PVP-I – iodopovidone; TGF-b – transforming growth factor b; IL-6, IL-8 – interleukin 6 and 8; 
MMP9 – matrix metalloproteinase 9; MCP-1 – monocyte chemoattractant protein; RPMI – Roswell Park Memorial Institute 
medium. The figure was created using GraphPad Prism software (version 9.3.1). GraphPad Software, Inc., San Diego, CA, USA.
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In the group of mesothelial cells without ADC application, all 
sclerosants except TGF-b were associated with decreased IL-6 
production by MeT-5A cells (A-S+) after 24 h of incubation. A 
significant downregulation of IL-6 level was found for doxy-
cycline (18.95 pg/mL [15.98 to 20.68 pg/mL], P=0.03), PVP-I 
(21.86 pg/mL [18.84 to 23.85 pg/mL], P=0.03 and talc (23.22 
pg/mL [21.41 to 24.16 pg/mL], P=0.048 compared to unstim-
ulated controls (A-S-) (28.06 pg/mL [27.90 to 37.07 pg/mL]) 
(Figure 4A). The same was observed for IL-8. Doxycycline (43.12 
pg/mL [41.02 to 54.77 pg/mL]), PVP-I (55.54 pg/mL [51.46 to 

61.04 pg/mL]) and talc (54.93 pg/mL [47.64 to 62.69 pg/mL]) 
decreased IL-8 production by mesothelial cells in A-S+ cul-
tures compared to A-S- controls (69.79 pg/mL [63.60 to 89.85 
pg/mL]) (Figure 4B).

The analysis of mesothelial cells with ADC supernatant showed 
an elevated concentration of IL-6 in A+S+ cultures regardless of 
the sclerosant used: for doxycycline, 55.47 pg/mL (46.22-58.61 
pg/mL) (P=0.002); for PVP-I, 57.89 pg/mL (52.55-78.78 pg/mL) 
(P=0.003); for talc, 50.44 pg/mL (49.40-61.98 pg/mL) (P=0.002); 
and for TGF-b, 96.14 pg/mL (87.49-153.04 pg/mL) (P=0.003). 
However, due to an elevated level of IL-6 in A+S- control, results 
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Figure 4. �(A-C) IL-6, IL-8, and TGFb protein levels in mesothelial cell culture supernatants stimulated with sclerosants (doxycycline, 
PVP-I, talc, and TGF-b) cultivated with or without adenocarcinoma cell supernatant addition. Data are presented as median 
with interquartile range. DOXY – doxycycline; PVP-I – iodopovidone; TGF-b – transforming growth factor b; IL-6, IL-8 – 
interleukin 6 and 8; MMP9 – matrix metalloproteinase 9; MCP-1 – monocyte chemoattractant protein; RPMI – Roswell Park 
Memorial Institute medium. The figure was created using GraphPad Prism software (version 9.3.1). GraphPad Software, Inc., 
San Diego, CA, USA.

were 63.19 pg/mL (55.69 to 78.84 pg/mL) vs unstimulated con-
trol cells (A-S-) 28.06 pg/mL (27.89 to 37.07 pg/mL) (P=0.03) 
– this observation is related to inflammatory load of ADC su-
pernatant rather than the effect of sclerosants on mesotheli-
al inflammatory response per se (Figure 4A).

A similar pattern of changes was observed for IL-8 protein. 
The cultures with ADC supernatant were characterized by el-
evated level of IL-8 compared to mesothelial cells alone in 
both control and sclerosant-treated MeT-5A cells. An upgrad-
ed concentration of IL-8 was found in controls with ADC (A+S-) 
97.61 pg/mL (93.42 to 99.8 pg/mL) compared to controls with 
RPMI (A-S-) 48.92 pg/mL (40.0 to 54.68 pg/mL) (P=0.004). IL-8 
levels were increased in all A+S+ compared to A-S+ cultures 
(P=0.003, p=0.003, P=0.002, and P=0.002) for doxycycline, 
PVP-I, talc, and TGF-b respectively but not compared to A+S- 
controls, suggesting that the inflammatory profile of A+S+ is 
related to ADC load but is not caused by sclerosants. The only 
exception was found for A+S+ mesothelial cultures with talc – 
89.75 pg/mL (80.23 to 92.12 pg/mL) – where the production 
of IL-8 was lower than in A+S- controls (P=0.02) (Figure 4B).

A significantly higher concentration of TGF-b protein was found 
in the cultures in which TGF-b was used as a sclerosant: A-S+ 
59.13 pg/mL (53.49 to 62.05 pg/mL) and A+S+ 55.60 pg/mL 
(48.21-60.97 pg/mL) vs A-S- 2.68 pg/mL (2.52 to 3.00 pg/mL). 
However, it seems that due to the lack of increase in mRNA ex-
pression in these cultures, the increased protein concentration 

resulted from the presence of sclerosant and not from the in-
creased protein production by cells (Figure 4C).

Collagen Secretion

Cell supernatants from mesothelial/mesothelial+ADC cultures 
tended to stimulate (but not significantly) collagen production 
by lung fibroblasts. Fibroblasts stimulated with control (A-S-) 
mesothelial supernatants produced higher levels of collagen 
(1.00 µg [0.89 to 1.045 µg]) than fibroblasts stimulated with 
A-S+ (doxycycline (0.82 µg (0.72 to 0.83 µg) (P=0.01), and PVP-I 
(0.82 µg (0.78 to 0.84 µg) (P=0.02) – as well as with A+S+ cul-
tures (doxycycline was 0.79 µg (0.74 to 0.84 µg) (P=0.01) and 
talc was 0.83 µg (0.63-0.89 µg) (P=0.048) (Figure 5).

Discussion

The present study showed various effects of various sclerosing 
agents on the inflammatory response of mesothelial cells. In 
general, the response of mesothelial cells to applied sclerosants 
was rather weak, with some exceptions, including a significant 
increase of IL-17A mRNA expression in cultures stimulated with 
PVP-I. The exposure of mesothelial cells to doxycycline, PVP-I, 
talc, and TGF-b was associated with decreased concentration 
of IL-6 and IL-8 protein in the culture supernatants. Although 
the reactions to sclerosants observed in our model were not 
particularly pronounced, the addition of supernatant from ADC 
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Figure 5. �Collagen secretion by lung fibroblasts stimulated with supernatant from mesothelial cells treated with sclerosants 
(doxycycline, PVP-I, talc, and TGF-b) with or without adenocarcinoma cell supernatant addition. Collagen concentrations 
measured in supernatants. Data are presented as median with interquartile range. DOXY – doxycycline; PVP-I – 
iodopovidone; TGF-b – transforming growth factor b; RPMI – Roswell Park Memorial Institute medium. The figure was 
created using GraphPad Prism software (version 9.3.1). GraphPad Software, Inc., San Diego, CA, USA.

cells altered the inflammatory response of the pleural meso-
thelial cells after sclerosant stimulation. Importantly, simulta-
neous treatment of mesothelial cells with sclerosing agents 
and ADC cell supernatant did not inhibit the expression of dif-
ferent inflammatory cytokines or the secretion of collagen by 
lung fibroblasts exposed to soluble factors produced by me-
sothelial cells. In contrast, some mesothelial cell responses to 
sclerosing agents (IL-6 and IL-8 concentration) were stronger 
compared to stimulation with the sclerosant alone.

The effect of selected sclerosants on mesothelial cells had been 
evaluated previously. In normal conditions, cytokines like IL-8 
are produced by mesothelial cells [18] as attractants for neutro-
phils to the pleural cavity [19]. Talc was shown to increase pro-
duction of pro-inflammatory cytokines, including IL-1, IL-6 [20], 
and IL-8 [21] in human pleural mesothelial cells in vitro and 
in vivo [22]. Furthermore, iodopovidone and doxycycline up-
graded IL-8 secretion in a rabbit model of pleurodesis. This 
was in contrast to TGF-b, which was shown to stimulate col-
lagen production without IL-8-mediated inflammation [23,24]. 
In a rabbit study of talc pleurodesis, Marchi et al found that 
IL-8 concentration in pleural fluid peaked at 6 h and its level 
remained high until 24 h after talc administration [22]. In an 
in vitro study with rabbit pleural mesothelial cells stimulated 
with talc, Acencio et al [25] showed that IL-8 concentration in-
creased in a time-dependent manner. It has to be emphasized 
that animal studies demonstrated that nonsteroidal anti-in-
flammatory drugs (NSAIDs) and corticosteroids reduce the ef-
ficacy of pleurodesis mediated by tetracycline [26], talc [27], 

doxycycline [28], and iodopovidone [29]. The results of these 
studies show the important role of inflammation in pleurodesis.

Some our results differ from what we had expected based on 
the available literature. This is probably due to several rea-
sons. The conditions used in similar studies were highly vari-
able in terms of the time, doses of sclerosants, and type of 
cells used. For example, in vitro and in vivo animal studies by 
Lee et al [30] used primary pleural mesothelial cells obtained 
from C57BL/6 mice and TGF-b in doses of 0.01 to 100 ng/cm2 
(0.2 µg/cm2 in our study), talc in doses of 1 to 100 µg/cm2 
(10.5 µg/cm2 in our study), and doxycycline in doses of 0.1 
to 1000 µg/cm2 (1.05 µg/cm2 in our study) for 4, 8, and 24 h. 
Antony et al [31] used human primary pleural mesothelial cells 
isolated from pleural fluid and stimulated with talc (4 µg/cm2) 
for 24 h. Ghio et al [21], who evaluated cell iron homeostasis 
after talc pleurodesis, used the same cell line as in our study 
(MeT-5A ATCC [VA, USA]), and applied 100 µg/mL talc (intend-
ed to be a “massive” dose) for 4 h. Our previous study [32], 
which used an in vitro model of primary mesothelial cells, 
found that among all evaluated sclerosing agents, talc pre-
sented the most efficient pro-inflammatory properties asso-
ciated with modulation of IL-1b level. The results of this work 
differ from the previous one due to other mesothelial cells (im-
mortalized normal mesothelial cell line) used in experiments. 
However, in both of our in vitro mesothelial studies, talc was 
found to cause the most relevant effect in inflammatory me-
sothelial response, confirming the hypothesis that this scle-
rosant has the highest potency in pleurodesis.
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It was shown that high amounts of sclerosing factors along 
with long-term exposure to these agents decreased cell via-
bility [33]. The experimental conditions applied in this study 
were based on our earlier work [32], which used primary cells 
isolated from the patient’s pleura specimen. It is possible that 
the in vitro conditions used in previous experiments were not 
suitable for the immortalized cell line. Discrepancies between 
our results and the results of other authors may be due to the 
different characteristics of rabbit and human cells, as well as 
different experimental conditions.

In the context of pleurodesis, TGF-b is a particularly interest-
ing and important sclerosing agent. It is also a natural me-
diator associated with pleural mesothelial cells. It controls 
proliferation and differentiation and modulates the inflam-
matory process. In pleurodesis, TGF-b is a chemoattractant 
for fibroblasts and shows profibrotic properties. In a rabbit 
study by Marchi et al [22], the concentration of TGF-b after talc 
pleurodesis increased in a time-dependent manner, whereas 
Acencio et al [25], who used an in vitro cell culture, showed 
rapid elevation of TGF-b level, which remained stable after 
48 h. In our study, the influence of the sclerosants themselves 
on the TGF-b concentration level was not visible, which may 
be due to methodological differences. As a sclerosant, TGF-b 
alone did not induce any significant effects on cytokine se-
cretion. The only exception was a significantly higher concen-
tration of TGF-b protein found in the cultures in which TGF-b 
was used as a sclerosant, but it seems that it results from the 
presence of sclerosant and not from the increased protein pro-
duction by cells. Interestingly, we observed a significant in-
crease in the concentrations of IL-6 and IL-8 after using TGF-b 
as a sclerosant with the soluble mediators secreted by ADC, 
pointing to an inflammatory response. According to the liter-
ature [34], TGF-b used as a sclerosant had not been associat-
ed with the intensification of the inflammatory process so far. 
Lee et al [24] showed that TGF-b induced pleurodesis without 
IL-8 release or an acute inflammatory response. This conclusion 
was also supported by the observation that high-dose paren-
teral corticosteroids do not inhibit TGF-b-mediated pleurode-
sis [35]. Possibly, TGF-b pleural symphysis occurs without an 
accompanying inflammatory reaction only in the non-cancer-
ous pleura, which could explain the differences between the 
earlier findings of other authors and our results. However, this 
requires further research.

Besides of the assessment of the effect of various sclerosants 
on mesothelial cell inflammatory response, our study was also 
designed to evaluate the influence of the biologically active 
compounds produced by tumor cells alone and combined with 
different pleural sclerosants. The paracrine effect of the sol-
uble factors secreted by tumor cells on other cells in the tu-
mor microenvironment has been well described in neoplasms 
such as breast cancer [36]. Therefore, it can be assumed that 

it can also affect the process of pleurodesis. In our study, me-
sothelial culture cells stimulated with both sclerosing agents 
and supernatant from tumor cells demonstrated more pro-
nounced inflammatory response (at least in some aspects, such 
as being expressed as an increased concentration of IL-6 and 
IL-8) than cells exposed to sclerosants alone. Moreover, the 
IL-8 concentrations were not significantly higher in the A+S- 
cultures compared to controls. Hence, elevated IL-8 levels in 
A+S+ compared to control seem to be related to the altered 
effect of the sclerosants. In contrast to IL-8, IL-6 concentra-
tions were significantly higher in both the A+S- and A+S+ cul-
tures compared to controls. Thus, it can be hypothesized that 
the effect was directly related to the mesothelial response to 
ADC supernatant and not to the sclerosants themselves. Either 
way, the above observations suggest that the tumor paracrine 
effect can influence the biological pathways of pleurodesis.

Among the tested sclerosants, the most pronounced inflam-
matory reaction was observed after stimulation with talc. This 
effect was visible in the increased expression of IL-17A in the 
A-S+ group and increased IL-6 and IL-8 concentration in the 
A+S+ in comparison to the A-S- and control groups. Such an 
effect is not surprising, as talc is regarded as the criterion stan-
dard for pleurodesis [37]. Talc induces pleuritis with histiocyt-
ic and granulomatous foreign body reaction [38]. However, in-
flammation is not the goal of pleurodesis per se, but is merely 
a means leading to pleural symphysis, as well as being the trig-
ger of most adverse effects [10].

Previous studies provided evidence that an extensive malig-
nant pleural involvement was associated with reduced prob-
ability of successful pleurodesis. In a retrospective study of 
450 cases, Bielsa et al [39] showed a negative correlation be-
tween the extent of malignant pleural disease and the success 
rate of talc pleurodesis. This effect may be related not only 
to impaired lung re-expansion, but also to the disruption of 
mechanisms related to the biochemical pathways of pleurode-
sis [13,15]. This assumption seems to be in line with the obser-
vation by Martínez-Moragón et al [40] that low values of pleu-
ral glucose and pH (corresponding in part to the advancement 
of the neoplastic disease) are significantly associated with the 
probability of pleurodesis failure. Recently, the effect of pleu-
ral progression of lung carcinoma on the inflammatory process 
and fibrosis was investigated in an animal study by Sabbion 
et al [41]. They found that mice that received intrapleural in-
jection of Lewis lung carcinoma cells and underwent pleurode-
sis had lower fibrosis and inflammation scores compared to 
controls that underwent pleurodesis alone. According to the 
authors, this may be due to the increased amount of fluid in 
the pleura in the neoplastic group, a reduced number of me-
sothelial cells, and a higher concentration of cytokines such 
as VEGF. It is possible that the inflammatory reaction of meso-
thelial cells on sclerosants and the effects of cancer are strictly 
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dependent on their individual properties and local cytokine mi-
lieu. The present study was performed using immortalized me-
sothelial cells isolated from pleural fluids obtained from non-
cancerous individuals and aimed to find basic inflammatory 
mechanisms of mesothelial cells in such conditions. It should 
be kept in mind that the response of pleural mesothelial cells 
to sclerosing agents and mediators produced by adenocarci-
noma cell can vary and differ among individuals.

Although this study provides some new information about the 
inflammatory response of mesothelial cells, several limitations 
must be addressed before more definitive conclusions can be 
drawn. First, some significant changes could have been missed 
due to the relatively small sample size. Second, as already men-
tioned, this study used a commercially available cell line, in con-
trast to our previous study, in which primary cells isolated from 
pleura biopsies (with other experimental conditions the same) 
were used. Differences in cell biology may have caused bias. 
However, it should be stressed that the primary objective of the 
study was not the time- and dose-dependent analysis of meso-
thelial cell response to sclerosing agents, but the evaluation of 
the impact of cancer cells on sclerosant-related mesothelial cell 
reactions. Moreover, this study utilized monocultures in which 
the cell–cell interplay was impossible to analyze. Mesothelial 
cells/fibroblasts co-cultures might be a better model for evalua-
tion of collagen production. Examination of the profibrotic effect, 
such as in co-cultures, remains to be considered in the future.

More research is needed using a wider range of stimulant 
doses and stimulation times. Future research should focus 

on identifying the mechanisms of pleurodesis related to the 
biology of neoplastic cells. It can be assumed that different 
types of cancer will have different effects on the pathways of 
pleurodesis. This might be consistent with the clinical obser-
vation that patients with MPE in the course of some malig-
nancies (eg, breast cancer) have a better chance of achieving 
pleurodesis compared to others [39].

Conclusions

Our study showed that the addition of supernatant from ad-
enocarcinoma cells altered the inflammatory response of the 
pleural mesothelial cells after sclerosant stimulation. This sug-
gests that the tumor paracrine effect affects the biological 
pathways of pleurodesis. Talc resulted in the most pronounced 
inflammatory reaction of all sclerosants tested. Further evalu-
ation of these phenomena in models with more complex co-
cultures is warranted.
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