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ABSTRACT

Pulmonary hypertension is a prevalent complication of chronic obstructive pulmonary disease (COPD) that is associated
with poor prognosis. Although pulmonary hypertension is usually diagnosed in patients with advanced disease, changes
in pulmonary vessels are already apparent at early disease stages, and in smokers without airflow obstruction. Changes
in pulmonary vessels include intimal hyperplasia, resulting from proliferating mesenchymal cells, and elastic and collagen
deposition as well as endothelial dysfunction. Dysregulation of endothelium-derived mediators and growth factors and
inflammatory mechanisms underlie the endothelial dysfunction and vessel remodeling. Circumstantial and experimental
evidence suggests that cigarette smoke products can initiate pulmonary vascular changes in COPD and that, at advanced
disease stages, hypoxia may amplify the effects of cigarette smoke on pulmonary arteries. Bone marrow-derived progenitor
cells may contribute to vessel repair and to vessel remodeling, a process that appears to be facilitated by transforming growth
factor-p.
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Chronic obstructive pulmonary disease (COPD) is a
highly prevalent disorder and a major cause of mortality
worldwide. It is characterized by progressive airflow

VASCULAR CHANGES

Patients with COPD present conspicuous changes in

limitation, which is associated with a chronic inflammatory
process in the airways and lung parenchyma, in response
to noxious particles or gases, particularly cigarette smoke.
Small airways disease and parenchymal destruction are
the main structural abnormalities, although changes
in pulmonary vessels also represent an important
component of the disease. Alterations in vessel structure
may progress and result in pulmonary hypertension,
a complication that may develop in > 50% of patients
with an advanced disease.! The presence of pulmonary
hypertension is associated with shorter survival® and
more frequent exacerbation episodes.® In the present
review, we will address the current knowledge on the
underlying mechanisms for the development of pulmonary
hypertension in COPD.
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pulmonary vessels (vascular remodeling) that affect
predominantly small size vessels (muscular arteries and
arterioles). Intimal hyperplasia is the most prominent
feature in pulmonary muscular arteries. It is apparent in
vessels of different sizes, although it is more pronounced in
small arteries with a diameter of < 500 um.**! In addition,
there is muscularization of the arterioles, which also show
intimal enlargement. Changes in the tunica media are less
conspicuous and the majority of studies have failed to show
any striking differences in the thickness of the muscular
layer in COPD patients as compared with controls.*7”

Intimal hyperplasia is produced by proliferation of cells that
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express smooth muscle a-actin and other mesenchymal
markers like vimentin.® In addition, there is deposition of
elastic and collagen fibers® (Fig. 1). Pulmonary vascular
remodeling is apparent in patients with different degrees of
COPD severity, and the presence of pulmonary hypertension
does not seem to be associated with greater derangement of
the vessel structure.”! Furthermore, intimal hyperplasia™
and muscularization of small pulmonary arteries! of similar
magnitude than in COPD also occur in heavy smokers with
normal lung function. In fact, studies in experimental
models of COPD indicate that pulmonary vascular changes
antecede the development of emphysema.!%

Patients with COPD and smokers without airflow
obstruction show an increased number of inflammatory
cells infiltrating the adventitia of pulmonary muscular
arteries, largely constituted by activated T lymphocytes
with a predominance of the CD8+ T cell subset.'*?l The
number of neutrophils, macrophages, and B lymphocytes
are minimal and do not differ from control nonsmokers.

Atthe inspection with electron microscopy, the endothelial
surface of pulmonary arteries of patients with COPD
may show loss of cell junctions and areas of endothelial
denudation (Fig. 2).

RELEVANT MEDIATORS

In COPD, changes in vessel structure are accompanied
by changes in endothelial function and in the
expression of angiogenic and growth factors. Reduced
endothelium-dependent relaxation, denoting endothelial
dysfunction of pulmonary arteries, has been shown in patients
with end-stage COPD who underwent lung transplantation*?!
as well as in patients with mild-to-moderate COPD.[®!
Endothelial dysfunction is associated with reduced expression
ofendothelial nitric oxide synthase (eNOS)™* and prostacyclin
synthase (PGI2-S)[**! changes that favor vessel contraction
and cell proliferation. Pulmonary arteries of patients with
COPD also show increased expression of vascular endothelial
growth factor (VEGF) and the receptor-II of transforming
growth factor-beta (TGF-BRII)."”!

In a recent study, Seimetz et al.¥! showed in lungs of
patients with advanced COPD downregulation of eNOS
mRNA and protein, whereas inducible NOS (iNOS)
was upregulated. Similar findings were observed in
lungs of smokers without COPD and in mice exposed
to cigarette smoke.[! Upregulation of iNOS may favor
vascular remodeling either through activation of an
inflammatory mechanism or the differentiation of bone
marrow-derived progenitor cells.”” Overall, downregulation
of endothelium-derived antiproliferative agents associated
with increased growth factor activity may concur and
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Figure 1: Characteristics of remodeling of pulmonary arteries in
COPD. (A) Pulmonary muscular artery with an enlarged intima showing
abundant cells with positive immunostaining to o-smooth muscle actin
antibody. (B) Section of a hyperplasic intima of a muscular artery stained
with orcein. Note the abundant deposition of elastic fibers. (C) Collagen fibers
stained blue with Masson’s trichrome stain.

Figure 2: Scanning electron microscopy of the endothelial surface of
pulmonary arteries. Patients with COPD show frequent detachments between
endothelial cells (A) and areas of denuded endothelium (B).

contribute to cell proliferation and remodeling in
pulmonary arteries in COPD.

EFFECTS OF CIGARETTE SMOKE

Different mechanisms may contribute to the development
of endothelial dysfunction and vascular remodeling in
pulmonary vessels, including hypoxia and inflammation.
However, in recent years, attention has been focused on the
potential effects of cigarette smoke products as initiating
factors of the pulmonary vascular derangement in COPD.[*8!
Circumstantial evidence supports this contention, since most
changes observed in pulmonary arteries of COPD patients
have also been noticed in pulmonary arteries of smokers
without COPD. Studies from our laboratory have shown that
“healthy” smokers without airflow obstruction show intimal
hyperplasia,’® reduced expression of eNOS,[!* increased
expression of VEGE!® and inflammatory cell infiltrate[*!! in
pulmonary arteries at a similar level than in patients with
COPD, which is clearly different from that of nonsmokers.
Furthermore, a recent study evaluating genes potentially
involved in pulmonary vascular changes has shown more
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similarities in lung gene expression between “healthy”
smokers and patients with mild-to-moderate COPD than
between the later and patients with end-stage COPD.* This
has prompted the hypothesis that cigarette-smoke products
play a key role in initiating vascular changes that may
eventually progress to pulmonary hypertension in COPD.[8201

Experimental studies have provided support to this
hypothesis. Su et al.?!! showed that in human pulmonary
artery endothelial cells (HPAEC) exposed to cigarette
smoke extract, eNOS activity, and protein content decreased
in a time- and dose-dependent manner. Furthermore,
prostacyclin synthase (PGI,S) mRNA and protein content in
HPAEC also decreased when cells were exposed to cigarette
smoke extract and acrolein, a potent of unsaturated
aldehyde found in cigarette smoke.™"!

Guinea pigs®?2 and micel chronically exposed to
cigarette smoke develop changes in pulmonary vessels
that resemble those seen in COPD patients. Interestingly,
studies in experimental models of COPD have revealed
that remodeling (muscularization of small intrapulmonary
vessels) may antecede the development of pulmonary
emphysema.l>'%?2 This finding agrees with the observation
of pulmonary vascular changes in “healthy” smokers or
in patients with mild COPD and provides support to the
hypothesis that pulmonary vascular remodeling in COPD
mightbe initiated by the effects of cigarette smoke products
on pulmonary vessels.

Guinea pigs exposed to cigarette smoke show increased
numbers of inflammatory cells (neutrophils, macrophages,
and eosinophils) in the adventitia of intrapulmonary
vessels,?3 suggesting that vascular changes in exposed
animals might have, at least in part, an inflammatory
mechanism. In this experimental model, cigarette smoke
produces endothelial dysfunction in pulmonary arteries
but not in systemic arteries, indicating that vascular
impairment induced by cigarette smoke develops earlier in
pulmonary vessels, presumably as a consequence of greater
lung concentration of smoke products.?%

Guinea pigs exposed to cigarette smoke develop pulmonary
hypertension and right ventricular hypertrophy at levels
similar to those seen in animals exposed to hypoxia.[?4
Interestingly, animals exposed to cigarette smoke and
subsequently to hypoxia show greater increase in pulmonary
artery pressure and more prominent remodeling in small
pulmonary vessels that when exposed to cigarette smoke
or hypoxia alone.?* This suggests synergism between the
effects of cigarette smoke and hypoxia, which might explain
the well-established association between hypoxemia and
pulmonary hypertension in COPD. Conceivably, patients with
pulmonary vascular dysfunction and remodeling originated by
the effects of cigarette smoke products are more susceptible

to the effects of hypoxia. The latter; which usually develops
in patients with advanced disease, may further amplify
pulmonary vascular changes induced by cigarette smoke.

PROGENITOR CELLS

Intimal hyperplasia of pulmonary arteries in COPD
is produced by the proliferation of cells expressing
common mesenchymal and smooth muscle cell (SMC)
markers (Fig. 1) and lack some markers characteristic
of mature SMC such as desmin.[®! The expression pattern
of intermediate filaments may discriminate between a
synthetic phenotype of SMC and the contractile phenotype
observed in mature cells.?! Accordingly, vimentin-positive,
desmin-negative cells may represent a subpopulation
of mesenchymal cells (poorly differentiated SMCs,
myofibroblasts) that may possess synthetic capacity and
take part in an ongoing process of vascular remodeling.

The origin of these poorly differentiated cells in the intima of
pulmonary arteries is not fully understood. Hypothetically,
several possibilities can be considered: (1) dedifferentiation
of mature SMC in the muscular layer and migration toward
the intima,?9 (2) transdifferentiation from endothelial
cells through an endothelial-to-mesenchymal-transition
process, (3) differentiation from resident precursor cells,
and (4) recruitment and differentiation from circulating
bone marrow-derived progenitor cells.

The bone marrow has the capacity to synthesize and mobilize
progenitor cells that can regenerate several tissues, among
them the so-called endothelial progenitor cells (EPCs)
that may contribute to vascular re-endothelization and
vasculogenesis.l?”) The characterization and functional
properties of EPCs remains controversial.*®! Using antibodies
against CD133, a marker of progenitor cells derived from
the bone marrow, we have identified cells showing positive
immunoreactivity to this antigen in denuded areas of the
endothelium and within the intimal layer of pulmonary
arteries from patients with COPD."?” Interestingly, the number
of progenitor cells present in the vessel wall was associated
with both the contractile response to hypoxic stimulus, which
is associated with endothelial function,®® and the degree of
remodeling of pulmonary arteries, thus suggesting that these
cells could be involved not only in endothelial repair but also
in the remodeling of pulmonary vessels.?”) Therefore, bone
marrow-derived progenitor vascular cells might exert a
dual, opposite effect, contributing to vascular repair through
differentiation into endothelial cells or to vessel remodeling
through differentiation into SMC. In fact, labeled CD133+ cells
coincubated with human isolated PA could migrate from
the vessel lumen to the endothelial surface, where they
differentiated into endothelial cells, or deeper into the intima,
where they differentiated into SMCEY (Fig. 3).
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Figure 3: Transmission electron microscopy images of (A) CD133 cells
labeled with Dil-acLDL-I that were injected into the lumen of a pulmonary
artery. (B) After 4 days incubation, CD133 labeled cells, identified by large
cytoplasmic vesicles, differentiated into endothelial cells at the lumen
surface. (C) CD133 cells infiltrating the intima acquired a smooth muscle
cell-like phenotype.

)

Little is known about the mechanisms by which bone
marrow-derived circulating EPCs can migrate and
differentiate into SMCs in the intima of pulmonary arteries
and contribute to vessel remodeling. Progenitor cells
lying on the luminal surface of pulmonary arteries may
come into contact with endothelial cells or they may be
chemo-attracted by SMCs and migrate into the intima.
Diez et al.’? showed that pulmonary SMCs exert greater
stimulus on EPCs migration than endothelial cells,
suggesting that in pathological conditions this phenomenon
could alter the normal process of endothelium repair and,
thus, promote pulmonary vascular remodeling. Smooth
muscle cells can release several stimulatory cytokines,
including TGFf21, which can actively induce EPCs to migrate
toward the intima.

Smooth muscle cells could also originate by
transdifferentiation from endothelial cells, a process known
as endothelial-to-mesenchymal-transition (EnMT). This
process plays an important role in vascular development
and in some vascular disorders.3! The EnMT process
requires the activation of related transcription factors
like Snail, Slug, Zeb1, and Zeb 2,*¥ which in endothelial
cells switch the gene expression profile to upregulation
of mesenchymal genes along with the downregulation of
typical endothelial gene markers such as VE-cadherin and
CD31. In our laboratory, we have shown that coculture
of CD133+ cells with SMCs increases the expression of
mesenchymal cell markers [smooth muscle (SM) a-actin
and SM22-a and myocardin] and decreases the expression
of the endothelial cell marker CD31.%2 Furthermore, in the
same conditions, we have observed a concomitantincrease
in the gene expression of EnMT-related transcription
factors (Slug, Snail, Zeb1), indicating that mesenchymal
phenotype acquisition occurred through an EnMT-like
process. Interestingly, inhibition of TGFf receptor I (TGFBRI)
downregulated Snail gene expression, blocked the EnMT,
and facilitated the differentiation of EPCs to the endothelial
cell lineage. Furthermore, TGFBRI inhibition decreased
migration of EPCs stimulated by SMCs without affecting
their functionality and adhesion capacity.*?! These findings

suggest that bone marrow-derived progenitor cells may
differentiate into mesenchymal cells in hyperplasic intima
through an EnMT-like process and that TGFB-1 plays an
important role in the fate of these progenitor cells.

A better understanding of mechanisms regulating the
differentiation of progenitor cells into endothelial cells or
SMCs might provide the clue for modulating pulmonary
vascular remodeling and, hence, the development of
pulmonary hypertension in COPD.
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