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ABSTRACT: The pleural membrane consisting of pleural mesothelial cells and its
underlying connective tissue layers play a critical role in immunological responses in
both local and systemic diseases. The pleura, because of its intimate proximity to the
lung, is positioned to respond to inflammatory changes in the lung parenchyma. Importantly,
several systemic diseases have a predilection for expression on the pleural surface.

Immunological responses in the pleura include the development of pleural
permeability and pleural effusion formation as well as the development of pleural
fibrosis and scarring. Under either circumstance, the normal functioning of the pleura is
impaired and has multiple consequences leading to increased morbidity and even
mortality for the patient.

During infections in the pleural space, the pleural mesothelium responds by actively
recruiting inflammatory phagocytic cells and allowing the movement of proteins from
the vascular compartment into the pleural space. The release of chemokines by the
pleural mesothelium allows for directed migration of phagocytic cells from the basilar
surface of the pleura towards the apical surface.

In malignant disease, the pleura may be the site of primary tumours such as
mesothelioma and also the site for malignant metastatic deposits. Certain cancers such
as cancers of the breast, ovary, lung, and stomach have a predilection for the pleural
mesothelium. The process whereby malignant cells attach to the pleural mesothelium
and develop autocrine mechanisms for survival in the pleural space are elucidated in this
review. The pleura functions not only as a mechanical barrier, but also as an
immunologically and metabolically responsive membrane that is involved in maintaining
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a dynamic homeostasis in the pleural space.
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The pleura is a dynamic, metabolically active membrane
that is involved both in maintaining homeostasis as well as in
responses to pleural inflammation. The pleural membrane, by
expressing certain proteins on its surface and its plasticity, is
involved during the quiescent and normal functioning of the
mesothelium. Perturbation of the homeostatic balance causes
a remarkable and abrupt change in the mesothelium. The pleural
mesothelial cell is an active participant in the immunological
responses and orchestrates a cascade of events that are aimed
at eliminating the antigen and maintaining normal pleural
function. Some of the responses will be described below.

Pleural anatomy

The pleura encloses the chest cavity and is derived from the
primitive mesoderm [1-3]. The thoracic cage has two separate

individual pleural cavities which are also separated from the
pericardial cavity. This arrangement allows flexibility as the
organs grow or change in shape and form within the limited
space of the thoracic cage. The pleural cavity is a closed space
between the visceral and parietal pleura [4, 5]. Both the
parietal and the visceral pleura are similar in mesodermal
origin and have minor differences in anatomical structure.
The pleura extends into the interlobar fissure and may, during
inspiration, fill the pleural cavity to form recesses on the
surface of the lung. The pleura is essential for the efficient
functioning of the lung. It provides protection and allows for
a smooth, lubricating, elastic surface for movement of the
lung bellows during inspiration and expiration. The pleural
mesothelium is lubricated by a small amount of pleural fluid
and varies in thickness between different animal species. The
most striking finding on examination of the pleural surface via
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microscopy are the number of microvilli [6-8]. The microvilli
are ~0.1 uM in diameter and up to >3 puM in length. They
exist singly, but often group together. The density of the
microvilli ranges between 100-600 per 100 square microns.
There is a higher density of microvilli on the visceral surface
than on the parietal surface. There are anatomical variations
of the pleura based upon the organ that it covers. For
example on the visceral surface, the pleura is thin with
flattened mesothelial cells and sparse microvilli. On the
parietal surface, the pleura may be dense and fuse with the
periosteum of the underlying rib. The normal amount of
pleural fluid is ~0.5 —1 mL and contains 1-2 g of protein per
100 mL [9-11]. There are ~1,500-4,500 cells in 1 mL of
pleural fluid. These are mononuclear cells with occasional
lymphocytes. The mononuclear cells are mostly macrophage-
like. The pleura is a monolayer of mesothelial cells, but also
has several layers below the monolayer that include: 1) the
basil lamina; 2) an elastic layer; 3) a loose connective tissue
layer; 4) a deeper fibro-elastic layer.

The nerves, vessels, and lymphatics lie in the loose
connective tissue layer. Thus, in disease states where there is
inflammation of the pleura, cells have to traverse through the
connective tissue layer into the basil lamina and out through
the mesothelial surface into the pleural space. There are some
well-documented communications between the pleural cavity
and the lymphatics. These include stomas, membrana
cribriformis, and lacunae [12-18].

The pleural mesothelial cell

The pleural mesothelial cell is a functionally dynamic cell
which has an apical surface which is covered with microvilli
and a defined basilar surface. Between the cells are apical-type
junctions, adherins junctions, intermediate junctions, ZO-1
type junctions, and desmosomes [18]. On ultrastructrual
evaluation of the mesothelial cell, it is found to contain
both rough and smooth endoplasmic reticulum, mitochon-
dria, as well as several membrane-bound micropinocytotic
vesicles and larger vesicles [19]. The pleural mesothelial cell
expresses epithelial keratins as well as vimentins [20-22]. The
uptake of extracellular fluid by mesothelial cells is demon-
strated by the pinocytosis of horseradish peroxidase and is
both time and dose dependent. Large, solid particles are
ingested by pleural mesothelial cells in culture. Crysotile
asbestos fibres have been demonstrated to be taken up by
parietal pleural mesothelial cells and are present in phagocytic
vacuoles. Pleural mesothelial cells also ingest quartz, latex
particles, mycobacteria, and bacteria. They synthesise macro-
molecules of connective tissue including collagen, elastin, and
laminin. They are known to release oxygen radicals including
long-acting forms of oxidant species. The collagens are a
major component of the pleural extracellular matrix and
comprise up to 80% of the extracellular pleural dry weight.
Type-I as well as type-III collagen fibrils are found in pleural
connective tissue. Pleural mesothelial cells also produce elastic
fibres comprising of elastin microfibrils. Pleural mesothelial
cells also produce proteoglycans, which are comprised of a
protein core to which a large number of repeating carbo-
hydrate chains are attached.

Pleural permeability during inflammation

Exudative pleural effusions with a high protein content
remain one of the markers of pleural involvement in either a
local or systemic disease [23]. During the process of
inflammation, the leak of proteins across the pleural

membrane breaches the integrity of the membrane [10].
During equilibrium, the small amount of protein in the
pleural fluid is maintained via homeostatic mechanisms. To
date, the hypothesis put forward for the mechanisms of
exudative pleural fluid accumulation include increases in
hydrostatic pressure, decreases in oncotic pressure, decreases
in the pressure in the pleural space, and impaired lymphatic
pleural fluid drainage from the pleural space. The pleural
mesothelium, which is considered to be a simple membrane,
has emerged as a dynamic cellular organ that is capable of
pericellular permeability [24]. Mesothelial barrier dysfunction
occurs during the process of inflammation. Changes in pleural
permeability to proteins have been demonstrated with
exposure of pleural mesothelial monolayers to lipopolysac-
charide (LPS), thrombin, and bacteria [25, 26]. The inter-
action of the mesothelium with cytokines or bacteria can
cause mesothelial cells to release vascular endothelial growth
factor (VEGF) [27]. VEGF is a potent mediator of endothelial
permeability [28]. It is a 3543 kD polypeptide expressed in
several isoforms. It is also known as vascular permeability
factor. It has been demonstrated to play a central role in the
formation of ascites in animal models and has been found in
high quantities in pleural effusions in patients with malignant
disease or parapneumonic effusions. VEGF is one of the
factors that have been shown to cause a change in pleural
permeability to protein molecules.

Cellular trafficking during inflammation

Despite general agreement that the pleura, when inflamed,
allows for direct participation of the mesothelial cell in
pathogenesis of the effusion, there are very few studies that
address the role of the mesothelial cell in cell trafficking into
the pleural space. The primary or earliest events during
pleural inflammation are mediated via the response of the
mesothelial cell and secondarily by the recruited inflamma-
tory cells in cytokines that are activated by the primary
mesothelial responses. Acute inflammatory processes are
associated with the development of an inflammatory cell
rich pleural effusion. A migration of neutrophils followed by
mononuclear phagocytes and lymphocytes is a characteristic
feature of this inflammation. These inflammatory cells move
from the vascular compartment into the pleural space. These
phagocytic cells move from the basilar surface of the
mesothelium that is covered by a capillary network towards
the apical surface of the mesothelium. The sentinel role of the
mesothelial cell in orchestrating this phenomenon is still being
elucidated [29-32].

Mesothelial cells have been shown to express intercellular
adhesion molecule (ICAM)-1. Following exposure to tumour
necrosis factor (TNF)-o and interferon (IFN)-y, these
adhesion molecules allow for adherence of the neutrophils
or monocyte to the mesothelial cell via the CD-11/CD-18
integrin on the phagocytic cell [33-36]. Expression of these
adhesive glycoproteins by the mesothelial cell allow the
phagocytic cell to migrate through the intercellular spaces
into the pleural compartment.

Pleural mesothelial cells contain contractile actin filaments
as shown by Rhodamine Phalloidin staining. Activation of
mesothelial monolayers results in the development of inter-
cellular gaps associated with architectural changes of the actin
filaments and contraction of mesothelial cells. The appear-
ance of intercellular gap formation is mediated via the
cadherins (fig. 1) which are transmembrane intercellular
connections between mesothelial cells at adherens junctions.
The cadherins are a family of cell-adhesion receptors that are
crucial for homophilic binding between mesothelial cells and
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Fig. 1.—-Pleural mesothelial cells stained for N-cadherin. Fluorescein

play an important role in cell morphology and permeability
[37-39]. Cadherins are calcium dependent. They are linked
to the actin filaments via catenins (fig. 2). Downregulation
of these proteins is associated with increased pleural per-
meability to cells and protein. The cadherins were initially
described on endothelial cells and include E-cadherin
(epithelial cadherin), P-cadherin (placental cadherin), and
N-cadherin (neural cadherin). Mesothelial cells express all
three cadherins. The phenomenon of opening up of adherens
junctions between pleural mesothelial cells is reversible with
mesothelial cells returning to their normal shape with closure
of junctions within 15 min in vitro when stimulated. Thus,
adherens junctions function as "zippers" between mesothelial
cells. The transfer of neutrophils across mesothelial monolayers

Fig. 2.—Pleural mesothelial cells stained for B-catenins. Fluorescein
isothiocyanate labelled. Zeiss-confocal microscope. Internal scale
bar=5 microns.

is associated with a drop in electrical resistance across the
pleural membrane.

The mesothelium in infectious diseases

The pleural mesothelial cell is responsible, in part, for the
accumulation of neutrophils and mononuclear phagocytes in
the pleural space. A recently described chemotactic-cytokine
family, called the chemokine family [32] which is made up of
three closely related polypeptide subfamilies has been
described in pleural mesothelial cells. These subfamilies are
generically known as the chemokine family and include the
C-X-C chemokines, the C-C chemokines, or a C chemokine
known as lymphotactin. Chemokines are 7-10 kD are
heparin-binding proteins. Mesothelial cells release interleukin
(IL)-8 which is a member of the C-X-C chemotactic-
chemokine family. IL-8 has been found in significant
quantities in pleural fluids obtained from patients who
develop parapneumonic effusions and is found in higher
concentrations in empyema pleural fluid than in those with
uncomplicated parapneumonic effusions [35]. Inhibition of
IL-8 released by mesothelial cells inhibits neutrophil chemo-
taxis in a chemotactic Boyden Chamber assay. There is
significant correlation between the amount of IL-§8 and the
number of neutrophils in empyema fluid. IL-8 inhibited
neutrophil entry by 80% in vivo in a rabbit model of endotoxin
pleurisy antibodies to rabbit [33]. Thus, IL-8 appears to be an
important cytokine in the development of acute pleural
inflammation. Others have demonstrated that IL-1, TNF-a,
and LPS also cause expression of IL-8 messenger ribonuclie
acid (mRNA) as tested via Northern-blot analysis in
stimulated mesothelial cells (table 1).

In granulomatous diseases of the pleura, the pleural fluid
consists primarily of mononuclear cells. In animal models of
tuberculosis (TB) pleurisy, neutrophils are seen to predomi-
nate in the first 24 h following instillation of bacillus calmette-
guerine (BCG) followed by large influx of macrophages [40].

Table 1.—Pleural fluid cytokines

Infectious disease
Interleukin-8 (IL-8)
Epithelial Neutrophil Activating Protein-78 (ENA-78)
Monocyte Chemotactic Protein-1 (MCP-1)
Macrophage Inflammatory Protein-1o. (MIP-10)
Interleukin-1o (IL-10)
Interleukin-1p (IL-1B)
IL-1 Receptor Antagonist Protein
Interleukin-6 (IL-6)
Transforming Growth Factor-p (TGF-p)
Fibroblast Growth Factor (FGF)
Granulocyte-Monocyte Colony Stimulating Factor (GMCSF)
Insulin-Like Growth Factor-1 (IGF-1)
Endothelin-1 (ET-1)

Malignant disease
Plasminogen Activator Inhibitor-1 (PAI-1)
Endothelin-1 (ET-1)
Soluble ICAM-1
Platelet-Derived Growth Factor (PDGF)
Fibroblast Growth Factor B (FGFp)
Vascular Endothelial Growth Factor (VEGF)
Insulin-Like Growth Factor-1 (IGF-1)
Epidermal Growth Factor (EGF)
Hyaluron
Metalloproteinases (MMP)
Tissue Inhibitor of Metalloproteinases (TIMP)
Interleukin-6 (IL-6)
Interleukin-8 (IL-8)
Macrophage Inflammatory Protein-1o. (MIP-10a)
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A C-C chemokine, namely monocyte chemotactic protein
(MCP)-1, has been found in large quantities in tuberculous
pleural fluid. It is an 8.4 kD protein member of the supergene
family of C-C chemotactic cytokines [41]. Macrophage
inflammatory protein (MIP)-loo has also been found in
pleural fluid from patients with TB pleurisy. In patients
where there is a loss of immune function such as patients with
acquired immune deficiency syndrome (AIDS), the level of
both monocytes and specific monocyte chemokines are lower
in patients who have pleural tuberculosis. IFN-y is an
important proximal cytokine in the recruitment of mono-
nuclear cells and is found in high quantities in pleural
effusions of patients with TB pleurisy. The presence of IFN-y
is consistent with previous reports that suggest that the
T-helper cell type 1(Thl) subset of lymphocytes mediate the
responses to mycobacterial infections [42]. When there is
compartmentalisation of the CD4 cells in the pleural space, of
patients with TB pleurisy, there is an increase in the amount
of IFN-y production. Neutralisation of the IFN-y production
causes abrogation of the local chemokine production by
mesothelial cells and a decrease in the MIP-1oo and MCP-1
expression. Importantly, IL-4 causes a downregulation of the
production of these chemokines.

The mesothelium in malignant disease

Understanding the pathogenesis of the disease process
may help identify better management algorithms for these
patients. The attachment of a malignant cell to the pleural
mesothelium sets into play multiple factors that eventually
result in the movement of the malignant cell through the
pleural monolayer out into the pleural space. An example
of malignant-cell interaction with the mesothelial cell is
that of the interaction between hyaluron, a mesothelial-
cell derived extracellular matrix protein, and its CD44
receptor expressed by malignant cells with a predilection for
the pleura [43-49]. Hyaluron is a high molecular-weight
polymer composed of repeating saccharide units. It is known
to be produced in large quantities by mesothelial cells. While
high molecular-weight hyaluron remains a relatively inactive
component, low molecular-weight hyaluron produced by
hydrolysis of the high molecular-weight hyaluron is a very
active protein fragment. Several cancer cells express a pre-
dilection for metastasis to the pleural surface. These include
breast, ovary, lung, and stomach. Breast cancer cells express
CD44 receptor and have a predilection for the pleural
mesothelium. Addition of CD44 antibody to media blocks
the adherence of malignant breast cancer cells to mesothe-
lial monolayers [50]. Others have demonstrated that the
hyaluron-CD44 complex is internalised into the malignant
cell and undergoes hydrolysis via acid hydrolases. Hyaluron,
which is a large molecular-weight component, is broken up
into several small activated low-molecular weight fragments
which can now participate in the process of transmigration
of a malignant cell through the pleura. Thus, a gradient
of hyaluron is set-up through the mesothelial monolayer.
The malignant cell can now move from the basilar surface
of the mesothelium to the apical surface into a hyaluron-
rich environment where it can establish itself and proliferate.
Malignant cells are also known to produce large quantities
of VEGF which changes the mesothelial monolayer per-
meability allowing for a protein-rich environment to be
established on the apical surface of the pleura. This change
in pleural permeability is also associated with malignant
cell transmigration through the mesothelial monolayer.
Tumour cells that produce fibroblast growth factor (FGF)
can also affect their own ability to migrate and grow. In other

studies, investigators have found suppression of metastasis
formation in pleural colonisation by melanoma cells with
blockage of CD44 receptors on malignant cells [51, 52].
Similar studies have been shown with pleural mesothelioma.
Thus, it appears that one of the reasons why certain cancers
have a predilection for the pleura may relate to their ability
to express receptors for factors such as hyaluron which are
produced in large quantities by the mesothelial cell. Once
a malignant cell is established on the pleura, it produces
factors such as VEGF and basic fibroblast growth factor
(bFGF) to increase angiogenesis [53-55]. Angiogenesis is
the process whereby new vessels emerge from existing
endothelial-lined vessels. This is an invasive process that
uses proteolysis of the extracellular matrix with proliferation
and migration of endothelial cells. To achieve an adequate
blood supply and further metastasise, the tumour cell
produces factors that initiate the process of angiogenesis.
Low molecular-weight hyaluron is angiogenic and can cause
new endothelial sprouts and blood-vessel formation which
increases its capacity to metastasise. It is important to realise
that there are multiple factors that come into play at different
stages of the metastatic cascade. These may have overlapping
functions.

Treatment of diseases of the pleura

Treatments of diseases of the pleura exploit the underlying
immunological mechanisms of pleural disease. In patients
with empyema, fibrinolytic therapy has moderate success in
selected patients and is useful in decreasing the complications
of empyema. Fibrinolytic therapy is directed at inhibiting the
coagulation cascade and allowing the newly formed fibrin to
undergo fibrinolysis prior to the cellularisation of fibrin
strands. When used at the appropriate time during the
development of an empyema, resolution of a multiloculated
pleural effusion can occur with minimal residual pleural
fibrosis. In patients with malignant disease, attempts have
been made to stimulate the intrapleural immune responses
against invading malignant cells. In patients with malignant
mesothelioma, IFN-y instillation was associated with some
improvement, but was abandoned because of multiple side-
effects. Another form of therapy that is commonly used with
patients with malignant disease is pleurodesis [56]. Among the
sclerosing agents used are tetracycline, hydrochloride, doxy-
cycline, and minocycline. However, talc has immerged as the
most effective agent and has been studied both in vivo and
in vitro [56-58]. In patients given talc, there is the rapid release
of bFGF into the pleural space as measured in pleural fluid
following talc insufflation. bFGF allows for an exuberant
pleural fibrotic response to occur on the visceral and parietal
pleura allowing for proliferation of fibroblasts and oblitera-
tion of the margins between the two pleural surfaces. It
appears that the larger the surface area of normal mesothelial
cells exposed to the talc, the higher the level of bFGF [59, 60].
This correlated with successful pleurodesis [61]. This also
indicates that a vigorous response by normal pleural
mesothelial cells, which are interspersed between the meta-
static deposits, is critical for achieving pleural sclerosis. Thus,
intimate approximation via adherence or phagocytosis of talc
by mesothelial cells is important in the production of pleural
sclerosis.
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