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Pleural mesothelioma from fluoro-edenite exposure: PACAP and PAC1
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Pleural mesothelioma is a devastating malignancy primarily associated with asbestos exposure. However,
emerging evidence suggests that exposure to fluoro-edenite fibers, a naturally occurring mineral fiber, can also
lead to the development of pleural mesothelioma. In this study, based on the hypothesis that pituitary adenylate
cyclase-activating polypeptide (PACAP) and PACAP-preferring receptor (PACIR) expressions could be dys-
regulated in pleural mesothelioma samples and that they could potentially act as diagnostic or prognostic
biomarkers, we aimed to investigate the immunohistochemical expression of PACAP and PACIR in pleural
biopsies from patients with pleural mesothelioma exposed to fluoro-edenite fibers. A total of 12 patients were
included in this study, and their biopsies were processed for immunohistochemical analysis to evaluate the
expression of PACAP and its receptor. The study revealed a correlation between the overexpression of PACAP
and PACIR and shorter overall survival in patients with malignant mesothelioma. These findings suggest that
PACAP and PACIR expression levels could serve as potential prognostic biomarkers for malignant mesothe-
lioma. Furthermore, the immunohistochemical analysis of PACAP and PACIR may provide valuable informa-
tion for clinicians to guide therapeutic decisions and identify patients with poorer prognosis.
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Introduction

Pleural mesothelioma is a highly aggressive and often fatal
cancer that originates from the pleural lining of the lungs and is
primarily associated with exposure to asbestos fibers.! Despite
efforts to regulate and minimize asbestos exposure, the incidence
of mesothelioma remains high, particularly in individuals with
occupational or environmental exposure to asbestos-containing
materials. However, recent studies have highlighted the role of
other mineral fibers, such as fluoro-edenite (FE), in the develop-
ment of mesothelioma.?*

FE is a fibrous mineral that belongs to the amphibole group,
and its presence has been documented in certain geographic regions
with volcanic activity, particularly in some areas of Italy.>*
Epidemiological investigations have identified an increased inci-
dence of pleural mesothelioma in individuals exposed to FE fibers,
suggesting that this mineral fiber poses a significant health risk.>¢
In 2022, the International Agency for Research on Cancer (IARC)
classified FE as carcinogenic to human.” Despite the recognition of
FE as a potential carcinogen and its non malignat respiratory
effects (i.e., pleural plaques, parenchymal abnormalities, pleural
effusion), the exact mechanisms by which it induces pleural abnor-
malities are not fully understood. Literature data suggest that FE
fibers trigger an inflammatory organ reaction by the release of
chemokines and cytokines, and promote immunological induction
of autoimmune disease.® In particular by analyzing in vitro, in vivo
and ex vivo studies,’ it has been demonstrated that FE fibers induce
cellular multinucleation, increase in cell size, ROS production
leading to DNA mutations and enhanced signal transduction that
may lead to activation of oncogenes, chronic inflammation, dereg-
ulation of the methylation state, aberrant microRNAs expression
and hereby increase risk of cancer development.'®!!

Moreover, damage to epithelial cells and macrophages results
in the increased expression of genes regulating the production of
peptide growth factors, which facilitate cell proliferation and the
excessive formation of connective tissue.'” Pleural mesothelioma
arises when carcinogenic asbestos fibers induce anomalies in spe-
cific gene sets responsible for controlling cell division.!!
Asbestos induces genetic abnormalities through its binding to
chromosomal DNA and the generation of oxygen radicals, thereby
facilitating the occurrence of mutations.>!>1°

In recent years, there has been growing interest in exploring
the role of various signaling molecules and biomarkers in mesothe-
lioma. PACAP, a neuropeptide with diverse physiological func-
tions, has emerged as potential modulators of tumor progression
and metastasis.”*?! It exerts its biological effects through interac-
tion with specific G protein-coupled receptors known as PACI,
VPACI, and VPAC2 receptors.?? PACIR represents the high-affin-
ity and PACAP-selective receptor, whose stimulation can activate
different signaling cascades mediated by adenylate-cyclase (AC)
or phospholipase-C (PLC) activation as well as calcium-regulated
mechanisms.??* Furthermore, some effects of the peptide are
mediated by the activation of the activity-dependent neuroprotec-
tive protein.”> Dysregulation of PACAP and PACIR signaling has
been implicated in several types of cancers. In particular the pep-
tide exerts a controversial role as it can inhibit the proliferation and
migration of different tumour cells such as glioblastoma cells,
prostate cancer cells and neuroblastoma cells?*-3° or promote
tumour growth in osteosarcoma cells and human colonic tumour
cells.’'3? Although the expression and functional significance of
PACAP and its preferring receptor have been investigated in vari-
ous cancers, their role in pleural mesothelioma, particularly in the
context of FE exposure, remains poorly understood.
Understanding the involvement of PACAP and PACIR in FE-
induced mesothelioma could provide valuable insights into the
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underlying mechanisms of disease development and progression.

The aim of this study was to examine the expression patterns
of PACAP and PACIR in pleural biopsies obtained from patients
with pleural mesothelioma exposed to FE fibers. We hypothesized
that PACAP and PACIR may be dysregulated in mesothelioma
samples and could potentially serve as diagnostic or prognostic
biomarkers. PACAP and PACIR, with their diverse roles in cellu-
lar signaling, have the potential to provide valuable insights into
the pathogenesis of mesothelioma and may serve as important
diagnostic or prognostic markers and provide a basis for future
research exploring targeted therapies.

Materials and Methods

Sampling

As this study is a non-interventional retrospective investiga-
tion, ethical consent from the ethics committee was not required,
and the research adhered to the principles outlined in the Helsinki
Declaration. Retrospectively, we selected formalin-fixed and
paraftin-embedded (FFPE) tissue samples from twelve patients
who had been exposed to FE fibers. These samples were obtained
from the biobank of the Section of Anatomic Pathology,
Department Gian Filippo Ingrassia, University of Catania (Italy),
and were originally collected for diagnostic purposes. The selec-
tion of cases was in accordance with the histological classification
criteria of the World Health Organization (WHO), with six cases
classified as epithelioid, three as biphasic subtypes, and three as
sarcomatoid.’® Clinical-pathological data and follow-up informa-
tion were available for all samples through the National Registry
of Mesothelioma (ReNaM). It is important to note that the ten
selected patients with malignant pleural mesothelioma (MPM) and
exposure to FE fibers were residents of the town of Biancavilla or
neighboring areas affected by environmental contamination with
silicate fibers.

The control group comprised eight patients who were not res-
idents of Biancavilla and did not present neoplastic diseases.
Control pleural tissues were obtained during surgeries for pul-
monary emphysema or pleurisy.

Histopathology

Following washing with phosphate-buffered saline (PBS;
Sigma, Milan, Italy), samples were fixed in 10% buffered forma-
lin.3* Subsequently, they were dehydrated in graded ethyl alcohol,
cleared in xylene, and finally embedded in paraffin. Paraffin
blocks were sectioned into 4-5 um thick slices using a microtome,
and these sections were mounted on silane-coated slides (Dako,
Glostrup, Denmark). For morphological evaluation, sections were
stained with Hematoxylin and Eosin and examined under a Zeiss
Axioplan light microscope (Carl Zeiss, Oberkochen, Germany).

Immunohistochemistry

Histologic samples were processed as previously described.?
After dewaxing in xylene and rehydration in graded ethyl alcohol,
samples were treated with a 0.3% hydrogen peroxide/methanol
solution for 30 min, followed by washing with PBS for antigen
retrieval. Subsequently, the samples were subjected to antigen
retrieval in a microwave oven (750 W) using capped polypropy-
lene slide-holders with citrate buffer (10 mM citric acid, 0.05%
Tween 20, pH 6.0; Bio-Optica, Milan, Italy). Following dewaxing,
the samples were incubated overnight at 4°C with an anti-PACAP
and anti-PAC1 receptor mouse monoclonal antibody (PACAP sc-
166180; PAC1 Receptor sc-100315; Santa Cruz Biotechnology,
Dallas, TX, USA) diluted 1:50 in PBS.
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Immune complexes were detected using a biotinylated link
antibody, followed by peroxidase-labeled streptavidin (LSAB +
System-HRP, K0690; Dako). The immunoreaction was visualized
using 3,3’-diaminobenzidine and 0.02% hydrogen peroxide solu-
tion (DAB substrate Chromogen System; Dako). Sections were
counterstained with Mayer’s Hematoxylin (Histolab Products AB,
Goteborg, Sweden) and mounted using GVA (Zymed Laboratories,
San Francisco, CA, USA). The prepared slides were evaluated
using an Axioplan Zeiss light microscope (Carl Zeiss), and digital
images were captured using a Zeiss AxioCam MRc5 digital cam-
era (Carl Zeiss).

Pacap and PACIR immunostainings were considered positive
when the brown chromogen was seen within cell cytoplasms.
Human unaffected liver and stomach tissue samples were used as
positive external controls. Negative control sections were obtained
by omitting the primary antibodies. The morphometric and densit-
ometric counts were performed by randomly observing seven
fields, about 600,000 pm?, for each slide. The percentage of cells
(morphometric analysis) which were positively stained with anti-
Pacap and Pacap Receptor antibodies was assessed as % positive,
dark brown pixel® of the evaluated fields, while the intensity of
staining (densitometric analysis) was reported as densitometric
count (pixel?) of positive, dark brown pixel? of the evaluated fields.
An image acquisition software (Axio Vision Release 4.8.2 - SP2
Software, Carl Zeiss Microscopy GmbH, Jena, Germany) was used
to analyze these parameters and the results were reported as mean
+ standard deviation.

Statistical Analysis

The data were plotted using Prism for Windows v 9.0.0
(Graphpad Software; CA, USA). Data were tested for normality
with the D’Agostino and Pearson test. Paired 7-test and Wilcoxon
test were used for comparisons between two means; p-values less
than 0.05 (p<0.05) was considered statistically significant. To
compare densitometric and morphometric analyzes according to
cancer subtype two-way ANOVA was used.
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Results

Our series included seven men and five women affected by FE-
induced MPMs, with an age ranging from 50 to 93 years (average
age: 67+12.4 years). Histologically, six tumors were composed of
polygonal cells with large-sized, eosinophilic cytoplasm and vesic-
ular nuclei, arranged in nests/cords and were diagnosed as epithe-
lioid MPMs, three cases exhibited a spindled morphology consist-
ing of elongated cells with ovoid nuclei, arranged in short intersect-
ing fascicles and set in a prominent collagenous stroma, and were
classified as sarcomatoid subtypes, and the remaining three showed
both morphologies and were classified as biphasic, accordingly.
Eight cases of unaffected mesothelium were part of the control
group, and the average age was 44+25.5 years (age range: 15-76
years). Table 1 summarizes the clinico-pathological and immuno-
histochemical features of the MPM cases. Figures 1-3 show the dif-
ferential immunohistochemical expression of PACAP and PAC1 R
in control tissue and in epithelioid and sarcomatoid MPMs. In more
detail, regardless of the cell type, PACIR was highly expressed in
all cases. Conversely, the immunohistochemical expression of
PACAP was high in all cases with epithelioid morphology (6/12
cases, 50%), while it was low or absent in biphasic and sarcomatoid
subtypes, respectively. Interestingly, all cases of unaffected
mesothelial control tissue showed immunoreactivity for both
PACIR and PACAP. The D’ Agostino and Pearson test showed that
the percentage areas stained with PACAP (area %) were not nor-
mally distributed while the percentage areas stained with PACIR
showed a normal distribution. The level of both PACAP and
PACIR staining intensity of positive areas (pixel?) in cases of MPM
and controls showed all variables not normally distributed. In
Figure 4, the morphometric analysis of PACAP and PACIR in
MPMs tissue compared to the controls tissue were shown. In par-
ticular, Figure 4A showed the significantly increase of morphomet-
ric expression of PACAP in MPMs compared to the controls with
p=0.0068; Figure 4B showed the significantly increase of morpho-
metric expression of PACIR in MPMs compared to the controls

Table 1. Clinico-pathologic and immunohistochemical features of malignant pleural mesotheliomas from our series.

Case Age Gender Morphology Survival time Area % Area % Pixel2 Pixel2
(years) (months) PACAP PACIR PACAP PACIR
1 69 Male Epithelioid 1.5 2.2943 5.0086 28694 62641
2 50 Male Biphasic (20% epithelioid, 80% 16 2.3546 4.9765 30000 60849
sarcomatoid)
3 69 Female Sarcomatoid 5 0 4.2474 0 53120
4 74 Female Epithelioid 13 2.4567 5.2431 25693 58932
5 85 Male Epithelioid 23 1.8538 54521 27921 64537
6 93 Female Biphasic (40% epithelioid, 60% 7.5 2.1876 4.2417 26547 62345
sarcomatoid)
7 58 Female Epithelioid 18 1.6753 5.0943 29012 52980
8 55 Male Epithelioid 37 2.9875 5.0732 28590 60983
9 75 Male Biphasic (40% epithelioid, 60% 60 2.0127 5.3487 27653 63621
sarcomatoid)
10 56 Male Epithelioid 12 2.0654 4.9741 28298 63641
11 61 Male Sarcomatoid 6.5 0 4.5000 0 54000
12 59 Female Sarcomatoid 5 0 4.3000 0 53432
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Figure 1. A) Immunohistochemical section of unaffected mesothelium showing positive staining with PACAP (immunoperoxidase stain-
ing); PACAP immunostaining software image analysis in which mainly a high immunostained area (red color) was detected (insert).
B) Positive immunostaining with PACIR in unaffected mesothelial control tissue (immunoperoxidase staining); PACIR immunostaining
software image analysis in which mainly a high immunostained area (red color) was detected (insert).
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Figure 2. A) High immunohistochemical expression of PACAP in epithelioid MPM (immunoperoxidase staining); representative PACAP
immunostaining software image analysis in epithelioid MPM (insert). B) Strong and diffuse immunostaining with PACIR in epithelioid
MPM (immunoperoxidase staining); representative PAC1R immunostaining software image analysis in epithelioid MPM (insert).
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Figure 3. A) Lack of immunohistochemical expression of PACAP in sarcomatoid MPM (immunoperoxidase staining). B) Neoplastic cells
of sarcomatoid MPM are diffusely and strongly stained with PAC1R (immunoperoxidase staining); representative PAC1R immunostaining
software image analysis in sarcomatoid MPM (insert).
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with p<0.0001. In Figure 5, the densitometric analysis of PACAP
and PACIR in MPMs tissue compared to the controls tissue were
shown. In particular, Figure SA showed the significantly increase of
densitometric expression of PACAP in MPMs compared to the con-
trols with p=0.0049; Figure 5B showed the significantly increase of
morphometric expression of PACIR in MPMs compared to the
controls with p=0.0005. Comparing the morphometric expressions
of PACAP and PACIR of MPM cases, the results showed the great-
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Figure 4. A) The significantly increase of morphometric expres-
sion of PACAP in MPMs compared to the controls with p=0.0068.
B) The significantly increase of morphometric expression of
PACIR (R PACAP) in MPMs compared to the controls with
»<0.0001.
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Figure 5. A) The significantly increase of densitometric expres-
sion of PACAP in MPMs compared to the controls with p=0.0049.
B) The significantly increase of morphometric expression of
PACIR (R PACAP) in MPMs compared to the controls with
p=0.0005.
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est expression of PACIR in all the subtypes of cancer (Figure 6).
Two way ANOVA showed a statistically significant trend between
rows (p=0.0038) and columns (»p<0.0001). Comparing the densito-
metric expressions of PACAP and PACIR of MPM cases, two way
ANOVA showed a no statistically significant trend between rows
(»=0.0507) and a statistically significant trend between columns
(»<0.0001) (Figure 7). Both analyses showed negative PACAP
expression in the case of the sarcomatoid histotype.
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Figure 6. Morphometric expressions of PACAP and PACIR (R
PACAP) of MPM cases.
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Figure 7. Densitometric expressions of PACAP and PACIR (R
PACAP) of MPM cases. PACAP) in MPMs compared to the con-
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Pleural mesothelioma is an aggressive cancer that arises from
the mesothelial cells lining the pleural cavity, characterized by
poor life expectancy. The discovery of novel immunohistochemi-
cal markers in pleural mesothelioma represents a topic of great
interest because it allows differential diagnosis with benign and
metastatic tumors. The diagnosis of pleural mesothelioma based on
histopathological characteristics can be limiting since it can often
exhibit features similar to other malignancies. Therefore the iden-
tification of immunohistochemical markers is essential to ensure
an accurate diagnosis.

PACAP is a neuropeptide isolated for the first time in 1989
from sheep hypothalamic extracts.3® It exerts a central role in the
development of the nervous system and different peripheral
organs.”” Different studies demonstrated its involvement in several
neurodegenerative diseases, where the peptide has been shown to
play a trophic and protective role.3%+3

The role of PACAP in cancers is controversial, in fact, some
tumors show high expression levels of the PACAP-ergic system,
whereas others display downregulation of PACAP-PACIR signal-
ing. Moreover, the exogenous treatment with the peptide can pro-
mote or inhibit tumor cells growth.*-4¢ The differential role played
by PACAP is related to multiple aspects including tumor type and
origin, differentiation stage, and tumor microenvironment.*’ In
addition, it is necessary to point out that alternative splicing, veri-
fying in PACIR gene generates different variants (Null, Hip, Hop1,
Hop2, Hiphopl, Hiphop2, short and very short isoforms). These
isoforms can activate AC forming cAMP, or PLC pathway induc-
ing the formation of protein kinase C (PKC), by leading differen-
tial mechanisms.*®

In the present study we analysed MPM samples for PACAP
and PACIR immunostaining. Both PACAP and its preferring
receptor PAC1, are strongly expressed in the epithelioid and bipha-
sic subtypes. High expression levels of the PACIR were also
detected in the sarcomatoid sample, whereas strongly decreased
peptide expression was found in the sarcomatoid subtype.
Although further studies on larger series are needed to validate this
latter finding, it seems very interesting since it potentially demon-
strated that PACAP could be useful in subtype discrimination, con-
firming predilection for the epithelioid and biphasic subtypes.

Interestingly, there is a similar expression pattern between
PACAP and epidermal growth factor receptor (EGFR) in the pleu-
ral mesothelioma subtypes. In fact, EGFR immunoreactivity was
found with higher expression in the epithelial subtype as compared
to the sarcomatoid one.*-! This could be in part due to the fact that
PACAP via PACIR activation induces the trans-activation of
EGFR.52%

The gold standard for pleural mesothelioma diagnosis and the
discrimination of its subtypes is the immunohistological examina-
tion of conventionally stained tissue samples. In the present study,
we identified PACAP as an innovative and useful marker for
epithelioid and biphasic subtypes of pleural mesothelioma. In the
future, we hope to confirm and expand on these data with
increased numbers of cases.
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