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Abstract

Malignant mesothelioma (MM) is a tumor arising on
body serousal membranes. It is regarded to as a
highly fatal neoplasm, and more than a hundred
clinical trials on the run and an expected 150-fold
increase in peak incidence within the year 2050
should give an idea of the problem MM represents.
Plus, although issues are still pending about the
carcinogenic mechanisms leading to the
development of such a neoplasm, evidences have
been accumulated for its significant

immunomodulatory activity.

Despite this fact, however, many molecular
mechanisms are still lacking to explain the
interactions between mesothelioma and cells
belonging to the monocyte/macrophage lineage.
These cells, in fact, are likely to play a crucial role in
mesothelioma pathogenesis, and their accumulation
in mesothelioma foci is very likely to represent a

negative prognostic factor.



Basing on these considerations, the aim of my
research was to focus on the crosstalk between
immune cells and malignant mesothelioma in order
to enlighten hierarchical relationships driving both
monocyte/macrophage  deregulation and the
establishment of tumor-supporting activities in

immune cells.

In this context, co-cultures and conditioned media
have been used to allow interactions between
malignant and immune cells, and data have been
collected demonstrating different mechanisms
determining  tumor-induced  physiopathological
skewing of human monocytes and macrophages
phenotypes and functions which clearly support

active tumor growth and invasiveness.
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Overview of Malignant Mesothelioma

Malignant mesothelioma (MM) is a tumor deriving
from mesothelial cells which form a single cell layer
lining the pleural, peritoneal and pericardial spaces
as a serousal membrane. MM is a highly fatal
neoplasm which primary targets the pleural and
peritoneal spaces and, less often, the pericardial
spaces [1]. The gross appearance of MM features
multiple well-defined nodules, with a generalized
thickening of the serousal space and an invariable
association with effusions of different degrees [2,3].
There are three major morphological presentations
of MM, which are generally referred to as epithelioid,
biphasic (or mixed) and sarcomatoid types [4]. Most
MM are composed of round epithelial-like cells, with
a general hystopathologic presentation in papillae
and pseudoacini (sometimes presenting as plaques)
[5]. To date, however, many different histological
variants have been defined varying from the typical
organization of epithelioid tissues [6]. Among these

variants, spindle cell or sarcomatoid mesothelioma
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(in which the cells are bundled in nodules) [7],
desmoplastic mesothelioma (a subvariant form of
sarcomatoid  mesothelioma  characterized by
abundant fibrous  tissue deposition) (8],
lymphohistiocytoid mesothelioma (another form of
sarcomatoid mesothelioma with unusual histiocyte-
like morphology and abundant lymphocytes) [9],
deciduoid mesothelioma (in which the cells present a
ground glass cytoplasm resembling decidual cells)
[10], squamous mesothelioma (also known as pleural
squamous cell carcinoma) [11,12] and small cell
variants [13] have been described so far. Suggested
diagnosis of MM should be based on four different
markers, chosen both as “positive” and “negative”
ones, in order to exclude epithelial carcinomas of the
organs enwrapped. At the moment, the best markers
association is thought to include calretinin and
cytokeratin 5/6 (or WT1) as positive markers
together with CEA and MOC-31 (or B72.3) as
negative ones [14,15]. Other markers such as N- and
E-cadherin, CD445, mesothelin, HBME-1 and HMFG-2

[14,16,17] are of a limited diagnostic usefulness, and
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recent findings about osteopontin, soluble
mesothelin, and megakaryocyte potentiating factor
(MPF) still  need clinical evaluation [18].
Discrimination among different subtypes can be
aided by additional cytological markers, such as
vimentin, keratin and smooth muscle actin in
sarcomatoid variants or neuron-specific enolase in
small cell mesotheliomas [13,19-21]. Even though
these markers greatly aided the diagnosis of MM,
particularly in differentiating sarcomatoid MM from
lung adenocarcinomas, a great difficulty is recognized
still in discriminating MM from other hyperplasias,
such as reactive mesothelial hyperplasia or
mucoepidermoid carcinoma of the pleura [22-24].
Cytogenetic and molecular studies identified several
characteristic  alterations further aiding MM
diagnosis. Although MM karyotypes are defined as
complex, in fact, it has emerged that MM cells do not
exceed five chromosomal abnormalities per cell,
while adenocarcinomas typically have more than
twenty events per cell. Moreover, chromosomal

abnormalities are clearly non-random, deletional
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hotspots being localized within the long arms of
chromosome 22 and 6 and within the short arms of
chromosomes 1, 3 and 9 [25]. Chromosomal
deletions are likely to reflect the importance of gene
loss in the pathogenesis of virtually all types of MM.
Precise deletional targets have not been fully
elucidated so far, major exceptions being CDKN2A
and CDKN2B genes on 9p and NF2 on 22q [26]. The
genomic loss or inactivation of CDKN2A and CDKN2B
is a common mechanism in human cancers. These
genes, in fact, encode proteins which block the cell
cycle by inhibiting the CDK4 checkpoint kinase. As a
consequence of CDKN2A/B loss, then, CDK4-cyclin D1
complexes are in the active conformation and
phosphorylate their downstream effector
retinoblastoma protein (Rb), inactivating it [27].
More interestingly, NF2 protein is inactivated in
almost all mesotheliomas bearing chromosome 22
deletions, which are about 75% of all known
mesotheliomas [28]. NF2 protein has been identified
by the study of different neoplasias, such as

neurofibromatosis type 2 and benign schwannomas
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which are a typical feature of that syndrome. NF2
(currently termed Merlin) belongs to a family of
moesin-ezrin-radixin-like protein which act as a
membrane stabilizing protein, probably coupling
membrane receptors with the cytoskeleton.
Although its physiological role has not been clearly
defined so far, evidences have been provided for its
possible role in hyperplasias as an activator of Met
and PDGF receptor kinases and an inhibitor of PI3
kinase [29].

Aetiology of malignant mesothelioma is undoubtly a
major point of interest for such a neoplasia. MM
were infrequently diagnosed before 1960, a time at
which a dramatic MM increase was observed in
asbestos miners [30]. Subsequent epidemiological
studies confirmed the close relationship between
MM and asbestos, this tumor common among
diverse human groups being somehow exposed to
asbestos, such as native Americans (exposed during
the production of silver jewellery), carpenters,
plumbers and electricians (exposed to asbestos

insulation materials) and villagers of central Turkey
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(exposed to inhalation of erionite, a structural mimic
of asbestos) [1]. Since the latency period between
asbestos exposure and MM presentation is typically
longer than 30 years, a major health alarm is to be
expected with MM because of the unregulated use
of asbestos in many countries until 1970. This is
confirmed by a registry of MM death in England,
Scotland and Wales maintained since 1968: in these
populations, deaths rose from 154 in late 60’s to
1848 in early 2001 [31,32]. Asbestos belong to a
family of magnesium and calcium silicates able to
withstand extremely high temperatures. The
thermoresistant properties of asbestos determined
its modern widespread as insulation material for
buildings and in heat-resistant materials in engine
parts and brakes. Asbestos fibers are divided in two
groups, depending on their conformation: wavy
fibers are called serpentines, while straight fibers are
called amphiboles and more often implicated in
oncogenesis [33]. The oncogenic mechanism of
asbestos fibers seem to be multifactorial, and to rely

on both mesothelial and immune cells. As for
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mesothelial cells, asbestos is thought to induce
genotoxic damages, by breaking off chromosome
pieces which are then separated by the mitotic
spindle apparatus with a consequent random loss of
genes. Obviously, when loss occurs within the above-
described chromosomal regions, MM cells are likely
to be generated [33]. Moreover, asbestos is also
accounted for non-genotoxic carcinogenic damages,
like the activation of the AP-1 — TNF-a — NF-kB
autocrine axis leading to survival to genotoxic
damages and helping aberrant cells to spread
themselves along the tissue [34]. The contribute of
immune cells to asbestos-induced MM generation is
supposedly of an equal impact: the asbestos-induced
insult to mesothelial integrity, in fact, is recognized
by infiltrating leukocytes, which are mainly
represented by activated macrophages. Under the
pressure of mesothelium-derived inflammatory
factors and the engulfment of asbestos fibers
themselves, these cells are expected to release high
amounts of classical inflammatory cytokines such as

TNF-o and IL-1, setting a chronic inflammation on by
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their inability to degrade the fibers. Unfortunately,
these cytokines have a tumor-supporting role too,
which also couple to the genotoxic damage which
could affect mesothelial cells by the release of
reactive  oxygen intermediates by engulfed
macrophages [34-36]. Unfortunately, modern
regulations on asbestos usage in the world are not
expected to eradicate MM, since only 10% of total
neoplasms occur in asbestos-exposed subjects,
clearly evidencing that other carcinogenic factors
may be involved [37,38].

Among these carcinogenic or co-carcinogenic factors,
a major controversy there is about the contribution
of the oncogenic virus SV40. In 1994, it was
demonstrated that Syrian hamsters developed
mesotheliomas when intrapleurally injected with
wild-type SV40, and it was also demonstrated that
SV40-like sequences could be indentified by PCR in
primary human MM [39]. However, different authors
reported that the amplification of SV40-like
sequences could depend on the specific primers used

for PCR, together with a weak and non-nuclear
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expression of SV40 which is then inconsistent with a
transforming role and the low or null expression of
SV40 antigens in many MM lines [40,41]. Clearly, this
controversy is a major concern in public health, for
millions of individuals in U.S. and western countries
were potentially exposed to SV40 in poliovirus
vaccines administered between 1955 and 1963 [4].

A major challenge to the diagnosis of mesothelioma
is represented by the need to identify reliable
prognostic factors in order to select for the best
therapeutic option for different patients subgroup.
Various prognostic variables have been considered so
far, including symptoms (dyspnea, cough, chest
pain), age, sex, histology, stage of disease and
exposure to asbestos. Among these factors, histology
is to have a major role: it has been identified, in fact,
that mean survival for patients suffering from MM
(whether untreated or treated with a single-modality
therapy) is in the range of 4, 7 or 12 months
depending on whether histology is sarcomatoid,
biphasic or epithelioid. Histological presentation is

also helpful in predicting mean survival after trimodal
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therapy (extrapleural pleuropneumonectomy,
chemotherapy and radiotherapy) [42]. It has been
demonstrated, in fact, that post-treatment survival is
strikingly dependent on the histotype, varying from
52% at two years in epithelioid MM to 16% at two
years in sarcomatoid MM [43]. Another critical
prognostic factor is tumor’s primary site: patients
suffering from peritoneal MM, in fact, are generally
expected to have a median survival which is less than
half of that with pleural MM [44]. A third important
prognostic factor is disease staging: although
mesothelioma is characterized by a low metastatic
potential vs. local dissemination, the involvement of
mediastinal lymph nodes or the presence of
malignant cells in the effusions are both adverse
prognostic factors [45].

The low overall survival rate reflects the most
dramatic problem associated with MM: this
neoplasm, in fact, is relatively resistant to
conventional clinical approaches, including
chemotherapy and radiation therapy. Single-drug

chemotherapy is nowadays generally refused in MM
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management, for partial response rates generally fall
well below 20%, proving to be useless. To date,
combinatory chemotherapy is preferred, with
cisplatin + doxorubicin as an amenable protocol to
obtain a 20 — 30% response. Similarly, radiation
therapy or surgical treatment as single-modality
treatments are relatively ineffective, although they
can provide significant palliation [4]. Trimodal
therapy (which is the association of surgical,
chemotherapy and radiation therapy protocols) has
proven to be highly successful in certain patients
subgroups: eligible subjects suffering from pleural
epithelioid MM, in fact, reach a significant 5-years
survival after trimodal therapy. Unfortunately, only
one-third of the subjects presenting pleural
epithelioid MM are candidates to simultaneous
surgical debulking of pleura, pericardium, diaphragm
and invaded parts of lungs. Moreover, cytoreduction
by massive surgical interventions is associated with a
high mortality, and is considerably less effective in
patients suffering from sarcomatoid MM [4,46].

Finally, since delays in MM diagnosis are frequent
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mainly due to poor symptomatic signs, a great
majority of MM patients are fairly sick at the time of
diagnosis, rapidly lose weight and can’t therefore
candidate to trimodal therapy [4]. On these basis,
novel therapeutic options for MM are highly needed,
mainly on the pharmacological side of the problem.
Promising approaches are constantly arising, with the
exploitation of immune molecules or the engineering

of immune cells as major upcoming examples [4,47].
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Tumor Immunology

Basing on Virchow’s pioneer observations of
leukocytes presence in solid tumors in 1863, in the
50’s, the immunosurveillance (also called as
immunological  surveillance)  hypothesis  was
formulated by Burnet. This is currently defined as a
monitoring process of the immune system which
detects and destroys newly arising neoplastic cells
before they become a clinically evident tumor. In this
view, an established tumor was seen as the dramatic
result of a minor neoplastic subpopulation which
somehow evaded efficient immune clearing [48,49].
Today, a huge amount of data challenge this
hypothesis, leading to the paradoxical observation
that the immune system may play key tumor-
supporting roles, emphasizing that malignancies
could grow because of spontaneous immune
response [48,49]. It should be considered, in fact,
that a dynamic ecological equilibrium establishes in a
tumor focus: malignant cells threatening an organism

challenge the immune system as much as the

25



immune system threatens neoplasm growth. By this
way, each time the immune system clears a
neoplastic growth, a positive pressure for the
evolution of tumor itself is provided, so that a
secondary neoplasm will be less immunogenic than
the first [50]. This is commonly referred to as
“immunoescape”, a process in which malignant cells
tend to reduce the expression of class-l MHC
molecules as well as to loss or to reduce their antigen
charge as much as possible to evade recognition and
killing by the immune system. Breaking of the
equilibrium occurs when a neoplastic clone is
generated whose antigen charge is sufficiently low
not to induce an effective immune response.
However, the pressure-induced evolutionary
mechanisms acting on a new neoplasm are not
sufficient to explain why abundantly antigenic
tumors (such as breast cancers and melanomas) are
inefficiently killed by the immune system [48-51].
Moreover, they do not explain why tumor-infiltrating
lymphocytes (TILs) are frequently found in neoplastic

foci, without the tumor being controlled or rejected
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[52,53].

Different cells from the innate and the acquired
compartments of the immune response have been
recalled to take part to immunological surveillance:
among these, CD4+ T helper cells (Th) and CD8+
cytotoxic T lymphocytes (CTLs), yo T cells, natural
killer cells (NK) as well as cells belonging to the
monocyte/macrophage lineage have been widely
studied [53,54]. The basic concept of CTLs
antitumoral activity relies on the idea that aberrant
proteins (or oncogenic viral products) are expressed
by tumor cells together with class-l MHC molecules.
This would lead CTLs to form immunological
synapses with target cells allowing functional
transfer of oncolytic ezymes. Clearly, as neoplasm
exposure of MHC molecules decreases, efficacy of
CTLs response should decrease too. That’s why a key
role is to be played by Th cells (and maybe by y0 T
cells in specific body districts): tumor-restricted Th
cells, in fact, could release immunostimulating
molecules such as IL-2, TNF-a and IFN-y which would

turn CTLs responses up. In the same way, Th
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cytokines could activate NK cells. Unlike CTLs, these
cells are activated by the absence of class-l MHC
molecules on target cells, thus possibly clearing that
cells which are positively selected by CTLs patrolling
pressure [53,54]. NK activation by Th cytokines (such
as IL-2 and IL-12) leads to lymphokine-activated killer
cells (LAK), whose tumoricidal activity has been
extensively confirmed in vitro [54]. Clearly, the low
antigen-presenting potential of tumor cells would be
a major barrier to immune clearing, unless cells from
the monocyte/macrophage lineage differentiate to
professional antigen-presenting cells (APCs) such as
macrophages and dendritic cells. Tumoricidal activity
of macrophages is efficiently observed in vitro
[54,55], and this is likely to correspond to its
contribute in vivo. As effector cells, in fact,
macrophages can count on the release of lysosomal
enzymes, the production of reactive oxidant
intermediates and the release of tumoricidal
molecules such as TNF-a. Moreover, as true APCs,
scavenging of tumor cell debris by phagocytosis allow

macrophages to process target antigens, exposing
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them to CD8" and CD4" cells via class-I and —Il MHC
molecules. Devoided of a direct tumoricidal activity,
dendritic cells are best professional APCs. Capturing
and processing antigens by phagocytosis, in fact,
these cells can efficiently present them to
lymphocytes by either class-I and —Il MHC molecules.
A higher MHC molecules expression in respect to
macrophages, together with the presence of a wide
array of costimulatory signals such as CD40, CD80,
CD86 and CD28 and the ability to cross-prime CD4+
and CD8+ lymphocytes makes these cells the most
active APCs in the periphery and the most important
link between innate and adaptive immunity [53-55].

Although efficiently prepared to kill neoplasms in
vitro, however, our immune system paradoxically
fails in protecting us in vivo. Basing on discussed
evidences, it is clear that immunoescaping is not the
main mechanism of immune surveillance evasion in
tumor foci. A plethora of immunosuppressive
mechanisms, in fact, act as a network in tumor
microenvironment to actively skew immune

response far from its aim. This process, in which
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immune cells and immune networks undergo critical
reprogramming of their functions by a malignant
offence is called “immunoediting”, and it is
undoubtedly the main feature of tumor immunology
[48-50].

A comprehensive view of all possible
immunosuppressive mechanisms acting in tumor
milieu is something far in the future, as most of them
seem to critically depend on specific events which
vary in dependence of what tumor and/or what
immune cell is considered. To date, a quite puzzling
scenario of down-regulated dendritic cell activities,
reduced antigen recognition, loss of T cell function by
down-regulation of the { chain of the T cell receptor
(TCR), suppressed stimulation of CTLs, NK cells, B
cells and development of specific
immunosuppressive immune subpopulations such as
regulatory T cells (Tregs), tolerogenic dendritic cells
(tDCs), myeloid suppressor cells and tumor-
associated macrophages (TAMS), is observed [56].
The mechanisms underlying all of these events have

been only initially investigated so far, and new
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evidences are constantly accumulating. Interestingly,
it has been noticed that immunosuppressive factors
in tumor milieu are often related to inflammation: in
example, molecules such as prostaglandins (mainly of
the E series) have been demonstrated to be a
constant presence in tumor microenvironment,
wherein they act as powerful suppressor of DCs,
CTLs, NK, B cells and macrophages. Moreover, these
molecules bias cytokine production, so that Th cells
are skewed towards the production of Th2 cytokines
such as TGF-fB and IL-10. These, in turn,
pleiotropically impair cell functions, leading to a
generalized imbalance of immune responses. As an
example, multiple deregulations in the production of
oxidant molecules is frequently observed in
phagocytic cells [56]. Perhaps, the newest evidences
on an active association between tumors and
immune cells come from the characterization of
novel tumor-induced immunosuppressive cell types.
These cytotypes seem to be minor subpopulations
efficiently exploited by tumors, while their

physiological roles remain unclear still.
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Regulatory T cells (Tregs) are probably the best
known immunosuppressive cells in both the
maintenance of physiological self tolerance and
tumor-induced peripheral immunosuppression. Tregs
are a heterogeneous population of anergic CD4" T
cells, generally described by the Foxp3®™ CD25"
phenotype, whose activity is mainly directed towards
the inhibition of both CD4" and CD8" cells. Among the
various mechanisms proposed so far, the inhibition
of IL-2 transcription, immunosuppression by the
interplay between CTLA-4 on Tregs and CD80/86 on
target T cells and the production of
immunosuppressive cytokines such as IL-10 and TGF-
[ seem to play major roles [57,58].

Tolerogenic dendritic cells (tDCs) are closely related
to Tregs. Immature DCs, in fact, are thought to
integrate different signals gathered from the
surrounding immune environment, and to possibly
develop to tDCs in the presence of
immunosuppressive signals such as IL-10, TGF-f3 and
Tregs themselves [60]. These tDCs, in turn, could

polarize naive CD4+ Th towards Treg phenotype,
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amplifying local immunosuppression in a “chain-
reaction” way [59], even though the relative
contribution of IL-10, TGF-B, indoleamine 2,3-
dioxygenase (IDO) and more “exotic” GM-CSF,
kynurenines, vasoactive intestinal peptide (VIP) and
immunosuppressive exosomes is unclear at the
moment [60-63].

Myeloid suppressor cells (MSCs) have been mainly
identified by their tendency to accumulate in the
bone marrow, blood, spleen and tumor sites of
tumor-bearing individuals. MSCs still represent an
open issue, for their generation has only been
related to VEGF, GM-CSF and IL-1 so far, and their
functions are puzzling [64-66]. To date, most of our
knowledge about MSCs comes from in vitro studies,
in which MSCs proved to be a complex group of IL-
10, TGF-B and nitrite producers, with overwhelming
of T cells by generation of tDCs, exhaustion of normal
DC pool and direct inhibition of T cell functions by
nitrite and reactive oxygen species as supposed
mechanisms of action [64-66].

Tumor-associated macrophages (TAMs) are a
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common feature in almost all malignant focus, often
representing the majority of infiltrated leukocytes
[67]. These cells are accounted to mostly derive from
circulating monocytes recruited into the tumor mass
by chemoattractant gradients (thus rising the
question whether MSCs could represent their
parental source [66,68]), although evidences have
been provided for local macrophage proliferation.
TAMs are nowadays considered as major
representative of the so-called M2 phenotype, which
is an alternative polarization of human macrophages
in which downregulation of inflammatory activity is
observed together with a rise in immunosuppressive
activities [69]. Particularly, downregulation of
inflammatory cytokines such as TNF-q,, IL-1, IL-12 and
IFN-y has been variously observed, with a
concomitant upregulation of IL-1 receptor antagonist
and IL-1 decoy receptor, IL-10, PGE, and arginine
metabolism shift towards the arginase pathway.
Moreover, an upregulation in matrix-degrading
activities is frequently observed, which is thought to

reflect a tumor-prone mechanism facilitating
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neoangiogenesis in  malignant foci [67,69].
Coherently, a high number of TAMs is generally
associated with a poor prognosis, as demonstrated
by several studies on breast, lung, prostate, cervix,
bladder and glial tumors, and by experimental
evidences on malignant mesothelioma [67,70].

Finally, a growing interest is rising around somatic
cell hybridization between cancer and immune cells.
The concept of somatic hybridization is quite old in
the literature, for it traces back to Aichel’s theory of
metastasis as the result of spontaneous cell fusion
formulated in 1911 [71]. The basic idea of such a
theory is that, since white blood cells are able to
recognize and attack cancer cells, a possibility there
is for joining of these cells to form a somatic hybrid.
To date, many evidences have been proposed
enlightening that, both in vitro and in vivo, cell fusion
is an observable process [71-73]. Up to now,
convincing data have been provided about somatic
hybridization occurs between different cancer cells
and macrophages, a cell type which is physiologically

prone to fuse as a part of its development to an
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osteoclast [71-73]. Clearly, hybrid cells are believed
to exhibit a higher metastatic potential and possible
new immunomodulatory functions, although main
issues remain about both the “stability” of these
hybrids (with a particular concern about the
differences between etherokaryon — two nuclei
coexisting in a single cytosol — and genomic hybrids —
cells bearing a single nucleus in which chromosomes
from different cells coexist) and their relative

importance in in vivo cancerogenesis [71-73].
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Tumor Immunotherapy

Cancer immunotherapy is the use of the immune
system to reject cancer, basing on the assumption
that stimulating the patient's immune system could
lead to the destruction of malignant tumor cells that
are responsible for the disease. Areas of actual
investigation include: vaccines, monoclonal
antibodies, cytokines and other immunostimulants
and adoptive transfer of effector cells and antigen
presenting cells (APCs) [74].

Vaccination strategies are diversified, including both
the use of tumor-specific antigens (specific gene
products which are univocally expressed by
malignant cells) and tumor-associated antigens
(which are not univocally expressed by tumors but
whose expression is highly increased in neoplasms)
[75-78]. To date, several approaches have been
attempted to accomplish effective vaccination: major
strategies now include the use of autologous or
allogeneic whole tumor cells or oncolysates,

transfection of tumor cells with cytokine genes or
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costimulatory molecules’ genes, exploitation of
tumor proteins and peptides, development of anti-
idiotypic molecules and viral and bacterial vectors for
gene therapy and tumor killing [74]. Each of these
approaches  has  specific  advantages and
disadvantages, which actually limit their possible
applications: in example, vaccination with whole
tumor cells may fail in presenting sufficient antigen
or costimulatory molecules to effector cells, while
allogeneic neoplasms may lead to alloimmunity
development [77,79,80]. Equally, tumor transfection
may be ineffective on tumor masses in vivo and may
induce detrimental systemic reactions as well [77-
80]. Although attractive, tumor proteins and
peptides are bound to disadvantages too, for they
imply that tumor masses should clonally express the
same epitopes without allelic variants, as well they
are likely to induce a short-lasting response in the
absence of “helper” peptides [81-83]. Likewise, anti-
idiotypic molecules effectiveness is hampered by its
own specificity, so that different tumor clones may

be insensible to such molecules [74]. Finally, vectors
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are burdened by disadvantages too, the decrease in
vaccination efficacy at repeated immunization, the
generation of protective host immunity against
vector proteins and the transfection of variable
amounts of exogenous, unwanted nucleic materials
being major examples [74].

A more successful approach to clinical
immunotherapy is the use of monoclonal antibody
(mAb) therapy. More than two decades of clinical
studies have now defined the burdens of mAbs
therapy, either using unconjugated or conjugated
Abs. Moreover, mAbs engineering strategies aiming
at reducing immunogenicity or decreasing
pharmacokinetic metabolism, as well as improving
tumor penetrance and immunogenicity or enhancing
cellular responses have been explored [74]. To date,
mAb therapy is the foremost immunotherapy branch
in clinical tumor management, with several mAbs
being approved by the Food and Drug Administration
(FDA) for use in humans: these include humanized
mAbs such as Alemtuzumab for chronic lymphocytic

leukemia, Bevacizumab and Panitumumab for
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colorectal cancer, Gemtuzumab ozogamicin for acute
myelogenous leukemia and Trastuzumab for breast
cancer, as well as chimeric mAbs such as Cetuximab
for colorectal cancer and Rituximab for non-Hodgkin
lymphoma, and the murine mAb Ibritumomab
tiuxetan for non-Hodgkin Ilymphoma [84-91].
Unfortunately, adverse side effects have been
elucidated too: in example, anti-IgG immunity arises
in patients administered with murine mAbs [74].
Moreover, both the Ab size and the dynamics of mAb
penetrance following repeated administrations could
obstacle Ab efficacy [74].

Another promising approach to tumor
immunotherapy is represented by adoptive cell
transfer. This can be achieved either by transferring
APCs, such as DCs, which would in turn elicit immune
responses or by transferring LAK, TILs, macrophages
or antigen-specific lymphocytes [74,92]. APCs
transfer is regarded to as the most promising tool for
in vivo induction of antitumor responses, for these
cells would be able to both process tumor antigens

and to create de novo a robust immunostimulant
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environment. A major concern in APCs usage,
however, exists about the source of such cells (for it
exists the possibility to obtain unwanted tDCs if using
circulating monocytes from compromised patients)
and the best strategy to load tumor epitopes inside
DCs. Likewise, direct transfer of effector cells has
disadvantages too, mainly regarding the ways
lymphocytes are expanded ex vivo and the systemic
toxicity of immunostimulant cytokines routinely
infused together with these cells [74,93,94].
Recently, more successful results have been achieved
by using tumor-restricted lymphocytes or T cells
transfected in vitro with engineered T cell receptor
(TCR). All of these approaches, however, are
burdened by the disadvantage to face the
established immunosuppressive tumor
microenvironment when reinjected in the patients, a
disadvantage which could clearly blunt the efficacy of
any of these protocols [74,95].

The existence of immunosuppressive tumor
microenvironment is the main rationale for another

immunotherapy approach, which is cytokine therapy.
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Consequently, cytokine-based immune intervention
may be important for circumventing inhibitory
mechanisms that disengage the development of a
therapeutically  relevant  immune response.
Generally, cytokines that act best on immune cells
act subsequent to antigen recognition and cellular
activation, since those processes are intimately
needed to coordinate and govern cytokine receptor
expression. On the basis of the spectrum and
functional properties of distinct cytokines, IL-2, IL-12,
IFN-y and GM-CSF have been associated with cell-
mediated immunity and tumor regression [74].
Actually, cytokine therapy is regarded to as a strategy
to ingrate other immunotherapy approaches, even
though parameters such as dose, schedule and
frequency of cytokine administration are complex
and must be customized on the basis of their specific
mode of action, pharmacokinetics and predicted
time of utilization during the course of the
developing immune response [74].

Finally, novel approaches have been developed that

link immunotherapy to biotechnologies: among the

42



various proposal, the generation of hybrid cells
obtained by the fusion of malignant cells with
antigen-presenting cells are perhaps the most

outstanding example [96-100].

43



44



Aim

Malignant mesothelioma is a higly fatal tumor arising
on body serousal membranes. Although issues are
still pending about the carcinogenic mechanisms
leading to the development of such a neoplasm,
evidences have been accumulated for its significant
immunomodulatory activity.

Despite this fact, however, many molecular
mechanisms are still lacking to explain the
interactions between mesothelioma and cells
belonging to the monocyte/macrophage lineage.
These cells, in fact, are likely to play a crucial role in
mesothelioma pathogenesis, and their accumulation
in mesothelioma foci is very likely to represent a
negative prognostic factor.

Basing on these considerations, the aim of my
research was to focus on the crosstalk between
immune cells and malignant mesothelioma in order
to enlighten hierarchical relationships driving both
monocyte/macrophage  deregulation and the

establishment of tumor-supporting activities in
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immune cells.

In this context, co-cultures and conditioned media
have been used to allow interactions between
malignant and immune cells, and data have been
collected demonstrating different mechanisms
determining  tumor-induced  physiopathological
skewing of human monocytes and macrophages

phenotypes and functions.
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Part | - Differential effects of malignant
mesothelioma cells on THP-1 monocytes and

macrophages *

Abstract

Malignant mesothelioma (MM) is a highly fatal tumor
arising from inner body membranes, whose
extensive growth is facilitated by its week
immunogenicity and by its ability to blunt the
immune response which should arise from the huge
mass of leukocytes typically infiltrating this tumor. It
has been reported that the inflammatory infiltrate
found in MM tissues is characterized by a high
prevalence of macrophages. Thus, in this work we
evaluated the ability of human MM cells to modulate
the inflammatory phenotype of human THP-1
monocytes and macrophages, a widely used in vitro
model of monocyte/macrophage differentiation.
Furthermore, we tested the hypothesis that the
exposure to MM cells could alter the differentiation
of THP-1 monocytes favoring the development of

alternatively activated, tumor-supporting
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macrophages. Our data prove for the first time that
MM cells can polarize monocytes towards an altered
inflammatory phenotype and macrophages towards
an immunosuppressive phenotype. Moreover we
demonstrate that monocytes cocultivated with MM
cells “keep a memory” of their encounter with the
tumor which influences their differentiation to
macrophages. On the whole, we provide evidence
that MM cells exert distinct, cell-specific effects on
monocytes and macrophages. The thorough
characterization of such effects may be of a crucial
importance for the rational design of new

immunotherapeutic protocols.

* As published by lIzzi V. et al., International Journal of

Oncology, 2009; 34(2):543-50.
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Materials and methods

Cell Cultures

The human monocytic cell line THP-1 [101] was
obtained from the American Type Culture Collection
(Manassas, VA, USA). The human pleural MM cell line
Mero 84 [102] was a generous gift by Dr. Marjan
Versnel. Both cell lines were cultured at 37°C in 5%
CO, in DMEM supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 pg/ml
streptomycin, 100 U/ml penicillin and 100 pg/ml
sodium pyruvate (complete medium), all from
Cambrex (Lonza Milano, Milan, Italy). THP-1 Mo were
differentiated to M® by incubation with 100 nM
phorbol 12-myristate 13-acetate (PMA; Sigma
Aldrich, Milan, Italy) for 72 h in the dark, as

previously described [103].

Experimental plan
The effects of MM cells on the phenotype of THP-1
Mo were evaluated using the following experimental

plan: THP-1 Mo were seeded in complete medium in
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6-well plates at a density of 1 to 3x10° cells/well;
each well was then covered with a cell culture insert
(pore size: 0,4 uM; Sigma Aldrich) containing an
equal amount of Mero 84 cells seeded in the same
medium (THP-1/Mero 84 cell ratio 1:1); after 24, 48
or 72 h of cocultivation, the inserts were removed
and the Mo were washed, counted and replated. The
cultures containing Mero 84-exposed Mo (Mo-MM)
and control cultures containing an equal number of
Mo not exposed to Mero 84 cells were then
stimulated with 5 ug/ml of LPS (Sigma-Aldrich) for 24
h and used for comparative phenotypic evaluations.

The effects of MM cells on the phenotype of THP-1
M® were evaluated using two different experimental
settings: in the first setting, THP-1 Mo were
differentiated to M® and then cocultivated with
Mero 84 cells; in the second setting, Mo were first
cocultivated with Mero 84 cells and then
differentiated to M®. Cocultures were performed as
described above, with a THP-1/Mero 84 cell ratio of
1:1. Equal numbers of M®, Mero 84-exposed MO
(M®1-MM) and MO generated from Mero 84-
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exposed Mo (M®2-MM) were then plated and
stimulated with 5 pg/ml of LPS for 24 h. The cultures
were finally used for comparative phenotypic
evaluations as described below.

The growth and survival rate of THP-1 Mo and M®
cultures were routinely assessed by cell counts using
the trypan blue exclusion method; proliferation and
survival of THP-1 Mo and M® were found to be
unaffected by the cocultivation with MM cells and by

LPS treatment (data not shown).

[PH]-Arachidonic acid release assay

THP-1 Mo were labelled for 3 h with 1 uCi [*H]-
arachidonic acid ([*H]-AA, specific activity 202,4
Ci/mmol; PerkinElmer Italia, Monza, ltaly) at 37°C in
serum-free medium, as previously described [104].
The labelled cells were then washed twice in serum-
free medium to remove unincorporated [*H]-AA and
used to obtain replicate cultures of labelled Mo, MO,
Mo-MM, M®1-MM and M®2-MM. The cultures
were finally stimulated with LPS for 24 h. Cultures

containing [*H]-AA-labelled, LPS-unstimulated Mo
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and M® were used to control basal [*H]-AA release.
Culture media were collected and 100 ul aliquots
were added to 3 ml Optifluor (PerkinElmer ltalia) and

analyzed by a liquid scintillator counter.

Measurement of Prostaglandin E,, Tumor Necrosis
Factor-a and Interleukin-10 release

The amounts of Prostaglandin E, (PGE,), Tumor
Necrosis factor-o. (TNF-a) and Interleukin-10 (IL-10)
released in the culture media by LPS-stimulated Mo,
M®, Mo-MM, MO1-MM and M®2-MM and by LPS-
unstimulated Mo and M®, were quantified using a
monoclonal PGE, EIA kit (Cayman Chemicals, Italy
Cabru, Arcore, ltaly), an ELISA kit for TNF-o. and an
ELISA kit for IL-10 (both from Pierce Endogen, Celbio,

Milan, Italy) according to manufacturers instructions.

Evaluation of nitrite production by Griess reaction

The amount of nitrite (NO,) released in the culture
media of LPS-stimulated Mo, M®, Mo-MM, M®1-
MM and M®2-MM and of LPS-unstimulated Mo and

MO was quantified as previously described [105].
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Briefly, equal volumes of culture media and Griess
modified reagent (Sigma-Aldrich) were mixed in a
macrotitre plate. Upon incubation for 30 min at room
temperature, the presence of NO, in the samples
determines the formation of a fluorescent product
sensible to stimulation with a laser beam set at 550
nm. NO, concentration in each sample was thus
determined by plotting the sample O.D. at 550 nm on
a standard curve prepared with sodium nitrite

solutions (concentration range: 0,43 — 65 uM).

Phagocytosis assay

The phagocytic activity of THP-1 cells was evaluated
by measuring the uptake of FITC-dextran particles by
flow cytometry, as previously described [106]. In
brief, THP-1 Mo, M®, Mo-MM, M®1-MM and M®2-
MM were stimulated with LPS in the presence of 1
mg/ml FITC-Dextran (MW: 70 KDa; Sigma-Aldrich) for
24 h in the dark. Control Mo and M® were also
incubated with FITC-Dextran in the absence of LPS, in
order to assess basal phagocytic activity. At the end

of incubation, the cells were extensively washed,
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recovered by centrifugation and analyzed by FACS.

Collagenolytic activity assay

The serum-free culture media of LPS-stimulated Mo,
M®, Mo-MM, M®1-MM and M®2-MM and of LPS-
unstimulated Mo and MO were collected and ten-
fold concentrated using Centricon devices (cut-off:
10 KDa; Millipore, Milan, Italy). Aliquots (200 ul) of
concentrated media were mixed with 100 ul of
fluorescein-labelled collagen (final concentration: 2,5
mg/ml; Sigma-Aldrich) and incubated for 2 h in the
dark at 37°C. Each mixture was brought to a final
volume of 2 ml with phosphate-buffered saline (PBS)
and the sample fluorescence was analyzed using a
computer-aided background-controlling fluorimeter
(Perkin Elmer LS 50 b), with the excitation
wavelength set at 485 nm, the emission wavelength
set at 530 nm, and slits respectively set at 5 and 10

nm for each light pathway [107].

Statistical analysis

Data distribution was preliminarily verified by the
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Kolmogorov-Smirnov test, and data sets were
analyzed by one-way analysis of variance (ANOVA)
followed by Newman-Keuls test. Differences were
regarded as significant when p value was less than
0,05. Quantitative data were expressed as the
percentile mean + S.D. of at least four replicate
determinations, each performed in triplicate, in
respect to control levels arbitrary set to 100, except

where otherwise indicated.
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Results

Effects of MM cells on the release of [°H]-AA by THP-
1 Mo and M®

The release of AA from membrane phospholipids is
an important marker of Mo and M® activation [108-
110]. Therefore, in order to characterize the possible
immunomodulatory effects exerted by MM cells on
the THP-1 lineage, we first evaluated whether the
cocultivation with Mero 84 cells could affect the
release of [*H]-AA by LPS-stimulated THP-1 Mo and
MO.

As illustrated in Fig. 1A, LPS-stimulated Mo-MM
released less [*H]-AA than LPS-stimulated, non-
cocultivated Mo. In particular, the amounts of [>H]-
AA released by LPS-stimulated Mo-MM generated by
coculturing THP-1 Mo with Mero 84 cells for 24, 48
or 72 h were similar to those released by
unstimulated Mo, and about 25% lower than those
of LPS-stimulated Mo. Conversely, as illustrated in
Fig. 1B, MO1-MM obtained by coculturing M® with

MM cells for 24-72 h released significantly more [*H]-
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AA than non-cocultivated M® in response to LPS.
Moreover, also the LPS-stimulated M®2-MM
generated from Mo exposed to MM cells for 24-72 h
released higher amounts of [*H]-AA as compared to
LPS-stimulated, non-cocultivated MO.

Since the effects observed after 24-72 h of
cocultivation were similar, a 24 h cocultivation time

was chosen for all subsequent experiments.

Effects of MM cells on PGE, release by THP-1 Mo
and M@

PGE, is one of the major AA metabolites and it is
known to play immunosuppressive functions in the
tumor microenvironment [35,111]. Thus, it was
evaluated whether the cocultivation with Mero 84
cells could modulate the release of PGE, by LPS-
stimulated THP-1 Mo and MO.

Consistent with the results obtained in [*H]-AA
release studies, the cocultivation with MM cells had
opposite effects on the release of PGE, by THP-1 Mo
and MO. Indeed, as shown in Fig. 2A-B, LPS-

stimulated Mo-MM released lower amounts of PGE,
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as compared to non-cocultivated, LPS-stimulated
Mo, while the amounts of PGE, released upon LPS
stimulation by both M®1-MM and M®2-MM were

higher than those released by non-cocultivated MO.

Differential effects of MM cells on TNF-« and IL-10
release

To further evaluate the ability of MM cells to
modulate the phenotype of THP-1 cells, experiments
were conducted to assess whether the coculture
with Mero 84 cells could affect the release of the
prototypical pro-inflammatory cytokine TNF-a and
the prototypical anti-inflammatory cytokine IL-10
[64] by THP-1 Mo and M®. Data in Fig. 3A show that
the release of TNF-a induced by LPS was about ten-
fold lower in Mo-MM vs. the non-cocultivated Mo,
while the amounts of IL-10 released in response to
LPS by Mo and Mo-MM were similar. Conversely,
data in Fig. 3B show that non-cocultivated MO,
M®1-MM and MO®2-MM released comparable
amounts of TNF-o upon LPS stimulation, whereas

both M®1-MM and M®2-MM showed higher levels

60



of LPS-induced IL-10 release than non-cocultivated

MO.

Effects of MM cells on NO, production

According to different authors, the polarization
towards an M2 phenotype is accompanied by a
reduction in the capacity to produce NO [112-114]. In
order to assess whether the cocultivation with MM
cells could affect the production of NO by THP-1 Mo
and MQ, the concentration of NO; in culture media
was measured as a surrogate of NO production
[105,115]. Indeed NO, is the major metabolite of NO
and its extracellular concentration is directly
proportional to that of NO [105].

Data in Fig. 4A-B show that upon LPS stimulation Mo
and Mo-MM produced similar amounts of NO,. On
the other hand, both M®1-MM and M®2-MM
produced lower levels of NO, than non-cocultivated

M®.
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Effects of MM cells on Mo and M® phagocytic
activity

Next, we focused on the effects of MM cells on the
phagocytic properties of THP-1 Mo and M®. Data in
Fig. 5A show that LPS-stimulated Mo-MM displayed a
small increase in the ability to phagocytize FITC-
dextran particles as compared to non-cocultivated,
LPS-stimulated Mo. However, as illustrated in fig. 5C
this increase did not reach statistical significance. On
the other hand, as illustrated in Fig. 5B-D, the
phagocytic activity of both M®1-MM and M®2-MM
was significantly lower than that of non-cocultivated
M® upon LPS-stimulation, being almost equal to that

of unstimulated, non-cocultivated M.

MM cells up-regulate the collagenolytic activity of
both THP-1 Mo and M®

Finally, it was assessed whether the cocultivation
with MM cells could modulate collagen degradation
by THP-1 Mo and MO. Interestingly, MM cells
exerted comparable effects on the collagenolytic

activity of the two cell types. Indeed, as illustrated in
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Fig. 6A-B, the collagenolytic activity of LPS-stimulated
Mo-MM was nearly doubled as compared to that of
the non-cocultivated, LPS-stimulated Mo and,
similarly, the collagenolytic activity of LPS-stimulated
M®1-MM and M®2-MM was more than doubled as
compared to that of the non-cocultivated, LPS-
stimulated M®.

The reported effects exerted by MM cells on the
phenotype of THP-1 Mo and MO® are summarized in
Table I.
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Discussion

This paper represents the first direct evidence of the
broad immunomodulatory effects exerted by pleural
MM cells on Mo and M®. Mononuclear phagocytes
are among the earliest immune cells infiltrating
tumor sites and they nominally take part to almost all
the phases of the anti-tumor reaction [50]. In fact,
tumor-infiltrating Mo can effectively switch on the
inflammatory reaction by releasing chemoattractant
and immunostimulating factors and can differentiate
into MO, thus empowering the innate response
while bridging to the acquired response [50]. On the
other hand, tumors can develop several strategies to
counteract immune effector cells and escape
recognition and destruction by the immune system.
For instance, many of the soluble factors occurring in
the cancer microenvironment are able to suppress
the anti-tumor functions of Mo and M® or even to
alter Mo/M® functional programs, thus transforming
these cells into powerful tumor’s allies [50,116].

In the attempt to shed light wupon the

immunomodulatory activities of MM, we developed
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a cocultivation framework to evaluate the effects of
MM cells on the phenotype of both Mo and MO of
the THP-1 lineage. Furthermore, we evaluated
whether MM cells could polarize Mo development
into immunosuppressive MO.

The first evidence we provide for the
immunomodulatory properties of MM cells is
represented by their effects on the release of [*H]-AA
by THP-1 Mo and M®. Indeed our data demonstrate
that the cocultivation with MM cells blunts the
release of [*H]-AA by Mo in response to an
inflammatory stimulus, while it conversely polarizes
M® to over-release [*H]-AA in response to the same
stimulus. Following its release, most AA s
metabolized to a large family of pro- and anti-
inflammatory metabolites in a cell-specific manner
[111,117]. When the LPS-induced release of PGE,, a
major AA metabolite with anti-inflammatory
properties [111,118] was assessed, it resulted that
after the cocultivation with MM cells the amount of
PGE, released by Mo was significantly reduced while,

at the opposite, MO displayed a significant up-
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regulation of PGE, release. Interestingly, it has been
reported that MM tissues show high levels of PGE,
[119], and that PGE, production in tumor sites can
promote the development of regulatory T cells
(Tregs), which in turn dramatically hamper the
effectiveness of the anti-tumor immune response
[120].

A  further evidence of the differential
immunomodulatory effect exerted by MM on the
Mo/M® lineage is represented by the cytokine
profile expressed by THP-1 Mo and MO after
exposure to MM cells. In fact, following cocultivation
with MM cells, the LPS-induced release of the
prototypic M1 cytokine TNF-o. [64] was markedly
decreased in Mo cultures, while it appeared to be
unaffected in M® cultures. Conversely, the
cocultivation with MM cells enhanced the release of
the prototypic M2 cytokine IL-10 [64] by LPS-
stimulated M®, but did not modify the amount of IL-
10 released by LPS-stimulated Mo. Moreover, as
assessed through the measurement of NO,, the LPS-

stimulated release of NO, which is one of the most
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important tumoricidal molecules produced by the
Mo/M® lineage [113], was not affected in Mo
cocultivated with MM cells, whereas it was
significantly reduced in MM-exposed MO.
Collectively, these data indicate that MM cells alter
the phenotypic properties of Mo, while more clearly
shifting M® towards an Mz2-like, protumoral
phenotype [64,66,68]. In fact, the increased
production of the immunosuppressive PGE, and IL-10
and the decrease of NO release observed in MM-
exposed M® are both consistent with a shift towards
the acquisition of M2 features [64,112,114,118]. Still,
this MO polarization towards an immunosuppressive
phenotype was not associated with a reduction in
the release of TNF-a. Even though TNF-o is
considered as a prototypical M1 cytokine, it also
displays several tumor-supporting properties,
including the ability to promote tumor growth,
migration, invasion and angiogenesis [121].
Moreover, the production of such a molecule in
developing MM foci is thought to mainly depend on

M® and it has been linked to the malignant

67



transformation of mesothelial cells [34]. Thus, the
observation that the LPS-induced release of TNF-a
. was not reduced in MM-exposed M® indicates that,
while acquiring immunosuppressive properties, these
cells maintain the expression of pro-inflammatory,
tumor-supporting mediators.

We also observed that the cocultivation with MM
cells had different effects on the phagocytosis of
dextran particles by LPS-stimulated Mo and MO: the
phagocytic activity of MM-exposed Mo was similar to
that of non-cocultivated Mo, whereas the phagocytic
activity of MM-exposed M® was significantly
reduced as compared to that of non-cocultivated
M®. In view of the results discussed so far, this
finding is peculiar. Indeed, according to different
authors, alternatively activated M® exhibit a poor
antigen-presenting ability but a high capacity for
phagocytosis and, accordingly, are efficient
scavengers of apoptotic cells and cell debris
[112,122]. On the other hand, an inefficient
clearance of apoptotic cells can elicit pro-

inflammatory as well as pro-tumoral,
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immunosuppressive responses [35]. Therefore, the
inhibition of the phagocytic activity observed in MM-
exposed M® may play a double-edged role in the
modulation of immune functions within the tumor
microenvironment.

The observed ability of MM cells to decrease the
release of TNF-oo and PGE, without altering the
production of IL-10 and NO, by THP-1 Mo indicates
the instauration of an altered phenotype in Mo,
which exhibit mixed pro- and anti-inflammatory
features. It has been reported that tumor-associated
Mo can exhibit immunosuppressive, M2-like
properties. On the other hand, according to different
authors, such Mo appear to display complex and
multifaceted phenotypes and may develop from Mo
undergoing a transient phase of activation followed
by a phase of refractoriness to inflammatory stimuli
[68,66,123,124]. The altered phenotype displayed by
MM-exposed Mo may thus represent an
intermediate stage toward the acquisition of more
defined immunosuppressive properties.

Remarkably, as assessed by the release of lipid
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mediators ([*H]-AA, PGE,), cytokines (TNF-a, IL-10)
and NO as well as by the phagocytic and
collagenolytic activity, the phenotype of THP-1 MO
cocultivated with MM cells (MO®1-MM) was almost
identical to that of M® generated by Mo
cocultivated with MM cells (M®2-MM) for 24 h. This
finding demonstrates for the first time that MM-
exposed Mo are a “developmentally polarized” cell
type, being vyet committed to an altered
differentiation after 24 h of cocultivation with MM
cells. These Mo, in fact, differentiated into
immunosuppressive M® in the absence of any
further MM-derived factor added during the
differentiation process, supporting the hypothesis
that altered Mo are a privileged source of M2 MO.

Collagen degradation is crucially involved in the
formation of new vessels as well as in tumor cell
migration and invasion [125]. Unlike the differential
effects discussed above, the cocultivation with MM
cells induced a strong up-regulation of the collagen-
degrading activity in both LPS-stimulated Mo and

M®, demonstrating that either of these cell types
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can be co-opted by the tumor as an effector of
extracellular matrix degradation and tissue
remodeling.

Taken together, our data demonstrate that MM
polarizes Mo and M® towards distinct phenotypes
and that that Mo “keep a memory” of their
encounter with the tumor which influences their
development to M®. By suggesting to target Mo in
addition to M® [70] for the reversal of tumor-
supporting immune cell phenotypes, our data may
bear significance for the design of future
immunotherapy approaches for MM.

The mechanisms by which tumor cells educate
immune cells to exert tumor-supporting functions
have not been fully elucidated to date [68]. The THP-
1/MM cells coculture model could represent a
valuable system to investigate the hierarchic role of
MM-released factors involved in the modulation of

the phenotype of Mo and M®.
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Figure 1. Effects of MM cells on the release of [*H]-
AA by THP-1 Mo and M®.
(A) Percentile mean * S.D. of [°H]-AA release by
unstimulated Mo, LPS-stimulated Mo and LPS-
stimulated Mo-MM obtained by coculturing Mo with
MM cells for 24, 48 and 72 h. (B) Percentile mean *
S.D. of [*H]-AA release by unstimulated M®, LPS-
stimulated MO, LPS-stimulated M®1-MM obtained
by coculturing M® with MM cells for 24-72 h, and
LPS-stimulated M®2-MM generated by Mo
cocultured with MM cells for 24-72 h and then
differentiated to M®. #p < 0.05 vs. unstimulated Mo
or M® and *p < 0.05 vs. LPS-stimulated Mo or MO,
as evaluated by ANOVA followed by Newman-Keuls

test.
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Figure 2. Effects of MM cells on PGE, release by THP-
1 Mo and MO.

(A) Mean * S.D. values of PGE, release (pg/ml) by
unstimulated Mo, LPS-stimulated Mo and LPS-
stimulated Mo-MM obtained by coculturing Mo with
MM cells for 24 h. (B) Mean % S.D. values of PGE,
release (pg/ml) by unstimulated M®, LPS-stimulated
M®, LPS-stimulated M®1-MM obtained by
coculturing M® with MM cells for 24 h, and LPS-
stimulated M®2-MM generated by Mo cocultured
with MM cells for 24 h and then differentiated to
MO. #p < 0.05 vs. unstimulated Mo or MO and *p <
0.05 vs. LPS-stimulated Mo or MO, as evaluated by
ANOVA followed by Newman-Keuls test.
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Figure 3. Effects of MM cells on TNF-2 and IL-10
release.
(A) Mean t S.D. values of TNF-a and IL-10 release
(pg/ml) by unstimulated Mo, LPS-stimulated Mo and
LPS-stimulated Mo-MM obtained by coculturing Mo
with MM cells for 24 h. (B) Mean % S.D. values of
TNF-o. and IL-10 release (pg/ml) by unstimulated
MO, LPS-stimulated M®, LPS-stimulated MO®1-MM
obtained by coculturing M® with MM cells for 24 h,
and LPS-stimulated M®2-MM generated by Mo
cocultured with MM cells for 24 h and then
differentiated to MO. #p < 0.05 vs. unstimulated Mo
or MO and *p < 0.05 vs. LPS-stimulated Mo or MO,
as evaluated by ANOVA followed by Newman-Keuls

test.
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Figure 4. Effects of MM cells on NO, production
(A) Mean £ S.D. values of NO, (uM) produced by
unstimulated Mo, LPS-stimulated Mo and LPS-
stimulated Mo-MM obtained by coculturing Mo with
MM cells for 24 h. (B) Mean #+ S.D. values of NO,
(uM) produced by unstimulated M®, LPS-stimulated
M®, LPS-stimulated M®1-MM obtained by
coculturing M® with MM cells for 24 h, and LPS-
stimulated M®2-MM generated by Mo cocultured
with MM cells for 24 h and then differentiated to
MO. #p < 0.05 vs. unstimulated Mo or MO and *p <
0.05 vs. LPS-stimulated Mo or MO, as evaluated by
ANOVA followed by Newman-Keuls test.
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Figure 5. Effects of MM cells on Mo and M®
phagocytic activity as assessed by flow cytometric
analysis of FITC-dextran uptake.

(A) A representative determination of FITC-dextran
uptake by unstimulated Mo, LPS-stimulated Mo and
LPS-stimulated Mo-MM obtained by coculturing Mo
with MM cells for 24 h; the mean fluorescence
intensity (MFI) is indicated in each case. (B) A
representative determination of FITC-dextran uptake
by unstimulated M®, LPS-stimulated M®, LPS-
stimulated M®1-MM obtained by coculturing MO
with MM cells for 24 h, and LPS-stimulated M®2-
MM generated by Mo cocultured with MM cells for
24 h and then differentiated to M®; the MFI is
indicated in each case. (C) Percentile mean * S.D. of
the phagocytic activity of unstimulated Mo, LPS-
stimulated Mo and LPS-stimulated Mo-MM as
determined from four different FITC-dextran uptake
experiments. (D) Percentile mean = S.D. of the
phagocytic activity of unstimulated M®, LPS-
stimulated M®, LPS-stimulated M®1-MM and M®2-

MM as determined from four different FITC-dextran
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uptake experiments. #p < 0.05 vs. unstimulated Mo
or M® and *p < 0.05 vs. LPS-stimulated Mo or MO,
as evaluated by ANOVA followed by Newman-Keuls

test.
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Figure 6. MM cells up-regulate the collagenolytic
activity of THP-1 Mo and M®.

(A) Percentile mean % S.D. of the collagenolytic
activity of unstimulated Mo, LPS-stimulated Mo and
LPS-stimulated Mo-MM obtained by coculturing Mo
with MM cells for 24 h. (B) Percentile mean + S.D. of
the collagenolytic activity of unstimulated M®, LPS-
stimulated MO, LPS-stimulated M®1-MM obtained
by coculturing M® with MM cells for 24 h, and LPS-
stimulated M®2-MM generated by Mo cocultured
with MM cells for 24 h and then differentiated to
MO. #p < 0.05 vs. unstimulated Mo or MO and *p <
0.05 vs. LPS-stimulated Mo or MO, as evaluated by
ANOVA followed by Newman-Keuls test.
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Table I. Differential effects of MM cells on the

phenotype of LPS-stimulated THP-1 Mo and M®.

Mo-MM M®I-MM MD2-MM
vs. Mo vs. M® vs. MO
AA release - + +
PGE; release - + +
TNF-a release - ns ns
IL-10 release ns + +
NO, production ns - -
Phagocytic activity ns - -
Collagenolytic activity + + +

+: significantly increased; -: significantly decreased; ns: not significantly

modified
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Part Il — Interleukin-17 is produced by malignant
mesothelioma-conditioned immune cells and

promotes tumor growth and invasiveness *

Abstract

Malignant mesothelioma (MM) is a fatal tumor of
inner body membranes, whose extensive growth
depends on both weak immunogenicity and the
ability to reprogram surrounding immune cells
towards tumor-supporting phenotypes. Interleukin-
17 (IL-17) is a major inflammatory cytokine which is
now accepted as the paradigmatic cytokine of many
autoimmune diseases. However, its role in tumor
immunology has only been partially unrevealed at
the moment, and no data exist about its possible
effects on malignant mesotheliomas. Thus, we
evaluated both the ability of MM to induce the
production of IL-17 by MM-conditioned immune cells
and the effects of IL-17 on MM cell lines growth and
invasiveness. Our data show, for the first time, that

monocytes and macrophages are polarized by MM-
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conditioned medium to produce IL-17, and that such
cytokine exerts different tumor-supporting effects on
both cell growth and invasiveness. These data could
provide the evidence of a novel feedback mechanism
between MM and immune cells and could also
suggest potential targets for the development of new

pharmacological protocols for MM treatment.

* Partially reproduced as submitted by Izzi V. et al, 2010.

88



Materials and methods

Cell cultures and conditioned media.

Mero-84 cell line was a generous gift of Dr. Marjan
Versnel. Mesothelioma cell lines employed in this
work belonged to the epithelioid (Mero-84 and H-
Meso-1), the biphasic (MM-B1) and the sarcomatous
(MM-F1) histotype. All cell lines were cultured at
37°Cin 5% CO, in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 pg/ml streptomycin, 100 U/ml
penicillin. Since we previously demonstrated the
ability of Mero-84 cells to differentially affect
monocyte/macrophage phenotype [126], the media
from all MM cell lines were used to evaluate immune
cells polarization. Conditioned medium was prepared
by starving routinely-growing MM cells in serum-free
medium for 24 h and then seeding them in serum-
free medium in T 75 Falcon flasks until confluence.
Medium aliquots were then collected and subjected
to three consecutive centrifugations (300 x g for 10
minutes, 2000 x g for 20 minutes and 10000 x g for

30 minutes) to eliminate floating cells and debris.
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Assessment of IL-6 and IL-17 production by MM
cells.

1x10° MM cells were seeded in 6-well plates and
incubated overnight in complete medium. The cells
were then washed twice in PBS and incubated in
serum-free medium supplemented with 0,2% bovine
serum albumin (BSA), in the presence or absence of
IL-17 (10 — 100 ng/ml) . Two ug/ml brefeldine A was
added to all the wells to prevent exocytosis. The cells
were then collected and stained with a PE-
conjugated anti-IL-6 or anti-IL-17 mAb using specific
buffers and following manufacturer’s instructions.
Data were acquired using a FACSCalibur and analyzed

using CellQuest software.

Immunophenotypical analysis of immune cells.

Freshly isolated PBMCs, monocytes or macrophages
were pre-incubated with MM-derived medium for 24
hours and then stimulated with 1 uM phorbol 12-
myristate 13-acetate (PMA) and 10 uM ionomycin for
6 hours, in order to allow cytokines synthesis.

Release of cytokines was inhibited by adding 1 pg/ml
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brefeldine A 4 hours before the end of stimulation.
At the end of the incubation, cells were washed
twice and stained with specific surface antibodies in
PBS, supplemented with 0.5% FBS and 0.02% NaNs.
Cells were fixed with 4% paraformaldehyde for 10
min at room temperature. Cells were stained
intracellulary with anti-TNFa-APC, anti-TGF-3-PE,
anti-IL-6-APC or anti-IL17-PE mAbs and analysed on

FACSCalibur running CellQuest software.

Survival assay and propidium iodide (Pl) assay.

In order to evaluate possible IL-17 effects on MM
cells, 3 x 10° cells/well were seeded in 6-well plates,
allowed to adhere overnight and then starved in
medium devoid of serum and containing 0,2% BSA
with 10 or 100 ng/ml of IL-17. The plates were then
incubated for 96 h at 37°C, and finally washed twice
in PBS and stained with Giemsa. Micrographs were
acquired using an inverted light microscope and
image analysis was performed using Imagel
software.

To further evaluate IL-17 effects on MM cell growth,
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plates were prepared as reported above and cells
were collected in ice-cold PBS following 96 h
incubation. The cells were then stained with 5 pg/ml
propidium iodide (Pl) to discriminate living (dim) and
dead (bright) cells. Data were acquired using a

FACSCalibur and analyzed using CellQuest software.

Sulforhodamine B (SRB) assay.

3 x 10° MM cells were seeded in 96-well plates
allowed to adhere overnight and incubated for 96 h
in serum-free medium supplemented with 0,2% BSA,
plus or not IL-17 (10 — 100 ng/ml). When requested,
soluble interleukin-6 receptor (sIL-6R, 10 ng/ml) was
added alone or together with IL-17 in the same
medium as above. At the end of incubation, SRB
assay was performed following manufacturer’s
instructions. The optical density (OD) of SRB-stained
cultures was measured by an automated
spectophotometric plate reader at a wavelength of
490 nm. To evaluate the possible interaction
between sIL-6R and IL-17, R-indexes were calculated

by multiplying the percentile survival of cells
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incubated with different IL-17 concentrations by the
percentile survival cells incubated with sIL-6R alone,
and dividing the product by the percentile survival of
cells treated with IL-17 (10 or 100 ng/ml) plus sIL-6R.
A value greater than 1 roughly indicates a synergic

activity.

Carboxyfluorescein succinimidyl ester (CFSE) assay.

1x10°> MM cells were seeded in 6-well plates and
incubated overnight in complete medium. The cells
were then washed twice in PBS and stained with 1
UM carboxyfluorescein succinimidyl ester (CFSE) for
30 min in the dark The cells were then washed twice
in PBS and incubated for 96 h in RPMI medium
supplemented with 0,2% BSA in the presence or
absence of IL-17 (10 — 100 ng/ml). Cells were then
recollected, fixed in 4% paraformaldehyde and
analyzed for fluorescence in FACScalibur running

CellQuest software.

93



PCR analysis for vascular endothelium growth factor
(VEGF), placenta growth factor (PLGF), VEGF
receptors and Neuropilins mRNAs.

Total RNA was extracted from cells with Trizol
according to the manufacturer’s instructions. One ug
of total RNA was reverse-transcribed using 200U of
Superscript Ill, 10mM DTT, 20U of RNAse inhibitor,
2.5uM of random hexamers, 1ImM of each dNTP in a
final volume of 20 pl. Reactions were performed at
42°C for 60 min. The cDNA product (1ul) was
amplified with 1.5U of Platinum Taq DNA polymerase
in a final volume of 50 ul containing 200 uM of each
dNTP and 50 pmol of each primer. The sequences of
the primers were as previously reported [127].
Amplification consisted of 30 sec at 94°C, 30 sec at
65°C and 30 sec at 72°C for 35 cycles, preceded by a
first step of 2 min at 94°C to allow activation of the
enzyme and followed by a final extension at 72°C for
7 min. Primers were designed to span over different
exons in order to avoid amplification of
contaminating genomic DNA. Moreover, primers for

VEGF and PIGF were designed to detect each of the
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described alternative splicing isoforms. The identity

of the amplicons was confirmed by sequencing.

Wound healing assay.

2,5 x 10° MM cells were plated in 6-well plates in
complete medium and allowed to adhere overnight.
The cells were then washed and incubated for 24 h in
serum-free medium supplemented with 0,2% BSA
and IL-17 (10 — 100 ng/ml). When requested, 10
ug/ml Mitomycin C was added 30 min before the
addition of 100 ng/ml IL-17 to inhibit cell
proliferation. The plates were then washed twice in
PBS, stained with Giemsa and analyzed under
inverted light microscope. Image analysis was

performed using Imagel software.

Statistical analysis.

Data distribution was preliminarily verified by the
Kolmogorov-Smirnov test, and data sets were
analyzed by one-way analysis of variance (ANOVA)
followed by Newman-Keuls test. Differences were

regarded to as significant when p-value was < 0,05.
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Quantitative data were expressed as the mean + S.D.
of at least three replicated determinations, except

where otherwise indicated.

Materials

RPMI 1640 medium, FBS, L-glutamine, streptomycin
and penicillin were from Euroclone. BSA, brefeldine
A, PMA, ionomycin, paraformaldehyde, PI, SRB, siL-
6R and CFSE were from Sigma. All mAbs and specific
staining buffers were from eBioscience. Trizol,
Superscript 1ll, DTT, RNAse inhibitor, random
hexamers, dNTPs and Platinum Taq DNA polymerase

were from Invitrogen.
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Results

Assessment of IL-17 production by MM and MM-
associated immune cells.

Although the cytokine profile of MM cells has been
deeply investigated so far [3], no evidences can still
be found about the production of IL-17 by MM cells
and/or by the immune cells infiltrating MM foci,
including monocytes (Mo), macrophages (M¢) and T
cells. Thus, we started evaluating the basal
production of IL-17 by the three different MM
histotypes. Data in Fig. 1a show that all tested MM
cell lines stained negative (dim) for the production of
IL-17 after both 24 and 48 h of cultivation, evidencing
that IL-17 is not produced by MM cells under
standard conditions. Conversely, we show that both
Mo and M¢, underwent a significant polarization
towards an IL-17-producing phenotype when
cultivated for 24 h in different MM-conditioned
media, as shown by data in Fig. 1b, while CD4" and
CD8" T cells did not, as evidenced by data in Fig. 1c,
evidencing that MM effects on IL-17 polarization are

mainly directed towards the monocyte/macrophage
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lineage.

IL-17 induces significant growth of MM cells.

Since recent evidences have been provided about the
ability of IL-17 to actively support the growth of
different malignancies [128-130], experiments were
performed to determine whether IL-17 could exert
an effect on the growth of different MM cell lines. At
first, survival assays were performed in order to
evaluate the behavior of such a cytokine on cell
growth. Data in Fig. 2a show that IL-17 induced a
noteworthy survival increase at both 10 and 100
ng/ml in all cell lines in respect to control cells,
supporting the hypothesis of a growth induction
effect. To further confirm these data, survival assays
were also performed by means of direct Pl and SRB
staining. Cytometrical data in Fig. 2b show that both
tested IL-17 concentrations determined a significant
decrease in the mean number of cells in the low right
quadrant (PI’"8™ cells), as expected by an increase in
cell survival. High values observed in control cultures

are clearly depending on the absence of serum in the
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medium used for the experiments. A closely
comparable situation was observed after SRB
staining, as shown in Fig. 2c, which confirmed the
significant increase in cell survival following
incubation with IL-17.

Then, to finally confirm the proliferative activity of IL-
17 on MM cells, experiments were performed using
the intracellular dye CFSE. Since this dye is stably
incorporated in the cytoplasm, its concentration
halves as the cells undergo doubling so that cell
fluorescence decreases as the cells proliferate. Data
in Fig. 3 show that, at both 10 and 100 ng/ml, IL-17
induces a significant fluorescence decrease in all MM
cell lines in respect to relative controls, confirming IL-

17 ability to induce MM cell proliferation.

Interleukin-6/Soluble Interleukin-6 receptor (IL-
6/sIL-6R) axis is not involved in IL-17 — MM cell
growth.

IL-6 is one of the major cytokine being induced by IL-
17 [131], and it is also a known mitogenic factor for

MM cells [18]. However, its proliferative activity
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could be blunted by the presence of defective IL-6
receptors (IL-6R) on cell membrane, so that it
strongly relies on the release of soluble IL-6 receptor
(sIL-6R) by different kinds of tumor-associated cells
[132]. Having observed a significant growth increase
in MM cells exposed to IL-17, we explored the
possibilities that either IL-6 production could be
induced in these cells by IL-17 or the addition of
exogenous sIL-6R could exert any effect on IL-17-
induced growth.

Data in Fig. 4a show that all MM cell lines did not
produce IL-6 in response to IL-17, suggesting that
such a cytokine is not involved in mediating IL-17
effects. Data in Fig. 4b confirmed the hypothesis,
since it was shown that the addition of sIL-6R had no
appreciable additive effects on IL-17 — exposed MM
cells, as reported from R-indexes not significantly

different from 1.

Effects of MM-conditioned medium on Mo and
Mgophenotype.

Basing on the above results, the cytokine profile of
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MM-polarized Mo and M¢ was further analyzed in
order to explore its possible association with tumor-
supporting functions. To this aim, cells were stained
and analyzed for the production of those major
cytokines known to synergize with IL-17, such as TNF-
a [133], IL-6 [134] and TGF-J [135].

Fig. 5a shows the effects of MM-conditioned media
on Mo. Data show that the medium from Mero-84
and MM-B1 determined an increase in IL-6
production, while the medium from H-Meso and
MM-F1 decreased its production. Moreover, the
medium from Mero-84, H-Meso and MM-B1
determined a remarkable increase in TGF-3
expression, whereas the medium from MM-F1 had
no effects. Finally, the medium from Mero-84
determined a noteworthy increase in TNF-a
production while the medium from MM-B1 and MM-
F1 appreciably decreased its production and the
medium from H-Meso had no effects.

Fig. 5b shows the effects of MM-conditioned media
on M¢. Data show that the medium from Mero-84,

H-Meso and MM-B1 determined a significant
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increase in IL-6 production, while the medium from
MM-F1 had no effect. Moreover, the medium from
Mero-84 and H-Meso significantly increased TGF-f
production, while medium from MM-B1 didn’t exert
any effect and medium from MM-F1 induced a
moderated decrease. Finally, the medium from
Mero-84 and H-Meso respectively determined small
increases in TNF-a production, while the medium

from MM-B1 and MM-F1 showed no effect.

IL-17 differentially affects the synthesis of VEGF,
PIGF, VEGF receptors and Neuropilins mRNAs.

Basing on recent evidences, a major effect of IL-17 is
represented by its ability to stimulate the synthesis
of different growth factors, such as vascular
endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF) and hepatocyte growth factor
(HGF) [136]. Moreover, IL-17 is involved in different
trans-activation loops, which might further amplify
its proliferative activity [133,137]. Thus, experiments
were performed to evaluate whether IL-17 could

modulate the synthesis of two known MM growth
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factors, such as VEGF and PIGF [127], as well as their
receptors VEGF-R1 and -R2 and their co-receptors
neuropilin 1 and 2 (NP1 and NP2) that are involved in
MM growth and survival [127,138].

Data in Fig. 6a show that IL-17 has a histotype-
specific effect on both VEGF and PIGF: the cytokine,
in fact, induced a significant VEGF mRNA
upregulation in three out of four cell lines at both 10
and 100 ng/ml, while it was uneffective on MM-F1 at
the lower dose. Differently, both the concentrations
were able to induce PIGF mRNA upregulation in MM-
B1 cells only, whereas they was clearly uneffective in
both Mero-84 and H-Meso cells. Once again, IL-17
had a significant upregulatory effect on PIGF
synthesis in MM-F1 cell only at the higher dose,
though the lower concentration was uneffective.
Histotype-specific effects were also observed on
VEGFRs and NPs mRNAs: whereas the expression of
VEGF-R2 was unaffected at any dose in all cell lines,
the expression of VEGF-R1 was upregulated by 100
ng/ml IL-17 in Mero-84, H-Meso and MM-B1 cells,

but unaffected in MM-F1 cells. Moreover, significant
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upregulation was also induced by 10 ng/ml IL-17 in
Mero-84 cells. Similarly, NP1 mRNA was upregulated
by both 10 and 100 ng/ml IL-17 in MM-B1 cells,
whereas it was unaffected at each concentration in
Mero-84, H-Meso and MM-F1. Conversely, significant
upregulation of NP2 mRNA was observed in Mero-84
and H-Meso cells exposed to 100 ng/ml IL-17, while
no noteworthy differences were observed at lower
concentration on the same cells and at both doses in
MM-B1 and MM-F1 cells. Results from

densitometrical analysis are shown in Fig. 6b.

IL-17 up-regulates MM cell invasiveness.

Recent data have pointed out that IL-17 could
promote cell invasiveness by different mechanisms,
also including matrix metalloproteinases (MMPs)
upregulation [130,139]. Basing on these evidences,
wound healing experiments were performed to
evaluate the possible effects of IL-17 on MM cell
migration. Data in Fig. 7 show that 100 ng/ml IL-17
induced a considerable recovery of scratch area in all

MM cell lines in respect to control cells, whereas 10
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ng/ml IL-17 induced a significant scratch area
recovery in Mero-84, H-Meso and MM-F1 cells but
failed to induce a significant wound closure in MM-
Bl cells. Moreover, to rule out the possible
interference of IL-17 — induced cell growth on the
wound healing process, experiments were replicated
in the presence of mitomycin C, a cell replication
inhibitor. Data in Fig. 7 show that no significant
differences were observed when cells were
incubated with 100 ng/ml IL-17 in the presence or
absence of mytomicin, confirming that the cytokine
induced a strong increase in cell migration, which is
likely to reflect an increase in their invasive

capability.
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Discussion

Increasing evidences suggest that IL-17 may act a
primary role at cancer sites, acting both on tumor
and immune cells [128-130,139,140]. As far as the
immune system is concerned, IL-17 is a prototypical
pro-inflammatory cytokine, thus inducing the release
of master inflammatory cytokine such as TNF-q, IL-1,
IL-6 and many more [140,141]. Moreover, IL-17 has a
strong effect on surrounding tissue cells, affecting
the functions of both epithelial, endothelial and
stromal fibroblasts [140]. Major uncertainty,
however, resides still on what kind of cells are
intratumoral producer of IL-17 as well as what the
effects of such a cytokine are on different tumors. So
far, IL-17 is regarded to as a typical CD4" T cell
cytokine [140,141], although its production has also
been observed in tumor-associated macrophages
(TAMs) [139]. Coherently, IL-17 functions have
crossed the burdens of inflammation, and evidences
about its possible roles in tumors are continuously
accumulating.

Notably, although malignant mesothelioma (MM) is a
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neoplasia deriving from a cell type (the mesothelial
cell) known to express IL-17 receptors [142],
displaying both ephitelioid and sarcomatoid (fibrous)
histotypes and a high leucocyte infiltrate, no data
have been provided still for the evaluation of IL-17
effects on this tumor. Thus, aim of this work was to
evaluate whether MM-associated immune cells could
be able to produce such a cytokine, also evaluating
its possible effects on MM cells.

Our data show for the first time that MM cells are
surrounded by a favourable microenvironment which
strongly polarizes monocytes (Mo) and macrophages
(M) to produce IL-17, rising a phenotype which has
been already observed in lung cancer ([139].
Interestingly, such an observation strongly matches
with our previous data, which supported the idea of
a close interrelationship between MM and altered
Mo/Md phenotypes displaying major pro-tumoral
activities [126]. Clearly, clarification of the cytokines
participating to such a polarizing environment is still
a major challenge. However, we ruled out the

possibility of an IL-17 — driven loop since all MM lines
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stained negative for such a cytokine. However, MM is
known to produce many IL-17 — polarizing cytokines,
such as IL-1, IL-6 and TGF-B [143], thus being possibly
able to polarize immune cells without the need of IL-
17 itself. The relationships occurring between
Mo/Md¢ and MM cells was then further analyzed by
evaluating the production of those cytokines known
to empower or to synergize with IL-17, namely TNF-
a[133], IL-6 [134] and TGF-B [135]. Interestingly, we
observed puzzling results, which are likely to reflect
histotype-specific effects: it could be noticed in fact
that the epithelioid lines Mero-84 and H-Meso share
a common trend in driving the production of the
investigated cytokines from both Mo and M@ even if
H-Meso decreased IL-6 production from Mo and
didn’t vary the production of TGF-f and TNF-a from
Md. Moreover, the biphasic line MM-B1 induced the
production of IL-6 from both Mo and Md¢ and only
increased TGF-B production from Md¢, determining
also a decrease in TNF-a production from Mo.
Conversely, the sarcomatous line MM-F1 didn’t drive

any particular cytokines production either from Mo
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or Mo, rather determining a decrease in IL-6 and
TNF-a production from Mo and TGF-B from Md. We
then stated hypothesizing that IL-17° Mo/M¢ could
be MM allies, and that IL-17 could somehow favor
tumor cells. Our data clearly evidenced that IL-17
exerted a strong proliferative effect on MM cells:
direct microscopical observations as well as
biochemical and cytofluorimetrical evaluations, in
fact, demonstrated that the cytokine induced a
significant increase in MM growth rates regardless of
the histotype, with a positive side effect on cell
viability, as observed by direct propidium iodine
staining. These observations, thus, are coherent with
recent findings on hepatocellular carcinoma, cervical
tumors and breast cancer [128-130,139], and support
the view of IL-17 as a tumor-promoting factor in
several different type of cancers.

In order to get a deeper insight on the mechanism by
which IL-17 induced such an effect, then, we started
analyzing IL-17 effects on those growth factors which
are known to be major modulators of MM

proliferation.
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Considering that IL-6 is an autocrine growth factor
for MM cells [132] and that IL-6/IL-17 trans-signalling
has already been observed in fibroblasts [134], we
started evaluating its possible involvement in IL-17 —
induced proliferation. Interestingly, we determined
that IL-6 is not involved in mediating IL-17 effects. At
first, in fact, we observed no significant up-regulation
following IL-17 administration, evidencing a lack of
IL-6 — driven responses in our cell lines. Furthermore,
to rule out the possible lack of IL-6 effects due to the
expression of aberrant IL-6 receptors [132], soluble
IL-6 receptor (sIL-6R) was added together with IL-17,
but still no significant differences were noticed in
respect to MM cells exposed to IL-17 alone.

Conversely, a totally different scenario was observed
when cells were probed for VEGF and PIGF
production. All MM histotypes, in fact, underwent
VEGF upregulation when incubated with IL-17.
Moreover, histotype specificity was observed in cell
sensitivity to the cytokine: it can be clearly observed,
in fact, that 10 mg/ml IL-17 was the most effective

dose in the epithelioid lines, while 100 ng/ml was the
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only effective dose in the sarcomatous line (though
very faint bands were observed). Coherently, both
doses had almost the same effects on the biphasic
cell line. Similarly, PIGF synthesis was unaffected by
both IL-17 doses on the epithelioid lines, while it was
increased by both the doses on biphasic and
sarcomatous lines. Interestingly, basing on recent
evidences, PIGF is likely to be the key factor in
mediating IL-17 effects on cell survival [127], though
further experiments are needed to evaluate the
intracellular signaling pathways linking PIGF to IL-17.
Finally, histotype-specific effects were also observed
on VEGF/PIGF receptors (VEGF-R1 and -R2) and their
co-receptors Neuropilin 1 and 2 (NP1 and NP2). We
observed, in fact, that the epithelioid and the
biphasic lines underwent significant VEGF-R1
upregulation when pulsed with IL-17, while the
sarcomatous line did not respond in such terms to
the cytokine. Moreover, only the epithelioid lines
showed upregulation of NP2, while only the biphasic
line upregulated NP1, and no line upregulated VEGF-

R2. Collectively, these data account for a complex
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network of intracellular pathways regulating the
effects of IL-17 on both VEGF, PIGF and their
receptors, whose understanding will probably
provide new tools to understand the mechanisms
behind extensive MM growth.

Finally, since IL-17 has been variously associated to
an increase in cell invasiveness [130,133,139], MM
cell mobility was tested in wound healing assays.
Once again, we found that invasiveness was affected
in a histotype-specific way in MM cells, so that the
epithelioid lines dose-dependently responded to
both IL-17 doses by increasing their invasiveness,
while the biphasic and the sarcomatous cell line
displayed higher invasiveness when exposed to the
highest IL-17 dose. To ensure that such an effect was
not dependent on cell proliferation, we also repeated
the experiments adding Mytomicin C, to block the
mitotic fuse and prevent proliferation [144].
Coherently, data showed that IL-17 effects on wound
healing were not determined by cell proliferation,
while they rather reside on an increase of the

invasive capability of the cells. Basing on recent
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evidences, a mechanism involving  matrix
metalloproteinases (MMPs) can be envisaged [139],
though further experiments will be needed to
unravel such a mechanism.

Taken together, our data prove for the first time a
direct effect of MM cells on Mo/Md@, which are then
polarized to produce IL-17. This cytokine, in turns,
induces cell proliferation (probably via VEGF/PIGF
upregulation) and augments invasiveness, thus
strongly favoring MM cells. In the context of
clarification of tumor - immune cells loops as a main
goal for the development of novel and more active
tumoricidal approaches, then, we propose our
evidences as a novel finding whose further
clarification could have a deep impact on MM

chemo- and immunotherapy.
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Figure 1: IL-17 production by MM and MM-
conditioned immune cells.

a) 1 x 10° MM cells were seeded both in serum free
medium supplemented with 0,2% BSA or in complete
medium (10% FBS) for 24 or 48 h and stained with
PE-conjugated anti — IL-17 mAb. Data were acquired
using a FACSCalibur running CellQuest software. A
representative experiment is shown, which was
repeated three additional times with similar results.
b) monocytes (Mo), macrophages (M¢) and c) T cells
were obtained as reported in the Materials and
Methods section, and incubated or not for 24 h in
conditioned media mixed with fresh culture medium
(1:1, V:V). Data were acquired using a FACSCalibur
running CellQuest software, and expressed as
percentile production in respect to unstimulated
(Ctrl) cells arbitrary set to 100. *p<0,05, as from
ANOVA followed by Newman-Keuls test, in respect to

Ctrl cells.
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Figure 2a
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Figure 2b
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Figure 2c
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Figure 2: Effects of IL-17 on the survival of MM cells.
a) 3 x 10° MM cells were seeded in 96-well plates and
incubated for 96 h in serum-free medium
supplemented with 0,2% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations. The
cells were then stained with Giemsa staining and
analyzed under an inverted light microscope. Original
magnification: 10 X. A representative experiment is
shown, which was repeated three additional times
with similar results. Percentile cell survival from all
the experiments, calculated using Imagel software, is
shown below. *p<0,05, as from ANOVA followed by
Newman-Keuls test, in respect to Ctrl (unstimulated)
cells.

b) 3 x 10° MM cells were seeded in 96-well plates
and incubated for 96 h in serum-free medium
supplemented with 0,2% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations. The
cells were then stained with propidium iodide and
analyzed using FACSCalibur. A representative
experiment is shown, which was repeated three

additional times with similar results.
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c) 3 x 10° MM cells were seeded in 96-well plates and
incubated for 96 h in serum-free medium
supplemented with 0,2% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations. The
cells were then stained with SRB and analyzed for
absorbance at 490 nm. Data are reported as the
mean survival + S.D. of four independent
experiments. *p<0,05, as from ANOVA followed by
Newman-Keuls test, in respect to Ctrl (unstimulated)

cells.
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Figure 3: Effects of IL-17 on the proliferation of MM
cells.

1 x 10° MM cells were stained with 1 uM CFSE and
incubated for 96 h in RPMI medium supplemented
with 0,2% BSA with or without different (10 or 100
ng/ml) IL-17 concentrations. The cells were then
fixed in 4% paraformaldehyde and analyzed for
fluorescence using FACScalibur. A significant
experiment is shown, which was repeated two
additional times with similar results. Data in the table
are reported as the mean fluorescence intensity
(MFI) £ S.D. of three independent experiments.
*p<0,05, as from ANOVA followed by Newman-Keuls

test, in respect to Ctrl (unstimulated) cells.
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Figure 4
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Figure 4: Effects of IL-6/sIL-6R on the proliferation of
MM cells.

a) 1,5 x 10° MM cells were seeded in 6 well plates
and incubated for 24 h in serum-free medium
supplemented with 0,2% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations.
Cells were then fixed and stained for IL-6. A
significant experiment is shown, which was repeated
two additional times with similar results.

b) 3 x 10° MM cells were seeded in 96-well plates
and incubated for 96 h in serum-free medium
supplemented with 0,2% BSA with or without 10
ng/ml sIL-6R and different (10 or 100 ng/ml) IL-17
concentrations. The cells were then stained with SRB
and analyzed for absorbance at 490 nm. Data are
shown as R-index, calculated as reported in the

Materials and Methods section.
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Figure 5: Effects of MM-conditioned medium on Mo
and M¢ phenotype.

Freshly isolated a) monocytes or b)macrophages
were pre-incubated with MM-derived medium for 24
hours and then stimulated with 1 uM phorbol 12-
myristate 13-acetate (PMA) and 10 uM ionomycin as
reported in the Materials and Methods section. Data
were acquired using a FACSCalibur running CellQuest
software, and expressed as percentile production in
respect to unstimulated (Ctrl) cells arbitrary set to
100. *p<0,05, as from ANOVA followed by Newman-

Keuls test, in respect to PMA/IONO stimulated cells.

126



Figure 6

oo [mee e lansns e T
BRSNS [eaah (SRS o ae e BT
) et et bttt 71
Ll ket ] 0

LW LSWIN  OSSIH  18-0lS

127



jw/Bu 0oL £1-71
lw/Bu oL 111 (3
1o 3

jw/Bu 0L Z1-71
jw/Bu oL 21-11 (20
Lo 3

lwy/Bu 001 £L-71
lw/Bu oL L1-11 (23
uo 3

L4-WN

L8-WN  OSSIN-H  ¥8-013N

1 il 1 1 O
‘—:: lsm
-000L
*
0051
* -000Z
ZdN
_L._>=2 _.m..s:z owo.s_.x vm.0.»os.
0
|_= -00S
-000L
-00G1L
0002
2Y-493A
L3-WW  LE-WW  OS3W-H P8-0JalN
_=
*

* -000L
X X -00S1
0002

49I1d

(syun Areniqie) Aysuaq ueay (syun Arenyqre) Aysuaq ueapy

(syun Asengiqie) Aysuaq ueapy

—.n_..s_s_ L8-WN OSSI-H vwno.;w_z

I

g8 °

00SL

(syun Asesyiqee) Aysuaq ueapy

:

LdN

La-Nw L8-WN  OSSIN-H  ¥8-OJ13

i

§' °

1
(syun Arenjque) Ay suaq ueapy

L4-493A

L4-INN L8-WWN  OS3W-H v8-0I13N

*

.mqul-:r_-.c_.c

*

§ 8 °

(syun Azesyiqae) fyjsuaq ueapy

-00SL

:

493A

—
0

128



Figure 6: Effects of IL-17 on the synthesis of VEGF
and PIGF mRNAs.

a) 1x10° MM cells were seeded in RPMI medium
supplemented with 0,2% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations and
incubated for 96 h. RNA extraction and PCR were
then performed as reported in the Materials and
Methods section. A significant experiment is shown,
which was repeated two additional times with similar
results. RNA from Huvec cells (HC) and MM cells
incubated for 96 h in culture medium supplemented
with 10% FBS were also run aside as internal
controls.

b) Densitometrical analysis were performed using
Imagel) software and data are presented as mean
density + S.D., reported as arbitrary units. *p<0,05,
as from ANOVA followed by Newman-Keuls test, in

respect to Ctrl (unstimulated) cells.
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Figure 7
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Figure 7: Effects of IL-17 on the invasiveness of MM
cells.

2,5 x 10° MM cells were plated in 6-well plates and
scratches were performed as reported in the
Materials and Methods section. The cells were then
washed and incubated for 24 h in RPMI medium
supplemented with 0,1% BSA with or without
different (10 or 100 ng/ml) IL-17 concentrations plus
or not Mitomycin C. MM cells were finally washed,
stained with Giemsa staining and analyzed under
inverted light microscope. Original magnification: 10
X. A significant experiment is shown, which was
repeated two additional times with similar results.
Mean scratch area, as desumed from three
independent experiments and calculated by Imagel
software, is shown below. *p<0,05, as from ANOVA
followed by Newman-Keuls test, in respect to Ctrl

(unstimulated) cells.

131



132



133

References



Antman K.H. Natural  history and
epidemiology of malignant mesothelioma.

Chest 1993, 103:373-76.

Corson J.M. Pathology of diffuse malignant
pleural mesothelioma. Sem Thor Cardiovasc

Surg 1997, 9:347-55.

Kane MJ, Chahinian P, Holland JF. Malignant
mesothelioma in young adults. Cancer 1990,

65:1449-55.

Fletcher J.A,, Otis C.N. Pleura and
Peritoneum. In “The cancer handbook”. John

Wiley & Sons, 2008.

Attanoos R.L., Gibbs A.R. Pathology of
malignant mesothelioma. Histopathology

1997, 30:403-18.

Klima M., Bossart M.l. Sarcomatous type of
malignant mesothelioma. Ultrastruct Pathol

1983, 4:349-58.

134



10.

11.

Lewis R.J., Sisler G.E., Mackenzie J.W. Diffuse,
mixed malignant pleural mesothelioma. Ann

Thorac Surg 1981, 31:53-60.

CantinR., Al-Jabi M., McCaughey W.T.E.
Desmoplastic diffuse mesothelioma. Am J

Surg Pathol 1982, 6:215-22.

Khalidi H.S., Medeiros L.J., Battibora H.
Lymphohistiocytoid mesothelioma: an often
misdiagnosed variant of sarcomatoid
malignant mesothelioma. Am J Clin Pathol.

2000, 113:649-54.

Shia J., Erlandson R.A., Klimstra D.S.
Deciduoid mesothelioma: a report of five
cases and literature review. Ultrastruct

Pathol 2003, 26:355-63.

Hillerdal G., BergJ. Malignant mesothelioma
secondary to chronic inflammation and old
scars. Two new cases and review of the

literature. Cancer 1985, 55:1968-72.

135



12.

13.

14.

15.

16.

17.

Moran C.A,, Suster S. Primary
mucoepidermoid carcinoma of the pleura. A
clinicopathologic study of two cases. Am J

Clin Pathol 2003, 120:381-85.

Mayall F.G., Gibbs A.R. The histology and
immunohistochemistry  of  small cell
mesothelioma. Histopathology 1992, 20:47-
52.

Ordonez N.G., Mackay B.  Glycogen-rich
mesothelioma. Ultrastruct Pathol 2000,

23:401-06.

Ordonez N.G. The immunohistochemical
diagnosis of mesothelioma. Am J Surg Pathol.

2003, 27:1031-51.

Ordonez N.G. Value of E-cadherin and N-
cadherin immunostaining in the diagnosis of

mesothelioma. Hum Pathol 2003, 34:749-55.

Ordonez N.G. Application of mesothelin
immunostaining in tumor diagnosis. Am J

Surg Pathol 2003, 27:1418-28.

136



18.

19.

20.

21.

22.

Greillier L., Baas P., Welch J.J.,, Hasan B.,
Passioukov A. Biomarkers for malignant
pleural mesothelioma: current status. Mol

Diagn Ther 2008, 12:375-90.

Lucas D.R., Pass H.l., Madan S.K., Adsay N.V.,
Wali A., Tabaczka P., Lonardo F. Sarcomatoid
mesothelioma and its histological mimics: a
comparative immunohistochemical study.

Histopathology 2003, 42:270-79.

Montag A.G., Pinkus G.S., Corson J.M. Keratin
protein immunoreactivity of sarcomatoid
and mixed types of diffuse malignant
mesothelioma. An immunoperoxidase study

of 30 cases. Hum Pathol 1988, 19:336-42.

Kung I.T.M.,, Thallas V., Spencer E.J.,
Wilson S.M. Expression of muscle actins in
diffuse mesotheliomas. Hum Pathol 1995,

26:565-70.

Cagle P.T., Brown R.W., Lebovitz R.M. p53

immunostaining in the differentiation of

137



23.

24.

reactive processes from malignancy in
pleural biopsy specimens. Hum Pathol 1994,
25:443-48.

Walts A.E.,  Said J.W., Koeffler H.P. Is
immunoreactivity for p53 useful in
distiguishing  benign  from  malignant
effusions? Localization of p53 gene product
in benign mesothelial and adenocarcinoma

cells. Mod Pathol 1994, 7:462-68.

Shah I.A., Salvatore J.R., Kummet T.,
Gani O.S., Wheeler L.A.
Pseudomesotheliomatous carcinomas
involving pleura and peritoneum: a
clinicopathologic and immunohistochemical
study of three cases. Ann Diagn Pathol 1999,
3:148-59.

25. Taguchi T., Jhanwar S.C., Siegfried J.M., Keller

S.M., Testa J.R. Recurrent deletions of
specific chromosomal sites in 1p, 3p, 6q, and
9p in human malignant mesothelioma.

Cancer Res 1993, 53:4349-55.

138



26.

27.

28.

29.

Cheng J.Q., Jhanwar S.C., Klein W.M., Bell
D.W., Lee W.C., Altomare D.A., Nobori T.,
Olopade O.l., Buckler AlJ., Testa J.R. pl6
alterations and deletion mapping of 9p21-
p22 in malignant mesothelioma. Cancer Res

1994, 54:5547-51.

He J., Olson J.J., James C.D. Lack of p16INK4
or retinoblastoma protein (pRb), or
amplification-associated overexpression of
cdk4 is observed in distinct subsets of
malignant glial tumors and cell lines. Cancer

Res 1995, 55:4833-36.

Sekido Y., Pass H.l., Bader S., Mew D.J,,
Christman M.F., Gazdar A.F., Minna J.D.
Neurofibromatosis type 2 (NF2) gene is
somatically mutated in mesothelioma but

not in lung cancer. Cancer Res 1995,

55:1227-31.

Poulikakos P.l., Xiao G.H., Gallagher R,
Jablonski S., Jhanwar S.C., Testa J.R. Re-

expression of the tumor suppressor

139



30.

31.

32.

33.

NF2/merlin inhibits invasiveness in
mesothelioma cells and negatively regulates

FAK. Oncogene 2006, 25:5960-68.

Wagner J.C., Sleggs C.A., Marchand P. Diffuse
pleural mesothelioma and asbestos exposure
in the North Western Cape Province. Br J Ind

Med 1960, 17:260-71.

Hodgson J.T., McElvenny D.M., Darnton A.J.,
Price M.J., Peto J. The expected burden of
mesothelioma mortality in Great Britain from

2002 to 2050. Brit J Canc 2005, 92:587-93.

Peto J., Hodgson J.T., Matthews F.E., Jones
J.R. Continuing increase in mesothelioma
mortality in Britain. Lancet 1995, 345:535-
39.

Walker C., Everitt J., Barrett J.C. Possible
cellular and molecular mechanisms for

asbestos carcinogenicity. Am J Ind Med

1992, 21:253-73.

140



34. Carbone M., Bedrossian C.W. The

35.

36.

37.

38.

pathogenesis of mesothelioma. Semin Diagn

Pathol 2006, 23:56-60.

Kim R., Emi M., Tanabe K. Cancer
immunosuppression and autoimmune
disease: beyond immunosuppressive
networks for tumour immunity. Immunology

2006, 119:254-64.

Branchaud R.M., Garant L.J., Kane A.B.
Pathogenesis of mesothelial reactions to
asbestos fibers. Monocyte recruitment and
macrophage activation. Pathobiology 1993,
61:154-63.

Chahinian A.P., Pajak T.F.,, Holland J.F.,
Norton L., Ambinder R.M., Mandel E.M.
Diffuse malignant mesothelioma: prospective
evaluation of 69 patients. Ann Intern Med

1982, 96:746-55.

Selikoff 1.J., Hammond E.C., Seidman H.

Latency of asbestos disease among insulation

141



39.

40.

41.

42,

workers in the United States and Canada.

Cancer 1980, 46:2736-740.

Carbone M., Pass H.l., Rizzo P., Marinetti M.,
Di Muzio M., Mew D.J., Levine A.S., Procopio
A. Simian virus 40-like DNA sequences in
human pleural mesothelioma. Oncogene

1994, 9:1781-90.

Strickler H.D., Goedert J.J., Fleming M., Travis
W.D., Williams A.E., Rabkin C.S., Daniel R.W.,
Shah KV. Simian virus 40 and pleural
mesothelioma in humans. Cancer Epidemiol

Biomarkers Prev 1996, 5:473-75.

Modi S., Kubo A., Oie H. Coxon A.B.,
Rehmatulla A., Kaye F.J. Protein expression of
the RB-related gene family and SV40 large T
antigen in mesothelioma and lung cancer.

Oncogene 2000, 19:4632-39.

Fusco V., Ardizzoni A., Merlo F., Cinquegrana
A., Faravelli B., De Palma M., Chessa L.,

Nicold G., Serra M., Capaccio A. Malignant

142



43,

44.

45,

pleural mesothelioma. Multivariate analysis
of prognostic factors on 113 patients.

Anticancer Res 1993, 13:683-89.

Sugarbaker D.J., Flores R.M., Jaklitsch M.T.,
Richards W.G., Strauss G.M., Corson J.M.,
DeCamp M.M., Swanson S.J., Bueno R,
Lukanich J.M., Baldini E.H., Mentzer S.J.
Resection margins, extrapleural nodal status,
and cell type determine postoperative long-
term survival in trimodality therapy of
malignant pleural mesothelioma: results in
183 patients. J Thorac Cardiovasc Surg 1999,
117:54-63.

Sridhar K.S., Doria R., Raub W.A., Thurer R.J.,
Saldana M. New strategies are needed in
diffuse malignant mesothelioma. Cancer

1992, 70:2969-79.

De Pangher Manzini V., Brollo A., Franceschi
S., De Matthaeis M., Talamini R., Bianchi C.

Prognostic factors of malignant

143



46.

47.

48.

49,

mesothelioma of the pleura. Cancer 1993,

72:410-7.

Boutin C., Rey F., Gouvernet J., Viallat J.R,,
Astoul P., Ledoray V. Thoracoscopy in pleural
malignant mesothelioma: a prospective
study of 188 consecutive patients. Part 2:
Prognosis and staging. Cancer 1993, 72:394-
04.

Palumbo C., Bei R., Procopio A., Modesti A.
Molecular targets and targeted therapies for
malignant mesothelioma. Curr Med Chem

2008, 15:855-67.

Ochsenbein  A.F. Principles of tumor
immunosurveillance and implications for
immunotherapy. Cancer Gene Therapy 2002,
9:1043-55.

Dunn G.P.,, OId L.J., Schreiber R.D. The
immunobiology of cancer
immunosurveillance and immunoediting.

Immunity 2004, 21:137-48.

144



50.

51.

52.

53.

54.

Smyth M..J., Dunn G.P., Schreiber R.D.
Cancer immunosurveillance and
immunoediting: the roles of immunity in
suppressing tumor development and shaping
tumor immunogenicity. Adv Immunol 2006,

90:1-50

De Visser K.E. Spontaneous immune
responses to sporadic tumors: tumor-
promoting, tumor-protective or both?
Cancer Immunol Immunother 2008,

57:1531-39.

Coulie P.G., Hanagiri T., Takanoyama M.
From Tumor Antigens to Immunotherapy. Int

J Clin Oncol 2001, 6:163-70.

O’Gorman M.R.G.,, Donnenberg  A.D.
Handbook of human immunology. Second

edition. CRC Press, 2008.

Abbas A.K., Lichtman A.H., Pillai S. Cellular
and molecular immunology. 6" edition.

Saunders Book Company, 2007.

145



55.

56.

57.

58.

59.

Paulnock D.M. Macrophages. A practical
approach. Oxford University Press, 2000.

Ben-Baruch  A.  Inflammation-associated
immune suppression in cancer: the roles
played by cytokines, chemokines and
additional mediators. Semin Canc Biol 2006,

16:38-52.

D’Ambrosio D. Regulatory T cells: How do
they find their space in the immunological

arena? Semin Canc Biol 2006, 16:91-97.

Von Boehmer H. Mechanisms of suppression
by suppressor T cells. Nat Immunol 2005,

6:338-44.

Suciu-Foca N., Manavalan J.S., Scotto L., Kim-
Schulze S., Galluzzo S., Naiyer AJ., Fan J.,
Vlad G., Cortesini R. Molecular
characterization of allospecific T suppressor
and tolerogenic dendritic cells: review. Int

Immunopharmacol 2005, 5:7-11.

146



60.

61.

62.

63.

64.

Mellor A.L.,, Munn D.H. IDO expression by
dendritic cells: tolerance and tryptophan
catabolism. Nat Rev Immunol 2004, 4:762-
74.

Rutella S., Danese S., Leone G. Tolerogenic
dendritic cells: cytokine modulation comes of

age. Blood 2006, 108:1345-40.

Ganea D, Gonzalez-Rey E, Delgado M. A
novel mechanism for immunosuppression:
from neuropeptides to regulatory T cells. J

Neuroimmune Pharmacol 2006, 1:400-09.

lero M., Valenti R.,Huber V., Filipazzi P.,
Parmiani G., Fais S., Rivoltini L. Tumour-
released exosomes and their implications in
cancer immunity. Cell Death Diff 2008,
15:80-88.

Van Ginderachter J.A.,, Movahedi K,
Ghassabeh G.H., Meerschaut S., Beschin A,
Raes G., De Baetselier P. Classical and

alternative  activation of mononuclear

147



65.

66.

67.

68.

phagocytes: Picking the best of both worlds
for tumor promotion. Immunobiology 2006,

211:487-01.

Kusmartsev S., Gabrilovich D.l. Role Of
Immature Myeloid Cells in Mechanisms of
Immune Evasion In Cancer. Cancer Immunol

Immunother. 2006, 55:237-45.

Gallina G., Dolcetti L., Serafini P., De Santo C.,
Marigo 1., Colombo M.P., Basso G.,
Brombacher F., Borrello I, Zanovello P.,
Bicciato S., Bronte V. Tumors induce a subset
of inflammatory monocytes with
immunosoppressive activity on CD8+ T cells.

J Clin Invest 2006, 116:2777-90.

Bingle L., Brown N.J., Lewis C.E. The role of
tumour-associated macrophages in tumour
progression: implications for new anticancer

therapies. J Pathol 2002, 196:254-65.

Kuang D.M., Wu Y., Chen N., Cheng J,,

Zhuang S.M., Zheng L. Tumor-derived

148



69.

70.

71.

72.

hyaluronan induces formation of
immunosuppressive macrophages through
transient early activation of monocytes.

Blood 2007, 110:587-95.

Mantovani A., Sozzani S., Locati M., Allavena
P., Sica A. Macrophage polarization: tumor-
associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes.

TRENDS Immunol 2002, 23:549-55.

Miselis N.R., Wu Z.J., Van Rooijen N., Kane
A.B. Targeting tumor-associated
macrophages in an orthotopic murine model
of diffuse malignant mesothelioma. Mol

Cancer Ther 2008, 7:788-99.

Carter A. Cell fusion theory: can it explain
what triggers metastasis? J Natl Cancer Inst

2008, 100:1279-81.

Pawelek J.M. Cancer-cell fusion with

migratory bone-marrow-derived cells as an

149



73.

74,

75.

76.

77.

explanation for metastasis: new therapeutic

paradigms. Future Oncol. 2008, 4:449-52.

Pawelek J.M., Chakraborty A.K. Fusion of
tumour cells with bone marrow-derived cells:
a unifying explanation for metastasis. Nat rev

canc 2008, 8:377-86.

Schlom J., Abrams S.I. Tumor Immunology. In
Cancer Medicine, 5" edition. BC Decker Inc,

2000.

Boon T., Old L.J. Cancer tumor antigens. Curr

Opin Immunol 1997, 9:681-83.

Salgaller M.L. Monitoring of cancer patients
undergoing active or passive
immunotherapy. J Immunother 1997, 20:1-
14.

Fernandez N., Duffour M.T., Perricaudet M.,
Lotze M.T., Tursz T., Zitvogel L. Active specific
T-cell-based immunotherapy for cancer:
nucleic acids, peptides, whole native

proteins, recombinant viruses, with dendritic

150



78.

79.

80.

81.

82.

cell adjuvants or whole tumor cell-based
vaccines. Principles and future prospects.

Cytokines Cell Mol Ther 1998, 4:53-65.

Rosenberg S.A. A new era for cancer
immunotherapy based on the genes that
encode cancer antigens. Immunity 1999,

10:281-87.

Pardoll D.M. Cancer vaccines. Nat Med

1998, 4:525-31.

Greten T.F., Jaffee E.M. Cancer vaccines. J

Clin Oncol 1999, 17:1047-60.

Altman J.D., Moss P.A., Goulder P.J., Barouch
D.H., McHeyzer-Williams M.G., Bell J.1,,
McMichael A.J., Davis M.M. Phenotypic
analysis of antigen-specific T lymphocytes.

Science 1996, 274:94-96.

Livingston P.O. Approaches to augmenting
the immunogenicity of melanoma

gangliosides: from whole melanoma cells to

151



83.

84.

85.

ganglioside-KLH conjugate vaccines. Immunol

Rev 1995, 145:147-66.

Skipper J.C., Gulden P.H., Hendrickson R.C,,
Harthun N., Caldwell J.A., Shabanowitz J.,
Engelhard V.H., Hunt D.F., Slingluff C.L. Mass-
spectrometric evaluation of HLA-A*0201-
associated peptides identifies dominant
naturally processed forms of CTL epitopes
from MART-1 and gp100. Int J Cancer 1999,
82:669-77.

Waldmann T.A. Immunotherapy: past,
present and future. Nat Med 2003, 9: 269-
77.

Keating M.J., Cazin B., Coutré S., Birhiray R,,
Kovacsovics T., Langer W., Leber B., Maughan
T., Rai K., Tignnfjord G., Bekradda M., Itzhaki
M., Hérait P. Campath-1H treatment of T-cell
prolymphocytic leukemia in patients for
whom at least one prior chemotherapy
regimen has failed. J Clin Oncol 2002, 20:205-
13.

152



86.

87.

88.

89.

Kabbinavar F., Irl C.,, Zurlo A., Hurwitz H.
Bevacizumab improves the overall and
progression-free survival of patients with
metastatic colorectal cancer treated with 5-
fluorouracil-based regimens irrespective of

baseline risk. Oncology 2008, 75:215-23.

Laubach J., Rao A.V. Current and emerging
strategies for the management of acute
myeloid leukemia in the elderly. Oncologist

2008, 13:1097-08.

Janeway C., Travers P., Walport M,
Shlomchik M. Immunobiology. 5™ edition.

Garland Science, 2001.

Reff M.E., Carner K., Chambers K.S., Chinn
P.C., Leonard J.E., Raab R., Newman R.A,,
Hanna N., Anderson D.R. Depletion of B cells
in vivo by a chimeric mouse human
monoclonal antibody to CD20. Blood 1994,
83:435-45.

153



90.

91.

92.

Jones F.E., Stern D.F. Expression of
dominant-negative ErbB2 in the mammary
gland of transgenic mice reveals a role in
lobuloalveolar  development.  Oncogene

1999, 18:3481-90.

Press M.F., Sauter G., Bernstein L., Villalobos
I.E., Mirlacher M., Zhou J.Y., Wardeh R., Li
Y.T., Guzman R., Ma Y., Sullivan-Halley J.,
Santiago A., Park J.M., Riva A., Slamon D.J.
Diagnostic evaluation of HER-2 as a
molecular target: an assessment of accuracy
and reproducibility of laboratory testing in
large, prospective, randomized clinical trials.

Clin Cancer Res 2005, 11:6598-07.

Monnet 1., Breau J-L, Moro D., Lena H,,
Eymard J-C., Ménard O., Vuillez J-P., Chokri
M., Romet-Lemonne J-L.,, Lopez M.
Intrapleural infusion of activated
macrophages and y-Interferon in malignant
pleural mesothelioma. A phase Il study.

CHEST 2002, 121:1921-27.

154



93.

94.

95.

96.

Rosenberg S.A., Restifo N.P.,, Yang J.C.,
Morgan R.A., Dudley M.E. Adoptive cell
transfer: A clinical path to effective cancer
immunotherapy. Nat Rev Cancer 2008,

8:299-08.

Hirschowitz E.A., Foody T., Hidalgo G.E.,
Yannelli J.R. Immunization of NSCLC patients
with antigen-pulsed immature autologous
dendritic cells. Lung Cancer 2007, 57: 365-
72.

Rotrosen D., Matthews J.B., Bluestone J.A.
The immune tolerance network: a new
paradigm for developing tolerance-inducing
therapies. J Allergy Clin Immunol 2002,
110:17-23.

Suzuki T., Fukuhara T., Tanaka M., Nakamura
A., Akiyama K., Sakakibara T., Koinuma D.,
Kikuchi T., Tazawa R., Maemondo M.,
Hagiwara K., Saijo Y, Nukiwa T. Vaccination of
dendritic cells loaded with interleukin-12-

secreting cancer cells augments in vivo

155



97.

98.

99.

antitumor immunity: characteristics of
syngeneic and allogeneic antigen-presenting
cell cancer hybrid cells. Clin Canc Res 2005,
11:58-66.

Gong J., Koido S., Calderwood S.K. Cell fusion:
from hybridoma to dendritic cell-based
vaccine. Expert Rev Vaccines 2008, 7:1055-
68.

Yasuda T., Kamigaki T., Nakamura T,
Imanishi T., Hayashi S., Kawasaki K., Takase
S., Ajiki T., Kuroda Y. Dendritic cell-tumor cell
hybrids enhance the induction of cytotoxic T
lymphocytes against murine colon cancer: a
comparative analysis of antigen loading
methods for  the vaccination of
immunotherapeutic dendritic cells. Oncol

Rep 2006, 16:1317-24.

Rosenblatt J., Kufe D., Avigan D. Dendritic cell
fusion vaccines for cancer immunotherapy.

Expert Opin Biol Ther 2005, 5:703-15.

156



100.Shu S., Zheng R., Lee W.T.,, Cohen P.A.
Immunogenicity of dendritic-tumor fusion
hybrids and their utility in cancer
immunotherapy. Crit Rev Immunol 2007,

27:463-83.

101.Tsuchiya S., Yamabe M., Yamaguchi VY.,
Kobayashi Y., Konno T.,, Tada K.
Establishment and characterization of a
human acute monocytic leukemia cell line

(THP-1). Int J Cancer 1980, 26:171-76.

102.Versnel M.A., Bouts M.J., Hoogsteden H.C,,
van der Kwast T.H., Delahaye M., Hagemeijer
A. Establishment of human malignant
mesothelioma cell lines. Int J Cancer 1989,

44:256-60.

103. Tsuchiya S., Kobayashi Y., Goto Y., Okumura
H., Nakae S., Konno T., Tada K. Induction of
maturation in cultured human monocytic
leukemia cells by a phorbol diester. Cancer

Res 1982, 42:1530-36.

157



104.

105.

106.

107.

Donchenko V., Zannetti A., Baldini P.M.
Insulin-stimulated hydrolysis of
phosphatidylcholine by phospholipase C and
phospholipase D in cultured rat hepatocytes.

Biochim Biophys Acta 1994, 1222:492-500.

Pérez-Pérez G.l., Shepherd V.L., Morrow J.D.,
Blaser M.J. Activation of human THP-1 cells
and rat bone marrow-derived macrophages
by Helicobacter pylori lipopolysaccharide.
Infect Immun 1995, 63:1183-87.

Kato M., Neil T.K., Fearnley D.B., McLellan
A.D., Vuckovic S., Hart D.N. Expression of
multilectin receptors and comparative FITC-
dextran uptake by human dendritic cells. Int

Immunol 2000, 12:1511-19.

lkeda U., Shimpo M., Ohki R., Inaba H.,
Takahashi M., Yamamoto K., Shimada K.
Fluvastatin inhibits matrix metalloproteinase-
1 expression in human vascular endothelial

cells. Hypertension 2000, 36:325-29.

158



108.

109.

110.

Dennis E.A., Ackermann E.J.,, Deems R.A,,
Reynolds L.J. Multiple forms of
phospholipase A2 in macrophages capable of
arachidonic acid release for eicosanoids
biosynthesis. Adv Prostaglandin
Thromboxane Leukot Res 1995, 23:75-80.

Chiurchiu V., lzzi V., D’Aquilio F., Carotenuto
F., Di Nardo P., Baldini P.M. Brain natriuretic
peptide (BNP) regulates the production of
inflammatory mediators in human THP-1

macrophages. Regul Pept 2008, 148:26-32.

Oestvang J., Anthonsen M.W., Johansen B.
Role of secretory and cytosolic
phospholipase A(2) enzymes in
lysophosphatidylcholine-stimulated

monocyte arachidonic acid release. FEBS Lett

2003, 555:257-62.

111. Wang M.T., Honn K.V., Nie D.

Cyclooxygenases, prostanoids, and tumor
progression. Cancer Metastasis Rev 2007,

26:525-34.

159



112.Sica A., Larghi P.,, Mancino A., Rubino L,

Porta C., Totaro M.G., Rimoldi M., Biswas
S.K., Allavena P., Mantovani A. Macrophage
polarization in tumor progression. Semin

Cancer Biol 2008, 18:349-55.

113.Wink D.A., Vodovotz Y., Laval J., Laval F,,

Dewhirst M.W,, Mitchell J.B. The
multifaceted roles of nitric oxide in cancer.

Carcinogenesis 1998, 19:711-21.

114. Weigert A., Briine B. Nitric oxide, apoptosis

115.

116.

and macrophage polarization during tumor

progression. Nitric oxide 2008, 19:95-102.

Frank J.A,, Wray C.M., McAuley D.F,,
Schwendener R., Matthay M.A. Alveolar
macrophages contribute to alveolar barrier
dysfunction in ventilator-induced lung injury.
Am J Physiol Lung Cell Mol Physiol 2006,
291:1191-98.

Dunn G.P., Bruce A.T., lkeda H., Old LJ,,

Schreiber R.D. Cancer immunoediting: from

160



117.

118.

119.

120.

immunosurveillance to tumor escape. Nat

Immunol 3: 991-998, 2002.

Seeds M.C., Bass D.A. Regulation and
metabolism of arachidonic acid. Clin Rev

Allergy immunol 17: 5-26, 1999.

Harizi H., Gualde N. Pivotal role of PGE, and
IL-10 in the cross-regulation of dendritic cell-
derived inflammatory mediators. Cell Mol

Immunol 3: 271-277, 2006.

Edwards J.G., Faux S.P., Plummer S.M.,
Abrams K.R., Walker R.A., Waller D.A,
0O'Byrne K.J. Cyclooxygenase-2 expression is a
novel prognostic factor in malignant
mesothelioma. Clin Cancer Res 8: 1857-1862,
2002.

Sharma S., Yang S.C., Zhu L., Reckamp K.,
Gardner B., Baratelli F., Huang M., Batra R.K.,
Dubinett S.M. Tumor cyclooxygenase-
2/prostaglandin E2-dependent promotion of

FOXP3 expression and CD4+ CD25+ T

161



121.

122.

123.

124,

regulatory cell activities in lung cancer.

Cancer Res 65: 5211-5220, 2005.

Mocellin S., Nitti D. TNF and cancer: the two
sides of the coin. Front Biosci 13: 2774-2783,
2008.

Xu W., Roos A., Schlagwein N., Woltman
A.M., Daha M.R., van Kooten C. IL-10-
producing macrophages preferentially clear
early apoptotic cells. Blood 107: 4930-4937,
2006.

Movahedi K., Guilliams M., Van den Bossche
J., Van den Bergh R., Gysemans C., Beschin
A., De Baetselier P., Van Ginderachter J.A.
Identification of discrete tumor-induced
myeloid-derived suppressor cell
subpopulations  with  distinct T cell-
suppressive activity. Blood 111: 4233-4244,
2008.

Umemura N., Saio M., Suwa T., Kitoh Y., Bai
J., Nonaka K., Ouyang G.F., Okada M., Balazs

162



125.

126.

127.

M., Adany R., Shibata T., Takami T. Tumor-
infiltrating myeloid-derived suppressor cells
are pleiotropic-inflamed
monocytes/macrophages that bear M1- and
M2-type characteristics. J Leukoc Biol 83:
1136-1144, 2008.

Jodele S., Blavier L., Yoon J.M., DeClerck Y.A.
Modifying the soil to affect the seed: role of
stromal-derived matrix metalloproteinases in
cancer progression. Cancer Metastasis Rev

25:35-43, 2006.

Izzi V., Chiurchiu V., D’Aquilio F., Palumbo C.,
Tresoldi I, Modesti A., Baldini P.M.
Differential effects of malignant mesotelioma
cells on THP-1 monocytes and macrophages.

Int J Oncol 34: 543-550, 2009.

Albonici L., Doldo E., Palumbo C., Orlandi A.,
Bei R., Pompeo E., Mineo T.C., Modesti A.,
Manzari V. Placenta growth factor is a

survival factor for human malignant

163



128.

129.

130.

mesothelioma cells. Int J Immunopathol

Pharmacol 22: 389-401, 2009.

Tartour E., Fossiez F., Joyeux |., Galinha A.,
Gey A., Claret E., Sastre-Garau X., Couturier
J.,, Mosseri V., Vives V., Banchereau J.,
Fridman W.H., Wijdenes J., Lebecque S,
Sautés-Fridman C. Interleukin 17, a T-cell-
derived cytokine, promotes tumorigenicity of
human cervical tumors in nude mice. Cancer

Res. 59: 3698-3704, 1999.

Zhang J.P., Yan )., Xu J., Pang X.H., Chen M.S,,
Li L., Wu C,, Li S.P.,, Zheng L. Increased
intratumoral IL-17-producing cells correlate
with  poor survival in hepatocellular
carcinoma patients. J Hepatol. 50: 980-989,
2009.

Pongcharoen S., Niumsup P., Sanguansermsri
D., Supalap K., Butkhamchot P. The effect of
interleukin-17 on the proliferation and

invasion of JEG-3 human choriocarcinoma

164



cells. Am J Reprod Immunol. 55: 291-300,
2006

131.Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17
and Th 17 cells. Annu. Rev. Immunol.

27:485-517, 20009.

132.Adachi Y., Aoki C., Yoshio-Hoshino N.,
Takayama K., Curiel D.T., Nishimoto N.
Interleukin-6 induces both cell growth and
VEGF production in malignant
mesotheliomas. Int J Cancer 119: 1303-1311,
2006.

133. Lee J.W., Wang P., Kattah M.G., Youssef S.,
Steinman L., DeFea K., Straus D.S. Differential
regulation of chemokines by IL-17 in colonic
epithelial cells. J Immunol. 181: 6536-6545,
2008.

134. Hashizume M., Hayakawa N., Mihara M. IL-6
trans-signalling directly induces RANKL on

fibroblast-like synovial cells and is involved in

165



135.

136.

137.

138.

RANKL induction by TNF-alpha and IL-17.
Rheumatology (Oxford) 47: 1635-1640, 2008.

Mills K.H. Induction, function and regulation
of IL-17-producing T cells. Eur J Immunol. 38:

2636-2649, 2008.

Takahashi H., Numasaki M., Lotze M.T,,
Sasaki H. Interleukin-17 enhances bFGF-,
HGF- and VEGF-induced growth of vascular
endothelial cells. Immunology Lett. 98: 189-
193, 2005.

Romagnani S. Human Th17 cells. Arthritis Res

Ther. 10: 206-213, 2008.

Strizzi L., Catalano A., Vianale G., Orecchia S.,
Casalini A., Tassi G., Puntoni R., Mutti L.,
Procopio A. Vascular endothelial growth
factor is an autocrine growth factor for
human malignant mesothelioma. J Pathol.

193: 468-475, 2001

139.Zhu X., Mulcahy L.A., Mohammed R.A., Lee

A.H., Franks H.A., Kilpatrick L., Yilmazer A,,

166



140.

141.

142,

Paish E.C., Ellis 1.0., Patel P.M., Jackson A.M.
IL-17 expression by breast-cancer-associated
macrophages: IL-17 promotes invasiveness of
breast cancer cell lines. Breast Cancer Res.

10: R95, 2008

Moseley T.A., Haudenschild D.R., Rose L.,
Reddi A.H. Interleukin-17 family and
interleukin-17 receptors. Cytokine Growth

Factor Rev. 14: 155-174, 2003.

Bi Y., Liu G., Yang R. Th17 cell induction and
immune regulatory effects. J. Cell. Physiol.

211: 273-278, 2007.

Witowski J., Pawlaczyk K., Breborowicz A,
Scheuren A, Kuzlan-Pawlaczyk M.,
Wisniewska J., Polubinska A., Friess H., Gahl
G.M., Frei U., Jorres A. IL-17 stimulates
intraperitoneal neutrophil infiltration
through the release of GRO alpha chemokine
from mesothelial cells. J Immunol. 165: 5814-

5821, 2000.

167



143.

144.

Hegmans J.P., Hemmes A., Hammad H., Boon
L., Hoogsteden H.C., Lambrecht B.N.
Mesothelioma environment  comprises
cytokines and T-regulatory cells that
suppress immune responses. Eur Respir J. 27:

1086-1095, 2006.

Li Y., Fan J., Chen M., Li W., Woodley D.T.
Transforming growth factor-alpha: a major
human serum factor that promotes human
keratinocyte migration. J Invest Dermatol.

126: 2096-2105, 2006.

168



Hcknowledgements

169



170



The following persons and institutions are kindly

acknowledged for their help and support:

Prof. Modesti A., Prof. Bei R., Prof. Manzari V., Dr.
Palumbo C., Dr. Albonici L., Dr. Doldo E., and the
Department of Experimental Medicine and Biochemical

Sciences, University of Rome “Tor Vergata”.

Prof. Colizzi V., Dr. Chiuchiu V., Dr. D’Aquilio F., Dr.
Vismara D., Dr. Di Nardo P, Dr. Carotenuto F., Dr. Giambra
G., the Laboratory of Cellular and Molecular Cardiology,
and the Department of Biology, University of Rome “Tor

Vergata”.

Prof. Mattei M. and the S.T.A. facility, University of Rome

“Tor Vergata”

Dr. Martino A. and the “Unit of Cellular Immunology”,
National Institute for Infectious Diseases ”Lazzaro

Spallanzani”

Prof. P.M. Baldini and her family and dogs

171






INTERNATIONAL JOURNAL OF ONCOLOGY 34: 543-550, 2009

Differential effects of malignant mesothelioma
cells on THP-1 monocytes and macrophages

VALERIO 1ZZI', VALERIO CHIURCHIU?, FABIOLA D'AQUILIO?, CAMILLA PALUMBO!,
ILARIA TRESOLDI!, ANDREA MODESTI' and PATRIZIA M. BALDINI?

lDepartment of Experimental Medicine and Biochemical Sciences, University of Rome ‘Tor Vergata’,

Via Montpellier 1; 2Department of Biology, University of Rome ‘Tor Vergata’,
Via della Ricerca Scientifica, I-00133 Rome, Italy

Received August 7,2008; Accepted October 2, 2008

DOI: 10.3892/ijo_00000180

Abstract. Malignant mesothelioma (MM) is a highly fatal
tumor arising from inner body membranes, whose extensive
growth is facilitated by its week immunogenicity and by its
ability to blunt the immune response which should arise from
the huge mass of leukocytes typically infiltrating this tumor.
It has been reported that the inflammatory infiltrate found in
MM tissues is characterized by a high prevalence of macro-
phages. Thus, in this work we evaluated the ability of human
MM cells to modulate the inflammatory phenotype of human
THP-1 monocytes and macrophages, a widely used in vitro
model of monocyte/macrophage differentiation. Furthermore,
we tested the hypothesis that the exposure to MM cells could
alter the differentiation of THP-1 monocytes favoring the
development of alternatively activated, tumor-supporting
macrophages. Our data prove for the first time that MM cells
can polarize monocytes towards an altered inflammatory
phenotype and macrophages towards an immunosuppressive
phenotype. Moreover, we demonstrate that monocytes
cocultivated with MM cells ‘keep a memory” of their encounter
with the tumor which influences their differentiation to
macrophages. On the whole, we provide evidence that MM
cells exert distinct, cell-specific effects on monocytes and
macrophages. The thorough characterization of such effects
may be of a crucial importance for the rational design of new
immunotherapeutic protocols.

Introduction

Malignant mesothelioma (MM) is a rare tumor which origi-
nates from the mesothelial cell linings of the pleura and, less

Correspondence to: Dr Valerio 1zzi, Department of Experimental
Medicine and Biochemical Sciences, University of Rome ‘Tor
Vergata’, Via Montpellier 1, 1-00133 Rome, Italy

E-mail: valerioizzi@libero.it

Key words: malignant mesothelioma, monocytes, macrophages,
immunosurveillance, TAMs

frequently, peritoneum and pericardium (1,2). Although it
has a low metastatic efficiency, MM is highly invasive to
surrounding tissues and its extensive growth leads to the failure
of the organs underlying the serosal membranes (1,2). The
median survival from diagnosis of MM is less than two years
(2.,3). Indeed, this aggressive tumor is seldom amenable to
surgical intervention and poorly responsive to radiotherapy
and chemotherapy (2,3). MM is also regarded as a weakly
immunogenic tumor, whose ability to escape immune
recognition relies on multiple mechanisms (4). Nonetheless,
MM tissues are characterized by the presence of massive
leukocyte infiltrates, mainly composed of macrophages
(M®), natural killer cells and both CD4* and CD8* lympho-
cytes (4).

During recent years, substantial evidence has indicated
that under the pressure of tumor microenvironmental factors
including growth factors, cytokines and prostaglandins, tumor-
infiltrating leukocytes can undergo a dramatic shift in their
activities, aborting immunosurveillance and starting to actively
support tumor growth, angiogenesis and tissue remodeling
(5.6). Tumor-associated M® (TAMs) appear to play a major
role in this regard (7.8). It is well established that M® can
act as both positive or negative regulators of the immune
system so that, depending on their pro- or anti-inflammatory
functional program, mature M® are classified as M1, or
‘classically activated’, or as M2, or ‘alternatively activated’.
M1 M® are powerful immune effector cells characterized
by a high ability to present antigens and to produce pro-
inflammatory cytokines and toxic intermediates, while M2
M® display a poor antigen-presenting capacity and are
polarized to release many different immunosuppressive
molecules as well as to promote angiogenesis and extra-
cellular matrix degradation (6-9). It has been indicated that
TAMs, which derive almost entirely from circulating mono-
cytes (Mo) recruited and differentiated in the tumor milieu
(10-12), often display phenotypic features consistent with
those of M2 M® and, accordingly, can actively sustain tumor
growth and contribute to generate an immunosuppressive
microenvironment (7,13). Moreover, recent evidence demon-
strated the existence of Mo with M2-like phenotypes, which
could thus be a preferential source of M2 M® and important
players in tumor-induced immunosuppression (10,12).
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The definition of the role of individual immune cell types
on the outcome of the anti-tumor immune responses is of
pivotal importance for the rational design of new antineoplastic
immunotherapy approaches. In this respect, however, the
functional role of the leukocytes infiltrating MM tissues is
still poorly defined (4). Thus, prompted by the reported
abundance of infiltrating M® in MM, we evaluated the ability
of human MM cells to modulate the inflammatory phenotype
of the THP-1 cell lineage, a widely used in vitro model of
Mo/M@ differentiation (14). Furthermore, we tested the
hypothesis that the exposure to MM cells could alter the
differentiation of THP-1 Mo favoring the development of
alternatively activated, tumor-supporting M®.

Materials and methods

Cell cultures. The human monocytic cell line THP-1 (15)
was obtained from the American Type Culture Collection
(Manassas, VA, USA). The human pleural MM cell line
Mero 84 (16) was a generous gift of Dr Marjan Versnel. Both
cell lines were cultured at 37°C in 5% CO, in DMEM
supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 pg/ml streptomycin, 100 U/ml penicillin
and 100 pg/ml sodium pyruvate (complete medium), all
from Cambrex (Lonza Milano, Milan, Italy). THP-1 Mo were
differentiated to M® by incubation with 100 nM phorbol
12-myristate 13-acetate (PMA; Sigma Aldrich, Milan, Italy)
for 72 h in the dark, as previously described (17).

Experimental plan. The effects of MM cells on the phenotype
of THP-1 Mo were evaluated using the following experimental
plan: THP-1 Mo were seeded in complete medium in 6-well
plates at a density of 1-3x10° cells/well; each well was then
covered with a cell culture insert (pore size: 0.4 yM; Sigma
Aldrich) containing an equal amount of Mero 84 cells seeded
in the same medium (THP-1/Mero 84 cell ratio 1:1); after
24,48 or 72 h of cocultivation, the inserts were removed and
the Mo were washed, counted and replated. The cultures
containing Mero 84-exposed Mo (Mo-MM) and control
cultures containing an equal number of Mo not exposed to
Mero 84 cells were then stimulated with 5 pg/ml of LPS
(Sigma-Aldrich) for 24 h and used for comparative phenotypic
evaluations.

The effects of MM cells on the phenotype of THP-1 M®
were evaluated using two different experimental settings:
in the first setting, THP-1 Mo were differentiated to M®
and then cocultivated with Mero 84 cells; in the second
setting, Mo were first cocultivated with Mero 84 cells and
then differentiated to M®. Cocultures were performed as
described above, with a THP-1/Mero 84 cell ratio of 1:1.
Equal numbers of M®, Mero 84-exposed M® (M®1-MM)
and M® generated from Mero 84-exposed Mo (M®2-MM)
were then plated and stimulated with 5 zzg/ml of LPS for 24 h.
The cultures were finally used for comparative phenotypic
evaluations as described below.

The growth and survival rate of THP-1 Mo and M®
cultures were routinely assessed by cell counts using the
trypan blue exclusion method; proliferation and survival of
THP-1 Mo and M® were found to be unaffected by the

1ZZ1 et al: EFFECTS OF MALIGNANT MESOTHELIOMA ON MONOCYTES AND MACROPHAGES

cocultivation with MM cells and by LPS treatment (data not
shown).

[*H]-arachidonic acid release assay. THP-1 Mo were labelled
for 3 h with 1 uCi [*H]-arachidonic acid ([*H]-AA, specific
activity 2024 Ci/mmol; Perkin-Elmer Italia, Monza, Italy) at
37°C in serum-free medium, as previously described (18).
The labelled cells were then washed twice in serum-free
medium to remove unincorporated [*H]-AA and used to obtain
replicate cultures of labelled Mo, M®, Mo-MM, M®1-MM
and M®2-MM. The cultures were finally stimulated with
LPS for 24 h. Cultures containing [*H]-AA-labelled, LPS-
unstimulated Mo and M® were used to control basal [*H]-AA
release. Culture media were collected and 100 x1 aliquots
were added to 3 ml Optifluor (Perkin-Elmer Italia) and
analyzed by a liquid scintillator counter.

Measurement of prostaglandin E,, tumor necrosis factor-a
and interleukin-10 release. The amounts of prostaglandin E,
(PGE,), tumor necrosis factor-a (TNF-a) and interleukin-10
(IL-10) released in the culture media by LPS-stimulated
Mo, M®, Mo-MM, M®1-MM and M®2-MM and by LPS-
unstimulated Mo and M®, were quantified using a monoclonal
PGE, EIA kit (Cayman Chemicals, Italy Cabru, Arcore, Italy),
an ELISA kit for TNF-a and an ELISA kit for IL-10 (both
from Pierce Endogen, Celbio, Milan, Italy) according to the
manufacturer's instructions.

Evaluation of nitrite production by Griess reaction. The
amount of nitrite (NO,) released in the culture media of
LPS-stimulated Mo, M®, Mo-MM, M®1-MM and M®2-
MM and of LPS-unstimulated Mo and M® was quantified
as previously described (19). Briefly, equal volumes of
culture media and Griess modified reagent (Sigma-Aldrich)
were mixed in a macrotitre plate. Upon incubation for 30 min
at room temperature, the presence of NO, in the samples
determines the formation of a fluorescent product sensible to
stimulation with a laser beam set at 550 nm. NO, concentration
in each sample was thus determined by plotting the sample
OD at 550 nm on a standard curve prepared with sodium
nitrite solutions (concentration range 0.43-65 uM).

Phagocytosis assay. The phagocytic activity of THP-1 cells
was evaluated by measuring the uptake of FITC-dextran
particles by flow cytometry, as previously described (20). In
brief, THP-1 Mo, M®, Mo-MM, M®1-MM and M®2-MM
were stimulated with LPS in the presence of 1 mg/ml
FITC-Dextran (MW: 70 kDa; Sigma-Aldrich) for 24 h in
the dark. Control Mo and M® were also incubated with
FITC-Dextran in the absence of LPS, in order to assess basal
phagocytic activity. At the end of incubation, the cells
were extensively washed, recovered by centrifugation and
analyzed by FACS.

Collagenolytic activity assay. The serum-free culture media of
LPS-stimulated Mo, M®, Mo-MM, M®1-MM and M®2-MM
and of LPS-unstimulated Mo and M® were collected and
10-fold concentrated using Centricon devices (cut-off: 10 kDa;
Millipore, Milan, Italy). Aliquots (200 u1) of concentrated
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Figure 1. Effects of MM cells on the release of [*H]-AA by THP-1 Mo and
Ma®. (A) Percentile mean = SD of [*H]-AA release by unstimulated Mo,
LPS-stimulated Mo and LPS-stimulated Mo-MM obtained by coculturing
Mo with MM cells for 24, 48 and 72 h. (B) Percentile mean + SD of [*H]-AA
release by unstimulated M, LPS-stimulated M®, LPS-stimulated M®1-MM
obtained by coculturing M@ with MM cells for 24-72 h, and LPS-stimulated
M®2-MM generated by Mo cocultured with MM cells for 24-72 h and
then differentiated to M. “p<0.05 vs. unstimulated Mo or M® and "p<0.05
vs. LPS-stimulated Mo or M®, as evaluated by ANOVA followed by
Newman-Keuls test.

media were mixed with 100 p1 of fluorescein-labelled collagen
(final concentration: 2.5 mg/ml; Sigma-Aldrich) and incubated
for 2 h in the dark at 37°C. Each mixture was brought to a
final volume of 2 ml with phosphate-buffered saline (PBS)
and the sample fluorescence was analyzed using a computer-
aided background-controlling fluorimeter (Perkin-Elmer LS
50 b), with the excitation wavelength set at 485 nm, the
emission wavelength set at 530 nm, and slits, respectively,
set at 5 and 10 nm for each light pathway (21).

Statistical analysis. Data distribution was preliminarily
verified by the Kolmogorov-Smirnov test, and data sets
were analyzed by One-way analysis of variance (ANOVA)
followed by Newman-Keuls test. Differences were regarded
as significant when p-value was <0.05. Quantitative data
were expressed as the percentile mean + SD of at least four
replicate determinations, each performed in triplicate, in
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respect to control levels arbitrary set to 100, except where
otherwise indicated.

Results

Effects of MM cells on the release of [°H]-AA by THP-1 Mo
and M®. The release of AA from membrane phospholipids is
an important marker of Mo and M® activation (22-24).
Therefore, in order to characterize the possible immuno-
modulatory effects exerted by MM cells on the THP-1 lineage,
we first evaluated whether the cocultivation with Mero 84
cells could affect the release of [*H]-AA by LPS-stimulated
THP-1 Mo and M.

As illustrated in Fig. 1A, LPS-stimulated Mo-MM released
less [*H]-AA than LPS-stimulated, non-cocultivated Mo. In
particular, the amounts of [*H]-AA released by LPS-stimulated
Mo-MM generated by coculturing THP-1 Mo with Mero 84
cells for 24, 48 or 72 h were similar to those released by
unstimulated Mo, and about 25% lower than those of LPS-
stimulated Mo. Conversely, as illustrated in Fig. 1B, M®1-MM
obtained by coculturing M® with MM cells for 24-72 h
released significantly more [*H]-AA than non-cocultivated
M@ in response to LPS. Moreover, also the LPS-stimulated
M®2-MM generated from Mo exposed to MM cells for 24-
72 h released higher amounts of [*H]-AA as compared to
LPS-stimulated, non-cocultivated M®. Since the effects
observed after 24-72 h of cocultivation were similar, a 24 h
cocultivation time was chosen for all subsequent experiments.

Effects of MM cells on PGE, release by THP-1 Mo and M®.
PGE, is one of the major AA metabolites and it is known
to play immunosuppressive functions in the tumor micro-
environment (6,25). Thus, it was evaluated whether the
cocultivation with Mero 84 cells could modulate the release
of PGE, by LPS-stimulated THP-1 Mo and M®.

Consistent with the results obtained in [’H]-AA release
studies, the cocultivation with MM cells had opposite effects on
the release of PGE, by THP-1 Mo and M®. Indeed, as shown
in Fig. 2, LPS-stimulated Mo-MM released lower amounts
of PGE, as compared to non-cocultivated, LPS-stimulated
Mo, while the amounts of PGE, released upon LPS stimulation
by both M®1-MM and M®2-MM were higher than those
released by non-cocultivated M®.

Differential effects of MM cells on TNF-a and IL-10 release.
To further evaluate the ability of MM cells to modulate the
phenotype of THP-1 cells, experiments were conducted to
assess whether the coculture with Mero 84 cells could affect
the release of the prototypical pro-inflammatory cytokine
TNF-a and the prototypical anti-inflammatory cytokine IL-10
(13) by THP-1 Mo and M®. Data in Fig. 3A show that the
release of TNF-a induced by LPS was about ten-fold lower
in Mo-MM vs. the non-cocultivated Mo, while the amounts of
IL-10 released in response to LPS by Mo and Mo-MM were
similar. Conversely, data in Fig. 3B show that non-cocultivated
M®, M®1-MM and M®2-MM released comparable amounts
of TNF-a upon LPS stimulation, whereas both M®1-MM
and M®2-MM showed higher levels of LPS-induced IL-10
release than non-cocultivated M®.
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Figure 2. Effects of MM cells on PGE, release by THP-1 Mo and M®.
(A) Mean + SD values of PGE, release (pg/ml) by unstimulated Mo,
LPS-stimulated Mo and LPS-stimulated Mo-MM obtained by coculturing
Mo with MM cells for 24 h. (B) Mean + SD values of PGE, release (pg/ml)
by unstimulated M®, LPS-stimulated M®, LPS-stimulated M®1-MM
obtained by coculturing M® with MM cells for 24 h, and LPS-stimulated
M®2-MM generated by Mo cocultured with MM cells for 24 h and then
differentiated to M®. #p<0.05 vs. unstimulated Mo or M and *p<0.05 vs.
LPS-stimulated Mo or M®, as evaluated by ANOVA followed by Newman-
Keuls test.

Effects of MM cells on NO, production. According to different
authors, the polarization towards an M2 phenotype is
accompanied by a reduction in the capacity to produce NO
(7,26,27). In order to assess whether the cocultivation with
MM cells could affect the production of NO by THP-1 Mo
and M®, the concentration of NO, in culture media was
measured as a surrogate of NO production (19,28). Indeed
NO, is the major metabolite of NO and its extracellular
concentration is directly proportional to that of NO (19).

Data in Fig. 4 show that upon LPS stimulation Mo and
Mo-MM produced similar amounts of NO,. On the other
hand, both M®1-MM and M®2-MM produced lower levels
of NO, than non-cocultivated M.

Effects of MM cells on Mo and M® phagocytic activity. Next,
we focused on the effects of MM cells on the phagocytic
properties of THP-1 Mo and M®. Data in Fig. SA show that
LPS-stimulated Mo-MM displayed a small increase in the
ability to phagocytize FITC-dextran particles as compared to
non-cocultivated, LPS-stimulated Mo. However, as illustrated
in Fig. 5C this increase did not reach statistical significance.
On the other hand, as illustrated in Fig. 5B-D, the phagocytic
activity of both M®1-MM and M®2-MM was significantly
lower than that of non-cocultivated M® upon LPS-stimulation,
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Figure 3. Effects of MM cells on TNF-a and IL-10 release. (A) Mean + SD
values of TNF-a and IL-10 release (pg/ml) by unstimulated Mo, LPS-
stimulated Mo and LPS-stimulated Mo-MM obtained by coculturing Mo with
MM cells for 24 h. (B) Mean = SD values of TNF-« and IL-10 release (pg/ml)
by i Md, LPS-sti M, LPS-sti Ma®1-MM obtained
by coculturing M® with MM cells for 24 h, and LPS-stimulated M®2-MM
generated by Mo cocultured with MM cells for 24 h and then differentiated to
M. “p<0.05 vs. unstimulated Mo or M® and #p<0.05 vs. LPS-stimulated Mo
or M®, as evaluated by ANOVA followed by Newman-Keuls test.
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Figure 4. Effects of MM cells on NO, production. (A) Mean + SD values
of NO, (#M) produced by unstimulated Mo, LPS-stimulated Mo and
LPS-stimulated Mo-MM obtained by coculturing Mo with MM cells for
24 h. (B) Mean + SD values of NO, (#M) produced by unstimulated M,
LPS-stimulated M®, LPS-stimulated M®1-MM obtained by coculturing Md
with MM cells for 24 h, and LPS-stimulated M®»2-MM generated by Mo
cocultured with MM cells for 24 h and then differentiated to M. #p<0.05
vs. unstimulated Mo or M® and #p<0.05 vs. LPS-stimulated Mo or M, as
evaluated by ANOVA followed by Newman-Keuls test.
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Figure 5. Effects of MM cells on Mo and M® phagocytic activity as assessed by flow cytometric analysis of FITC-dextran uptake. (A) A representative
determination of FITC-dextran uptake by unstimulated Mo, LPS-stimulated Mo and LPS-stimulated Mo-MM obtained by coculturing Mo with MM cells for
24 h; the mean fluorescence intensity (MFI) is indicated in each case. (B) A representative determination of FITC-dextran uptake by unstimulated M®,
LPS-stimulated M®, LPS-stimulated M®1-MM obtained by coculturing M@ with MM cells for 24 h, and LPS-stimulated M®2-MM generated by Mo
cocultured with MM cells for 24 h and then differentiated to M®; the MFI is indicated in each case. (C) Percentile mean + SD of the phagocytic activity of
unstimulated Mo, LPS-stimulated Mo and LPS-stimulated Mo-MM as determined from four different FITC-dextran uptake experiments. (D) Percentile
mean + SD of the phagocytic activity of unstimulated M, LPS-stimulated M®, LPS-stimulated M®1-MM and M®2-MM as determined from four different
FITC-dextran uptake experiments. “p<0.05 vs. unstimulated Mo or M® and *p<0.05 vs. LPS-sti d Mo or M@, as evall d by ANOVA followed by
Newman-Keuls test.

Table I. Differential effects of MM cells on the phenotype of ~ being almost equal to that of unstimulated, non-cocultivated

LPS-stimulated THP-1 Mo and M®. Mao.
Mo-MM  M®1-MM  M®2-MM MM cells up-regulate the collagenolytic activity of both THP-1
vs. Mo vs. M® vs. M® Mo and M. Finally, it was assessed whether the cocultivation
with MM cells could modulate collagen degradation by THP-1
AA release - + + Mo and M®. Interestingly, MM cells exerted comparable
PGE, release - + + effects on the collagenolytic activity of the two cell types.
TNF-a release - ns ns Indeed, as illustrated in Fig. 6, the collagenolytic activity of
IL-10 release ns + + LPS-stimulated Mo-MM was nearly doubled as compared to
NO, production ns - - that of the non-cocultivated, LPS-stimulated Mo and, similarly,
Phagocytic activity ns - - the collagenolytic activity of LPS-stimulated M®1-MM and

M®2-MM was more than doubled as compared to that of the
non-cocultivated, LPS-stimulated M®. The reported effects
+, significantly increased; -, significantly decreased; ns, not  exerted by MM cells on the phenotype of THP-1 Mo and M®
significantly modified. are summarized in Table 1.

Collagenolytic activity + + +
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Figure 6. MM cells up-regulate the collagenolytic activity of THP-1 Mo and
M@. (A) Percentile mean + SD of the collagenolytic activity of unstimulated
Mo, LPS-stimulated Mo and LPS-stimulated Mo-MM obtained by coculturing
Mo with MM cells for 24 h. (B) Percentile mean + SD of the collagenolytic
activity of unstimulated M®, LPS-stimulated M, LPS-stimulated M®1-MM
obtained by coculturing M® with MM cells for 24 h, and LPS-stimulated
M®2-MM generated by Mo cocultured with MM cells for 24 h and then
differentiated to M®. #p<0.05 vs. unstimulated Mo or M® and *p<0.05 vs.
LPS-stimulated Mo or M®, as evaluated by ANOVA followed by Newman-
Keuls test.

Discussion

This report represents the first direct evidence of the broad
immunomodulatory effects exerted by pleural MM cells on
Mo and M®. Mononuclear phagocytes are among the earliest
immune cells infiltrating tumor sites and they nominally take
part to almost all the phases of the anti-tumor reaction (29).
In fact, tumor-infiltrating Mo can effectively switch on the
inflammatory reaction by releasing chemoattractant and
immunostimulating factors and can differentiate into M®,
thus empowering the innate response while bridging to the
acquired response (29). On the other hand, tumors can
develop several strategies to counteract immune effector cells
and escape recognition and destruction by the immune system.
For instance, many of the soluble factors occurring in the
cancer microenvironment are able to suppress the anti-tumor
functions of Mo and M® or even to alter Mo/M® functional
programs, thus transforming these cells into powerful tumor's
allies (5,29).

In the attempt to shed light upon the immunomodulatory
activities of MM, we developed a cocultivation framework
to evaluate the effects of MM cells on the phenotype of
both Mo and M® of the THP-1 lineage. Furthermore, we
evaluated whether MM cells could polarize Mo development
into immunosuppressive M.
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The first evidence we provide for the immunomodulatory
properties of MM cells is represented by their effects on the
release of [*H]-AA by THP-1 Mo and M®. Indeed our data
demonstrate that the cocultivation with MM cells blunts the
release of [*H]-AA by Mo in response to an inflammatory
stimulus, while it conversely polarizes M® to over-release
[*H]-AA in response to the same stimulus. Following its
release, most AA is metabolized to a large family of pro-
and anti-inflammatory metabolites in a cell-specific manner
(25.30). When the LPS-induced release of PGE,, a major AA
metabolite with anti-inflammatory properties (25,31) was
assessed, it resulted that after the cocultivation with MM
cells the amount of PGE, released by Mo was significantly
reduced while, at the opposite, M® displayed a significant
up-regulation of PGE, release. Interestingly, it has been
reported that MM tissues show high levels of PGE, (32), and
that PGE, production in tumor sites can promote the develop-
ment of regulatory T cells (Tregs), which in turn dramatically
hamper the effectiveness of the anti-tumor immune response
(33).

Further evidence of the differential immunomodulatory
effect exerted by MM on the Mo/M® lineage is represented
by the cytokine profile expressed by THP-1 Mo and M®
after exposure to MM cells. Following cocultivation with
MM cells, the LPS-induced release of the prototypic M1
cytokine TNF-a (13) was markedly decreased in Mo cultures,
while it appeared to be unaffected in M® cultures.
Conversely, the cocultivation with MM cells enhanced the
release of the prototypic M2 cytokine IL-10 (13) by LPS-
stimulated M®, but did not modify the amount of IL-10
released by LPS-stimulated Mo. Moreover, as assessed through
the measurement of NO,, the LPS-stimulated release of NO,
which is one of the most important tumoricidal molecules
produced by the Mo/M® lineage (26), was not affected in
Mo cocultivated with MM cells, whereas it was significantly
reduced in MM-exposed M®. Collectively, these data indicate
that MM cells alter the phenotypic properties of Mo, while
more clearly shifting M® towards an M2-like, protumoral
phenotype (10,13,34). The increased production of the
immunosuppressive PGE, and IL-10 and the decrease of NO
release observed in MM-exposed M® are both consistent
with a shift towards the acquisition of M2 features (7,13,27,31).
Still, this M® polarization towards an immunosuppressive
phenotype was not associated with a reduction in the release
of TNF-a.. Even though TNF-a is considered as a prototypical
M1 cytokine, it also displays several tumor-supporting
properties, including the ability to promote tumor growth,
migration, invasion and angiogenesis (35). Moreover, the
production of such a molecule in developing MM foci is
thought to mainly depend on M® and it has been linked to
the malignant transformation of mesothelial cells (36).
Thus, the observation that the LPS-induced release of TNF-a
was not reduced in MM-exposed M® indicates that, while
acquiring immunosuppressive properties, these cells maintain
the expression of pro-inflammatory, tumor-supporting
mediators.

We also observed that the cocultivation with MM cells
had different effects on the phagocytosis of dextran particles
by LPS-stimulated Mo and M®: the phagocytic activity of
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MM-exposed Mo was similar to that of non-cocultivated Mo,
whereas the phagocytic activity of MM-exposed M® was
significantly reduced as compared to that of non-cocultivated
M. In view of the results discussed so far, this finding is
peculiar. Indeed, according to different authors, alternatively
activated M® exhibit a poor antigen-presenting ability but a
high capacity for phagocytosis and, accordingly, are efficient
scavengers of apoptotic cells and cell debris (7,37). On the
other hand, an inefficient clearance of apoptotic cells can
elicit pro-inflammatory as well as pro-tumoral, immuno-
suppressive responses (6). Therefore, the inhibition of the
phagocytic activity observed in MM-exposed M® may play a
double-edged role in the modulation of immune functions
within the tumor microenvironment.

The observed ability of MM cells to decrease the release
of TNF-a and PGE, without altering the production of IL-10
and NO, by THP-1 Mo indicates the instauration of an
altered phenotype in Mo, which exhibit mixed pro- and anti-
inflammatory features. It has been reported that tumor-
associated Mo can exhibit immunosuppressive, M2-like
properties. On the other hand, according to different authors,
such Mo appear to display complex and multifaceted pheno-
types and may develop from Mo undergoing a transient
phase of activation followed by a phase of refractoriness to
inflammatory stimuli (10,34,38.39). The altered phenotype
displayed by MM-exposed Mo may thus represent an inter-
mediate stage toward the acquisition of more defined immuno-
suppressive properties.

Remarkably, as assessed by the release of lipid mediators
([*H]-AA, PGE,), cytokines (TNF-a, IL-10) and NO as well
as by the phagocytic and collagenolytic activity, the phenotype
of THP-1 M® cocultivated with MM cells (M®1-MM) was
almost identical to that of M® generated by Mo cocultivated
with MM cells (M®2-MM) for 24 h. This finding demonstrates
for the first time that MM-exposed Mo are a ‘developmentally
polarized” cell type, being yet committed to an altered dif-
ferentiation after 24 h of cocultivation with MM cells. These
Mo differentiated into immunosuppressive M® in the
absence of any further MM-derived factor added during the
differentiation process, supporting the hypothesis that altered
Mo are a privileged source of M2 M®.

Collagen degradation is crucially involved in the formation
of new vessels as well as in tumor cell migration and invasion
(40). Unlike the differential effects discussed above, the
cocultivation with MM cells induced a strong up-regulation
of the collagen-degrading activity in both LPS-stimulated Mo
and M®, demonstrating that either of these cell types can be
co-opted by the tumor as an effector of extracellular matrix
degradation and tissue remodeling.

Taken together, our data demonstrate that MM polarizes
Mo and M® towards distinct phenotypes and that Mo ‘keep a
memory’ of their encounter with the tumor which influences
their development to M®. By suggesting to target Mo in
addition to M® (41) for the reversal of tumor-supporting
immune cell phenotypes, our data may bear significance for
the design of future immunotherapy approaches for MM.

The mechanisms by which tumor cells educate immune
cells to exert tumor-supporting functions have not been
fully elucidated to date (10). The THP-1/MM cells coculture
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model could represent a valuable system to investigate the
hierarchic role of MM-released factors involved in the
modulation of the phenotype of Mo and M®.
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Endomorphin-1 (EM-1) is an endogenous opioid peptide selectively binding to p opioid receptors
(MORs). Besides its analgesic effects on the central nervous system (CNS), it has been recently reported
that EM-1 can cross the blood-brain barrier (BBB) and diffuse into the blood, behaving as an analgesic/
anti-inflammatory molecule on peripheral tissues, thus leading to the hypothesis that it could represent
a soluble modulator of immune cell functions. Interestingly, nothing is known about its possible effects
on monocytes, the main circulating cell-type involved in those systemic responses, such as fever and
septic states, involving the release of high amounts of pyrogenic inflammatory factors. The aim of this
work is to evaluate possible EM-1effects on lipopolisaccharide (LPS)-stimulated THP-1 monocytes
in terms of the production of inflammatory mediators and the instauration of a hyporesponsive-like
phenotype which is a main feature of systemic inflammatory responses, and on the development of
peripheral monocytes to DC. Our data demonstrate for the first time that EM-1 is able to inhibit both
LPS-stimulated monocyte activation, in terms of arachidonic acid, PGE,, ROI and NO, production and
instauration of a hyporesponsive phenotype without any macroscopic effect on DC development. These
data support the hypothesis that EM-1 could be involved in modulating monocyte functions during
systemic inflammatory reactions, also providing new evidence for its eventual clinical application in
endotoxic states.

Endomorphin-1 (EM-1) is an ammidated traced in those areas involved in pain perception

tetrapeptide discovered by Zadina et al. in human
tissues mostly belonging to the nervous and the
immune system (1-2). To date, EM-1 is thought
to be a powerful endogenous analgesic molecule,
as its presence in the nervous system has been

(nociception) and in the spinal antinociceptive
descending pathways (2-3). Notably, it has also
been recently demonstrated that EM-1 can cross the
blood-brain barrier (BBB), thus entering the blood
flow and possibly reaching areas of the body far
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from the central nervous system (4-5). Coherently,
EM-1 presence has been traced in many peripheral
inflamed tissues, where it has proven to significantly
decrease sensory neuron firing rate (6-7) and, most
notably, to significantly suppress the release of
inflammatory factors from macrophages, which
mainly accounts for the development of any algesic
reaction occurring in peripheral tissues (6).

Even though this evidence allows to hypothesize
a new role for EM-1 as a neuro-endocrine regulator
of immune functions, it still lacks any knowledge
about its possible effects on other leukocytes
expressing p opioid receptors (MORs) (7). Among
these, monocytes would be a favorable target for
EM-1 anti-inflammatory activity, for they are the
major cell type involved in systemic inflammatory
reactions having a key role in inducing fever and
Systemic Inflammatory Reaction Syndrome (SIRS)
(8-9). In fact, when monocytes are stimulated by
high amounts of pathogen products (as happens
in septic states), an excessive intravascular release
of inflammatory mediators such as prostaglandins
(PGs), leukotrienes (LTs) and oxidant molecules
can result in multiple organ failure and host death
(8-10).

Moreover, an additional alteration of monocyte
functions can occur during septic states: as a
consequence of a profound inflammatory activation,
in fact, monocytes can develop a hyporesponsive
phenotype, which makes them insensitive to new
stimulation (11). Such a phenomenon, resulting in a
diffused immunoparalytic state, is also detrimental
as it exposes the host to a facilitated colonization
by invading pathogens (11). Finally, as a further
alteration of monocyte functions during septic
states, it has been recently postulated that the
excessive activation of these cells could impair their
development to dendritic cells (DCs), the major
antigen-presenting cells (APCs), which would then
spread immunoparalysis to the specific compartment
of the immune response (10, 12-13).

Thus, in the view of a supposed role for EM-
1 as a new immunosuppressive molecule, the
aim of this work is to investigate possible EM-1
effects on a model of intense monocyte activation
consisting of human THP-1 cells pulsed with high
lipopolysaccharide (LPS) doses in order to reproduce
in vitro a situation comparable to an in vivo septic

state. In this context, this study evaluates EM-1
effects on the production of systemic inflammatory
mediators such as PGs, LTs and Reactive Oxygen and
Nitrogen Intermediates (ROI and NOI, respectively),
also assessing its possible effects in preventing the
development of monocyte hyporesponsivity and in
driving monocyte differentiation to DCs.

MATERIALS AND METHODS

Cell culture

The human monocytic cell line THP-1 was obtained
from American Type Culture Collection (Manassas, VA)
and cultured at 37°C in 5% CO2 with RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), L-
glutamine (2 mM), streptomycin (100 pg/ml), penicillin
(100 U/ml), sodium pyruvate (100 pg/ml), herein referred
to as “complete medium”. In all experiments, to determine
cell viability, monocyte cultures were stained with trypan
blue at specific time-points after treatment with different
reagents. Stained vs living cells were counted under a
microscope using a Neubauer modified chamber.

[PHJ-Arachidonic acid release assays

1x10° THP-1 cells/well were seeded in complete
medium and labelled for 3 h with 1 puCi [*H]-arachidonic
acid (AA, spec. act. 202,4 Ci/mmol) at 37°C, as previously
described (14). To remove non-specific binding of [*H]-
AA to cell surface prior to agonist stimulation, cells
were recollected by centrifugation at 1200 rpm for 5
min and washed twice in serum-free medium prior to
re-suspension in fresh complete medium. In experiments
involving a single LPS pulse, cells were stimulated with
different LPS (1-10 pg/ml) and EM-1 concentrations
(10 — 10-2M) for 24 h. When requested, cells were also
incubated with 10 uM methyl arachydonil fluorophosphate
(MAFP, a selective cPLA, inhibitor) for 30 min, with
10*M diphenylene iodinium (DPI, a specific NADPH
oxidase inhibitor) for 30 min or with 10°M naloxone (a
selective MOR inhibitor) for 2 h before LPS stimulation.
In experiments involving two LPS pulses, cells were
stimulated once with 10 pg/ml LPS for 24 h plus or not
10°M EM-1, recollected by centrifugation, re-suspended
in complete medium and then stimulated for further 24 h
with 10 pg/ml LPS. At each time-point, supernatants were
collected and 100 pul aliquots were added to 3 ml Optifluor
and analyzed by a liquid scintillator counter.

Measurement of Leukotriene B, and Prostaglandin E,
release

1x10° cells/well were challenged with 10 pg/ml LPS
in the presence or absence of 10°M EM-1 for 24 h, and
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supernatants were collected by centrifugation at 1200
rpm for 5 min. Leukotriene B, (LTB,) and Prostaglandin
E, (PGE,) levels in the medium were then assessed
by enzyme immunoassay (EIA, Cayman Chemical)
following the manufacturer’s instructions. Briefly, 50
ul LTB, or PGE, standard or samples were added to the
pre-coated mouse monoclonal anti-rabbit IgG macrotitre
plates for LTB, or to the pre-coated goat polyclonal anti-
mouse IgG macrotitre plates for PGE,. Subsequently, 50 ul
LTB, or PGE, tracer and 50 ul monoclonal LTB, or PGE,
antiserum were added into each well and the mixture was
incubated overnight at 4°C. After incubation, the content
of each well was removed and the wells were washed 5
times with PBS buffer containing 0.05% Tween-20. An
aliquot of 200 pl Ellman’s reagent was added to each well,
and the mixture was incubated for 2 h at room temperature
with occasional shaking. The solution optical density
(0.D.) was determined by a multi-well spectrophotometer
(ELISA reader) at 405 nm. LTB, and PGE, concentration
in each sample was calculated as the concentration
corresponding to sample’s O.D. values plotted on their
respective standard built-in curves.

Evaluation of ROI production by 2°, 7°- dichlorofluorescein
diacetate (DCF-DA) fluorescence

1x10°¢ cells were seeded in serum-free medium to
prevent DCF-DA degradation by serum components and
loaded with the fluorescent dye DCF-DA (10 uM) for
30 min at 37°C in the dark. Upon diffusion through the
cell membrane, DCF-DA is hydrolyzed by intracellular
esterases to non-fluorescent DCF, which is then rapidly
oxidized to highly-fluorescent DCF in the presence of ROI.
The DCF fluorescence intensity, thus, is proportional to the
amount of intracellular ROI formed. After the incubation
with the dye, cells were recollected and centrifuged for
5 min at 1200 rpm at room temperature. In experiments
involving a single LPS pulse, the cells were re-suspended
in serum-free medium and challenged with 10 pg/ml
LPS for different experimental times (5 — 180 min) or
with 10 pg/ml LPS plus different EM-1 concentrations
(10 — 10-2M) for 45 min. When requested, monocytes
were incubated with 10*M DPI for 30 min or with 10°M
naloxone for 2 h prior to LPS pulse. Additionally, cells
were also incubated with 10 pg/ml LPS plus different
EDTA concentrations (5 — 20 mM) for 45 min. In
experiments involving a double LPS pulse, the cells were
stimulated with 10 pg/ml LPS plus or not 10°M EM-1 for
24 h prior to DCF-DA loading, as previously described.
Cells were then stimulated with further 10 pg/ml LPS for
45 min. Cell fluorescence was measured under continuous
magnetic stirring and controlled temperature (37°C) in a
computer-aided Perkin-Elmer luminescence spectrometer

(Model LS 50 b), with excitation wavelength set at 485
nm and emission wavelength set at 530 nm using 5 and 10
nm slits, respectively, for each light path.

Evaluation of nitrite (NO,) production by Griess reaction
In experiments involving a single LPS stimulation,
3.5 x 10° cells/well were seeded in complete medium and
pulsed with 10 pg/ml LPS in the presence or absence of
EM-1 (10°M — 10?M) for 24 h. In experiments involving
a double LPS stimulation, 1.75 x 10° cells/well were
seeded in complete medium and challenged with 10
pg/ml LPS plus or not 10°M EM-1 for 24 h, recollected
by centrifugation at 1200 rpm for 5 min, re-suspended in
complete medium and stimulated for further 24 h with
10 pg/ml LPS. At each time-point, supernatants were
collected, and nitrite (NO,) levels in the medium were
evaluated by mixing equal volumes of supernatans and
Griess modified reagent in a macrotitre plate. When
requested, cells were incubated with 10*M DPI prior or
with 10°M naloxone for 2 h prior to LPS stimulation.
Upon incubation for 30 min at room temperature, the
presence of NO, in the samples determines the formation
of a fluorescent dye sensible to stimulation with a laser
beam set at 550 nm. NO, concentration in each sample
was thus desumed by plotting the average O.D. on a
standard curve prepared with sodium nitrite (NaNO,, 0.43
— 65 uM) before each experiment, and each sample was
divided by its relative control (arbitrary set to 100%) and
then multiplied by 100 to obtain the relative increase.

Peripheral monocytes purification and Dendritic Cells
(DCs) generation

Peripheral Blood Mononuclear Cells (PBMCs) were
isolated from bufty-coats of healthy donors with ages ranging
between 18 and 40 years, kindly provided by “La Sapienza”
University Transfusion Service. Cells were separated by
density gradient centrifugation using Lympholyte-H, and
monocytes were then positively separated using anti-
CD14-labeled magnetic beads (MACS) and re-suspended
in RPMI-1640 supplemented with 10% foetal calf serum
(FCS), L-glutamine (2 mM), gentamycin (10 pg/mL),
Hepes buffer (10 mM), sodium pyruvate (0.1 M) and non-
essential aminoacids (0.1 M). Monocytes were then washed
and cultured with fresh complete medium for 5 days in the
presence of granulocyte-macrophage colony-stimulating
factor (GM-CSF, 200 U/ml) and IL-4 (10 ng/ml) and in the
presence or absence of 10°M EM-1 to generate immature
DCs (imDCs). imDCs were finally incubated for further 48
h with 1 pg/ml LPS to induce final maturation according to
Martino et al. (15).

Fluorochrome-Activated Cell Sorter (FACS) Analysis
The following monoclonal antibodies (mAbs), anti-
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HLA class I, -HLA DR, -CD25, -CD80, -CD86 and
-DC-SIGN were used to characterize DCs population.
The cells were stained with either FITC-, PE- or APC-
conjugated mAbs and analyzed using a FACScalibur
running Cellquest Software (Becton Dickinson, Mountain
View, CA, USA).

Reagents

RPMI-1640, FBS, glutamine, pyruvate, penicillin,
streptomicin and sodium pyruvate were acquired from
Cambrex. FCS was acquired from Hyclone. Lympholyte-
H was acquired from Cederlane. Anti-CD14-MACS were
acquired from Milteny Biothec. GM-CSF and IL-4 were
acquired from Euroclone. Gentamycin, [*H]-AA, LPS,
DCEF-DA, trypan blue, EM-1, non-essential aminoacids,
Hepes buffer and Griess modified reagent were acquired
from Sigma Aldrich. Monoclonal EIA kits for LTB, and
PGE, were acquired from Cayman Chemicals. FITC-,
PE- or APC-conjugated mAbs were acquired from Becton
Dickinson Bioscience.

Statistical analysis

Data distribution was preliminarily verified by the
Kolmogorov-Smirnov test, and data sets were analyzed
by one-way analysis of variance (ANOVA), followed
by Newman-Keuls test. Differences were regarded as
significant when P-value was less than 0.05. Quantitative
data were expressed as the percentile meantS.D. of at
least four replicate determinations each performed in
triplicate, except where otherwise indicated.

RESULTS

Endomorphin-1 (EM-1) effects on the release of
Arachidonic Acid (AA), Prostaglandin E, (PGE,)
and Leukotriene B, (LTB,) from LPS-stimulated
THP-1 monocytes

Preliminary experiments were performed to
evaluate THP-1 cells response to high LPS doses
(1, 5 or 10 pg/ml) in terms of arachidonic acid (AA)
release. All tested LPS doses determined a significant
AA release (data not shown), with a maximum effect
at 10 pg/ml which was then chosen as the dose
for cell stimulation in all subsequent experiments.
Moreover, since cytosolic phospholipase A,
(cPLA,) is one of the major enzymes involved in
the mobilization of AA from membrane stocks to
the extracellular spaces (16), experiments were
performed to evaluate its possible involvement in
LPS-stimulated AA release. The data shown in Fig.
1a show that, when cells were pretreated with MAFP
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Fig. 1. Endomorphin-1 (EM-1) effects on [’H]-AA, PGE,
and LTB, release from LPS-stimulated THP-1 cells. 1x10°
cells were: a) marked with 1 uCi [PHJ-arachidonic acid
([PH]-AA) for 3 h, pretreated or not with 10 WM MAFP (a
selective cPLA, inhibitor) for 30 min and incubated with
10 pg/ml LPS plus different EM-1 concentrations (10
*—10-°M) for 24 h, or b) incubated with 10 ug/ml LPS plus
10°M EM-1 for 24 h. [PH]-AA, PGE, and LTB, release
were esteemed as reported in the Materials and Methods
Section. Data are reported as the percentile mean + SD
of 4 independent experiments. *p < 0.05, as from ANOVA
followed by Newman-Keuls test, in respect to LPS-treated
cells (LPS)

(a selective cPLA, inhibitor), LPS did not exert any
significant effect, highlighting the involvement of
this enzyme in LPS-stimulated AA release.

In order to evaluate possible EM-1 effects on
LPS-stimulated AA release, cells were stimulated
with LPS in the presence or absence of different
EM-1 concentrations (10° — 10-2M) for 24 h.
Data shown in Fig. l1a demonstrate that the highest
EM-1 concentrations (10 and 10°*M) were able to
significantly inhibit LPS-induced AA release, while
lower concentrations were ineffective.

To evaluate possible EM-1 effects on the
production of major arachidonic acid-derived
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Fig. 2. EM-1 effects on oxidant molecules production
in LPS-stimulated THP-1 cells. a) Ix10° cells were
pretreated or not with 10°M DPI, a specific NADPH
oxidase inhibitor), for 30 min and incubated with 10 ug/
ml LPS plus different EM-1 concentrations (10°—10"°M)
for 45 min. Inset: 1x10° cells were incubated with 10 ug/
ml LPS for different experimental times (5 — 180 minutes).
b) 3.5 x 10° cells were incubated with 10 pg/ml LPS plus
different EM-1 concentrations (10°-10"°M) for 24 h.
ROI and NO, production was esteemed as reported in the
Materials and Methods Section. Data are reported as the
percentile mean + SD of 4 independent experiments. *p <
0.05, as from ANOVA followed by Newman-Keuls test, in
respect to LPS-treated cells (LPS)

inflammatory factors, the levels of PGE, and LTB,
in the medium were evaluated upon cell stimulation
with LPS plus 10°M EM-1 for 24 h. The data
shown in Fig. 1b demonstrate that LPS determined
asignificant increase in PGE, production, which was
abrogated by the simultaneous incubation with the
peptide. Conversely, both the incubation with LPS

alone or with LPS + EM-1 did not exert any effect on
LTB, levels, which remained equal to control.

EM-1 suppresses LPS-stimulated oxidant molecules
production in THP-1 monocytes

To investigate the possible effects of EM-1
on LPS-induced ROI production, the cells were
stimulated with LPS plus or not EM-1 (10° — 10
12M) for 45 min, a time-point at which a maximal
ROI production occurs as demonstrated from
preliminary time course experiments (5 min — 3 h)
on ROI production kinetics shown in Fig. 2 inset.
In addition, to assess a possible involvement of
NADPH oxidase, a major enzyme involved in ROI
production in phagocytes (17), experiments were
performed pre-treating cells with DPI, a selective
NADPH oxidase inhibitor. Data in Fig. 2a show that
no significant ROI production could be observed
in DPI-pretreated cells following LPS pulse,
highlighting the involvement of NADPH oxidase in
ROI production. Moreover, data in Fig. 2a also show
that the highest EM-1 concentrations (10 and 10
$M) were able to significantly inhibit LPS-stimulated
ROI production, while lower concentrations were
ineffective.

In separate experiments, cells were also
stimulated with LPS plus or not EM-1 (10°¢ — 10
"?M) for 24 h and NO, levels of in the medium were
evaluated. Data shown in Fig. 2b demonstrate
that only the highest EM-1 concentration (10°M)
resulted in a significant inhibition of LPS-induced
NO, production, while lower concentrations did not
determine any significant effect.

LPS-induced ROI production is Ca**-dependent and
is required for both A4 and NO, release from THP-1
monocytes

Since it has been reported that NADPH oxidase-
dependent ROI production can act as a signaling
mechanism leading to ¢cPLA, activation and NO,
production (18-19), experiments were performed
to evaluate whether LPS-induced release of AA and
NO, was affected by NADPH oxidase inhibition.
Data shown in Fig. 3 demonstrate that, when ROI
production was inhibited by DPI, a) no AA release
nor b) NO, production could be observed after
LPS pulse, demonstrating that ROI production is a
priming factor for the subsequent release of both AA



840

Y NO2 proaucton

Vo aye oxijagauon

5 200{ @)
g
£ 150
E-m- ==
=
o
300
b)
200
100{ ==
0
o

V.IZZIET AL.

Fig. 3. ROI production is Ca’*-dependent and is required
Jor both A4 and NO, release in LPS-stimulated THP-1
cells. a) 1 x 10° cells for AA release experiments or b) 3.5
x 10° cells for NO, release experiments were pretreated or
not with 10°M DPI for 30 min and then incubated with
10 ug/ml LPS plus 10°M EM-Ifor 24 h. ¢) 1 x 10° cells
were incubated with 10 ug/ml LPS plus different EDTA
concentrations (5-20 mM) for 45 min. ROI production
and A4 and NO, release was esteemed as reported in the
Materials and Methods Section. Data are reported as the
percentile mean + SD of 4 independent experiments. *p <
0.05, as from ANOVA followed by Newman-Keuls test, in
respect to LPS-treated cells (LPS)

and NO,. Moreover, since it has been reported that
Ca? is involved in LPS-induced ROI production
(20), experiments were performed in the presence
of different EDTA concentrations (5 — 20 mM) to
deplete extracellular Ca*". Data in Fig. 3¢ show that
LPS-induced ROI production was dose-dependently
inhibited by EDTA, 20 mM being the most effective
concentration, allowing us to hypothesize that Ca*"
currents are a priming factor in LPS-triggered
signaling mechanisms.

EM-1 effects are mediated by |\ opioid receptor
(MOR) activation

In order to evaluate whether EM-1 effects were
mediated by p opioid receptor (MOR), experiments
were performed incubating cells with naloxone, a
specific MOR inhibitor, before stimulation with LPS
plus EM-1. Data in Fig. 4 show that naloxone pre-
treatment blocked the inhibitory effect of 10°M EM-
1 on LPS-stimulated release of both AA and oxidant
molecules, suggesting MOR involvement in EM-1
induced effects.

EM-1 prevents the development of a hyporesponsive
phenotype

Monocyte  hyporesponsivity  triggered by
repeated stimulations is a major pathological
event characterizing the late phases of systemic
inflammatory syndromes, which exposes the host
to further aggressions (11). It would therefore
be of key clinical importance to avoid such an
aberrant derivation of monocyte functions (10).
Since our previous data showed the efficacy of
EM-1 administration in suppressing THP-1 cells
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Fig. 4. EM-1 effects are mediated by u opioid receptor (MOR). 1 x 10° cells in the experiments involving ROI production
and AA release or 3.5 x 10° cells in the experiments involving NO, release were pretreated or not with or with 10°M
naloxone (Nal, a selective MOR inhibitor) for 2 h prior to LPS stimulation for 45 min (ROI production) or 24 h (A4 and
NO, release) with or without 10°M EM-1. ROI, AA and NO, were esteemed as reported in the Materials and Methods
Section. Data are reported as the percentile mean + SD of 4 independent experiments. *p < 0.05, as from ANOVA followed

by Newman-Keuls test, in respect to LPS-treated cells (LPS)

activation, we have developed a model of monocyte
hyporesponsivity induced by a double overnight
pulse with high LPS doses, and tested possible EM-
1 effects in preventing the establishment of such a
phenotype. Data shown in Fig. 5 demonstrate that a
double LPS pulse (LPS+LPS) results in the absence
of both AA release (a) and ROI production (b) in
respect to the cells stimulated with a single LPS pulse
(LPS), while an abnormal increase in NO,, whose
levels were higher than the ones characterizing single
LPS-stimulated monocytes, could be observed (c).
Basing on these results, then, we tested whether
the addition of 10°M EM-1 during the first LPS
pulse could re-establish monocyte responses to the
second pulse. Data shown in Fig. 5 demonstrate that
the addition of EM-1 allows monocytes to preserve
their ability to respond to the second LPS pulse
(LPS+EM-1+LPS), as demonstrated by a restored
AA release (a) and ROI production (b), with a
concomitant decrease in NO, levels which tended
to be equal to the ones characterizing single LPS-

stimulated monocytes (c).

EM-1 effects on dendritic cell (DC) generation

Since it has been recently reported that an
alteration in monocyte inflammatory metabolism
plays a key role in controlling both the physiological
and the pathological development to DCs (10-13),
experiments have been performed to evaluate
possible EM-1 interference on peripheral monocyte
development to DCs in terms of the expression
of specific transductional (CD25, DC-SIGN), co-
stimulatory (CD80, CD86) and immuno-stimulatory
(HLA-I, HLA-DR) markers. Data in Fig. 6 show that
the addition of 10°M EM-1 to developing DCs does
not significantly alter the expression of any chosen
marker.

DISCUSSION

Endomorphin-1 (EM-1) is an endogenous
peptide behaving as an opiate drug on the nervous
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Fig. 5. EM-1 effects on the development of the
hyporesponsive phenotype. Cells were incubated with
10 pg/ml LPS plus 10°M EM-1 for 24 h, washed and re-
stimulated with 10 ug/ml LPS and assays were performed
as reported in the Materials and Methods Section. Data
are reported as the percentile mean + SD of 4 independent
experiments. *p<0.05, ANOVA followed by Newman-
Keuls test, in respect to LPS-stimulated cells (LPS)

system (1), being mainly endowed with endogenous
analgesia (antinociception) by means of its ability to
bind to p opioid receptors (MORs) (21). Coherently,
EM-1 has been traced in those areas of the brain
and the central nervous system (CNS) which have
a regulatory activity on the body pain perception
(2, 21). Interestingly, outside the CNS, the immune

system is a major EM-1 producing site: different
leucocyte subpopulations, in fact, have been
demonstrated to actively produce endomorphins,
which in turn could contribute to decrease the
sensory neuron firing rate (22-23). Moreover,
leucocytes have been also demonstrated to express
MORs, thus allowing to hypothesize that EM-1
could exert multiple analgesic/anti-inflammatory
effects in both an autocrine and paracrine fashion
(22-24). Notably, recent evidence demonstrated
that EM-1 can actively cross the blood-brain barrier
(BBB), thus diffusing into the blood and possibly
reaching distant inflamed tissues (4-5), also affecting
the functions of circulating MOR-expressing cells.

In this context, however, it still lacks any
knowledge about EM-leffects on circulating cells
belonging to the systemic compartment of the
immune response, such as monocytes. Monocytes, in
fact, represent the first defense line against invading
pathogens, and their ability to release a vast range
of pro-inflammatory molecules in the blood flow is
a major event in the induction of systemic reactions
(8-9). However, monocytes activated by an excessive
pathogenic stimulus release huge amounts of
inflammatory molecules leading to life-threatening
multiple organ failure (9). Moreover, a generalized
immunosuppressed state (a condition usually referred
to as hyporesponsivity), generally establishes itself
after an intense inflammatory response (11). Such a
also for the host, and it is mainly believed to depend
on monocyte hyporesponsivity or on an altered
monocyte differentiation to DC (10-11, 13).

On the basis of such evidence, therefore, the
aim of this work is to evaluate possible EM-1
immunomodulatory effects on a model of intense
monocyte activation consisting of THP-1 cells
challenged with high LPS doses, in an attempt to
recreate in vitro a situation occurring in vivo during
septic states. The use of a reliable human monocyte
model (25) in this experimental framework allowed
us to avoid the inter- and intra-specific variability
which usually arises in human or animal peripheral
blood mononuclear cells (PBMCs) (26), thus
facilitating the interpretation of extrapolated data.

In this context, our data prove for the first time
that EM-1 exerts a significant inhibitory activity
on monocytes, for it suppressed the production
of chosen activation markers, comprising ROI,
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Fig. 6. EM-I effects on DCs development. 1x10° cells were incubated with 200 U/ml GM-CSF and 10 ng/ml IL-4 plus
or minus 10°M EM-1 for 5 days, and FACS analysis was performed as reported in the Materials and Methods Section. A
significant experiment is shown, which was repeated two additional times with similar results.

NO,, AA and PGE, Notably, other evidence
seems to be of particular interest: the use of high
LPS doses, in fact, resulted in the alteration of
monocyte AA metabolism, which was shifted from
an inflammatory (i.e., LTB,-producing) profile to
an immunosuppressive (i.e., PGE -producing) one.
Intriguingly, these observations provide both good
feedback on our experimental model, for they
resemble recent data obtained from macrophages
endowed with systemic inflammatory syndromes
and immunosuppression (27), and also possibly
explain such a phenomenon as a consequence of a
previously-altered monocytic state.

Basing on these observations, we subsequently
tested whether, in our experimental model,
hyporesponsivity could be observed after sequential
overnight incubation of these cells with two high
doses of LPS pulses. Interestingly, as a response
to such a protocol, cells did not respond to the

second pulse in terms of both ROI production or
AA release, while an abnormal NO, production,
which is considered to be immunosuppressive (27-
28), was observed. In such a simple desensitization
model, EM-1 proved to block both AA release and
ROI production, concomitantly normalizing NO,
production. i

Interestingly, considering the immunosuppressive
effects of excessive NO, production (27-28), our
data suggest that EM-1 could modulate monocyte
responsivity through the modulation of NO, levels.
Furthermore, our data provide the first evidence
of the mechanism by which EM-1 could exert its
effects on LPS-stimulated cells. We demonstrate,
in fact, that LPS induces a rapid NADPH oxidase-
dependent ROI production, which in turn activates
both cytosolic PLA, (cPLA,)-dependent AA release
and NO, production. The whole pathway seems
to be Ca?-dependent, since no ROI production
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could be observed when the cells were pulsed with
LPS in the presence of EDTA. In this context, the
observed ability of EM-1 to suppress LPS signaling
cascade could be easily linked to a decrease in the
intracellular Ca** content, since it has already been
demonstrated that MOR activation is coupled to
calcium current inhibition (29).

Finally, since any alteration in DCs is likely to
deregulate the inflammatory reactions and to spread
immunosuppression (30), we analyzed EM-1 effects
on DC showing that, when the peptide was added
together with GM-CSF and IL-4 to developing DCs,
no significant effects could be observed on their
specific receptor set. These observations suggest that
EM-1 immunosuppressive activities are not extended
to DC development, thus providing the evidence that
EM-1 should not hamper the development of specific
immune responses.

Taken together, our data represent the first
characterization of EM-1 effects on monocytes,
also providing clues for a possible EM-1 clinical
application in inflammatory pathologies and as a
useful combination to an antibiotic prophylaxis in
septic states.
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Brain Natriuretic Peptide (BNP), besides retaining vasodilatory, diuretic and natriuretic properties, is a
vasoactive hormone that it is also involved in several cardiac diseases as well as severe sepsis and septic
shock. All these conditions are characterized by an ongoing inflammatory response consisting in a complex
interaction of pleiotropic mediators derived from plasma or cells, including monocytes and macrophages.
However, the relationship between this hormone and inflammation remains to be elucidated. Therefore, the
aim of the present study was to evaluate a possible BNP immunomodulatory activity on macrophages. Our
results demonstrate that BNP regulates the production of major inflammatory molecules, such as reactive
oxygen- and nitrogen species (ROS and RNS), leukotriene B4 (LTB,), prostaglandin E, (PGE,); modulates the
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ROS cytokines (TNF-, IL-12 and IL-10) profile, and affects cell motility. These results furnish novel and brand-new
RNS proofs on BNP ability of modulating the production of inflammatory mediators in macrophages whose role
Cytokines has broad implications in inflammatory states where increased BNP levels have been reported.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Brain Natriuretic Peptide (BNP), a member of the natriuretic pep-
tides (NPs) family, which also includes Atrial Natriuretic Peptide (ANP)
and C-type Natriuretic Peptide (CNP), is a low molecular weight
peptide mainly involved in the regulation of heart and renal home-
ostasis as well as in the modulation of vascular cell functions [1]. The
effects of BNP in the cardiovascular system have been widely studied
and investigations have mainly focused on the diuretic, natriuretic,
and vasodilating properties of the peptide [2].

However, it is increasingly recognized that the peptide functions
are not only restricted to the regulation of volume homeostasis, but
BNP and its receptors are also expressed in diverse tissues besides the
cardiovascular and renal system [3]. In particular, BNP has been
recently linked to the immune system, thus providing new aspects of
the biological profile of this natriuretic peptide. Many evidence about
possible BNP immunomodulatory activities are currently emerging. In
this context, BNP and N-terminal pro-BNP levels are highly elevated
in patients with severe sepsis or septic shock [4] owing to either
increased secretion or decreased degradation induced by inflamma-
tion [5,6]. Accordingly, results from animal studies and tissue cultures
show that both the production and secretion of the natriuretic pep-
tide are activated by endotoxin and inflammatory mediators [7,8].

* Corresponding author. Tel./fax: +39 06 72594217.
E-mail address: baldini@uniromaz2.it (P.M. Baldini).

0167-0115/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.regpep.2008.02.009

Furthermore, Vollmar et al. [9] found that the natriuretic peptides are
expressed and differentially regulated in thymus, spleen, lymph nodes,
tonsils, as well as in specialised immune cells such as macrophages
[10], suggesting a role for BNP during inflammation. Indeed, macro-
phages represent a functionally heterogeneous population of immune
cells that hold a crucial role in inflammatory processes [11]. In response
to an immune challenge, macrophages are activated and migrate or
produce a wide array of proinflammatory mediators that contribute to
non-specific immunity [11]. Increased BNP levels have been found in
several inflammatory pathologies, but no investigations have been
carried out about its possible effects on macrophage activation. Hence,
the aim of the present study was to investigate the possible effects of
BNP on the major macrophage inflammatory activities, such as reactive
oxygen and nitrogen species (ROS and RNS, respectively) production,
arachidonic acid metabolites (LTB4, PGE,) and cytokines (TNF-q, IL-12
and IL-10) release. Furthermore, the macrophage migratory activity
was also evaluated. Our findings display a first evidence of BNP effect
on macrophages activation, thus providing novel insights to under-
stand the regulation of the inflammatory network in different
pathophysiological scenarios.

2. Materials and methods
2.1. Cell cultures and treatments

The human monocytic cell line THP-1 was obtained from the
American Type Culture Collection (ATCC, Rockville, MD) and cultured in



V. Chiurchiil et al. / Regulatory Peptides 148 (2008) 26-32 27

Falcon flasks with RPMI-1640 medium supplemented with 10% Foetal
Bovine Serum (FBS), L-glutamine (2 mM), sodium pyruvate (100 ug/ml),
penicillin (100 U/ml) and streptomycin (100 pg/ml). Cells were cultured
in a humidified incubator at 37 °C in a 5% CO, atmosphere. THP-1
macrophages (Md) were obtained incubating monocytes with 1076 M
phorbol 12-myristate 13-acetate (PMA) for 72 h. Cell viability was
routinely assessed by Trypan blue exclusion method using a Neubauer
modified chamber.

2.2. Evaluation of ROS production by 2',7'-dichlorofluorescein diacetate
(DCF-DA) fluorescence

1x10% Md/well were incubated in the dark with 10 uM 2/,7-
dichlorofluorescein diacetate (DCF-DA) in serum-free medium for
30 min at 37 °C. DCF-DA diffuses through the cell membrane and is
hydrolyzed by intracellular esterases to nonfluorescent DCF deacety-
lated, which is then rapidly oxidized to highly fluorescent DCF in the
presence of ROS. The DCF fluorescence intensity is proportional to the
amount of intracellular ROS formed [12]. After the incubation with the
fluorescent dye, cells were then harvested and the medium containing
the unincorporated dye was eliminated by centrifugation. Cells were
then stimulated in serum-free medium with different BNP concentra-
tions (1078-107'° M) for different experimental times (3-9 h). In those
experiments involving diphenylene iodinium (DPI), a NADPH oxidase
inhibitor, cells were incubated with 10”8 M DPI for 30 min before BNP
addition. At each timepoint, cells were harvested, resuspended in
phosphate buffered-saline (PBS), and assessed for changes in
fluorescence using a background-controlling computer-aided LS-50b
fluorescence spectrometer (Perkin Elmer) with excitation wavelength
set at 485 nm and emission wavelength set at 530 nm, using 5 and
10 nm slits for each light path, respectively. Results were expressed as
fluorescence intensity, reported as Fluorescence Units (FU.), in respect
to cells loaded with only DCF-DA (C).

2.3. Evaluation of nitrite (NO,) production by Griess reaction

1x10° Md/well were challenged with 10”° M BNP for 3, 6,9 h and
up to 24 h and, at the end of the experimental times, supernatants
were collected and nitrite (NO;) levels in the medium were de-
termined by a colorimetric assay. Briefly, each sample was probed
in triplicate by adding 100 ul of Griess Reagent (modified) to 100 pl
aliquots obtained from each of the samples in a 96-well macrotitre
plate. Wells were mixed repeatedly and the reaction was performed at
room temperature for 30 min. At the end of this time, the absorbance
of each well was read by means of an EIA reader 450 (Biorad) with
wavelength set at 550 nm. NO, concentration in each sample was
calculated as the concentration corresponding to samples’ optical
density (0.D.) values plotted on a standard curve routinely prepared
for each experiment using sodium nitrite (NaNO;, 0,43-65 uM) as the
reference. Values were then divided by their respective controls and
multiplied by 100 to obtain the percentile increase.

2.4. [’H]-arachidonic acid ([*H]-AA) release assay

Preliminary experiments on [*H]-arachidonic acid ([*H]-AA) in-
corporation indicated that optimal radioactive labelling was obtained
incubating cells with 1 uCi of [*H]-AA (specific activity: 202,4 Ci/
mmol) for 3 h [13]. 1x10° Md/well were then incubated for 3, 6 and
9 h with 1 uCi [*H]-AA in serum-free medium. To remove non-specific
binding of [*H]-AA to cell surface prior to agonist stimulation, culture
medium was eliminated, cells resuspended in serum-free medium
and challenged with 107 M BNP for the different experimental times.
In those experiments involving methyl arachydonil fluorophosphate
(MAFP, a selective phospholipase A, cytosolic (cPLA;) inhibitor), cells
were treated with 10 uM MAFP for 30 min before BNP stimulation.
After each treatment, conditioned medium was collected by centri-

fugation and 100 pl aliquots were added to 3 ml Optifluor and
analyzed in a Tricarb 2180 TR liquid scintillation counter (Packard
Instruments). Results were reported as percentile increase with
respect to controls (C).

2.5. Leukotriene B4 (LTB4) and prostaglandin E, (PGE,) release assay

1x10° Md>/well were pre-treated or not with 10 uM MAFP for
30 min before challenging with 107° M BNP for 3 h and, at the end of
experimental time, supernatants were collected and leukotriene By
(LTB4) and prostaglandin E; (PGE;) levels in the medium were
determined by enzyme immunoassay (EIA) (Cayman Chemical),
following manufacturer's instructions. Briefly, 50 ul LTB4 standard or
samples were added to the pre-coated mouse monoclonal anti-rabbit
IgG macrotitre plates. Subsequently, 50 pl LTB4 tracer and 50 pl
monoclonal antiserum of LTB4 were added into each well and the
mixture was incubated overnight at 4 °C. After incubation, the content
in each well was removed and the wells were washed 5 times with
PBS buffer containing 0.05% Tween-20. An aliquot of 200 ul Ellman's
reagent was added into each well, and the mixture was incubated for
2 h at room temperature with occasional shaking. The O.D. of the
solution was determined by a multi-well spectrophotometer (ELISA
reader) at 405 nm. A similar procedure was performed for PGE,
release determination, using pre-coated goat polyclonal anti-mouse
IgG macrotitre plates. LTB4 and PGE, concentration in each sample
was calculated as the concentration corresponding to sample's O.D.
values plotted on respective standard built-in curves. Values were
reported as percentile increase with respect to controls (C).

2.6. Cytokines production assay

The interleukins 10, 12, and TNF-a were determined by microplate
ELISA using commercially available appropriate kits from Pierce
Endogen according to the procedure recommended by the manufac-
turer. Briefly, 1x10° Md/well were challenged with 107° M BNP for
24 h and supernatants were then collected and eluted. The absorbance
of each well was measured by ELISA reader with wavelength set at
450 nm. Cytokines concentrations in each sample was calculated as
the concentration corresponding to samples' O.D. values plotted on a
standard built-in curve and then reported as percentage values.

2.7. Wound healing assay

1x10% monocytes/ml were plated in a chamber slide (Labtek,
Queensland, Australia) with RPMI-1640 medium containing 10% FBS
and 107® M PMA for 72 h to obtain THP-1Md. The cells were grown to
confluence and the monolayers were then wounded with a 10 pl
pipette as described [14]. After wounding, cells were washed three
times with PBS 1x to remove suspended cells and incubated for 24 h in
serum-free medium with or without 107° M BNP. Subsequently, the
cells were fixed with paraformaldehyde 4% in PBS 1x and labelled for
F-actin using tetramethylrhodamine isothiocyanate (TRITC)-conju-
gated phalloidin. Nuclei were stained with 4/,6’-diamidino-2-pheny-
lindole (DAPI). Images of cell samples were taken with a Leica DMRB
microscope using a digital camera. The images were representative of
five random fields in two slide preparations for each sample.

2.8. Reagents

RPMI-1640, L-glutamine, penicillin, and streptomycin were from
Eurobio Laboratoires. Foetal Bovine Serum (FBS) was from GIBCO (Grand
Island NY, USA). Human Brain Natriuretic Peptide-32 (BNP), Trypan blue,
DPI, MAFP, DCF-DA, PMA, sodium pyruvate, DAPI and paraformaldehyde
were from Sigma-Aldrich, Milano, Italy. [*H]-arachidonic acid (202,4 Ci/
mmol) from Amersham Biosciences, NJ, USA. Tetramethylrhodamine
isothiocyanate (TRITC)-conjugated phalloidin from Invitrogen Corp, CA,
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USA. Leukotriene B4 and prostaglandin E; assay kits were purchased
from Cayman Chemical. IL-10, IL-12 and TNF-« assay kits were from
Pierce Endogen. All reagents, especially mediums, BNP and PMA, were
routinely and accurately checked for any endotoxin contamination by
means of Limulus amebocyte lysate test (Bio Whittaker, Walkersville,
MD).

2.9. Statistical analysis

Data distribution was preliminarily verified by the Kolmogorov-
Smirnov test, and data sets were analyzed by one-way analysis of
variance (ANOVA) followed by Student-Newman-Keuls (SNK) test.
Differences were regarded as significant when P value was less than
0.05. Quantitative data were expressed as the percentile mean+S.D. of
at least four replicate determinations each performed in triplicate,
except where otherwise indicated.

3. Results

3.1. BNP effect on reactive oxygen species (ROS) and nitrite (NO)
production in THP-1 macrophages (Md)

In order to investigate whether BNP could regulate reactive oxygen
species (ROS) and nitrite (NO,) production in human THP-1 macro-
phages (M¢), different experiments were performed. At first, to
evaluate BNP ability to stimulate ROS production, cells were incubated
with 10 pM DCF-DA and then challenged with a range of hormone
concentrations (10"8-107'° M), varying from physiological to phar-
macological ones, for different experimental times (3, 6 and 9 h). The
dose response curve and time course of the BNP effect on ROS
production in THP-1M¢ are reported in Fig. 1. In this regard, BNP
exerts significant effects on ROS production after 3 h of treatment
independently of the concentration tested, showing a maximal effect
at 107° M BNP concentration, while no significant effects were de-
tectable at longer experimental times (6 and 9 h). For this reason, in all
experiments to be reported, BNP effects were evaluated challenging
THP-1M¢ with 107° M BNP. The relatively high background fluo-
rescence found in untreated cells is definitely related to the treatment
with PMA.

Since NADPH oxidase is the main enzyme complex implicated in
ROS production in phagocytic cells [15], we assessed whether it could
be involved in such BNP-induced production. For this purpose, THP-
1M¢ labelled with 10 uM DCF-DA were incubated with 107® M of DPI,
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Fig. 1. BNP effect on ROS production in THP-1 macrophages (M¢). 1x10%/ml cells
were labelled with 10 uM DCF-DA, as reported in the Materials and methods section,
and ROS production was assessed after cell exposure to different BNP concentrations
(1078-1071° M) for 3, 6 and 9 h. Results are expressed as fluorescence intensity,
reported as Fluorescence Units (F.U.), in respect to cells loaded with DCF-DA only (C).
Data are reported as mean+S.D. of 4 different experiments. *p<0.05, as reported from
SNK test in respect to unstimulated cells (C).
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Fig. 2. BNP effect on ROS production in the presence of DPI in THP-1M¢. 1x10/ml cells
were labelled with 10 uM DCF-DA, pre-treated with 10" M DPI for 30 min and then
challenged with 107® M BNP for 3 h. ROS production was assessed as reported in the
Materials and methods section and expressed as fluorescence intensity, reported as
Fluorescence Units (FU.), in respect to cells loaded with DCF-DA only (C). Data are
reported as mean+S.D. of 4 different experiments. *p<0.05, as reported from SNK test
in respect to unstimulated cells (C).

a selective NADPH oxidase inhibitor, and then challenged with 107° M
BNP for 3 h. Data reported in Fig. 2 show that BNP-induced ROS
production is dampened by the pre-treatment with the inhibitor and
that DPI alone does not affect ROS production. These results suggest
that BNP can exert a significant effect on ROS production in THP-1M¢
through the involvement of NADPH oxidase.

Later on, in order to furnish a further evaluation of BNP capability
to affect the release of oxidant molecules, experiments were
performed to evaluate whether this hormone could induce NO,
production. Since there is evidence for a shift in the time at which
maximal ROS and RNS production can occur [16], such evaluation was
assessed at 3, 6, 9 h and up to 24 h. Fig. 3 shows that 107° M BNP
induces a significant increase in NO, production which is already de-
tectable at 3 h, reaches a maximum at 6 h and maintains a plateau
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Fig. 3. BNP effect on NO, production in THP-1M¢. 1x10%/ml cells were challenged with
107 M BNP for 3, 6,9 h and up to 24 h. NO, released into the medium was assessed as
reported in the Materials and methods section. Values, expressed as the optical density
(0.D.) corresponding to NO, concentration per 1x10° cells, were divided by their
respective controls and multiplied by 100 to obtain the percentile increase. Data are
reported as percentile mean+S.D. of 4 different experiments, whereas 100% of NO,
production is 5 uM/1x10° cells. *p<0.05, as reported from SNK test in respect to
unstimulated cells (C).
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Fig. 4. BNP effect on arachidonic acid (AA) release in THP-1Md. 1x10%/ml cells were
incubated for 3 h with 1 uCi/ml [*H]-AA. After this time, culture medium was
eliminated, cells resuspended in serum-free medium and challenged with 107° M BNP
for 3 h. When requested, 10 uM MAFP was added for 30 min before BNP administration.
The [*H]-AA released into the medium was determined as reported in Materials and
methods section. Data are reported as percentile mean +S.D. of 4 different experiments.
*p<0.05, as reported from SNK test in respect to unstimulated cells (C).

up to 24 h of stimulation. As already stated, the high level of NO,
production in controls is likely to be the result of treatment with PMA,
especially after 24 h.

3.2. BNP stimulates the release of arachidonic acid (AA) and its
metabolites

An important marker of macrophage activation is represented by
arachidonic acid (AA) release from membrane phospholipids [17]
which can partly depend on oxidative stress, leading to the activation
of cytosolic phospholipase A, (cPLA;), the main enzyme entailed in
such release [18]. In this regard, to determine whether BNP could exert
any effect on AA release, experiments were performed labelling THP-
1M¢ with 1 uCi [*H]-AA and then challenging them with 10”° M BNP
in the presence or absence of 10 uM MAFP, a selective cPLA; inhibitor.
Fig. 4 shows that BNP induces a significant AA release in respect to
control cells after 3 h of stimulation, while no significant effects were
detectable after 6 or 9 h of treatment (data not shown). Moreover, this
process occurs through the involvement of cPLA; as the pre-treatment
with MAFP was able to totally abolish BNP-induced AA release.

Arachidonic acid is a precursor of a plethora of immune active
lipids, including prostaglandins and leukotrienes, which are the most
represented molecules in activated macrophages [19]. In this regard,
we investigated whether BNP could be able to affect leukotriene By
(LTB4) and prostaglandin E, (PGE,) production. Fig. 5 shows that BNP
significantly activates both LTB, and PGE, release from THP-1M¢ in
respect to untreated cells. Moreover, such release is also cPLA>-
dependent because cells pre-treated with MAFP were totally unable to
release both AA-derived metabolites. Taken together, these results
suggest that BNP stimulates arachidonic acid release as well as LTB,
and PGE, production through the involvement of cPLA,.

3.3. BNP effects on cytokine production

Another hallmark of activated macrophage is represented by
the release of a broad array of cytokines [11]. All cytokines display
pleiotropic activities, yet TNF-a and IL-12 are mainly considered
proinflammatory cytokines while IL-10 is a typical anti-inflammatory
cytokine, being also able to inhibit the synthesis of the same pro-
inflammatory ones [20]. Thus we investigated if BNP could, some-
how, also be able to affect or regulate these cytokines release. Fig. 6
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Fig. 5. BNP effect on leukotriene B, (LTB4) and prostaglandin E; (PGE;) release in THP-
1Md. 1x10%/ml cells were challenged with 10”° M BNP for 3 h. When requested, 10 uM
MAFP was added for 30 min before BNP stimulation. LTB4 and PGE; released into the
medium were measured by EIA assays, as described in the Materials and methods
section. Data are reported as percentile mean+S.D. of 4 different experiments, whereas
100% of LTB, is 18 pg/1x10° cells while 100% of PGE, is 20 pg/1x10°cells. *p<0.05, as
reported from SNK test in respect to unstimulated cells (C).

shows that BNP induces IL-10 release from THP-1M¢ after 24 h of
stimulation, while no variation can be detected in IL-12 and TNF-a
release in respect to unstimulated cells.
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Fig. 6. BNP effect on cytokines release in THP-1M¢. 1x10°/ml cells were challenged
with 107° M BNP for 24 h and IL-12, TNF-o, and IL-10 released into the medium were
measured by ELISA assays, as described in the Materials and methods section. Values,
expressed in terms of pg/1x10° cells, were divided by their respective controls and
multiplied by 100 to obtain the percentile increase, whereas 100% of IL-12, TNF-« and
IL-10 is 25.6, 14.8 and 13.8 pg/1x10° cells, respectively. Data are reported as percentile
mean+S.D. of 4 different experiments. *p<0.05, as reported from SNK test in respect to
unstimulated cells (C).
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Fig. 7. BNP effect on THP-1M¢ migratory capability. A confluent monolayer of THP-1Md® was ‘wounded’ with a pipette tip and incubated for 24 h in the absence (a) or presence of
107° M BNP (b). At the end of the treatment, cells were fixed with 4% paraformaldehyde and stained for polymerized actin (F-actin, in red) with tetramethylrhodamine isothiocyanate
(TRITC)-conjugated phalloidin. At right of panel (a1 and b1) is showed a magnification of cells indicated by white arrows in a and b, respectively. In fig. b1, the yellow arrows indicate
microspikes protruding from cell surface of THP-1Md> after 10~ M BNP incubation. Nuclei were stained with DAPI (blue). Scale bars, 100 um (a, b); 25 um (a1, b1) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.).

3.4. BNP and THP-1M¢ migratory capability

During inflammatory processes, macrophages are essential cellular
regulators that are recruited in inflamed sites and herein exert their
multiple functions [21]. Thus, we assessed whether BNP could be able
to affect THP-1M¢ migratory capability. A wound healing assay, which
is generally considered a simple and reliable test for evaluation of
cell motility, was thus carried out. As it can be seen in Fig. 7, after 24 h of
10° M BNP treatment, THP-1M¢ display clear healing and mor-
phological changes (Fig. 7b) in respect to unstimulated cells (Fig. 7a),
which are indicative of cell motility. At the molecular level, BNP-de-
pendent migration was accompanied by cytoskeleton remodelling.
Indeed, treated macrophages displayed typical F-actin rich microspikes
(Fig. 7b1) in respect to unstimulated cells (Fig. 7a1), thus demonstrating
BNP aptitude in regulating THP-1M¢ migratory capability.

4. Discussion

Since its identification, BNP has been regarded as a prominent
factor in renal and cardiovascular homeostasis [1]. Increased levels of
BNP are considered a useful and a substantial predictive marker of
several cardiac diseases, including myocardial infarction, congestive
heart failure and coronary syndromes [5]. Moreover, much investiga-
tions of BNP effects on the activation of fibroblasts, endothelial and
vascular smooth muscle cells, all of them being involved in those
processes implicated in pathologies progression, has been extensively
carried out [22,23]. Recently, evidence of an immunomodulatory role
of BNP has been accumulated [5,6] but no information is present-
ly available about possible effects of this hormone on leukocytes.
Therefore, the present study aims then at investigating BNP effects on

the activation of macrophages, whose role is crucial in those pa-
thologies characterized by an ongoing inflammatory process.

The present results provided evidence that BNP is able to ex-
tensively stimulate ROS production through NADPH oxidase and to
significantly increase NO, release in THP-1 macrophages. The in-
volvement of NADPH oxidase, one of the major macrophage ROS-
producing enzyme complex [15], can be envisioned even though
the involvement of several other ROS-producing flavin-dependent
enzymes, cannot be excluded [24,25]. Although necessary for ade-
quate immunity, ROS and RNS produced in high amounts by activated
macrophages may cause damage in host cells and contribute to sus-
tain the pathogenesis of several inflammatory diseases, such as septic
shock or arthritis [26]. Therefore, unraveling the mechanisms reg-
ulating ROS and RNS production is of particular interest to understand
the pathogenesis of several diseases. In this context, the role of BNP
might be relevant also considering that myocardial damage related to
an ischemic event is characterized by an important inflammatory
component [27]. Furthermore, it is now well recognized that ROS and
RNS may interact with each other, resulting both in the induction of
further new reactive species and in possible changes in their time of
occurrence [26]. In this regard, our different kinetics of maximal ROS
and NO, production obtained at 3 h and 6 h of stimulation, re-
spectively, may represent an amenable validation for such process,
above all concerning the loss of response of ROS production at 6 h and
9 h of BNP stimulation, but it could also suggest that BNP exerts its
effects by means of complex and time-dependent signal transduction
pathways. Moreover, it is increasingly recognized that loss of NPs
effects is due to the phenomenon of “NPs resistance”, namely the de-
crease or loss of NPs effects due to their repeated administration
which, in turn, depend on Guanylate Cyclase Receptors (GCRs) down-



V. Chiurchiil et al. / Regulatory Peptides 148 (2008) 26-32 31

regulation, desensitization as well as the up-regulation of NPR-C,
NPs scavenger receptor [28]. Furthermore, concentration depen-
dence in the increase of ROS formation in BNP-treated cells at 3 h
is not observed probably because BNP receptors become already
fully saturated at 10™° M, thus showing a maximal activity at this
concentration.

Additionally, our results account for a BNP ability to give rise to an
increase in arachidonic acid release by means of cPLA; involvement,
in parallel with the hormone-induced ROS increase. This can be
explained by the recent view that oxidative stress enhances PLA,
activity in a number of systems, constituting a critical factor in in-
flammation [18]. Coherently, our experiments disclose a marked LTB4
and PGE; release, accounting for BNP ability to both trigger cPLA,-
mediated AA release and its metabolites. Such a mechanism is con-
ceivable, as MAFP, the selective cPLA, inhibitor, was able to totally
inhibit these hormone effects. While LTB, accounts for a typical
proinflammatory lipid, PGE, can act both as a proinflammatory and
anti-inflammatory mediator depending on a context that is due, at
least in part, to the array of prostaglandin receptors that exhibit
opposing signalling pathways [19].

Moreover, it is well documented that PGE, can modulate cytokines
production in several cell types [29,30], up-regulating the production
of IL-10 by macrophages and potently inhibiting IL-12 and TNF-a
release by dendritic cells (DCs) [31]. Interestingly, our results show
that BNP is incapable of inducing proinflammatory cytokines release,
namely TNF-a and IL-12, but it results in a marked IL-10 release,
suggesting an anti-inflammatory cytokines profile induction. Finally,
another point which deserves attention is represented by our data
concerning BNP effect on macrophages migration. Our results, in fact,
demonstrate that BNP is also able to increase the migratory activity
of THP-1M¢ after 24 h of stimulation. Since chemoattraction of mac-
rophages into tissues is an essential step in the host response to
infection [21], it would be facile to assume that our evidence point to a
critical role for the hormone in mediating cell motility.

In summary, the ability of BNP to control three important aspects
of macrophage activation such as the induction of ROS, NO, and LTB4
production, may represent an evidence supporting a proinflammatory
action of this cardiovascular hormone, whereas increases in BNP-
induced PGE; and IL-10 levels may support an anti-inflammatory one.
In conclusion, our results are the first to demonstrate a role for BNP as
a direct determinant of macrophages activation rather than a para-
crine mediator of tissue responses to inflammation-induced vascular
stress. Although Dipeptidyl-peptidase IV can convert BNP (1-32) into
its des-Ser-Pro form (3-32) [32], we believe that the effects observed
are due to intact BNP because the peptidase IV is found soluble in
plasma or expressed mainly on endothelial cells, epithelial cells and
T-lymphocytes [33]; the only macrophage phenotype in which this
enzyme has been found is alveolar macrophages [34], but yet no
evidence on THP-1 macrophages has been reported. Furthermore, in
a recent study, the effects of BNP (3-32) have been compared to
those of BNP (1-32), showing reduced natriuretic, diuretic and vaso-
active properties of BNP (3-32) [35]. This allows us to hypothesize
a putative role for BNP as an important modulator of different
processes involved in several inflammatory pathologies develop-
ment, thus providing new perspectives in controlling those scenarios
where increased BNP plasma levels have been reported.
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