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ActivinActivin A prevents vascular neointima formation 

Adenovirall activin A expression 
preventss intimal hyperplasia 
inn human and murine blood vessels 
byy maintaining the contractile 
smoothh muscle cell phenotype. 
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Activinn A induces the differentiated, quiescent phenotype of cultured human 
arteriall smooth muscle cells (SMC). We hypothesize that activin A may prevent 
SMC-richh neointimal hyperplasia. Here, we study the effect of adenovirus-

mediatedd expression of activin A on neointima formation in vitro and in vivo. 
MaterialsMaterials and results- Human saphenous vein organ cultures, in which a neointima is 
formedd spontaneously, were infected either with activin A- or lacZ-adenovirus. Activin 
A-overexpressionn reduces neointima formation by 78%, whereas no significant 
reductionn was observed after control infection. In addition, the effect of activin A on 
neointimaa formation in cuffed femoral arteries was assessed in vivo in mice. In activin 
AA adenovirus-infected mice (i.v. injection), neointimal hyperplasia is reduced by 77%, 
whilee in mock-infected and in non-infected mice the size of the SMC-rich neointima is 
comparable.. Cultured human saphenous vein SMC and mouse aorta SMC were 
incubatedd with activin A and analyzed for the expression of SMC differentiation 
markers.. An increased expression of SM22a and SM a-actin mRNA, and SM u-actin 
proteinn was demonstrated, revealing the effect of activin A on SMC phenotype. 
Conclusion-Conclusion- Overexpression of activin A inhibits neointima formation in vitro and in 
vivoo by retaining SMC in the contractile, quiescent state by preventing 
dedifferentiation. . 
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Introduction n 

Atherosclerosis,, restenosis after angioplasty and stenosis in venous coronary 
bypassess are vascular pathologies that are characterized by neointima formation that 
constitutess a major contribution to the occlusion of the arterial lumen <1-31. Migration 
andd proliferation of medial smooth muscle cells (SMC) into the neointima involves a 
phenotypicc change, or a 'dedifferentiation', of resting, contractile cells into 
proliferating,, synthetic SMC. 

Activinn A is a pleiotropic, transforming growth factor p (TGFp)-like factor that is 
involvedd in the differentiation of various cell types. Its role has been well-documented 
inn embryonic mesoderm induction 4l, erythroid differentiation (fil and the determination 
off hepatic organ mass (6!. Recently, activin A has been identified in the vessel wall as 
aa factor that may affect SMC in atherogenesis(7 Bl. Notably, we have shown that activin 
AA expression is upregulated at the level of mRNA, protein mass and bioactive protein 
inn human, atherosclerotic tissue of both early- and late lesions,9). Furthermore, activin 
AA was demonstrated to alter the characteristics of SMC towards a differentiated, 
contractilee phenotype, associated with non-atherogenic, media-derived SMC '9l. 
Basedd on these observations, we hypothesized that activin A reduces neointima 
formationn by preventing phenotypic modulation of vascular SMC. This assumption 
mayy be relevant to improve the functional life span of coronary vein grafts, which at 
presentt perform unsatisfactory with a patency of only 40% at 10 years after surgery 
(10).. Previous research on adenovirus-mediated inhibition of neointimal hyperplasia 
wass focused on inhibition of the altered properties of activated SMC rather than on 
preventingg the acquisition of these traits. Gene therapy strategies to reduce 
proliferationn of SMC have been performed by interfering with the cell cycle or with 
apoptosis.. Consequently, these approaches aimed at enhancing the activity of p21 ,'11\ 
retinoblastomaa ,1?) and FasL l13). Furthermore, inhibition of matrix degradation and 
migrationn has been assessed by overexpression of tissue inhibitors of 
metalloproteinasess (TIMP-1)i14,5) TIMP-2 ,1B' and TIMP-3 (17> or protease inhibitors like 
ATF-BPTII 18!. 

Maintainingg the contractile SMC phenotype would represent a novel strategy to 
preventt intimal hyperplasia. In this report, we assessed the validity of this approach 
byy studying the effect of activin A on neointima formation both in vitro in human 
saphenouss vein organ cultures and in vivo in a murine model involving cuff-induced 
neointimall hyperplasia. 
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Materialss & Methods 

Constructionn of activin A expressing adenovirus (Ad.activin). The coding region of human activin 
AA cDNA (Genbank accession number J03634, 1345 bp) was inserted into the Smal and EcoRI 
restrictionn sites of the pCMV adenoviral shuttle vector, in which expression is driven by the viral CMV 
promoter.. The activin A cDNA-containing vector and plasmid pJM17 were co-transfected into HER 
9.111 cells and subsequently viable clones were selected, using a standard plaque isolation. After 
amplificationn and purification, the viral stocks were used for further experiments. Similarly, adenoviral 
constructss carrying a [i-galactosidase cDNA (Ad.lacZ), or no insert (Ad.mock) were generated. The 
particle/pfuu ratio was for all adenovirus preparations between 15 and 20. To characterize the Ad.activin 
preparation,, human arterial SMC were infected with Ad.activin and Ad.mock (2i10B pfu/mL) and 
supernatantss were collected after 48 hours. 

Westernn Blotting. Conditioned media from cultured cells or saphenous vein organ cultures, which 
weree infected with Ad.activin or Ad.mock, were assayed. Purified, recombinant human activin A (lot # 
15365-36(1))) and follistatin (lot # B3904) were obtained from Dr. Pawson through the National 
Hormonee and Pituitary Program, the National Institute of Diabetes and Digestive and Kidney Disease 
{Bethesda,, MD). The samples were electrophoresed on 12.5% SDS-polyacrylamide-gels and 
transferredd to nitrocellulose. To detect activin A protein, the E4 antibody (Serotec) was applied in 
standardd Western-blotting protocols. 

Activinn A bioactivity assay. The growth of adherent T47D lung-carcinoma epithelial cells is inhibited 
byy activin A l,9!. T47D cells were cultured in 24-well plates (Nunc) in DMEM/F12 medium, 
supplementedd with 5% (vol/vol) fetal calf serum (FCS) (Gibco). At half-maximal cell density, the cells 
weree incubated in assay-medium (DMEM/F12 medium without phenol-red, supplemented with 5% 
charcoal-treatedd FCS). After 24 hours, the cells were incubated in assay-medium with purified activin 
AA {50 ng/ml) or conditioned media. Proliferation of T47D cells was measured by ^H-thymidine 
incorporationn i]*>. To demonstrate the specificity of activin A, control samples were incubated with 250 
ng/mll purified follistatin, the physiological inhibitor of activin A. 

Humann saphenous vein organ culture. Segments of human saphenous veins were obtained from 
patientss undergoing coronary by-pass graft surgery, according to the guidelines of the Medical Ethical 
Boardd of the Academic Medical Center. The culture protocol was performed as described with minor 
modifications,a".. In short, leftover fragments of saphenous veins were obtained during or immediately 
afterr surgery. Each specimen was subdivided in segments of 1 cm to facilitate infection with different 
virall constructs. Longitudinally-cut segments were infected for 1 hour at room temperature with 5-10" 
pfu/mLL of Ad.activin or Ad.lacZ in serum-free medium. After infection, the segments were cultured 
duringg 4-5 weeks, fixed in 3.8 % (v/v) formaldehyde in PBS and embedded in paraffin. The sectioned 
segmentss were analyzed histochemically, and morphometric analyses were performed using Qwin 
Image-analysiss software (Leica). Neointima formation was determined ([neointima area]/ [media 
area])x100%.. To assay activin A protein expression, conditioned media of the cultures were harvested 
afterr 7 days and analyzed by Western blotting. 

Femorall artery cuff mouse model. All animal experiments were approved by the Animal Welfare 
Committeee of TNO. The neointima formation was induced by cuff-placement around a femoral artery 
off the mouse as described previously "B\ FVB mice were anaesthetized with an intraperitoneal 
injectionn of Hypnorm (Bayer) and Dormicum (Roche) (25 mg/kg each). The left femoral artery was 
separatedd from surrounding tissue and carefully sheathed with a 1.0 mm polyethylene cuff, consisting 
off PE-50 tubing (inner diameter 0.4 mm; outer diameter 0.8 mm; Beckton Dickinson) and tied in place 
withh a 6-0 suture. After surgery, the mice were injected in the right femoral vein with Ad.activin or mock 
virusess (10a pfu in 200 fil). After recovery from anaesthesia, the mice were given standard diet and 
waterr ad libitum and the mice were sacrificed after 20 days. Femoral artery segments were taken out 
afterr perfusion-fixation using 3.8 % (v/v) formaldehyde in PBS and embedded in paraffin. Tissue 
sampless were taken from the centre of the cuff where neointima formation is most pronounced. 
Neointimaa formation in these samples was quantitated, using image-analysis software on at least six 
representativee serial sections per vessel segment, separated 100 urn apart, from 6 mice per group. 
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Inn situ hybridizations. In situ hybridizations were performed on sections of paraffin-embedded livers 
off mice infected with Ad-activin or Ad-mock as described previously . An activin A cDNA fragment 
(Genbankk accession number J03634. bp 476-790) was used as a template for synthesis of a *S-
labeledd riboprobe. 

Immunohistochemistry.. Activin A-specific immunohistochemistry was performed on cryo-sections (8 
urn)) of murine livers as described previously '9'. 

SMCC cultures and Northern blotting. Explant cultures of SMC derived from human saphenous vein 
andd mouse aorta were maintained in 40%-40% M199-RPMI1640 medium / 20% FCS, supplemented 
withh penicillin and streptomycin. As described previously, SMC were immunohistochemically 
characterizedd and subsequently treated with activin A. total RNA was isolated and Northern blots were 
manufacturedd and hybridized -. To detect murine SM a-actin expression, the primer was applied: 5' 
TATGTGTGAAGAGGAAGACAGCC 3' was used. Saphenous vein SMC and murine artery SMC were 
nott infected or infected with Ad.activin or Ad.mock (10* pfu/mL) and after 1 week the cells were fixed 
andd immunostained for the presence of SM a-actin applying a FITC-conjugated second antibody m. 

Results s 

Adenovirus-mediatedd activin A expression. 
Thee activin A cDNA-containing adenovirus (Ad.activin) harbors the constitutive 

CMVV promotor to drive the synthesis of activin A mRNA. To investigate both activin A 
proteinn synthesis and activin A bioactivity, primary SMC were infected with Ad.activin. 
Thee conditioned media of Ad.activin- and Ad.mock-infected SMC were first compared 
withh purified activin by SDS-PAGE under reducing and non-reducing conditions. The 
purifiedd protein preparation reveals under non-reducing conditions a 24 kDa dimeric 
activinn A band, whereas a 14 kDa monomeric activin A band is visible upon reduction 
(Figuree 1a). In the conditioned medium of the Ad.activin-treated SMC, a similar activin 
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Figuree 1. Characterization of activin A-adenovirus (Ad.activin). a) Western blot analysis of the conditioned medium of primary 
SMC,, infected with Ad.mock or Ad.activin. The samples were subjected to SDS-PAGE either under reducing (R) or 
nonreducingg (NR) conditions, transferred to nitrocellulose filters, which were incubated with specific antibody directed against 
activinn A. Purified activin A was used as a control. Molecular weight markers (prestained) are shown in the lane marked M. 
b)) Activin A-bioactivity assay. The proliferation of human T47D breast tumor cells is inhibited by the activin A as determined 
byy measuring 'H-thymidine incorporation. Purified activin A. conditioned media of Ad.activin or Ad.mock-infected SMC were 
analyzed.. Follistatin (Fol) was added to demonstrate activin A specificity. The bioactivity is expressed in arbitrary units (A.U.) 
ass 1/[('H-thymidine incorporation (cpm) of tested sampleJ/fH-thymidine incorporation (cpm) of activin A + Fol. control 
sample)]. . 
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A-specificc pattern was observed, while after Ad.mock infection no activin A antigen 
wass synthesized. Second, activin A bioactivity was tested using an assay based on 
activinn A-dependent inhibition of proliferation of T47D breast-tumour cells ,19'. Indeed, 
wee demonstrate that the conditioned medium of Ad activin-infected SMC reduces 
T47DD proliferation, while the conditioned medium of Ad.mock-infected cells has no 
effectt (Figure 1b). Significantly, addition of follistatin, the physiological inhibitor of 
activinn A, relieves the inhibition exerted by activin A. 

Effectt of activin A on neointima formation in human saphenous vein organ 
cultures. . 

Thee human saphenous vein organ culture is a well-defined model system in 
whichh a multilayered neointima is formed, consisting of SM a-actin positive SMC and 
extracellularr matrix components '20'. Saphenous vein segments, derived from the 
samee patient, were not infected (Figure 2a) or infected with Ad.LacZ (5-109 pfu/mL) 
(Figuree 2b) which resulted in a reproducible neointimal hyperplasia, however in 
Ad.activinn infected segments (5-10/ pfu/mL), however, virtually no neointima 
formationn was observed (Figure 2c). Infection with control Ad.lacZ viruses resulted in 
fi-galactosidasee activity, visualized by specific staining with X-gal of the saphenous 
veinn segment. Expression was most prominent in the adventitia, but also present at 
thee luminal side (data not shown). Cultured media of Ad.activin, Ad.lacZ or not 
infectedd segments were collected and tested by non-reducing SDS-PAGE and 

Controll Ad.lacZ 

Ad.activinn **** « M 

MM Activin A Control lacZ activin 

c c 

Figuree 2. The effect of activin A in human saphenous vein organ cultures. Saphenous vein segments remained untreated 
(Control,, a), were infected with Ad.lacZ (b) or with Ad.activin (c), and were cultured for five weeks. Subsequently, the veins 
weree embedded in paraffin, sectioned and stained with hematoxylin and eosin. Photomicrographs of typical examples are 
shownn (magnification 25x). The neointimal tissue is overlying the original surface of the vessel, in which the internal elastic 
laminaa is indicated by a dotted line. Western blot analysis (d) of conditioned me-dium, collected after a 7-day culture period, 
fromm untreated (control), Ad.lacZ or Ad.activin treated saphenous vein segments. Purified activin A is applied as a control. 
Molecularr weight markers (prestained) are shown in the lane marked M. 
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Westernn blotting for the presence of activin A (Figure 2d). In cultured medium from 
Ad.activinn treated segments an activin A specific 24 kDa band is visible, similar to the 
bandd observed in a purified activin A preparation. In Ad.lacZ and in non-infected 
cultures,, very low levels of endogenous activin A were detected. 

Subsequentt morphometrical analyses of at least six sections from saphenous 
veinss derived from six different individuals revealed that the untreated segments had 
developedd a neointima with a size corresponding to 2 of that of the 
underlyingg media. Infection with Ad.lacZ resulted in similar neointima formation (size 
iss 4 of the media). Significantly, upon infection with Ad.activin a substantial 
reductionn of neointima was observed, resulting in a size that comprises only 

33 of the medial surface. In summary, infection of saphenous veins with 
Ad.activinn mediates the expression of activin A and reduces neointima formation with 
78%% when compared with the untreated control segments (Figure 3). 
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Figuree 3. Morphometry of neointima formation in human saphenous vein culture. Morphometric analysis of surface areas of 
thee neointima and media of independent cultured saphenous veins (n=6). Untreated cultures (control, white bar), infected 
withh Ad.lacZ (grey bar) or infected with Ad.activin (black bar). Neointima formation is expressed as ([neointima area]/ [media 
area])x100%. . 

Effectt of Ad.activin infection on neointima formation in vivo. 
Too assess the effect of activin A in vivo, a SMC-rich neointima was provoked in 

FVBB mice by placing a 0.4 mm non-restrictive polyethylene cuff around the left 
femorall artery, resulting in neointimal hyperplasia within three weeks fiai. 
Simultaneouss to the cuff placement, the mice were infected in the right femoral vein 
withh Ad.activin (10r< pfu) or with Ad.mock (10" pfu) as a control infection or were not 
infected.. Systemic adenovirus infection mainly targets hepatic tissue and, 
consequently,, employing Ad.activin results in high levels of expression of activin A 
mRNAA and protein in the liver (Figure 4a, 4b), whereas in Ad.mock-treated mice 
neitherr activin A mRNA nor protein were detected (Figure 4c, 4d). Morphometric 
analysiss of the cuffed murine femoral arteries demonstrated that, after three weeks. 
aa neointima had formed in control mice which consisted of 4 to 6 cell layers of SMC 
(Figuree 5a, 5b). Mice that were infected with Ad.mock developed a neointima with a 
similarr size (Figure 5c, 5d). Most importantly, Ad.activin-treated animals showed a 
stronglyy reduced development of neointimal tissue of only 1 to 2 SMC layers or even 
completee absence of neointimal hyperplasia (Figure 5e, 5f). No significant effects 
weree observed on the size or circumference of the media of the murine femoral 
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arteries.. Neointima / media ratios of the non-infected mice ) and Ad.mock-
infectedd mice ) were similar, whereas Ad.activin ) infection 
resultedd in 77% reduction of neointima formation {Figure 6). 

Effectt of activin A on cultured SMC. 
Too delineate the effect of activin A on human saphenous vein SMC and mouse 

SMCC we cultured these cells in the presence of purified activin A for different time 
periodss and assessed the expression of the SM-specific genes SM22a and SM a-
actin.. Expression of these genes is enhanced both in human venous SMC and in 
mousee arterial SMC within 24 h of activin A treatment (Figure 7a). In addition, human 
venouss SMC and mouse arterial SMC were infected with Ad.activin, Ad.mock (10a 

pfu/mL)) or were left uninfected and the expression of SM a-actin protein was 
assessedd by specific immunofluorescence. SM a-actin was clearly expressed at a 
higherr level in the Ad.activin treated cells (Figure 7b). These results indicate that 
activinn A induces a differentiated phenotype in SMC. 

Discussion n 

Veinn graft disease, characterized by reduced patency of by-pass grafts, is 
causedd by progressive vascular occlusion mainly due to SMC dedifferentiation 
towardss a proliferating phenotype. Gene transfer to vein grafts prior to anastomosis, 
too reduce neointimal hyperplasia, has been the subject of several studies. So far, 
genee therapy has aimed at altering the changed, adverse characteristics of smooth 
musclee cells, i.e. migration and proliferation '1MB1. We hypothesize that complete 
preventionn of the phenotypic change of smooth muscle cells will be a rational 
alternativee to effectively delimit neointima formation, in accordance with the cellular 
compositionn of neointimal lesions that form after angioplasty or by-pass surgery . 

Basedd on our previous research ,gi we propose that activin A meets the criteria 
off a factor that maintains SMC in their non-proliferative state. To evaluate the function 
off activin A in vascular hyperplasia, we determined the effect of activin A in two 
different,, well-established models: the human saphenous vein organ culture and the 
murinee femoral artery cuff model. Overexpression of activin A was accomplished in 
bothh systems by means of adenoviral vehicles, which results in the formation of 
correctlyy processed and biologically active activin A. We like to note that differences, 
relatedd to various species, are not anticipated because the amino-acid sequence of 
thee fully processed human protein is identical to that of murine activin A. 

Inn line with our expectations, we observed both in the saphenous vein organ 
culturess and in the murine cuff model a vast reduction (almost 80%) of neointima 
formationn by activin A. BMP-2, another member of the TGFp superfamily, has been 
demonstratedd to reduce neointima formation in response to balloon injury of the rat 
carotidd artery '22\ Similar to the effect observed for activin A, no excessive matrix 
depositionn was observed in the vessel wall. However, application of BMP-2 yielded 
ann inhibition of neointimal hyperplasia of only 41 %. These data on BMP-2 and activin 
AA are in contrast with results obtained upon delivery of the TGFp gene to uninjured 
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Ad.activinn Ad.mock 

Figuree 4. Activm A expression in the liver after systemic infection of mice. Photomicrographs of cross-sections of murine 
livers,, obtained from Ad.activin (a, b) and Ad.mock (c, d) infected FVB mice are shown. Activin A mRNA expression was 
detectedd by radioactive in situ hybridization and visualized by epipolarization (bright-blue dots on a blue background; a. c). 
Activinn A protein expression was revealed with immunohistochemistry applying a specific antibody and shows a brick-red 
positivee staining on a blue hematoxylin counterstaining (b, d). Original magnification of the photomicrographs 200x. 

Figuree 5. Effect of activin A on cuff-induced neomtima formation in mouse femoral arteries in vivo. After cuff placement, the 
micee were either untreated (Control a, b), infected with Ad.mock (c, d) or with Ad.activin (e, f), after three weeks the mice 
weree sacrificed and cross sections were obtained and analyzed. In the higher magnifications (lower panels) the neointimal 
tissue,, overlying the internal elastic lamina (dotted line), is shown in more detail (b, d, f). Orginal magnification of the 
photomicrographss 200x (a, c, e) and 630x (b, d, f). 
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Controll Ad.mock Ad.activin 

Figuree 6. Morphometry of neointima formation in human saphenous vein culture. Morphometry analysis of surface areas of 
thee neointima and media of independent cultured saphenous veins (n=6). Untreated cultures (control, white bar), infected 
withh Ad.lacZ (grey bar) or infected with Ad.activin (black bar). Neointima formation is expressed as ([neointima area]/ [media 
areal)x100%. . 
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Figuree 7. Expression of SMC differentiation markers after activin A treatment, a) SMC derived from human saphenous vein 
(humann SMC, lanes 1-4) and mouse aorta (mouse SMC. lanes 5-8) were treated with activin A for 0, 4, 8. 24 h. Total RNA 
(100 ng/lane for human SMC and 2.5 ng/lane for mouse SMC) was assayed by Northern blotting analysis for SM22« (I) and 
SMM (/-actin (II) gene expression. Ethidium bromide staining of the 18S and 28S ribosomal RNA bands is shown as a control 
forr equal loading (III), b) Immunohistochemical analysis of SM u-actin expression by human saphenous vein SMC or murine 
arteryy SMC, noninfected (VI) or infected with Ad.activin (IV) or Ad.mock (V) (each 10' pfu/mL). SM u-actin staining was 
visualizedd by FITC-labeled second antibody. Original magnification 200x. 
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porcinee and rat arteries, and to injured rabbit arteries. In each of these models, TGFp 
inducess fibrocellular hyperplasia. Histological examination in these studies revealed 
excessivee neointimal extracellular matrix deposition while the number of cells in the 
hyperplasticc lesion was not markedly increased ,23-Ml. 

Previouss approaches to counteract SMC-rich neointima formation include 
adenovirall transfer of various genes interfering with either cell proliferation or 
inhibitingg cell migration. The rationale to manipulate these functions is to delimit the 
adversee characteristics of activated SMC. In contrast, our study focused on the 
completee prevention of SMC activation by keeping these cells committed to a resting, 
non-atherogenicc phenotype. We reveal that activin A retains cultured human 
saphenouss vein and mouse arterial SMC in their contractile, quiescent state as 
demonstratedd by increased SM22a and SM u-actin expression levels. Moreover, 
adenovirus-mediatedd expression of activin A dramatically inhibits neointimal 
hyperplasiaa in saphenous vein organ cultures as well as in a murine femoral artery 
cuff-model.. We propose that activin A may contribute to prevention of vascular 
stenosis,, frequently occurring upon vein grafting and restenosis after angioplasty. 
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