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Abstract

Expansion of extracellular matrix occurs in all stages of pulmonary angiopathy
associated with pulmonary arterial hypertension (PAH). In systemic arteries,
dysregulation and accumulation of the large chondroitin-sulfate proteoglycan
aggrecan is associated with swelling and disruption of vessel wall homeostasis.
Whether aggrecan is present in pulmonary arteries, and its potential roles in
PAH, has not been thoroughly investigated. Here, lung tissue from 11 patients
with idiopathic PAH was imaged using synchrotron radiation phase-contrast
microcomputed tomography (TOMCAT beamline, Swiss Light Source).
Immunohistochemistry for aggrecan core protein in subsequently sectioned
lung tissue demonstrated accumulation in PAH compared with failed donor
lung controls. RNAscope in situ hybridization indicated ACAN expression in
vascular endothelium and smooth muscle cells. Based on qualitative
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histological analysis, aggrecan localizes to cellular, rather than fibrotic or
collagenous, lesions. Interestingly, ADAMTS15, a potential aggrecanase, was
upregulated in pulmonary arteries in PAH. Aligning traditional histological
analysis with three-dimensional renderings of pulmonary arteries from
synchrotron imaging identified aggrecan in lumen-reducing lesions containing
loose, cell-rich connective tissue, at sites of intrapulmonary bronchopulmon-
ary shunting, and at sites of presumed elevated pulmonary blood pressure.
Our findings suggest that ACAN expression may be an early response to injury
in pulmonary angiopathy and supports recent work showing that dysregula-
tion of aggrecan turnover is a hallmark of arterial adaptations to altered
hemodynamics. Whether cause or effect, aggrecan and aggrecanase regulation
in PAH are potential therapeutic targets.

KEYWORDS
extracellular matrix, proteoglycan, pulmonary arterial hypertension, synchrotron imaging,

vascular disease

INTRODUCTION

Endothelial injury, followed by vascular smooth muscle
cell (vSMC) hypertrophy, hyperplasia, and migration, as
well as excessive extracellular matrix (ECM) deposition,
are thought to underlie the development of pulmonary
angiopathy seen in pulmonary arterial hypertension
(PAH)."* ECM expansion and remodeling start in all
three layers of the pulmonary vascular wall at early stages
following vascular injury, before the onset of medial
hypertrophy and elevation of pulmonary artery pres-
sure.>* Despite recent therapeutic advances, irreversible
vascular remodeling eventually develops and is associated
with high morbidity and mortality.

ECM proteoglycans, composed of core proteins to
which glycosaminoglycan (GAG) chains are covalently
attached, are abundant in the setting of systemic vascular
injury and are facilitators of phenotype modulation,
proliferation, and migration of vSMCs through cell-ECM
interactions.” However, to what extent accumulation of
individual proteoglycans contributes to the histopatho-
logical changes in PAH is unknown. Proteoglycans have
inherent osmotic properties, determined by the number
of negative charges on the GAG chains. Thus, GAG-rich
proteoglycans, such as the chondroitin-sulfate (CS) and
keratan-sulfate (KS) proteoglycans versican and aggre-
can, can produce significant Donnan swelling pressure in
tissue. This property is exemplified by the high aggrecan
levels in cartilage, a tissue that has evolved to be
compression-resistant.>” In the context of the vascula-
ture, the osmotic and biomechanical properties of
aggrecan can contribute on the one hand to a

functionally-vital characteristic of umbilical arteries
which facilitates their closure at birth,® and on the other
hand to disruption of vessel wall integrity and develop-
ment of thoracic aortic aneurysms and dissections.’
Previous studies have also found aggrecan accumulation
in veins grafted to a high-pressure environment, imply-
ing aggrecan production as an adaptive mechanism for
altered pressures.'® Versican, which is highly homolo-
gous to aggrecan, albeit with only 10% of its GAG chains,
has been shown to be upregulated in vascular lesions of
human idiopathic PAH (IPAH)."" Several proteoglycans,
including aggrecan, were also shown to be upregulated in
a real-time PCR analysis of pulmonary arteries from
IPAH patients.”> However, the spatial distribution of
aggrecan, whether it accumulates in pulmonary angio-
pathy of IPAH, and the mechanisms of its presence and
turnover, remain to be determined.

Pre-capillary connections between the bronchial
and pulmonary circulation have been identified in the
setting of elevated pulmonary arterial pressure."*'* Such
intrapulmonary bronchopulmonary anastomoses are
linked to shunting of blood from the pulmonary to the
systemic circulation in IPAH."> The pathology of PAH
has been challenging to determine using conventional
two-dimensional histological techniques, because of the
complex vascular anatomy and branching patterns of the
lung.16 Therefore, there is a need for three-dimensional
high-resolution imaging modalities to better understand
the architecture of diseased pulmonary vasculature.
Several methods for micrometer-resolution imaging of
the lung were previously utilized,"”'® but synchrotron
radiation microcomputed tomography (SRuCT), which
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allows for superior fine detail discrimination in biological
tissue with low and homogenous X-ray absorption
properties was used only recently.'® The highly coherent
X-rays generated by the synchrotron enable the use of
phase contrast, in addition to attenuation, to visualize
micro-scale structures within soft tissues of the lung.
Using this technique, we previously identified and
described four distinct types of plexiform lesions, the
histopathological hallmark lesions of PAH.'” The present
study aimed to investigate the accumulation and spatial
distribution of aggrecan in patients with IPAH, combin-
ing traditional histological techniques with SRuCT.

METHODS
Tissue and clinical data collection

Archived paraffin-embedded lung tissue from 11
patients with IPAH, collected between the years
2002 and 2014, was obtained from the pathology
biobank at Skane University Hospital, Lund, Sweden.
IPAH was diagnosed according to international
standards®® and advanced IPAH was defined as a
Heath and Edwards grade > 3.%' Suprasystemic mean
pulmonary arterial pressure (mPAP) was defined as
mPAP > mean arterial pressure (MAP) at the time
of catheterization in the individual patient. Tissue
from five failed lung donors (FLD), rejected for
transplant use, provided by coauthor Prof. Gunilla
Westergren-Thorsson at Lund University were
used as controls. Clinical data were extracted from
medical records. Tissue for gene expression analysis
and PCR experiments in pulmonary arteries was
obtained from a separate cohort of IPAH patients
and downsized donor lung controls, as previously
described.”*** The study was approved by the
Swedish regional ethical committee (Dnr. 2017/597
and Dnr. 2019-01769).

SRuCT

A full workflow of SRUCT imaging in correlation
to histology is shown in Figure 1. Imaging of IPAH
paraffin-embedded tissue blocks (Figure la-c) was
performed as previously described'®'® at the X02DA
TOMCAT beamline, Swiss Light Source (SLS), at
the Paul Scherrer Institute (Villigen, Switzerland).
Differentiation between pulmonary arteries and pul-
monary veins was confirmed by comparing Elastica
van Gieson (EvG) staining from serially sectioned
tissue blocks (Figure 1d) with their corresponding
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synchrotron images (Figure 1e). For insight into data
processing and three-dimensional reconstructions,
please see Supporting Information S1.

Histology, immunohistochemistry, and
immunofluorescence

Following image acquisition at the synchrotron, paraffin-
embedded lung tissue from IPAH patients and FLD
controls was sectioned at 4 or 5um thickness. Alcian
Blue/Periodic Acid Schiff (Ab/PAS) and EvG stainings
were performed according to standard protocols for
clinical samples at the Department of Pathology, Skéne
University Hospital, Lund. For Ab/PAS staining, 1%
Alcian Blue Solution (pH 2.7) and 1% Periodic Acid
were used.

Aggrecan stainings used for quantification were
repeated on three separate occasions for all IPAH and
FLD patients. Please see Supplemental information 12 for
immunohistochemistry and immunofluorescence proto-
cols and Table ST1 for primary and secondary antibody
specifications. Histological slides were digitized using the
Aperio ScanScope digital slide scanner (Leica Micro-
systems). Images and scale bar references were captured
in the Aperio ImageScope 12.4 (Leica Biosystems)
software, and the Positive Pixel Count version 9 tool
(Table ST2) in this software was used to quantify DAB-
positive staining.

Combined RNA in situ hybridization and
immunofluorescent staining

In situ hybridization (ISH) for human ACAN (506841;
Advanced Cell Diagnostics) followed by immuno-
fluorescence for a—smooth muscle actin (SMA), von
Willebrand Factor (vWF) and Claudin 5 was performed
using RNAscope (Advanced Cell Diagnostics) as
described previously*® (Table ST1). Fluorescent images
were captured using a Zeiss AxioPhot 2 Fluorescent
Microscope with a Hamamatsu C4742-95 camera and a
X-cite series 120Q lamp (Lumen Dynamics) and pro-
cessed in the Openlab 5 software (Improvision).

Gene expression analysis in small
pulmonary arteries

Quantitative polymerase chain reaction (qPCR) was
performed on RNA extracted from laser capture micro-
dissected small pulmonary arteries from downsized
donor lungs (n=8) and IPAH patients (n=13) as
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FIGURE 1 Schematic workflow of the experimental design, including synchrotron-imaging at the X02DA TOMCAT beamline,

(E =20 keV) Scintillator and

visible light optics

4-axis sample holder

Swiss Light Source. Paraffin-embedded lung tissue from patients with idiopathic pulmonary arterial hypertension (a) underwent
synchrotron-based phase contrast microcomputed tomography (b). Synchrotron radiation was produced by a 2.9 T bending magnet
inserted on the 2.4 GeV storage ring. The x-ray beam was led through a monochromator and tuned to 20 keV. The paraffin block
samples were placed on a moving stage, which enabled alignment and rotation during a tomographic scan. A detecting system,
comprising a scintillator and an optical microscope coupled to a sSCMOS detector, was then used to collect images. Upon passing
through the biological samples, mounted on sample holders using beeswax, the x-rays undergo phase-shift: variations in density
within the sample parenchyma generates differences in phase-shift and subsequently image contrast. Wax markers were used to
indicate areas of interest on the paraffin block samples, selected from hematoxylin staining, with or without eosin counterstaining,
performed before imaging. Areas with evident air pockets were avoided, since air trapped during embedding produces significant
artefacts. Experimental parameters were adjusted to image 4.2 X 4.2 X 3.5 mm volumes with an effective voxel size of 1.63 X 1.63 X 1.
63 um, with an approximate acquisition time of 2.4 min per tomographic scan. To use propagation-based phase-contrast, the sample
1>* and the gridrec algorithm®® were used for phase retrieval and
tomographic reconstruction, respectively. Each scanned volume was saved as a volumetric data set composed of 2160 image sections

to detector distance was set to 19 cm. The algorithm of Paganin et a

at 16-bit pixel depth. Schematics of the TOMCAT beamline are re-published with the authors permission.'® Tissue blocks underwent
subsequent serial sectioning and staining (c). Synchrotron-based phase-contrast micro-CT enabled identification of large structures
in the pulmonary parenchyma, as well as the distinction of individual layers of the arterial wall, as confirmed by EvG staining
(d and e). The internal and external elastic laminae were readily distinguishable in the synchrotron images (d) and (e) black and
white arrowheads). B, magnetic field; E, energy; GeV, giga-electronvolt; keV, kilo-electronvolt; sSCMOS, scientific Complementary
Metal-Oxide-Semiconductor; T, Tesla.

previously described.'*** Small pulmonary arteries were
defined by an intima-media diameter of 50-500 um.
Patient characteristics were reported previously.'**’
RNA was prepared for qPCR as previously described.
Primer sequences can be found in Table ST3.

continuous variables, the Mann-Whitney U test was
applied. p-values <0.05 were considered significant.

RESULTS

Clinical characteristics of IPAH and FLD

Statistical analysis

All graphs and statistical analysis were generated
using GraphPad Prism version 8 (GraphPad Soft-
ware). For parametric continuous variables, a Student
two-tailed t-test was applied. For non-parametric

patients

Clinical parameters of IPAH and FLD patients are
outlined in Table 1. FLD patients were significantly
older than IPAH patients (median 57 vs. 35 years,
p =0.0144). All patients in the diseased group met IPAH
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TABLE 1 Clinical characteristics of IPAH and FLD controls.

IPAH FLD
(n=11) (n=5)
Sex, M/F 2/9 3/2
Age at diagnosis, years 27 (23-48)* -
Disease duration, years 2 (1-7)* -
LTX
Age at LTX*, years 35 (24-49)* 57 (52-64)*

BMI at LTX, kg/m”

WHO functional class at LTX

23.2 (20.5-24.2)"

10, n (%) 0 (0%) -
111, n (%) 5 (54.5%) -
IV, n (%) 6 (45.5%) -

6MWT before LTX, m

280 (100-380)

Medication
ERA + PDES5i, n (%) 1 (9.1%) -
ERA + PGI,, n (%) 4 (36.4%) -
ERA + PDESi + PGL, n (%) 6 (54.5%) -
Hemodynamics before LTX
Sa0, % 93 (89-96)* .
Hb, g/L 140 (132-154)* -
mAP, mmHg" 84 (77-92)* -
mPAP, mmHg 68 (60-80)* -
PVR, iwU" 15.5 (11.8-24.9)* -

Suprasystemic mPAP, n (%)
SV, mL’

6 (54.5%)
40 (33.3-49.6)

Note: Disease duration was defined as the time from diagnosis until tissue
sampling. Suprasystemic mPAP was defined as mPAP > mAP during cardiac

catheterization.

Abbreviations: BMI, body mass index; ERA, Endothelin receptor
antagonist; FLD, Failed lung donor; Hb, hemoglobin; IPAH, Idiopathic
pulmonary arterial hypertension; LTX, lung transplantation; mAP, mean
arterial pressure; mPAP, mean pulmonary arterial pressure; PDES5i,
phosphodiesterase type 5 inhibitor; PGI2, prostaglandin 12/prostacyclin;
PVR, pulmonary vascular resistance; 6MWT, non-encouraged 6-minute

walk test; SaO,, arterial oxygen saturation; SV, stroke volume; WHO, World

Health Organization.

*Median with interquartile range.

*Statistically significant difference, Mann-Whitney U test, p <0.05.

n=10.

diagnostic criteria and all but one patient suffered from
advanced IPAH. All biopsies from IPAH patients were
taken from explanted recipient lungs following lung
transplantation. One individual underwent single lung
transplantation, and all the other patients underwent
double lung transplantation. One IPAH patient suffered
from diabetes mellitus, one had systemic hypertension

on Access
_

and one was treated for hypothyroidism. FLD patients
did not have any known pulmonary diseases.

Variations in extracellular matrix
composition in IPAH vascular lesions

As outlined by Heath and Edwards, the intimal reaction
between the morphological stages two and six of PAH
can be distinguished by EvG staining.”’ The cellular
intimal reaction is characteristic of early stage vascular
lesion formation. As IPAH advances, intimal lesions
become collagenous (reddish pink in EvG) and even-
tually fibroelastic at even later stages (black in EvG). To
investigate the distribution of aggrecan in IPAH lesions,
four patients with IPAH were selected for complete serial
sectioning and subsequent serial staining to aid in the
identification and differentiation of different vascular
matrices (Figure 2a-c). Staining with alcian blue (Ab)
showed that acid mucins were more abundant in cellular
vascular matrices, than in fibroelastic or collagenous
vascular matrices (Figure 2e-g). Aggrecan accumulated
in lesions composed of cellular connective tissue, rather
than collagenous or fibroelastic vascular matrices
(Figure 2i-k) and colocalized with Ab staining as it is a
sulfated glycosaminoglycan (Figure 2e,i,h,l). Cellular and
collagenous/fibroelastic matrices could often be found in
close proximity with each other at branching points or
within vascular lesions (Figure 2d,h,l).

Aggrecan accumulation in IPAH vascular
lesions

Immunohistochemistry demonstrated accumulation of
aggrecan in multiple vascular lesion types of IPAH
(Figures 2i-k and 3). Strong staining for aggrecan was
observed in hypertrophic tunica media, intimal thicken-
ing, and plexiform lesions in all 11 IPAH patients
(Figure 3a). In contrast, little or no aggrecan was seen
in healthy arterioles and muscular arteries in FLD
controls (Figure 3b), with the exception of rarely found
stained areas at sites of bifurcations (Figure 3b, bottom
panel). Negative and positive controls are provided for
comparison (Figure 3c,d). Quantification of aggrecan
staining revealed that IPAH patients displayed a statisti-
cally significant increase in strongly stained (p = 0.0071)
and total stained (p = 0.0068) positive pixels per section,
compared to controls (Figure 3e). No aggrecan accumu-
lation was seen in pulmonary veins, airways, or
pulmonary parenchyma of IPAH lungs, however aggre-
can was present in large elastic arteries of both IPAH and
FLD patients (Figure S1). Immunofluorescent stainings
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FIGURE 2 Diversity of extracellular matrix composition in IPAH vascular lesions. Serial sectioning and histological staining allowed
for differentiation of vascular matrices in IPAH. EvG stainings suggested the existence of cellular (a), collagenous (b) and fibroelastic

(c) matrices in intimal lesions, medial hypertrophy and plexiform lesions. Cellular matrices contained minimal collagen (reddish pink) and
elastin (black). In contrast, collagenous matrices and fibroelastic matrices stained strongly for collagen or a combination of collagen and
elastin. Ab/PAS identified acidic mucins (blue), neutral mucins (magenta) and mixtures of the two (purple). Cellular connective tissue
matrices accumulated acidic mucins (e), whereas collagenous (f) and fibroelastic (g) matrices did not. When performing subsequent
immunohistochemistry for aggrecan, only cellular connective tissue matrix lesions exhibited notable aggrecan staining (i-k). Occluded distal
arterioles could display a collagenous or fibroelastic matrix composition (d, black asterisk) with negative mucin (h, black asterisk) and
aggrecan (1, black asterisk) staining, whereas the hypertrophic parent muscular artery was rich in cellular connective tissue (d, white
asterisk), acidic mucins (h, white asterisk) and aggrecan (1, white asterisk). Representative images are shown. All scale bars measure 200 pm.
Ab/PAS, Alcian blue/Periodic Acid Schiff; EvG, Elastica van Gieson.

for aggrecan and versican revealed that both proteogly-
cans were found in diseased vessels, colocalizing in
medial hypertrophy but to a lesser extent in intimal
hyperplasia and plexiform lesions (Figure S2).

Local production of ACAN mRNA
in vascular lesions of IPAH

Combined RNAscope ISH and immunofluorescence were
performed to identify ACAN-expressing cells in IPAH lesions

(Figure 4). ACAN ISH demonstrated expression in medial
hypertrophy (Figure 4a,b), intimal lesions (Figure 4e,f) and
plexiform lesions (Figure 4ij) of IPAH. Combined ACAN
RNAscope with SMA immunofluorescence revealed that
regions positive for SMA also contained ACAN mRNA in
medial hypertrophy (Figure 4c,d). Possible co-localization of
ACAN mRNA and cell regions positive for VWF was seen in
intimal (Figure 4g,h) and plexiform lesions (Figure 4k,1) and
a similar pattern was seen when staining for the alternative
endothelial marker Claudin 5 (Figure S3). Cells expressing
ACAN that appeared to be negative for all markers tested,
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FIGURE 3 Aggrecan accumulates in multiple types of IPAH vascular lesions. Representative images of aggrecan immunohistochemistry
demonstrated accumulation in hypertrophic media, intimal lesions, and plexiform lesions of all 11 IPAH patient samples (a). FLD control
pulmonary arteries generally demonstrated little or no staining for aggrecan, however, some aggrecan was seen at branching sites in some
sections (b, black arrowheads). Representative images are shown from nine IPAH patients and three FLD patients (a and b). Negative control
(c) and airway cartilage positive control (d) are shown for comparison. All scale bars measure 200 um. Quantifying and comparing aggrecan
stainings between IPAH and FLD patients revealed a significantly higher percentage of strong and total pixel positivity in IPAH patients
compared to controls (e). Data are plotted as mean + SD. Each datapoint represents an average of measurements from three individually

performed stainings. **p <0.01. FLD, failed lung donor; IPAH, idiopathic pulmonary arterial hypertension.

however, were also observed and remain to be identified
(Figure 4c,d,g,h.k.1).

Increased ACAN and ADAMTS15
expression in IPAH pulmonary arteries

Prescence of ACAN has been reported previously in small
and large pulmonary arteries of IPAH patients'® with
increased accumulation in large arteries. However, little
is known about the ACAN degrading enzymes in
IPAH. Therefore, mRNA expression analysis was per-
formed for genes encoding proteoglycan-degrading en-
zymes ADAMTS1, ADAMTS4, ADAMTS5, ADAMTSY,
ADAMTSI15, ADAMTS20, MMP3, and MMPI13 in small
pulmonary arteries. Gene expression levels for ADAMTS4,
ADAMTS20, MMP3, and MMP13 were below the mRNA
detection limit, and these were therefore excluded from
further analysis. No significant differences between
IPAH and donor pulmonary arteries were detected for
ADAMTSI1, ADAMTSS, and ADAMTS9 (Figure 5a-c), but

a trend towards higher protease expression in IPAH was
observed. Significantly higher expression of ADAMTSI15
(p =0.0124) was, however, found in small IPAH pulmo-
nary arteries compared to controls (Figure 5d).

Accumulation of aggrecan at sites of
intrapulmonary bronchopulmonary
shunting

Segmentation and three-dimensional rendering, com-
bined with multiple virtual sectioning planes of IPAH
lesions allowed a better analysis of aggrecan localization
within the pulmonary vascular tree in three patients with
IPAH (Figure 6). Patient 1 displayed specific aggrecan
staining in a pulmonary artery with hypertrophic tunica
media and within an intimal occlusion of the same
vessel, but no positive aggrecan staining was seen distal
to the complete occlusion or in dilated distal collaterals
(Figure 6a-d). A connection between the pulmonary
artery, distal to the occlusion, and the bronchial
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FIGURE 4 ACAN is expressed in IPAH vascular lesions and co-localizes with regions positive for vWF and SMA. RNAscope ISH
demonstrated expression of ACAN mRNA (red) in diseased vessels of IPAH patients. ACAN mRNA expression was observed in medial
hypertrophy (a and b), intimal lesions (e and f, here cut lengthwise), and plexiform lesions (i and j) of IPAH patients. Combining
immunofluorescence for vVWF (green in c, g, k) and SMA (green in d, h, 1) with ACAN ISH (red) demonstrated that SMA-positive regions,
but not vWF-positive regions, expressed ACAN mRNA in medial hypertrophy (c and d, white arrowheads). In contrast, SMA-positive
regions did not seem to express ACAN mRNA in intimal or plexiform lesions (h, 1, white arrowheads), whereas vWF-positive regions did
(g, k, white arrowheads). ACAN was also produced by cells negative for both SMA and vWF, mainly observed in plexiform lesions (k and 1,

white asterisks). All scale bars measure 100 um. ACAN, aggrecan-encoding gene; IPAH, idiopathic pulmonary arterial hypertension;
mRNA, messenger RNA; vWF, von Willebrand Factor; SMA, actin a-smooth muscle.

circulation of the adjacent bronchiole was also observed
in Patient 1 (B, yellow arrowhead). In Patient 2, an
aggrecan-rich type 4 plexiform lesion (pulmonary artery
with re-canalization as previously described'’) was
accompanied by distal dilatation of the pulmonary artery
branches, that displayed no positive aggrecan staining
(Figure 6e-h). In addition, a collateral vessel connecting
the pulmonary artery proximal and distal to the
plexiform lesion, was apparent (Figure 6f, yellow
arrowhead). Finally, in Patient 3, a type 1 plexiform
lesion (within a supernumerary artery, as previously
described'®) exited from a hypertrophied pulmonary
artery, both staining positive for aggrecan (Figure 6i-1).

Distal to the plexiform lesion, the pulmonary artery was
completely occluded by a fibrotic matrix and lacked
aggrecan staining. Analysis of vascular connections from
the plexiform lesion showed collaterals to the vasa
vasorum of the distally occluded PA (Figure 6j, yellow
arrowhead). Subsequent EvG staining allowed for
comparisons between matrices proximal and distal to
high-pressure points and plexiform lesions in IPAH
patients (Figure S4). The qualitative analysis of this data
suggests an accumulation of aggrecan proximal to, as
well as in lesions associated with increased mean
pulmonary arterial blood pressure, whereas no accumu-
lation was seen distal to such lesions.
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Increased expression of ADAMTSI15 mRNA in IPAH pulmonary arteries. No significant differences were observed for

expression of ADAMTS1 (a), ADAMTSS5 (b) and ADAMTS9 (c) in small pulmonary arteries, even though upwards trends were observed.
ADAMTS15 was however significantly upregulated in small pulmonary arteries of IPAH patients (d). Data are plotted as mean + SD. Each

datapoint represents a single individual, with pooled mRNA from 100 vessels per individual. *p < 0.05. IPAH, idiopathic pulmonary arterial

hypertension; mRNA, messenger RNA.

DISCUSSION

ECM remodeling has been suggested to play key roles in
development of pulmonary angiopathy in PAH.>*® Matrix
composition and proteoglycan content varies with the
different stages of vascular disease, as previously shown in
atherosclerotic plaques.”” In the systemic circulation,
proteoglycans appear predominantly in early stages of
vascular lesion formation, whereas fibrillar collagens and

elastic fibers increase as the vascular lesion becomes more
advanced and fibrotic.’ Indeed, in 1958 Heath and Edwards
demonstrated a distinction between cellular and fibroelas-
tic/collagenous intimal lesions in PAH secondary to
congenital heart defects, determined by EvG staining.*!
Our current data allowed for a similar differentiation
between cellular and collagenous/fibrotic intimal vascular
lesion matrices in IPAH. Aggrecan was observed to
accumulate in cellular vascular matrices in IPAH patients,
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FIGURE 6 Aggrecan preferably accumulates at high-pressure areas in IPAH. Manual and automated reconstructions of pulmonary and

bronchial arteries, together with large airways, revealed positive aggrecan immunostaining at sites of increased pulmonary artery pressure in

three patients with IPAH (a-1). Patient 1 (a and b) displayed specific aggrecan-positive staining within the hypertrophic media proximal to

an obstructive intimal lesion, which also stained positive for aggrecan (c). No positive staining was seen distal to the occlusion (d). A small
vessel connecting to the bronchial circulation of an adjacent airway was identified and rendered (b, yellow arrowhead). In Patient 2 (e and f),

an aggrecan-rich type 4 plexiform lesion (g) caused narrowing of the lumen, with no positive aggrecan staining distally (h). In addition, a

small shunt vessel bypassing the potential lumen-narrowing lesion is shown (f, yellow arrowhead). Patient 3 (i and j) displays a hypertrophic
vessel, from which a type 1 plexiform lesion arises, both rich in aggrecan (k). Distally, the vessel is completely occluded, although lacking
aggrecan staining (1). A small vessel leaving the plexiform lesion connects distally to the vasa vasorum of the distally occluded pulmonary
artery (j, yellow arrowhead). IPAH, idiopathic pulmonary arterial hypertension.

but not in lesions with fibrotic or collagenous matrices. In
both fibrosis and wound healing, extensively studied by
Wight and co-workers,® a proteoglycan-rich “provisional
matrix”, induced by hampered cell signaling or tissue
injury, was shown to enable migration, signaling
and differentiation of both resident and invading cells
during the early repair process. Accumulation of large
aggrecan-hyaluronic acid complexes supports a matrix
capable of sequestering numerous GAG-binding growth
factors.”** Indeed, many factors previously shown to be of
importance in pulmonary hypertension (BMPs, Wnt
ligands, TGF-8, IL-6, FGF-2, PDGF-BB, and VEGF), are
GAG/heparin-binding, suggesting a role for proteoglycans
in their regulation.”®**> A highly hydrated matrix further-
more provides the extracellular space necessary for
subsequent cell expansion and continued matrix

deposition/remodeling. As pulmonary vascular lesions age
they appear to become increasingly fibro-collagenous, with
proteoglycan content apparently decreasing. Viewing ag-
grecan as a part of the early response-to-injury, it could be a
potentiator of cell migration and proliferation, in addition
to contributing to luminal narrowing through the genera-
tion of a hydrated, tissue growth factor-binding matrix, but
also through its ability to bind water and produce a
significant osmotic swelling pressure.

Recent publications have emphasized the biomechanical
importance of large aggregating proteoglycans in arterial
wall homeostasis and proposed that overexpression of
GAGs/proteoglycans can disrupt normal mechanosensing
and may compromise vascular wall integrity.***> Upon
grafting veins to the arterial circulation in mice, proteomics
revealed that aggrecan was significantly upregulated in
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response to the high-pressure environment.'® Furthermore,
in umbilical arteries from multiple mammalian species, the
inner tunica media contained abundant aggrecan compared
to the outer tunica media and the venous tunica media and
was computationally predicted to increase internal tunica
media swelling that enabled umbilical artery closure at
birth.* Here, aggrecan accumulation was seen in diseased
pulmonary muscular arteries and arterioles, but not in any
significant amount in FLD controls with presumed normal
pulmonary pressures. Furthermore, no aggrecan accumula-
tion was seen in veins of IPAH patients. Small aggregates of
aggrecan were observed at sites of mild intimal thickening in
small pulmonary vessels of the FLD controls. However,
those vessels can be considered healthy as intimal fibrosis of
this type is a normal finding in lungs beyond adolescence.”!
Perhaps supporting this notion, FLD donors were signifi-
cantly older than the IPAH patients in our cohort. Although
virtually impossible to obtain, an age-matched control group
would have been optimal for the comparisons performed in
this study, and would have removee the confounder of older
controls in our data set. The presence and function of
aggrecan in large elastic arteries has been touched upon by
others,”***> and we confirm that it is present in pulmonary
elastic arteries in both IPAH and FLD patients. Differential
accumulation of aggrecan in IPAH could be due to
differential degradation. This is supported by trends of
increases in ADAMTS1, ADAMTS5, and ADAMTS9 gene
expression in small pulmonary vessels of IPAH. We also
found ADAMTSI15 to be significantly upregulated in these
vessels. Information on ADAMTSI15 is scarce and although
observations supporting its ability to cleave versican®® and
recombinant aggrecan®”® were previously published, it is
not considered a prominent aggrecanase in the present
literature. A recent study by Santamaria et al* investigated
the substrates of ADAMTSS, a protease whose gene locus is
tightly linked with that of ADAMTS15, suggesting a close
relationship between these proteases. Targeted deletion of
Adamts8 in myocytes and vSMCs of pulmonary arteries in
mice has been associated with reduced right ventricular
hypertrophy and systolic pressure, compared to wild type
controls, when subjected to hypoxia-induced PAH.*
Although concluded to be an inefficient aggrecanase,
ADAMTSS cleaves osteopontin,® a phosphoprotein that is
increased in plasma of patients with PAH and that correlates
with disease severity and mortality.*'

Combining RNAscope in situ hybridization for ACAN
with immunofluorescence revealed that aggrecan in
hypertrophic tunica media was locally produced in the
lesion, mainly by what we suggest are vSMCs, and in
intimal lesions and plexiform lesions, primarily in
regions positive for vVWF or Claudin 5. Being a secreted
endothelial glycoprotein, VWF accumulation in the
matrix surrounding non-endothelial cells might provide

on Access

a false positive endothelium staining, a reason why vWF
staining needs to be interpreted with caution.** However,
Claudin 5 staining confirmed the observed pattern. A
subset of currently unidentified cells appeared to produce
aggrecan in plexiform lesions. We and others have
previously shown that leukocytes, determined by CD45
staining, mainly accumulate in the adventitial layer, or as
leukocytic caps surrounding human plexiform lesions.""
Previous work has supported the possibility that vSMCs
can transdifferentiate into chondrogenic cell phenotypes
in response to vascular injury,* as known producers of
aggrecan. vSMCs are highly mechanosensitive and
increased proteoglycan production is a known conse-
quence of increased cyclic mechanical stress in
vSMCs.***® Together, these notions make the hypothesis
of shear-stress-induced trans-differentiation of vSMCs
into a chondrocyte-like phenotype in plexiform lesions
tempting and motivate further studies.
Three-dimensional mapping of hypertensive lesions
in IPAH, and the connections between aggrecan-rich
lesions and lesions lacking aggrecan, was made possible
by combining SRuCT with traditional histology. As
suggested by our group and others, certain plexiform
lesions are anastomosing structures allowing for shunt-
ing of blood between the pulmonary and bronchial
circulation in PAH, possibly relieving pressure from the
pulmonary circulation."”>'®'® Here, aggrecan was
observed to accumulate in hypertrophic tunica media
proximal to such pressure-relieving plexiform lesions in
IPAH patients. Aggrecan accumulation was also wit-
nessed in supernumerary arteries entering plexiform
lesions, in addition to its presence within the plexiform
lesion itself. However, in dilated collaterals exiting
plexiform lesions, where pulmonary pressure is believed
to be low, no aggrecan was observed. Whether aggrecan
is the cause or effect of an elevated pulmonary arterial
pressure in plexiform lesions and hypertrophic tunica
media of IPAH cannot be concluded from this study,
however, aggrecan regulation in pulmonary vSMCs and
its relation to shear stress and variations in blood
pressure are interesting subjects for future animal and
three dimensional in vitro modeling studies of PAH.
The present study has limitations. Hypertensive diseases
of the pulmonary circulation, IPAH in particular, are rare
conditions and access to human tissue samples is limited.*’
Tissue for this study was gathered and processed over several
years. Stereology and unbiased sampling was therefore not
possible, limiting the possibilities of certain gold-standard
quantitative measurements.”®* Temporal aspects of IPAH
angiopathy related to aggrecan accumulation were not
possible to study in this material, as all samples were taken
from terminally ill patients with advanced disease. However,
since a wide array of late and early stage lesions are present
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in end-stage PAH,”' the distinction between cellular and
fibrotic/collagenous matrix types was possible in our
material. Just recently, we presented promising data
indicating that prolongation of the Sugen5416/Hypoxia rat
model* generated the same four types of plexiform lesions
previously identified in human IPAH.° Hopefully, this
model will enable accurate basic temporal studies of the
development of pulmonary vascular lesions.

GAGs associated with aggrecan (CS and KS) were not
stained for in this study, as these are also associated with
other proteoglycans located in the pulmonary vascula-
ture of IPAH."* We provide indirect evidence of GAG
accumulation in vascular lesions of IPAH, by demon-
strating colocalized accumulation of acidic mucins,
through alcian blue staining, and aggrecan core protein
in vascular lesions of IPAH. We furthermore acknowl-
edge the limitation that different IPAH patient groups
were used for imaging combined with subsequent
histology (n=11) and for gene expression analysis in
laser capture micro-dissected small pulmonary arteries
(control n =28, IPAH n=13).

SRuUCT enables non-destructive visualization of bio-
logical tissues.’’ Its use in studies of cardiopulmonary
shunts was published recently and the full potential of
the method has yet to be explored.'®>* As an example,
standardized algorithms for measurements of disease
burden in volumetric datasets of PAH are currently
under development by our group, since manual
reconstruction of the pulmonary microvasculature, as
applied in this study, is subject to interobserver variation.

To summarize, aggrecan was expressed and deposited
selectively in all types of vascular lesions of IPAH; intimal
lesions, medial hypertrophy, and plexiform lesions. Qualita-
tive analysis of synchrotron data and histological stainings
suggested preferable accumulation of aggrecan just proximal
to, or at high-pressure points in the pulmonary circulation,
as well as in early vascular intimal matrices. Analogous with
the findings in systemic’ and umbilical arteries,® we
speculate that the swelling resulting from the abundant
GAG chains in aggrecan may have a role in arterial luminal
narrowing and fibrosis development in IPAH. This could
indeed be the cause of increased pulmonary arterial pressure,
due to the development of intimal occlusions and type 4
plexiform lesions." Alternatively, or additionally, aggrecan
expression could be an arterial adaptive response to
increased pulmonary artery pressure. Although aggrecanases
were only briefly addressed in this work, we believe that
mapping of degradomes related to upregulated ADAMTS
enzymes in PAH may hold the key to developing therapies
to halt the development of pulmonary angiopathy in its early
stages, thus avoiding irreversible vascular fibrosis and
remodeling.
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