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Abstract

Defining preclinical models is of utmost importance for pleural mesothelioma (PM) to improve prognosis and predict therapeutic
response. Using cells isolated from pleural fluid (PF) and diagnostic pleural biopsy (PB), we generated PM patient-derived organoids
(PM-PDOs) and reactive-mesothelial (RM) patient-derived organoids (RM-PDOs) aiming at assessing the proportion of successful cultures
both from PF and PB. We also compared the architectural and immune-histochemical features of PM-PDOs with those of parental tis-
sues and evaluated the PM-PDOs response to chemoimmunotherapy. We obtained 11 successful PM-PDOs from 15 PF/PB (73.3%). The
rate of success was higher in epithelioid PM (88.8%) compared with biphasic PM (40.0%) (P ¼ 0.175), and when using PF (60.0%) com-
pared with PB (20.0%) (P ¼ 0.001). We also obtained 3 RM effective cultures from 6 asbestos-exposed patients (50%) with nonspecific
pleuritis. Transcriptome analysis identified gene expression profile in PM-PDOs, which differentiate from RM-PDOs. PM-PDOs success-
fully maintained the histological architecture and molecular markers of their parental tumor tissues. The macrophagic component
(CD68þ and CD163þ ) was an important component in RM-PDOs and was present in all three PM histotypes. Epithelioid PM-PDOs
showed resistance to both Cis/PeMtx and pembrolizumab plus peripheral blood mononuclear cells (PBMCs), whereas both biphasic
and sarcomatoid subtypes were sensitive to immunotherapy. Notably, immunotherapy induced an upregulation of PD-L1 expression
and activated the STAT3/NF-κB signaling pathway, suggesting a mechanism of immune evasion. PF offers a valuable source of can-
cer and stromal cells to generate PDO, reinforcing its clinical utility for patients who cannot undergo invasive procedures.

NEW & NOTEWORTHY Using cells isolated from pleural effusion and pleural biopsy, we established an efficient 3-D culture sys-
tem for generating PM and reactive mesothelial (RM) patient-derived organoids. PM-PDOs expressed a specific gene profile, pre-
served the histological architecture, showing markers of the parental tumor tissues and recapitulated the tumor microenvironment
(e.g., macrophages and tumor lymphocytes), which is an important factor influencing responses to therapy. This approach will be
useful for drug screening, contributing to a more accurate selection of therapeutic options.

immunotherapy; patient-derived organoids; PD-L1; pleural mesothelioma; reactive mesothelial

INTRODUCTION

The burden of malignant pleural mesothelioma (PM) is sig-
nificant, and the number of cases and deaths will be increas-
ing due to aging population (1–5) and to persistent asbestos

use and production worldwide despite its ban inmany coun-
tries (6, 7). This neoplasm originates from hyperplasia and
metaplasia of pleural mesothelial cells. The overlapping mor-
phological features of benign reactive mesothelial (RM)
lesions and PM complicate the pathological diagnosis (8). In

�L. Volpini, F. Monaco, M. Tomasetti, and F. Mei contributed equally to this work.
Correspondence: F. Gonnelli (francygonnelli@gmail.com).
Submitted 10 March 2025 / Revised 10 June 2025 / Accepted 14 October 2025

L756 1040-0605/25 Copyright © 2025 The Authors. Licensed under Creative Commons Attribution CC-BY-NC-ND 4.0.
Published by the American Physiological Society.

Am J Physiol Lung Cell Mol Physiol 329: L756–L769, 2025.
First published October 29, 2025; doi:10.1152/ajplung.00078.2025

Downloaded from journals.physiology.org/journal/ajplung (193.205.129.206) on January 26, 2026.

https://orcid.org/0000-0003-4830-8613
https://orcid.org/0000-0002-9798-3589
https://orcid.org/0000-0001-5392-0511
https://orcid.org/0009-0004-6349-1764
https://orcid.org/0000-0002-0298-2242
https://orcid.org/0000-0001-9835-8446
https://orcid.org/0000-0002-0693-3376
https://orcid.org/0000-0003-3103-2665
https://orcid.org/0000-0001-5198-8387
https://orcid.org/0000-0003-0674-7757
https://orcid.org/0000-0003-1015-7098
https://orcid.org/0000-0001-5036-7052
mailto:francygonnelli@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.1152/ajplung.00078.2025&domain=pdf&date_stamp=2025-10-29
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1152/ajplung.00078.2025


�40% of cases, the histological findings show nonspecific pat-
terns of inflammation and fibrosis (nonspecific pleuritis,
NSPs), and �6% of them are eventually diagnosed with PM
(9). Despite recent advances in systemic therapies and wide-
spread asbestos ban, PM prognosis is still poor (10, 11).
Therefore, new effective models to better understand PM
behavior and, potentially, to establish tailored therapeutic
pathways are highly warranted. In this context, patient-
derived organoids (PDOs) may represent a valuable source for
research, as they resemble the in vivo anatomy and physiol-
ogy of parental organs (12), with preserved extracellular
matrix and tumormicroenvironment.

This aspect is particularly relevant as the cross talk
between cancer and stromal cells may influence not only
the tumor behavior but also therapeutic response. In fact,
the interplay between the immune system, tumor suppres-
sor genes, and immune senescence has recently been high-
lighted (13), laying the foundations of adoption of immune
checkpoint inhibitors (ICIs) (i.e., nivolumab with or with-
out ipilimumab) in treatment of patients with unresect-
able PM (14, 15). However, the response to therapy seems
to be related to the histological type, as the latest RCTs
and meta-analyses showed that immunotherapy may be a
better choice compared with chemotherapy in nonepithe-
lioid subtype, whereas it has not shown survival benefit in
patients with epithelioid subtypes (14, 16).

Therefore, there is an ever-growing need for noninva-
sive or minimally invasive techniques to predict the tumor
behavior and the response to chemo- and immunotherapy
to accelerate drug development. Pleural fluid (PF) may
represent a valuable source as it is the most common ini-
tial presentation in PM, especially in patient with the epi-
thelioid subtype (17, 18), and comprises a wide number of
cell types (i.e., immune cells and stromal cells) that accu-
rately reflect the heterogeneity of PM cellularity (19).

In our study, we aimed at generating ex vivo 3-D cell cul-
ture models (i.e., PDOs) from PF and pleural biopsy (PB) in
patients with high suspicion for PM to assess the proportion
of successful cultures both in PF and in PB. As secondary
aims, we compared morphological and immunohistochemi-
cal (IHC) features of PDOs with parental tissue and, finally,
we evaluated the response of PM-PDOs to chemotherapy
(i.e., cisplatin/pemetrexed, Cis/PeMtx) and immunotherapy
(pembrolizumab þ peripheral blood mononuclear cells,
Pemb þ PBMCs) in all histological subtypes.

MATERIALS AND METHODS

Population

Patients who underwent medical thoracoscopy or video-
assisted thoracoscopy surgical for suspected thoracic cancers
were recruited at the Diagnosis and Treatment of Interstitial
Lung Disease, Pleural Disease and Adults Bronchiectasis Unit
and Respiratory Disease Unit, Marche University Hospital,
Ancona, Italy, from November 2021 to November 2023.
Inclusion criteria were 1) age > 18 yr; 2) environmental/occu-
pational exposure to asbestos; 3) presence of unilateral pleural
effusion; and 4) pleural lesions/pleural thickening detected
by computed tomography (CT) scan. To avoid any confound-
ing effect due to other concomitant malignancy, we excluded

all patients with a known oncologic disease other than PM or
a history of radical surgery, radiotherapy, or chemotherapy in
the previous 12mo.

We collected PF and PB samples as part of standard treat-
ment. Histological diagnosis was performed on PB. We fur-
ther classified PM cases into epithelial (EPM), biphasic
(BPM), and sarcomatoid (SPM).

PDO Culture

A sample of PF and, whether available, a fragment PB
were collected and immediately used for organoid prepara-
tion, as follows. The PF (between 500 and 1,000 mL) was
centrifuged at 1,600 rpm, and the pellet was washed twice
with PBS and incubated in 10 mL of red blood cells ammo-
nium chloride lysis buffer (8 g NH4Cl, 0.84 g NaHCO3, and
0.37 g EDTA in 100-mL water) for 20 min and resuspended
in 5–10mL PBS.

An aliquot of pellet was used for peripheral blood mono-
nuclear cells (PBMCs) isolation. Briefly, 6 mL of the suspen-
sion was layered onto 4 mL Lympholyte-H (Cederlane,
Hornby, ON, Canada) and centrifuged at 700 g (20�C,
30 min). After centrifugation, the cloudy layer was collected
and washed in PBS, and the pellet resuspended in freezing
mediumwas cryopreserved.

The PB (between 5 and 10mg) was mechanically disrupted
to 5–6 pieces of 1 mm3 tissue and enzymatically digested in
advanced DMEM/F12 (adDMEM/F12; Gibco, Thermo Fisher,
MA) supplemented with 2% FBS and collagenase/hyaluroni-
dase (1 mg/mL), at 37�C for 15–30 min with intermittent stir-
ring. After incubation, the suspension was disrupted by
repeated pipetting and passing through a 100-μm cell
strainer (BD Falcon, CA). After enzyme inhibition with 10%
FBS, the slurry was centrifuged at 1,600 rpm for 5 min at RT
and the pellet washed in PBS and resuspended in 0.5–1 mL
PBS.

Cell density was evaluated using the Burker chamber. Cell
suspension corresponding to 70%–80% cell confluency was
centrifuged at 1,600 rpm for 5 min at RT and resuspended
in the same volume of ice-cold Reduced Growth Factor
Basement MembraneMatrix (Matrigel; Corning, No. 356234,
NY) or Hydrogel (Photocol-IRG, Methacrylated Collagen
Hydrogel, No. CC320; Merck, Darmstadt, Germany). PF and
PB samples were collected from each patient, and the
obtained cell suspension was encapsulated in both Matrigel
and Hydrogel matrix for organoid formation according to
the scheme shown in Fig. 1. Drops of 30–40 lL of both base-
ment membrane extracellular matrix were placed into wells
of a 24-well plate, kept on ice, and after solidification in the
CO2 incubator at 37�C, 400 lL of optimized PDO medium
was added to the wells. Several culture media have been pro-
posed for PDO culture, with their composition varying
depending on the tissue type and sample source (20–23). We
tested three media for PDO preparation and growth: a com-
plete medium elective for mesothelioma cell culture and a
medium proposed for PDO culture with and without stem-
ness supplements. Therefore, RPMI-1640 with 10% FBS and
1% penicillin/streptomycin (PDO medium-1); AdDMEM/F12
containing, 2 mM GlutaMAX, 1% penicillin/streptomycin,
2 mM HEPES (AdDFþþþ ) plus 20 ng/mL EGF, 20 ng/mL
FGF2, 10 lM Y-27632, and B27 and N2 supplements (PDO
medium-2); and AdDFþþþ plus 20 ng/mL EGF, 20 ng/mL
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FGF2, and 10 lM Y-27632 (PDO medium-3) were used
(Supplemental Table S1). Organoids were cultured over 1 mo
with changing freshmedium every 4 days.

Morphology and IHC

As PDOs should reproduce primary tumor key features, we
performed hematoxylin and eosin (H&E) staining and immu-
nohistochemistry (IHC) analysis to assess whether viable orga-
noids maintained characteristics parental organ. Tissues and
organoids were fixed in 4% formaldehyde followed by dehy-
dration, paraffin embedding, sectioning, and standard hema-
toxylin and eosin (H&E) staining. Immunohistochemistry
(IHC) was performed in formalin-fixed, paraffin-embedded
tumor sections (2.5 lm) by incubation with primary antibodies
including anti-epithelial-related antigen (AE1/AE3), anti-podo-
planin (D2-40), anti-calretinin (CAL), anti-cytokeratin 5/6
(CK5/6), anti-Wilms’ tumor 1 protein (WT1), anti-a-smooth
muscle actin (a-SMA), anti-CD31, anti-vimentin, anti-CD68,
anti-CD163, anti-CD3, anti-CD8, anti-BRCA1-associated protein
1 (BAP-1), and anti-PD-L1, all from Dako, CA. The anti-STAT3,
anti-pSTAT3, anti-AKT, anti-pAKT, anti-NF-kB-p65, all from
Cell Signaling (Cell Signaling Technology, Danvers, MA). The
sections were subsequently incubated with secondary anti-
bodies (Dako, CA) and visualized using the ultraView
Universal DAB Detection kit (Dako, CA). Nuclei were counter-
stained with hematoxylin. Images were acquired with an opti-
cal microscope (Zeiss, AxiocamMRc5; magnification�20). All
sections and staining were assessed by an expert malignant
mesothelioma pathologist (F.B.).

Transcriptome Analysis

Total RNA was extracted from PM-PDOs of epithelial sub-
type and reactive mesothelial organoids (RM-PDOs, n ¼ 3)
using miRNeasy Micro Kit (Qiagen, Hilden, Germany). RNA
integrity number (RIN value) was assessed using the Agilent
2100 Bioanalyzer with the RNA 6000 Nano kit (Agilent
Technologies, California) and RNA concentration using the
RNAHS assay in Qubit 4.0 (Life Technologies, Thermo Fisher,
Massachusetts). RNA libraries were prepared using KAPA
RNA HyperPrep Kit with RiboErase (HMR) (Roche Molecular
Systems, Switzerland). The quality and concentration of
the libraries were assessed using the DNA high sensitivity
kit in the 2100 Bioanalyzer Instrument (Agilent Technologies,
California) and Qubit Fluorometric Quantification (Qubit
dsDNA HS assay; Life Technologies, Thermo Fisher,
Massachusetts), respectively. Paired-end RNA-seq (2 � 75 bp)
was done with the Illumina NextSeq550 sequencing instru-
ment (Illumina, California). Read pairs were mapped and
quantified to the humanGRCh38 reference genome using the
Salmon tool (24). The generated counts were extracted with
DESeqDataSetFromTximport function, and gene level differ-
ential expression analysis was performed usingDeseq2 R pack-
age, estimation of fold change, and dispersion for RNA-Seq
data with DESeq2 (25). P values were adjusted for gender and
age to control the global false discovery rate (FDR). Heatmaps
were generated using the heatmap2 package (Kolde R
Pheatmap: pretty heatmaps R Package v. 2012); PCA and vol-
cano plots were prepared using the ggplot2 package (26).

Figure 1. Flowchart of sample collection and three-dimensional cell culture formation. NK cells, natural killer cells.
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To perform KEGG pathway and gene ontology (GO)
analysis, a log-transformed normalized count-permillion
matrix was derived using the R package. To cluster and
visualize the enriched terms, we used the PathFindR
(v. 2.5.1).

Lymphocyte Phenotypic Analysis

PBMCs isolated from PF and whole blood of patients with
PM were checked for their viability by 7AAD-PerCP staining
and then incubated with labeled primary antibody against
CD3-FITC, CD4-PE-Cy7, CD8-APC, CD19-APC-Cy7, CD25-
APC-R700, CD8-V450, CD45-V500, and CD56-PE, all from
Becton Dickinson. Fluorescence emission was detected by
flow cytometry (FACS Lyric; Becton Dickinson), and the lym-
phocyte subpopulations were expressed as percentage over
total population.

Drug Treatment

We evaluated the response to cisplatin (cis)-peme-
trexed (PeMtx) and ICI-anti-PD-1 (pembrolizumab) (27).
An in vitro immunotherapy model was established by
treating the PDOs with the pembrolizumab in the pres-
ence of PBMCs isolated from the same patient. Given the
crucial role of immunological cells in the immunother-
apy-induced tumor suppression, we also characterized
the cellular components of PF: PBMC subpopulations
expressing different antigens were identified and com-
pared with PBMC obtained from whole blood (WB). PM-
PDOs were treated in triplicate with cisplatin/peme-
trexed (Cis/PeMtx, 30 lM each), or with pembrolizumab
(Pemb, 10 lg/mL) in coculture with PBMCs (105) obtained
from the same patient. Untreated PM-PDOs were used as
negative control. We applied two cycles of treatment
with a 3-day interval between cycles. Treated and non-
treated PM-PDO controls were collected 3 days after the
last treatment cycle, then fixed in formalin, and eval-
uated for tissue markers (AE1/AE3, D2-40, vimentin)
macrophages (CD68 and CD163), T-cells (CD3 and CD8),
and STAT3, PD-L1, AKT, and NF-kB-p65 by IHC analysis.
PM-PDOs were inspected using an optical microscope
(Zeiss, Axiocam MRc5; magnification �2.5 and �10), and
the effect of treatment was blinded and evaluated at the
same time and conditions and expressed as the number,
size (lm), and optical intensity of organoids using
ImageJ.

Statistical Analysis

Continuous quantitative variables are presented as
means ± standard deviation (SD). We calculated the pro-
portion of successful PDOs. We compared the proportion
of successful cultures when using PF versus PB and those
of EPM versus BPM using the Fisher exact test.

We used the Mann–Whitney U test, two-tailed Student’s t
test, and one-way ANOVA analysis of variance with Tukey’s
post-hoc to calculate the differences in terms of PDO number
and optical intensity between pre- (T0) and post- (T1) among
treatments both for EPM-PDOs and BPM-PDOs. Probability
values < 0.05 were considered significant. Statistical analy-
ses were performed using the SPSS statistical package (SPPS,
Chicago, IL).

RESULTS

Study Population

We included 15 patients with PM with a mean age of
81 ± 6 yr and a male predominance (60.0%). Nine of them
(60.0%) were diagnosed with epithelioid subtype, 5
(33.3%) with biphasic subtype, and 1 with sarcomatoid
subtype (Table 1).

We also included 6 patients diagnosed with nonspecific
pleuritis (NSP). Five of them were male (83.3%), and they
had a mean age of 80 ± 4 yr (Table 1). The demographic,
pathological characteristics, and PDO formation of enrolled
population are shown in Supplemental Table S2.

Malignant Pleural Mesothelioma-PDOs

Among the 15 PM, we were able to generate 11 successful
PDOs (73.3%). We obtained 9 PDOs from PF (81.8%), 2 PDOs
(18.2%) from PB only, and 1/11 (9%) PDOs from both PF and
PB, with a proportion of 66.7% (10/15) in case of PF and
20.0% (3/15) when using PB (P ¼ 0.001). The proportion of
successful cultures was 88.9% in epithelioid PM (8/9), 40.0%
in biphasic PM (2/5), and 100% sarcomatoid (1/1) (P ¼ 0.175)
(Table 1).

Notably, Matrigel resulted the best EMB to ensure
PM-PDOs and grew better in PDO medium-1 and PDO
medium-3, whereas the addition of stemness supplements
(PDO medium-2) often reduced organoid development and
growth (Supplemental Fig. S1 and Supplemental Table S3).

Reactive Mesothelial-PDOs

We obtained 3/6 (50%) reactive mesothelial PDOs (RM-
PDOs). Overall, RM-PDOs were produced from PF with a suc-
cessful rate comparable with the PM-PDO one (Table 1). In
all three NSP patients (100%) where PDOs were acquired, a
benign evolution was eventually confirmed after 1-year fol-
low-up.

Table 1. Demographic and clinical features and rate of
PDO generation of our study population

PM (n ¼ 15)
Age, yr (± SD) 81 ± 6
Gender (Male), n (%) 9/15 (60.0%)
PM Histotype
EPM, n (%) 9/15 (60.0%)
BPM, n (%) 5/15 (33.3%)
SPM, n (%) 1/15 (6.7%)

Rate of PM-PDO generation, n (%) 11/15 (73.3%)
Epithelioid 8/9 (88.9%)
Biphasic 2/5 (40.0%)
Sarcomatoid 1/1 (100%)
Source
PF 10/15 (66.7.0%)
PB 3/15 (20.0%)

RM (n ¼ 6)
Age, yr (± SD) 80 ± 4
Gender (Male), n (%) 5/6 (83.3%)
Rate of RM-PDO generation, n (%) 3/6 (50%)
Source
PF 3/6 (50.0%)
PB 0/6 (0.0%)

B, biphasic; E, epithelioid; PB, pleural biopsy; PDO, patients-
derived organoids; PF, pleural fluid; PM, pleural mesothelioma;
RM, reactive mesothelial; S, sarcomatoid.
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Morphologic and IHC Features of PDOs

PM-PDOs.

Epithelial PM-PDOs. EPM-PDO, obtained from both PF
and PB, grew as spheroidal mass with or without linking
spindle cells and/or as network-like structures connecting
neoplastic nodules (Fig. 2, A and B). This aspect adequately
mimicked parental tissues including multifocal growth and
reflected the subtype characteristics.

H&E staining revealed aligned stromal cells and clusters
of cancer cells with stromal components.

We found that EPM-PDOs displayed malignant features
with positivity of PM markers (i.e., AE1/AE3, D2-40, CK5/6,
WT1, and vimentin), as observed in parental tumor tissue
(Fig. 2C). Fibroblasts (a-SMA) and endothelial cells (CD31)
were not detected. The presence of CD68þ and CD163þ mac-
rophages was observed both in the parental tumor tissue and
at the edges of PM-PDOs.

Biphasic PM-PDOs.
BPM-PDOs, obtained from both PF and PB, showed positivity
for markers of PM, such as AE1/AE3 and D2-40, as observed
also in the parental tumor tissue (Fig. 3, A–C). Fibroblasts

were present in the stroma, whereas the presence of CD68þ

cells was not detected (Fig. 3B). Differently, the absence of
fibroblasts and presence of macrophages CD68þ cells were
found in BPM-PDO from PF (Fig. 3D).

Sarcomatoid PM-PDOs.
SPM-PDOs, obtained from PB, growth as spheroidal mass.
The organoids morphologically mimicked parental tissue
and adequately recapitulated the subtype characteristics.
IHC analysis showed that SPM-PDOs displayed malignant
features with positivity of PM markers, such as AE1/AE3,
D2-40, CK5/6, CAL, and WT1 and negativity to BAP-1, as
observed in the parental tumor tissue. No presence of fibro-
blasts (a-SMA) was found, whereas positivity for CD68þ

macrophages was observed both in PDO and parental tumor
tissue (Fig. 4).

Furthermore, we compared the positivity to PM markers
in PDOs with those of parental tumor tissues, finding a con-
cordance in 90% (9/10) for AE1/AE2, 100% (10/10) for D2-40,
50% (5/10) for CK5/6, 0% (0/10) for CAL, 90% (9/10) for WT1,
80% (8/10) for BAP1, and 90% (9/10) for CD68 (Table 2).
Reactive mesothelial-PDOs and transcriptome anal-

ysis. RM-PDOs developed as multifocal masses growing

Figure 2. Epithelial malignant pleural mesothelioma patient-derived organoids (EPM-PDOs) from pleural fluid (PL) (A) and from pleural biopsy (PB) (B).
Representative bright-field microscopy images (scale bar, 50 lm, 100 μm, and 200 lm). Histological assessment using H&E and IHC staining of epithe-
lial-related antigen (AE1/AE3), podoplanin (D2-40), cytokeratin 5/6 (CK5/6), Wilms’ tumor 1 protein (WT1), a-smooth muscle actin (a-SMA), CD31, vimentin,
CD68, and CD163 in organoids (scale bar, 50 lm), and (C) parental PM tissue (scale bar, 100 μm). H&E, hematoxylin and eosin; IHC, immunohistochemi-
cal; PM, pleural mesothelioma.
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intermingled with stromal cells. RM-PDOs were positive
both to epithelial-related antigen (i.e., AE1/AE3) and to
mesothelial markers (i.e., D2-40). CD68þ cells were highly
represented (Fig. 5). The comparison between RM-PDOs and
PM-PDOs transcriptomes showed 699 significantly differen-
tially expressed genes (P-FDR< 0.05, Fig. 6A). Among these,
629 genes were downregulated and 70 were upregulated in
PM-PDOs compared with RM-PDOs. Heatmap depicting the
differentially expressed genes shows a distinct difference in
gene expression pattern in malignant and nonmalignant
PDOs (Fig. 6B). Venn diagram indicates that PM and RM

share 545 genes (78.0%), whereas 145 genes are RM-spe-
cific (20.7%) and 9 genes are PM-specific (1.3%) (Fig. 6C).
The overall clustering is further illustrated by PCA, high-
lighting differences between malignant mesothelioma
and reactive mesothelium (Fig. 6D). The KEGG analysis
showed that down-expressed genes in PM-PDOs were
involved in ATP-dependent chromatin modeling, includ-
ing oxidative phosphorylation and chemical carcinogene-
sis. By analyzing the GO data, we found that innate
immune response, chromatin remodeling and ERK1/ERK2
pathway were the PM-specific downregulated biological

Figure 3. Biphasic malignant pleural mesothelioma patient-derived organoids (BPM-PDOs). A: representative bright-field microscopy images (scale bar,
50 lm, 100 μm, and 200 lm). B: histological assessment by H&E and IHC staining of epithelial-related antigen (AE1/AE3), podoplanin (D2-40), calretinin
(CAL), a-smooth muscle actin (a-SMA), CD31, vimentin, CD68, and CD163 in organoids from PB and parental PM tissue (C). D: histological assessment by
IHC staining of epithelial-related antigen (AE1/AE3), podoplanin (D2-40), Wilms’ tumor 1 (WT1), BAP-1, a-smooth muscle actin (a-SMA), and CD68 in PDOs
from PF. Scale bar, 50 μm. H&E, hematoxylin and eosin; IHC, immunohistochemical; PM, pleural mesothelioma.
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process, where chromatin was the downregulated cellular
components (Supplemental Fig. S2).

RESPONSE TO CHEMOIMMUNOTHERAPY. PF mainly consisted
of inflammatory CD45þ cells (94.8%), represented for 72% of
lymphocytes T and 13% of macrophages (Supplemental Fig.
S3). The immunophenotype analysis of PBMCs isolated from
PF and from WB showed comparable cellular composition,
except for TNK cells, which were higher in circulating
PBMCs. Notably, within the T cell population, the PF showed
higher helper T cells and activated T cells when compared
with T cell population fromWB (Supplemental Fig. S4).

No sign of cell death or reduced organoid size were found
in EPM-PDOs (PM-6) after Cis-PeMtx-chemotherapy or

immunotherapy (Fig. 7A, right). The IHC showed that the
therapy did not affect either mesothelioma cancer cells or
macrophages (Fig. 7B). The presence of CD68þ and CD163þ

cells was observed within the stroma both before and after
treatments. In addition, the presence of CD3 and CD8 posi-
tive cells within the PDO stroma confirmed the reliability of
the immunotherapy model (Fig. 7C). Increased expression of
PD-L1 was associated with the activation of the STAT3/NF-
κB pathway in EPM-PDOs cocultured with PBMCs after pem-
brolizumab treatment (Fig. 7D).

The lack of response to chemoimmunotherapy observed
in PM-PDOs of epithelial subtype (PM-13), paralleled the
clinic response of the patient. The patient received two

Figure 4. Sarcomatoid malignant pleural mesothelioma
patient-derived organoids (SPM-PDOs). Representative
bright-field microscopy images and histological assess-
ment by H&E and IHC staining of epithelial-related anti-
gen (AE1/AE3), podoplanin (D2-40), cytokeratin 5/6
(CK5/6) (A) calretinin (CAL), Wilms’ tumor 1 protein (WT1),
BAP-1, a-smooth muscle actin (a-SMA), and CD68 in
organoids (B) from PB and parental PM tissue. Scale bar,
50 lm and 100 μm. H&E, hematoxylin and eosin; IHC,
immunohistochemical; PB, pleural biopsy; PM, pleural
mesothelioma.

Table 2. Pleural mesothelioma markers in PDOs and parental tissues

EPM-1 EPM-2 BPM-3 EPM-6 EPM-8 EPM-10 EPM-11 EPM-13 BPM-14 SPM-15

PT PDO PT PDO PT PDO PT PDO PT PDO PT PDO PT PDO PT PDO PT PDO PT PDO

AE1/AE3 þ � þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ
D2-40 þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ þ
CK5/6 þ � þ þ � � þ � þ � þ þ /� þ � þ þ þ þ þ �
CAL þ � þ � � þ þ � þ � þ � þ � þ � þ � þ �
WT1 þ � þ þ � � þ þ /� þ þ þ þ þ þ þ þ þ þ þ þ
BAP1 þ þ þ � � � � � � þ þ þ � � � �/þ � � � �
CD68 þ þ þ þ þ � þ þ þ þ þ þ þ þ þ þ þ þ þ þ
B, biphasic; E, epithelioid; PDO, patient-derived organoids; PM, pleural mesothelioma; PT, parental tissue; S, sarcomatoid.
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cycles of carboplatin/pemetrexed chemotherapy, resulting
in no response.

Conversely, a reduction in the organoid number and size
was found in BPM-PDO (PM-3) cocultured with PBMCs
treated with pembrolizumab (Fig. 8A, right). However, even
BPM-PDO was viable and still positive for PM markers, sug-
gesting acquisition of resistance to chemotherapy combined
with immunotherapy (Fig. 8B). The PDOs were lacking stro-
mal macrophages, whereas the presence of CD3þ /CD8þ

cells was observed in PDOs treated with pembrolizumab
(Fig. 8C). The therapy suppressed PD-L1 expression, which
was associated with reduced STAT3/NF-κB-p65 expression
(Fig. 8D).

Sensitivity to immunotherapy was observed in PM-PDOs
of biphasic subtype (PM-14) even in the presence of macro-
phages (CD68þ cells). In this patient, stable disease was
observed after nivolumab/ipilimumab before disease pro-
gression 3 mo later. Due to disease progression and side
effects, the patient received carboplatin as second-line
treatment.

The sarcomatoid subtype (PM-15) were significantly
more sensitive to Pembrolizumab plus PBMCs treatment
respect to Cis/PeMtx (Fig. 9A, right). The chemoimmune
treatments do not affect the marker staining as result of drug
resistance. Stromal M1-macrophages (CD68þ ), M2-macro-
phages (CD163þ ), and T-lymphocytes (CD3þ and CD8þ ) were
found in PDOs (Fig. 9, B and C), whichmaymodulate the ther-
apeutic response by suppressing STAT3 and PD-L1 (Fig. 9D).

The in vitro immunotherapy response was in line with the
clinical response of patient. Patient received Nivolumab/ipi-
limumab treatment resulting in stable disease.

DISCUSSION

In our single-center study, we confirmed the feasibility to
generate PM-PDOs from PF and PB. The rate of success of PM-
PDO was overall good, especially in the presence of epithe-
lioid histotype. We were also able to create PDOs from RM in
patients with a clinical and pathological diagnosis of NSP,
with a good proportion of generation (50%). We also found
that PF was a better source for PDO generation compared
with PB, for both malignant and inflammatory pleural dis-
eases. The EPM-PDOs and BPM-PDO were both obtained
from PF and BP, whereas the only case of SPM grew from PB,
but not from PF. Thismight be related to different growth pat-
terns of the histotypes, as the epithelial histotype growwithin
the pleural surface, whereas the sarcomatoid component
tends to have a more infiltrative development. This may
finally influence the different trend to release cancer cells in
the PF, which is higher in EPM and lower in SPM (20).

We also confirmed that the PDOs morphological and IHC
features faithfully replicated those of the parental tissue, as
both morphology and IHC markers were precisely overlap-
ping. Notably, EPM-PDOs from PF and PB showed the simi-
lar stromal cellular composition, which reflect the parental
tissue.

AE1/AE3

D2-40

CD68

H&E

Br
ig

ht
-fi

el
d

A

B

50 μm 100 μm

Figure 5.Histological assessment in RM-PDOs. Representative
bright-field microscopy images (scale bar, 50 μm and 100 lm)
(A) and H&E and IHC staining of epithelial-related antigen (AE1/
AE3), podoplanin (D2-40), and CD68 in organoids (B) (scale bar,
50 μm). H&E, hematoxylin and eosin; IHC, immunohistochemi-
cal; RM-PDO, reactive-mesothelial patient-derived organoids.
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Another interesting result came from transcriptome analy-
sis, performed to explore potential differences and similarities
of gene expression in PM-PDOs and RM-PDOs. Differentially
expressed genes were detected in PM-PDOs, identifying
deregulated pathways such as activation of innate immune
response and chromatin remodeling. Both pathways are regu-
lated by BAP1, which is a tumor suppressor gene often associ-
ated with PM development (28, 29).

High rate of success with PF as a source for generating
PDOs was previously reported by Hocking et al. (30), who
established mesothelioma PDOs from PF with proportion of
50% (21–26, 28–30). In addition, Cioce et al. (31) confirmed
that PF-derived PDOs reproduce the genetic characteristics
of the tumor, emphasizing its utility in precision medicine
(22). This underscores PF as an accessible and effective

source of cancer cells for PDO generation, offering a less
invasive way to get PDOs, ensuring the tumor’s representa-
tiveness. However, our successful rate in establishing
PM-DPOs was higher than previously reported. One of the
possible explanations is the type of scaffold used for the gen-
eration of organoids. The choice of scaffold may also influ-
ence also molecule and growth factor diffusion, including
chemotherapy agents and cytokines. The scaffolds used for
the PDO generation may therefore bias cancer drug assays.
Matrigel was the optimal basement membrane matrix to
promote PM-PDO growth. In comparison with hydrogel,
Matrigel contains integrin-binding peptide motives on type
IV collagen and laminin-111, which is an essential process for
PDO development (32). Matrigel-based MM organoids were
also generated using mouse and canine PM models (33, 34).

Figure 6. Transcriptomic analysis of gene expression profile of RM-PDOs and PM-PDOs. Volcano plot (A) and heatmap (B) of differentially expressed
genes in the transcriptome. C: Venn diagram showing the number of genes specific for each PDO group. D: the PCA highlighting differences between
malignant and reactive mesothelioma. RM-PDOs n ¼ 3 and PM-PDOs n ¼ 3. PM-PDOs, PM patient-derived organoids; PM, pleural mesothelioma; RM-
PDO, reactive-mesothelial patient-derived organoids.

PATIENT-DERIVED ORGANOID OF PLEURAL MESOTHELIOMA

L764 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00078.2025

Downloaded from journals.physiology.org/journal/ajplung (193.205.129.206) on January 26, 2026.

https://doi.org/10.1152/ajplung.00078.2025


Stemness supplements and growth factors such as EGF,
Noggin, and R-spondin1 are widely accepted as most essen-
tial factors in the organoid medium (33, 34). In our model,
we found that the N2 and B27 stemness supplements
reduced growth of PDOs, thus supporting previous results
showing that stemness was not required to maintain orga-
noid growth (33). Among the three media tested, the RPMI-
1640 supplemented with FBS was the optimal culture
medium for PM-PDO. Using complete RPMI-1640 medium,
cell components of tumor stroma growth within the orga-
noid, thus generating a tumormicroenvironment (TME) that
is associated with tumor heterogenicity provided by PF as
source of cells, better capture tumor features. For the first
time, we established PM-PDOs with stromal cells such as
macrophages that overcome one of the major limits of orga-
noid model, which is represented by the lack of reliable
immune TME. In fact, tumors also consist of a diverse non-
transformed component, including fibroblasts, stromal cells,
endothelial cells, and immune cells, including T cells (CD4þ

T-helper cells, CD8þ cytotoxic T cells, and regulatory T
cells), B cells, tumor-associated macrophages, and dendritic
cells. TME is a complex and dynamic ecosystem that influen-
ces tumor progression, metastatic dissemination, and tumor
response to therapy (35). Therefore, many studies focused on
the development of a PDO-immune cell coculture model

that effectively predict the patient responses to various
therapies (36). Cattaneo et al. generated a functional tumor-
reactive T cells based on the coculture of tumor organoids
with PBMCs, showing a high level of tumor-reactive CD8þ T
cell populations (37).

Consistent with this, local PBMCsmay constitute a distinct
subpopulation—being immune-experienced and expressing
different antigens—compared with circulating PBMCs and
could provide a reliable immune microenvironment for test-
ing immunotherapy at the individual level.

When testing the response to chemoimmunotherapy,
we found a partial response in BPM-PDOs and SPM-PDOs,
whereas a complete lack of response in EPM-PDOs. Cis-PeMtx
chemotherapy did not induce PDO cell death, whereas PDOs
with the sarcomatoid component were sensitive to anti-PD1
(pembrolizumab) treatment in the presence of PBMCs. These
results confirm the clinical response of patients, where only
patients with PM of biphasic and sarcomatoid subtype showed
benefit from immunotherapy. Furthermore, we detected that
immune treatment activated the NF-κB signaling pathway in
PM-PDOs via the PD-1/PD-L1 axis in the presence of CD3/CD8
positive cells and macrophages. In line with this, we found
that CD68þ and CD163þ macrophages represented an impor-
tant component in RM-PDOs and were present in all PM histo-
types. However, both BPM-PDOs and SPM-PDOs positively
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Figure 7. Drug response in EPM-PDOs. Female EPM-PDOs (PM-2) were treated with Cis/PeMtx (30 lM each) or with pembrolizumab (10 lg/mL) in coculture
with PBMCs (105) from the same patient (Pemb/PBMCs); 2 cycles of treatments with 3 days between cycles were applied. A: representative bright-field
microscopy images (scale bar, 50 lm). Organoid growth was quantified by optical intensity (right). B: FFPE tumor sections were inspected for H&E and
immunohistochemical staining of epithelial-related antigen (AE1/AE3), podoplanin (D2-40), vimentin, CD68, and CD163. Scale bar, 100 μm. C: FFPE tumor
sections were inspected for immunohistochemical staining of CD3 and CD8 antigen. Scale bar, 50 μm. D: evaluation of the PD-L1 and the STAT3/AKT/NF-
κB pathway. Scale bar, 100 μm. Images for control and treatment groups in microscopy experiments were collected at the same time under the same condi-
tions. Data shown are means ± SD of three independent experiments. Comparison between and among groups were evaluated by t test analysis and by
1-way ANOVA with Tukey’s post hoc analysis, respectively. Cis/PeMtx, cisplatin/pemetrexed; EPM-PDOs, epithelial patient-derived organoids; FFPE, forma-
lin-fixed, paraffin-embedded; H&E, hematoxylin and eosin; PBMCs, peripheral blood mononuclear cells; Pemb, pembrolizumab; PM, pleural mesothelioma.
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responded to immunotherapy independently of the presence
of tumor-associated macrophages, suggesting that the histo-
typemainly influences the response to immunotherapy.

Ourwork supports the growing evidence that PDOs represent
a reliable predictive model to test therapeutic responses, espe-
cially for immunotherapy. The PM-PDO response in vitro was
in line with the patients’ clinical response as retrospectively
evaluated. In line with our findings, Hocking et al. (30) demon-
strated that mesothelioma PDOs established from pleural effu-
sions could be used to test therapeutic sensitivity to cisplatin,
accurately reflecting patient-specific responses. Similarly, Cioce
et al. (31) showed that PDOs respond heterogeneously to cispla-
tin and pemetrexed, further validating their role as personalized
models for predicting therapeutic outcomes. This suggests
PDOs as a promising tool for precision oncology, allowing to
guide tailored treatment approaches.

The identification of CD68þ and CD163þ macrophages in
PDOs suggests that the tumor microenvironment plays a
critical role in the response to therapy, as supported by Cioce
et al. (31). Their study showed that mesothelioma-associated
fibroblasts may modulate chemotherapy resistance in PDOs
via IL-6 secretion, highlighting the importance of noncan-
cerous cells like fibroblasts and macrophages in tumor
dynamics (31).

Nevertheless, our findings differ from that of Hocking
et al., who recently reported absence of macrophages in
PDOs frommalignant pleural effusion (30). However, consis-
tently with our results, CD68þ /CD163þ macrophages are
considered to promote tumor growth andmetastasis (23, 24)
and are thought to play a central role in asbestos-induced
carcinogenesis and PM formation (25–27). Furthermore,
Pezzuto et al. (38) reported that PM is characterized by high
percentage of CD163þ cells and by low expression of PD-L1
and CD4, which correlated with lower sensitivity to ICIs.
Moreover, ever-growing evidence indicates CD68þ /CD163þ

macrophages as a key factor inmediating PD-1/PD-L1 immu-
nosuppression (23). This complements the role of tumor-asso-
ciated macrophages in modulating immune responses and
therapy effectiveness, and it is coherent with the differential
response to the immunotherapy that we have observed in
EPM-PDOs and BPM-PDOs or SPM-PDOs.

Strengths andWeaknesses

Our study has several strengths. First, the identification of
macrophage populations (CD68þ and CD163þ ) within the
PDOs highlights the incorporation of key immune cells,
mimicking the tumor microenvironment. This makes the
PDO model more reflective of in vivo conditions, allowing
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for more accurate testing of therapy response. Second, to our
knowledge, our study is the first demonstrating the PDOs
utility in evaluating the efficacy of immunotherapy, also pro-
viding insights intomechanisms of resistance, such as PD-L1
upregulation and STAT3/NF-κB activation. Finally, we con-
firmed the use of pleural fluid as a reliable and minimally
invasive source for generating PDOs, which might be a sig-
nificant advantage in defining therapeutic strategy, espe-
cially for patients who cannot undergo invasive biopsy
procedures. This potentially expands the applicability of
PDOs in clinical settings.

Weaknesses of the study are mainly related to the proce-
dure of PDO generation and drug screening technique,
which is not completely standardized. Second, although the
stromal microenvironment is preserved, some anatomical
structures, potentially involved in pathobiologymechanisms
as nerves and blood vessels, are not represented within
PDOs. Furthermore, we did observe a lack of some compo-
nents of immunological cells, and we are not certain about
whether lymphocytes in the parental biopsies were recapitu-
lated in PDOs. However, the presence of T cell in the PDO
stroma further supports the response to Pemb, as it is a PD-1
blocker.

Third, the comparative analysis of malignancy with inflam-
matory plural disease is a little limited given the imbalance
between PM-PDOs (n¼ 8) and RM-PDO (n¼ 3).

Moreover, we analyzed the response to chemoimmunother-
apy using an optical assessment and a semiquantitative tech-
nique, which is not fully reproducible. Finally, the small
sample size might have hampered the detection of significant
differences among sources of PDOs and histological subtypes
in terms of proportion of successful PDO cultures generation.

Conclusions

In conclusion, our study suggests that PF might be an
effective and minimally invasive source for generating
PDOs both in PM and in patients with NSP, especially those
who are unable to undergo surgical procedures. These
PDOs accurately preserve the histological and immunohis-
tochemical features of the parental tumors. CD68þ and
CD163þ macrophages were found to be crucial components
of the PDO microenvironment and may influence the
response to therapy. In addition, PDOs offer a promising
model for predicting therapeutic responses, making them
valuable tools for personalized treatment strategies in
mesothelioma.

D

1-CTRL
2-Cis/PeMtx

3-Pemb/PBMCs

CTRL Pemb/PBMCs

pS
TA

T3

Cis/PeMtx

PD
-L

1
AK

T
pA

KT
N

F-
κ
B-

p6
5

ST
AT

3

A CTRL Pemb/PBMCsCis/PeMtx

T0
T1

50 μm 50 μm 50 μm

B CTRL Pemb/PBMCsCis/PeMtx

3EA/1EA
nitne

miv
86

D
C

361
D

C
D

2-
40

C CTRL Pemb/PBMCs

C
D

8
C

D
3

20

15

10

5

0
CTRL Cis/PeMtx

Pemb/PBMCs
p=0.879

p=0.655 T0
T1

p=0.0005

O
rg

an
oi

d 
nu

m
be

r/w
el

l

M
ea

n 
in

te
ns

ity
/c

el
l

STAT3

pSTAT3 PD-L1 AKT pAKTp=0.0005

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

NF-κB-p652.5

2.0

1.5

1.0

0.5

0.0

50 μm 50 μm 50 μm

Figure 9. Drug response in SPM-PDOs. Male SPM-PDOs (PM-15) were treated with Cis/PeMtx (30 lM each) or with pembrolizumab (10 lg/mL) in cocul-
ture with PBMCs (105) from the same patient (Pemb/PBMCs); two cycles of treatments with 3 days between cycles were applied. A: representative
bright-field microscopy images (scale bar, 50 lm). Organoid growth was quantified by number (right). B: FFPE tumor sections were inspected for H&E
and IHC staining of epithelial-related antigen (AE1/AE3), and podoplanin (D2-40), vimentin, and macrophages (CD68). Scale bar, 100 μm. C: FFPE tumor
sections were inspected for immunohistochemical staining of CD3 and CD8 antigen. Scale bar, 100 μm. D: evaluation of the PD-L1 and the STAT3/AKT/
NF-κB pathway. Scale bar, 50 μm and 100 μm. Images for control and treatment groups in microscopy experiments were collected at the same time
under the same conditions. Data shown are means ± SD of three independent experiments. Comparisons between before (T0) and after (T1) treatments
and among groups were evaluated by t test analysis and by 1-way ANOVA with Tukey’s post hoc analysis, respectively. Cis/PeMtx, cisplatin/pemetrexed;
SPM-PDOs, sarcomatoid patient-derived organoids; FFPE, formalin-fixed, paraffin-embedded; H&E, hematoxylin and eosin; IHC, immunohistochemical;
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