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ABSTRACT

Malignant pleural mesothelioma is resistant to currently used treatment.
Angiopoieitn-1 directly promotes mesothelioma cell growth in a Tie-2-dependent
fashion. Angiopoietin/Tie-2 axis may thus be valid targets for therapeutic
interventions against mesothelioma. We hypothesized that a soluble angiopoietin
inhibitor (Murine Tek-deltaFc) would halt mesothelioma progression in vivo by
enhancing mesothelioma cell proliferation and inhibiting tumor angiogenesis. Our
hypothesis was challenged on two syngeneic mesothelioma in vivo models (AB1 cells-
Balb/c mice and AE17 cells-C57BL/6 mice. Even though both mesothelioma cell lines
express the Angiopoietin-1/-2 and Tie-2, murine Tek-deltaFc hampered AB1 but not
AE17 mesothelioma growth in vivo by enhancing tumor cell apoptosis and limiting
tumor angiogenesis. Neither angiopoietins (Angs)-1 and -2 nor the inhibitor affected
mesothelioma cell growth in vitro. AB1 (responding) tumors were more vascularized
and displayed higher endothelial Tie-2 and lower tumor Ang-1 expression than the
(non-responding) AE17 tumors. Angiopoietins-1 and -2 are expressed in tumors
and pleural cavity of mesothelioma patients demonstrating the clinical relevance
of our experimental observations. In conclusion, disrupting Ang-Tie-2 signaling
limits mesothelioma angiogenesis and halts tumor progression. Tumor vascularity,
endothelial Tie-2 expression and tumor Ang-1 expression may predict mesothelioma
response to Tek-deltaFc.

INTRODUCTION global epidemic of the disease will occur in the following

decades [1]. Furthermore, experimental evidence suggests

Malignant pleural mesothelioma (MPM) is an that modern artificial fibers may also be involved in
aggressive tumor of the pleural cavity, characterized by mesothelioma development [2, 3].

ominous prognosis. Since, the vast majority of cases result No treatment has so far been substantially beneficial

from asbestos exposure, a material that is still used in the for patients with MPM [1]. Cytotoxic drugs, marginally

most populous countries of the world, it is expected that a prolong survival [4, 5, 6], radiotherapy is ineffective and

www.oncotarget.com 21783 Oncotarget


http://www.oncotarget.com

the usefulness of surgery is strongly disputed [7]. In an
effort to develop novel effective and safe therapeutic
modalities, researchers are testing a wide variety of
interventions, including anti-angiogenic treatment
[8]. Akin to this, a combination of an anti-Vascular
Endothelial Growth Factor (VEGF) antibody and standard
chemotherapy has been recently shown to be more
effective than chemotherapy alone [9].

Angiopoietins are also crucial for tumor
angiogenesis and can be targeted to treat cancer
[10]. Ang-1 to -4, exert their actions mainly through
binding to a tyrosine kinase receptor (Tie2) which is
principally expressed by endothelial cells [11]. Ang-2
mainly originates from the vascular endothelium and is
responsible for vessel regression and destabilization and
can enhance angiogenesis in a context-dependent manner
[12, 13]. As for Ang-1 its major source is the peri-vascular
cells. Ang-1 promotes vessel maturation and pericyte
recruitment. Ang-1, Ang-2 and Tie-2 can be also expressed
by tumor and inflammatory cells [14]. Little is known
about the role of angiopoietins in MPM. Tabata et al, [15]
showed that Ang-1 directly stimulates Tie-2 expressing
mesothelioma cell proliferation and migration in vitro and
that high serum Ang-1 levels are associated with shorter
patient survival. Based on the above, we hypothesized
that angiopoietin blockade would halt experimental
mesothelioma progression in vivo by a) preventing a
direct Ang-1-provoked growth effect on mesothelioma
cells and b) inhibiting tumor angiogenesis. We tested our
hypothesis using the angiopoietin inhibitor murine Tek-
deltaFc (soluble extracellular domain of murine Tie-2
receptor that prevents binding of Ang-1 and Ang-2 with
the naturally occurring receptor) on two syngeneic models
of pleural mesothelioma [16].

RESULTS

ABI1 and AE17 mesothelioma models display
different basal angiogenic profiles

We first characterized our experimental systems as
for the expression and activation status of Angiopoietin/
Tie-2 system and the closely related VEGF. AB1 cells were
found to express more Ang-2 and less Ang-1 than AE17
cells (Figure 1A) and to secrete larger quantities of VEGF
in vitro (Figure 1C). Tie-2 was expressed by both cell
lines while it is more intensively activated in AE17 cells
(Figure 1B). Regarding the expression of angiopoietins
by the host pleural tissue, Ang-1 prevailed in both mouse
strains, but Balb/c mice expressed higher levels of
pleural Ang-2 compared to C57BL animals (Figure 1D).
To examine whether this profile is maintained in vivo,
tumor lysates of both models were compared in terms
of the aforementioned angiogenic factors. In accordance
to the in vitro findings, Ang-2 was more abundant in
ABI1 than AE17 tumors which, on turn, contained higher

levels of Ang-1 (Figure 2A). AB1 and AE17 tumor
lysates contained equal levels of total and activated Tie-
2 (Figure 2B). AB1 tumors were more vascular (Figure
2C), less hypoxic (Figure 2F) and displayed higher levels
of endothelial Tie-2 expression (Figure 2D) compared
to AE17 ones. Pericyte coverage of tumor vessels did
not significantly differ between the two models (Figure
2E). Overall, the Balbc-AB1 mesothelioma model is
characterized by elevated host- and tumor-derived Ang-2,
lower Ang-1 tumor content and increased vascularity and
higher Tie-2 expression by endothelial cells compared to
the C5S7BL-AE17 model.

MuTekDeltaFc¢ abrogates AB1 mesothelioma
progression by inducing AB1 cell apoptosis in
vivo

Systemic administration of Murine Tek-deltaFc
differentially affected mesothelioma progression in the
two models examined. The inhibitor significantly impeded
tumor growth and pleural fluid accumulation in Balb/c but
not in C57BL/6 tumor model (Figure 3A and 3B). Murine
Tek-deltaFc-treated AB1 but not AE17 tumors presented
higher apoptosis rates as compared to controls (Figure
4A). Treatment did not impact tumor cell proliferation in
vivo in either AB1 or AE17 model (Figure 4B). Although
both mesothelioma cell lines express Tie-2, treatment with
Ang-1, Ang-2 or Murine Tek-deltaFc had no direct in vitro
effect on tumor cell viability in either (data not shown).

Murine Tek-deltaFe differentially affects tumor
vessel network of mesothelioma tumors

We subsequently investigated whether angiopoietin
blockade modulates key structural features of tumor
vessel networks of mesotheliomas. We observed that
AB1 and AE17 tumors not only differ in terms of their
baseline vascular profile (Figure 2C/2D) but also that their
vascular response to Murine Tek-deltaFc treatment was
substantially different. In detail, the inhibitor significantly
reduced total vascular area (Figure SA/5B) and attenuated
vessel pericyte coverage and endothelial Tie-2 expression
(both markers of vessel stability/maturation, 20) in AB1
tumors (Figure SA/5C, Figure 6). In contrast, in AE17
tumors, Murine Tek-deltaFc treatment did not affect
vascularity, vessel pericyte coverage and endothelial Tie-
2 expression (Figure SC/ Figure 6). Activated and total
Tie-2 expression levels were similar among groups (Data
not shown).

Murine Tec-deltaFc affects tumor angiopoietin
levels without affecting VEGF

Attempting to explain the divergent vascular effects
of the inhibitor in the two mesothelioma models we
assumed that it might differentially blocked angiopoietin
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binding to Tie-2 in tumors. We therefore quantified tumor
Ang-1 and Ang-2 levels using immunoblotting. It should
be emphasized that the size of the angiopoietin bands
detected by western blot corresponds to the free (not
bound to the s-Tie-2) and therefore active, fraction of
Ang-1 and Ang-2, since angiopoietin/s-Tie-2 complexes

inhibitor significantly reduced active Ang-2 but not active
Ang-1 (Figure 7A). VEGF was subsequently quantified
in tumor lysates to trace the possible stimulation of a
compensatory pro-angiogenic signaling. Tumor tissue
VEGF levels were not altered in either of the models
(Figure 7B).

are expected to have much higher molecular weight.
Therefore, treatment-induced changes on free angiopoietin
content of the tumor can be used as a surrogate for the
level of Ang-1 and Ang-2 neutralization in vivo. Active
fraction of both angiopoietins was significantly reduced
in the AB1 mesotheliomas of the treated animals (Figure
7A). However, in AE17 mesotheliomas, treatment with the

Angiopoeitins -1 and -2 are abundant in tumors
and pleural fluid of mesothelioma patients

In order to probe the clinical relevance of
angiopoietin targeting in mesothelioma we evaluated Ang-
1 and Ang-2 content in tumor, pleural fluid and serum of
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Figure 1: AB1 and AE17 mesothelioma cells present divergent angiogenic profiles. (A) AB1 and AE17 mesothelioma cells
were analyzed for Ang-1 and Ang-2 basal expression levels by western blot and Real-time PCR (left and right upper panels). Results
were normalized to actin or GAPDH expression, respectively. (B) Basal Tie-2 activation status was evaluated in both cell lines using
immunoprecipitation. (C) Basal VEGF secretion of both cell lines was also measured using ELISA. Data presented as mean+SEM, n=3-5,
"p<0.05 compared to AB1. (D) Balb/c and C57BL/6 normal pleural tissues were analyzed for Ang-1 and -2 expression.
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Figure 2: AB1 and AE17 mesothelioma mouse models present divergent angiogenic profiles. (A) AB1 and AE17 pleural
tumor tissues were analyzed for Ang-1 and -2 expression using western blot (A) as well as for activated (p-Tie-2) and total Tie-2 levels
using immunoprecipitation (B). Data presented as mean+SEM, n=5-6, p<0.05 compared to ABI. AB1 and AE17 tumors were analyzed
for proportional vessel area (C), endothelial Tie-2 expression (D) and proportional a-SMA+ vessels (E). Data presented as mean=SEM,
n=7-12, "p<0.05 compared to AB1. (F) Immunofluoresent staining of pimonidazole adducts (left, Pimonidazole adducts: red, DAPI: blue)
of AB1 and AE17 mesothelioma tumors and hypoxia quantification (right). Data presented as mean+SEM, n=5, “p<0.05 compared to ABI.
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mesothelioma patients. Although Angiopoietins were
equally expressed by tumor cells (Figure 8B), Ang-1 was
found to be expressed by a larger proportion of tumor cells
(Figure 8C). Ang-1 was also found to prevail in the stroma
(Figure 8B and Table 1). Ang-1 outbalanced Ang-2 in the
pleural fluid (Figure 8F). Nevertheless, Ang-2 pleural
fluid levels were higher than the corresponding serum
levels (Figure 8E) and Ang-1 (Figure 8D) serum levels
were higher than the corresponding pleural fluid ones in
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every patient with MPM. The above suggest that both
angiopoietins are up-regulated in mesothelioma rendering
them attractive targets for mesothelioma treatment.

DISCUSSION

The present study aimed to unveil the impact of
Murine Tek-deltaFc, a soluble-Tie2 that inhibits the
interaction of the naturally occurring receptor with Ang-
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Figure 3: Murine Tek-Delta Fc abrogates AB1 mesothelioma progression. AB1 and AE17 cells were intrapleurally injected
into syngeneic Balb/c and C57B1/6 mice respectively. Mice were intraperitoneally administered with MuTekDeltaFc 40 mg/kg (body
weight) or vehicle thrice per week. Fourteen days later mice were sacrificed and mesothelioma tumors were excised and weighed (A) and
pleural fluid was retrieved and quantified (B). Data presented as mean+=SEM, n=10-13, "p<0.05 compared to CTL.
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Figure 4: Murine Tek-Delta Fc promotes AB1 mesothelioma cell apoptosis in vivo. Tumor tissue sections from vehicle (CTL)
or MuTekDeltaFc treated animals were analyzed for apoptosis by TUNEL assay (A) while tumor cell proliferation rate was evaluated by
Ki67 staining (B). Data presented as mean+SEM, n=10-13, “p<0.05 compared to CTL. HPF: High Power Field.
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1 and Ang-2, in mesothelioma progression in vivo. We
used pleural AB1 and AE17 mesothelioma models and
demonstrated that: a. Murine Tek-deltaFc limited AB1
but not AE17 mesothelioma growth in vivo whereas it did
not affect the viability of any of them in vitro. b. Murine
Tek-deltaFc promoted tumor cell apoptosis in vivo and
impaired tumor angiogenesis in AB1 but not in AE17
mesotheliomas. ¢. AB1 tumors that responded to the
treatment were more vascularized and displayed higher
endothelial Tie-2 expression than the non-responding
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AE17 tumors. d. Albeit Murine Tek-deltaFc significantly
reduced the levels of active (s-Tie-2-unbound) Ang-2 in
both AB1 and AE17 tumors, active tumor Ang-1 levels
were substantially reduced only in the AB1 tumors.
e. Both Angiopoietins (though mostly Ang-1) are vastly
evident in tumor tissues and pleural fluid of mesothelioma
patients.

This is the first study investigating the effect of
systemic administration of an angiopoietin inhibitor
in mesothelioma. We have previously tested this agent
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Figure 5: Divergent effects of Murine Tek-Delta Fc on AB1 and AE17 tumor vascular network. Tumor tissue
cryosections from vehicle (CTL) or MuTekDeltaFc treated animals were analyzed for the expression of CD31 (red) and a-SMA (green) by
immunofluorescence staining. (A) Representative images. Vessel networks were analyzed for (B) proportional vessel area and (C) a-SMA+
vessels. Data presented as mean+=SEM, n=5-7, "p<0.05 compared to vehicle.
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Figure 6: Murine Tek-Delta Fc differentially affects Tie-2 expression by AB1 and AE17 tumor vasculature. Tumor tissue
cryosections from vehicle (CTL) or MuTekDeltaFc treated animals were analyzed for CD31 (red) and Tie-2 (green) by immunofluorescence
staining. (A) Representative images (B) Vessel networks were analyzed for Tie-2 expression. Data presented as mean+=SEM, n=5-7, "p<0.05
compared to vehicle.
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in adenocarcinoma-induced experimental malignant [18]. In agreement with previous observations [17, 18],

pleural effusion, where it was shown to abrogate the anti-mesothelioma properties of Murine Tek-deltaFc
pleural fluid accumulation and tumor dissemination should be mainly ascribed to its anti-angiogenic potential:
[17]. Furthermore, Murine Tek-deltaFc has also been First, in contrast to a previous study, demonstrating that
successfully tested in colorectal carcinoma xenographs Ang-1 promotes proliferation of Tie-2 (+) mesothelioma

A

AB1 TUMORS AE17 TUMORS
MuTekDeltaFc CTL MuTekDeltaFc

CTL
Ang-1 - ST T -50kDa

ANG-2 W ——— e oD

actin -40kDa
— s — — — T G D

OcTL 0 MutekDeltaFc
1.2— 14 —
S
b I
3 P | 12 — |
IS
S I 1 — L.
Q2§ 08— *
S 2
Q9 * 0.8 — .I
o v
- e 0.6_
2s T 0.6 —
<9 04
o 04 —
2
5 02— 0.2 —
2
00— 0 —
Ang-1 Ang-2 Ang-1 Ang-2
£
& 1000 OcTL
o O MutekDeltaFc
= 750
Ll T
& 500 T
w
; ==
U 250
N
S
2 o
~ AB1 AE17

Figure 7: Effects of Murine Tek-Delta Fc in tumor content of angiopoietins and VEGF. Tumor tissue lysates of vehicle
(CTL) or MuTekDeltaFc treated animals were analyzed by western blotting for the presence of Ang-1 and Ang-2. Results were normalized
to actin (A, upper panel) Representative blots. (A, lower panel) Densitometric analysis. (B) VEGF was also quantified in tumor lysates of
vehicle or MuTekDeltaFc treated animals. Data presented as mean+SEM, n=10-13, "p<0.05 compared to vehicle.
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Figure 8: Angiopoietins are abundant in mesothelioma tumors and associated-pleural fluid. Tumor tissue sections of 14
mesothelioma patients were stained for Ang-1 or Ang-2 and evaluated by an experienced pathologist. Representative pictures (A). Staining
(B) (Low: 0-1, High: 2-3) and Labeling (C) (Low: 0-2, High: 3-4) indexes of angiopoietins were evaluated in the tumor cell (TC) and
stromal (ST) areas of tumor sections. Data presented as mean+SEM, n=14, "p<0.05 from Ang2. Pleural fluid and serum Ang-1 and Ang-2
levels were determined in 14 mesothelioma patients and 16 heart failure patients using ELISA. Serum to pleural fluid levels of Ang-1 (D),
Ang-2 (E) as well as Ang-1/Ang-2 ratio (F) was calculated. Data presented as mean=SEM, n=14-16, "p<0.05 compared to heart failure.
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Table 1: THC staining evaluation of Ang-1 and Ang-2 in mesothelioma patients

Ang 1 Ang 2 Ang 1 Ang 2
Case SI'x LI SI x LI SI x LI SI x LI
Tumor cells Tumor cells stroma stroma
Patient 1 2x3 2x1 2x2 I x1
Patient 2 2x1 2x2 3x4 1x2
Patient 3 2x%x2 Non Available 2x3 Non Available
Patient 4 2x3 2x1 2x2 2x1
Patient 5 3x1 1x1 3x2 1x2
Patient 6 [-] [-] 3x3 1x2
Patient 7 1 x4 1x1 2x3 1 x1
Patient 8 2 x4 2x1 3x3 1 x2
Patient 9 2x%x2 1x2 2x3 1x3
Patient 10 2 x4 2x%x2 2 x4 1x2
Patient 11 2x%x2 1 x1 2x2 I x1
Patient 12 2x3 2x1 2x3 2x2
Patient 13 2x%x2 2%x2 2x2 2x2
Patient 14 1 x4 0 3x2 I x1

Tumor tissue sections of 14 mesothelioma patients were stained for Ang-1 or Ang-2 and evaluated by an experienced

pathologist.

1 Staining index (SI) 0: no 1: faint 2: moderate 3: intense 2 Labeling index (LI) 0: no staining 1: 1-25% 2: 26-50% 3: 51-

75% 4: 76-100%.

cells [15], we found that neither angiopoietins nor the
inhibitor impacted the in vitro growth of the cells in
our study, even though they both express active Tie-2.
This implies that Ang-1-stimulated proliferation is not a
universal property of all Tie-2 expressing mesotheliomas.
Secondly, Murine Tek-deltaFc limited tumor cell survival
and tumor growth in vivo, only in the model in which
it succeeded in blocking tumor angiogenesis, suggesting
that the observed mesothelioma cell apoptosis most
likely is a result of tumor blood supply restriction. An
important question then arises: how can one explain the
divergent response of tumor vasculature to the Murine
Tek-deltaFc between AB1 and AE17 tumors? Is it
attributed to different baseline expression of Tie-2 or to
the angiopoietins by the tumor, or even to the anatomical/
functional features of the tumor vessel network? In an
effort to unravel this issue, we found that the inhibitor-
responding AB1 tumors were more vascular, less hypoxic
and presented higher endothelial Tie-2 expression
compared to the non-responding AE17 tumors. In other
words, Murine Tek-deltaFc targets are more abundant
and may be more functionally important in AB1 tumors

than in AE17 ones. Moreover, the observed divergence
of the vascular phenotype and hypoxic profile between
the two models suggests higher dependence of ABI
tumors on blood supply (therefore more vulnerable to
anti-angiogenic agents) and/or increased resilience of
AE17 tumors to hypoxia (therefore more resistant to anti-
angiogenic treatment). In addition, higher endothelial
Tie-2 expression may be indicative of a greater reliance
on Tie-2 signaling for ABI tumor angiogenesis which
implies a greater sensitivity to Murine Tek-deltaFc
treatment. Similarly, Fathers et al, [18] previously
reported that Murine Tek-deltaFc anti-angiogenic activity
comes in parallel to the abundance of Tie-2 expressing
tumor vessels. In addition to the differences in the base-
line features of tumor vasculature and given that Murine
Tek-deltaFc prevents Tie-2 binding with its ligands,
diverse tumor angiopoietin blocking should be also
considered as a possible explanation for the observed
contrasting activity of the inhibitor between the two
models. Relative to this, AB1 mesotheliomas contains
more Ang-2 and less Ang-1 than AE17 ones. Murine Tek-
deltaFc conferred a significant reduction of active Ang-
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2 tumor levels in both models, while active Ang-1 was
significantly reduced only in the AB1 model. Binding
IC,, concentrations for Murine Tek-deltaFc to Ang-1 and
Ang?2 are similar (14 nM and 10 nM, respectively) [21].
Inadequate Ang-1 neutralization in the AE17 model in
vivo can thus be attributed to the high baseline levels
of tumor-derived Ang-1. Excessive post-treatment
unbound and therefore, active Ang-1 along with mostly
neutralized Ang-2 probably explains the treatment-
enhanced vessel pericyte coverage (a process promoted
by Ang-1 and inhibited by Ang-2) [14] in AE17 tumors.
It should be noted that pericytes, apart from acting as
physiological vessel stabilizers can be also recruited by
the tumors to serve as a protective cloak that silences
the anti-angiogenic signals to endothelial cells [22].
Summing up, Murine Tek-deltaFc treatment can curtail
the growth of highly vascularized and endothelial Tie-2
expressing mesotheliomas while its activity is also linked
to the tumor content of Ang-1.

From a clinical point of view, our observations
greatly support the optimism raised by the positive findings
of the recent trial using the anti-VEGF antibody [9] that
entails that anti-angiogenic therapy can be a viable strategy
for MPM and pave the way for clinical investigation of
anti-angiopoietin treatment in mesothelioma. This is further
supported by the observation that both angiopoietins are
abundant in human mesotheliomas and mesothelioma-
related pleural effusions. Moreover, the human analogue
of Murine Tek-deltaFc, AMG-386, which has been tested
in various malignancies demonstrated mild toxicity
profile and it has so far proven clinically beneficial in
ovarian cancer [19, 20, 10] making clinical testing of
anti-angiopoietin therapies easier to pursue. Similarly,
future clinical trials will examine the possibility that tumor
vascularity, endothelial Tie-2 expression and tumor cell
Ang-1 expression can serve as markers that can predict
response to treatment, as indicated by our preclinical studies
presented here. This possibility can be also investigated
retrospectively using archival material from clinical
studies conducted with the human analogue of Murine
Tek-deltaFc). Another clinically relevant observation of the
present study is that tumor VEGF levels were not altered
by the treatment. This demonstrates that angiogenesis
blockade by an anti-angiopoietin agent may cause no
compensatory proangiogenic signaling and therefore
treatment resistance, resulting to a major disadvantage
of most VEGF-targeting antiangiogenic agents [22]. We
believe that all the above strongly support the notion of
clinical testing of angiopoietin blockage in mesothelioma.

In conclusion, preclinical evaluation of Murine Tec-
deltaFc has highlighted the central role of angiopoietin/Tie-
2 axis in mesothelioma angiogenesis and growth and paves
the way for clinical testing of anti-angiopoietin interventions
in mesothelioma patients. Tumor vascularity, endothelial
Tie-2 expression and tumor Ang-1 expression could be
investigated as markers predicting patient response.

MATERIALS AND METHODS

In vitro studies

AE17 and AB1 murine mesothelioma cells [23, 24]
were kindly provided by Dr YCG Lee, Perth, Western
Australia and maintained as previously described [16].
Both cell lines used in the present study were periodically
monitored for mycoplasma presence by PCR. Their
morphology was examined on a regular basis. To
investigate whether angiopoietins or the inhibitor, impact
tumor cell growth, 3x10° tumor cells were seeded on 96-
well plates and 24h later were treated with 300-1000 ng/ml
Ang-1 or Ang-2 and 1-100 pg/ml Murine Tek-deltaFc or
vehicle for 24h. Cell viability was subsequently evaluated
by MTS reduction (Promega, Madison, WI).

In vivo studies

Mice were purchased from BSRC Al. Fleming (Vari,
Greece) and were housed at the Animal Model Research
Unit of Evangelismos Hospital, (Athens, Greece) receiving
food and water ad libitum. Experiments were approved
by the Veterinary Administration Bureau, Prefecture of
Athens, Greece under compliance to the national law
and the EU Directives. Murine Tek-deltaFc was kindly
provided to us by Amgen (Amgen Inc., Thousand Oaks,
CA). AE17 or AB1 (5x105) mesothelioma cells were
intrapleurally injected to 8-10 week-old male C57BL/6
or Balb/c syngeneic mice, respectively. Four days upon
tumor cell implantation, when pleural tumors are already
evident [16] animals were divided into two groups,
receiving either Murine Tek-deltaFc or vehicle. Treatment
was intraperitoneally administered at 40 mg/kg body
weight thrice per week. Animals were euthanized 14 days
after pleural delivery of tumor cells. Pleural fluid, tumors,
lungs and blood were collected and stored for subsequent
analysis. Pleural fluid was retrieved and quantified;
mesothelioma tumors were collected and weighed.

Immunohistochemistry and immunofluorescence

Tumor  tissue  paraffin  sections  were
immunohistochemically analyzed for Ki-67 (clone
D385, Cell Signaling, Danvers, MA) for evaluation
of tumor cell proliferation. Tumor cell apoptosis was
estimated by TUNEL as previously described [25]. For
immunofluorescence analysis, tumor sections were fixed
and stained for the presence of CD31 (clone MEC 13.3,
BD Biosciences, Athens, Greece) and a-SMA (clone 1A4,
Sigma-Aldrich, Steinheim, Germany) for endothelial
and pericyte staining, respectively. Alternatively, tumor
sections were stained for Tie-2 (CL16) and CD31 presence
(Abcam, Cambridge, UK) in order to evaluate the Tie-2
expressing vessels. Vessel networks were subsequently
analyzed for vessel area, pericyte area and Tie-2
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distribution using ImagelJ software (National Institutes of
Health, Bethesda, MD). Visualization and quantification
of hypoxic areas of tumors was performed upon
immunofluorescent detection of pimonidazole adducts.
Briefly, mice bearing AB1 or AE17 mesothelioma tumors
were injected with 60mg/kg body weight pimonidazole
and sacrificed 90 min later. Mesothelioma tumors of
relatively equal size were cryopreserved and subsequently
stained with anti-pimonidazole adducts antibody
conjugated to Dylight549 (Hypoxyprobe kit, Chemicon
International, Inc, Temecula, CA). Tumor hypoxia was
evaluated under a fluorescent microscope and quantified
using Imagel software (National Institutes of Health,
Bethesda, MD).

Quantification of angiogenesis related factors

Angiopoietin (-1 and -2) levels were determined
in mesothelioma cells, pleural tissues and tumor lysates
by western blot. Murine Ang-1 and Ang-2 mRNA levels
were subsequently evaluated in reference to GAPDH
expression by Real-time PCR using the following primers:
Ang-1 FOR:CCATGCTTGAGATAGGAACCAG,
Ang-1 REV:TTCAAGTCGGGATGTTTGATTT, Ang-
2  FOR:AGCAGATTTTGGATCAGACCAG Ang-2
REV:GCTCCTTCATGGACTGTAGCTG, mGAPDH
FOR:AGGTCGGTGTGAACGGATTTG and mGAPDH
REV:TGTAGAACCATGTAGTTGAGGTCA.

Tie-2 activation levels in tumor cells and tumor
lysates were determined by immunoprecipitation and
normalised to total Tie-2 levels. VEGF concentration was
quantified in cell supernatants and tumor lysates by ELISA
(Peprotech, Rocky Hill, NJ)

Human studies

Studies using human samples were approved by
the ethics committee of the Evangelismos Hospital.
Paraffin blocks of tumor tissue from 14 mesothelioma
patients (71.7+/-2.8 years of age, 5:2 male:female ratio,
all epitheliod subtype) were obtained from the archive of
the Department of Anatomic Pathology, Evangelismos
Hospital, Greece. Mesothelioma tumor tissue sections
were stained for Ang-1 (ab8451) and -2 (ab153934)
(Abcam, Cambridge, UK) and staining was evaluated
by an experienced pathologist. Staining of angiopoietins
was assessed in a semi-quantitative manner as previously
described [26]. Tumor cell and stromal compartments
of tissue sections were independently evaluated and
each section was assigned two scores: one describing
its staining intensity (0, no staining; 1, weak staining; 2,
moderate staining; and 3, intense staining) and another
referring to the proportion of cells stained (0, no cells
staining; 1, 1-25%; 2, 26-50%; 3, 51-75%; 4, 76-100%).

Pleural fluid and serum samples of 14 mesothelioma
(62+/-1.7years of age, 6:1 male:female ratio) and 16 heart

failure patients (77+/-5,2 years of age, 13:3 male:female
ratio) were retrieved from our bank under all patients'
informed consent [27]. Ang-1 and -2 levels in fluids and
matching sera were measured by ELISA (R&D systems,
Minneapolis, MN)

Statistics

All values are presented as mean + standard error of
mean (SEM). Differences between groups were evaluated
using the Student’s t-test with least square difference post-
hoc tests, as appropriate. Log rank Chi square test was
used to determine the differences of Angiopoietin intensity
and staining indexes in mesothelioma tumors. P values <
0.05 were considered significant. Statistical analysis was
performed using the Statistical Package for the Social
Sciences v.13.0.0 (IMB, Armonk, NY).

ACKNOWLEDGMENTS

We thank Dr M. Kamber and Z. Kollia (Research
Unit for animal standards, Evangelismos Hospital, Athens,
Greece) for professional veterinarian and animal care
assistance, respectively.

CONFLICTS OF INTEREST

Authors declare no conflicts of interest.

FUNDING

This work was partially supported by Thorax
Foundation and Amgen Hellas.

REFERENCES

1. Baas P, Fennell D, Kerr KM, Van Schil PE, Haas RL,
Peters S; ESMO Guidelines Committee. Malignant pleural
mesothelioma: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann Oncol. 2015;
26:v31-9.

Rittinghausen S, Hackbarth A, Creutzenberg O, Ernst H,
Heinrich U, Leonhardt A, Schaudien D. The carcinogenic
effect of various multi-walled carbon nanotubes (MWCNTs)
after intraperitoneal injection in rats. Part Fibre Toxicol.
2014; 11:59.

3. Suzui M, Futakuchi M, Fukamachi K, Numano T, Abdelgied
M, Takahashi S, Ohnishi M, Omori T, Tsuruoka S, Hirose
A, Kanno J, Sakamoto Y, Alexander DB, et al. Multiwalled
carbon nanotubes intratracheally instilled into the rat lung
induce development of pleural malignant mesothelioma and
lung tumors. Cancer Sci. 2016; 107:924-35.

Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham
C, Kaukel E, Ruffie P, Gatzemeier U, Boyer M, Emri S,
Manegold C, Niyikiza C, Paoletti P. Phase III study of

www.oncotarget.com

21794

Oncotarget



11.

12.

14.

pemetrexed in combination with cisplatin versus cisplatin
alone in patients with malignant pleural mesothelioma. J
Clin Oncol. 2003; 21:2636-44.

van Meerbeeck JP, Gaafar R, Manegold C, Van Klaveren
RJ, Van Marck EA, Vincent M, Legrand C, Bottomley A,
Debruyne C, Giaccone G. Randomized phase III study
of cisplatin with or without raltitrexed in patients with
malignant pleural mesothelioma: an intergroup study of
the European Organisation for Research and Treatment
of Cancer Lung Cancer Group and the National Cancer
Institute of Canada. J Clin Oncol. 2005; 23:6881-9.

Bottomley A, Gaafar R, Manegold C, Burgers S, Coens
C, Legrand C, Vincent M, Giaccone G, Van Meerbeeck J.
Short-term treatment-related symptoms and quality of life:
results from an international randomized phase III study
of cisplatin with or without raltitrexed in patients with
malignant pleural mesothelioma: an EORTC Lung-Cancer
Group and National Cancer Institute, Canada, Intergroup
Study. J Clin Oncol. 2006; 24:1435-42.

Hiddinga B, van Meerbeeck JP. Surgery in mesothelioma-
-where do we go after MARS? J Thorac Oncol. 2013;
8:525-9.

Schunselaar LM, Quispel-Janssen JM, Neefjes JJ, Baas P.
A catalogue of treatment and technologies for malignant
pleural mesothelioma. Expert Rev Anticancer Ther. 2016;
16:455-63.

Zalcman G, Mazieres J, Margery J, Greillier L, Audigier-
Valette C, Moro-Sibilot D, Molinier O, Corre R, Monnet
I, Gounant V, Riviére F, Janicot H, Gervais R, et al. French
Cooperative Thoracic Intergroup (IFCT) Bevacizumab for
newly diagnosed pleural mesothelioma in the Mesothelioma
Avastin  Cisplatin  Pemetrexed Study (MAPS): a
randomised, controlled, open-label, phase 3 trial. Lancet.
2016; 2;387:1405-14.

Monk BJ, Poveda A, Vergote I, Raspagliesi F, Fujiwara K,
Bae DS, Oaknin A, Ray-Coquard I, Provencher D, Karlan
BY, Lhommé C, Richardson G, Rincon DG, et al. Anti-
angiopoietin therapy with trebananib for recurrent ovarian
cancer (TRINOVA-1): a randomised, multicentre, double-
blind, placebo-controlled phase 3 trial. Lancet Oncol. 2014;
15:799-808.

Tsigkos S, M, Papapetropoulos A.
Angiopoietins in angiogenesis and beyond. Expert Opin
Investig Drugs. 2003; 12:933-941.

Lemieux C, Maliba R, Favier J, Theoret JF, Merhi Y, Sirois
MG. Angiopoietins can directly activate endothelial cells

Koutsilieris

and neutrophils to promote proinflammatory responses.
Blood. 2005; 105:1523-1530.
Scharpfenecker M, Fiedler U, Reiss Y, Augustin HG.
The Tie-2 ligand Angiopoietin-2 destabilizes quiescent
endothelium through an internal autocrine loop mechanism.
J Cell Sci. 2005; 118:771-780.

Huang H, Bhat A, Woodnutt G, Lappe R. Targeting the
ANGPT-TIE2 pathway in malignancy. Nat Rev Cancer.
2010; 10:575-585.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Tabata C, Hirayama N, Tabata R, Yasumitsu A, Yamada S,
Murakami A, lida S, Tamura K, Fukuoka K, Kuribayashi K,
Terada T, Nakano T. A novel clinical role for angiopoietin-1
in malignant pleural mesothelioma. Eur Respir J. 2010;
36:1099-105.

Vazakidou ME, Magkouta S, Moschos C, Psallidas I,
Pappas A, Psarra K, Kalomenidis 1. Temsirolimus targets
multiple hallmarks of cancer to impede mesothelioma
growth in vivo. Respirology. 2015; 20:1263-71.

Moschos C, Psallidas I, Kollintza A, Karabela S,
Papapetropoulos A, Papiris S, Light R, Roussos C,
Stathopoulos GT, Kalomenidis I. The Angiopoietin/Tie2
Axis Mediates Malignant Pleural Effusion Formation.
Neoplasia. 2009; 11: 298-304.

Fathers K, Stone C, Minhas K, Marriott J, Greenwood J,
Dumont D, Coomber B. Heterogeneity of Tie2 expression
in tumor microcirculation: influence of cancer type,
implantation site, and response to therapy. Am J Pathol.
2005; 167:1753-62.

Diéras V, Wildiers H, Jassem J, Dirix LY, Guastalla JP, Bono
P, Hurvitz SA, Gongalves A, Romieu G, Limentani SA,
Jerusalem G, Lakshmaiah KC, Roché H, et al. Trebananib
(AMG 386) plus weekly paclitaxel with or without
bevacizumab as first-line therapy for HER2-negative locally
recurrent or metastatic breast cancer: A phase 2 randomized
study. Breast. 2015; 24:182-90.

Atkins MB, Gravis G, Drosik K, Demkow T, Tomczak P,
Wong SS, Michaelson MD, Choueiri TK, Wu B, Navale
L, Warner D, Ravaud A. Trebananib (AMG 386) in
Combination With Sunitinib in Patients With Metastatic
Renal Cell Cancer: An Open-Label, Multicenter, Phase 11
Study. J Clin Oncol. 2015; 33:3431-8.

Das A, Fanslow W, Cerretti D, Warren E, Talarico N,
McGuire P. Angiopoietin/Tek interactions regulate mmp-9
expression and retinal neovascularization. Lab Invest. 2003;
83:1637-45.

Bergers G, Hanahan D. Modes of resis tance to anti-
angiogenic therapy. Nat Rev Cancer. 2008; 8:592-603.

Jackaman C, Bundell CS, Kinnear BF, Smith AM,
Filion P, van Hagen D, Robinson BW, Nelson DJ. IL-2
intratumoral immunotherapy enhances CD8+ T cells that
mediate destruction of tumor cells and tumor-associated
vasculature: a novel mechanism for IL-2. J Immunol. 2003;
171:5051-63.

Bielefeldt-Ohmann H, Marzo AL, Himbeck RP, Jarnicki
AG, Robinson BW, Fitzpatrick DR.
involvement in mesothelioma pathobiology: inhibition

Interleukin-6

by interferon alpha immunotherapy. Cancer Immunol
Immunother. 1995; 40:241-50.

Magkouta S, Pappas A, Moschos C, Vazakidou ME, Psarra
K, Kalomenidis I. Icmt inhibition exerts anti-angiogenic
and anti-hyperpermeability activities impeding malignant
pleural effusion. Oncotarget. 2016; 7:20249-59. https://doi.
org/10.18632/oncotarget.7912.

www.oncotarget.com

21795

Oncotarget


https://doi.org/10.18632/oncotarget.7912
https://doi.org/10.18632/oncotarget.7912

26. Staton CA, Valluru M, Hoh L, Reed MW, Brown NJ. 27. Kolllintza A, Magkouta S, Psallidas I, Moschos C, Stratiki

Angiopoietin-1, angiopoietin-2 and Tie-2 receptor M, Esquerda A, Porcel JM, Kalomenidis I. IL-17A is
expression in human dermal wound repair and involved in bacteria-related acute pleural inflammation.
scarring. Br J Dermatol. 2010; 163:920-7. https://doi. Respirology. 2013;18:488-9.

org/10.1111/5.1365-2133.2010.09940.x.

www.oncotarget.com 21796 Oncotarget


https://doi.org/10.1111/j.1365-2133.2010.09940.x
https://doi.org/10.1111/j.1365-2133.2010.09940.x

