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ABSTRACT: Chronic pulmonary hypertension leads to structural alterations of the
lung vessels. The pathophysiology of this remodelling process is still poorly understood. Furthermore, the structural damage of the lung vessels limits the clinical
success of vasodilator treatment. Given a genetic susceptibility, shear stress and
inflammation are the principal pathogenetic factors involved in lung vessel remodelling.
In this overview, we compared the lung vascular histology of patients with unexplained pulmonary hypertension, scleroderma, or acquired immune deficiency syndrome (AIDS)-associated pulmonary hypertension. We demonstrate the presence of
inflammatory cells (T- and B-lymphocytes and macrophages) in plexiform lesions and
discuss the potential role of growth factors (platelet-derived growth factor (PDGF),
b (TGF-b
b ) and vascular endothelial growth factor
transforming growth factor-b
(VEGF) in pulmonary hypertensive remodelling.
Ultimately, we need to develop an in-depth understanding of the key mechanisms of
gene expression and signalling pathways, which transduce signals generated from
increased chronic shear stress (or from chronic hypoxia) and lead to vascular injury
and repair.
Eur Respir J., 1995, 8, 2129–2138.

Chronic pulmonary hypertension leads to structural
alterations of the lung circulation, commonly called pulmonary vascular remodelling [1–5]. Whereas pulmonary
hypertension (PH) may develop at some point in the
natural history of most forms of heart or lung disease, mortality attributed directly to severe pulmonary hypertension is relatively infrequent. It is believed that a genetic
predisposition must be present to permit the development
of severe pulmonary hypertension [6], where the pulmonary artery pressure is at or above the systemic pressure
level. For the most part, this conviction stems from the
consideration of two facts: firstly, there are patients with a
familial form of primary pulmonary hypertension (PPH),
and secondly, the incidence of severe pulmonary vascular
disease in a large group of patients who, in the 1970s, took
appetite depressants was small [7]. Likewise, more recent
observations regarding the development of severe pulmonary hypertension in paticnts with acquired immune
deficiency syndrome (AIDS) leads to the same conclusion: i.e. a relatively small number of patients with
plexogenic pulmonary hypertension has so far been
described when compared with the overall population of
patients with AIDS [8, 9].
Given such a required genetic susceptibility, we hypothesize that the principal factors which (perhaps in combination) lead to drastic pulmonary vascular remodelling
are shear stress, chronic hypoxia, and inflammation
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(cytokines) [10–14]. Each of these factors, individually
or acting in concert, may bring about a change in the phenotype of the pulmonary endothelial and vascular smooth
muscle cells. We postulate a hypertensive cell phenotype
[1], which is characterized by a phenotypic switch of the
cells towards an enhanced capacity for proliferation,
secretion of matrix proteins, and - regarding the endothelial cells - the development of a procoagulant surface.
Recently, shear stress response elements [15] have been
identified in the sequence of genes encoding important
growth factors which might also be candidate growth factors for pulmonary vascular remodelling. It is now being
appreciated that chronic hypoxia can alter the expression
of particular genes; for example, the gene coding for vascular endothelial growth factor (VEGF) or for the mitogeninducible cyclo-oxygenase-2 [16, 17], and that hypoxia
can elaborate the hypoxia-inducible factor (HIF), which
appears to be a key protein binding to recognition sites
of genes known for their susceptibility to regulation by
changes in oxygen tension (like erythropoietin) [18–20].
Lastly, products of inflammatory cells (cytokines, such
as interleukin-1, tumour necrosis factor, and interferons)
can modify the expression of growth factors in vascular
cells. Thus, a picture is emerging which is based upon the
concept of gene regulation, and also on the concept of
cell-cell interactions.
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In the following, we wish to address several questions
concerning the cellular and molecular events implicated
in the phenotypic switch of the vascular cell. Which are
the (relevant) pulmonary cells that contribute to the vascular remodelling? How important is the endothelial cell
and how important are extravascular cells in the pathogenesis of chronic pulmonary hypertension? What are the
relevant growth factors, cytokines, and how do they contribute to the development of a pulmonary hypertensive
cell phenotype?
We shall attempt to provide evidence for the importance of the endothelial cell in the pulmonary vascular
proliferative process and also to establish the pertinent
histological features, which suggest common pathogenetic
principles which are operating in many or all forms of
severe pulmonary hypertension.
It is clear that endothelial cells have the capacity to
release growth-promoting substances, such as plateletderived growth factor (PDGF), insulin-like growth factor
(IGF), anti-adhesive molecules, such as prostacyclin, and
that the endothelial cell is also a target cell equipped with
specialized receptors (e.g. receptors for VEGF, which transmit signals resulting in cell proliferation). We have been
impressed with the degree of endothelial cell proliferation, which is present in the vessels of patients with severe
primary pulmonary hypertension [13]. Whereas plexiform
lesions are present in many forms of severe pulmonary
hypertension, there are no definitive diagnostic lesions.
LOYD et al. [21] demonstrated in the familial form of PPH
an assortment of vascular lesions and, from case to case, a
varying distribution of intima sclerosis, plexiform lesions,
and in situ thrombosis.
We take the view that the vascular lesions can be
defined by their maturation, i.e. one can distinguish
between early and late lesions and actively proliferating
lesions compared with burned out scar tissue. We propose
that the pulmonary vascular remodelling of severe
chronic pulmonary hypertension is driven to a large degree
by angiogenesis factors, and further propose that inflammatory mechanisms are of critical importance in the
development of the characteristic pulmonary hypertension lesions.

Comparative histological assessment of lesions in
the lungs from patients with unexplained PPH,
scleroderma and AIDS
Pulmonary hypertension is characterized by profound
structural alterations in the affected vessels. Severe chronic
pulmonary hypertension occurs because of constriction
of resistance vessels (as in chronic hypoxia) which
leads to media hypertrophy, or because of obliteration of
vessels through in situ thrombosis or intima cell proliferation. Based on the morphology of pulmonary hypertensive vessels, several authors have described a component
of vascular smooth muscle proliferation/ hypertrophy, subintimal fibrosis, thrombosis and plexogenic vessels in pulmonary hypertension [13, 21, 23]. Such a morphological
approach is necessary, but limits the understanding of the
early events related to alterations of pulmonary vessels,
since vascular remodelling seems to represent an advanced

stage in the natural history of pulmonary hypertension.
In addition, because of the limitation of such a strictly
morphological approach, the previous pathophysiological studies on pulmonary hypertension have focused on
the vascular wall cells to the exclusion of the neighbouring
parenchyma and airway cells.
Immune histology and in situ hybridization techniques
are valuable tools to sort out participating cells, cell products, and the activity of candidate genes in the
pathophysiology of pulmonary hypertension. We have
demonstrated that, in the plexogenic type of pulmonary
hypertension, the pulmonary arteries with concentric
obliterative and plexiform lesions contain an increased
number of endothelial cells as assessed by immune histology (fig. 1) [13]. Therefore, these lesions can be viewed as
an expression of abnormal angiogenesis occurring in the
pulmonary vessels. However, the common occurrence of
the obliterative and the plexiform lesions along the same
mediumsized pulmonary artery raises questions regarding
the topographical and temporal relationship between
these two lesions. The obliterative lesion may represent
an upstream event in the process of pulmonary vascular
remodelling in pulmonary hypertension. As such, this
lesion has a dramatic impact on blood flow in the diseased
pulmonary vessels. On the other hand, the plexiform
lesions are probably haemodynamically irrelevant but
may represent markers of the severity of vascular disease
and manifestation of pulmonary revascularization. It is possible that the concentric obliterative lesion evolves from
proliferated endothelial cells, the proliferation being
triggered by local thrombosis, increased shear stress and
continuous release or production of growth factor.

Inflammatory cells in pulmonary hypertension:
source and target of vascular cell growth factors
Inflammatory cells (T-, B-lymphocytes and macrophages) have recently been described surrounding plexiform
lesions in primary pulmonary hypertension and in pulmonary hypertension associated with scleroderma and human
immunodeficiency virus (HIV) infection (fig. 2) [24].
Although the precise role of these perivascular inflammatory cells remains uncertain, vascular growth factors,
such as VEGF [25–29] and transforming growth factor
beta (TGF-b) [3, 30], act on inflammatory cells (similar
to the action of cytokines) [25]. Furthermore, inflammatory cells themselves may constitute a source of VEGF,
PDGF and TGF-b, further amplifying the extent of blood
vessel remodelling. Macrophages can produce growth
factors, such as VEGF and PDGF, and TGF-b and VEGF
can stimulate monocyte migration through endothelial
cell monolayers, thus, potentially attracting increased
numbers of monocytes/macrophages in the close proximity of remodelled pulmonary vessels. T-lymphocytes
associated with hypertensive pulmonary vessels (fig. 2)
may be related to local production of a cytokine or to a
local immune ressponse to antigens. The interactions of
T-lymphocytes with the pulmonary endothelial cells may
cause release of PDGF, as can be demonstrated when
virally-infected endothelial cells are co-incubated with
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Fig. 1. – Immunostaining for: a) factor VIII r.Ag; and b) muscle specific antigen of a plexiform lesion (P) in a patient with primary
pulmonary hypertension. Note the increased expression of factor VIII by endothelial cells, with no expression of muscle antigen. Factor VJJI
positive endothelial cells line normal blood vessels as a monolayer, as seen in the segment of the vessel in the left lower comer of (a) and in
pulmonary vessels (arrows). The concentric obliterative lesion in a case of scleroderma-associated pulmonary hypertension exhibits increased
numbers of endothelial cells that are: c) factor VIII r.Ag positive; and d) muscle specific antigen negative. r.Ag: receptor antigen. (Internal
scale bar=100 pm).

T-lymphocytes in vitro [31]. Cytokines can also influence
pulmonary levels of vascular growth factors.
Interestingly, HUMBERT et al. [14] reported elevated
serum interleukin-1 (IL-1) levels in PPH patients. IL-1,
besides its potent proinflammatory action on endothelial
cells, monocytes and T-lymphocytes, also mediates smooth
muscle cell growth. An indirect mechanism, involving
PDGF or TGF-b synthesis and autocrine/paracrine action
on smooth cells, accounts for IL-1 induced smooth muscle
cell growth. IL-1 also stimulates production of coll
agen by fibroblasts, fibroblast growth, and activates the
cycle-oxygenase pathway. In recent animal studies, we
could show that interleukin-1 receptor antagonist (IL-lra)
treatment inhibited the development of inflammation
but not hypoxia-associated pulmonary hypertension
[32]. The cellular structures of hypertensive pulmonary
arteries as described above are also present in pulmonary
hypertension associated with systemic sclerosis and HIV
infection (fig. 2). In summary, the process of pulmonary
vas cular lar remodelling in pulmonary hypertension
involves endothelial cells, vascular smooth muscle and
adventitia fibroblast proliferation, and, perhaps, extravascular cells.

Mediators and growth factors in severe pulmonary
hypertension and pulmonary vascular remodelling
Upon appropriate stimulation, inflammatory cells,
platelets and vessel wall cells can produce proteins which
can affect vascular permeability, cell adhesion and release
of secondary mediators, or directly affect cell growth
Uptake of serum proteins, such as insulin-like growth
factor (IGF) [33], and of circulating peptides, like angiotensin or bradykinin, into the vessel wall layers may be
facilitated when the vessel is injured. In the human pulmonary hypertensive vessels, several of these factors may
work together and cause cell hypertrophy, hyperplasia
and angiogenesis. Figure 3 depicts the putative effects
of growth factors on pulmonary vascular cells. Although
a theoretical rationale exists to invoke several of these
growth promoting factors in pulmonary vascular remodelling, there is still a paucity of data in human pulmonary
hypertension [3, 27].
PDGF may act as a universal inducer of vascular cell
proliferation. Although early studies failed to reveal
PDGF receptors on large vessel endothelial cells, PDGF
induces proliferation of microvascular endothelial cells
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Fig. 2. – a) Haematoxylin and eosin stained pulmonary artery in a case of pulmonary hypertension associated with scleroderma. Note that
intimal obliteration due to intimal thickening. The blood vessel is surrounded by lymphonuclear cells (arrow). The remnining lung tissue did
not show evidence of airway inflammation. b) T-cell immunostaining (anti-CD45 antibody) showing increased numbers of T-cells seen
clustering around and infiltrating remodelled pulmonary arteries in a case of primary pulmonary hypertension (arrows). c) Macrophages are
also a major component of the perivascular inflammatory infiltrate. as seen in a plexiform lesion in an human immunodeficiency virus
(HIV)-associated pulmonary hypertension (arrows). d) In the same case as (c), there is evidence of endothelial cell proliferation, as assessed
by immunostaining for the proliferation-related antigen Ki-67. in the plexiform lesion (P) (MJB-I monoclonal antibody) (arrow). e) There
is no immunostaining for Ki-67 in the concentric obliterative lesion (c). thus suggesting that this lesion does not have evidence of ongoing
endothelial cell proliferation. f) Normal pulmonary arteries and arterioles do not express Ki-67, thus suggesting that endothelial cell
proliferation in normal blood vessels is almost nonexistent. (Internal scale bar=100 pm).

PULMONARY HYPERTENSION

2133

Fig. 3. – Autocrine and paracrine mechanisms of vascular growth factor actions. Factors may be generated by the cells of the vascular media
and find receptors on the endothelium triggering endothelial cell growth (left). Growth factors also affect the activity (chemotaxis and
adhesion) of inflammatory cells and act on inflammatory cells to release cytokines. PDGF: platelet-derived growth factor; VEGF: vascular
endothelial growth factor; TGF-b: transforming growth factor-b.

in vitro. Furthermore, PDGF can trigger VEGF production
by fibroblasts overexpressing protein kinase C.
TGF-b is directly involved in extracellular matrix synthesis, including synthesis of fibronectin and collagen.
Recently, BOTNEY et al. [2, 3] demonstrated TGF-b expression in muscular pulmonary arteries in PPH and in normal
pulmonary arteries. There was an apparent increase in level
of TGF-b expression in pulmonary hypertension when
compared to the normal lung. Recent studies demonstrated
that TGF-b messenger ribonucleic acid (mRNA) is present
in human vascular lesions and that vascular transfection
with TGF-b results in vascular intimal and medial thickening. Increased cell numbers and an increase of the matrix
proteins seem to account for the increased intimal and
medial thickening present in transfected segments of porcine iliac arteries. In addition, TGF-b stimulates angiogenesis in in vivo models of arterial gene transfection.
Growth factors that affect vascular cell growth are probably interacting in a network, as do cytokines. TGF-b
enhances growth of cultured smooth cells via secretion
of PDGF. In addition, TGF-b may influence endothelial
cell proliferation via VEGF synthesis (figs. 3 and 4) [26].
VEGF may be important in pulmonary hypertension [27].
The lung contains abundant VEGF mRNA and upregulates
VEGF protein levels and transcription upon exposure
to hypoxia [16]. We have previously localized VEGF
transcripts to bronchiolar cells and alveolar macrophages

Fig. 4. – Paradigm which integrates the activity of a retroviral protein (tat) which is produced by macrophages. The tat protein can generate the growth factor TGF-b which in turn may stimulate gene
expression and production of other growth factors. The activity of
these in situ generated factors appears to be under the control of nitric
oxide (•NO). HIV: human immunodeficiency virus; SMC: smooth
muscle cell; NOS: nitric oxide synthase; iNOS: inducible form of
nitric oxide synthase. For further abbreviations see legend to figure 3.
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present in the vicinity of plexiform lesions. VEGF protein
expression, however, is localized both to the sites of
VEGF synthesis as well as to endothelial cell sites of
VEGF binding to its receptors. VEGF can, thus, promote
endothelial cell proliferation and lead to enhanced vascular
permeability. The action of VEGF in angiogenesis
depends on the binding to the VEGF tyrosine-kinase
type receptors Flt and Kdr [25, 28]. There is recent
evidence that supports a major role for Kdr (or the
murine equivalent Flk) in transducing the cellular
signal after VEGF binding to endothelial cells [34].
We found that hypoxia, besides enhancing VEGF synthesis, also upregulates VEGF receptor mRNA expression
[16].

Nitric oxide
Impaired pulmonary vascular endothelial cell function
probably includes impaired nitric oxide formation or nitric
oxide metabolism. It is now clear that endogenously produced •NO plays a major role in the control of lung vessel
tone [42, 43]. Whether a defect in lung vascular or lung
macrophage •NO production occurs in human pulmonary
hypertensive disease is less clear. Control of growth factor
gene regulation (PDGF, VEGF) (fig. 4) by •NO has recently been reported [44].

The procoagulant-hypoflbrinolytic state of
pulmonary hypertension
Arachidonic acid and metabolites
Lipid mediators derived via the cyclo-oxygenase pathway of the lipoxygenase pathways might be involved in
the control of pulmonary hypertensive vascular remodelling [35]. CHRISTMAN et al. [36] found increased thromboxane and decreased prostacyclin (PGI2) metabolites in
the urine samples from patients with PPH. In a neonatal
model of severe, hypoxia-induced pulmonary hypertension, a decrease in lung vascular PGI2 synthesis has
been found [35], and inhibitors of 5-lipoxygenase inhibited the development of pulmonary hypertension in animal models [37, 38]. Northern blot analysis performed
with tissue obtained at the time of lung transplantation
from a patient with PPH shows increased expression of
the mitogen-inducible cyclo-oxygenase-2 gene (fig. 5).
Impaired endothelial cell function [39, 40] (or alteration
of the endothelial cell phenotype) could explain a
decrease in lung PGI2 production, platelet activation [41],
and increased thromboxane synthesis. A decrease in local
PGI2 availability is likely to promote cell growth and
vascular remodelling.

Fig. 5. – Cyclo-oxygenase (COX)-2 mRNA expression (arbitary units)
in a patient with primary pulmonary hypertension (PPH) and normal
lung (upper panel). There is an approximately 4-fold increase in
COX-2 expression in PPH lung when compared with normal lung as
assessed by scanning densitometry of the COX-2 band after correction for loading with the glyceraldehyde-phosphate dehydrogenase
mRNA in both experimental samples.

Organized and recanalized thrombi are frequently detected in the vessels from patients with a variety of pulmonary hypertensive disorders [45]. In situ thrombosis
may be due to low blood flow, high blood flow (shear
stress), viral infection and release and procoagulant factors. The coagulation and fibrinolytic abnormalities which
underlie pulmonary in situ thrombosis are not well understood, and the role of von Willebrand factor in pulmonary
hypertension is unclear [46, 47]. Increased circulating
levels of von Willebrand factor may reflect endothelial
injury [48]. Recently, ROTHMAN et al. [49] showed that
thrombin and PDGF lead to hypertrophy and hyperplasia
of pulmonary artery smooth muscle cells, respectively.
Both agents caused in increased expression of immediate
early genes, like egr-1, c-fos, and c-jun.

Matrix protein synthesis and protease activity in
pulmonary vascular remodelling
In severe pulmonary hypertension, there is a large
amount of collagen and elastin deposited throughout the
vessel wall. Pentachrome staining (fig. 1) demonstratesthe adventitia fibrosis, which undoubtedly contributes
to the loss of vascular reactivity of the hypertensive
vessels. BOTNEY et al. [2] recently found procollagen in
20–100% of the small pulmonary arteries from patients
with PPH using immune staining techniques. Release of
proteolytic enzymes in the vessel wall produce free elastin and other matrix proteins, which could serve as chemotactic factors. The vascular smooth muscle cell may be
central in the "organization" of elastase release, in the
binding of elastin to elastin-binding proteins on smooth
muscle cells, in the increased migration of smooth muscle
cells and in the secretion of matrix proteins [5, 50]. Both
TNF and IL-1 have been shown to regulate smooth muscle
cell fibronectin gene expression [51]. Angiotensin II (fig.
6) and aldosterone and their fibrogenic potential have also
recently been examined [52]. Both elastase inhibitors and
angiotensin converting enzyme (ACE) inhibitors have been
shown to inhibit pulmonary vascular remodelling in
animal models of chronic pulmonary hypertension [50,
53]. The role of matrix proteins in hypertensive pulmonary vascular remodelling was also the topic of a recent
symposium [54].
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Signalling pathways involved in pulmonary
vascular remodelling

Fig. 6. – Angiotensin II, perhaps generated in situ in the vessel wall,
can cause vascular smooth muscle cell (VSMC) hypertrophy or proliferation depending on the presence or absence of synergistic factors
like transforming growth factor-b1, (TGF-b1). Angiotensin II by itself
causes an increase in intracellular calcium via activation of the phospholipase C (PLC). This translates into cell hypertrophy. Angiotensin
II induces the growth associated proto-oncogenes c-myc, c-fos, and
c-fos, The protein products of these immediate early genes may be
intermediaries of signal transduction in cell growth and differentiabon.

The conceptual framework for the forces and interactions which govern pulmonary vascular remodelling is
shown schematically in figure 7. Stretch and tension
deform the cell membranes and affect the cytoskeleton
[55–59]. The signal transduction involves changes in
membrane potential, opening or close of ion channels
[60–64], changes in cytosolic calcium [65–67], and second messengers like cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP)
[68, 69]. Activation of protein kinases and phosphorylation reactions are part of the cell response, which includes
alteration of gene expression [69, 70]. It has been recognized that nitric oxide plays an important role in gene
expression [16, 44, 71], and that alternatively growth factors can affect the induction of the nitric oxide synthase
[72]. Genes which are expressed in response to hypoxia
include those encoding erythropoietin [18–20, 73],
interleukin-1a, PDGF, endothelin, ornithine decarboxylase and, as mentioned, VEGF [16] and cyclo-oxygenase 2
(COX-2). A hypoxia-inducible nuclear factor (HIF) has
been shown to bind to a site in the erythropoietin gene
enhancer. Both the HIF and its recognition sequence are
common components of a general response to hypoxia.

Fig. 7. – Transduction and transmission of signals which are received at the vascular cell surface. Shear stress may open ion channels, alter
the electrical membrane potential, deform cytoskeletal proteins, initiate phosphorylation reactions. Cytokines released by inflammatory cells
act on vascular cell receptors and transmit their signal via inositol triphosphate (IP3), diacylglycerol (DAG) and protein kinase C (PKC).
Expression of immediate early genes may initiate adaptive cell responses, i.e. cell growth or matrix protein synthesis.
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The question now is: which are the relevant steps in the
regulation which are also susceptible to therapeutic intervention?
In conclusion, the cell biology and molecular pathways
which are critically involved in pulmonary vascular
remodelling are still in their infancy. It is apparent to
us that endothelial cell proliferation is an important feature of PPH and in severe PH associated with systemic
sclerosis. In contrast, vascular remodelling in interstitial
fibrosis and chronic obstructive lung disease does not
show such prominent involvement of endothelial cells.
Thus, an element of neovasculization is present in PPH.
Embolic transport of tumour cells and implantation of
such tumour cells in small lung arterioles can trigger the
formation of plexiform pulmonary arteries [74]. It is unclear,
at present, which growth factor(s) is (are) critically
implicated or whether there is an imbalance of the local
growth factor involvement. We consider that cytokines
and lipid mediators [75] (which are locally produced) are
involved in the remodelling process of progressive PPH.
They can affect cell growth, matrix protein synthesis and
the coagulation/anticoagulation balance [76, 77]. Local
cytokine action is part of the inflammatory aspect of
PPH, which has not yet received adequate investigative
attention.
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