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Idiopathic pulmonary fibrosis (IPF) can lead to the development of secondary pulmonary hypertension (PH)
and ultimately death. Despite this known association, the precise mechanism of disease remains unknown. Using
arat model of IPF, we explored the role of the proangiogenic and antiapoptotic growth factor VEGF in the vascu-
lar remodeling that underlies PH. In this model, adenoviral delivery of active TGF-B1 induces pulmonary arte-
rial remodeling, loss of the microvasculature in fibrotic areas, and increased pulmonary arterial pressure (PAP).
Immunohistochemistry and mRNA analysis revealed decreased levels of VEGF and its receptor, which were
inversely correlated with PAP and endothelial cell apoptosis in both the micro- and macrovasculature. Treatment
of IPF rats with adenoviral delivery of VEGF resulted in reduced endothelial apoptosis, increased vascularization,
and improved PAP due to reduced remodeling but worsened PF. These data show that experimental pulmonary
fibrosis (PF) leads to loss of the microvasculature through increased apoptosis and to remodeling of the pulmo-
nary arteries, with both processes resulting in PH. As administration of VEGF ameliorated the PH in this model

but concomitantly aggravated the fibrogenic process, VEGF-based therapies should be used with caution.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease
of unclear cause and poor prognosis (1-3). Advanced IPF is fre-
quently associated with pulmonary hypertension (PH), character-
ized by an increase in mean pulmonary arterial pressure (mPAP)
(4-6). The development of PH correlates with the prognosis of IPF
patients (6-8). Hypoxic vasoconstriction and loss of pulmonary
capillaries are thought to be major contributing factors for the
pathogenesis of PH in IPF (9), but the detailed mechanism and
time course are unclear. The complex biological processes lead-
ing to pulmonary fibrosis (PF) could be directly involved in the
pathogenesis of vascular remodeling (4).

Vessel density is not uniform in IPF lungs: it is reduced within
fibrotic areas, while it is increased in the surrounding nonfibrotic
tissue (10-12). The net effect of these changes is a reduction in
cross-sectional vascular area. Recent studies suggest that the loss
of vessels is not merely due to accumulating scar tissue but may
be the result of an imbalance between angiogenic and angiostatic
factors. It has been demonstrated that angiogenic factors such as
VEGF or IL-8 are decreased in IPF lungs, thought to be a TGF-f31-
rich microenvironment, while angiostatic molecules such as pig-
ment epithelium-derived factor (PEDF) are increased (10, 11). In
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apparent contrast, other studies showed that VEGF expression
can be stimulated in PF via TGF-f1, and it has also been sug-
gested that VEGF may enhance PF, possibly through induction
of angiogenesis (13-15).

VEGF is a mitogenic and survival factor for ECs in the lung and
influences functional properties including NO and prostacyclin syn-
thesis (16). VEGF transcription is mainly induced by HIF-1a, which
accumulatesin the cells under hypoxia, butis also regulated by TGF-$1
(17, 18). Signaling through VEGFR2 is responsible for important
maintenance and survival functions of VEGF, and inhibition of
VEGF has been implicated in EC apoptosis and the development
of PH and emphysema (16). The detailed function of PEDF is yet
unknown, but it clearly is strongly angiostatic and inhibits VEGF-
induced angiogenesis on different levels (19, 20).

It appears reasonable to find that not only PF progression but
also angiogenesis is heterogeneous and patchy in a chronic dis-
ease such as IPF, both in a temporal and spatial manner. This
would explain some of the contradictory findings in previous
studies. Although angiogenesis is believed to be involved in the
development of PF and PH, there are a lack of mechanistic stud-
ies investigating the relationship among PF, angiogenesis, and
PH (4). Our aim was to investigate the role of angiogenesis and
the contribution of pro- and antiangiogenic factors to second-
ary PH and the progression of PF in an experimental model. We
demonstrated decreased VEGF levels, apoptosis of microvascu-
lar and pulmonary artery (PA) ECs, loss of microvascularization,
and thickening of the PA media with increasing degrees of PF.
Furthermore, we found a negative correlation between VEGF
and mPAP. Concomitant overexpression of VEGF and TGF-B1
reduced apoptosis of ECs and improved PH, suggesting a link
between inhibition of VEGF-induced angiogenesis during fibro-
genesis and the development of PH.
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Figure 1

PF, PH, TGF- signaling, and vascular density in AdTGF-1-induced PF. (A—C) PSR-stained sections from AdTGF-$1 rats at days 14 (A), 21
(B), and 56 (C) (dark field, polarized light). (D) mPAP after AdTGF-f31. White bars, AdDL70; black bars, AdTGF-p1. (E-J) Representative images
for P-Smad2 (red) at day 7 in AdTGF-B1-treated (E—-G) and AdDL70-treated animals (H-J). (K) Percentage of P-Smad2—positive versus total
nuclei in lung parenchyma categorized according to PF degree. (L-O) Representative IHC for CD31 (L and M) and CD34 (N and O) in regions
with severe PF after ATGF-f1 (L and N) compared with AdDL70 (M and O) administration. All day 56. (P and Q) Percentage of CD31+ (P)
and CD34+ (Q) area versus tissue area in lung parenchyma categorized according to PF degree. (R and S) CD34 staining is absent in a-SMA*
fibroblastic foci (dotted line) (R) and decreased in areas of high nuclear P-Smad2 immunoreactivity (red) (dotted line: fibroblastic focus) (S).
Original magnification, x25 (A-C); x400 (E—-J, L0, and S); x630 (R). Scale bars: 500 um (A—-C); 50 um (G, J, L-0, R, and S). Each bar shows
mean + SEM of 3—4 animals per group (K) and 4-6 animals per group (D, P, and Q). *P < 0.05; **P < 0.01; ***P < 0.0001 (all versus AdDL70);
TP < 0.05; P < 0.01 (both versus Ashcroft 0—1); #P < 0.05 (1-way ANOVA).

Results

PF and PH in AdTGF-B1-induced PF. PF developed after adenovector
with a mutant TGF-B1 gene (AdTGF-B1) similarly to the way it devel-
oped in previous studies (Figure 1, A-C) (21). Right heart catheteriza-
tion started showing increased mPAP in AdTGF-1 rats by day 14
and continued until day 56 (Figure 1D). There were no differences
between adenovector without insert (AdDL70) and naive animals.
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P-Smad2 and vascular density in AdTGF-f1—induced PF. The percent-
age of cells positive for nuclear phospho-Smad2 (P-Smad2) was
higher, with increasing degrees of PF in AATGF-B1 animals at day
7 and 14 after adenovirus administration (Figure 1, E-K).

From day 7, numbers of CD31* and CD34" cells, which represent
endothelial cells and thereby local microvasculature, were dimin-
ished in AdTGF-B1 animals, especially in areas of severe PF (Figure 1,
Number 5 1299
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Vascular remodeling and PA EC apoptosis in AdTGF-1-induced PF. (A and B) Medium-sized PA from AdTGF-g1 (A) and AdDL70 (B) rat, day
21. (C and D) Representative PA with caspase-3—positive EC (arrow) after AdTGF-1 administration, day 7 (C), no caspase-3 immunoreactivity
in PA after AdDL70 (D). Magnification, x400. Scale bars: 50 um. Vessels categorized according to ED: small, < 50 um (E, G, and I); medium,
50 um < ED < 100 um (F, H, and J). (E and F) Relative MWT of AdTGF-1-induced PF (black bars). White bars, AdDL70. (G and H) Relative
MWT of small (G) and medium (H) PA categorized according to PF degree. (I and J) Percentage of caspase-3—positive PA ECs in small (I) and
medium (J) PA of AJTGF-B1 animals at day 7 categorized according to PF degree. Data were confirmed by IHC for cleaved caspase-3 (not
shown). Each bar shows mean + SEM of 3—4 animals per group (I and J) or 4—6 animals per group (E-H). *P < 0.05; **P < 0.01; ***P < 0.0001
(all versus AdDL70); TP < 0.05; P < 0.01 (both versus Ashcroft 0-1); #P < 0.05; *P < 0.01 (1-way ANOVA).

L-Q). Fibrotic score and vascular density were inversely correlated
(percentage of CD31* and percentage of CD34" area of tissue area)
(Spearman rank: » = -0.6930, P < 0.0001 for CD31; r = -0.8528,
P <0.0001 for CD34). Interestingly, we found an increase in CD34*
area in nonfibrotic sections of AATGF-B1 animals (Ashcroft 0-1;
see Methods) compared with AdDL70 as early as day 7 (Figure 1Q).
No differences were seen between naive and AADL70 rats. Double
immunofluorescence revealed absence of CD34* within a-SMA*
fibroblastic foci as well as reduced CD34* vascularization in areas
of high P-Smad2 immunoreactivity (Figure 1, R and S). Similarly,
we noted a reduction of vessel/area ratio (VAR) for macrovascu-
lature, with increasing degree of PF in AdTGF-f1 animals (day
14): VAR was 5.018 + 1.142 vessels/mm? tissue-covered area (TCA)
for Ashcroft 6-8 vs. 9.568 + 0.2273 vessels/mm? TCA for Ashcroft
0-1. The overall VAR was reduced for AATGF-B1 animals versus
1300
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AdDL70 animals (7.213 £ 0.531 vs. 10.12 + 1.115 vessels/mm? TCA,;
average reduction: 28.73%). Small vessels (25 < ED < 50 um, where
ED indicates external diameter) were mostly affected, with VAR of
3.978 + 0.434 vessels/mm? TCA for AATGF-B1 versus 6.600 + 0.73
vessels/mm? for AdADL70 (average reduction: 39.73%).

EC apoptosis and remodeling of pulmonary arteries in AdTGF-B1-induced
PF. Vascular remodeling, assessed by medial wall thickness (MWT),
was increased by day 14 after AATGF-f1 administration for small and
medium PA (Figure 2, A, B, E, and F; ED: small: < 50 um; medium:
50 wm < ED < 100 um). There were no differences between AdDL70
and naive animals (small: 17.97% + 1.48%; medium: 17.72% + 1.54%).

Examination of PA correlated to the degree of PF in surround-
ing tissue showed an increase of MWT of small and medium PA
in more fibrotic tissue (equal to increasing Ashcroft score) after
day 7 (Figure 2, G and H). P-Smad2 in PA smooth muscle cells was
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Figure 3

Microvascular EC apoptosis in AdTGF-31 PF at day 7. Representative optical sections acquired by confocal microscopy for caspase-3/CD34
(A—J), caspase-3/CD31 (K-T), TUNEL/CD34 (U-DD), and TUNEL/CD31 (EE-NN) immunofluorescence showing apoptotic microvascular EC.
Additional images (F-J, P-T, Z-DD, and JJ-NN) demonstrate reconstructed sections in z-direction through the digital image stack in equal
intervals from the top to the bottom of the white box presented in images D, N, X, and HH, indicating that the demonstrated cell is positive. Origi-
nal magnification, x630. Scale bars: 5 um. Quantification of cells double positive for caspase-3/CD34 (E), caspase-3/CD31 (0O), TUNEL/CD34
(Y), and TUNEL/CD31 (ll) categorized according to PF degree. Values shown indicate number of double stained cells per mm2 CD31+ (O, Il) or
CD34+ (E, Y) area. Each bar shows mean + SEM of 3—4 animals per group. **P < 0.01; ***P < 0.0001 (all versus AdDL70); TP < 0.05; P < 0.01
(both versus AdTGF-B1 Ashcroft 0-1); #P < 0.05 (1-way ANOVA).
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Figure 4

VEGF expression and localization in AdTGF-31 PF. (A—C) Relative mRNA levels of Vegf (A), Vegfr-2 (B), and eNos (C) in AdTGF-$1 rats (black
bars) normalized to AdDL70 (white bars). (D) Semiquantitative analysis of VEGF in alveolar walls and fibrotic interstitium according to PF degree.
VEGF immunoreactivity (brown in E and F; green in G and H) was decreased in fibroblastic foci (dotted line in E, G, and H) by day 14 and absent
in fibrotic scars at day 56 (F). VEGF was present in epithelial cells (arrows in E-H) and decreased in areas of high nuclear P-Smad2 immunoreac-
tivity (H). (I) Quantification of endothelial VEGFR2 phosphorylation at day 7 according to PF degree. Values shown represent P-VEGFR2+CD34+
cells/mm? CD34+ area. (J-L) Representative images of P-VEGFR2 and CD34 double immunofluorescence from AdDL70 (J and K) and AdTGF-31
(L). (K) Double-positive cell (arrow) enlarged from J (dotted rectangle). Shown are AdDL70 at day 7 (J and K) and AdTGF-f1 at day 7 (L), day
14 (E, G, and H), and day 56 (F). Original magnification, x400 (E, F, H, and J-L); x630 (G). Scale bars: 50 um. Each bar represents mean + SEM
of 4—6 animals per group (A-D) and 3—4 animals per group (l). *P < 0.05; **P < 0.01; ***P < 0.0001 (all versus AdDL70); TP < 0.05; &P < 0.0001
(both versus AdTGF-B1 Ashcroft 0—1); *+P < 0.01, by Student’s t test (A—C) and 1-way ANOVA (D and ).

not related to PF score (not shown). The percentage of caspase-3-
positive ECs was augmented in small and medium PA, with rising
degrees of PF by day 7 (Figure 2, C, D, I,and J) and return to baseline
by day 14. These data were confirmed by immunohistochemistry
(IHC) for cleaved caspase-3 (not shown).

1302
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Microvascular EC apoptosis. Increased apoptosis of CD31" or
CD34" microvascular ECs was predominantly found in highly
fibrotic areas at day 7, shown by caspase-3/CD31, caspase-3/
CD34, TUNEL/CD31, and TUNEL/CD34 immunofluorescence
(Figure 3, E, O, Y, and II). This increase was not seen anymore
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PEDF expression and immunolocalization. (A) Pedf mRNA in lung homogenate from AdTGF-$1 (black bars) day 7 to day 56, normalized to
AdDL70 (white bars). Bars represent mean + SEM of 4—6 animals per group. *P < 0.05 versus AdDL70 (Student’s t test). (B) Semiquantitative
analysis of PEDF IHC (days 7, 14, and 56) in parenchyma, according to PF degree. Each column represents mean + SEM of 4—6 animals per
group. *P < 0.05; ***P < 0.0001 (both versus AdDL70); tP < 0.05; *P < 0.01; and &P < 0.0001, each versus AdTGF-f1 Ashcroft 0—1, 1-way
ANOVA. (C and D) PEDF was found in fibroblastic foci (dotted lines) and fibrotic interstitium and colocalized with a-SMA (C) and collagen-1 (D).
PEDF was highly expressed in epithelial cells (arrows, C and D). (E) Areas of high PEDF staining, such as fibroblastic foci (dotted lines), were
faintly stained with VEGF, while both colocalized in epithelial cells (arrows). Images C—E show day 14 after AdTGF-B1 administration. Original

magnification, x400. Scale bars: 50 um.

by day 14. Confocal microscopy confirmed that individual cells
were positive for both markers and represented apoptotic micro-
vascular ECs (Figure 3, A-J, for caspase-3/CD34; Figure 3, K-T,
for caspase-3/CD31; Figure 3, U-DD, for TUNEL/CD34; Figure
3, EE-NN, for TUNEL/CD31).

Vegf, Vegfr-2, and eNOS mRNA levels in lung homogenate. Vegf, Vegfr-2,
and eNOS mRNA were decreased until day 56 (Figure 4, A-C), with
no difference between AdDL70 and naive rats. Relative mRNA
levels of Vegf correlated negatively with mPAP for AADL70 and
AdTGF-p1 (Spearman rank: » = -0.5265, P = 0.002).

Spatiotemporal distribution of VEGE and VEGFR2 phosphorylation.
VEGF was strongly positive in epithelial and endothelial cells,
weak in fibroblasts and fibrotic interstitium, and almost absent
within fibroblastic foci (Figure 4, E and G). VEGF was decreased
in severely (Ashcroft 6-8) and moderately fibrotic areas (Ashcroft
2-5) by day 7 (Figure 4D). In addition, VEGF was reduced when
P-Smad2 staining was present (Figure 4H). In advanced PF, inter-
stitial VEGF was almost absent in severely fibrotic regions (Figure
4, D and F). In contrast, strong VEGF was detected in epithelial
cells in dense scars (Figure 4F).

Double immunofluorescence revealed VEGFR2 phosphorylation
in airway epithelium and CD34* microvascular ECs of AdDL70 (Fig-
ure 4,] and K). In contrast, the number of P-VEGFR2*CD34" cells
was declining, with increasing PF after day 7 (Figure 4, Iand L).

Pedf mRNA expression and protein distribution. Pedf mRNA was
increased from day 14 in AATGF-f1 lung homogenate, sus-
tained until day 56 (Figure 5A). Expression of Pedfin AdDL70
was not different from that in naive rats. Relative mRNA lev-
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els of Pedf correlated positively with mPAP between day 14 and
56 for AADL70 and AdTGF-B1 (Spearman rank: » = 0.5053,
P =0.002). PEDF was increased from day 7 in fibrotic intersti-
tium and fibroblastic foci of severe (Ashcroft 6-8) fibrotic areas,
followed by an additional rise in moderately fibrotic regions
(Ashcroft 2-5) by day 14 (Figure 5B). PEDF was mainly localized
to the cytoplasm of mesenchymal cells (in and around fibro-
blastic foci), epithelial, and endothelial cells (Figure 5, C-E). It
colocalized with a-SMA and collagen-1 within fibroblastic foci
and fibrotic interstitium (Figure 5, C and D). VEGF was almost
absent in these areas, while it colocalized with PEDF in epithe-
lial cells around fibroblastic foci (Figure SE).

Characterization of concomitant AdTGF-B1/AdVEGF. Coadminis-
tration of AATGF-f1 and adenovector with the 165-amino-acid
variant of the human VEGF gene (AdVEGF) induced high levels
of active TGF-B1 and VEGF in the bronchoalveolar lavage fluid
(BALF) at day 7, which was back to baseline by day 14 (Table 1).
We found an additional increase in lung collagen in AdTGF-p1/
AdVEGF animals versus AdTGF-$1/AdDL70 animals (Figure 6A).
Lung elastance was further elevated following AdATGF-$1/AdVEGF
(Figure 6B). These data were confirmed with histology and mRNA:
AdTGF-B1/AdVEGF animals had severe parenchymal damage, with
multiple fibroblastic foci and matrix deposition (Figure 6, C and
D). While mRNA of fibrosis-related genes from lung homogenate,
such as 0-SMA (Acta2), procollagen-1a2 (Colla2), -301 (Col3al),
and fibronectin (Fnl), was elevated in AATGF-$1/AdDL70 animals
similarly to that shown in previous studies (22, 23), mRNA of these
genes was even more enhanced in AdTGF-$1/AdVEGF animals
Volume 119 1303
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Table 1
ELISA results for AdTGF-p1/AdVEGF and AdTGF-B1/AdDL70
Day 7 Day 14 Day 28
AdTGF-p1/ AdTGF-p1/ AdTGF-B1/ AdTGF-B1/ AdTGF-B1/ AdTGF-p1/
AdVEGF AdDL70 AdVEGF AdDL70 AdVEGF AdDL70

Active TGF-p1 (ng/ml) 25.38 +5.83 16.90 + 3.19 1.49 +0.71 1.01+0.83 0.07 £0.02 0.20+0.15
Human VEGF (ng/ml) 135.8 £32.25 0+0 5.28 +2.50 0+0 00 00
Rat albumin (%BALF/plasma) 10.95 £ 4.11 1.02 £ 0.26 217 +0.94 0.18 +0.05 0.36 + 0.06 0.42 +0.08

Each value represents mean + SEM. n = 5 to 6 animals per group.

(Table 2). Plasminogen activator inhibitor-1 (Pail) was augmented AdTGF-B1/AdVEGF animals had transient protein leakage by
in AATGF-B1/AdVEGF compared with AdTGF-$1/AdDL70, indi- day 7, as demonstrated by an increased albumin BALF/plasma
cating increased TGF-f activity (Table 2). The combined data from  ratio (Table 1). Albumin extravasation returned toward baseline
histology, physiology, and gene expression indicate that treatment by day 14 (Table 1). There was a temporary induction of eNos (days
with AdTGF-B1/AdVEGF induces more extensive PF than treat- 7 and 14) compared with AdTGF-$1/AdDL70 (Table 2). At the

ment with AdTGF-$1/AdDL70. same time, eNos mRNA was reduced in AdTGF-B1/AdDL70 versus
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Figure 6

Increased PF following AdTGF-31/AdVEGF compared with AdTGF-$1/AdDL70 administration. (A and B) AdTGF-31/AdVEGF animals have an
additionally increased PF score (A) and elevated elastance (B) compared with AdTGF-31/AdDL70. Values are expressed as differences from
AdTGF-B1/AdDL70. (C and D) Multiple fibroblastic foci (asterisks), hyperplastic epithelial cells (arrows), and extensive deposition of matrix in
lungs of AdTGF-1/AdVEGF animals at day 14. H&E staining. Original magnification, x100 (C); x400 (D). Scale bars: 200 um (C); 50 um (D).
(E—J) Characterization of primary human lung fibroblasts as vimentin-positive (E-G) and collagen-1—positive (H-J). Original magnification, x400.
Scale bars: 50 um. (K and L) Lung fibroblasts showed enhanced collagen-1 expression after 24-hour stimulation with 5 ng/ml human TGF-1 and
an additional increase following 30 ng/ml human VEGF and 5 ng/ml human TGF-p1. Collagen-1 protein was not induced after stimulation with
VEGF alone. (K) densitometry of 2 independent experiments (n = 3 each) of 2 fibroblast lines. Values are given as ratio of collagen-1 to a-tubulin
density. *P < 0.05; **P < 0.01, 1-way ANOVA. (L) Representative Western blot showing collagen-1, a-SMA, and P-Smad2 induction after TGF-31
or TGF-B1 and VEGF administration. a-tubulin was used as a loading control. Each condition is represented by 3 adjacent bands.
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Table 2
Quantitative real-time PCR results for AdTGF-31/AdVEGF vs.
AdTGF-p1/AdDL70

Gene Day7 Day 14 Day 28

Acta2 1.40+0.16 1.75+027~  0.94+0.08
Col1a2 0.87 +0.058 1.99 +0.238 1.39+0.32
Col3at 0.87 +0.063 3.32+0.93*  2.03x0.54
Fnt 0.84+0.14 3.27 +0.83* 1.58 +0.32
Pait 2.44 +0.71A 3.00 £ 0.508 0.64+0.14
ellos 1.52 + 0.15A 3171100  0.97+0.26

Each value represents mean + SEM of n-fold vs. AdTGF-31/AdDL70.
n =5 to 6 animals per group. AP < 0.05; BP < 0.0001 AdTGF-p1/
AdVEGF vs. AdTGF-31/AdDL70, Student’s t test. Acta2, a-SMA;
Col1a2, procollagen-102; Col3a2, procollagen-3a1; Fn1, fibronectin.

AdDL70 (not shown), similar to what is shown in Figure 4C. By
day 28, eNos mRNA was expressed at similar levels for AdTGF-f1/
AdVEGF and AdTGF-B1/AdDL70.

Primary human lung fibroblasts were more than 95% vimen-
tin and collagen-1 positive (Figure 6, E-J) and negative for CD31,
CD45, and E-cadherin. Collagen-1 was induced after 24-hour
stimulation with 5 ng/ml TGF-B1 and augmented by addition of
30 ng/ml VEGF (Figure 6, K and L). VEGF alone did not affect
collagen-1 (Figure 6, K and L). Induction of a-SMA in response to
24-hour TGF-B1 or combined TGF-B1/VEGF exposure and phos-
phorylation of Smad2 was seen (Figure 6L).

Increased microvascular density via decreased EC apoptosis after
AdTGF-B1/AdVEGF. Concomitant overexpression of TGF-f1 and
VEGF induced sustained increase in CD31* and CD34" area in
severely fibrotic tissue (Ashcroft 6-8) from day 7 compared with
AdTGF-B1/AdDL70 (Figure 7, A, B, D, and E). No difference was
seen between AdTGF-1/AdVEGF and AdTGF-$1/AdDL70 in
regions of moderate (Ashcroft 2-5) or no (Ashcroft 0-1) PF (not
shown). Both AdTGF-$1/AdVEGF and AdTGF-1/AdDL70 ani-
mals showed increased CD34" areas in nonfibrotic zones (not
shown). Double immunofluorescence revealed elevated CD34
positivity around but not within a-SMA fibroblastic foci (Figure
7C). Microvascular apoptosis was reduced in highly fibrotic areas
of AdTGF-f1/AdVEGF animals by day 7 (Figure 7, F-I). No differ-
ences were seen in Ashcroft 0-1 and 2-5 areas at day 7. In accor-
dance with VEGF overexpression, we found augmented numbers of
P-VEGFR2*CD34" cells in Ashcroft 6-8 areas by day 7 (Figure 7J).

Vascular remodelingand PH and PA EC apoptosis in AATGF-B1/AdVEGF
animals. Coadministration of AATGF-$1 and AAVEGF resulted
in reduced mPAP by day 14 and day 28 (Figure 7K). AATGF-f31/
AdVEGF attenuated MWT compared with AdTGF-$1/AdDL70
(Figure 7, L and M). The percentage of apoptotic (caspase-3* and
cleaved caspase-3*) ECs was decreased in small PA, while medium
PA had a trend toward reduced EC apoptosis (Figure 7, N and O).

Discussion

The detailed pathogenesis of secondary PH in PF is unclear. In this
study, we demonstrate that progressive PF, induced by adenovirus-
mediated overexpression of active TGF-B1, leads to pulmonary
vascular remodeling and PH. Vascular density decreased with ris-
ing severity of PF but increased in unaffected regions. There was
a spatiotemporal relationship between increasing PF, high TGF-f3
activity, loss of microvascularization, and remodeling of PA. We

The Journal of Clinical Investigation

http://www.jci.org

research article

found augmented apoptosis of both microvascular and PA ECs in
areas of severe interstitial damage. VEGF expression was reduced
in fibrotic lungs and correlated inversely with mPAP. We assumed a
mechanistic link between impaired angiogenesis and PH and used
concomitant overexpression of TGF-B1 and VEGF genes to investi-
gate this possible connection. We showed that VEGF enhancement
reduced apoptosis of microvascular and PA ECs, partly prevented
vascular rarefaction, attenuated PA remodeling, and reduced PH.
However, augmented VEGF expression also exaggerated PF, indi-
cating that VEGF facilitates the fibrogenic process.

The prevalence of PH in human IPF is as high as 40% and is asso-
ciated with poor prognosis (6, 8), emphasizing the need for a bet-
ter understanding of the underlying mechanisms. Experimental
PF was induced by transient overexpression of a mutated TGF-B1
gene, resulting in release of high levels of constitutively active
TGF-1 (21). We demonstrated that areas with high fibrogenic
activity were also regions of increased TGF-f} activity, as indicated
by the presence of P-Smad2. One single intratracheal administra-
tion results in expression of the exogenous gene for approximately
10 days with severe and progressive PF (21). The patchy distribu-
tion of PF, fibroblastic foci, accumulation of myofibroblasts, and
increased deposition of ECM makes this a suitable model for
studying the pathogenesis of IPF (21, 23). In addition, PF seen in
this model is not reversible, in which it differs somewhat from the
bleomycin model (24), and allows one to investigate complex and
long-term biological changes, such as secondary PH.

Vessel abnormalities in IPF involve all sections of the vascular bed
(6). In our study, relative MWT of PA, a common parameter of vas-
cular remodeling in experimental PH, increased early, and PH was
functionally established by day 14. MWT increased gradually, with
rising degrees of PF, similar to human IPF (25). The most fibrotic
areas with the highest MWT also had high levels of active TGF-p,
suggesting a close relationship among fibrogenesis, decreased vas-
cularization, PA remodeling, and TGF-f signaling. This pattern of
MWT may partially be due to direct effects of TGF-f3 on PA VSMC,
as TGF-f has been shown to affect muscularization of PA (26, 27).
The lack of a clear pattern of P-Smad2 immunoreactivity in the PA
medium can also argue for the involvement of secondary media-
tors, such as endothelin-1, angiotensin II, PDGF, or the BMP antag-
onist gremlin, which are either induced by TGF-f itself or by other
factors in the fibrotic tissue (4, 28-31).

Another phenomenon in IPF lungs is vessel loss in severely
fibrotic regions compared with augmented (and CD34") vascu-
larization in nonfibrotic areas (10, 11, 32). In our model, we saw
a dramatic reduction of vessels and increased EC apoptosis with
an increasing degree of PF (21). One possible explanation for this
is direct induction of EC apoptosis by TGF-3 (33). Apoptosis of
ECs may also contribute to PA remodeling via release of secondary
mediators leading to VSMC proliferation (34). Therefore, we fur-
ther investigated the role of EC apoptosis during early fibrogenesis
and its influence on PH. We noted an enhancement of capillar-
ies in normal lung areas, detected by positive staining for CD34
but not CD31. In cancer research, CD34 indicates the presence of
immature endothelium (35), suggesting that the vessels seen in
our study are newly developed through angiogenesis. However,
it has to be considered that CD34 is also expressed on hemato-
poietic progenitor cells including fibrocytes, a recently identified
cell type that is possibly involved in the pathogenesis of PF (36),
and that positive staining may not exclusively indicate neoangio-
genesis. Nevertheless, extent and distribution of vascular rarefac-
Volume 119 1305

NumberS  May 2009



research article

m
L]
L
U
28

0-

— v ! T T T
sﬂ..ﬁ..& B 2 ® o ¥ o«

T T _ .
wn o

201
5
0

QO eae anssi] jeale . LEA0 %

(d)

W

eale .ygg0 Jww

2 /si1e0.,£a0 TANNL
£

Time (d)

200004
150004
100004

50004

gose . Wi
T L€A0 2

/SII#2 +1LedD +13INNL

o<

£ 8 & ¢
=] o = e
=+ © o~ -
Bale .$£a0 JW/s||9o

o €00 .g-asedsen

H

2 o o o o
€ 2 2 3 2
e 8 8 ¥ W§

0-

Bal. .| £Q0 LWW/s||80

L .1eq0 .c-esedsen

(BHWW) dydw

_I

0-

2

&

eale .y£Q0 /S|
+FE€Q0+2d49D3N-d

5000+
4000+
3000+
1000+

Time (d)

Time (d)

T T T {
o o o Z 3
« o < ~§

(s1190 [E10Y/S|190 + %)
s03 .g-asedse)

_I

*

r T T T ._
o o = & .y
«© © - ™

(s1190 [E10Y/S|190 + %)
s03 .g-asedse)

1

|

I
(=]
=

(@310 %) LM

Time (d)

NumberS  May 2009

Volume 119

htep://www.jci.org

The Journal of Clinical Investigation

1306



Figure 7

Increased vascular density, decreased EC apoptosis, decelerated vas-
cular remodeling, and improved PH in AdTGF-$1/AdVEGF animals. (A
and C) Representative images of CD34 IHC for AdTGF-$1/AdVEGF
(A) and AdTGF-31/AdDL70 (B) at day 7. (C) Representative CD34 and
a-SMA double immunofluorescence of AdTGF-31/AdVEGF animal at
day 14: no vascularization within a-SMA* fibroblastic foci (dotted lines)
but augmented capillary density in adjacent areas (arrows). Original
magnification, x400. Scale bars: 50 um. (D—J) Increased CD31+ (D) and
CD34+ (E) area in highly fibrotic regions (Ashcroft 6-8) of AdTGF-31/
AdVEGF animals. AdTGF-p1/AdVEGF animals have reduced EC
apoptosis in highly fibrotic regions (Ashcroft 6-8) at day 7 as shown
by quantitative double immunofluorescence for caspase-3+CD31+ (F),
caspase-3+CD34+ (G), TUNEL+*CD31+ (H), and TUNEL*CD34+ (l). Aug-
mented VEGFR2 phosphorylation of ECs (P-VEGFR2+CD34+ cells) is
found for Ashcroft 6-8 areas (day 7) of AdTGF-$1/AdVEGF animals in
J. (K-O) mPAP is decreased in AdTGF-31/AdVEGF (K). The devel-
opment of vascular remodeling is decelerated in AdTGF-$1/AdVEGF.
MWT for small (ED < 50 um, L) and medium (50 um < ED < 100 um, M)
PA. Apoptosis of PA EC in small (N) vessels is lower in severely fibrotic
areas (Ashcroft 6-8) of AdTGF-$1/AdVEGF at day 7. For medium PA,
atrend is found (O). Data confirmed by cleaved caspase-3 (not shown).
Black bars show AdTGF-B1/AdDL70; white bars show AdTGF-31/
AdVEGF. Each bar represents mean + SEM of 5-6 animals per group
(D, E, and K-M) or 3—4 animals per group (F-J, N, and O). *P < 0.05;
**P < 0.01; ***P < 0.0001, 1-way ANOVA or Student’s t test.

tion in fibrotic lungs combined with increased capillary density in
adjacent regions reflect the changes seen in human IPF (11, 32).
Expression of vascular density as ratio of capillary area to total tis-
sue area has been reported before for IPF but represents a potential
limitation of some of our results (10, 32). Therefore, we have also
provided data indicating peripheral rarefaction of the vascular tree
in fibrotic areas with a relevant overall reduction of vessel density
in fibrotic lungs, independent of tissue density. In contrast to our
findings, deprivation of the vascular bed is not seen in the bleomy-
cin model (37). This may be due to severe inflammation in bleomy-
cin-induced lung injury, with a profound impact on angiogenesis
and vascular function independent of PF (24).

VEGEF is an important survival signal for ECs and promotes
angiogenesis (38). Vegf and Vegfr-2 mRNA were reduced in the
lungs of AATGF-B1-treated rats, correlating inversely with mPAP.
We noted a pronounced decrease in VEGF, particularly in fibro-
blastic foci and fibrotic interstitium, while hyperplastic and nor-
mal epithelial cells were positive for VEGF, similar to human IPF
(10, 11, 39, 40). Costainings indicated that areas with increased
TGF-p activity also lack VEGF and vascularization. We further
found that PEDF, a potent antiangiogenic factor, was highly
expressed in fibrotic lungs and was most obvious in fibroblastic
foci, fibrotic interstitium, and epithelial cells, again similar to IPF
(11). PEDF was colocalized with collagen-1, possibly explaining
its sustained positivity in fibrotic scars due to a collagen-1-bind-
ing site (41). This might indicate a shift in the PEDF-VEGF rela-
tionship toward a (regional) antiangiogenic environment, with
the consequence of vessel loss and secondary PH (11, 39). PEDF
negatively regulates VEGF-mediated angiogenesis on different
levels and induces apoptosis of EC (19, 20, 42), and we propose
PEDF-mediated inhibition of VEGF-induced angiogenesis as
one potential mechanism involved in vascular rarefaction in IPF.
Therefore it is not surprising that we noted reduced VEGFR2
phosphorylation in CD34* cells with rising degrees of PF, which
might explain EC apoptosis (43, 44). The structural composition
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of different compartments can lead to different effects of TGF-B1
on angiogenesis and EC survival, as contradictory in vivo and in
vitro findings suggest (45-47).

In order to prove a regulatory role of VEGF on angiogenesis and
a link among vessel loss, EC apoptosis, and PH, we overexpressed
both TGF-B1 and VEGEF. Interestingly, combined exposure to both
caused more extensive PF than exposure to TGF-B1 alone, as dem-
onstrated by histomorphometry, elastance, and gene expression of
ECM and a-SMA. Pail mRNA was increased following concomi-
tant overexpression, indicating augmented TGF-f activity. The
order of the changes suggests that they represent direct or indirect
effects of the transduced genes. Our in vitro data also argue for
an additive effect of TGF-f1 and VEGF on collagen-1 expression
in lung fibroblasts. This supports a contribution of VEGF to the
fibrotic process via induction of angiogenesis and direct effects on
mesenchymal cells (13, 14, 48). Further, a transient protein leakage
following AdTGF-B1/AdVEGF could add to the initial injury and
thereby promote fibrogenesis.

Combined delivery of AAVEGF and AdTGF-f1 attenuated vas-
cular remodeling and reduced mPAP compared with delivery of
AdTGF-B1 plus AdADL70. Gene transfer of VEGF has improved
monocrotaline- and hypoxia-induced PH, likely through micro-
vascular regeneration and correction of EC dysfunction (49-51).
In our study, animals simultaneously overexpressing TGF-B1 and
VEGF showed enhanced microvascularization in severely fibrotic
areas compared with those overexpressing TGF-B1 plus control.
Vascular density was increased in the fibrotic interstitium sur-
rounding fibroblastic foci, while the foci themselves remained ves-
sel free. This suggests that the proangiogenic VEGF reduced EC
apoptosis through signaling via VEGFR2 and partially prevented
the loss of small vessels, thereby counteracting angiogenesis inhi-
bition in TGF-f-induced PF. However, VEGF did not affect the
increased vascularization seen in nonfibrotic areas of the fibrotic
lung. Itis possible that other mechanisms contribute to the chang-
es in our model, such as vasoconstriction (16). VEGF may also
improve EC function and prevent apoptosis through transient
restoration of eNOS activity. Similar effects have been shown in a
hypoxia model of PH or the bleomycin model (51, 52). While many
of the effects of additional VEGF, such as protein leakage, edema,
or eNOS induction, were transient and depended on the trans-
genic protein, only the increase in microvascular density following
reduced EC apoptosis was sustained. In contrast, muscularization
of PA developed in a delayed manner compared with AATGF-B1/
AdDL70. We argue that PA remodeling is mainly induced through
2 possible mechanisms. One is release of secondary mediators
from apoptotic ECs that induce VSMC proliferation (e.g., TGF-f3,
angiotensin I, or endothelin-1) early on. The second consists of
direct effects of TGF-f and production of similar factors in the
fibrotic tissue surrounding PA at a later time. Decelerated media
thickening could result from decreased mediator release because of
reduced EC apoptosis in the early phase. This strongly suggests EC
apoptosis as an important mechanism by which vascular remodel-
ing develops during fibrogenesis (Figure 8). The overall reduction
of EC apoptosis following concomitant overexpression of TGF-f31
and VEGF despite increased TGF-f activity in the tissue highlights
reduced VEGF activity as the more important mechanism and sug-
gests a lesser relevance of TGF-B-dependent EC apoptosis.

There is a significant controversy in the literature regarding
angiogenesis and vascularity in IPF. Several factors have been
implicated in fibrogenesis. ELR* CXC chemokines (CXC chemo-
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kines containing the amino acid sequence Glu-Leu-Arg [ELR]
immediately before the first cysteine residue) (e.g., CXCLS or
CXCLS8) have proangiogenic effects and may promote PF, while
ELR- CXC chemokines (e.g., CXCL10) are antiangiogenic and
may inhibit fibrogenesis (53). Our study clearly confirms that a
proangiogenic factor (VEGF) can exaggerate PF. We believe that
there is an overall antiangiogenic environment in fibrotic tissue
and explain this by local VEGF inhibition. The negative effects of
PEDF on regional angiogenesis through VEGF inhibition might
be overriding the effects of proangiogenic chemokines, thereby
resulting in net vascular loss. The clinical relevance of our findings
becomes obvious, as VEGF inhibition has been investigated as a
potential therapy for IPF based on experiments showing a benefi-
cial antifibrotic effect of anti-VEGF compounds (13, 14). These
studies used the bleomycin model of PF, which involves inflam-
mation and induces a proangiogenic environment in the lungs
(14). The experiments did not include investigation of secondary
PH, which — considering our data — might be exaggerated fol-
lowing VEGF inhibition. This therapeutic approach might limit
the progression of PF but may also negatively affect pulmonary
hemodynamics. In addition, it is unclear to what extent VEGF
inhibition will be clinically successful in lungs that already have
decreased VEGF activity. Regardless of this, the currently ongoing
clinical trials using compounds with anti-VEGF activity should
consider the potential for development of PH in these studies.

In summary, our data strongly support observational stud-
ies in human IPF that suggested that a decrease in vascularity is
involved in vascular remodeling and the development of second-
ary PH in PF. We propose that the upregulation of PEDF and
consequential inhibition of VEGF in both idiopathic human and
experimental PF represent compensatory mechanisms to limit
fibrogenesis. At the same time, the relative lack of VEGF, the
increase in EC apoptosis, and the subsequent rarefaction of vas-
cular structures together with mediator-induced PA remodeling
result in PH, an important clinical indicator of poor prognosis
in IPF. Both angiogenesis and its inhibition might have signifi-
cant negative effects in fibrotic lungs. Further animal studies
and careful follow-up of IPF patients in clinical trials should be
conducted to assess whether antiangiogenic therapy may result
in enhanced PH in the context of IPF.
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Figure 8

Hypothetical synopsis of the development of PH in experimental PF.
Transient overexpression of active TGF-f1 in rodent lung induces PF
with myofibroblast accumulation and deposition of ECM. VEGF and
VEGF signaling are decreased early on during fibrogenesis by direct
actions of TGF-p1 as a result of tissue damage (e.g., epithelial apop-
tosis) or by secondary mediators such as PEDF. The consequence of
decreased VEGF is reduced eNOS expression, with the result being
apoptosis of ECs and vascular rarefaction. In addition, other secondary
mediators (e.g., angiotensin Il, endothelin-1) are released as an effect
of EC apoptosis (earlier) and fibrogenesis (later) and induce remodel-
ing of PA walls together with TGF-$. All these processes, reduced
vascular density, and mediator-related PA remodeling finally culminate
in PH, which will augment the remodeling process of PA in the form of
a vicious circle. Note the central importance of EC apoptosis for both
reduced vascular density and PA muscularization in this concept.

Methods
Recombinant adenovirus. The construction of adenoviral vectors is
described elsewhere (54). This study involved AdTGE-f1 (21) and
AdVEGEF (constructed by F. Pitossi, Campomar Foundation, Buenos
Aires, Argentina, and provided by D. Anthony, University of Southamp-
ton, Southampton, United Kingdom), both under human CMV promoter.
AdDL70 (empty virus) served as control.

Animal experiments. Procedures were approved by the McMaster Universi-
ty Institutional Animal Ethics Board. Female Sprague-Dawley rats (Charles
River), 225-250 g, received 1 x 108 PFU AdTGF-B1, AdDL70, AdTGEF-B1/
AdDL70, or AdTGF-B1/AdVEGEF (1 x 108 PFU each) intratracheally under
isoflurane anesthesia. Right-heart catheterization was done with ketamine/
xylazine anesthesia: A fluid-filled radial artery catheter connected to a pres-
sure transducer (Hewlett-Packard) was introduced into the jugular vein
and advanced to the PA with continuous pressure tracing. Elastance was
assessed by pressure-volume loops with a respirator (flexiVent; SCIREQ).
Animals were sacrificed by abdominal bleeding after blood withdrawal.
Lung and heart were removed, and 5 ml PBS was used to obtain BALF.

Histological evaluation. Left lungs were inflated with 10% formalin at a pres-
sure of 20 cm H,0, fixed for 24 hours, and paraffin embedded; 5-um sections
were stained with H&E, picro-sirius red (PSR), and elastica van Giesson (EvG).
Images were acquired with Axio Scope microscope and AxioVision 3.1 soft-
ware; for PSR and immunofluorescence they were acquired with an Axiovert
microscope (all Carl Zeiss). Collagen was quantified according to Ashcroft
(55). 20 pictures (PSR, dark field, polarization filter) were randomly taken of 4
transversal sections at x25 magnification. Pictures were scored from 0 (no PF)
to 8 (maximal PF) by 2 blinded investigators. Histomorphometry was used
to quantify vascular remodeling: ED and MWT were measured for 30-40 PA
(EvG) in 2 orthogonal directions using AxioVision 3.1 software. ED was
defined as distance between external elastic laminae, while MWT was deter-
mined as distance between external and internal elastic laminae. Vessels were
categorized as follows: 25 < ED < 50 um and 50 < ED < 100 um. MWT was
calculated using the following formula: MWT (%) = (2 x MT/ED) x 100%.

Ashcroft scores were assigned to each vessel image to further categorize
the tissue surrounding the PA according to the degree of PF. For VAR, imag-
es (x100) completely covering 1 whole transversal section of the left lower
lobe at hilar level were used. Total vessels (excluding bronchial arteries) were
counted and categorized according to ED as described above. Each image
was assigned a fibrotic score. The TCA (tissue area plus nontissue area,
such as in bronchial or vessel lumen and alveolar space) was determined by
Image] software (56). VAR was given as number of vessels/mm? TCA.

Preparation of lung homogenate and RNA isolation. Right lung was homoge-
nized in TRIzoL (Invitrogen), and RNA was extracted (57). RNA was DNase
treated and reverse transcribed. Quantitative real-time PCR was conducted
Number S
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Table 3
List of primary and secondary antibodies

Antigen Antibody Dilution
a-SMA M0851 (DAKO) 1:100~
1:2,000¢
a-Tubulin No. 2144 (Cell Signaling Technology) 1:1,000°
Caspase-3 No. 9662 (Cell Signaling Technology) 1:100AD
Caspase-3, No. 9664 (Cell Signaling Technology) 1:1000
cleaved
CD31 Sc-1506 (Santa Cruz Biotechnology Inc.) 1:1,0000
1:200AF
CD34 AF4117 (R&D Systems) 1:15000
1:1004
CD45 557513 (BD Biosciences — Pharmingen) 1:10F
Collagen-I Ab6308 (Abcam) 1:50A
600-401-103 (Rockland) 1:200F
1:5,000¢
E-cadherin Sc-7870 (Santa Cruz Biotechnology Inc.) 1:250F
PEDF Sc-25594 (Santa Cruz Biotechnology Inc.) 1:100A0
P-Smad?2 No. 3101 (Cell Signaling Technology) 1:1,000°
1:1,000#
1:2,000¢
P-VEGFR2 Sc-101819 (Santa Cruz Biotechnology Inc.) 1:10A
VEGF AF564 (R&D Systems) 1:10AD
Vimentin Sc-32322 (Santa Cruz Biotechnology Inc.) 1:100F

research article

Secondary antibody Dilution
T2402A8 (Sigma-Aldrich) 1:400A8

No. 7076¢ (Cell Signaling Technology) 1:2,000°
No. 7074¢ (Cell Signaling Technology) 1:2,000°
A21207AE(Invitrogen) 1:500AF
AP132BP (Chemicon; Millipore) 1:15000
AP132BP (Chemicon) 1:15000
AP106BP (Chemicon; Millipore) 1:2,000°0
F7367AFG (Sigma-Aldrich) 1:400AF6
AP106BP (Chemicon; Millipore) 1:15000

F7367A6 (Sigma-Aldrich) and 805-095-180A&
(Jackson ImmunoResearch Laboratories Inc.)

1:400 (F7367)A% and
1:100 (805-095-180)~¢

T240248 (Sigma-Aldrich) 1:40048
A21207 FE (Invitrogen) 1:500FE

No. 7074¢ (Cell Signaling Technology) 1:2,000¢
A21207 (Invitrogen)F-E 1:500FF
AP132BP (Chemicon; Millipore) 1:15000

F1262A6 (Sigma-Aldrich) and
A21207AE (Invitrogen)

1:75 (F1262)A8,
1:500 (A21207)AE

AP132BP (Chemicon; Millipore) 1:15000
A21207AE (Invitrogen) 1:1,000AE

No. 7074¢ (Cell Signaling Technology) 1:2,000¢
A21207AE (Invitrogen) 1:250AE
AP106BP (Chemicon; Millipore) 1:15000

F7367A¢ (Sigma-Aldrich) and 805-095-180 AG
(Jackson ImmunoResearch Laboratories Inc.)

T2402F8 (Sigma-Aldrich)

1:200 (F7367)A¢ and
1:100 (805-095-180)A6
1:400%8

Almmunofluorescence. BTRITC conjugated. °Western blotting. PIHC. FImmunocytofluorescence. EAlexa Fluor 594 conjugated. GFITC conjugated.

with ABI Prism 7500 (Applied Biosystems). RT-PCR probe and primer sets
were from Applied Biosystems. Results were normalized to B-microglobu-
lin. Relative gene expression was calculated using the AACT method (58).

ELISA from BALF and plasma. ELISA kits were used for TGF-p1, human
VEGF (R&D Systems), and rat albumin (GenWay).

IHC. Transversal left sections (3 um) were deparaffinized and rehydrated.
After blocking endogenous peroxidase (methanol/H,0,), antigen retrieval
was performed: 0.01 M citrate buffer (pH 6.0) for 20 minutes (caspase-3,
cleaved caspase-3, CD34, PEDF and VEGF), for 45 minutes (P-Smad2), and
for 1 hour (CD31). Sections were blocked with 1% normal swine serum in
TBS, then incubated with primary antibody 4°C overnight (Table 3). The
secondary biotin-conjugated antibody was applied for 1 hour at room tem-
perature, followed by streptavidin/HRP solution (Dako) at 1:600. Sections
were developed in 3,3’-diaminobenzidine (DAB) chromogen substrate
(Sigma-Aldrich) and counterstained with Mayer’s hematoxylin.

For immunofluorescence, slides were steamed for 20 minutes, except
for those slides containing samples stained for P-Smad2, P-Smad2/VEGF,
and P-Smad2/CD34, which were steamed for 45 minutes. For PEDF/col-
lagen-1, enzymatic digestion was performed instead (proteinase K 1:50;
Dako). After blocking for 15 minutes with 1% normal swine serum/TBS,
sections were incubated with primary antibody no. 1 overnightat 4°C, fol-
lowed by fluorescence-conjugated secondary antibody no. 1 for 2 hours at
room temperature. Sections were incubated with primary antibody no. 2
followed by fluorescence-conjugated secondary antibody no. 2, both for 2
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hours at room temperature. Slides were mounted using VECTASHIELD
with DAPI (Vector Laboratories). Details are shown in Table 3. Negative
controls with nonspecific Ig were run in parallel.

The In Situ Cell Death Detection kit, TMR red (Roche Applied Science)
was used for TUNEL/CD31 and TUNEL/CD34. Heat-induced retrieval
(citrate buffer) was performed prior to TUNEL, followed by indirect label-
ing with anti-CD31 or anti-CD34 and anti-goat FITC antibody. Positive
(DNAse-treated section) and negative controls (terminal transferase omit-
ted) were run in parallel.

Quantification of immunostainings. Four transversal sections were used for
quantitative IHC. Fifteen to twenty images were taken (x400) showing
parenchyma without large airways or vessels: Approximately 70% of acqui-
sitions were randomly selected from fibrotic and 30% from nonfibrotic
areas, and code numbers were assigned. Images were scored according to
Ashcroft (55). Quantification of picture sets was performed by 2 blinded
investigators. Computer-based analyses were done with Image].

VEGF and PEDF were scored with a modified scoring system according
to Reiner et al. (59): staining intensity was scored as 0, 1, 2, or 3, with 0 indi-
cating no staining, 1 indicating weakest staining, 2 indicating moderate
staining, and 3 indicating most intense staining. Positive cells and tissue
were scored as follows: 0, 0%; 1, <10%; 2, <50%; 3, <90%; and 4, 90%-100%.
Values for staining intensity and positive cells/tissue were added, and total
results ranged from 0 (no staining, no cells/tissue stained) to 7 (maximal
staining in >90% of cells or tissue). Airways and vessels with ED greater
Volume 119 Number 5
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than 25 um were excluded. For vascular density, images of CD31 or CD34
THC underwent color deconvolution to obtain vascular area from DAB*
area by thresholding (60). Total tissue area was calculated from original
images by thresholding and binarization. Vascular density was presented
as percentage of vascular versus total tissue area.

For quantification of P-Smad2 in PA VSMC and caspase-3 or cleaved
caspase-3 in PA ECs, images of 20-30 PA were taken for each animal: ED
of PA was measured, and Ashcroft score was assigned for surrounding tis-
sue. Positive and total cell numbers were counted manually. Results were
expressed as percentage of positive cells.

For nuclear P-Smad2 analysis, 20-30 regions/animal were acquired
(x400, red/blue channel and phase contrast pictures each, large vessels or
airways omitted). 70% of images were collected from fibrotic and 30% from
nonfibrotic regions and coded. Nuclei stained by P-Smad2 and DAPI were
detected by colocalization highlighter plug-in for Image] and were count-
ed by automated particle counting after watershed discrimination. Values
are expressed as percentage of positive nuclei. A composite image of red
(P-Smad2), blue (DAPI), and phase contrast image was used to assign
fibrotic scores to each picture.

For caspase-3/CD31, caspase-3/CD34, TUNEL/CD31, TUNEL/CD34
and P-VEGFR2/CD34, 20-30 areas were acquired per animal, similar to
nuclear P-Smad2. Fibrotic scores were assigned. Double-positive cells were
counted. Histomorphologic criteria were used to select CD31* or CD34*
EC. The number of double-positive cells per field was divided by total
CD31" or CD34" area (green) to normalize for vascularization differences.
Values are given as double-positive cells/mm? CD31* or CD34" area.

Confocal microscopy. To verify apoptotic (caspase-3*/ TUNEL") EC (CD31*/
CD34"), confocal microscopy was performed on sections adjacent to the ones
used for immunofluorescence (MP Leica TCS SP5 laser scanning confocal
system). Z-stacks of optical sections with z-distance 0.2 wm were acquired
with red, green and blue color filters. Image stacks were taken at x630 mag-
nification. Processing and reslicing of image stacks was done in Image].

Cell culture. Primary lung fibroblasts were isolated as described before
from patients undergoing cancer surgery (61). Patients gave written
consent, and the study was approved by the Ethics Board. St. Joseph’s
Healthcare. Fibroblasts were cultured in RPMI 1640 with 10% FBS,
100 IU/ml penicillin, and 100 ug/ml streptomycin (Invitrogen). 2 x 10*
cells between passages 3 and 6 were seeded in 6-well plates and rendered
serum free for 24 hours. Recombinant human TGF-f1 and VEGF (165
amino acid isoform; R&D Systems) were added for 24-hour stimulation,
and protein lysate was prepared.

Western blotting. 20 ug protein was loaded for SDS-PAGE. Proteins were
blotted onto a nitrocellulose membrane, blocked 1 hour in 5% dry milk/
TBS-0.1% Tween 20, and incubated with primary antibodies (collagen-1,
a-SMA, P-Smad2, a-tubulin) overnight at 4°C. Secondary HRP-conjugated

antibodies were applied for 1 hour at room temperature. For detailed infor-
mation regarding antibodies, see Table 3. Blots were developed with ECL
reagent on Hyperfilm x-ray films (Amersham Biosciences) and scanned;
densitometry was done with Quantity One (Bio-Rad).

Immunofluorescence of fibroblasts. Fibroblasts were grown to subconflu-
ence in chamber slides (Nunc), fixed in 10% formalin (10 min), and per-
meabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 10 minutes for
collagen-1 and vimentin. After blocking (1% BSA/PBS, 1 h), cells were
incubated with primary antibodies (CD31, CD45, collagen-1, E-cadherin,
and vimentin) for 2 hours, followed by fluorescence-conjugated secondary
antibody for 1 hour. Negative controls were run in parallel with nonspe-
cific Ig. Images were taken at x400 magnification with AxioCam MRm
and AxioVision 3.1 software (Zeiss).

Statistics. Data are presented as mean + SEM. Two groups were compared
with 2-tailed unpaired Student’s ¢ test and more than 2 groups with 1-way
ANOVA followed by Neuman-Keuls multiple comparison test. Spearman’s
rank correlation was used for correlation analysis. Statistical tests and
graphs were done with GraphPad Prism 5.0 (GraphPad Software). P < 0.05
was considered significant.
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