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ABSTRACT

Proteinase-activated receptor 2 (PAR,), a G-protein-coupled
receptor activated by serine proteinases such as trypsin, has been
suggested to play an important role in inflammatory and fibro-
proliferative processes. In preterm infants, the development of
bronchopulmonary dysplasia (BPD) is characterized by early
pulmonary inflammation and subsequent interstitial fibrosis.
High pulmonary trypsin-2 has been shown to be associated with
the development of BPD. We studied the expression and distri-
bution of PAR, and trypsin-2 by immunohistochemistry in au-
topsy lung specimens of fetuses (n = 10), of preterm infants who
died of acute or prolonged respiratory distress syndrome (RDS)
(n = 8 and n = 7, respectively) or BPD (n = 6), and of newborn
infants without lung disease (n = 5) who served as controls. In
prolonged RDS and BPD, PAR, immunoreactivity was signifi-
cantly higher in bronchial epithelium when compared with in-
fants without pulmonary pathology (p < 0.05 and p < 0.005,

Proteinase-activated receptor 2 (PAR,) is a member of a
family of four G-protein-coupled receptors that are activated
by proteolytic cleavage of their extracellular N-terminal do-
main (1,2). The new N-terminus that is exposed by proteolysis
binds to and autoactivates the receptor (3,4). To date, four
PARs have been identified. Of them PAR,, PAR;, and PAR,
are targeted by thrombin, whereas PAR, is activated by trypsin
and tryptase. PAR, is expressed in tissues such as intestine,
pancreas, kidney, heart, vascular endothelium and lung (4-6).
In the human lung, PAR, is expressed in airway epithelium and
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respectively). In alveolar epithelium, expression of PAR, was
elevated in prolonged RDS when compared with newborn infants
without pulmonary pathology (p < 0.05). Moreover, strong
expression of PAR, was detected in myofibroblasts of thickened
and fibrotic alveolar walls in prolonged RDS or BPD. Trypsin-2
was co-localized with PAR, in bronchoalveolar epithelium.
These findings suggest that PAR,, possibly activated by tryp-
sin-2, may participate in inflammation and fibroproliferation
associated with progression of RDS toward BPD in preterm
infants. (Pediatr Res 57: 831-836, 2005)

Abbreviations
BPD, Bronchopulmonary dysplasia
PAR,, Proteinase-activated receptor 2
RDS, Respiratory distress syndrome

smooth muscle, in fibroblasts, and in vascular endothelium and
smooth muscle (6—8). Several studies indicate that activation
of PAR, may be important in inflammation, tissue remodeling,
and fibroproliferation (8—13). In the airways, both pro- and
anti-inflammatory roles for PAR, have been suggested
(7,10,12).

In very low birth weight infants bronchopulmonary dyspla-
sia (BPD) is a common chronic lung disease with multifactorial
etiology (14-17). Several studies have shown that inflamma-
tion plays an important role in the pathogenesis of BPD
(17-20). In preterm infants with respiratory distress syndrome
(RDS), during the first postnatal days an inflammatory reaction
takes place in the lungs characterized by accumulation and
activation of inflammatory cells and release of inflammatory
mediators in the airways and interstitium. Infants who subse-
quently develop BPD have a more pronounced and persistent
pulmonary inflammation when compared with infants who
recover from RDS (18,19). Slowly resolving inflammation and
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excessive reparative processes lead to pulmonary fibroprolif-
eration and abnormal lung development, but the mechanisms
remain to be characterized.

We have previously demonstrated that in preterm infants,
the development of BPD is associated with high pulmonary
levels of trypsin-2 during the early postnatal period (21). We
hypothesized that activation of PAR, could be an important
mechanism through which trypsin-2 causes damage in the
preterm lung. Therefore, we studied the expression and poten-
tial co-localization of PAR, and trypsin-2 by immunohisto-
chemistry in autopsy specimens of fetuses, of preterm infants
with RDS or BPD, and of newborn infants without lung
disorder.

METHODS

Patients. A total of 10 fetuses aborted because of major extrapulmonary
anomalies between 1997 and 2000, and 26 infants who died between 1992 and
1998 in the University Central Hospital, Helsinki, were studied. The preterm
infants who died of acute (age at death 0-2 d; n = 8) or prolonged RDS (age
at death 8—16 d; n = 7) were mechanically ventilated and received treatment
with surfactant, and the autopsies showed hyaline membranes. BPD was
defined as the need for supplemental oxygen at the age of 36 gestational weeks,
in association with chest radiographic findings typical for BPD (22). As
controls, newborn infants (n = 5) who died within 1 d after delivery for
different reasons without lung disorders were included. Of the newborn
controls, 3 received no mechanical ventilation or supplemental oxygen (ges-
tational ages 22-22.7 wk). Mechanical ventilation and supplemental oxygen
was given to 2 infants (gestational ages 26.1 and 33.0 wk) for 2 and 20 h,
respectively. None of the fetuses or infants presented with any lung anomalies
or pneumonia at the time of death. The clinical information on the fetuses is
given in Table 1 and on the infants in Table 2. Autopsies were performed
within 3 d after death. The lung samples were fixed in 10% neutral buffered
formalin, embedded in paraffin, and stored at room temperature. Four-
micrometer sections were stained with hematoxylin-eosin. After evaluating the
whole material, one representative tissue block from each case was selected for
immunohistochemical studies.

The study was done with the approval of the Ethics Committee of the
Hospital for Children and Adolescents, University Central Hospital, Helsinki.

Immunohistochemistry. PAR, immunoreactivity was visualized with poly-
clonal anti-PAR, antibody BS5 raised in rabbits against a peptide fragment of
rat PAR, (*°GPNSKGR | SLIGRLDT*P-YGGC, where “ |~ designates the
PAR, trypsin cleavage/activation site, with the sequence YGGC added for
derivitization) and cross-reacts with both rat and human PAR, (23,24). Tryp-
sin-2 immunoreactivity was visualized with monoclonal anti-trypsin-2 anti-
body 8F7 (25).

Four-micrometer sections were deparaffinized, rehydrated, and micro-
waved. The sections were then treated with 0.5% hydrogen peroxide in
methanol for 30 min and blocked with either normal goat serum (PAR,) or
normal horse serum (trypsin-2) (both 1:20) for 15 min. Primary antibody to
PAR, (diluted 1:1000) or to trypsin-2 (diluted 1:1000) was added, and the
sections were incubated overnight at room temperature. For PAR,, negative
controls were performed by preabsorbing the antibody with the nonconjugated
immunogenic peptide present at a concentration of approximately 20 pug/mL in
the antibody (1:1000)-containing buffer and incubating 3 h at room tempera-
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ture before application to the tissue. Additional negative controls were per-
formed by substituting the primary antibody with neutral isotonic PBS (PBS).
For trypsin-2, sections treated with nonimmune mouse serum or PBS served as
negative controls. Bound antibody was visualized by the avidin-biotin complex
immunoperoxidase technique (ABC) (Elite ABC Kit, Vectastain, Vector Lab-
oratories, Burlingame, CA) following the manufacturer’s instructions. The
sections were incubated with the biotinylated second layer antibody and the
peroxidase-labeled avidin-biotin complex for 30 min each. Peroxidase activity
was developed with 3-amino-9-ethyl-carbazole (Sigma Chemical Co.,
A-5754), and finally the sections were stained with hematoxylin.

To confirm the presence of PAR, on macrophages or myofibroblasts,
consecutive sections were immunostained with an antibody against the specific
macrophage marker CD-163 (diluted 1:100) (Novocastra, Newcastle upon
Tyne, UK) or a-smooth muscle actin (diluted1:5000) (Biomakor, Rehovot,
Israel).

Scoring of PAR, Immunoreactivity and Statistical Analysis. The analysis
of PAR, immunoreactivity was performed independently by two investigators
(K.C. and P.H.) in a blinded fashion. In each case, the entire section of lung
tissue (approximately 1-2 cm?) was evaluated. The level of PAR, immuno-
reactivity was scored in a semiquantitative manner according to the following
method: absent = 0, low = 1, moderate = 2, strong = 3, or very strong = 4.
Separate scores were given for bronchial and bronchiolar epithelium, alveolar
epithelium, bronchial and vascular smooth muscle cells, and vascular endo-
thelium. Data for the level of PAR, immunoreactivity are given as medians and
interquartiles. Comparisons between groups were performed with the nonpara-
metric multiple comparison Kruskal-Wallis test (StatView 5.0.1, Abacus Con-
cepts Inc., Berkeley, CA). The Dunn’s test was used for the post hoc compar-
isons. P values less than 0.05 were considered statistically significant.

RESULTS

Immunohistochemistry for PAR,. In all fetuses and infants,
positive immunostaining for PAR, was detected in bronchial
and bronchiolar epithelium, and in alveolar epithelium. Posi-
tive immunostaining for PAR, was also found in bronchial and
vascular smooth muscle and in vascular endothelium. Preab-
sorption of PAR, with the nonconjugated immunogenic pep-
tide eliminated the staining (data not shown).

Fetuses. PAR, immunoreactivity in bronchial and bronchio-
lar epithelium was low or moderate; however, in one fetus with
gestational age 14 wk, the immunoreactivity was strong (Figs.
1A and 2A). In cuboidal type-II-like pneumocytes lining the
prospective pulmonary acini the immunoreactivity was mod-
erate or strong, and it had a tendency to be stronger when
compared with newborn infants without lung pathology al-
though the difference did not reach statistical significance (p =
0.06) (Figs. 1B and 2B). The vascular endothelium and the
bronchial and vascular walls were negative or showed only low
immunoreactivity for PAR-2 (Figs. 1C-E, 2A).

Newborn controls. In newborn infants without lung pathol-
ogy, the expression of PAR, in the studied cell types was
predominantly low (Figs. 1 and 3A).

Table 1. Clinical data of fetuses

Gestational age Weight Gender
Fetus (wk) (2) (M/F) Diagnosis
1 14 30 Unknown Meningomyelocele
2 15 60 M Nonketotic hyperglycinemia
3 17 160 M Diastrophic dysplasia
4 18 110 M Anencephaly
5 18 160 M Meningomyelocele
6 18 200 M Hypoplastic left heart syndrome
7 21 280 F Meningomyelocele
8 21 350 F Hypoplastic left heart syndrome
9 21 380 M Meningomyelocele
10 22 510 M Hydrocephalus
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Table 2. Clinical data of newborn controls and preterm infants with RDS or BPD

Gestational age Birth weight Age at Gender
Patient (wk) (2) death (M/F) Cause of death

1 22.4 510 15 min F Fetofetal transfusion
2 22.7 340 16 min M Rupture of fetal membranes
3 26.1 860 2 hr F Placental ablation
4 22.0 540 3 hr M Spontaneous abortion
5 33.0 2230 1d M Acute asphyxia
6 29.7 1525 12 hr M RDS, fetofetal transfusion
7 26.0 825 1d F RDS
8 243 620 1d F RDS
9 27.7 840 1d F RDS

10 25.7 500 2d M RDS

11 25.0 305 2d F RDS

12 239 570 2d M RDS

13 24.0 520 2d F RDS

14 25.7 675 8d M Prolonged RDS

15 29.9 810 8d M Prolonged RDS

16 24.6 495 11d M Prolonged RDS

17 27.0 740 11d M Prolonged RDS

18 27.6 530 12d F Prolonged RDS

19 26.4 925 13d M Prolonged RDS

20 26.4 670 16 d F Prolonged RDS

21 26.4 700 75 d M BPD, cystic PVL

22 28.9 765 82d M BPD

23 26.0 1250 121 d M BPD, hydrocephalus

24 29.0 1070 175d M BPD, cor pulmonale

25 28.9 1160 180 d M BPD, hydrocephalus

26 31.3 750 306 d M BPD

PVL, periventricular leukomalacia.

RDS. In preterm infants who died of acute RDS at the age of
0-2 d, immunoreactivity for PAR, was strongest in bronchial
and bronchiolar epithelium (Fig. 1). The immunoreactivity in
alveolar epithelium was low in 4 of the 8 preterm infants (Figs.
1B and 3B). In the studied cell types, no significant difference
was detected in the level of PAR-2 immunoreactivity between
preterm infants who died of acute RDS and newborn infants
without lung pathology.

Prolonged RDS. In preterm infants who died of prolonged
RDS at the age of 8—16 d, the expression of PAR, was
strongest in bronchial and bronchiolar epithelium and in alve-
olar epithelium (Figs. 1, 3C, 3D). When compared with new-
born controls, PAR, immunoreactivity was significantly higher
in bronchial and bronchiolar epithelium, in alveolar epithelium,
and in bronchial and vascular smooth muscle (Fig. 1). In
addition, expression of PAR, in vascular endothelium tended
to be higher when compared with newborn controls (p = 0.07).
In all infants who died of prolonged RDS, PAR, was also
detected in spindle-shaped cells of thickened alveolar walls and
fibrotic foci (Fig. 3C). These cells were strongly positive in
immunohistochemical staining for a-smooth muscle actin thus
obviously representing lung myofibroblasts (26).

BPD. In preterm infants who died of BPD, PAR, immuno-
reactivity was strongest in bronchial and bronchiolar epithe-
lium (Fig. 1). When compared with newborn infants without
lung pathology, PAR, immunoreactivity was significantly
higher in bronchial and bronchiolar epithelium and in bronchial
smooth muscle (Fig. 1). As in infants who died of prolonged
RDS, in all infants with BPD strong expression of PAR, was
detected in a-smooth muscle actin-positive myofibroblasts of

thickened and fibrotic alveolar walls (Figs. 3E and 3F). In
addition, PAR, was expressed in alveolar macrophages (Fig.
3E) that were positive for CD-163 (data not shown).

Immunohistochemistry for trypsin-2. In accordance with
our previous findings, trypsin-2 was expressed predominantly
in the bronchial and bronchiolar epithelium (21). Vascular
endothelium was negative except in 2 preterm infants who died
of prolonged RDS. No trypsin-2 immunoreactivity was de-
tected in bronchial or vascular smooth muscle cells. In fetuses,
faint expression of trypsin-2 was detected in bronchial and
bronchiolar epithelium in 5 samples whereas 5 samples were
totally negative. Similarly, in newborn infants without lung
pathology, bronchial and bronchiolar epithelium was weakly
positive in 3 of the 5 infants. In preterm infants who died of
RDS, bronchial and bronchiolar epithelium and hyaline mem-
branes showed low trypsin-2 immunoreactivity in 4 infants. In
contrast, in preterm infants who died of prolonged RDS at the
age of 8—16 d, the expression of trypsin-2 was predominantly
strong in bronchial and bronchiolar epithelium and in type-II-like
pneumocytes lining alveolar walls; in these structures trypsin-2
co-localized with PAR, (Figs. 4A and 4B). In addition, in 2 of the
preterm infants who died of prolonged RDS, trypsin-2 immuno-
reactivity was also detected in vascular endothelium; in these
infants vascular endothelial cells showed strong PAR, immuno-
reactivity (Figs. 4C and 4D). In preterm infants who died of BPD,
trypsin-2 immunoreactivity co-localized with PAR, immunoreac-
tivity in bronchial and bronchiolar epithelium and varied from low
to strong, while alveolar epithelium was predominantly negative
(Figs. 4E and 4F).
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Figure 1. Box plot of semiquantitative analysis of PAR-2 immunoreactivity
in different types of pulmonary cells in fetuses, in newborn infants without
lung disorders (newborn controls), and in preterm infants who died of RDS or
BPD. (A) Bronchial and bronchiolar epithelium, (B) alveolar epithelium, (C)
bronchial smooth muscle, (D) vascular smooth muscle, and (E) vascular
endothelium. Semiquantitative scoring of PAR, immunoreactivity was as-
sessed as follows: absent = 0, low = 1, moderate = 2, strong = 3, or very
strong = 4. Box denotes the 25th, 50th, and 75th percentiles while whiskers
represent the 10th and 90th percentiles. * p < 0.05 vs newborn controls.

Figure 2. Immunohistochemical localization of PAR, in fetal lung. (A) PAR,
immunoreactivity in bronchiolar epithelium (gestational age 14 wk). Bar = 20
um (B) PAR, immunoreactivity in cuboidal type-II-like pneumocytes (gesta-
tional age 21 wk). Bar = 50 wm. as: airspace, br: bronchiole.

DISCUSSION

In the present study we demonstrate that PAR, is highly
expressed in airway epithelium of preterm infants who died of
prolonged RDS or of BPD, and that the expression is signifi-
cantly stronger in comparison with newborn infants without
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Figure 3. Immunohistochemical localization of PAR, in lungs of infants. (A)
Newborn infant who died of placental ablation (gestational age 26.1 wk, age at
death 2 h). No histologic signs of RDS in postmortem examination. Bar = 50
um (B) Preterm infant who died of RDS (gestational age 25.0 wk, age at death
2 d). Bar = 50 um (C) Preterm infant who died of prolonged RDS (gestational
age 26.4 wk, age at death 13 d). Bar = 200 wm (D) High-power field of the
same patient as in C. Bar = 20 um. (E) Preterm infant who died of BPD
(gestational age 29 wk, age at death 175 d). Bar = 50 wm () Immunohisto-
chemical staining for a-smooth muscle actin of the same patient as in E. Bar
= 50 um. Asterisk: fibrotic focus, arrow: alveolar macrophage, as: airspace,
br: bronchiole, v: vessel.

lung pathology. The level of PAR, expression also showed a
trend to increase with progression of RDS toward BPD. More-
over, in preterm infants with lung injury we found that tryp-
sin-2, a potential activator of PAR,, is co-localized with PAR,
in the airway epithelium. PAR, expression was also evident in
bronchial and vascular smooth muscle, and in vascular endo-
thelium in lungs of preterm infants with RDS or BPD and of
term infants without lung pathology. This localization in in-
fants is in accordance with earlier studies showing PAR,
expression in adult human lung tissue (6,7,27).

Several studies done in vitro and in experimental animals
have suggested that PAR, is involved in inflammation and
tissue remodeling (9,10,12,13). Exposure to proinflammatory
agents up-regulates PAR, in vascular endothelium and its
activation induces vascular permeability and infiltration of
neutrophils (9,28). In respiratory epithelium, activation of
PAR, stimulates the release of inflammatory mediators such as
IL-6, IL-8, and matrix metalloproteinase-9, suggesting an im-
portant role for PAR, in inflammation and tissue remodeling in
the lung (10,12). In preterm infants with respiratory distress,
the development of BPD is characterized by persistent inflam-
matory pulmonary reaction associated with epithelial cell dam-
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Figure 4. Immunohistochemical localization of PAR, and trypsin-2 in lungs
of preterm infants. (A) PAR, expression in a preterm infant who died of
prolonged RDS (gestational age 29.9 wk, age at death 8 d). Bar = 100 um (B)
Trypsin-2 expression in the same patient as in A. Bar = 100 um (C) PAR,
expression in a preterm infant who died of prolonged RDS (gestational age
24.6 wk, age at death 11 d). Bar = 200 wm (D) Trypsin-2 expression in the
same patient as in C. Bar = 200 uwm (E) PAR, expression in a preterm infant
who died of BPD (gestational age 28.9 wk, age at death 82 d). Bar = 100 um
(F) Trypsin-2 expression in the same patient as in E. Bar = 100 wm. as:
airspace, br: bronchiole, v: vessel.

age and increased alveocapillary permeability (18-20). During
the first 2 wk of life, broncho-alveolar secretions show higher
numbers of inflammatory cells and increased levels of proin-
flammatory agents such as TNF-«, IL-6, IL-8, and various
proteases in preterm infants who subsequently develop BPD in
comparison with those who recover from RDS (18-21,29,30).
In addition to alveolar macrophages, vascular endothelium and
respiratory epithelium play an important role in the production
of the pro-inflammatory cytokines (29,31,32). In this study we
showed up-regulation of PAR, in the bronchoalveolar epithe-
lium of preterm infants with prolonged RDS, and in the
bronchial epithelium of preterm infants with BPD. In addition,
in preterm infants with prolonged RDS, the expression of
PAR, appeared to be increased in vascular endothelium. These
findings suggest that up-regulation of PAR, in lungs of preterm
infants is associated with the development of chronic inflam-
matory pulmonary disease of preterm infants. This pulmonary
up-regulation is in accordance with an earlier report of in-
creased expression of PAR, in bronchial epithelium in asthma
in adult patients (11).

The endogenous activator(s) of PAR, in the lung remains
largely to be determined. In normal adult lung tissue, immu-
noreactivity for trypsin(ogen) was co-localized with PAR, in
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the airway epithelium (7). Therefore, it has been suggested that
trypsin, tightly regulated by protease inhibitors such as o-
antitrypsin, may be a physiologic activator of epithelial PAR,
in the lungs, and that epithelial PAR, is involved in cytopro-
tection rather than inflammation (7,33). Like pancreatic tryp-
sin, its isoenzyme trypsin-2 is a potent PAR, activator (34). We
have previously shown that trypsin-2 is strongly expressed in
lungs of preterm infants with respiratory distress, and that
during the first 2 postnatal weeks, high levels of pulmonary
trypsinogen-2 are associated with subsequent development of
BPD (21). In the present study we demonstrated that in preterm
infants who died of prolonged RDS or BPD, trypsin-2 is
co-localized with PAR, in bronchial and alveolar epithelium.
Furthermore, expression of trypsin-2 was also detected in the
vascular endothelium of those preterm infants with prolonged
RDS who presented with strong endothelial PAR, expression.
We hypothesize that activation of PAR, in the lungs of preterm
infants by high levels of trypsin-2 during the early postnatal
period may play a role in persistent inflammatory pulmonary
reaction associated with the development of BPD. This hy-
pothesis is also supported by earlier studies showing deficiency
in pulmonary o -antitrypsin in preterm infants with RDS
(35,36).

To be capable of activating PAR, in the lung, trypsinogen
must be processed by specific enzymes. At present, it is unclear
how trypsinogen is activated outside the intestine where it is
activated by enteropeptidase. In vitro, it has been shown that
incubation of activated leukocytes with trypsinogen can result
in a conversion of trypsinogen to trypsin (37). This leukocyte-
mediated mechanism could be one by which trypsinogen may
be activated in the lungs of preterm infants with respiratory
distress. Further studies on the mechanism of trypsin activation
are important, since the trypsinogen to trypsin activators them-
selves might be a therapeutic target.

Both tryptase and trypsin appear capable of inducing lung
fibroblast proliferation via activation of PAR, (8). Myofibro-
blasts are derived from activated fibroblasts, and play an
important role in tissue remodeling following acute lung injury
(26,38). In preterm infants with acute lung injury, myofibro-
blasts have been shown to increase in number and form
bundles encircling terminal air spaces during the early postna-
tal period (26). Interestingly, in preterm infants who died of
prolonged RDS or BPD, we detected strong expression
of PAR, in a-smooth muscle actin-positive myofibroblasts of
thickened and fibrotic alveolar walls. This observation suggests
that PAR, might be involved in fibroproliferation associated
with the development of BPD.

We detected predominantly low expression of PAR, in the
normal fetal lung. The bronchial and the vascular walls and
vascular endothelium were almost negative; in contrast, in
type-1I-like pneumocytes lining the prospective pulmonary
acini PAR, immunoreactivity was moderate or strong. All of
the fetuses were aborted because of a clinical suspicion of a
major malformation in fetal ultrasound examination. None of
the mothers had clinical symptoms of chorioaminonitis, and no
signs of infection could be detected in histologic examination
of fetal tissues and placenta. Therefore, an inflammatory pro-
cess in the fetal lungs is an unlikely explanation for marked
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PAR, immunoreactivity in the cuboidal type II-like epithelial
cells. Whether PAR, expression in the fetal lung is affected by
the prostaglandin used to induce the abortion, or possibly by
hypoxia associated with the induced abortion, cannot be ruled
out in this study. The possible role(s) of PAR, in the develop-
ing fetal lung remains a topic of considerable interest for future
studies.

In conclusion, PAR, and its potential activator trypsin-2 are
co-localized in the lungs of preterm infants with prolonged
RDS or BPD. We suggest that activation of PAR, in the
preterm lung by high levels of trypsin-2 may play a role in
pulmonary inflammation and fibroproliferation associated with
the development of BPD. Overall, our data point to both
trypsin-2 and PAR, as potential therapeutic targets in the
setting of RDS and BPD in preterm infants.
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