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Abstract

Aims—Continuous infusion of prostacyclin analogues improves survival in advanced pulmonary
arterial hypertension. In addition to its vasodilatory effects, prostacyclin has the potential to
decrease inflammation, thrombosis, and smooth muscle proliferation. The aim of this retrospective
study was to determine whether pathological data support the ability of prostanoids to prevent
progression of vascular disease.

Methods and results—Twenty-two autopsied patients with World Health Organization
category 1 pulmonary arterial hypertension (primarily idiopathic and connective tissue disease-
associated) were divided into those who received long-term prostacyclin (n = 12, PG-long, mean
treatment 3.9 years) and those who received 0—1 month of prostacyclin (n = 10, PG-short).
Surprisingly, PG-long patients had larger plexiform lesions (P < 0.05), with no decrease in medial
and intimal thicknesses as compared with PG-short patients. Plexiform lesion size and density
increased with increasing treatment time. Also, PG-long patients had fewer platelet thrombi and
more frequent acute diffuse alveolar haemorrhage. Quantification of macrophages and T cells
revealed no differences in inflammatory infiltrates.

Conclusions—Although long-term prostacyclin therapy may have an antithrombotic effect in
addition to its vasodilatory actions, it was not associated with the prevention of advanced vascular
lesions. The mechanism by which prostacyclin analogues improve survival in pulmonary arterial
hypertension remains uncertain.
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Introduction

The pulmonary arteries of patients with pulmonary arterial hypertension (PAH) demonstrate
plexiform lesions, muscularization of arterioles, concentric intimal thickening and medial
hypertrophy of arteries,:2 and thrombosis in situ with platelet aggregates.3 Development of
these lesions is thought to involve endothelial dysfunction, increased proliferation and
impaired apoptosis of pulmonary artery smooth muscle cells (PASMCs), inflammatory cell
infiltration, and increased deposition of extracellular matrix.*

Prostacyclin analogues are approved therapies for advanced PAH. In addition to
vasodilatation, prostacyclin has anti-thrombotic and anti-inflammatory properties,®8 and an
anti-proliferative effect on PASMCs in vitro.” These effects may contribute to the long-term
benefits of prostacyclin, the only agent proven to increase survival in PAH.> However, there
has been little histopathological examination of its effects, which is relevant to the emerging
recognition that prostacyclins may have beneficial effects on the right ventricle despite
persistence of pulmonary vascular disease.8°

Despite the use of the Heath—Edwards grading system to evaluate the potential reversibility
of pulmonary hypertension in congenital heart disease, there are limited data regarding the
regression of pulmonary vascular lesions and their timing. In children with congenital
shunts, reductions in arterial wall thickness have been demonstrated several years after
pulmonary artery banding.1911 Two case studies have reported partial regression of
idiopathic PAH following single lung transplantation, and one of them histologically
demonstrated regression of vascular lesions.12:13 In rats, regression of arterial changes
induced by hypoxia begins within 1 week of normoxia, but is not complete even after 1
month.1#15Although prostacyclin does not reverse arterial changes in rats, 16 a variety of
other therapies do. These include inhibitors of pyruvate dehydrogenase kinase, agents that
enhance the nitric oxide pathway, and multikinase inhibitors.# One human study in PAH
found no effect of prostacyclin on plexiform lesions or arterial wall thickness.1’

On the basis of a recent case report in which we noted an excellent 18-year response to
eproprostenol in a patient despite severe arteriopathy, we postulated that prostacyclin might
not protect against the progression of the underlying pulmonary vascular disease, and that
prolonged survival might be attributable to beneficial effects on right ventricular function.18
We now report a retrospective analysis of autopsied patients with World Health
Organization (WHO) category 1 PAH in which we compare the histological features of 21
additional patients who were treated with prostacyclin with those of patients who were not
treated or were treated for less than 1 month (partial results were reported in an abstract!9).

Materials and methods

PAH patients were identified from autopsy records (1982—-2009), with additional data being
obtained from clinical records. Cases with significant coexisting interstitial lung disease
were excluded. All pulmonary slides (4-20 slides per case, average 11.4) were reviewed and
scored on a blinded basis. Arterial intimal fibrosis was scored as follows: 0, none; 1, rare (<1
per slide); 2, occasional; and 3, frequent (>50% of vessels). Recanalization was scored as
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follows: 0, none; 1, rare (<1 per two slides); 2, occasional; and 3, frequent (>1 per slide).
Plexiform lesion size was determined by multiplying the shortest and longest diameters
(average of 24 lesions per case). Their association with prealveolar vessels was determined
as previously described.20

Representative elastic stained slides (average 3.1 slides per case; 22 arteries per case) were
used for arterial measurements on arteries of 100-400 pm cut in cross-section (circular or
nearly circular). Measurements were performed across the shortest diameter.11

One representative slide was selected for immunohistochemistry and Prussian blue staining.
Immunohistochemistry for CD3 (SP7; Neomarkers, Fremont, CA, USA) and CD68 (KP-1;
Dako, Carpintera, CA, USA) was performed with the DakoCytomation Envision+
horseradish peroxidase system. Immunostaining for CD61 (clone Y2/51l) was performed
following antigen retrieval in cell conditioning solution 2 for 30 min, with the Ventana
BenchMark XT Instrument (Ventana Medical Systems, Tucson, AZ, USA), according to the
manufacturer’s protocol, with the UltraView Universal DAB Kit.

CD3 and CD68 staining was quantified with the Automated Cellular Imaging System
(ACIS) (Clarient, San Juan Capistrano, CA, USA). Colour-specific thresholds were set on
the ACIS to determine brown positivity. The average number of brown pixels per
lymphocyte or macrophage was calculated on the basis of at least two areas with manually
counted cells that were used to convert pixels to estimated cell number. The involved
arteries and lesions were outlined, including the adventitia and excluding intravascular
spaces. For adventitia continuous with bronchial adventitia, the adventitia was evenly
divided.

STATISTICAL ANALYSIS

Results

Because of small sample sizes, non-parametric analysis was performed with the Mann-
Whitney test to compare groups, with box plots showing median and first and third quartiles.
Spearman’s correlation was used to evaluate the relationship between treatment time and
vascular morphology parameters. Testing for haemorrhage was performed with Fisher’s
exact test. A P-value of <0.05 was considered to be statistically significant.

Lungs from 22 autopsied patients were analysed (Tables 1 and S1). Complete clinical data
were not always available, particularly for untreated patients who were transferred from
other institutions in a critical condition. There were six patients with idiopathic PAH, six
with scleroderma-associated-PAH, five with other types of connective tissue disease-
associated PAH, and five additional cases, including human immunodeficiency virus-
associated, cirrhosis-associated or anorexigen-associated PAH, and one patient with
pulmonary capillary haemangiomatosis (PCH). In the majority of patients, the immediate
cause of death was acute right heart failure or sepsis. Survival on prostacyclin ranged from 4
days to 18 years. As vascular remodelling is not expected to be a quick process (taking more
than 1 month to occur, on the basis of rodent studies), we grouped patients who had been
treated for less than 1 month with untreated patients (PG-short, n = 10), and compared them
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with patients treated for 1 month or more (PG-long, n = 12, mean treatment time 47 + 63
months). Approximately half of the patients in each group had been treated with additional
agents. All patients except three were female, and the average age (47 versus 42 years) was
similar. The mean pulmonary artery pressure was not significantly different (PG-long 52.6
versus PG-short 60 mmHg), although pulmonary vascular resistance was higher in PG-short
patients (21.1 versus 11.8 units, P = 0.016).

Although most patients had occasional or frequent intimal fibrosis, recanalization lesions
were rare (Table 2). The degree of medial hypertrophy and intimal fibrosis was highly
variable. Treated patients had a non-significant increase in medial hypertrophy (P = 0.13)
(Figure 1). To further examine the relationship between prostacyclin treatment and arterial
remodelling, we used Spearman’s correlation to evaluate the duration of therapy in the PG-
long patients. As treatment time increased, PG-long patients showed no decrease in medial
thickness and a non-significant trend towards more severe intimal disease (09 =0.38, P =
0.22) (Figure 1).

Plexiform lesions were not identified in any of the scleroderma patients, but were frequent in
PAH patients with other connective tissue disorders, and were present in every case of
idiopathic PAH. Classical small plexiform lesions in distal arteries (Figure 2) were seen in
untreated patients. Treated patients frequently had much larger lesions with large dilatations
associated with more proximal vessels (Figure 2). Quantification revealed that PG-long
patients had significantly larger lesions (P = 0.040), although there was no increase in lesion
density (P = 0.61) (Figure 3). Although it has been reported that plexiform lesions in
idiopathic PAH are usually located in distal vessels rather than in prealveolar (bronchiolar or
supernumerary) arteries,2? we found that almost all patients had more lesions associated
with prealveolar arteries, with a non-significant increase in prealveolar lesions in PG-long
patients (P = 0.12) (Figure 3). To further examine the relationship between prostacyclin
treatment and plexiform lesions, we used Spearman’s correlation to evaluate the duration of
therapy in the PG-long patients. Surprisingly, plexiform lesion size (og = 0.75, P = 0.031)
and density (pg = 0.86, P = 0.006) significantly increased with longer treatment time,
whereas the increase in bronchiolar vessel location (pg = 0.32, P = 0.43) was not significant
(Figure 3).

To exclude the possibility that patients who died of causes other than acute right heart
failure might have less severe disease, we also repeated the analysis with inclusion only of
patients dying of right ventricular failure. We found a similar increase in plexiform size in
PG-long patients, although the difference was no longer significant (P = 0.158), probably
because of a smaller sample size (data not shown). Similar results were obtained after
exclusion of the patients with 4-14 days of prostacyclin exposure from the PG-short group
(n=7; P=0.062, data not shown). There were no significant differences between patients
with idiopathic disease and those with connective tissue disease (Figure S1).

In order to exclude the possibility that treatment times of less than 1 year might be
insufficient to demonstrate regression, we repeated the analysis with the PG-long group
restricted to patients treated for at least 1 year (n = 7), and found that the median intimal and
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medial thicknesses were greater than in the extended PG-long group (Figure S2), consistent
with the gradual trend seen with increasing treatment time (Figure 1C,D).

Similar to previous reports?! of inflammation in PAH, we found that most of the
inflammatory cells were CD3-positive T cells and CD68-positive macrophages (Figure 4).
Only rare CD20-positive B cells (data not shown) were present. Quantification with the
ACIS (Figure 5) showed no significant differences in CD3 or CD68 staining between PG-
short and PG-long patients in either plexiform lesions or in the affected arterial walls (Figure
5). Similar results were obtained when patients treated for less than 1 month were excluded
from the PG-short group (data not shown). There were no significant differences between
patients with idiopathic and connective tissue disease-associated PAH (Figure S1).

To evaluate platelet aggregation within the pulmonary vasculature, we performed
immunohistochemistry for CD61 (Figure 6). PG-long patients had significantly fewer
platelet thrombi within plexiform lesions (P = 0.021) and within arteries or veins (P =
0.013); however, there was no significant effect on aggregates within capillaries (P = 0.15)
(Figure 6). The comparison remained significant when patients treated for less than 1 month
were excluded from the PG-short group (data not shown).

Chronic haemorrhage was evaluated with a Prussian blue stain, which did not demonstrate
increased haemosiderin-laden macrophages in PG-long patients (data not shown); however,
all PG-long patients had at least some acute haemorrhage, and most (10/12) had diffuse
haemorrhage (Table 2). In contrast, significantly fewer PG-short patients had diffuse
haemorrhage (3/10, P = 0.027), and three had no haemorrhage at all. Severe diffuse
pulmonary oedema was seen only in one prostacyclin-treated case.

Discussion

Prostacyclin is an effective therapy in PAH; however, its mechanisms of action have seldom
been evaluated on a histopathological basis. We examined autopsy cases of PAH, and
showed that prostacyclin use was not associated with a demonstrable reduction or
prevention of arterial remodelling or arterial inflammatory cells. Prostacyclin was associated
with increased acute alveolar haemorrhage and decreased platelet aggregates.

Given the good response to treatment, the impressive pulmonary vascular remodelling found
at autopsy was unexpected. We found a correlation between treatment time and increasing
plexiform lesion size in two dimensions, and in density. Unlike three-dimensional modelling
of plexiform lesions,?? a two-dimensional estimate does not determine whether a particular
lesion is genuinely small or merely appears small because of sectioning through the
periphery. However, when averaged across many randomly sectioned lesions, it provides a
non-biased size estimate. Prostacyclin treatment time closely correlated with duration of
disease (Table 1), suggesting that lesion severity could reflect the underlying progression of
the disease during the prolonged lifespan of these patients. Our findings are consistent with
those of a previous study that found no changes in arterial remodelling in prostacyclin-
treated patients, although the authors suggested that their cohort might represent a group that
responded less favourably to prostacyclin.}’ However, the overall survival of PAH patients,
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even when optimally treated, is only 58% at 3 years,23 and our group included several
patients with prolonged survival, some of whom died of causes other than right heart failure.

A role for inflammation in the pathology of PAH is suggested by its association with
connective tissue diseases and by the presence of macrophages and T lymphocytes within
arterial walls.21:24 Although no large-scale clinical trial has evaluated immunosuppression
as a treatment for PAH,2° some dramatic responses have been seen in patients with
connective tissue disease-associated PAH.28 In vitro, prostacyclin decreases monocyte
production of inflammatory cytokines.2’ In paediatric patients, prostacyclin and an
endothelin receptor antagonist decreased expression of HLA-DR by endothelial cells,28
probably by decreasing the levels of cytokines promoting endothelial activation and
inflammatory cell recruitment.

Despite these potential anti-inflammatory effects, a previous study found generally increased
pulmonary inflammation in prostacyclin-treated patients,1” and another group found
increased T cells in the capillaries of prostacyclin-treated PAH patients as compared with
healthy controls.29 We specifically quantified arterial wall inflammation, and found no
effect in treated patients. However, prostacyclin might influence inflammation in other
compartments of the lung, or could affect the relative proportions of T-cell subsets or their
activities. The role of inflammation is likely to vary with the aetiology of PAH; therefore, in
the absence of a more comprehensive understanding, it will be difficult to assess the effects
of prostacyclin on this aspect of the disease.

Platelet aggregates can be seen in plexiform lesions, and multiple circulating markers of
endothelial and platelet function are abnormal in PAH patients.39 The contribution of these
aggregates to PAH pathology is unclear, although platelets have been increasingly
recognized to have a role in vascular repair and inflammation in the lung.3! Prostacyclin
inhibits platelet aggregation32 and can normalize platelet function values in PAH.33 It has
not been established whether prostacyclin affects thrombosis within the pulmonary
vasculature. We found that PG-long patients had fewer thrombi in plexiform lesions. Both
PG-long and PG-short patients were anticoagulated (unless they had a contraindication), and
thus any differential effect on platelet accumulation in the vasculature probably relates to
prostacyclin. However, accumulation of platelet aggregates is relatively common in
autopsies, and might reflect terminal events rather than a stable state in untreated patients.

It has been reported that prostacyclin treatment increases acute and chronic alveolar
haemorrhage and pulmonary oedema.1” We found that prostacyclin-treated patients
frequently had focal to diffuse severe haemorrhage, but they rarely had many haemosiderin-
laden macrophages, suggesting that haemorrhage was a relatively acute preterminal
phenomenon. In the case of PG-long patients, this might be attributable to prostacyclin or to
increased warfarin use in this subset of patients, but it is unlikely to represent a characteristic
of prostacyclin treatment in patients who are otherwise stable.

None of the parameters evaluated provide evidence for an effect of prostacyclin on the
pulmonary vasculature beyond its immediate vasodilatory effect. Although it remains
possible that prostacyclin has some effect on slowing the progression of the underlying
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disease, there is no way to document this short of serial open lung biopsy, which is not the
standard of care in adult PAH. There were no previous biopsies available for any of our
patients. Recently, it has been shown that right heart failure in PAH may be attributable to
more than just elevated pulmonary arterial pressures.3* Animal models show decreased
capillaries in the right ventricle, and this can be prevented by treatment with
prostacyclin.?-34It is therefore possible that, in addition to acute vasodilatory effects,
prostacyclin can prolong survival through direct effects on the myocardium. This should be
addressed in future studies.

There are important limitations to this retrospective study that need to be highlighted. The
number of cases analysed was relatively small, as is common in histopathological reports of
PAH,11.17.20.21,28 3nd we included patients with varied aetiologies of WHO category 1 PAH
(Table 1). This group is defined by disease directly affecting the pulmonary arteries, and,
with the exception of PCH, also includes patients thought to fall in the *plexogenic’
pathological category of pulmonary hypertension. Thus, with few patients in each
subcategory, we cannot determine to what extent this might contribute to variability in the
response. Although recent reports suggest that scleroderma-associated PAH is histologically
distinct from other types of PAH,35 and rarely has plexiform lesions,221:36 it continues to be
classified as WHO category 1, and, in this study, scleroderma patients were equally divided
between the two groups. Because of the limited sample size, we also could not evaluate the
effects of other vasodilators for PAH.

Full clinical data were not always available. Where available, right heart catheterization data
supported the diagnosis of PAH, but in this retrospective study the time between
catheterization and death was highly variable, and may not reflect the severity of disease at
death. Moreover, previous studies have shown that there is no strong association between
histological findings and haemodynamics.3” However, as all patients had advanced
pulmonary hypertension, which was confirmed at autopsy, it is reasonable to assume that a
cardiac catheterization would have led to similarly marked elevations in pulmonary arterial
pressure and resistance.

Our finding of increased acute pulmonary haemorrhage should be interpreted cautiously,
given that these are autopsy samples, and coagulopathies are common in the immediate
premortem period. It is also possible that the differences in platelet thrombi reflect
differences in individuals’ end-stage courses rather than a treatment effect, and might not be
seen during stable disease.

Conclusions

In summary, our observations argue against prostacyclin-induced prevention or reversal of
vascular arteriopathy as the basis for its clinical benefits in PAH. Indeed, patients
successfully treated with prostacyclin have more severe arterial remodelling at autopsy,
possibly because of the longer survival, which allowed the disease to progress. Prostacyclin-
treated patients had fewer platelet thrombi than untreated patients and more severe acute
haemorrhage. Although intravenous prostacyclin remains the most effective treatment for
PAH, it appears that it does not work by protecting against the development of advanced
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pulmonary vascular obstruction. It is more likely that its benefit relates to its effects on
pulmonary vascular tone and right ventricular function. Indeed, prostacyclin has been used

as

an inotrope in the treatment of left heart failure.38-3%New therapies need to be developed

that are targeted at effectively halting the progression or inducing regression of the vascular
disease in PAH.
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Figure 1.
Avrterial remodeling. A, Elastic stained muscular artery of a prostacyclin-treated patient with

intimal fibrosis showing measurements of medial thickness (MT), intimal thickness (IT),
and external diameter (ED). B, Quantification of medial and intimal thicknesses in PG-short
and PG-long patients showed no significant difference in medial or intimal thicknesses.
With increasing prostacyclin treatment time, there was no decrease in medial thickness (C)
and there was a non-significant trend towards increased intimal thickness (D).

Histopathology. Author manuscript; available in PMC 2014 August 25.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pogoriler et al.

Page 12

Figure 2.
Patients treated with prostacyclin have large, proximal vascular lesions. A,B, Small, distal

plexiform lesion in an untreated patient. The lesion is alongside an alveolar duct (arrow).
C,D, Large, prealveolar plexiform lesion in a prostacyclin-treated patient. The lesion is at a
small artery branching off a larger artery accompanying a bronchiole (arrow).
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Figure 3.

Effect of prostacyclin treatment on plexiform lesions. A, Prostacyclin-treated patients had
significantly (*P = 0.040) larger plexiform lesions. B, Plexiform lesion density in
prostacyclin-treated patients was not significantly different from that in untreated patients.
C, Plexiform lesions in prostacyclin-treated patients were not significantly more likely to be
associated with more proximal vessels. D, Plexiform lesions were significantly larger with
increasing treatment time (P = 0.031). E, Plexiform lesion density significantly increased
with increasing treatment time (P = 0.006). F, Plexiform lesion association with bronchiolar
arteries showed a non-significant increase with treatment time.
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Inflammation in pulmonary arterial hypertension, x100. A,B, CD3-positive T cells (A) and
CD68-positive macrophages (B) in an untreated PAH patient. C,D, CD3-positive T cells (C)
and CD68-positive macrophages (D) in a prostacyclin-treated patient.
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Figure5.
Quantification of arterial inflammation. A, Outline of plexiform lesion in the Automated

Cellular Imaging System (ACIS) to select areas for quantification. B, Quantification of
inflammation showed no significant difference between PG-short and PG-long patients.
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Figure®6.
Effect of prostacyclin on platelet aggregates. A, CD61 immunohistochemistry highlights

platelet aggregates within a plexiform lesion of an untreated patient. B, CD61
immunohistochemistry shows no platelet aggregates in a plexiform lesion from a
prostacyclin-treated patient. C, Quantification of platelet aggregates shows significantly
fewer aggregates in plexiform lesions and vessels, but no significant increase in capillary
aggregates in PG-long patients as compared with PG-short patients.
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