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Abstract

We previously demonstrated that in BAP1-proficient pleural mesothelioma cells, CDKN2A
is critical for mediating the response to selective EZH2 inhibition and highlighted a complex
interplay between epigenetic regulation and the tumor immune microenvironment. In this
study, we employed a quantitative proteomic mass spectrometry approach to assess alter-
ations in protein expression following EZH? inhibition in BAP1- and CDKN2A-proficient
mesothelioma cells cultured as spheroids. Additionally, we analyzed extracellular vesicles
(EVs), which were isolated through tangential flow filtration. Flow cytometric analysis and
co-culture systems were used to characterize the effects of EVs on neutrophils. Upon EZH2
inhibition, we demonstrated RAB27b and CD63 upregulation and increased release of extra-
cellular vesicles. We found that a brief exposure to EVs derived from EZH?2 inhibitor-treated
cells skewed naive neutrophils toward a pro-tumor phenotype characterized by high levels
of PD-L1 and MSLN (Mesothelin) expression on the surface. These EV-elicited neutrophils
suppressed T cell proliferation while enhancing tumor cell growth. Moreover, we observed
changes in the EV cargo derived from EZH?2 inhibitor-treated spheroids. Our findings
highlight the significant role of EVs in creating an immunosuppressive microenvironment,
and underscore the urgent need for further investigation into the regulation of neutrophil
biology and function in the PM.

Keywords: EZH?2 inhibition; tazemetostat (EPZ-6438); pleural mesothelioma; extracellular
vesicles; neutrophils; MSLN and PD-L1 expression

1. Introduction

Pleural mesothelioma (PM) is a deadly cancer of the pleural surface that is caused
primarily by asbestos fiber inhalation. Despite the banning of asbestos in many coun-
tries, an increase in PM cases is expected due to exposure in the past and continued use
in developing countries [1]. Unfortunately, treatment options for PM are limited, with
systemic therapy, for those patients who are not candidates for surgery, typically consisting
of pemetrexed with cisplatin or carboplatin [2,3]. Recently, the combination of ipilimumab
plus nivolumab has been approved as a first-line treatment for PM, offering a new option
for patients [2,4]. Additionally, in September 2024, the Food and Drug Administration
approved pembrolizumab with chemotherapy as a first-line treatment for unresectable,
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advanced or metastatic PM [5]. The effectiveness of immune checkpoint inhibitor therapy
for the epithelioid subtype of PM is still uncertain, and much has to be gained to overcome
the immune resistance observed in a large PM population [6]. In this context, it is crucial to
identify reliable predictors of response to determine which patients would benefit most
from standard chemotherapy, doublet immunotherapy, or chemoimmunotherapy. Various
biological and molecular factors, including histological subtype, tumor mutational bur-
den, and programmed death ligand 1 (PD-L1) expression, have been investigated for this
purpose, but the results have been inconclusive [7-10]. Furthermore, despite remarkable
advancements in the treatment of PM, patients often experience progression and relapse
within six months of initiating therapy, underscoring the necessity for improved second-line
treatments [11].

A recent open-label, single-arm phase 2 study investigated the efficacy and safety of
tazemetostat (EPZ-6438), a selective oral inhibitor of enhancer of zeste homolog 2 (EZH2),
in patients with relapsed or refractory PM characterized by BRCA1-associated protein
(BAP1) inactivation [12]. Although, the response rate was modest in the phase 2 study,
the drug demonstrated a more favorable adverse event profile and prolonged disease
control than conventional second-line therapies. EZH2 is a core component of PRC2
(Polycomb repressive complex 2), which catalyzes the trimethylation of histone 3 on lysine
27 (H3K27me3), leading to gene repression and alterations in chromatin structure [13]. In
our previous publications, we investigated the response of BAP1 wild-type PM cells to
EZH2 inhibition, prompted by our observation of intense H3K27me3 immunostaining
in BAP1 wild-type PM biopsies. We found that treatment with EPZ-6438 in BAP1 wild-
type PM multicellular spheroids induced cell cycle arrest and increased expression of the
senescence marker cyclin-dependent kinase inhibitor 2A (CDKN2A) [14]. Additionally, this
treatment enhanced the recruitment of monocyte-derived tumor-associated macrophages
(Mo-TAMs) and promoted their pro-tumor phenotype [15].

Senescent cells communicate with neighboring cells and the surrounding microenvi-
ronment by secreting bioactive molecules, which is referred to as the senescence-associated
secretory phenotype (SASP) [16], and recent research has highlighted the role of small extra-
cellular vesicles (EVs) as key components of the SASP [17]. EVs, particularly exosomes, are
lipid membrane vesicles (30-150 nm in size) released from tumor cells to transfer signaling
molecules [18,19]. Emerging evidence indicates that tumor-derived EVs can modulate
immune cells, enabling tumor cells to evade immune surveillance [20,21]. Preclinical and
clinical studies also suggest that PD-L1 expression on EVs predicts a low response rate
to anti-PD-L1/PD-1 therapy [22,23]. Tumor-derived EVs utilize various mechanisms to
promote immune suppression. They can directly transport mRNAs, proteins, or regulatory
microRNAs, thereby influencing PD-L1 gene expression and modifying PD-L1 protein
levels in both tumor and immune cells. For example, tumor-derived EVs can induce PD-
L1 expression on neutrophils, subsequently leading to the inhibition of T-cell activation,
proliferation, and function [24].

Neutrophils are crucial immune cells in the tumor microenvironment (TME) that
perform both antitumor and protumor functions [25]. Recent research has indicated that
neutrophil subsets in cancer do not exist in a binary classification but rather represent a
continuum of states [26]. A high neutrophil-to-lymphocyte ratio (NLR) has been described
as an independent predictor of poor survival in PM patients. The hypothesis behind this
is that activated T cells might be suppressed by marked neutrophil infiltration [27]. Thus,
further research is needed to better understand how neutrophils activated by tumor-derived
EVs could contribute to PM progression.
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In this study, we treated PM multicellular spheroids with EPZ-6438, which resulted in
increased release of EVs, as suggested by proteomic analysis; neutrophils were then treated
with EVs, and polarization toward a protumor phenotype was investigated.

2. Results

2.1. EPZ-6438 Treatment Induced RAB27b and CD63 Expression in MSTO-211H Spheroids, as
Evidenced by Quantitative Proteomic Analysis

As previously described [14], treatment of MSTO-211H PM cells cultured as multi-
cellular spheroids (MCSs) with EPZ-6438 led to the suppression of the trimethylation of
histone H3 on lysine K27 (H3K27me3), as well as a 30% reduction in both the size of the
MCSs and the number of viable cells (Figure S1).

In this study, we conducted a proteomic analysis of proteins extracted from MSTO-
211H MCSs cultured for 72 h in the presence or absence of 10 uM EPZ-6438. A total of
881 proteins were identified and quantified. The hierarchical clustering heatmap clearly
highlighted the impact of EPZ-6438 treatment on the proteome (Figure 1A). The statisti-
cal analysis, performed with a fold change (FC) > 1.5 or <0.67 as the cutoff ratio and a
p value < 0.05, revealed 33 differentially expressed proteins, of which 21 were upregulated
and 12 were downregulated by EPZ-6438 treatment (Figure 1B).
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Figure 1. Quantitative proteomic analysis of EPZ-6438 treated MSTO-211H spheroids. (A) Heatmap
including all 881 proteins quantified via proteomic analysis; samples treated with EPZ-6438 were
separated from each other and from the control group. (B) Volcano plot of differential protein
expression. The abscissa is the difference (linear fold change [FC] in protein concentration (logarithmic
transformation with base 2), and the ordinate is the statistical significance, that is, the logarithmic
transformation with base 10 for the p value. Red and purple dots in the volcano plot indicate proteins
with significant differences (purple, p < 0.05 and FC < 0.67; red, p < 0.05 and FC > 1.5); black dots are
proteins without significant changes. (C) Representative Western blot analysis of CD63 and RAB27b
in MSTO-211H cells cultured as MCSs + 72 h treatment with EPZ-6438. Tubulin was used as the
loading control. (D) Gene Ontology (GO) cellular component analysis of the significantly upregulated
proteins. Statistically significant categories (p < 0.05) are displayed in blue.

Among the most strongly upregulated proteins in EPZ-6438-treated MCSs, we noticed
RAB27b (FC =4.8,p=1.3 x 107°) and CD63 (FC =2, p = 1.2 x 10~°). The Rab GTPases play
crucial roles in various stages of membrane trafficking, including the generation and release
of EVs. Additionally, the exosome tetraspanin marker CD63 is positively correlated with
EV secretion. The increased expression of RAB27b and CD63 was validated by Western blot
analysis of lysates obtained from untreated or EPZ-6438-treated PM MCSs (Figure 1C).Gene
Ontology (GO) cellular component analysis of the significantly upregulated proteins indi-
cated associations with the melanosome, extracellular space, extracellular exosome, and
vesicle (Figure 1D). This prompted us to investigate the potential impact of treating PM
cells with EPZ-6438 on the release of EVs.

2.2. EPZ-6438 Treatment of MSTO-211H Spheroids Resulted in a Doubling of Extracellular
Vesicle Release

MSTO-211H spheroids were formed through forced aggregation in non-adherent
96-well microplates in complete medium for 24 h; subsequently, the medium was replaced
with serum-free medium containing or not containing 10 uM EPZ-6438. Conditioned media
from both control and treated MCSs were then collected twice daily for three days, and
EVs were isolated via ultrafiltration. Both EV batches were then freeze-dried to obtain a
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ready-to-use powder product for the subsequent experiments. The diameter of EVs released
by PM MCSs treated with EPZ-6438 or not matched the typical size of EVs (Figure 2A,B).
The mean size of the EVs from untreated PM MCSs was 145.4 + 4.6 nm, whereas that
from EPZ-6438-treated PM MCSs was 133.8 £ 4.8 nm. Nanotracking profiles revealed no
significant differences in the mean diameter, mode, dy, dsp, or dgy of EVs from PM MCSs
grown with or without EPZ-6438 (Figure 2C-G), but the EV content, normalized by cell
number, was more than double (p < 0.00001) for PM MCSs treated with EPZ-6438 when
determined with NTA (Figure 2H). These values were confirmed with Nile red staining
(Figure 2I).

A B

Concentration (particles / ml)

Concentration (particles / ml)

21 -
00 200 X0 00 “0 o0 o0 00 %00 1000 LN T 0 o “ 0
Size (nm) N . -
Size (nm)
200 ns 150
r_l ns
_ 150+ = 100
E £
c 100+ )
o <}
= = 504
50
0- 0-
Ctrl EPZ6438 Ctrl EPZ6438
ns ns
ns
150 300
100 —
80
. —~ 100 —~ 200
s 40 T 50 S 100
20
0 0 0
Ctrl EPZ6438 Ctrl EPZ6438 Ctrl EPZ6438
*k
4 100
% ok %k ok
3

pg/ml

Particles/ml (x10%)
N

Ctrl EPZ6438 Ctrl EPZ6438
Lipids

Figure 2. Analysis of extracellular vesicles released by MSTO-211H spheroids. Representative NTA
average curves of EVs from MSTO-211H cells cultured as MCSs after 72 h of treatment in the absence
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(A) or presence (B) of EPZ-6438, analyzed with a NanoSight NS300 instrument: particles/mL on
the vertical axis and size in nanometers (nm) on the horizontal axis. The red shadow along the
line shows the dispersion of the data obtained for that sample. (C—G) Diameter percentiles (d10,
d50, d90) of EVs from MSTO-211H-treated MCSs after 72 h in the absence or presence of EPZ-6438.
(H) Concentrations of EVs from MSTO-211H cells cultured as MCSs + 72 h after treatment with
EPZ-6438 were analyzed with a NanoSight NS300 instrument. The amount of particles/mL was
normalized to the number of cells. (I) The bar graph shows the relative total lipid content analyzed
with Nile red in EVs from MSTO-211H cells cultured as MCSs + 72 h treatment with EPZ-6438.
The pg of lipids per mL was normalized to the number of cells. Each bar represents the mean of
three independent experiments + SD, ** p < 0.01, **** p < 0.001, ns: not significant.

2.3. Extracellular Vesicles Derived from EPZ-6438-Treated MSTO-211H Spheroids Induced PD-L1
Expression on Neutrophils and Enhanced Their Immunosuppressive Functions

Numerous studies have shown that EVs released from tumor cells function as sig-
nificant mediators of immune regulation in cancer [28]. Recent evidence indicates that
neutrophils, a key component of the inflammatory tumor microenvironment (TME), pos-
sess a high degree of plasticity in response to various environmental signals, including
EVs [29].

In our study, we analyzed the effects of incubating a set of naive neutrophils obtained
from healthy donors with EVs released from MSTO-211H MCSs treated with or without
EPZ-6438. The light microscope images showed increased aggregation of neutrophils upon
3 h of incubation with EVs from PM MCSs treated with EPZ-6438 (Figure S2). We excluded
a direct effect of EPZ-6438 on neutrophils based on Western blot analysis, which showed
no changes in H3K27me3 levels following treatment (Figure S3).

Then, we analyzed the expression of a panel of neutrophil-specific molecules in
neutrophils challenged with or without EVs via flow cytometric analysis. Interestingly,
flow cytometric analysis revealed that approximately 60% of neutrophils treated with EVs
from PM cells expressed on their surface MSLN (Mesothelin), a sensitive marker for PM.
These findings support the idea that direct membrane fusion is one of the mechanisms of
tumoral EV uptake in neutrophils (Figure 3A,B). EVs collected from untreated PM cells
led to increased expression of PD-L1 (Programmed Death-Ligand 1) and CXCR4 (C-X-C
chemokine receptor type 4) on neutrophil membranes, along with decreased expression
of L-selectin, also known as CD62L (Figure 3A,B). EVs from EPZ-6438-treated PM cells
caused increased expression of activation marker CD66b, and even significantly increased
expression of PDL-1 and CXCR4 on neutrophil membranes (Figure 3A,B).

A recent study reported that a subset of PD-L1+ tumor-associated neutrophils (TANs)
can directly suppress T-cell-mediated immunity [22]. We cocultured neutrophils challenged
with EVs from untreated and EPZ-6438-treated PM MCSs with PHA-activated T-cells
derived from the peripheral blood of healthy donors. Interestingly, neutrophils challenged
with EVs from PM cells significantly suppressed T-cell proliferation, and more significantly,
those challenged with EVs released from EPZ-6438-treated cells did (Figure 3C).

Conversely, when neutrophils challenged with EVs were cocultured with PM MCSs,
they promoted cell growth (Figure 3D). LPS (lipopolysaccharide) was used as a control
to polarize neutrophils toward an antitumor cytotoxic phenotype. Collectively, these
results indicate that neutrophils activated by PM-derived EVs, particularly those derived
from EPZ-6438-treated cells, play a key role in inducing PD-L1 expression and promoting
immunosuppressive functions in neutrophils.
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Figure 3. Analysis of neutrophils challenged with EVs from MSTO211H spheroids. (A,B) Representa-
tive plots and histograms from FACS analysis, and bar graphs showing the percentage of positivity of
PDL-1 and MSLN, and the mean fluorescence intensity (MFI) of CD66b, CXCR4, and CD62L on the
surface of neutrophils incubated for 3 h with EVs isolated from MSTO-211H MCSs =+ 72 h of treatment
with EPZ-6438. (C) Bar graph showing the percentage of proliferating PMA-stimulated T cells after
24 h of incubation with naive neutrophils or challenge with EVs from untreated or EPZ-6438-treated
MSTO-211H MCSs. (D) Bar graph showing the number of MSTO-211H MCSs incubated for 24 h with
naive neutrophils or challenged with EVs from untreated or EPZ-6438-treated MSTO-211H MCSs,
expressed as the percentage of untreated MCSs. The histograms in (A-C), show the means + SD,
**p <0.01, ** p <0.005, *** p < 0.001, ns: not significant.
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2.4. Proteomic Analysis Identified Differentially Regulated Proteins in Extracellular Vesicles
Derived from EPZ-6438-Treated MSTO-211H Spheroids

We compared the protein cargo of EVs released by MSTO-211H MCSs treated or
not with EPZ-6438. As shown by the hierarchical clustering heatmap (Figure 4A), the
proteome profiles of EVs from treated and untreated MCSs were very different. A total
of 391 proteins were identified, and 54 differentially expressed proteins were detected
(fold change (FC) > 1.3 or <0.76 and p value < 0.05), as reported by the volcano plot in
Figure 4B, of which 37 were more concentrated and 17 were less concentrated in EVs
from EPZ-6438-treated MCSs than in those from untreated MCSs (Figure 4C). Frizzled 6,
phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha and peroxisome
proliferator-activated receptor alpha were the most upregulated proteins, whereas the most
downregulated protein was Ecto-NOX disulfide-thiol exchanger 2. Interestingly, among the
enriched proteins in the EV cargo, while MSLN (FC = 2) was expressed on the neutrophil
surface after treatment with EVs from PM MCSs, we did not identify PD-L1.

Hierarchical clustering heatmap
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Figure 4. Proteomic analysis of EVs derived from MSTO211H spheroids. (A) Heatmap including
proteins quantified via proteomic analysis; EVs from MSTO-211H MCSs treated with EPZ-6438
were separated from each other and from the control group. (B) Volcano plot of differential protein
expression. The abscissa is the difference (linear fold change [FC] in protein concentration (logarithmic
transformation with base 2), and the ordinate is the statistical significance, that is, the logarithmic
transformation with base 10 for the p value. Red and purple dots in the volcano plot indicate proteins
with significant differences (purple, p < 0.05 and FC < 0.76; red, p < 0.05 and FC > 1.3); black dots
are proteins without significant changes. (C) List of the 37 more concentrated (red) and the 17 less
concentrated (blue) proteins in EVs from MSTO-211H MCSs treated for 72 h with EPZ-6438 than in
those from untreated MCSs.

3. Discussion

Owing to its significant role in tumor initiation and progression, targeting EZH2 has
become a crucial therapeutic strategy in the treatment of a variety of cancers [30,31]. Several
EZH2 inhibitors have been developed, including tazemetostat (EPZ-6438), which has re-
ceived FDA approval for the treatment of follicular lymphoma and epithelioid sarcoma [32].
Research on combining EZH? inhibitors with immune checkpoint blockade (ICB) treatment
may guide the development of future combination therapies [33]. The significant epigenetic
and transcriptomic alterations caused by EZH2 in both tumor and immune cells play a key
role in shaping the immune-suppressive activity of solid tumors [34].

We recently reported that treatment of PM spheroids with EPZ-6438 enhanced both
the recruitment of monocyte-derived tumor-associated macrophages (Mo-TAMs) and the
expression of their protumor phenotype [12]. Thus, exploring the distinct changes in the
tumor microenvironment (TME) triggered by EZH2 inhibition could provide valuable
insights for strategically combining different immunotherapies.

Malignant cells can evade immune surveillance through various mechanisms.
One well-known mechanism is the interaction between PD-L1 and PD-1, which contributes
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to immunosuppression [35]. Studies have shown that infiltrating neutrophils can express
high levels of PD-L1, leading to the suppression of T-cell activation and proliferation [36].
The complex network of interactions between tumor cells and distinct non-tumor cells is
influenced by numerous factors. Among other factors, cellular communication through
the release of EVs plays a crucial role in cancer development and maintenance [37,38].
Tumor-derived EVs interact with healthy neighboring cells, promoting tumor growth
and expansion; for example, the interaction between tumor cells and fibroblasts, as well
as between endothelial, mesenchymal, and immune cells, is well documented [39]. Un-
derstanding this mode of cellular communication is essential for uncovering biological
processes and advancing diagnostic and therapeutic strategies for targeting diseases, thus
improving patient outcomes.

Proteomic analysis of PM spheroids treated with EPZ-6438 revealed a significant
increase in the expression of RAB27b and CD63, indicating increased release of EVs. Subse-
quent purification and analysis of EVs confirmed these findings. Here, we present initial
evidence that EVs derived from PM cells, particularly those derived from EPZ-6438-treated
cells, induce PD-L1 expression in neutrophils. Our study is the first to demonstrate that
PM-EVs trigger the development of immunosuppressive neutrophils, leading to the inhi-
bition of T-cell immunity (Figure 5). These results highlight the significant role of EVs in
creating an immunosuppressive microenvironment, shedding light on the regulation of
neutrophil biology and function in the PM.
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mesothelioma spheroids mesothelioma spheroids
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The molecular mechanisms underlying EV-mediated upregulation of PD-L1 expression
appear to be complex. Studies have shown that EVs can transport PD-L1 mRNA directly to
increase its transcription in tumor cells [40]. Additionally, exosomal noncoding RNAs have
been implicated in the upregulation of PD-L1 expression in macrophages and monocytes [41].
Moreover, metastatic melanoma, breast cancer, and head and neck squamous cell carcinoma
(HNSCC) cells release EVs containing the PD-L1 protein on their surface [42]. This PD-L1
protein can directly inhibit the killing of tumor cells by T-cells and promote tumor growth.

Recent findings indicate that the PI3K/AKT signaling pathway is involved in the
modulation of PD-L1 expression in melanoma cells and may play a part in PD-L1-mediated
immune-independent resistance [43]. In addition, M2-type tumor-associated macrophages
(TAMs) can increase PD-L1 expression in cervical cancer cells via the PI3K/AKT pathway,
increasing their migration and invasion capabilities and affecting tumor progression [44,45].
Notably, proteomic profiling of the cargo of EVs isolated from EPZ-6438-treated PM MCSs
revealed that the alpha catalytic subunit of PI3K was one of the most upregulated proteins.
EV proteomic analysis also revealed the upregulation of PPAR-x, whose effect on immune
cells in the TME is often poor, ultimately leading to immunosuppression or even cancer
immune escape. The role of FZD6, the other upregulated protein, in the pathogenesis of
cancer is not clear. Further research is needed to investigate whether other forms of PD-L1,
such as mRNAs or regulatory miRNAs, are present in EVs.

Neutrophils treated with PM-derived EVs presented high expression of the neutrophil-
specific lineage marker CD66b, along with elevated levels of CXCR4 and reduced levels
of CD62L. These characteristics, previously associated with aging and activation, may
be indicative of a subset of neutrophils contributing to the protumoral population [46].
Researchers have shown that the lifespan of aged neutrophils is extended through the
downregulation of pro-apoptotic genes and the upregulation of anti-apoptotic genes. Ad-
ditionally, in aged neutrophils, the expression of adhesion-related proteins is increased.
Furthermore, aged neutrophils show enhanced capacities for angiogenesis and the recruit-
ment of immunosuppressive cells [47]. Additional investigations are needed to establish a
standardized classification of neutrophil subsets.

A previous study demonstrated that subtypes of EVs, specifically 10 K, 18 K, and
100 K, which are isolated from different PM cell lines, contain MSLN [48]. Here, we report
that EVs isolated from PM cells can transfer MSLN from tumor cells to the surface of
neutrophils. Moreover, proteomic analysis of isolated EVs revealed an increase in MSLN
levels in EVs from EPZ-6438-treated cells. MSLN is an immunogenic glycoprotein highly
expressed in ovarian cancer, non-small cell lung cancer (NSCLC), and mesothelioma [49].
Its low expression in normal mesothelial cells makes MSLN a promising candidate for
targeted immunotherapy in mesothelioma patients. Clinical trials are currently evaluating
MSLN-targeted therapies, including combination therapies with MSLN-specific CAR-T-
cell therapy and anti-PD1 therapy, which have shown promising antitumor activity in
PM [50]. In addition, certain antibody—drug conjugates have demonstrated manageable
safety profiles and promising antitumor effects in MSLN-positive solid tumors [51].

This study provides the first evidence that MSLN can be transferred from tumor
cells to immune cells through EVs (Figure 5). Further confirmation of these data in tissue
biopsies is warranted, as in vivo confirmation could have implications for the response of
PM patients to therapies targeting MSLN.

4. Materials and Methods
4.1. Reagents and Antibodies

Culture media, sera, and antibiotics were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). The EZH2-selective inhibitor EPZ-6438 was purchased from Sell-
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eckchem (Houston, TX, USA). Anti-tubulin, anti-mouse and anti-rabbit IgG peroxidase-
or FITC-conjugated antibodies and chemical reagents were obtained from Merck KGaA
(Darmstadt, Germany). ECL, nitrocellulose, and protein assay kit were obtained from
Bio-Rad (Hercules, CA, USA). The polyclonal antibody specific for histone H3 trimethyl
lysine 27 (H3K27me3) was purchased from Active Motif (Carlsbad, CA, USA) while the
monoclonal antibody specific for histone H3 was from Cell Signaling Technology (Danvers,
MA, USA). The polyclonal antibodies specific for CD63 (PA5-92370), RAB27b (PA5-54096)
and beta-Tubulin (PA5-16863) were from Thermo Fisher Scientific. Anti-PD-L1 (clone
MIH?2), anti-CXCR4 (clone QA18A64), anti-CD62L (clone W21031N), and anti-CD66b
(clone G10F5) antibodies were obtained from BD Biosciences (Franklin Lakes, NJ, USA)
while the anti-MSLN polyclonal antibody was purchased from Bioss (Boston, MA, USA).

4.2. Multicellular Spheroids

The biphasic PM-derived MSTO-211H cell line was obtained from the Istituto Sci-
entifico Tumori (IST) cell bank in Genoa, Italy. The cells were grown under standard
conditions in RPMI medium supplemented with 10% FBS, 100 ug/mL streptomycin, and
10 ug/mL penicillin at 37 °C in a humidified environment containing 5% CO,. Mycoplasma
infection was excluded via the use of the Mycoplasma PlusTM PCR Primer Set Kit from
Stratagene (La Jolla CA, USA). Multicellular spheroids were generated in nonadsorbent
round-bottomed 96-well plates as previously described [14]. The 96-well plates were coated
with a 1:24 dilution of polyHEMA (120 mg/mL) in 95% ethanol and dried at 37 °C for
24 h. Before use, the plates were sterilized by UV light for 30 min. For the generation
of multicellular spheroids, 1 x 10* cells were added to each well of a polyHEMA-coated
96-well plate and placed in a 37 °C humidified incubator with 5% COs,.

4.3. Cell Lysis and Immunoblotting

The cells were extracted with 1% NP-40 lysis buffer (50 mM Tris-HCI, pH 8.5, contain-
ing 1% NP-40, 150 mM NaCl, 10 mM EDTA, 10 mM NaF, 10 mM NayP;07 and 0.4 mM
NazVOy) with freshly added protease inhibitors (10 pg/mL leupeptin, 4 ug/mL pepstatin
and 0.1 unit/mL aprotinin). The lysates were centrifuged at 13,000 g for 10 min at 4 °C,
and the supernatants were collected and assayed for protein concentration via the Bradford
assay method (Bio-Rad, Hercules, CA, USA). Histones were acid extracted from nuclei
with 0.4 N HCl and precipitated with trichloroacetic acid (TCA), followed by washing with
ice-cold acetone containing 0.006% HCI and then with pure ice-cold acetone. The resulting
pellets were air-dried and dissolved in a minimal volume of sterile distilled water, after
which the protein concentration was determined [14]. Proteins were separated by SDS-
PAGE under reducing conditions. Following SDS-PAGE, the proteins were transferred
to nitrocellulose membranes, incubated with specific antibodies, and then detected with
peroxidase-conjugated secondary antibodies and a chemiluminescent ECL reagent. Digital
images were taken with the Bio-Rad ChemiDoc™ Touch Imaging System and quantified
via the Bio-Rad Image Lab 5.2.1 (Bio-Rad, Hercules, CA, USA).

4.4. Collection of EV's from MSTO-211H Spheroids

MSTO-211H spheroids were formed through forced aggregation in nonadherent
96-well microplates in complete medium for 24 h; subsequently, the medium was replaced
with serum-free medium containing or not containing 10 uM EPZ-6438. Conditioned media
from both control and treated MCSs were then collected twice daily for three days. EVs
were isolated from the conditioned media via tangential flow filtration and then freeze-
dried according to the procedures reported previously [28]. Tangential flow filtration was
performed via a 5 kDa molecular weight cutoff filtration module; all the samples were first
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concentrated to a final volume of 20 mL and then diafiltered with sterile deionized water to
discharge the contaminants.

4.5. Lyophilization of EVs

The collected EVs were aliquoted and subjected to lyophilization (T = —50 °C,
p=8x 101 mbar for 72 h; Epsilon 2-6D LSCplus, Martin Christ GmbH, Osterode am Harz,
Germany) using 0.5% w/v mannitol as a cryoprotectant and stored at 4 °C until further
use. Before use, lyophilized EVs were rehydrated with culture media at the appropriate
concentration and used immediately.

4.6. Determination of the Particle Size Distribution

Fresh EVs were characterized in terms of particle size distribution via a NanoSight
NS300 (Malvern Instruments, Malvern, UK); each sample was analyzed at room tempera-
ture in triplicate (5 curves of 90 s each for each analysis), and the raw data were processed
via NTA software v3.2 (Malvern Instruments, Malvern, UK).

4.7. Nile Red Staining

The amount of EVs collected from fresh samples was estimated by measuring the lipid
concentration following the protocol described in [28].

4.8. Neutrophil/CD3+ Lymphocyte Isolation

Neutrophils and PBMCs were isolated using a density gradient protocol from buffy
coats. Each buffy coat used for research was obtained from a voluntary blood donor who
had signed informed consent permitting the use for research purposes. Briefly, blood was
diluted 1:1 with PBS, mixed with 3% Dextran 500 in 0.9% NaCl solution at a 1:2 ratio and left
standing for 30 min at room temperature in the dark to allow red blood cell sedimentation.
The leukocyte-rich supernatant was collected, centrifuged, suspended in PBS, layered
over fill-paque plus and then centrifuged at 1800 rpm for 15 min without a break. After
centrifugation, the PBMC layer was harvested via gentle aspiration and transferred to a
clean tube, while the pellet was resuspended in 0.2% NaCl for 30 s and then in 1.6% NaCl
for 30 s to lyse red blood cells. The neutrophils were pelleted, washed and suspended
in RPMI-1640 supplemented with 100 IU/mL penicillin, 0.1 mg/mL streptomycin and
0.25 pg/mL kanamycin. PBMCs were washed, and CD3 was isolated by using anti-
CD3 (Miltenyi Biotechnology; Bergisch Gladbach, Germany) magnetic beads [52]. Before
each experiment, buffy-coat isolated populations were assessed for neutrophil purity.
Resuspended population was stained with anti-human CD66b a classical neutrophil marker
and analyzed by FACS. The stained population was initially resolved by physical (FSC/SSC)
parameters. The gated populations were evaluated for CD66b expression. We considered
neutrophil population eligible for experiments when CD66b+ cells were greater than 95%.

4.9. Flow Cytometry Analysis

Neutrophils were stimulated with 200 ug of EVs from the supernatants of PM MCSs
for 3 h. After stimulation, the neutrophils were harvested, washed, labeled with anti-CD66b,
anti-PDL1, anti-MSLN, anti-CXCR4 and anti-CD62L mAbs and analyzed on an Accuri C6
plus flow cytometer (BD Biosciences). Nonspecific background fluorescence was evaluated
with the appropriate isotype-matched control mAbs. Cells were gated based on CD66b
expression and neutrophil markers percentage or MFI levels were evaluated on CD66*
population. The expression levels of the proteins were expressed as the MFI via FACSDiva
software 8.0 (BD Biosciences).
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4.10. Coculture of Neutrophils with T Cells and PM Multicellular Spheroids

Isolated peripheral CD3" T cells were labeled with carboxyfluorescein succinimidyl
ester (CFSE) (Stem Cell Technology; Vancouver, BC, Canada) [53] and cocultured with
neutrophils incubated with EVs from the supernatants of PM MCSs for 3 h at a 3:1 ratio in
200 pL of RPMI-1640 complete medium supplemented with 5 pg/mL phytohemagglutinin
(PHA). After 5 days of coculture, the CFSE dilution was analyzed via flow cytometry. After
5 days of co-culture, cells were harvested stained with PerCP-conjugated anti-CD3 and
analyzed via flow cytometry. Populations were resolved and gated according to FSC/SSC
parameters. The identified populations were analyzed for the CD3 expression and CFSE
dilution was evaluated in CD3+ cells.

Neutrophils, either naive, treated with LPS (10 ug/mL) or challenged (3 h) with EVs
isolated from the conditioned media of MSTO-211H spheroids untreated or treated with
EPZ-6438, were added to MSTO-211H spheroids and incubated for 48 h. Subsequently,
MSTO-211H spheroids were disaggregated and viable cells were counted using a Burker
chamber (Merck KGaA; Darmstadt, Germany).

4.11. Statistical Analysis

The data are expressed as the means + SDs. The statistical significance of differences
between the two groups was determined by a two-tailed Student’s ¢ test. The significance of
differences among multiple groups was determined by one-way ANOVA. All experiments
were performed at least in triplicate (n = 3). p < 0.05 was considered statistically significant.
All the statistical analyses were performed via GraphPad Prism 8 (GraphPad Software, La
Jolla, CA, USA).

4.12. Proteomic Analysis and Data Processing
4.12.1. In-Solution Digestion

Prior to proteomic analysis, protein digestion was performed with trypsin for both the
cells and the extracellular vesicles. Briefly, samples containing 100 ug of protein in 25 uL.
of 100 mM NH4HCO; were prepared. A total of 2.5 puL of 200 mM DTT (Sigma—Aldrich)
was used to reduce the proteins, which were then incubated at 90 °C for 20 min. The
following alkylation was executed with 10 puL of 200 mM iodoacetamide (Sigma—Aldrich)
for 1 h at room temperature in the dark, and the excess iodoacetamide was removed with
200 mM DTT. Three hundred microlitres of Milli-Q water and 100 uL. of NH4;HCO3; were
added to dilute and increase the pH to 7.5-8.0, and 5 ug of trypsin (Promega, Madison, WI,
USA) was added to digest the proteins O/N at 37 °C. Trypsin activity was stopped by the
addition of 2 pL of neat formic acid, and the digests were dried with a speed vacuum. The
peptide digests were desalted on a Discovery® DSC-18 solid phase extraction 96-well plate
(25 mg/well) (Merck KGaA) as reported elsewhere.

4.12.2. Mass Spectrometry Analysis of Cell Lysates

LC-MS/MS analyses were performed via a micro-LC Eksigent Technologies (Dublin,
OH, USA) system with a stationary phase Halo Fused C18 column (0.5 x 100 mm, 2.7 pm;
Eksigent Technologies, Dublin, OH, USA). The oven temperature was set to 40 °C, and
the injection volume was 4 pL. The mobile phase was a mixture of 0.1% (v/v) formic acid
in water (A) and 0.1% (v/v) formic acid in acetonitrile (B). The flow rate of the elution
was 15.0 pL/min, with an increasing concentration of solvent B from 2% to 40% in 30 min.
The chromatographic system was interfaced with a 5600+ TripleTOF system equipped
with a DuoSpray lon Source and CDS (Calibrant Delivery System) (SCIEX, Concord, ON,
Canada). The samples used to generate the SWATH-MS spectral library were subjected
to traditional data-dependent acquisition (DDA) and to cyclic data-independent analysis
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(DIA) of the mass spectra via a 25-Da window. The mass spectrometer analysis was
performed in positive ionization mode using a mass range of 100-1500 Da (TOF scan
with an accumulation time of 0.25 s), followed by an MS/MS product ion scan from
200 to 1250 Da (accumulation time of 5.0 ms) with the abundance threshold set at 30 cps
(35 candidate ions can be monitored during every cycle). The samples were then subjected
to cyclic data independent analysis (DIA) of the mass spectra via a 25-Da window: the
mass spectrometer was operated such that a 50 ms survey scan (TOF-MS) was performed,
and subsequent MS/MS experiments were performed on all the precursors. These MS/MS
experiments were performed in a cyclic manner using an accumulation time of 40 ms per
25-Da swath (36 swaths in total) for a total cycle time of 1.5408 s. The ions were fragmented
for each MS/MS experiment in the collision cell using the rolling collision energy. Analyst
TF 1.7 (SCIEX, Concord, ON, Canada) was used to acquire MS data, and three instrumental
replicates for each sample were subjected to DIA)

Protein identification was performed via Protein Pilot v. 4.2 (SCIEX) and Mascot v. 2.4
(Matrix Science, London, UK). For Protein Pilot, the following parameters were chosen to
search the MS files: cysteine alkylation, trypsin digestion, no special factors, and a false
discovery rate of 1%. Additionally, Mascot was employed with the following parameters:
trypsin as the enzyme, 2 missed cleavages allowed, a peptide mass tolerance of 50 ppm,
and an MS/MS tolerance of 0.1 Da. Peptide charges of 2+, 3+, and 4+ were included in
the search, and the monoisotopic mass option was selected. The instrument used for the
experiments was an ESI-QUAD-TOF instrument. The specified modifications for the search
included fixed modifications for carbamidomethyl cysteines and oxidized methionine as
a variable modification. The UniProt/Swiss-Prot reviewed database containing human
protein (UniProt, version 01042019) was utilized as the reference database for the searches.
For protein quantification, an ion chromatogram of all unique ions for a given peptide
was integrated to obtain label-free quantification via PeakView 2.0 and MarkerView 1.2.
(Sciex, Berlin, Germany). An integrated assay library was built with the DDA results and a
protein FDR threshold of 1%. Six transitions per peptide and six peptides per protein were
extracted from the SWATH files, excluding peptides with modifications as well as shared
peptides. A t test was eventually performed on peptides with a false discovery rate < 1%
exported in MarkerView. A p value < 0.05, as well as a fold change > 1.3, was selected as
the maximum value to choose proteins with lower or higher abundance.

4.13. Mass Spectrometry Analysis of Extracellular Vesicles

The digested peptides were analyzed on an Ultimate 3000 RSLC coupled directly to an
Orbitrap Exploris 480 with a high-field asymmetric waveform ion mobility spectrometry
system (FAIMSpro) (all Thermo Fisher Scientific). The samples were injected into a reversed-
phase C18 column (15 cm x 75 um i.d., Thermo Fisher Scientific) and eluted with a gradient
of 6% to 95% mobile phase B over 41 min by applying a flow rate of 500 nL/min, followed
by equilibration with 6% mobile phase B for 1 min. The acquisition time of one sample
was 41 min, and the total recording of the MS spectra was carried out at positive resolution
with a high voltage of 2500 V. The FAIMS interface was at standard resolution with a CV
of —45 V. The acquisition was performed in data-independent mode (DIA): the precursor
mass range was set between 400 and 900, the isolation window was 8 m/z, the window
overlap was 1 m/z, the HCD collision energy was 27%, the orbitrap resolution was 30,000,
and the RF lens was 50%. The normalized AGC target was set to 1000, the maximum
injection time was 25 ms, and the microscan was 1. For DIA data processing, DIA-NN
(version 1.8.1) was used: identification was performed with “library-free search” and “deep
learning-based spectra, RTs and IMs prediction” enabled. The enzyme was set to trypsin/P,
precursors of charge states 1-4, peptide lengths 7-30, and precursor m/z 400-900 were
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considered with a maximum of two missed cleavages. Carbamidomethylation on C was
set as a fixed modification, and oxidation on M was set as a variable modification, with a
maximum of two variable modifications per peptide. A human UniProt protein database
was used (downloaded on 5 May 2024). The FDR was set to 1%. Statistical analyses and
t tests were performed on protein abundances via Excel.

5. Conclusions

While this study was limited to a single PM cell line, MSTO-211H of the mixed
histotype, which may constrain the generalizability of the findings to other mesothelioma
subtypes, the results nonetheless offer valuable insights. Importantly, they underscore the
potential translational significance of this work and draw attention to possible unintended
consequences of therapeutic strategies targeting EZH?2, warranting further investigation
across additional models.

In detail, our findings reveal that treatment with tazemetostat significantly increases
the release of EVs from PM cells. When we investigated the effects of tumor-derived EVs
on naive neutrophils, we observed that even a short exposure to EVs from tazemetostat-
treated cells prompted a shift in these neutrophils toward a protumor phenotype, marked
by elevated levels of PD-L1 and MSLN on their surface. Notably, our study is the first
to illustrate that PM-derived EVs can promote the development of immunosuppressive
neutrophils, ultimately inhibiting T-cell immunity. These findings underscore the critical
role of EVs in fostering an immunosuppressive microenvironment and enhancing our
understanding of neutrophil biology and function in PM.

Additionally, proteomic analysis of isolated EVs indicated an increase in MSLN levels
in those derived from tazemetostat-treated cells. MSLN is a highly immunogenic glycopro-
tein predominantly expressed in PM, with minimal expression in normal mesothelial cells,
positioning it as a promising target for PM management. Importantly, our study provides
the first evidence that MSLN can be transferred from tumor cells to immune cells via EVs.
Further investigation of these findings in tissue biopsies is necessary, as in vivo validation
could significantly impact how PM patients respond to MSLN-targeted therapies.
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