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INTRODUCTION

Malignant mesothelioma is an uncommon tumor aris-
ing from the serosal layer of pleura, peritoneum, peti-
cardium and tunica vaginalis testis'. The incidence of
the disease has been rising worldwide since 1970, due
to widespread exposure to asbestos during previous de-
cades, and it is not expected to peak before the next 20
years”, In the United States, approximately 2500 new
cases of mesothelioma are registered each year. Diffuse
malignant peritoneal mesothelioma (DMPM) accounts
for 10% to 30% of all mesotheliomas'.

In historical case-series, standard therapy with pallia-
tive surgery and systemic or intraperitoneal chemothet-
apy is associated with a median survival of about one
year, ranging from 9 to 15 mo'*. However, the disease
tends to remain within the abdominal cavity throughout
its clinical course and an autopsy study demonstrated
that 78% of patients had died because of complications
directly related to local-regional progression!”.

In recent yeats, this has prompted a few specialized
centers to develop an innovative local-regional treatment
approach. It involves cytoreductive surgery (CRS) with
peritonectomy procedures and multivisceral resections to
remove the entire visible tumour. Microscopic residual
disease is treated by petioperative intraperitoneal chemo-
therapy. This comprehensive strategy has reportedly re-
sulted in a median survival of 34-92 mo, which strongly
suggests improved outcome as compared to historical
controls™ ",

At the National Cancer Institute (NCI) of Milan
(Italy), the first combined procedure of CRS and hyper-
thermic intra-peritoneal chemotherapy (HIPEC) was
performed in February 1995 in a patient with peritoneal
catcinomatosis from ovarian cancer. In August 1995, the
first patient with peritoneal mesothelioma, which was
the tenth of the overall series, was treated. The present
paper reviews our institutional experience with a special
focus on clinical results, pathological studies and basic
science investigations.

DIAGNOSIS OF PERITONEAL
MESOTHELIOMA

The histologic features of malignant peritoneal meso-
thelioma are sub-divided into epithelial, sarcomatoid, and
biphasic tumors. Clinical and pathological diagnosis of
mesotheliomas can be very difficult. The morphology of
the neoplasm is extremely variable and is a major basis
for diagnostic dilemma'"”. Malignant mesotheliomas are
difficult to distinguish from benign reactive lesions of
the pleura as well as from metastatic adenocarcinomas.
Immunohistochemical studies represent a very important
diagnosis aid. At present, however, an absolutely specific
matker for mesothelioma has not yet been recognized and
the immunohistochemical diagnosis of this tumor largely
depends on the use of panels of matkers that combine
positive [thrombomodulin (CD141), calretinin, keratin
5/6, D2-40, podoplanin, mesothelin, and Wilms tumor 1
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protein (WT1)] with negative markers (carcinoembryonic
antigen, MOC-31, B72.3, and Ber-EP4) most commonly
present in carcinoma'”. Thyroid transcription factor
1 (T'TF-1) can assist in determining origin from lung
carcinoma, CDX-2 origin from colon carcinoma, CK
7 and Claudin 4 origin from ovatian carcinoma. Renal
cell carcinoma marker (RCC Ma) may be helpful in
establishing renal origin. Claudin 4 is a transmembrane
protein component of tight junctions, responsible for
cell adhesion. Claudin 4 identifies a wide spectrum of
epithelial neoplasms and represents a very useful marker
for carcinoma »s mesothelioma diagnosis in pleural and
peritoneal biopsies and effusions. D2-40 is a commercially
available monoclonal antibody that reacts with a 40 kDa
antigen in fetal germ cells and germ cell tumors. Since
the antibody reacts with epithelial mesotheliomas, but not
with carcinomas, it could be very helpful in discriminating
between these malignancies. Podoplanin is an approximately
38 kDa membrane mucoprotein originally detected on the
surface of rat glomerular epithelial cells (podocytes) that
is specifically expressed in the endothelium of lymphatic
capillaries but not in the blood vasculature. Podoplanin,
like D2-40, is expressed in mesotheliomas but not in
adenocarcinomas. Calretinin is an intracellular calcium-
binding protein belonging to the troponin C superfamily.
At present, calretinin is regarded as being the most sensitive
and one of the most specific mesothelioma markers.
Calretinin is frequently expressed in both histologic types
of mesothelioma, i.e. epithelial and sarcomatoid.

WTT was first described in 1990 as a tumour suppress-
or gene associated with Wilms tumour (nephroblastoma).
It encodes a typical transcription factor with four Ca-Ha
zinc fingers in the C-terminus that is expressed in
mesotheliomas but not in adenocarcinomas. Because of
its high sensitivity and absolute specificity, W7 is one
of the best positive markers for discriminating between
metastatic adenocatcinomas and mesotheliomas. The vast
majority of cases of squamous cell carcinoma, basal cell
carcinoma, thymoma, salivary gland tumor, and biphasic
malignant mesothelioma were positive for CK 5/6. CK 5/6
has been used to distinguish malignant mesothelioma from
adenocarcinoma of the lung. Thrombomodulin (CD141)
1s a glycoprotein of molecular weight 75000 kD that is
normally present in restricted numbers of cells, including
endothelial and mesothelial cells, and was the first of the
positive mesothelioma markers that proved useful in the

diagnosis of this tumor.

TREATMENT PROTOCOL

Cytoreductive surgical procedures are performed with
the aim of removing all the peritoneal tumor deposits
according to the technique described by Sugarbaker!”.

In the first 11 patients, HIPEC was administered
with cisplatin (25 mg/L of perfusate/m?) and mitomy-
cin-C (3.3 mg/L of perfusate/m?) for 60 min.

From June 1997 to December 1999, patients
with DMPM were included in a multi-institutional
phase I study testing the combination of cisplatin and
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Figure 1 Time courses of the mean concentrations of doxorubicin and
cisplatin in perfusate and plasma. Solid lines obtained by nonlinear least
squares regression analyses of data. Open symbols: Doxorubicin (DXR); Filled
symbols: Cisplatin (CDDP).

doxorubicin in the local-regional setting“sl. Doxorubicin
was chosen due to its clinical activity against mesothelio-
ma (as well as ovarian carcinoma and soft-tissue sarcoma),
its favourable plasma/peritoneal ratio and high molecular
weight, allowing a more rapid clearance from normal than
from tumour tissue”*". Doxorubicin activity is also syn-
ergistically enhanced by heat and cisplatin, thus favouring
its use in a combination regimen under hyperthermic con-
ditions.

Thirty one patients with liposatcoma (7 = 9), leiomy-
osarcoma (7 = 0), other soft-tissue sarcomas (7 = 4), ovar-
ian carcinoma (7 = 0), and malignant mesothelioma (# =
6) undergoing adequate CRS (residual tumour < 2.5 mm)
constituted the study population. HIPEC was performed
for 90 min at a mean intraperitoneal temperature of
42.5°C. The drugs were administered to triplets of patients
in escalating doses, starting with 5 and 20 mg/L of pet-
fusate for doxorubicin and cisplatin, respectively. The dose
was increased by 25% for each subsequent triplet. Accrual
was stopped when grade IV loco-regional toxicity was ob-
served in one patient. The maximal tolerated dose (MTD)
was considered to be that of the previous triplet and was
confirmed after three more patients had been treated un-
eventfully with the putative MTD.

One patient treated with 19 mg/L of doxorubicin
and 43 mg/L of cisplatin experienced Grade IV loco-
regional toxicity (persistent ileus) and required reop-
eration. To confirm that MTD had been reached, we
treated three more patients with the previous triplet drug
dosages. Because no significant loco-regional toxicity
was observed, MTD was established at 15.25 mg/L. of
doxorubicin and 43 mg/L of cisplatin.

The results of the pharmacokinetic studies are illus-
trated in Figure 1, which clearly shows how similar pet-
fusate concentrations of doxorubicin and cisplatin gave
very different plasma concentrations, with doxorubicin
levels being roughly 50-fold lower.

CLINICAL RESULTS
The clinical results from the Milan NCI were published
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in a preliminary report of the first 20 cases
pathological studymj, an extensive prognostic analysis of
potential clinical, pathological and biological variables”",
and an assessment of the pattern of failure®.

Forty-nine patients with DMPM were enrolled to test
the association between potential prognostic variables
and survival by multivariate statistical analysiw. Patients
with low malignant variants (multicystic and papillary
well-differentiated mesothelioma) were excluded. The
mean age was 52 years (range 22-74 years). Twenty-
six patients had preoperative systemic chemotherapy.
Forty-three patients were diagnosed with epithelial and
6 patients with biphasic DMPM; 43 patients underwent
complete cytoreduction (residual tumor < 2.5 mm) and
6 patients underwent grossly incomplete cytoreduction.

At a mean follow-up of 20.3 mo (range 1-89 mo), the
5-year overall survival (OS) and progression-free survival
(PES) were 57% and 31%, respectively. The median PFS
and OS were 39.7 mo and not reached, respectively.
There were no treatment-related deaths. Grade 3-4 (NCI
CTCAE v.3) surgical complications occurred in eight cases
(15%) and grade 3-4 toxicities in six cases (12%).

Potential prognostic variables with P values < 0.20
at univariate analysis (log-rank test), were included in the
Cox proportional hazard model (Table 1). The backward-
elimination method identified the completeness of
cytoreduction and mitotic count (MC) > 5/50 HPF as
independent predictors of OS, performance status and
MC correlated to PFS.

The estimated hazard rate for patients with grossly
incomplete cytoreduction was eight times higher than for
those with optimal cytoreduction, after adjustment for
other variables. This is in agreement with experimental
evidence that intraperitoneal chemotherapy cannot
penetrate tumour tissue deeper than a few millimeters.
Thus, the volume of residual disease is one the major
factors limiting the effectiveness of loco-regional ther-
apyl&m. The second variable that remained in the Cox
model as a factor influencing OS was MC. Patients with
MC > 5/50 HPF presented a hazard rate 10 times higher,
as compared with those with lower MC. Available data are
conflicting: patients with high MC have been associated
with poor prognosism], although other authors did not
reach the same conclusion™

The preoperative clinical conditions have been shown
to be a prognostic factor in pleural mesothelioma', In
the present series, the independent association between
MC and PES emerged after the multivariate analysis even
in the absence of significant correlation by univariate
analysis. However, the performance status did not
correlate with OS. This could be explained by the small
number of deaths and the fact that 89% of patients had a
good performance status.

Despite encouraging survival results, approximately
40%-60% of patients developed disease progression and
died of DMPM following comprehensive treatment” ",
However, data on patients who failed to respond to
initial treatment are lacking and optimal management of
recurrent DMPM has never been defined. Therefore, we
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Variable Overall survival Progression-free survival
Univariate Multivariate Univariate Multivariate
P value HR (95% CI) P value P value HR (95% CI) P value

Sex 0.22 0.27

Age (<52 yruvs = 52 yr) 0.93 0.49

Performance status (0 vs 1, 2, or 3) 0.43 0.05 0.29 (0.1-0.8) 0.02
Previous surgical score (0 vs = 1) 0.78 0.11

Previous systemic CT 0.59 0.57

PCI (= 28 vs < 28) 0.12 0.10

Completeness of cytoreduction (0/1 vs 2/3)" 0.01 8.6 (2.1-36.2) 0.00 0.08

IPHP drug schedule (CDDP + DX vs CDDP + MMC) 0.36 0.98

Histological subtype (epithelioid vs biphasic) 0.09 0.07

Mitotic count(< 5 vs = 5) 0.01 10.5 (1.9-55.2) 0.01 0.19 3.1(1.1-8.8) 0.03
Nuclear grade (high vs low) 0.02 0.10

°0/1, minimal residual disease or residual tumor < 2.5 mm; 2/3, residual tumor = 2.5 mm. CI: Confidence interval; PCI: Peritoneal Cancer Index; [IPHP:
Intraperitoneal hyperthermic perfusion; CDDP: Cisplatin; DX: Doxorubicin; MMC: Mitomycin C; HPF: High-power field.

analysed the patterns of failure to understand how and
possibly why combined treatment failed and to identify
the modifications that might improve clinical results in a
subset of 38 patients who developed disease progression
following CRS and HIPEC™.

Initial treatment consisted of adequate cytoreduc-
tion with residual tumour < 2.5 mm and HIPEC in 28
patients and grossly incomplete CRS in 10 patients. De-
tailed information regarding progressive disease distribu-
tion was prospectively collected by CT scan (# = 20) or
both CT-scan and laparatomy (z = 12).

Median time-to-progression was 9 mo. In the indi-
vidual patients, the pattern of failure was categorized as
liver metastases (# = 1), involvement of celiac (# = 1)
and retroperitoneal (#z = 1) lymph-nodes, isolated seed-
ing of the basal pleura (# = 2) and involvement of both
abdominal and pleural cavity (# = 2). In the remaining 31
patients (81.6%), only peritoneal progression was noted:
the small bowel and its mesentery were involved in 13
patients, intra-abdominal sites exclusive of small bowel
in 4 patients, and both the small bowel and additional
intra-abdominal sites in 14 patients. Overall, small bowel
was involved in 27 patients (71.1%).

In 28 patients undergoing complete CRS, potential
factors determining disease progression were statisti-
cally assessed in 13 distinct abdominopelvic regions. At
multivariate analysis, only residual tumour up to 2.5 mm
vs macroscopically complete CRS correlated to disease
progression in the epigastric region, upper jejunum, lower
jejunum and upper ileum. Taken together, these data
strongly suggest that failure to remove the entire visible
tumor in critical areas where cytoreductive surgery is tech-
nically difficult may be the leading cause of treatment fail-
ure. Therefore, maximal surgical efforts aiming at leaving
behind no residual disease are an absolute requirement.

Progressive disease was treated with second HIPEC
(n = 3), debulking (# = 4), systemic chemotherapy (# =
106), and supportive care (7 = 15). Median survival from
progression was 8 mo. At multivariate analysis, time-
to-progression < 9 mo, poor performance status, and
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supporttive care correlated with reduced survival from
progression. Furthermore, operative treatment (i.e. cy-
toreduction or cytoreduction with HIPEC) showed a
trend toward better outcomes, compared with systemic
chemotherapy. Since treatment was determined accord-
ing to patient conditions and disease extent, the different
treatment modalities cannot be compared. Nevertheless,
encouraging results were obtained with repeated cytore-
duction and HIPEC, making aggressive treatment of
progressive disease an attractive option.

MULTICYSTIC AND WELL-
DIFFERENTIATED PAPILLARY

PERITONEAL MESOTHELIOMA (WDPPM)

Multicystic peritoneal mesothelioma (MPM) and WDPPM
are exceedingly uncommon lesions with uncertain ma-
lignant potential and no uniform treatment strategylza’m.
From the beginning of our peritoneal malignancies treat-
ment program, MPM and WDPPM were included among
the indications to cytoreduction and HIPEC, owing to
their known potential to relapse and to evolve into aggres-
sive malignant tumours®”.

Twelve female patients (4 with MPM and 8 with
WDPPM) underwent 13 combined procedures at the
NCI of Milan. Seven patients had recurrent disease after
previous debulking (1 operation in 5 patients, 2 in 1 pa-
tient, 4 in 1 patient). Due to their perceived low aggres-
siveness, small tumour deposits on visceral peritoneum
were preferably removed by clectrosurgical dissection
and organ resections were performed only if massive
disease involvement precluded a conservative approach.
Accordingly, uteri and ovaries were spared in four re-
productive age women and to date no recurrence has
involved the pelvis. Optimal cytoreduction with no or
minimal (< 2.5 mm) residual disease was accomplished
in 12 of 13 procedures (92.3%).

After a median follow-up of 27 mo (range 6-94 mo),
postoperative disease progression occurred in two pa-
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Score No. of patients (17)

Calretinin WT-1 pCEA Ber-Ep4 EGFR p1é MMP-2 MMP-9
0 0 0 35 35 2 14 0 5
GHilt 0 5] 0 0 1 11 2 9
G 1 6 0 0 B) 6 & 8
+3 6 5] 0 0 7 2 7 8
+4 28 19 0 0 22 2 23 5)

The immunohistochemistry stains were scored as 0 (negative), +1 (< 25%), +2 (25%-50%), +3 (50%-75%), and +4 (75%-100%). pCEA: Pathologic
carcinoembryonic antigen; EGFR: Epidermal growth factor receptor; MMP: Matrix metalloproteinase.

tients and tumour-related death in one. The first patient
underwent the procedure twice due to loco-regional
MPM recurrence and is presently disease-free. Transition
of typical WDPPM to malignant biphasic mesothelioma
was documented in the second patient who died of
disease progression following incomplete cytoreduction
and HIPEC. Projected 5-year overall and progression-
free survival were 90.0% and 79.7%, respectively. The
projected progression-free survival after 11 debulking
operations carried out in seven patients before referral
to our center was 9.1% (SE = 6.1); the difference was
statistically significant (P = 0 .0150).

Based on our findings, definitive tumour eradication by
means of petitonectomy procedures and HIPEC is recom-
mended as the optimal treatment to prevent either disease

.. . 28]
recurrence or transition to a truly aggressive tumour”.

PATHOLOGICAL EVALUATION

The pathologic features of 35 patients with DMPM
uniformly treated with CRS and HIPEC at the Milan
NCI were assessed””. The hematoxylin and cosin-
stained slides of all cases were reviewed and tumors were
classified as epithelial, sarcomatoid, and biphasic (mixed
epithelial and sarcomatoid)®. Nuclear grade (NG)
was assessed as follows: Grade 1: small nuclei, uniform
chromatin pattern, and small pinpoint-sized nucleoli;
Grade 2: larger nuclei, some chromatin irregularity, and
more prominent nucleoli; and Grade 3: large nuclei,
irregular chromatin pattern with clearing, and prominent
nucleoli™. Immunohistochemical studies using the
avidin-biotin-complex immunoperoxidase technique
were performed with the following antibodies: matrix
metalloproteinase-2 (MMP-2); MMP-9; calretinin; WT-1;
carcinoembryonic antigen (CEA); Ber-EP4; p16; and
epidermal growth factor receptor (EGFR).

The immunohistochemical results are summarized in
Table 2. EGFR was diffusely and strongly expressed in a
membranous pattern in all but 2 cases (94%). Conversely,
p16 was completely negative in 14 cases (40%) and only
focally positive in 11 (31%). MMP-2 was expressed in all
cases in a diffuse and strong fashion, whereas MMP-9
was expressed in 30 cases but with only variable intensity
and distribution. Calretinin and WT-1 were expressed in
all cases to a variable degree. Expression of polyclonal
CEA and Ber-EP4 were negative in all cases.

In agreement with previous reports, p16 was absent
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or reduced in most DMPM cases™. Alterations of the
p16INK4 locus in patients with mesothelioma are rela-
tively common. The recent molecular genetic study of
45 cases of primary mesothelioma revealed alterations
of pl6 in 31% of cases, promoter methylation in 9%,
deletion in 22%, and point mutation in 2%, Similar to
many other cancers, DMPM exhibits altered cell-growth
regulation involving the loss of pR& and p53 function.
Inhibition of the p53-dependent and pRéo-dependent
growth regulatory pathways may occur through mecha-
nisms involving either homozygous loss of the CD-
KN2A4 (p16INK4a/p14AREF) locus at chromosome 9p21
or expression of SV40 Tag™.

In the current study, 63% of cases demonstrated dif-
fuse and strong immunoreactivity for EGFR, analogously
to a previous report”’. EGFR, a receptor tyrosine kinase,
is reportedly over-expressed in a wide variety of malig-
nancies. EGFR signaling leads to an increase in cellular
proliferation, cell motility, angiogenesis, the inhibition of
apoptosis, and the expression of extracellular matrix pro-
teins. High levels of EGFR expression are associated with
a poor prognosis in some malignancies.

Asbestos, which is associated with the development
of mesothelioma, was reported to stimulate the EGFR
auto-phosphorylation in mesothelial cells, trigger the
extracellular-regulated kinase (ERK) cascade, and lead
to increases in AP-1 activity””. In addition, DMPM cell
lines are reported to express EGFR and transforming
growth factor-o (T'GF-a), suggesting an autocrine role
for EGFR in DMPM"™,

Proteolytic degradation of the extracellular matrix
and basement membranes by proteases is a key com-
ponent of tumour cell invasion and metastasis. Over-
expression of MMPs, particularly MMP-2 (gelatinase A),
MMP-9 (gelatinase B), and MMP-11 (stromelysin-3), is
related to tumor progression and metastasis in various
malignanciesp()’m. MMP-2 and MMP-9 are key enzymes
for degrading Type IV collagen, a major component of
basement membranes, and are particularly expressed in
mesenchymal-derived tumor cells™. To our knowledge,
only a few studies have investigated MMP immunohisto-
chemically on surgical specimens of DMPM™,

BIOLOGIC PROGNOSTIC FACTORS

One of the hallmarks of cancer cells is their limitless
replicative potential™”. In a high percentage of tumors,
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Figure 2 Representative Western blotting experiments illustrating
survivin expression in STO cells exposed to oligofectamine alone or
transfected with control siRNA and survivin siRNA. A: B-actin was used as
a control for protein loading; B: Densitometric quantification of survivin band
intensities in oligofectamine-exposed cells (empty column) and cells transfected
with the control siRNA (gray column) or the survivin siRNA (black column).
Data represent mean + SD of 3 independent experiments. °P < 0.02; °P < 0.01;
Student's t test; such inhibition was highest (around 80%; P < 0.01) at 48 h and
72 h after transfection and still appreciable, although to a lesser extent (around
50%; P <0.02), at 96 h.

the attainment of immortality is due to the re-activation
of telomerase, an RNA-dependent DNA-polymerase
that stabilizes telomeres and allows tumour cells to
avoid senescence!!. Some tumors, howevert, do not have
telomerase activity (T'A) and maintain their telomeres
by one or more mechanisms referred to as alternative
lengthening of telomeres (ALT)™. No information is
available thus far concerning the presence of telomere
maintenance mechanism (TMM) in DMPM™,

The prevalence and prognostic role of the two known
TMM, TA and ALT, were investigated for the first time in
a series of patients treated at the Milan NCI. Forty-four
lesions from 38 patients undergoing CRS and HIPEC (»
= 29) or debulking surgery (#» = 9) were available™, TA
was determined using the telomeric-repeat amplification
protocol (TRAP) assay™ and ALT by detecting ALT-
associated promyelocytic leukemia (PML) nuclear bodies
(APB). APB are sub-nuclear structures containing telo-
meric DNA, telomere-specific binding proteins and pro-
teins involved in DNA recombination and replication[%]

Thirty-eight lesions (86.4%) expressed at least one
TMM. Specifically, 28 lesions (63.6%) were TA+/ALT-,
8 (18.2%) were TA-/ALT+, and 2 (4.6%) were ALT+/
TA+. The remaining 6 lesions (13.6%) did not express
any TMM.

After a median follow-up of 38 mo (range 2-94 mo),
TA correlated at multivariate analysis to both disease-free
[TA+ vs TA-: 10% w5 64%; hazard ratio (HR) = 3.30; 95%
Confidence Interval (CI): 1.23-8.86; P = 0.018] and can-
cer-related survival (TA+ 25 TA-: 32% s 79%; HR = 3.56;
95% CI: 1.03-12.51; P = 0.045). These results were con-
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Positive cases Median expression

(n) (range, %)
Survivin, full length' 26 60 (0-100)
Survivin, specific nuclear form 7 1.5 (0-20)
IAP-2! 32 90 (30-100)
IAP-1 32 95 (40-100)
X-IAP 22 50 (0-100)
Smac/DIABLO 11 5 (0-90)
Apoptotic index (CK18-caspase - 0.45 (0-5.8)
cleavage product)
Proliferation index (Ki-67) - 10 (0-50)

!Cytoplasmic/nuclear subcellular distribution.

firmed also for the 29 patients who underwent CRS and
HIPEC: patients with TA+ tumours had a significantly
lower probability of being disease-free than patients with
TA- tumours (HR = 3.32; 95% CI: 1.09-10.12; P = 0.03),
and showed a trend toward better overall survival (HR =
3.69; 95% CI: 0.79-17.13; P = 0.09) (Figure 1). ALT failed
to significantly affect clinical outcome both in the overall
series and in the subset of patients undergoing CRS and
HIPEC (Figure 2).

MOLECULAR THERAPEUTIC TARGETS

Apoptotic cell death is the main mode by which chemical
and physical anticancer agents kill tumor cells. Dystegula-
tion of the apoptotic pathways may play a role in the rela-
tive chemo-resistance of DMPM, as already demonstrated
for pleural mesothelioma’. Better understanding of the
biological mechanisms undetlining the apoptosis-resistant
phenotype could result in novel targeted therapeutic strat-
egies. For this purpose, the expression of survivin and
other IAP family members, including IAP-1, IAP-2, and
X-IAP, were analyzed by immunohistochemistry in surgi-
cal specimens of 32 patients with DMPM uniformly treat-
ed by CRS and HIPEC at the Milan NCI"™. The staining
characteristics of the pro-apoptotic protein Smac/DIAB-
LO, of the Ki-67 antigen associated with cell proliferation
and of the caspase-cleaved cytokeratin 18 associated with
apoptosis were also studied.

The results of the immunostaining studies are shown
in Table 3. Survivin was expressed in the cytoplasm in
19 DMPM cases (59%), at the nuclear level in 2 DMPM
cases (6%) and at both cytoplasmic and nuclear levels in
5 DMPM cases (16%). In the remaining 6 cases, no sut-
vivin immunoreactivity was seen. IAP-2 and IAP-1 were
expressed in 100% of cases. X-IAP was expressed in
22/32 cases (68.7%) and Smac/DIABLO in 11/32 cases
(34.4%). The CK18-caspase cleavage product staining was
positive in a median of 0.45% cells and Ki-67 was positive
in a median of 10% cells. Caspases are the executioners
of apoptosis in both intrinsic and extrinsic pathways[49].
The activated caspases are subject to inhibition by IAPs
through direct binding[s(”. This inhibitory effect can be ab-
rogated by Smac/DIABLO, a pro-apototic factor released
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from mitochondria that reactivates initiator and effector
caspases, by binding to IAPs and relieving IAP-mediated
inhibition"".

All 4 TAP family members were simultaneously over-
expressed in 16/32 cases, while a lack of expression was
consistently found in normal peritoneum, suggesting
that these anti-apoptotic proteins are heavily dysregulat-
ed in DMPM. Furthermore, an inverse association was
found between Smac/DIABLO expression and IAPs
co-expression.

Such results provide important insights in DMPM
biology. Although cell proliferative index (KI-67) was
mostly low, an antigen associated to apoptosis, such as
CK-18 caspase cleavage product, was pootly expressed.
Furthermore, a concurrent over-expression of apoptosis
inhibitor factors and poor expression of pro-apoptotic
factors was seen in the majority of cases. This pattern
suggests that resistance to programmed cell death may
contribute to the chemo-insensitivity of DMPM.

In recent years, considerable efforts have been made to
develop strategies for modulating apoptosis in cancer™,
In this context, approaches to counteract survivin aim to
inhibit tumor growth and enhance tumor cell responses to
apoptosis-inducing agents””. An RN A-interference-based
strategy was used to down-regulate survivin expression in
a human peritoneal mesothelioma cell line (STO) recently
established in our laboratory”™. Cells were transfected
with survivin small interfering RNA (siRNA) or control
siRNA. The effects of siRNA-mediated survivin down-
regulation was evaluated by enhanced chemoluminescence
Western blotting, flow cytometry, fluorescence micros-
copy and at a molecular level.

Western blotting experiments carried out in cells
transfected with survivin-specific siRNA showed a
significant reduction of survivin, as compared to cells
transfected with control siRNA (Figure 2). Silencing
of the survivin gene resulted in a significant and time-
dependent decline in cell proliferation.

In cells transfected with survivin siRNA, an apoptot-
ic sub-Gu/1 peak was observed by flow cytometry and the
presence of cells with an apoptotic nuclear morphology
was assessed by fluorescence microscopy. At a molecular
level, a significantly increased catalytic activity of cas-
pase-9 was seen.

A number of i vitro and in vivo studies indicated that
survivin down-regulation was able to sensitize human
tumor cells of different histologic origin to conventional
chemotherapeutic drugs with distinct mechanisms of ac-
tion as well as to ionizing radiation™ . To test whether
survivin plays a role in the iz vitro sensitivity of DMPM
cells to anticancer drugs, we examined the effect of
survivin down-regulation on the apoptotic response to
cisplatin and doxorubicin. Exposure to cisplatin and
doxorubicin induced a dose-dependent increase in the
percentage of apoptotic cells, which was significantly
(P < 0.01 for cisplatin and P < 0.05 for doxorubicin)
higher in cells exposed to the survivin siRNA than in
those transfected with control siRNA or treated with
oligofectamine. A dose-dependent increase in caspase-9
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Figure 3 Effects of siRNA-mediated survivin down-regulation on the
apoptotic response of STO cells to cisplatin and doxorubicin. The
percentage of cells with an apoptotic morphology with respect to the overall
population as assessed by fluorescence microscopy in STO cells exposed
to oligofectamine alone (empty column) and transfected with control siRNA
(gray column) or survivin siRNA (black column) in the absence or presence of
different cisplatin or doxorubicin concentrations. Data represent mean + SD of 3
independent experiments. °P < 0.05; "P < 0.01; °P < 0.001; Students ¢ test.

catalytic activity was also observed.

These findings demonstrate that the level of survivin
expression influences the iz vitro response of DMPM
cells to cisplatin and doxorubicin. This has potential clin-
ical implications since it could provide a rational basis
for the design of combined therapies, including survivin
inhibitors, to improve the responsiveness of DMPM to
chemotherapy. However, considering the presence of
other anti-apoptotic factors, it is likely that approaches
based on the simultaneous targeting of different cyto-
protective factors could obtain enhancement of DMPM
cell chemo-sensitivity (Figure 3).

Little is known about receptor tyrosine kinase (RTK)
activation in malignant peritoneal mesotheliomas™*”,
We performed EGFR, PDGFRA and PDGFRB analyses
to ascertain if deregulation of RTK could offer useful
alternative therapeutic targets in this tumor”’

EGFR, PDGFRA and PDGFRB expression and
phosphorylation were immunohistochemically and
biochemically analysed in 15 DMPM cases. The tyrosine
kinase domain (exons 18-21) of the EGFR gene were
automatically sequenced, as well as the extracellular (exon
10) and juxtamembrane regions (exon 12) and the tyrosine
kinase domain (exons 14 and 18) of PDGIFRA and
PDGFRB. The cognate ligand expression was investigated
by real time PCR. Additionally, we explored the status
of RTK downstream pathways through mutational and
biochemical analysis of the PI3KCA gene (exons 9 and
20)/PTEN/AKT, and ERK, along with mTOR and its
effector SG.

Immunohistochemical and immunoprecipitation/
Western blotting analyses showed EGFR, PDGFRA
and PDGFRB expression and activation in most of the
cases. In particular, EGFR and PDGFRA were more
frequently phosphorylated than PDGFRB. Autocrine
loop activation of these receptors was suggested in all
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cases by the expression of the related cognate ligands
TGF-a, PDGEA and PDGFB, in absence of receptor
gain of function mutations. No PI3KCA mutations were
found, while all the MPMs showed expression of PTEN
and expression/activation of AKT, ERK, as well as of
mTOR and S6. These data suggest that EGFR, PDGFRA
and PDGFRB seem to be promising molecular targets
for tailored treatments in MPM. Furthermore, strong
activation of downstream signalling points out a role of
mTOR inhibitors or analogous in MPM treatment.
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