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Previously, we reported that murine gammaherpesvirus-68 (M1-MHV-68) induces pulmonary artery (PA)
neointimal lesions in S100A4-overexpressing, but not
in wild-type (C57), mice. Lesions were associated with
heightened lung elastase activity and PA elastin degradation. We now investigate a direct relationship between elastase and PA neointimal lesions, the nature
and source of the enzyme, and its presence in clinical
disease. We found an association exists between the
percentage of PAs with neointimal lesions and elastin
fragmentation in S100A4 mice 6 months after viral
infection. Confocal microscopy documented the
heightened susceptibility of S100A4 versus C57 PA
elastin to degradation by elastase. A transient increase in lung elastase activity occurs in S100A4
mice, 7 days after M1-MHV-68, unrelated to inflammation or viral load and before neointimal lesions.
Administration of recombinant elafin, an elastasespecific inhibitor, ameliorates early increases in
serine elastase and attenuates later development of
neointimal lesions. Neutrophils are the source of elevated elastase (NE) in the S100A4 lung, and NE mRNA
and protein levels are greater in PA smooth muscle
cells (SMC) from S100A4 mice than from C57 mice.
Furthermore, elevated NE is observed in cultured PA
SMC from idiopathic PA hypertension versus that in
control lungs and localizes to neointimal lesions.
Thus, PA SMC produce NE, and heightened production and activity of NE is linked to experimental and
clinical pulmonary vascular disease. (Am J Pathol
2011, 179:1560 –1572; DOI: 10.1016/j.ajpath.2011.05.051)
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Pulmonary arterial (PA) neointimal lesions are observed
in patients with PA hypertension that is idiopathic (IPAH)
or associated with other medical conditions. These vascular abnormalities cause narrowing and even obliteration of the vessel lumen and contribute to the progressive
increase in pulmonary vascular resistance that can lead
to right ventricular failure (reviewed in Ref. 1). Only a few
murine or rodent models recapitulate this pathological
feature, eg, mice exposed to ovalbumin or aspergillus2 or
to schistosomiasis,3 rats treated with the vascular endothelial receptor blocker Sugen 5416, exposed to chronic
hypoxia and recovered in room air,4 mice that overexpress IL-6 and are subjected to chronic hypoxia,5 or mice
that overexpress S100A4.6 The latter mice, when over 1
year of age, can on rare occasions “spontaneously” develop severe neointimal lesions.6 However, these lesions
are observed consistently following infection with murine
gammaherpesvirus-68 (MHV-68).7 S100A4 is also known
as metastasin-1 (mts-1), and is a member of the calcium
binding family of proteins that clusters on chromosome 1
and that has been related to cancer and inflammation.8
The S100A4-overexpressing mouse infected with
MHV-68 is relevant to clinical PAH. Increased immunoreactivity for S100A4 is observed in vascular lesions in
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ciency virus (HIV) and HHV-8/Kaposi’s sarcoma virus, the
human homologue of MHV-68, have been implicated in
clinical PAH. Specifically, the viral protein for HHV-8 has
been detected in neointimal and plexiform lesions in lung
tissues from some,9 albeit not all,10 series of PAH patients.
Pulmonary vascular neointimal and plexiform lesions in
S100A4 mice are associated with fragmentation of elastic
laminae and with heightened activity of a serine elastase.7 Fragmentation of PA elastin has been observed in
PAs of PAH patients,11 and heightened activity of a serine
elastase has been identified in the PA in a variety of
experimental forms of PAH12–15 and in cultured PA
smooth muscle cells (SMC).16 –19 Moreover, inhibition of
this elastase can attenuate or prevent12–14 and even reverse15 experimental pulmonary vascular disease in rodents. In all rodent models where elastase inhibitors were
used, the pulmonary vascular lesions were characterized
by loss or increased muscularization of normally nonmuscular peripheral arteries at the alveolar wall and duct
level, and medial hypertrophy of proximal muscular arteries. Neointimal lesion formation, however, was not
present. Elastase inhibition should, however, attenuate
these lesions since proliferation and migration of SMC in
the neointima are likely the consequences of elastasemediated release of growth factors from the extracellular
matrix16,17 and activation of growth factor receptors.20
We therefore hypothesized, and subsequently demonstrated in this study, that in the S100A4 overexpressing
versus C57 mouse, heightened susceptibility of elastin to
fragmentation, coupled to elevated serine elastase activity following M1-MHV-68 infection, can contribute to the
development of neointimal lesions. We identified the elastase involved as neutrophil elastase (NE) produced by
PA SMC, suggesting that it is the endogenous vascular
elastase previously related to PAH in other experimental
models.12,16,18,19 Moreover, we showed that NE is produced in significantly greater amounts by cultured murine S100A4 versus C57 PA SMC, and by human PA
SMC from IPAH versus control lungs, and we localized
NE to neointimal and plexiform lesions in human lung
specimens.

Materials and Methods
S100A4 Overexpressing Mice
Transgenic mice overexpressing S100A4/Mts1 (originally
obtained as a kind gift from Drs. Noona Ambartsumian
and Eugene Lukanidin, Danish Cancer Society, Copenhagen, Denmark) were generated as previously described on a CBA ⫻ C57/Black-6 background and backcrossed to a C57 background. Briefly, strains of
transgenic mice were created with the 450-bp cDNA
sequence of the murine s100A4/mts1 gene under the
control of the 3-hydroxy-3-methylglutaryl CoA (HMGCoA) reductase gene promoter.21 The main phenotype of
the mice is a high incidence of hemangiomas with aging.22 Female mice were used in all studies because
males do not develop neointimal lesions. An explanation

is provided in the studies of Dr. M. McLean, University of
Glasgow, indicating that there is estrogen-mediated upregulation of the receptor for advanced glycation end
products (RAGE) (unpublished observations) that is the
receptor for S100A4.23 The number of C57BL/6 (C57)
background (Jackson Laboratory Stock number 000664;
Bar Harbor, ME) or S100A4 overexpressing mice used
per group in each experiment is indicated in the figure
legends. In some groups, mini-osmotic pumps (Model
1004) and jugular catheters purchased from Alzet (Palo
Alto, CA) were implanted for intravenous infusion of recombinant elafin or vehicle. Recombinant elafin was a
kind gift from Drs. Kalke and Wiedow (Proteo, Hamburg,
Germany). After the hemodynamic assessment and before collection of tissues, euthanasia was performed using an overdose of 120 mg/kg of pentobarbital. All animal
experiments were performed under a protocol approved
by the animal care committee of Stanford University
School of Medicine and were in compliance with the
guidelines of the American Physiological Society.

Morphometric Evaluation of Central PA Elastin
by Confocal Microscopy
The internal elastic lamina of the central PA was investigated using confocal microscopy. It is the autofluorescence of elastin that permits visualization of the internal
elastic lamina and the fenestrations that perforate it.24,25
The size of the fenestrations in the internal elastic lamina
were assessed before and after elastase treatment as a
measure of susceptibility of the elastin to degradation.26
For these studies, uninfected S100A4 or C57 mice at 1
year of age were euthanized with 120 mg/kg of pentobarbital and the heart and lungs were isolated en bloc.
The lungs were either flushed slowly with PBS and perfused with PBS (controls), or flushed with PBS and perfused with PBS containing 5 g/mL porcine pancreatic
elastase (Invitrogen, Carlsbad, CA) and then immersed in
the same solution for 20 minutes at 37°C. The pulmonary
vasculature was then fixed by perfusion at the right ventricular systolic pressure (described below), using 4%
paraformaldehyde at room temperature for 5 minutes,
and immersion-fixed for an additional 1 hour. The central
PAs were removed and mounted lumen side down in
glycerol on glass slides and then visualized with a Leica
SP2 confocal system fitted with an inverted microscope
and argon and helium-neon laser sources (Leica Microsystems, Wetzlar, Germany). Autofluorescence of elastin
was excited at 488 nm, and emission was detected at
500- to 560-nm wavelengths. Serial optical sections (z
step ⫽ 0.81 m) from the lumen to adventitia were captured with an ⫻63 oil objective and superimposed as nine
images with the best visualization of the internal elastic
lamina. For each PA, quantification of the number and
size of fenestrations in the elastic lamina was assessed in
six separate fields at ⫻400 magnification using the Bioquant image analysis system (Bioquant Image Analysis
Corporation, Nashville, TE).
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Hemodynamic and Structural Evaluation of PAH
We evaluated the presence of PAH in mice 6 months after
viral or saline infection by measurement of right ventricular (RV) systolic pressure and by right ventricular hypertrophy as described.27 Briefly, RV systolic pressure, RV
dp/dt, and heart rate were measured in unventilated mice
that were under isoflurane anesthesia (1.5% to 2.5%, 2 L
O2/min) using a closed chest technique, by introducing a
1.4-F Millar catheter into the jugular vein and directing it
to the right ventricle. The lungs were then flushed with
warm isotonic saline through a vented left atrium to clear
blood, and the heart and lungs were removed en bloc.
The left lung was perfused for morphometric studies described below, and the right lung was snap frozen in
liquid nitrogen and stored at ⫺80°C. Right ventricular
hypertrophy was later evaluated by weight of right ventricle/left ventricle plus septum (RV/LV⫹S).

Implantation of Osmotic Pumps and
Intravenous Infusion of Recombinant Elafin
Mini-osmotic pumps containing saline (vehicle) or elafin
were implanted under isoflurane anesthesia (1.5% to
2.5% isofluorane in 2 L O2/min.), subcutaneously in mice
on the back, slightly posterior to the scapulae. The delivery port of the osmotic pump was connected to a catheter
implanted in the external jugular vein for intravenous infusion of saline or elafin. Recombinant elafin was reconstituted with saline and administered as a 2 mg/kg bolus
followed by a 2 mg/kg per day continuous intravenous
infusion at an hourly rate of 0.11 L for 4 weeks. The dose
of elafin used in this study prevented the increase in lung
elastase activity observed 1 week after viral infection. It is
similar to the dose used to attenuate postcardiac transplant coronary arteriopathy.28

Histology and Immunohistochemistry
We used 10% formalin or zinc fixative to perfuse the left
lung at the in vivo pressure for histological and immunohistochemical morphometric studies. The lung was inflated with 10% formalin or zinc fixative at 20 cm H2O
pressure. Zinc fixation was necessary to label cells with
antibodies that recognize neutrophils (Ly-6G) or macrophages (Mac-3). For immunohistochemical analyses of
10% formalin-fixed tissues, slides were deparaffinized in
xylene (twice for 5 minutes) and hydrated in 100%
(twice), 95%, 90%, and 70% ethanol (3 minutes each).
Antigen retrieval was performed for 10% formalin-fixed
tissues using the heat-mediated citrate buffer antigen
retrieval method [10 mmol/L sodium citrate, 0.05% Tween
20 (pH 6.0)]. Staining was performed using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame,
CA) according to the manufacturer’s protocol. Primary
antisera used in this study were mouse anti-PCNA (1:100)
(Invitrogen), rat anti-mouse Ly-6G (1: 100) (eBiosciences,
San Diego, CA), rat anti-mouse Mac-3 (1:100) (BD Pharmingen, San Diego, CA), and mouse anti-human neutrophil elastase (1: 100) (Dako, Glostrup, Denmark). Stable
DAB (Invitrogen) was used as a substrate for horseradish

peroxidase. Slides were rinsed, counterstained with hematoxylin (Sigma, St. Louis, MO) for 20 seconds, rehydrated in graded ethanol and xylene, and then covered
with a coverslip.
Movat’s pentachrome staining of formalin-fixed tissues
was used to evaluate the formation of a neointima in
intra-acinar arteries (50 to 300 mol/L). The thickness of
the neointima was graded as follows: Grade I ⫽ one layer
of neointimal cells, Grade II ⫽ two layers, and Grade III ⫽
three or more layers. Fragmentation or discontinuity of
elastin that was not attributable to sectioning artifact was
assessed using Hart’s stain and quantified as the percentage of muscular pulmonary arteries with fragmented
elastic laminae relative to the total number of muscular
pulmonary arteries in the section.

Extraction and Quantification of Viral DNA and
RNA
Central PAs were isolated from the heart and lung en bloc
using a microdissection microscope (Leica MZ7.5). Peripheral PAs (⬍ 200 m in diameter) were collected from
formalin-fixed and paraffin-embedded lung tissue using a
laser capture microscope (Leica AS LMD). Total DNA,
including endogenous and viral DNA from central or peripheral PAs, was extracted using QIAamp DNA mini kit
according to the manufacturer’s instruction (Qiagen, Valencia, CA) and amplified using TaqMan PreAmp Master
Mix kit (Applied Biosystems, Foster City, CA). Total RNA
was extracted using the RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. The levels of
viral DNA or RNA were detected by real-time PCR using
the ABI Prism 7900HT sequence detector (Applied Biosystems). We used primers and probes specifically designed for MHV-68 glycoprotein B to detect a 70-bp
region of the MHV-68 glycoprotein B gene:
Forward, 5=-GGCCCAAATTCAATTTGCCT-3=; reverse,
5=-CCCTGGACAACTCCTCAAGC-3=; probe 5=-6-(FAM)ACAAGCTGACCACCAGCGTCAACAAC-TAMRA-3=, where
FAM is a reporter dye and TAMRA is a quencher dye.29 Ten
nanograms of DNA extracted from each mouse lung were
used per reaction.

Elastase Activity Assay
Measurement of elastase activity from murine lung tissue
was performed following instructions provided in the EnzChek elastase assay kit (Invitrogen) as previously described.7 Briefly, murine lung tissue (30 mg) was homogenized and centrifuged at 3300 ⫻ g for 30 minutes at 4°C
to collect the pellet as the source of elastase. The pellet
was extracted and precipitated as described7 to enrich
for elastase, and elastase activity was measured using
the fluorogenic substrate bovine DQ elastin in the absence or presence of a serine elastase inhibitor (N-methoxysuccinyl-Ala-Ala-Pro-Val-chloromethyl ketone). Serine elastase activity was calculated in fluorescent units as
the elastase activity that was inhibited. Elastase activity
was monitored in primary mouse PA SMCs (passage
number 4 to 7) by incubating bovine DQ elastin (final
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concentration, 25 g/mL) in serum-free and phenol red–
free cell culture medium for 24 hours. To measure serine
elastase activity, samples were treated with elafin in a
final concentration of 2 g/mL before incubation with DQ
elastin, and the difference in fluorescence when compared to the non-elafin–treated samples was recorded as
(elafin-inhibitable) serine elastase activity.

Purification of Elafin-Bound Elastase
Subcloning, expression, and purification of NH2-terminus
FLAG-tagged mature elafin (6 kDa) was performed by
GenScript (Piscataway, NJ) following the sequence that
we previously published.28 The FLAG-elafin was conjugated to a FLAG affinity column using a FLAG-tagged
protein immunopreciptation kit (Sigma). Protein extracts
were prepared as described above for the elastase activity assays, using lungs of S100A4 mice 7 days after
inoculation with M1-MHV-68. After thorough washing of
the column, the proteins that were specifically bound to
FLAG-elafin were released into the elution buffer by 3⫻
FLAG peptides. These elafin-bound proteins were identified by mass spectrometry (matrix-assisted laser desorption/ionization–time-of-flight mass spectrometer)
(Proteomics Core Facility, Stanford University School of
Medicine).

Elastin Zymography
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) substrate-embedded enzymography
(zymography) was performed using a 10% acrylamide
gel containing 1 mg/mL soluble elastin (Elastin Products,
Owensville, MO) incubated with 100 g of the lung protein extract prepared as described above for mass spectrometry analysis. Human leukocyte elastase and porcine
pancreatic elastase (Elastin Products) were used as positive controls. Electrophoresis was performed at a constant voltage of 150 V under nonreducing conditions. The
gel was then washed as previously described30: twice for
15 minutes each time in 50 mmol/L Tris buffer (containing
1 mmol/L Ca2⫹ and 0.5 mmol/L Zn2⫹) with 2.5% Triton
X-100; once for 5 minutes in Tris buffer alone; and finally
in Tris buffer with 1% Triton X-100 for 5 days. The gels
were stained with Sypro Ruby (Invitrogen), and the lytic
band, reflecting degradation of elastin in the gel, was
visualized.

Flow Cytometry
Inflammatory cells were collected from the blood via the
right ventricle or from the minced lung. Red blood cells
were removed using lysis buffer according to the manufacturer’s instructions (Sigma). Isolated inflammatory
cells were labeled with CD3, CD4, or CD8 antibodies
conjugated with fluorophore (BD Pharmingen). A singlecell suspension was sorted on a BD FACS Aria (BD
Biosciences, San Jose, CA) at the Stanford Shared FACS
facility. Data were analyzed with FlowJo software (TreeStar Inc., Ashland, OR).

Western Immunoblot Analysis
Cultured cells or frozen lung tissues were lysed in icecold urea extraction buffer (4 mol/L urea in 0.016 mol/L
KPO4) containing protease and phosphatase inhibitors
as previously described. The total protein in the sample
was determined by the Lowry method (Bio-Rad, Hercules, CA), and 50 g of protein was resolved on a 4% to
12% NuPage Bis-Tris gel (Invitrogen) and electrotransferred to a nitrocellulose membrane. After blocking in
freshly prepared 5% milk, the membranes were incubated overnight at 4°C with a primary antibody for murine
NE (1:1000) (M-18; Santa Cruz Biotechnology, Santa
Cruz, CA) or human NE (1:1000) (Abcam, Cambridge,
MA). The membrane was then incubated with either
sheep anti-mouse or donkey anti-rabbit horseradish peroxidase-conjugated secondary antibodies. Autoradiographs were developed using the Amersham ECL plus kit
(GE Healthcare, Little Chalfont, UK). Equal loading of
protein was confirmed by immunoblotting for ␤-actin (1:
2000; Abcam). Densitometric analysis of the bands was
then performed.

Cell Culture
Primary murine PA SMCs were isolated from S100A4 and
C57 age and sex matched to those used in the study,
using a modified elastase/collagenase digestion protocol.31 Central PAs were isolated from mice and digested
in the dispersion medium containing 40 mol/L CaCl2,
0.5 mg/mL Elastase (Worthington Biochemical Corporation, Lakewood, NJ), 0.5 mg/mL collagenase (Worthington Biochemical Corporation), 0.2 mg/mL soybean trypsin inhibitor (Worthington Biochemical Corporation), and
2 mg/mL Albumin (Sigma-Aldrich, St. Louis, MO) for 20
minutes at 37°C as previously described.31 After filtration
with 100-m cell strainers, PA SMCs were collected
through centrifugation at 225 g for 6 minutes and subcultured with DMEM containing 10% FBS and antibiotics
(Invitrogen/Gibco). Primary human PA SMCs and PA endothelial cells were purchased from Lonza (Walkersville,
MD) and cultured according to the manufacturer’s recommendation. Additional human PA SMCs were isolated from small to mid-size PAs (diameter, 1 to 5 mm)
harvested from lungs of patients with idiopathic PA
hypertension (IPAH) removed at the time of lung transplantation, or from unused donor control lungs (see
Supplemental Table S1 for patient characteristics at
http://ajp.amjpathol.org). PAs were digested in the dispersion medium containing collagenase (1000 U/mL)
(Sigma-Aldrich) for 1 hour at 37°C as previously described.32 After the filtration with 100-m cell strainers,
PA SMCs were collected through centrifugation
at 280 g for 10 minutes and subcultured with human PA
SMC culture media (Lonza). All PA SMCs were assessed for immunoblotting, quantitative RT-PCR (RTqPCR), or elastase activity assay when the cells were
passage 4 to 8.
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Statistical Analysis
The number of animals or samples in each group is given
in the figure legends. Statistical significance was determined by 2 statistics or one-way or two-way analysis of
variance followed by a Bonferroni post hoc test when
comparisons involved three or more groups. Pearson’s
correlation test was used to relate elastin fragmentation to
vessels with a neointima. A P value ⬍0.05 was considered statistically significant. All morphometric analyses
were performed by investigators blinded to the cohort
being assessed.

A
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B

S100A4+/+ / Vehicle

C

C57 / Elastase

D

S100A4+/+ / Elastase

Results
Elastic Laminae of S100A4 Mice Are
Susceptible to Degradation
Previously, we reported that S100A4 versus C57 mice
have thicker PA elastic laminae in association with increased production of fibulin-5.33 However, in response
to treatment with NE, the S100A4 PAs produced larger
amounts of elastin peptides compared to the C57 PAs,7
suggesting that the elastic laminae, although thicker, may
also be poorly organized and susceptible to degradation.
To visualize and to substantiate this feature, we examined
the autofluorescent internal elastic lamina in the central
PA by confocal microscopy, as previously described for
systemic arteries.24 In the saline-perfused specimens,
there was no difference in the number or size of fenestrations in the PA elastic lamina of C57 and S100A4 mice
(Figure 1, A and B). However, in response to perfusion
with porcine pancreatic elastase, the area of fenestrations was more than two times larger in S100A4 mice
(P ⬍ 0.05) (Figure 1, C, D, and E). These data are consistent with the heightened susceptibility of elastic fibers
of S100A4 mice to NE-mediated degradation.

Fragmentation of PA Elastin in S100A4 Mice Is
Associated with Neointimal Lesions
We used Hart’s stain to relate fragmentation of elastic
laminae in intra-acinar PAs to the appearance of neointimal lesions in these vessels 6 months after M1-MHV-68
infection. We observed neointimal lesions in 40% of
S100A4 but in none of the C57 PAs (P ⬍ 0.001; Figure 2,
A and B). Although the numbers are relatively small, by
using individual mice, we documented a significant correlation between the percentage of PAs with neointimal
lesions and the percentage with fragmented elastic laminae, (P ⬍ 0.05) (see Supplemental Figure S1 at http://
ajp.amjpathol.org). Fragmentation of elastic laminae generates elastin peptides and releases growth factors from
the extracellular matrix, and these molecules can induce
proliferation and migration of SMC.16 Indeed, we observed a significant increase in the number of proliferating SMC in the neointimal lesions of PAs in S100A4 versus C57 mice 6 months after M1-MHV-68 infection, as
judged by positivity for proliferating cell nuclear antigen
(PCNA) (P ⬍ 0.05; Figure 2, C and D). Interestingly,
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Figure 1. S100A4 PA elastic laminae are susceptible to elastase-mediated
degradation. Representative confocal images of elastic laminae of central PAs
from C57 (A and C) or S100A4 (B and D) mice after treatment with vehicle or
porcine pancreatic elastase (5 g/mL) as described in Materials and Methods. Scale bars: 25 m (A–B). Note the increase in the size and number of
fenestrations (arrows) in the S100A4 versus C57 PA treated with elastase
(arrows). E: Quantification of area of fenestrae per total area of elastic
lamina in S100A4 and C57 PAs following porcine pancreatic elastase
(5 g/mL) treatment. Bars represent mean ⫾ SEM of n ⫽ 3 per group with
*P ⬍ 0.05, †††P ⬍ 0.001 versus mice with the same genotype treated with
vehicle; ‡‡‡P ⬍ 0.001 versus C57 treated with porcine pancreatic elastase, by
two-way analysis of variance followed by Bonferroni test.

formation of these neointimal lesions was not sufficient to
elevate the right ventricular systolic pressure or to cause
right ventricular hypertrophy (see Supplemental Figure
S2 at http://ajp.amjpathol.org), a finding also observed in
other models with neointimal lesions.2 This may reflect
the fact that the lesions are present in less than half of the
intra-acinar PAs and are not occlusive, so the pulmonary
blood flow could easily be diverted to vessels without
these abnormalities. We found no quantitative evidence
of differences in muscularization or loss of peripheral
arteries following viral inoculation (data not shown).

S100A4 Mice Do Not Exhibit Increased
Inflammation or Viral Load
Heightened perivascular inflammation in the lung is a
common feature of clinical and experimental pulmonary
vascular disease.34 Therefore, we determined whether
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Figure 2. PAs with neointimal lesions exhibit fragmentation of elastic laminae and proliferating cells in S100A4 mice 6
months after viral infection. A: Representative S100A4 PA from a mouse 6 months after M1-MHV-68 viral infection, as
visualized using Hart’s stain. Fragmented elastic laminae are denoted by arrowheads in the higher magnification inset.
Scale bar ⫽ 50 m. B: Percentage of PAs exhibiting fragmented elastic laminae or neointimal lesions in C57 and S100A4 mice
treated with vehicle or M1-MHV-68. Bars represent mean ⫾ SEM of n ⫽ 5 per group. ***P ⬍ 0.001 versus C57 mice with the
viral infection; †P ⬍ 0.05, ††P ⬍ 0.01 versus S100A4 treated with vehicle, by two-way analysis of variance followed by
Bonferroni test (C). Representative immunohistochemistry of PA expressing proliferating cell nuclear antigen (PCNA)positive cells in C57 and S100A4 mice 6 months after viral infection (shown with higher magnification panel below). Arrows
indicate region with dense brown nuclei reflecting PCNA⫹ cells. Scale bar ⫽ 50 m. D: Quantification of PCNA-positive cells
per total cells in the PA walls. Bars represent mean ⫾ SEM of n ⫽ 7 to 13 PAs per group. *P ⬍ 0.05 for all other groups by
two-way analysis of variance followed by Bonferroni test.

the elastin fragmentation in PAs of S100A4 mice might be
related to elastase produced by a heightened inflammatory response, judged by the number or perivascular
localization of inflammatory cells in the lung or by their
state of activation as assessed by increased levels of
interferon␥ or TNF␣. First, we investigated the level of
CD8⫹ T cells, since these cells regulate viral replication
in the lung and peripheral blood. However, although
there was an elevation in the percentage of CD8⫹ cells in
the peripheral blood and lung of S100A4 and C57 mice at
1 and 2 weeks after the viral infection, there was no
significant genotype-related difference (Figure 3, A and
B). Nor was there a genotype-related difference in the
total number of peripheral blood mononuclear cells. At
this time point, we saw very few neutrophils (by Ly-6G
positivity) and no difference in the number of macrophages (Mac3⫹ cells), consistent with previous observations 3 months after viral infection.7 The increase in
perivascular inflammatory cells was significant in the C57
group 2 weeks after viral infection (P ⬍ 0.05), but not in
the S100A4 mice (Figure 3, C and D). Consistent with
these findings, although we observed heightened cytokine production, as measured by lung mRNA expression
of interferon␥ and TNF␣ in both genotypes at 1 and 2
weeks after M1-MHV-68 infection (P ⬍ 0.01), the level of
elevation was actually greater in the C57 group (P ⬍ 0.01;
Figure 4, A and B).
We then determined whether the ability to clear the
virus might be impaired in the S100A4 versus C57 mice,
and evaluated the viral load by PCR in both the lung and
PAs. MHV-68–specific viral RNA [MHV-68 glycoprotein B

(MHV-68 gB)] actively transcribed during viral replication.
MHV-68 gB was present in reduced amounts in S100A4
versus C57 lungs 6 months after infection, and a similar
trend was observed even at 1 week (Figure 5, A and B).
Central PAs collected from S100A4 and C57 mice 1 week
after viral infection showed similar levels of MHV-68 gB
RNA. Distal PAs (diameter ⬍ 100 m) isolated from fixed
tissue by laser capture microdissection of S100A4 and
C57 lungs also expressed similar levels of MHV-68 viral
DNA as assessed 6 months after infection (Figure 5, C
and D).

Serine Elastase Activity Is Increased in S100A4
Mouse Lungs Early after M1-MHV-68
The results having shown no increase in the acute inflammatory response or in the magnitude of viral load in
S100A4 versus C57 murine lungs, we investigated
whether there was an early increase in elastase activity
after M1-MHV-68 infection. We measured lung elastase
activity 1 week after viral infection and documented a
significant increase in the S100A4 mice, but only a trend
in the C57 group (P ⬍ 0.001; Figure 6). We confirmed that
the elastase was a serine elastase and not a metalloelastase previously associated with lung parenchymal disease35 since it was inhibited by recombinant human
elafin36 (Figure 6). We had previously documented an
increase in lung serine elastase activity in S100A4 versus
C57 mice 3 months after infection,7 a time point consistent with viral reactivation when neointimal lesions had

1566
Kim et al
AJP September 2011, Vol. 179, No. 3

A

Blood
30

***

**
% CD8+ 20
Cells

*

*

10
0
Veh

72h 1wk

2wk Veh 72h 1wk 2wk

M1-MHV-68

M1-MHV-68
S100A4+/+

C57

B

Lung

*

*

30
% CD8+ 20
Cells
10

0

Veh

C

72h 1wk

2wk Veh 72h 1wk 2wk

M1-MHV-68

M1-MHV-68

C57

S100A4+/+

S100A4+/+

C57

Figure 4. Early cytokine response is reduced in S100A4 versus C57 mice
after M1-MHV-68 infection. mRNA levels of the representative cytokines IFN␥
(A) and TNF␣ (B), normalized to 18S RNA, in the lungs of C57 and S100A4
mice after M1-MHV-68 viral infection, as assessed by RT-qPCR. Bars represent mean ⫾ SEM of n ⫽ 3 to 8 per group. **P ⬍ 0.01, ***P ⬍ 0.001 versus
mice with the same genotype treated with vehicle (Veh). ††P ⬍ 0.01, †††P ⬍
0.001 versus C57 mice at the same time point after viral infection, by two-way
analysis of variance followed by Bonferroni test.
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already developed.7 We therefore determined whether
the early increase in serine elastase activity predisposed
to the formation of neointimal lesions observed in S100A4
mice 3 months later.
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Recombinant Elafin Diminishes PA Neointimal
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Figure 3. Early CD8⫹ cell response is similar, but perivascular inflammation
may even be reduced in S100A4 versus C57 mice after M1-MHV-68 infection.
CD8⫹ cells in the blood (A) and lungs (B) after the viral infection, as
determined by fluorescence-activated cell sorter analysis. Bars represent
mean ⫾ SEM of n ⫽ 3 to 8 per group. *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001
versus mice with the same genotype treated with vehicle (Veh), by two-way
analysis of variance followed by Bonferroni test. C: Perivascular inflammatory cells after M1-MHV-68 viral infection in the PAs, visualized by H&E
staining. Scale bars ⫽ 50 m. Quantitative analysis of the number of inflammatory cells per area of adventitia (arrows) shown in (D). Bars represent
mean ⫾ SEM of n ⫽ 15 per group. *P ⬍ 0.05 versus C57 treated with vehicle
by two-way analysis of variance followed by Bonferroni test.

Intravenous administration of recombinant human elafin,
at a dose of 2 mg/kg/day was sufficient to inhibit the
elevated serine elastase activity in lungs of S100A4 mice,
assessed 1 week after inoculation with M1-MHV-68 (data
not shown). Therefore, this dose was chosen for continuous infusion by mini-osmotic pump, beginning 1 day
before and ending 1 month after the viral infection. We
also evaluated the potential of recombinant elafin to reverse neointimal lesions by administering it between the
third and fourth month after M1-MHV-68 infection. Because of considerable interanimal variability, we applied
a 2 statistic to analyze the number of vessels with neointimal lesions and assigned a score to the severity of
these lesions judged by the number of layers of neointimal cells. Figure 7 illustrates the grading system applied
to assess the presence and severity of a neointima.
Grade 1 represents one cellular layer, Grade II, two cellular layers, and Grade III, three cellular layers. We show
that when elafin was administered to prevent the early
increase in elastase activity, the number and severity of
neointimal lesions in the S100A4 mice was diminished
(P ⬍ 0.001). Moreover, when elafin was administered
between 3 and 4 months after viral infection, we also
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Figure 5. Levels of viral RNA (MHV-68 glycoprotein B) and DNA in lungs and PAs are similar or
reduced in S100A4 versus C57 mice after M1-MHV-68 infection. RT-qPCR detected the presence of
viral mRNA in lungs of C57 and S100A4 mice 1 week (A) and 6 months (B) after M1-MHV-68 infection.
C: Viral DNA was detected by PCR in intrapulmonary PAs (diameter ⬍100 m) of C57 and S100A4
mice, collected by laser capture microdissection 6 months after M1-MHV-68 infection. D: RT-qPCR
detected the presence of viral RNA in central PAs from C57 and S100A4 mice at 1 and 2 weeks after
M1-MHV-68 infection. Bars represent mean ⫾ SEM of n ⫽ 4 per group. **P ⬍ 0.01 versus C57 mice
by t-test.

observed a reduction in the number and severity of neointimal lesions (P ⬍ 0.05), although not a regression to the
control uninfected state (Table 1).

Neutrophil Elastase Is the Endogenous Vascular
Elastase Expressed in PA SMC
Although elafin is known to bind neutrophil elastase and
proteinase-3 (reviewed in37), we did not exclude the possibility that there could be other elafin-inhibitable elastases in S100A4 lung after the viral infection. Furthermore,
we had not identified the cell type that expresses this
elafin-inhibitable elastase. To identify the nature and
source of elastase activity that we had now related to the
development and progression of neointimal lesions, we
harvested the lungs from S100A4 overexpressing mice 1
week after viral infection, and prepared extracts as described in Materials and Methods. The lung extract was
applied to a FLAG-immunoaffinity column to which we
had conjugated FLAG-tagged human recombinant elafin.
The elafin-bound proteins eluted were identified by mass
spectrometry and were identical to sequences in NE (Figure 8A). A Western immunoblot demonstrated the presence of murine NE in the homogenate of the S100A4
lung, and elastin zymography revealed only one elastolytic band at 30 kDa, consistent with NE (Figure 8, B and

C). To investigate whether this enzymatic activity was
produced by vascular cells, we isolated and cultured
PA SMCs from C57 and S100A4 mice and, using passage 4 cells, confirmed expression of NE mRNA and
protein. Furthermore, the level of NE mRNA was about
threefold higher in PA SMCs isolated from the S100A4
versus the C57 cohort (P ⬍ 0.001), and there was a
comparable increase in the amount of NE protein (Figure 8, D and E). We then assayed elastase activity
using the fluorescent-labeled (DQ) elastin substrate
and found a consistent increase in elastase activity in
the cell culture medium of S100A4 versus C57 PA SMC
(P ⬍ 0.05; Figure 8F). This total elastolytic activity
represented a serine elastase fraction that was inhibited by elafin (P ⬍ 0.05) as well as a fraction that was
not (P ⬍ 0.01), but in both cases, values were higher in
S100A4 than in C57 PA SMC. Since elafin is a reversible inhibitor, it is possible that neutrophil elastase
could contribute to the residual elastase activity that
was not inhibited by elafin.38

Neutrophil Elastase Is Expressed in PA SMCs
from IPAH Patients
To assess the clinical relevance of our observation, we
examined the expression of NE in cells from human PAs.

Figure 6. Serine elastase activity (inhibitable by elafin) is
elevated in the S100A4 murine lung after M1-MHV-68 infection. Elafin-inhibitable serine elastase activity is compared in
C57 and S100A4 murine lungs at various time points up to 2
weeks after infection with M1-MHV-68 virus. Bars represent
mean ⫾ SEM of n ⫽ 4 per group. **P ⬍ 0.01 versus untreated, by t-test; ***P ⬍ 0.001 versus S100A4 mice treated
with vehicle (Veh) by two-way analysis of variance followed
by Bonferroni test.
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Grade I

Grade II

Grade III
Figure 7. Grade of neointimal lesions induced
by M1-MHV-68 in S100A4 mice. Representative
photomicrographs of the neointima of PAs from
different S100A4 mice infected with M1-MHV-68.
Neointimal lesions are categorized as grade I
(focal neointima with one layer), grade II (two
layers of neointima), or grade III (three or more
layers of neointima). Arrowheads indicate areas of neointima in Grade I and Grade II panels
and internal and external elastic laminae in
Grade III panel. Scale bars ⫽ 50 m.

We detected NE mRNA in commercially available human
PA SMCs, but not in PA endothelial cells (see Supplemental Figure S3 at http://ajp.amjpathol.org). Furthermore, PA SMCs harvested from patients with IPAH versus
unused donor lungs showed elevated expression of NE
(P ⬍ 0.05) (Figure 9A). Immunoreactivity for NE was
present in neutrophils of IPAH and control lungs, and in
the neointima (Figure 9B) and in plexiform lesions of IPAH
lungs (Figure 9D; see also Supplemental Table S1 for
patient characteristics at http://ajp.amjpathol.org).

Discussion
Our study shows, for the first time to our knowledge, that
NE is produced by PA SMCs and is elevated in experimental and clinical pulmonary vascular disease. Moreover, we provide evidence linking the activity of this enzyme to the propensity to develop neointimal lesions in
response to a viral infection.
We previously described fragmentation of elastin in the
intra-acinar arteries as an early feature of PAH11 as assessed by ultrastructural analysis of lung biopsy tissue
obtained from patients with congenital heart disease. In
this study, we were able to relate fragmentation of elastin
in PAs to neointimal lesions using light microscopy. We
then applied confocal microscopy to show that the elastin
in the S100A4 PA is susceptible to degradation. Since the
elastic laminae in PAs of S100A4 mice are thicker than
those of C57 controls, and the elastin is cross-linked, their
susceptibility to degradation may be related to the high
proportion of fibuin-5 we previously demonstrated,33 and

Table 1.

to our more recent unpublished finding that there is also
an increase in fibulin-2. These fibulins are microfibrillarscaffolding proteins that can promote self-aggregation
(coacervation) and cross-linking of tropoelastin.39,40
Fibulin-2 is increased in neointimal lesions in an atherosclerosis model, and in the dermis of sun-exposed skin,
related to elastolysis.41,42 This suggests that a high proportion of fibulin in elastic laminae may be evidence of
elastic fibers that have undergone degradation and repair. The repair process may produce fibers that are
susceptible to degradation, because the elastin within
the fiber is of variable thickness.
We attributed the source of the virus-mediated heightened serine elastase activity in the S100A4 versus C57
murine lungs to the PA SMC. Since we had shown in
previous studies17,43 that endothelial or serum factors
can induce PA SMC production of a serine elastase, it is
possible that the virus induces endothelial injury and
permeability. Since viral load was not greater, the increase in elastase activity in the S100A4 versus C57 mice
reflects heightened sensitivity to a perturbing factor. This
sensitivity to perturbation may explain the higher levels of
NE in the cultured PA SMC from uninfected S100A4
versus C57 mice. Since administration of S100A4 or
knockdown of S100A4 had no impact on the ability of
PA SMC to produce NE (see Supplemental Figure S4 at
http://ajp.amjpathol.org), we speculate that enhanced
elastase production could have resulted from an epigenetic alteration induced by S100A4 that is unmasked
by the combination of aging and infection or by con-

rElafin Attenuates Neointimal Lesion Formation after Viral Infection
PAs with neointima (n)
Inhibition

Treatment (n)

Normal PAs (n)

Total

Grade I

Grade II

Grade III

Lytic replication phase

Saline (9)
rElafin (8)
Saline (7)
rElafin (5)

197
167
140
148

116
50*
57
36†

90
41
31
26

21
6
14
9

5
3
12
1

Reactivation phase

The S100A4 treatment groups and the number (n) of mice in each are shown. The total number of normal PAs in the section is given as well as the
number classified by the different grades of neointima (Grade 1, II, or III) in S100A4 overexpressing mice, infected with M1-MHV-68, and treated with saline
vehicle or recombinant elafin (rElafin).
First series: Treatment was begun prior to the inoculation of the virus to inhibit elastase activity during the viral lytic replication phase, and the mice were
sacrificed 3 months later to evaluate the extent and severity of neointimal lesions. 2 ⫽ 11.7, df ⫽ 1, *P ⬍ 0.001.
Second series: Mice were treated with recombinant elafin or vehicle beginning on the third month after the viral infection to inhibit elastase activity during
the “viral reactivation phase.” 2 ⫽ 4.53, df ⫽ 1, P ⬍ 0.05, Grade II ⫹ III: 2 ⫽ 7.14, df ⫽ 1, †P ⬍ 0.01.
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Figure 8. Heightened neutrophil elastase and
elastolytic activity in PA SMCs from S100A4 versus
C57 mice. A: Mass spectrometry analysis of eluate
from FLAG-elafin– conjugated column following
incubation with lung homogenate revealed two
peptides with 100% identity to murine neutrophil
elastase. The peptide sequences are in bold and
underscored. B: Neutrophil elastase protein was
detected in S100A4 murine lungs 1 week after viral
infection by Western immunoblot analysis (B,
lane II). As a positive control, recombinant neutrophil elastase is shown (B, lane I). C: Elastolytic
activity from S100A4 mouse lung 1 week after viral
infection was detected at 30 kDa on the elastin
zymogram (C, lanes IV and V). Porcine pancreatic elastase and human neutrophil elastase were
used as positive controls (C, lanes II and III).
Quantitative RT-PCR to demonstrate neutrophil
elastase mRNA in (D) and Western immunoblot
analysis to show neutrophil elastase protein in (E)
in cultured PA SMCs from S100A4 mice and C57
mice. F: Elastolytic activity attributed to elafininhibitable elastase or other elastases detected in
the cell culture medium from eight S100A4 and
four C57 PA SMCs. Bars represent mean ⫾ SEM.
*P ⬍ 0.05, **P ⬍ 0.01, and **P ⬍ 0.001 versus
matched control, by t-test.

ditions of culture. This possibility will be pursued in
future studies.
We previously documented that PA SMC elastase activity results in the release of biologically active SMC
mitogens, such as FGF-2, from the extracellular matrix.16
Elastase also activates matrix metalloproteinases (MMPs)
that degrade native type I collagen, and, in so doing,
expose cryptic RGD sites that preferentially bind ␣v␤3
integrins, and stimulate tenascin C production. Enhanced
production of tenascin C clusters ␣v␤3 integrins and activates growth factor receptors such as epidermal growth
factor receptors.20 The combination of released growth
factors and activated growth factor receptors could explain the proliferative response leading to neointimal formation.
The propensity to degrade elastin and to develop intimal lesions has been related to aging44 because only the
S100A4 mice over 1 year of age develop neointimal lesions after viral infection. It is therefore of further interest

that, in the rat brain, RAGE, the receptor for S100A4, is
increased with aging.45
The S100A4 overexpressing mice also show a relatively minor increase in PA SMC elastase activity that is
not inhibited by elafin and may reflect enhanced production of elastolytic MMPs, also implicated in vascular
pathobiology.46 Consistent with this, we have shown in
cultured PA SMC that S100A4 can induce activity of MMP
2 and 9 via pERK.47 The early transient increase in lung
elastase activity after viral infection was completely inhibited by elafin, suggesting that there was negligible nonserine elastase activity associated with the acute response to the viral inoculum.
Our previous experimental models using a variety of NE
inhibitors showed that the enzyme contributes to the pathogenesis of a broad range of cardiovascular diseases, including myocardial infarction,48 intimal thickening in the
carotid artery after wire-induced endothelial denudation49 or repeated balloon angioplasty,50 coronary arteri-
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Figure 9. Heightened neutrophil elastase expression in cultured PA SMCs is localized to neointimal lesions in lungs from IPAH patients. A: Western immunoblots
on top and relative densitometry on the bottom comparing NE relative to ␤actin in cultured PA SMCs isolated from three IPAH patients versus three unused donor
lungs as controls. Bars represent mean of n ⫽ 3 per group, with *P ⬍ 0.05 determined by t-test. Representative immunohistochemistry from one of five IPAH and
one of four control lungs. Cells strongly expressing neutrophil elastase are apparent in the subendothelium and media of PAs with neointimal or plexiform lesions
in the IPAH lung (B and D). Little immunoreactivity for NE was apparent in the PAs in the control donor lung (F). Background immunoreactivity is apparent using
IgG as a control (C and E). Arrowheads point to regions of intense immunoreactivity. Marked areas are shown with twofold higher magnification, on the right.
Scale bars, 100 m (B–F).

opathy after transplantation,28,51 vein graft atherosclerosis52 and fibrosis following viral myocarditis,53,54 or
pulmonary hypertension induced by hypoxia12,14 or monocrotaline.13,15 In five of these models,28,50,52,54 elafin was
used as the elastase inhibitor, given as an infusion,28 by
gene therapy50,52 or in an overexpressing transgenic
mouse.14,49,54
Elafin is a small, 9-kDa protein, first described in association with inflammatory lesions in the airways55 and
with psoriasis in skin.56 It is secreted as a 12-kDa proform containing a transglutaminase domain that also has
elastase inhibitory properties. The only known substrates
of elafin are NE and proteinase 3. It is a potent antimicrobial
and anti-inflammatory agent (reviewed in Ref. 37), and it
can be produced by gamma delta T cells,57 among other
cells, including vascular cells. Elafin also has anti-HIV protease activity58 and is proapoptotic in melanoma cells.59
Our studies using elafin to inhibit the early increase in
NE activity suggest that it contributes to the later development of neointimal lesions. We also showed that the
later increase in NE activity previously documented with
reactivation of the virus at 3 months7 can have an impact
on the progressive development of these vascular abnormalities. Neutrophil elastase has been observed in endothelial cells and macrophages60 and can be produced by
lymphocytes. Interestingly, in neutrophils, the elastase
mRNA transcript is undetectable, but the protein is stored
in azurophilic granules.61 We showed, using commercially available cultured human PA vascular cells, that the
NE mRNA, as well as the protein, is present in SMCs even
after six passages in culture, but not in endothelial cells,
suggesting that this finding is unlikely to be attributable
to mRNA in microparticles from neutrophils. This is, to
our knowledge, the first documentation of the expression of NE mRNA as well as protein in PA SMCs, and

may represent the NE previously described in aneurysm ally dilated aortic tissues.62 However, since recombinant elafin has been reported to have anti-HIV
activity, we cannot exclude the possibility that elafin
may have anti–M1-MHV-68 activity and that this could
have contributed to the inhibition of neointimal lesion
development.63
It is of interest that our previous studies identified
heightened expression of S100A4 in the neointimal and
plexiform lesions of patients with IPAH,6 because we also
saw these lesions as sources of NE immunoreactivity.
Moreover, we documented elevated NE protein levels in
the PA SMC harvested from the lungs of these patients
versus those from unused donor control lungs. We speculate that the NE expressed by cells in the advanced
vascular lesions may contribute to ongoing degradation
and impaired repair of the elastic laminae, and in so
doing could induce progressive proliferation of the vascular cells, and recruitment of inflammatory cells.64
Taken together, our study provides the first evidence to
our knowledge that NE is produced by murine and human PA SMC. We show a link between the activity of this
enzyme and the propensity to develop neointimal lesions
in response to a viral infection in a murine model of
pulmonary vascular disease, a link that may point to an
essential role of this enzyme in human disease, and to a
potential therapy.
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