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Abstract

Elastin is predominantly comprised of crosslinked tropoelastin. For many years elastin was
considered to serve a solely structural role but is now being increasingly identified as causal in cell
signaling, development and repair. We introduced tropoelastin into an in vitro model in which
airway smooth muscle cells (ASMCs) were stimulated with transforming growth factor (TGF)-f1
to examine the modulatory effect of this modular elastin sequence on release of angiogenic factors
and matrix metalloproteinases (MMPs). Human ASMCs were presented to surfaces coated with
tropoelastin or collagen and controls, then stimulated with TGF-B1. Transcript levels of vascular
endothelial growth factor (VEGF) and connective tissue growth factor (CTGF) were quantified 4
and 24 h after TGF-B1 stimulation. Protein VEGF release from cells and CTGF sequestered at cell
surfaces were measured by ELISA at 24 and 48 h. TGF-$1 increased VEGF mRNA 2.4 fold at 4 h
and 5 fold at 24 h, accompanied by elevated cognate protein release 3 fold at 24 h and 2.5 fold at
48 h. TGF-B1 stimulation increased CTGF mRNA 6.9 fold at 4 h and 11.8 fold at 24 h,
accompanied by increased sequestering of its protein counterpart 1.2 fold at 24 h and 1.4 fold at 48
h. Pre-incubation of cells with tropoelastin did not modulate VEGF or CTGF mRNA expression,
but combined with TGF-B1 stimulation it led to enhanced VEGF release 5.1-fold at 24 h and 4.4-
fold at 48 h.Pre-incubation with tropoelastin decreased CTGF sequestering 0.6-fold at 24 and 48 h,
and increased MMP-2 production. Collagen pre-incubation under the same conditions displayed
no effect on TGF-1 stimulation apart from a slightly decreased (0.9 fold) sequestered CTGF at 48
h. As CTGF is known to anchor VEGF to the matrix and inhibit its angiogenic activity, a process
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which can be reversed by digestion with MMP-2, these findings reveal that elastin sequences can
disrupt the balance of angiogenic factors, with implications for aberrant angiogenesis. The results
suggest a model of molecular crosstalk and support an active role for elastin in vascular
remodeling.
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1. Introduction

As a structural protein, elastin is responsible for the strength and elasticity of elastic tissues,
such as lungs, arteries and skin. Elastin is predominantly composed of a soluble precursor,
tropoelastin, which is released by elastogenic cells during early development and cross-
linked following oxidation by one or more members of the lysyl oxidase family (Mithieux
and Weiss, 2005). Elastogenesis can be restarted to repair damaged elastic fibers although
this often results in disorganized elastin (Wagenseil and Mecham, 2007). Elastin is damaged
in diseases such as emphysematous chronic obstructive pulmonary disease (COPD) (Shapiro
and Ingenito, 2005; Black et al., 2008), cutis laxa (Ringpfeil, 2005; Hu et al., 2006) and
asthma (Mauad et al., 1999; Reddel et al., 2012). Disorganized and damaged elastin can
contribute to the pathology of disease not only through structural changes (Kelleher et al.,
2005) but also molecular effects of exposed elastin sequences (Senior et al., 1980; Fulop et
al., 1998; Duca et al., 2004; Turino et al., 2011).

The specific interaction of elastin sequences with cells, supporting an overall inflammatory
profile and having a causal role in disease, is becoming increasingly well recognized.
Fragments of elastin, for example, are central in the progression of a mouse model of
emphysema through chemotaxis of monocytes, a process which is blocked by administration
of an anti-elastin antibody (Houghton et al., 2006). The elastin receptor (ELR) is a mediator
of these molecular effects of elastin (Robert, 2005), which include chemotaxis of multiple
inflammatory cells (Senior et al., 1980; Tajima et al., 1997) and changes in the activities of
mesenchymal-derived cells including adhesion to elastic fibers (Hornebeck et al., 1986),
increase of cellular proliferation (Tajima et al., 1997; Mochizuki et al., 2002), migration
(Senior et al., 1982; Skeie and Mullins, 2008; Shiratsuchi et al., 2010) and increase in
expression and secretion of various pro-matrix metalloproteinases (MMPs), especially -1, -2
and -3 (Cozlin et al., 2006; Brassart et al., 2001; Heinz et al., 2010), and a decrease in tissue
inhibitor of metalloproteinases (TIMP)-1 and -2 (Cozlin et al., 2006).

It is therefore reasonable to propose that cellular interactions of damaged elastin may play a
role in inflammatory processes such as wound healing and tissue remodeling. Transforming
growth factor B1 (TGF-B1) stimulation may be used in vitro as a model of inflammation and
remodeling (Burgess et al., 2006a), due to its central role in these processes (Douglas, 2010)
and in this context upregulates and increases production of vascular endothelial growth
factor (VEGF) and connective tissue growth factor (CTGF) (Burgess et al., 2006a), which
are important for angiogenesis (Ferrara and Davis-Smyth, 1997; Ferrara et al., 2003; Shimo
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etal., 1999). CTGF sequesters VEGF, negatively regulating its angiogenic activity (Inoki et
al., 2002; Hashimoto et al., 2002). We therefore challenged ASMCs with both TGF-B1 and
tropoelastin or collagen as a matrix comparison, and measured expression and production of
VEGF and CTGF to explore the role of elastin sequences in inflammation and wound
healing.

2.1 Airway smooth muscle cells physically interact with tropoelastin

By using electrospun tropoelastin or collagen fibers, we were able to observe the physical
interaction of airway smooth muscle (ASM) cells with elastin-based substrata.
Electrospinning for short time periods directly on glass coverslips produced a thin layer of
fibers analogous to biological structures which were stable in culture conditions. Cells were
viable and proliferated for at least 2 weeks in culture on these surfaces during which time
cells physically attached to tropoelastin or collagen fibers (Fig. LA-D). Actin-containing
cellular projections adhered to and organized around tropoelastin fibers. On non-fibrous
surfaces coated with soluble tropoelastin or collagen, cells attached and cytoskeletal
organization occurred (Fig. 1E-F).

2.2 Tropoelastin but not collagen attachment increases TGF-B1 mediated VEGF protein but
not MRNA expression

mRNA levels for VEGF were investigated at 4 and 24 h after stimulation with TGF-31,
where cells were presented to either tropoelastin or collagen coated surfaces (Fig. 2). At 4 h,
but not 24 h, TGF-1 increased mMRNA production of VEGF (p<0.05). In TGF-B1 stimulated
samples, VEGF mRNA expression trended higher on tropoelastin (fold change compared to
TGF-B1 negative no-protein control 4.0 + 3.5) and collagen (fold change 4.0 + 2.4) than on
the no-protein control (fold change 2.4 £ 0.1) at 4 h.

The amount of VEGF released into media by ASM cells after stimulation with TGF-B1 in
the presence of coated tropoelastin or collagen was assessed at 24 and 48 h (Fig. 3). TGF-p1
enhanced VEGF release at 24 h (p<0.05) and 48 h (p<0.01). When stimulated with TGF-$31,
tropoelastin caused a further increase in VEGF release by 24 h, as more VEGF was released
by cells on tropoelastin (fold change compared to TGF-f1 negative no-protein control 5.1 +
4.1) than either collagen (fold change 2.8 + 1.0) or no-protein control (fold change 3.0 = 1.4)
(both p<0.05). The effect was maintained at 48 h where VEGF release on tropoelastin (fold
change 4.4 £+ 2.7) was again higher than either collagen (fold change 2.6 + 1.1) or no-protein
control (fold change 2.5 + 1.1) (both p<0.01).

2.3 Tropoelastin but not collagen attachment decreases TGF-Bf1 mediated CTGF protein
but not mMRNA expression

MRNA levels for CTGF were investigated at 4 and 24 h after stimulation with TGF-p1,
where cells were presented to either tropoelastin or collagen coated surfaces (Fig. 4). TGF-
B1 increased MRNA production of CTGF at 4 h, (p<0.05) and 24 h TGF-1 (p<0.01). In
TGF-B1 stimulated samples, CTGF expression was not significantly higher for tropoelastin
(fold change 17.4 + 12.3) than the no-protein control (fold change 11.8 + 4.5) at 24 h.
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Irrespective of TGF-B1 stimulation, tropoelastin caused a decrease in CTGF sequestering at
24 h and 48 h (Fig. 5). This was particularly marked at 48 h where unstimulated cells
exposed to tropoelastin displayed half the levels of sequestered CTGF of that found with the
TGF-B1 negative no-protein control (p<0.01), and was also lower than cells on collagen
(fold change 1.2 £ 0.4, p<0.001). TGF-B1 stimulated cells on tropoelastin displayed a fold
change of 0.6 + 0.3, which was lower than stimulated cells on no-protein control (fold
change 1.4 £ 0.4, p<0.001) but not collagen (fold change 0.9 + 0.2), which was also lower
than no-protein control (p<0.01).

2.4 Tropoelastin, but not collagen attachment increases MMP-2 production

Release of MMP-2, -9 and -12 was investigated in ASMCs after pre-incubation with surface
protein coating. MMP-2 was significantly elevated after exposure to tropoelastin (550.6 +
254.2 pg/mL) compared with collagen (309.3 + 150.0 pg/mL) or no-protein control (288.0 +
110.2 pg/mL, p<0.05 for both), and this increase did not persist over time (Figure 6). Under
these conditions, there was no detectable production of MMP-9 or -12 from the ASMCs.

3. Discussion

A combination of TGF-B1 stimulation and tropoelastin exposure was found to increase the
release of VEGF, while tropoelastin increased release of MMP-2 and decreased the
sequestration of CTGF. This molecular crosstalk supports a role for elastin sequences in
wound healing and angiogenesis, where these factors are typically found (Ferrara and Davis-
Smyth, 1997; Ferrara et al., 2003; Shimo et al., 1999).

Angiogenesis is an important part of normal wound healing and aberrant angiogenesis plays
a role in tumor development and diseases involving tissue remodeling such as asthma. The
growth factor TGF-B1 plays a significant role in wound healing and angiogenesis (Douglas,
2010; Pardali et al., 2010), and in this study, TGF-1 was used to stimulate ASMCs. We
confirmed that TGF-B1 increases the release of soluble VEGF (Burgess et al., 2006a). VEGF
is one of the most important factors inducing angiogenesis in physiology and pathology
(Ferrara and Davis-Smyth, 1997; Ferrara et al., 2003). CTGF, while having innate
angiogenic activity (Shimo et al., 1999), anchors VEGF in the matrix in various cell culture
models, including ASMCs, and thereby modulates its release (Inoki et al., 2002; Burgess et
al., 2006a). The model is robust as demonstrated by upregulation of CTGF by TGF-$1 and
would be expected to maintain the regulatory balance of these factors (Igarashi et al., 1993;
Burgess et al., 2006a; Burgess et al., 2006b).

When the cells were exposed to tropoelastin prior to addition of TGF-B1, the levels of
sequestered CTGF decreased, while TGF-B1-dependent release of soluble VEGF further
increased. These effects are in accord with a model where the normal balance of VEGF
release is disrupted by elastin, leading to aberrant angiogenesis. Our findings support the
concept that elastin participates in the regulatory control of angiogenesis and so enhances
understanding of the underlying mechanism. These findings help to explain why in a chick
chorio-allantoic membrane, the application of elastin-derived peptides directly increases the
microvessel density (Robinet et al., 2005) and in a model of aberrant angiogenesis
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(abdominal aortic aneurysm in rats), elastin-derived peptides increase vessel diameter and
wall thickness (Nackman et al., 1997).

We found that enhanced CTGF levels following elastin sequence exposure was independent
of TGF-B1, as cells not stimulated with TGF-f1 decreased CTGF sequestration if they were
pre-exposed to tropoelastin, and this was accompanied by no change in VEGF levels.
Similarly, 48 h exposure to collagen reduced the amount of sequestered CTGF, but had no
effect on VEGF release levels. Neither elastin nor collagen affected mRNA levels, implying
these effects are post-transcriptional. In addition, tropoelastin alone, in the absence of TGF-
1 stimulation, caused an increase in release of MMP-2. This effect was observed
immediately following the pre-incubation stage, and did not persist at further timepoints. We
have previously found MMP-2 plays a role in digesting CTGF and releasing VEGF from
matrix deposited by ASMCs (Burgess et al., 2006a). These new data suggest a possible
mechanism for VEGF release and provide further support for our theoretical model in which
elastin exposure promotes aberrant remodelling.

A model representing the potential role of elastin in regulating angiogenesis is presented in
Fig. 7, where exposed elastin sequences increase levels of MMP-2, contributing to digestion
of CTGF and, in combination with TGF-f31, increase of free VEGF, as well as further
degradation of the ECM, including elastin. We cannot exclude the possibility that there was
a contributory post-transcriptional down-regulation of CTGF.

Our findings strengthen the case for a specific network of effects of elastin sequences (Duca
et al., 2004; Turino et al., 2011). The outcome of imbalanced factors known to regulate
angiogenesis, as demonstrated here, could theoretically lead to aberrant angiogenesis and/or
vascular remodeling. In diseases where elastin is damaged, structural effects should be
appreciated as only part of the story.

4. Experimental Procedures

4.1 Proteins

Recombinant human tropoelastin isoform SHELA26A (Synthetic Human Elastin without
domain 26A), corresponding to amino acid residues 27-724 of GenBank entry AAC98394
(gi 182020), was purified from bacteria on a multigram scale, as previously described
(Martin et al., 1995) (Wu et al., 1999). Gelatin was from porcine skin (Type A; Sigma). Rat
tail collagen I was from Becton & Dickinson and TGF-B1 from R&D Systems.

4.2 Cell culture

ASM cells were obtained from isolated human airway tissue from explanted/resected lungs
or deep endobronchial biopsies obtained by flexible bronchoscopy as previously described
(Burgess et al., 2003). Patient characteristics are presented in Table 1. Approval for all
experiments with human lung was provided by the Human Ethics Committee of the
University of Sydney and the Sydney South West Area Health Service, and all patients
provided written informed consent. Cells were cultured using Dulbecco’s modified Eagle’s
medium (DMEM) with 10% (v/v) fetal bovine serum (FBS), and 1% (v/v) Penicillin-
Streptomycin (Gibco BRL). ASMCs were used between passages 4-8 for all experiments.
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4.3 Confocal microscopy

Glass coverslips were coated with tropoelastin or gelatin by soluble protein coating, or by a
thin layer of fibers formed by electrospinning. For electrospinning, each protein was
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) at 20% (w/v), solutions were loaded
into a 1 ml plastic syringe equipped with a blunt 18 gauge needle, and flow rate of 1 ml/h
was applied using a syringe pump (World Precision Instruments). The needle was connected
to the positive output of a high voltage power supply at 20 kV with an air gap distance
between the needle and collector of ~20 cm. Fibers were cross-linked for 4 h in a solution of
10% (v/v) 4,4’-diisocyanato-methylenedicyclohexane (HMDI, Sigma) in isopropanol
(Univar). Following cross-linking, the HMDI solution was removed by sequential washing
in decreasing ratios of isopropanol:phosphate buffered saline (PBS) then washed three times
in sterile PBS and allowed to equilibrate in PBS overnight. ASM cells were seeded at 1 — 5
x 103 cells/cm? in 5% (v/v) FBS in DMEM.

6 to 24 h after cell seeding onto scaffolds, media were aspirated and samples were fixed with
3% (w/v) formaldehyde (Sigma) in PBS at room temperature for 20 min, then washed 3
times in PBS and quenched with 0.2 M glycine (Ajax Finechem) for > 20 min at room
temperature. Cells were permeabilized by addition of 0.2% (v/v) Triton-X-100 (Sigma) for 6
min, and samples were washed twice in PBS before being blocked with 5% (w/v) BSA
(Sigma) for 1 h at room temperature. Samples were washed three times in PBS then
incubated in TRITC labeled Phalloidin Conjugate stain (phalloidin tetramethylrhodamine B
isothiocyanate, Sigma) 1:1000 in 3% (w/v) BSA for 40 min to visualize F-actin. Samples
were briefly rinsed with PBS, stained with 300 nM DAPI stain (Sigma) in water for 5 min to
visualize cell nuclei, then washed and mounted onto glass slides using Fluoromount
Aqueous Mounting Medium (Sigma).

Images were taken at the Australian Centre for Microscopy and Microanalysis, University of
Sydney, using an Olympus Fluoview FVV1000 confocal laser scanning biological
microscope. Tropoelastin autofluorescence was utilized with excitation at 488 nm (Loria et
al., 1979), and a spectral curve taken to assess optimal emission wavelengths. The following
wavelengths were utilized: DAPI stain was visualized with an excitation wavelength of 405
nm and an emission range of 425 — 465 nm, TRITC was visualized with an excitation
wavelength of 559 nm and an emission range of 575 — 675 nm, partial 3D tropoelastin fibers
were visualized with an excitation wavelength of 488 nm and emission range of 520 — 540
nm.

4.4 Stimulation with TGF-B1

Six- or 96-well tissue culture plates were coated with 300 pL/cm? saturating solutions of
12.5 uM tropoelastin or 40 ug/mL rat tail collagen I or left uncoated, then incubated at 4°C
overnight. Coating solutions were then removed, and wells were rinsed with sterile PBS.
ASM cells were seeded on these treated surfaces at 2 — 4 x 103 cells/cm? in 5% (v/v) FBS in
DMEM and allowed to attach for 24 h. To avoid the influence of serum on expression and
production of factors, cells were synchronized in 0.1% BSA (w/v) in DMEM for 24 h (Satoh
et al., 1997) then stimulated for up to 48 h with 10 ng/mL TGF-1 in 0.1% (w/v) BSA in
DMEM. Unstimulated cells were maintained in 0.1% (w/v) BSA in DMEM.
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4.5 Real-time reverse transcription-polymerase chain reaction

RNA was extracted using the RNeasy kit (Qiagen). The treated cells were lyzed in 6-well
plates with Qiagen RNeasy RLT buffer with p-mercaptoethanol, frozen at —80°C, then
thawed for total RNA extraction according to the manufacturer’s instructions. cDNA
synthesis used an Invitrogen SuperScript 111 First-Strand Synthesis with random primers
(New England Biolabs).

Real-time assays for VEGF (Hs00903129) and CTGF (Hs00170014) and endogenous
ribosomal RNA control (18S rRNA) were from PE Applied Biosystems. Amplification was
carried out in an ABI Prism 7000 Sequence Detection System (PE Applied Biosystems) with
initial stages of 50°C for 2 min and 95°C for 10 min followed by 40 cycles of amplification
(95°C for 15 s followed by 60°C for 1 min) in patients 1, 2, 4 and 9. TagMan assays of 18S
rRNA to normalize and negative controls were included. Cycle thresholds (CTs) were
assessed with Applied Biosystems 7000 system sequence detection software (v.1.2.3).

4.6 Protein assays

Levels of VEGF45 in conditioned media collected from 6-well plates were measured with a
R&D Systems ELISA kit in patients 1-3 and 9-11. For analysis, measured levels were
normalized to cell count determined by hemocytometer.

For detection of CTGF sequestered to the cell surface in patients 1-8, supernatants were
removed from the 96-well plates containing treated cells and the plates were allowed to dry
overnight at room temperature, then washed with 0.05% (v/v) Tween-20 (Sigma) in PBS
(Tween-PBS), blocked with 1% BSA (w/v) in PBS for 60 min at room temperature, and
washed again. Primary antibody goat anti-CTGF was added to half the wells, while to the
other half an IgG control was added (Santa Cruz Biotechnology), both at 1 pg/mL in 1%
BSA (w/v) in PBS, and allowed to bind overnight at 4°C. The wells were subsequently
washed and the secondary antibody (polyclonal rabbit anti-goat horseradish peroxidase,
Dako) was added at 1:2000 in 1% BSA (w/v) in Tween-PBS for 1 h. Wells were washed and
TMB Single Solution (Zymed) added. After 10 to 30 min reactions were stopped by the
addition of an equal volume of 1 M phosphoric acid (R&D Systems) and absorbances were
read at 450 nm.

Total MMP-2, MMP-9 and MMP-12 were measured in patients 3, 10 and 11 with
Fluorokine MAP human MMP kit (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Briefly, ASM supernatants were 5-fold diluted and incubated
with MMPs microparticle mixture for 2 hours at room temperature followed by incubation
with Biotin antibody and Streptavidin-PE respectively. Concentration of MMPs (pg/ml) was
read by Luminex 100/200 analyzer (Luminex, Brisbane, AUS).

4.7 Statistical analyses

All VEGF and CTGF results were normalized to the corresponding TGF-1 negative time-
matched no-protein control surface by calculating fold change, and two-way ANOVA using
Bonferroni post-tests were performed. MMP-2 results were analyzed by one-way ANOVA
at each time using Bonferroni post-tests. All data were assessed as mean + standard
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deviation and statistical analyses performed using GraphPad Prism v5.0 for Windows.
Significant differences were accepted when p<0.05.
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Fig. 1.
Physical contacts of airway smooth muscle cells with elastin or collagen fibers. Images are

representative of 5 experimental repeats. (A) Cells from patient 12 were seeded onto
electrospun crosslinked tropoelastin fibers, stained with rhodamine phalloidin (red) after 24
h and visualized by confocal microscopy. (B) The same procedure was carried out with cells
from patient 13, stained 8 h after seeding. Cells from patient 9 were seeded onto electrospun
(C) tropoelastin or (D) collagen fibers and coated (E) tropoelastin or (F) collagen
respectively, stained with rhodamine phalloidin and DAPI (blue) after 6 h and visualized.
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Fig. 2.
VEGF mRNA expression after exposure to tropoelastin or collagen, in the presence or

absence of TGF-B1, after (A) 4 h or (B) 24 h. Data were expressed as fold change relative to
TGF-B1 negative time-matched samples. *Significant difference due to TGF-B1 by two-way
ANOVA (n=4).
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VEGF release after exposure to tropoelastin or collagen in the presence or absence of TGF-
1 stimulation on after (A) 24 h or (B) 48 h. Data were expressed as fold change relative to
TGF-B1 negative time-matched samples. * Significant difference due to TGF-1 and A
significant difference due to tropoelastin by two-way ANOVA (n=6).
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Fig. 4.

CTGF mRNA expression after exposure to tropoelastin or collagen in the presence or
absence of TGF-B1 after (A) 4 h or (B) 24 h. Data were expressed as fold change relative to
TGF-B1 negative time-matched samples. * Significant difference due to TGF-f1 by two-way

ANOVA (n=4).
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CTGF sequestering after exposure to tropoelastin or collagen in the presence or absence of
TGF-B1 stimulation after (A) 24 h or (B) 48 h. Data were expressed as fold change relative
to TGF-B1 negative time-matched samples. *Significant difference due to tropoelastin,
Asignificant difference due to tropoelastin and #significant difference due to collagen by
two-way ANOVA (n=7).

Matrix Biol. Author manuscript; available in PMC 2015 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Reddel et al.

800, A 800, B

400
-
200 | |

MMP-2 (pg/mL)
MMP-2 (pg/mL)

Page 16

s, C

@
=3
S

400

MMP-2 (pg/mL)

N
15
S

0

O Plastic B3 Collagen @B Tropoelastin

Fig. 6.

MMP-2 release (A) after pre-incubation with tropoelastin or collagen, (B) after 24 h and (C)
after 48 h. *Significant difference due to tropoelastin by one-way ANOVA (n=3).
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Fig. 7.

Sc%ematic representing the proposed effect of elastin on angiogenic factors. In a normal
airway, a balance between CTGF and VEGF regulates angiogenesis (indicated by a cross).
In a damaged or diseased airway, exposure of elastin fragments increases MMP-2
production and thereby disrupts this inherent braking mechanism within the angiogenic
process, increasing release of VEGF and leading to further degradation of the matrix.

Matrix Biol. Author manuscript; available in PMC 2015 May 12.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Reddel et al.
Patient Age Gender Disease
1 45 M Cystic Fibrosis
2 59 M Cancer
3 44 F Emphysema
4 39 M Rheumatoid pulmonary fibrosis
5 57 M Pulmonary Fibrosis
6 38 M Asthma
7 30 M Cystic fibrosis
8 77 M NSCCa (non small cell Ca)
9 53 M Bronchiectasis
10 71 M SCCa(small cell Ca), COPD
11 64 M Pulmonary Fibrosis
12 66 F Non squamous cell carcinoma
13 60 M Cancer
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