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Aims αv integrins are implicated in fibrosis in a number of organs through their ability to activate TGF-β. However their role in 
vascular fibrosis and collagen accumulation is only partially understood. Here we have used αv conditional knockout mice and 
cell lines to determine how αv contributes to vascular smooth muscle cell (VSMC) function in vascular fibrosis and the role of 
TGF-β in that process.

Methods 
and results

Angiotensin II (Ang II) treatment causes upregulation of αv and β3 expression in the vessel wall, associated with increased 
collagen deposition. We found that deletion of αv integrin subunit from VSMCs (αv

SMKO) protected mice against angiotensin 
II-induced collagen production and assembly. Transcriptomic analysis of the vessel wall in αv

SMKO mice and controls identified 
a significant reduction in expression of fibrosis and related genes in αv

SMKO mice. In contrast, αv
SMKO mice showed prolonged 

expression of CD109, which is known to affect TGF-β signalling. Using cultured mouse and human VSMCs, we showed that 
overexpression of CD109 phenocopied knockdown of αv integrin, attenuating collagen expression, TGF-β activation, and 
Smad2/3 signalling in response to angiotensin II or TGF-β stimulation. CD109 and TGF-β receptor were internalized in early 
endosomes.

Conclusion We identify a role for VSMC αv integrin in vascular fibrosis and show that αv acts in concert with CD109 to regulate TGF-β 
signalling.

* Corresponding author. Tel: +33 (0)3 72 74 62 43, Fax: +33 (0)3 72 74 62 52, Email: patrick.lacolley@inserm.fr
† The first two authors and last two authors participated equally to this work.
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjopen/article/3/2/oead010/7043129 by IN

SER
M

 user on 19 April 2023

https://orcid.org/0000-0002-2938-1383
mailto:patrick.lacolley@inserm.fr
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/ehjopen/oead010


2                                                                                                                                                                                                        Z. Li et al.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphical Abstract

Keywords Alpha v integrin; Vascular smooth muscle cell; Collagen; CD109

Translational perspective
The role of αv-containing integrins in promoting matrix deposition/assembly and synthesis/activation of TGF-β in vascular smooth muscle cells 
(VSMCs) is complex and only partially understood. Here we show that loss of αv integrins reduces vascular fibrosis in mice in response to angio-
tensin II. In angiotensin II-treated cultured VSMCs, loss of αv leads to downregulation in matrix and overexpression of membrane-anchored 
CD109, which in turn reduce TGF-β signalling. These data argue that αv integrins are components of a core molecular pathway that contributes 
to TGF-β activation and/or regulation of CD109 expression. Interfering with this pathway could limit pathological vascular fibrosis.

Introduction
Fibrosis, which is hallmarked by excessive accumulation of collagen and 
other extracellular matrix proteins, is a physiological process involved in 
tissue repair that can become pathologic.1 Progressive vascular fibrosis 
leads to arterial stiffening which is a major independent risk factor for 
chronic cardiovascular diseases such as hypertension, atherosclerosis, 
and heart failure.2,3 Age-related vascular fibrosis and low-grade inflam-
mation are widely accepted as important causes of cardiovascular and 
overall morbidity and mortality. Although vascular fibrosis is a multicel-
lular process, pheno-modulation of vascular smooth muscle cells 
(VSMCs) from quiescent to activated fibroblast-like collagen-producing 
cells is increasingly recognized as a major contributor to vascular fibro-
sis and stiffening.3 Cell-extracellular matrix interactions and VSMC 
phenotypic modulation are fine-tuned by binding of ECM protein to dif-
ferent members of the integrin family which serve as hubs for signal 
transduction. Among integrins, αv integrins (in particular αvβ3) has 
been implicated in VSMC dedifferentiation proliferation, migration, 
and apoptosis.

Members of the αv integrin family are well-established contributors to 
the activation of transforming growth factor beta (TGF-β).4

TGF-β-activating αv integrins have been demonstrated to play a fundamen-
tal role on myofibroblasts in regulating lung, liver, kidney, cardiac, and skel-
etal muscle fibrosis in vivo.5–8 The precise role of αv integrin-mediated 
TGF-β activation in vascular fibrosis has not been explored, and in particu-
lar whether αv integrins are acting through activation of latent TGF-β or a 
different mechanism, such as TGF-β/Smad signalling pathway. CD109, a 
cell-surface glycosylphosphatidylinositol-anchored protein, has been 
shown to promote TGF-βR1 degradation via a ligand-dependent mechan-
ism.9 CD109 binds to TGF-β with high affinity and, thereby enhances the 
formation of a heteromeric complex with TGF-β receptors, directs their 
compartmentalization and internalization into caveolae, and increases the 
association of activated TGF-β receptors with Smad7/Smad ubiquitination 
regulatory factor 2 (Smurf2) leading to proteasomal degradation of TGF-β 
receptors.

We hypothesized that CD109 acts negatively on TGF-β signalling 
and fibrotic responses following αv integrin-mediated TGF-β activation 
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in VSMCs. We have previously reported that angiotensin II (Ang II) in-
duced a marked upregulation of αv subunit gene.10 Administration of 
Ang II is a well-established model of vascular fibrosis by stimulating pro-
fibrotic and proinflammatory gene expression.11 We thus evaluated the 
effect of genetic deletion of the αv integrin subunit from VSMCs on Ang 
II-induced vascular fibrosis using SM22-CreERT2(ki)/Itgavflox/flox double- 
transgenic mice. Therefore, this study combines stimulation of TGF-β 
and knockout of αv integrins.

Methods
Animals
SM22-CreERT2(ki) transgenic mice have been described previously.12

Itgavflox/flox mice were obtained from A. Lacy-Hulbert13 and maintained 
on a C57BL/6 background. Itgavflox/flox mice were crossed with 
SM22-CreERT2(ki) mice to generate SM22-CreERT2(ki)/Itgavflox/flox 

double-transgenic mice. All mice (male and female) were genotyped by 
PCR as described previously.12,13 At 8–10 months of age, Itgavflox/flox/ 
SM22-CreERT2(ki)/+ mice were injected intraperitoneally with 1 mg of 
tamoxifen in 100 µL of peanut oil for 3 days to generate αv

SMKO mice. 
Itgavflox/flox littermates injected for 3 days with tamoxifen were used as 
controls. All experiments were performed 4–6 weeks after tamoxifen 
injection. Mice were housed in a temperature- and humidity-controlled 
facility with a 12 h light/day cycle and given free access to standard rodent 
chow and water. All animal work was conducted in accordance with 
French regulations and experimental guidelines of the European 
Community, and the protocols were approved by the local Animal 
Ethics Committee of the University of Lorraine, France.

Fibrosis model
The effects of αv knockout on gene expression were examined at 6 
weeks after tamoxifen injection followed or not by a 4-week treatment 
with Ang II. Anaesthesia was induced by isoflurane inhalation at 3.5% in 
1 L/min oxygen, and then maintained at 1.5% in 1 L/min oxygen during 
the intervention. Angiotensin II was administered at 1.5 mg/kg/day for 
28 days via subcutaneous Alzet osmotic minipumps (Charles River, 
L’Arbresle, France). Prior to pump implantation, mice were condi-
tioned to tail-cuff blood pressure measurement using a computerized 
mouse tail-cuff sphygmomanometer (Hatteras Instruments, Inc., NC, 
USA). Systolic arterial pressure (SAP) and heart rate (HR) were mea-
sured on the day of surgery and on day 28 prior to euthanasia. Mice 
were euthanized via exsanguination under isoflurane anaesthesia 
(1.5% in 1 L/min oxygen). Carotid arteries were used for morphological 
and histological analyses and thoracic aorta for all other parameters. It is 
generally accepted including our previous studies that changes in gene 
and/or protein expression are similar in these two main conductance 
arteries.14,15

Histological analysis, 
immunohistochemistry and 
immunofluorescence
Histological studies were performed on carotid arteries fixed with 10% 
buffered formalin under pressure (100 mmHg) in vivo for 2 h. Fixed spe-
cimens were embedded in paraffin following regular procedures. Five 
micrometre sections were stained with Sirius Red and Picrosirius Red 
(PSR) for collagen. PSR sections were imaged under cross-polarized 
light (darkfield) to observe collagen birefringence. Images were ac-
quired on an Olympus BX/51 microscope using an Olympus DP70 
digital camera (cellSens Dimension) under a  × 40 magnification object-
ive. The area fraction of collagen was based on total fibrillar collagen. A 
custom MATLAB script was used to extract layer-specific (media or 

adventitia) wall percentages as well as the proportions of thick (red) 
and thin (orange–yellow–green) birefringent collagen fibres.16,17

For integrin αv subunit immunostaining, rabbit polyclonal antibodies 
against integrin αv subunit, biotinylated goat anti-rabbit immunoglobu-
lins, HRP-conjugated streptavidin, and 3,3′-diaminobenzidine (DAB) 
substrate (see Supplementary material online, Tables S7 and S8) were 
used. Composition of the arterial wall and the media cross-sectional 
area (MCSA) were determined using a Nikon NIS-Elements Basic 
Research microscope imaging software as described previously.18

Immunofluorescence staining on 8 µm cryo-sections fixed with 4% 
paraformaldehyde or cooled acetone for 5 min was performed with 
specific antibodies as described previously.14 Briefly, sections were in-
cubated with primary antibodies at 4°C overnight after permeabil-
ization with 0.2% Triton X100 for 10 min and blocking with 5% 
bovine serum albumin (BSA) for 1 h. After washing in PBS-Tween 20, 
sections were incubated with fluorescent-conjugated secondary anti-
bodies. A complete list of antibodies is provided in Supplementary 
material online, Table S8. Image acquisition was on a Leica TCS SP5 con-
focal microscope (Leica, Wetzlar, Germany) with the same depth of 
field and with identical settings for laser, gain, and offset intensity.

Second harmonic generation
The second harmonic generation (SHG) signal was acquired using a 
femtosecond oscillator (Mira 900F, Coherent), pumped with a solid la-
ser (Verdi 8 W, Coherent) that delivered synchronized pulses (120 fs, 
2.5 nJ at 76 MHz) at a wavelength λ = 800 nm to a scanning macro-
scope (SP5-CFS, Leica Microsystems, Mannheim, Germany). In the 
SHG operation mode, the signal was filtered to detect collagen at 
half the excitation wavelength (λ/2 = 400 nm) in the backward direc-
tion with a hybrid detector using a large dynamic range combined 
with low dark noise. The laser beam was focused onto the samples 
through a dry objective (Leica HC PL FLUOTAR × 10/0.30, macro-
scopic zoom × 16) with the pinhole fully opened to obtain images in 
matrices 512 × 512 pixels (1 pixel = 1.807 μm) at 400 Hz. Native 
images acquired with Leica LAS-AF software were converted in 32 
bit RGB images. The quantitative analyses of collagen fibre directionality 
and region of interest (ROI) in carotid media were manually selected 
for each image using ImageJ® software. Second harmonic generation 
signal was quantified in the grey level by the following equation: grey  
= (0.299×red) + (0.587×green) + (0.114×blue). Finally, measured sig-
nals were normalized accordingly to the number of pixels contained 
in each ROI for obtaining the mean grey level per pixel.19

Cell culture
Aortic VSMCs were isolated from the descending thoracic aorta of 
Itgavflox/flox mice. Vascular smooth muscle cells were grown in low- 
glucose (1 g/L) DMEM/F12 supplemented with 10% foetal bovine ser-
um. Vascular smooth muscle cells were seeded at a density of 4 ×  
105 cells/well into six-well plates and allowed to grow for 24 h to reach 
about 80% confluence. For αv knockdown, VSMCs were transfected with 
0.5 µL/well of Cre-expressing adenovirus (1010 PFU/mL). For CD109 
overexpression, VSMCs were transfected with 0.5 µL/well of an adeno-
virus expressing mouse CD109 (1010 PFU/mL) and containing a FLAG 
tag. An adenovirus expressing the green fluorescent protein (GFP) was 
used as a control. Cells were incubated for 48 h with adenovirus in 
DMEM supplemented with 10% foetal bovine serum, and the medium 
was replaced with 0.5% FBS supplemented DMEM. Human aortic 
VSMCs were obtained from Lonza Sales Ltd. (Basel, Switzerland), cul-
tured in Smooth Muscle Growth Medium-2 (SmGM-2) containing 5% 
foetal bovine serum, and used between passages 3 and 6. For αv knock-
down, human VSMCs were transfected with siRNA directed against αv 

or the negative control using a magnet-assisted transfection reagent as 
previously described.20 For CD109 overexpression, cells were 
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Figure 1 Knockout of αv integrin subunit reduced collagen accumulation in response to 4-week Ang II infusion in αv
SMKO mice. (A) 

Immunohistochemistry of the αv integrin subunit. Data are presented as mean ± SEM (n = 8-15 per group). (B) Cross sections of the carotid artery                                                                                                                                                                                                  
(continued) 
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transfected with the adenovirus expressing mouse CD109 and contain-
ing a FLAG tag as described above. Vascular smooth muscle cells were 
then treated with saline, 200 nM Ang II or 2 ng/mL TGF-β1 for 30 min 
or 48 h.

Western blot and enzyme-linked 
immunosorbent assay (ELISA)
Total protein was extracted from frozen carotids or cultured VSMCs. 
Carotids were homogenized using a Kinexus lysis buffer (mmol/L: 
MOPS, 20 pH 7.2; EGTA, 2; EDTA, 5; NaF, 30; β-glycerophosphate, 
40; sodium pyrophosphate, 20; NaVO4, 1; PMSF, 1; containing 0.5% 
Nonidet P-40; and protease inhibitors cocktail (Sigma)). Vascular 
smooth muscle cells were scraped with the same buffer. Extracts 
were centrifuged at 14 000 rpm for 10 min at 4°C, and protein concen-
tration in the supernatant was determined by the Bradford protein as-
say (Bio-Rad). Proteins (20 µg) were separated by 4–15% gradient 
polyacrylamide gel and transferred to nitrocellulose membranes. 
Detection of proteins with specific antibodies (see Supplementary 
material online, Table S8) was performed as described previously.18

ELISA assays were performed using different commercial kits (see 
Supplementary material online, Table S7) according to manufacturer 
instructions.

Microarray analysis
Total RNA was isolated from the aorta of three control and three 
αv

SMKO mice with the RNeasy fibrous tissue kit (Qiagen). Microarray 
analysis for each genotype and treatment was performed with three 
samples, each hybridized to one Affymetrix GeneChip® Mouse Exon 
1.0 ST Array (Affymetrix, Santa Clara, CA) by the genomic facility of 
Cochin Institute (Paris, France) according to Affymetrix guidelines. 
The differentially regulated transcripts in microarray experiments 
were analysed using A Gene Annotation & Analysis Resource 
Metascape (https://metascape.org) for Gene Oncology (GO) term 
and pathways enrichment and the Ingenuity Pathways Analysis (IPA) 
(current version 51963813, release date 11 March 2020, Ingenuity 
Systems).

Quantitative real-time polymerase chain 
reaction
Total RNA extraction and qRT-PCR were conducted as previously de-
scribed.18 The PCR primers are listed in the Supplementary material 
online, Table S9. Messenger RNA content of target genes was normal-
ized to the expression of D-glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH).

Colocalization experiments
Vascular smooth muscle cells were seeded at a density of 7.5 × 103 

cells/well into eight-well Lab-Tek and allowed to grow for 24 h to reach 
about 80% confluence. Cells were transfected for αv knockdown, 
CD109 overexpression, or GFP expression as a control. After 48 h, 

the medium was replaced with 0.5% FBS supplemented DMEM and sa-
line or 200 nM Ang II for 15 min.

Cells were then fixed for 10 min with 4% paraformaldehyde solution 
at room temperature and washed three times for 5 min with PBS. Cells 
were permeabilized and non-specific sites blocked for 1 h at room tem-
perature with PBS—Triton 0.3%—BSA 5%. Cells were incubated over-
night at 4°C with antibodies directed against EEA1, CD109, and 
TGFβ-R in PBS—BSA 1%. Following three washes of 5 min each, cells 
were incubated for 1 h with Alexa 555 anti-goat and Alexa 488 anti- 
mouse or Alexa 488 anti-rabbit antibodies in PBS—BSA 1% and 
4’,6-diamidino-2-phénylindole (DAPI). Following three washes of 
5 min each, cells were mounted and imaged with a Nikon C2 confocal 
microscope (objective 60 ×).

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) of n 
animals/group or from at least three independent experiments. The 
Mann–Whitney U-test was used to compare two groups. Two-way 
ANOVA followed by Tukey’s multiple comparisons test was per-
formed when comparing multiple groups. P-values <0.05 were consid-
ered statistically significant.

Results
VSMC-specific inactivation of αv integrins
We first examined the expression of αv and its β-subunit binding part-
ners in carotid arteries both at the RNA and the protein level. We con-
firmed that Itgav gene expression was reduced by 60% in SMC-specific 
αv knockout (αv

SMKO) mice (see Supplementary material online, 
Figure S1). There was no modification of Itga5, Itgb1, and Itgb3 gene ex-
pression, indicating a lack of compensation by other integrins. 
Expressions of Acta2 and Myh11 were not modified in αv

SMKO mice. 
As expected, αv integrin subunit and αvβ3 integrin immunofluorescence 
staining was markedly decreased in αv

SMKO mice compared with control 
(Ctrl) mice (see Supplementary material online, Figure S1). In contrast, 
positive immunofluorescence staining was observed for α5 and β1 integ-
rin subunits in both groups. We then analysed the propensity of Ang II 
to increase αv integrin subunit expression. Ang II significantly increased 
αv integrin subunit in both strains, but its level remained markedly lower 
in Ang II-treated αv

SMKO mice compared with Ang II-treated Ctrl mice 
(Figure 1A). Expression of α5 and β1 integrin subunits reached equally 
increased levels in both strains after Ang II. Expression of β3 integrin 
subunit significantly increased in Ctrl mice but not in αv

SMKO mice. 
There was no change for α-SMA and SM-MHC in response to Ang II 
in both strains, indicating maintenance of a differentiated state of 
VSMCs (see Supplementary material online, Figure S1).

VSMC αv integrin depletion protects mice 
from vascular fibrosis
Ang II raised tail-cuff measured SAP by 27 mmHg (25% increase) in Ctrl 
mice and 30 mmHg (29% increase) in αv

SMKO mice, both increases being 
statistically significant (see Supplementary material online, Table S1). 

Figure 1 Continued  
stained with Picrosirius Red to allow quantification of collagen content in the media. Representative images (magnification × 40) and quantitative data. 
Data are presented as mean ± SEM (n = 19–27 animals per group). L, lumen. (C ) Representative SHG images of the collagen fibres and corresponding 
quantification of the carotid media (magnification × 40). The colour spectrum represents collagen content in media and adventitia. The line delineates 
the internal media layer. Boxed regions demark the position of the insets for each panel. Data are presented as mean ± SEM (n = 6–8 per group). (D–E) 
Immunohistochemistry of Col1a1 and Col3a1, respectively. (F–G) Quantitative expression of Col1a1 and Col3a1 (n = 9–11 per group). Two-way 
ANOVA followed by Tukey’s multiple comparisons test was used to analyse multiple group comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2 Transcriptome analysis of thoracic aorta from Ctrl and αv
SMKO mice in basal conditions and in response to 4-week Ang II treatment. (A–B) 

Venn diagram showing the number of genes differentially expressed in αv
SMKO vs. Ctrl, Ang II-treated αv

SMKO vs. αv
SMKO, and Ang II-treated Ctrl vs. Ctrl for 

upregulated and downregulated genes, respectively. (C ) Volcano of plots of comparative of gene expression in Ang II-treated mice. (D) Heatmaps of top 
15 differentially upregulated genes. (E) Gene ontology term and pathways enrichment for Ang II-treated Ctrl vs. Ctrl group and Ang II-treated αv

SMKO vs. 
αv

SMKO. Left bars indicate downregulated genes and right bars upregulated genes. The terms related to fibrosis (extracellular region, collagen trimer, 
collagen type V trimer, TGF-b signal transduction) are indicated in bold.
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Thus, there was no difference between the pressor effects of Ang II in 
the two strains. Increase in heart rate in response to Ang II was also 
similar in the two strains. Histological changes in Ang II-treated Ctrl 
mice included a 1.6-fold increase in MCSA and a 1.2-fold decrease in 
elastin density. There were no observed differences in these markers 
between αv

SMKO and Ctrl mice.
Sirius Red-stained sections showed increases in collagen in the media 

of Ctrl mice consistent with the increased arterial pressure (Figure 1B). In 
particular, collagen density increased 1.35-fold in the Ang II-treated Ctrl 
group and 1.2-fold in the αv

SMKO group. Therefore, the increase in colla-
gen density was 46% less in αv

SMKO mice compared with Ctrl mice. SHG 
imaging based on autofluorescence of collagen further showed that the 
increase in collagen in the media in Ang II-treated Ctrl mice was absent in 
Ang II treated-αv

SMKO mice (Figure 1C). Overall, increasing total collagen 
in response to Ang II is dramatically less in αv

SMKO mice although arterial 
wall hypertrophy appeared similar to the Ctrl group. Finally, immunohis-
tochemical staining and quantification by ELISA of the predominant col-
lagen subtypes present in the arterial wall, Col1a1 and Col3a1, confirm a 
marked increase in Ang II-treated Ctrl mice which is strongly reduced in 
Ang II-treated αv

SMKO mice (Figure 1D–G). Besides to collagen expres-
sion, the PSR-stained sections revealed further a change in medial colla-
gen repartition in αv

SMKO mice in response to Ang II (see Supplementary 
material online, Figure S2): a decreased percentage of thick (red) fibre 
area fraction (48% vs. 70%) (see Supplementary material online, 
Figure S2) and an increased percentage of thin (orange–yellow–green) 
fibre area fraction (48% vs. 27%) (see Supplementary material online, 
Figure S2), while no change appeared in Ctrl mice.

Microarray analysis of profibrotic genes
Given the critical role of TGF-β signalling pathways in profibrotic colla-
gen deposition into the arterial wall, a microarray analysis was per-
formed to gain a comprehensive overview of gene expression in the 
aorta of Ctrl and αv

SMKO mice before and after Ang II treatment. 
Figure 2A and B shows upregulated and downregulated genes, respect-
ively, under basal conditions and in response to Ang II. A total of 351 
genes were upregulated, and 189 genes were downregulated in αv

SMKO 

vs. Ctrl. In response to Ang II, 840 genes were upregulated and 486 
genes downregulated in αv

SMKO mice, while 3532 genes were upregu-
lated and 1665 genes downregulated in Ctrl mice. Angiotensin II infu-
sion differentially upregulated 36 genes in Ang II-treated Ctrl mice 
and 106 genes in Ang II-treated αv

SMKO mice (fold change ≥ 1.5 and 
P-value < 0.05) (Figure 2C). Among these differentially upregulated 
genes, Cd109, Fn1, Acan, and Pdgfc are common to both treatment 
groups, while other genes encoding proteins potentially involved in fi-
brosis pathways (Serpine1 and Igta5) were only upregulated and among 
the top 15 most differentially upregulated genes in the Ang II-treated 
Ctrl group (Figure 2D and Supplementary material online, Table S2). 
None of these genes were among the top 15 differentially expressed 
genes in Ang II-treated αv

SMKO mice (Figure 2D and Supplementary 
material online, Figure S3 and Table S3). When analysing the overlap 
of the 30 most differentially expressed (upregulated and downregu-
lated) genes between the two comparisons, 13/30 genes differentially 
expressed in Ang II-treated Ctrl mice were also differentially expressed 
in Ang II-treated αv

SMKO mice (see Supplementary material online, 
Table S2), while only 2/30 genes differentially expressed in αv

SMKO 

mice were also differentially expressed in Ang II-treated Ctrl mice 
(see Supplementary material online, Table S3). Functional annotation 
clustering analysis indicated that Ang II treatment led to higher enrich-
ment scores in Ctrl mice than in αv

SMKO mice (Figure 2E) both in upre-
gulated and downregulated genes. Upregulated genes in the Ang 
II-treated Ctrl group compared with the Ctrl group were enriched in 
processes related to fibrosis (extracellular region, collagen trimer, 
TGF-β signal transduction) that were not present or had lower scores 
in in the Ang II-treated αv

SMKO group compared with the αv
SMKO group. 

Consistently, Ang II infusion in Ctrl mice increased gene signatures as-
sociated with hepatic fibrosis and TGF signalling using IPA (see 
Supplementary material online, Table S4), while these pathways had 
much lower scores in Ang II-treated αv

SMKO mice. In addition, a total 
of 70 and 35 genes were differentially expressed in the hepatic fibrosis 
and TGF signalling pathways, respectively, in Ang II-treated Ctrl mice, 
whereas only 28 and 7 genes were differentially expressed in Ang 
II-treated αv

SMKO mice (see Supplementary material online, Tables S5 
and S6). Altogether, these analyses indicate a lower increase in fibrosis 
response to Ang II treatment in αv

SMKO compared with Ctrl mice.
The microarray analysis revealed Cd109 coding for a TGF-β 

co-receptor to be one of the most upregulated genes in response to 
Ang II in both strains (Ctrl >3-fold and αv

SMKO >two-fold). This upregu-
lation was validated by conventional quantitative real-time polymerase 
chain reaction (qRT-PCR) (Table 1). Table 1 also provides detailed va-
lues for differentially expressed profibrotic genes encoding collagens 
and proteins involved in TGF-β signalling pathways. As expected, 
Itgav gene expression was significantly higher in Ctrl mice under basal 
conditions and in response to Ang II compared with αv

SMKO mice. At 
baseline, there was also a lower expression of Col1a1 gene in αv

SMKO 

mice as compared with Ctrl mice. Following Ang II treatment, in add-
ition to the upregulation of CD109 gene, Col1a1 gene expression was 
increased, and Tgfbr3 gene expression was decreased in both strains. 
The other studied genes were differentially expressed between the 
two strains relative to their baseline controls. These included Itga5, 
Col1a2, Col3a1, Fn1, Tgfb1, Tgfb2, Tgfb3, and Smad3, which were 
uniquely increased in Ctrl mice, while Itgb3, Tgfbr2, and Smad2 were de-
creased only in αv

SMKO mice. Collectively, these findings indicate a down-
regulation of profibrotic genes in αv

SMKO mice as compared with Ctrl 
mice in response to Ang II and underline the potential importance of 
CD109 in Ang II-mediated vascular fibrosis.

VSMC αv integrins regulate vascular 
fibrosis through the TGF-β1–CD109 
pathway
To ascertain the crucial role of TGF-β1 signalling and its co-receptor 
CD109 in αv integrin-mediated vascular fibrosis in response to Ang II, 
we next assessed expression of TGF-β1, Smad2/3, and CD109 at the 
protein level. As illustrated in Figure 3A, low immunofluorescence stain-
ing of TGF-β1 was found in the media of carotid artery sections at base-
line, which was increased in Ctrl mice but not in αv

SMKO mice following 
Ang II treatment. Further supporting differential activation of TGF-β1, 
ELISA revealed that TGF-β1 was increased only in the aorta of Ctrl 
mice in response to Ang II (Figure 3B). Western blotting confirmed re-
duced activation of TGF-β1 signalling in αv

SMKO mice as compared with 
Ctrl mice following Ang II infusion, as indicated by the absence of in-
creased phosphorylation of Smad2/3 in αv

SMKO mice (Figure 3C). As 
CD109, which is known to attenuate TGF-β1 signalling, was found to 
be upregulated in response to Ang II, we performed immunofluores-
cence analysis of CD109 in carotid arteries and ELISA quantitation 
both in aorta proteins and plasmas. CD109 expression was clearly ele-
vated in the medial sections of Ang II-treated αv

SMKO mice as compared 
with Ang II-treated Ctrl mice at 28 days (Figure 3D). This result con-
trasts with the observed upregulation of Cd109 gene in both strains 
(Table 1). To more specifically assess early and late upregulation of 
CD109 in response to Ang II, CD109 gene and protein expression 
were assessed at 4 days after administration of Ang II. The Cd109 
gene was expressed 2.6-fold and 2.3-fold higher at 4 days following 
Ang II infusion in Ctrl and αv

SMKO mice, respectively (data not shown). 
CD109 immunofluorescence staining was elevated at 4 days in carotid 
arteries of both strains (Figure 3D), indicating a stable elevated CD109 
protein expression between 4 and 28 days in αv

SMKO mice contrasting 
with only an early increase in Ctrl mice. Increase in CD109 protein 
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expression in αv
SMKO mice at 28 days of Ang II infusion was confirmed in 

the aortic tissue by ELISA (Figure 3E). Notably, plasma concentration in 
soluble CD109 was elevated in both strains in response to Ang II 
(Figure 3F), suggesting that the differential expression between the 
two Ang II-treated groups in the carotid arteries and aorta was not 
due to an increased CD109 release in Ctrl mice. Taken together, these 
data indicate that SMC-specific deletion of αv integrins inhibits TGF-β1 
signalling in the aorta involving CD109 in response to Ang II.

Knockdown of αv integrin or 
overexpression of CD109 abrogates VSMC 
phenotypic changes in response to Ang II 
or TGF-β1 stimulation
Having identified CD109 as a potential regulator of αv 

integrin-mediated vascular fibrosis in response to Ang II, we sought 
to manipulate expression of αv integrin subunit or CD109 to specifically 
examine effects on in vitro VSMC responses to Ang II. To more specif-
ically assess whether production of profibrotic proteins occurred inde-
pendently of Ang II, we also stimulated VSMCs with TGF-β1. Basal 
expressions of αv integrin subunit were reduced in VSMCs transfected 
with the Cre-expressing adenovirus-mediating knockdown (αv-KD) of 
αv integrin subunit (see Supplementary material online, Figure S4). 
CD109 protein expression was increased 1.7- and 3.1-fold in 
Western blot and ELISA, respectively, in VSMCs transfected with an 
adenovirus expressing mouse CD109 (CD109-OE) compared with 
VSMCs treated with the empty vector (EV) (see Supplementary 
material online, Figure S4). Using flow cytometry, we found ∼60% of 
CD109-OE cells expressed the FLAG peptide (see Supplementary 
material online, Figure S4).

Basal expression of Col1a1 and Col3a1 remained unchanged in 
αv-KD and CD109-OE cells compared with EV cells (Figure 4A and 
B). Decrease of αv integrin subunit expression abrogated the Ang 
II-induced increase in Col1a1 and Col3a1 expression. Similar to that ob-
served in αv-KD cells, the effect of Ang II on these profibrotic proteins 
was almost completely suppressed in CD109-OE cells. Responses to 
TGF-β1 stimulation were similar to those of Ang II. Taken together, 

these data clearly indicate the predominant role of αv integrins and 
CD109 whether the profibrotic response was initiated with either 
Ang II or TGF-β1.

To further explore the role of CD109 and αv integrin subunit in regu-
lating the TGF-β pathway in response to Ang II, we first measured active 
and latent forms of TGF-β. Under basal conditions EV cells expressed 
similar levels of the active and latent forms (Figure 4C–E). Knockdown of 
αv or overexpression of CD109 has no effect on these ratios. In re-
sponse to Ang II, knockdown of αv or overexpression of CD109 sup-
pressed the increase in active TGF-β (Figure 4C). Therefore, 
overexpression of CD109 gives the same effects as knockdown of αv. 
Angiotensin II-induced upregulation of TGF-β resulted in an increase 
in the latent form (Figure 4D) and therefore a decrease in active/total 
TGF-β (Figure 4E) in αv-KD and CD109-OE cells. We next examined 
the phosphorylation of its intracellular substrates Smad2/3. 
Angiotensin II and/or TGF-β1-dependent increase in Smad3 phosphor-
ylation observed in EV-treated cells was suppressed in αv-KD and 
CD109-OE cells (Figure 4F).

Further supporting the increased CD109 expression in Ang 
II-treated αv

SMKO mice, membrane-anchored CD109 was increased in 
αv-KD VSMCs in response to Ang II or TGF-β1 (Figure 4G). No add-
itional increase in response to Ang II or TGF-β1 treatment was ob-
served in CD109-OE cells (Figure 4G). This suggests that loss of αv 

causes upregulation of CD109 which makes cells insensitive to the pro-
fibrotic effects of Ang II and TGF-β.

To further investigate the mechanisms underlying the role of CD109 
in vascular fibrosis, we have performed a new set of experiments to 
evaluate the internalization of TGF-β receptor II and CD109 in early en-
dosomes. The fluorescence profile plot of endosomes showed that the 
signal of the early endosomal marker EEA1 colocalized with the signal of 
CD109 or TGF-β-R in all conditions (Figure 5A and B). This data re-
vealed that CD109 and TGF-β-R were internalized in early endosomes. 
The number of cells with endosomes and the number of endosomes 
colocalizing EEA1 with CD109 or TGF-β-R were quantified, but no sig-
nificant differences were detected. The knockdown of αv compared to 
the control EV induced a significant decrease of the surface of EEA1/ 
CD109 colocalizing endosomes in response to Ang II and TGF-β stimu-
lation (Figure 5C). With the overexpression of CD109, the surface of 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Alteration of the gene program in αv
SMKO aortas

Gene Ctrl αv
SMKO Ctrl Ang II αv

SMKO Ang II

Itgav 1.01 ± 0.09 0.61 ± 0.05** 1.62 ± 0.25* 0.55 ± 0.07**

Itga5 1.02 ± 0.06 1.16 ± 0.13 1.97 ± 0.24** 1.05 ± 0.09

Itgb3 0.97 ± 0.04 0.94 ± 0.09 1.08 ± 0.08 0.63 ± 0.07** #

Col1a1 1.03 ± 0.07 0.71 ± 0.07** 1.92 ± 0.34* 1.28 ± 0.11###

Col1a2 0.97 ± 0.05 1.03 ± 0.07 1.63 ± 0.21** 1.11 ± 0.06

Col3a1 1.00 ± 0.05 1.04 ± 0.07 1.67 ± 0.25** 1.08 ± 0.10
Fn1 1.00 ± 0.06 1.06 ± 0.06 1.88 ± 0.45* 0.86 ± 0.06

Tgfb1 1.03 ± 0.04 0.90 ± 0.09 1.60 ± 0.24* 1.02 ± 0.09

Tgfb2 1.00 ± 0.06 1.13 ± 0.09 1.39 ± 0.11** 1.24 ± 0.09
Tgfb3 0.97 ± 0.05 1.07 ± 0.08 1.23 ± 0.06* 0.90 ± 0.07

Tgfbr2 1.00 ± 0.04 1.00 ± 0.04 0.96 ± 0.07 0.76 ± 0.06** #

Tgfbr3 1.00 ± 0.05 1.04 ± 0.03 0.72 ± 0.08** 0.65 ± 0.07** ##

Smad2 0.99 ± 0.05 1.02 ± 0.04 1.06 ± 0.06 0.80 ± 0.06* #

Smad3 0.99 ± 0.04 0.89 ± 0.07 1.26 ± 0.10* 0.74 ± 0.06**

Cd109 1.01 ± 0.04 1.16 ± 0.05 3.11 ± 0.49** 2.46 ± 0.46*** ###

Values are expressed as ratio relative to original Ctrl; n = 4–5 in each group. Ang II, angiotensin II; Ctrl, control mice. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Ctrl; #P < 0.05, ##P < 0.01, 
###P < 0.001 vs. αv

SMKO.
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Figure 3 Decreased TGF-β signalling associated with high CD109 expression in response to Ang II in αv
SMKO mice. (A) Representative confocal im-

munofluorescence images of TGF-β1 in carotid arteries. L, lumen; M, media; Ad, adventitia. (B) TGF-β1 concentration assessed by ELISA (n = 10–19 per 
group). (C ) Western blot analysis of Smad2/3 phosphorylation (n = 5–6 per group). (D) Representative confocal immunofluorescence images of CD109 
in carotid arteries and corresponding quantification (n = 3–8 per group). (E and F ) CD109 concentration assessed by ELISA in aorta proteins and plas-
ma, respectively (n = 7–24 per group). All data are presented as mean ± SEM. Two-way ANOVA followed by Tukey’s multiple comparisons test was 
used to analyse multiple group comparisons. **P < 0.01, ***P <0.001, ****P < 0.0001. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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EEA1/CD109 colocalizing endosomes increased significantly in re-
sponse to either Ang II or TGF-β stimulation. Similarly, with the 
TGF-β stimulation, the surface of EEA1/TGF-β-R colocalizing endo-
somes decreased with the knockdown of αv and increased with the 
overexpression of CD109 (Figure 5D). With the Ang II stimulation, 
the surface of EEA1/TGF-β-R colocalizing endosomes remained similar 

in all conditions. These results confirm that αv and CD109 are import-
ant in Ang II and TGF-β signalling by inducing TGF-β-R and CD109 in-
ternalization in endosomes.

Cellular experiments have been repeated with human VSMCs. As human 
cells are not floxed for αv, we used a siRNA approach to invalidate this integ-
rin (see Supplementary material online, Figure S4). As we have demonstrated 

Figure 4 Knockdown of αv integrin subunit or overexpression of CD109 inhibited murine primary VSMC responses to Ang II or TGF-β1. (A–B) 
Quantification of Col1a1 and Col3a1 by ELISA in lysates of VSMCs transfected with the empty vector (EV), a vector containing Cre-expressing adeno-
virus (αv-KD) or an adenovirus expressing mouse CD109 (CD109-OE) treated for 48 h with Ang II or TGF-β1. (C–E) Quantification active and latent 
TGF-β by ELISA in lysates of EV or αv-KD VSMCs treated for 48 h with Ang II. (F–G) Quantification of phosphorylated Smad3 and CD109 in EV, αv-KD, 
or CD109-OE VSMCs treated for 48 h with Ang II or TGF-β1. All data are presented as mean ± SEM (n = 4–10 per group). Two-way ANOVA followed 
by Tukey’s multiple comparisons test was used to analyse multiple group comparisons. ***P < 0.001, **** P < 0.0001.
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Figure 5 CD109 and TGF-β receptor colocalization with endosomal EEA1. (A) EEA1 and CD109 immunofluorescent staining. Colocalization of 
EEA1 and CD109 was assessed by confocal microscopy. The fluorescence profile plot along the line indicated on each image was analysed for each 
protein (graphics on the right). (B) EEA1 and TGF-β-R immunofluorescent staining. Colocalization of EEA1 and CD109 was assessed by confocal mi-
croscopy. (C ) EEA1/CD109 endosome surface measured after 15 min of stimulation with Ang II or TGF-β. (D) EEA1/TGF-β-R endosome surface mea-
sured after 15 min of stimulation with Ang II or TGF-β. Scale bar: 5 µm. Two-way ANOVA followed by Tukey’s multiple comparisons test was used to 
analyse multiple group comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6 Knockdown of αv integrin subunit or overexpression of CD109 inhibited human aortic VSMC responses to Ang II or TGF-β1. (A–B) 
Quantification of COL1A1 and COL3A1 by ELISA in lysates of VSMCs transfected with the control siRNA or empty vector (EV), a siRNA against αv                                                                                                                                                                                                  

(continued) 
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with mouse VSMCs, overexpression of CD109 phenocopied knockdown of 
αv integrin, causing no increase in collagen, active TGF-β, Smad3 phosphor-
ylation in response to Ang II or TGF-β treatment (Figure 6).

Discussion
Our findings strongly support the conclusion that deletion of the αv in-
tegrin subunit from VSMCs protects against Ang II-induced vascular fi-
brosis. Based on our knowledge of strong expressions of αv integrins 
and TGF-β by VSMCs, we considered αv integrin-mediated TGF-β ac-
tivation as a key molecular pathway regulating vascular fibrosis in re-
sponse to Ang II in vivo. Our results highlight decreased collagen 
accumulation in the media of carotid arteries of αv

SMKO mice compared 
with Ctrl mice in response to chronic administration of Ang II. This ef-
fect appears independent of haemodynamic changes since arterial pres-
sure is similar in both strains. Using this model, we demonstrated that 
αv integrins are key drivers of vascular fibrosis through TGF-β activa-
tion/signalling and identified CD109 as a new regulator of TGF-β recep-
tor signalling in VSMCs of conduit arteries.

We used the SM22-CreERT2(ki) strain to inactivate loxP-flanked αv 

gene with up to 50% efficiency. In this model, tamoxifen-induced re-
combination has been reported to be specific to smooth muscle cells.12

Indeed, the level of CreERT2 mRNA is too low in myofibroblasts to ob-
serve efficient recombination.12 By deleting αv, one might expect deple-
tion of all αv-containing integrin subunits. However, among the five 
β-subunit partners of αv (β1, β3, β5, β6, and β8), only β3 associated 
with αv in the media in vivo.3 Our data show no changes in β3 subunit 
expression but as expected a partial reduction in αvβ3 expression, 
which is remarkably potent for reducing fibrosis in αv

SMKO mice. We 
have not seen any modification of α5 or β1 subunits of the 
RGD-recognizing α5β1 integrin under basal conditions, ruling out any 
compensation for αvβ3 depletion regarding its canonical role in 
VSMC adhesion, proliferation, and migration.3

Dysregulation of αv integrin-mediated TGF-β activation and TGF-β 
signalling is arguably major molecular pathways involved in fibrosis in 
multiple organs. Angiotensin II-mediated vascular fibrosis works via 
an early ERK1/2-Smad signalling pathway to induce TGF-β expression, 
followed by a late TGF-β-dependent Smad3 pathway.21 In the present 
study, long-term Ang II administration in αv

SMKO mice was used to ana-
lyse relationships between TGF-β and αv expressions in the develop-
ment of vascular fibrosis. Our findings that loss of αv in VSMCs led to 
a reduction in expression of TGF-β-inducible genes and Smad3 phos-
phorylation in response to Ang II in vivo as well as following Ang II or 
TGF-β activation in cell culture support a role for VSMC αv 

integrin-dependent vascular fibrosis. It has been previously reported 
that such a TGF-β activation pathway can be induced by 
SMC-specific deletion of the LIM (Lin11, Isl-1, and Mec-3) domain pro-
tein LIM domain only 7 (LMO7) resulting in increased αv and β3 subunit 

expression in the vascular wall.22 We now demonstrate that Ang II trig-
gers in vivo vascular fibrosis via αv integrins from VSMCs. These data also 
contrast with a prior study in the kidney showing that dual inhibition of 
αvβ3 and αvβ5 integrins is required to attenuate renal fibrosis.5 Our data 
argue for the involvement of αvβ3 alone in the media of conduit arteries, 
here shown in the aorta and carotid arteries.

It has been shown that reduction of blood pressure by hydralazine in 
Ang II infusion reduces fibrosis, hence suggesting that increased accu-
mulation of mural collagen is both mechanical stress mediated and dir-
ect Ang II signalling mediated.23 Mice lacking α1 had a dramatically 
reduced fibrosis in Ang II-induced hypertension, largely via reduction 
of adventitial collagen.10 In the present study, there is no evidence 
that haemodynamic factors play a role since arterial pressure and arter-
ial hypertrophy without excessive arterial dilation or dissection are 
similar in Ctrl and αv

SMKO mice. Together, these findings suggest differ-
ential actions by different integrins: α1 integrins acting more via sensing 
and responding to wall stress and αv integrins more via activation of 
TGF-β independently of wall stress.

Extracellular matrix accumulation of collagens I and III is a major con-
tributor to the fibrotic process in response to Ang II infusion. Our 
histological data indicate that the medial deposition of fibrillar collagen 
revealed by Red Sirius staining and characterized by scattered amounts 
using SHG imaging is largely reduced in αv

SMKO mice. Increases in medial 
collagen have been reported to be associated with an increase in larger 
fibres and a decrease in smaller fibres in aging.24 Conversely, an intrala-
mellar deposition of thin fibres has been reported in hypertension.25

Interestingly, using PSR, the collagen fibres in the media tended to be 
thinner in αv

SMKO mice following Ang II infusion, suggesting an incom-
plete assembly and/or an unbalanced turnover of cross-linked collagen 
in the absence of VSMC αv integrin. RGD-recognizing integrins are well- 
known collagen-binding receptors responsible for direct binding or in-
direct binding via bridging molecules to fibrillar collagens to maintain the 
structural scaffold of the arterial wall.26 We cannot exclude that 
SMC-specific deletion of αv integrin may have impacted cross-linking 
of collagen fibrils. However, reduced phosphorylated Smad2/3 signal-
ling associated with reduced collagen synthesis supports a major role 
for αv integrin-mediated activation of latent TGF-β in vascular fibrosis. 
These effects are particularly marked at a late time (28 days), selected 
to focus on established fibrosis. At such a time, αvβ3 integrin may have a 
number of roles in addition to simple activation of TGF-β, such as pro-
moting matrix deposition/assembly and perhaps synthesis and reactiva-
tion of TGF-β (Figure 6H). This is also the case for CD109, which goes 
up early in both strains but stays up only in αv

SMKO mice.
Our microarray data revealed differentially expressed genes in αv

SMKO 

mice compared with Ctrl mice, mainly after Ang II infusion. Lack of αv 

integrins decreased the global transcriptional response to Ang II treat-
ment in αv

SMKO compared with Ctrl mice. The gene sets and pathways 
related to fibrosis, such as TGF-β signal transduction, collagen type V tri-
mer, collagen trimer, and extracellular region, and the two pathways 

Figure 6 Continued  
(αv-KD) or an adenovirus expressing mouse CD109 (CD109-OE) treated for 48 h with Ang II or TGF-β1. (C–E) Quantification active and latent TGF-β 
by ELISA in lysates of EV or αv-KD VSMCs treated for 48 h with Ang II. (F–G) Quantification of phosphorylated Smad3 and CD109 in EV, αv-KD, or 
CD109-OE VSMCs treated for 48 h with Ang II or TGF-β1. All data are presented as mean ± SEM (n = 3–8 per group). Two-way ANOVA followed by 
Tukey’s multiple comparisons test was used to analyse multiple group comparisons. ***P < 0.001, **** P < 0.0001. (H ) Schematic model of the mech-
anism underlying αv integrin and TGF-β/CD109 signalling cross-talk in Ang II-induced vascular fibrosis. The binding of αv integrins to the RGD motif 
present in LAP leads to the liberation/activation of the TGF-β homodimer from its latent complex. After activation, the TGF-β homodimer binds 
to TGF-β receptors, thereby initiating TGF-β-Smad2/3 signalling, which increases Col, Fn, Ln, αv integrins, TGF-β, and CD109 expressions. These newly 
formed integrins will reactivate TGF-β from its latent complex, reinforcing the role of TGF-β on collagen synthesis. Membrane-anchored CD109 en-
hances binding of TGF-β to TGF-β receptors, which in turn promotes internalization of the complex TGF-β/TGF-β receptor/CD109 and subsequent 
proteasomal degradation of TGF-β receptor. Activation of TGF-β in response to Ang II seems independent of circumferential wall stress changes (see 
text for details).
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hepatic fibrosis and TGF signalling are significantly enriched in Ang 
II-treated compared with Ang II-untreated Ctrl mice. These enrich-
ments were absent or had lower scores in Ang II-treated compared 
with Ang II-untreated αv

SMKO mice. Quantitative PCR analysis confirmed 
lower upregulation of genes related to integrins, collagen, matrix pro-
teins, and TGF-β related and signalling proteins. One of the more pro-
nounced differences in genes affected by Ang II is the upregulation of 
CD109 in both strains. We then demonstrated that CD109 is a new tar-
get gene of Ang II in the vascular wall. The role of membrane-anchored 
CD109 acquires more relevance in fibrogenesis since it antagonizes 
TGF-β signalling.9,27 Although its role in VSMCs has not been previously 
studied, CD109 has been linked to TGF-β receptor endocytosis and 
degradation in keratinocytes, skin fibroblasts, cancer cells, and endothe-
lial cells from cerebral microcirculation,28–32 suggesting that it may po-
tentially act in VSMCs through similar pathways. Notably, we found 
that CD109 protein is increased in Ctrl mice at 4 days but not at 28 
days after Ang II infusion. In αv

SMKO mice, CD109 protein remains in-
creased over 28 days. In Ang II-treated Ctrl mice, αv integrin-mediated 
TGF-β release likely induces a regulatory mechanism via CD109 leading 
to internalization and proteasomal degradation of the TGF-β/TGF-β re-
ceptor/CD109 complex. Such a negative regulation does not occur in 
the absence of activation or reactivation of latent TGF-β and subsequent 
TGF-β receptor activation in αv

SMKO mice, consistent with the sustained 
level in CD109 protein and reduced fibrosis at 28 days. It is of interest 
that CD109 can be released from the cell surface by enzymatic cleavage 
of the GPI-anchor and that soluble CD109 acts as an antagonist of 
TGF-β signalling.33 The decrease in CD109 expression in Ctrl mouse 
media at 28 days compared with 4 days after Ang II administration could 
therefore also be due partially to CD109 release, in addition to endo-
cytosis and degradation. Our data indicate that soluble CD109 is similar-
ly increased in both strains after 28 days of infusion of Ang II. This finding 
argues for a degradation of the internalized TGF-β/TGF-β receptor/ 
CD109 complex rather than a higher release of soluble CD109 in 
Ang II-treated Ctrl mice. It also supports for the first time a protective 
role for membrane-anchored CD109 in vascular fibrosis.

Relevant to our in vivo findings, knockdown of αv integrin or overex-
pression of CD109 in cultured VSMCs decreased extracellular matrix 
synthesis and Smad2/3 phosphorylation, supporting the key role of αv 
integrin and CD109 from VSMCs in vascular fibrosis. In an effort to clar-
ify the effect of Ang II-induced integrin-mediated TGF-β signalling from 
a direct effect of TGF-β signalling, we exposed cultured VSMCs to Ang 
II or active TGF-β. Our data indicate that both stimuli induce collagen 
expression as well as TGF-β signalling, which are abrogated by αv integ-
rin knockdown or CD109 overexpression. Mechanistically, TGF-β sig-
nalling is likely auto-amplified through integrin transcription, which in 
turn promotes latent TGF-β activation (Figure 6). It is interesting that 
active TGF-β treatment of cultured αv-knockdown cells did not induce 
expression of matrix protein. Transforming growth factor beta addition 
was used to override the loss of integrin-dependent TGF-β activation, 
so it would have been expected that TGF-β treatment would have in-
creased matrix proteins in αv-knockdown and control cells similarly. 
Measures of the latent and active forms of TGF-β in Ang II-treated 
αv-knockdown cells support the hypothesis that αv knockdown works 
by blocking TGF-β activation. Of note, CD109 overexpression in the 
presence of αv also suppresses TGF-β activation in response to Ang 
II. The increase in the latent form in cells overexpressing CD109 at a 
lower level than in αv-knockdown cells argues for only a partial activa-
tion of TGF-β by αv integrin. This suggests that loss of αv integrin causes 
additional changes in the cell such as upregulation of CD109, which 
make them insensitive to TGF-β. One piece of proof is our data show-
ing an increase in CD109 expression in αv-knockdown cells in response 
to both Ang II and TGF-β stimulation. Alternatively, this may be due to 
loss of a feed-forward loop where TGF-β promotes more TGF-β pro-
duction, and activation of this newly synthesized latent TGF-β is 
blocked in αv-knockdown cells. Our data suggests that αv integrin and 

CD109 are important in Ang II and TGF-β trafficking by promoting en-
dosome formation and maturation: αv knockdown reduces TGF-β re-
ceptor and CD109 internalization by decreasing endosomes sizes; on 
the contrary, CD109 overexpression potentializes αv-induced TGF-β 
receptor and CD109 internalization with enlarged endosomes.

Clinical perspectives were assessed using human aortic VSMCs with 
a siRNA approach to knockdown αv or an adenovirus approach to 
overexpress CD109. These translational data clearly showed that 
the  av integrin/TGF-β/CD109 axis is functional to regulate vascular fi-
brosis at the level of VSMCs.

In summary, αv integrin-mediated TGF-β activation on VSMCs con-
tributes to extracellular matrix deposition in arterial tissues prone to 
fibrosis in response to Ang II. Involvement of the TGF-β signalling path-
way and its downregulation by CD109 supports the concept of an im-
portant αv integrin/TGF-β/CD109 axis in Ang II-induced vascular 
fibrosis. Therapeutic targeting of TGF-β is impossible as it is an import-
ant factor in many cellular pathways. Therefore, inhibition of TGF-β sig-
nalling through CD109 may represent a more refined approach to treat 
vascular fibrosis with fewer unwanted side effects.
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