
1 

Lecture 11    

20.12.2011 

Gene therapy of cardiovascular diseases 



2 

Structure of a normal large artery  
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Nitric oxide is ubiquitous 

Nervous system 

cardiovascular system 

defense system 
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Nitric oxide synthases 

eNOS - endothelial (constitutive) NOS (NOS III)  

nNOS - neuronal (constitutive) NOS (NOS I) 

iNOS - inducible (NOS II)  
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vasorelaxation  

 

inhibition of proliferation of vascular smooth muscle cells 

  

inhibition of platelet adhesion and aggregation  

 

inhibition of monocyte adherence  

 

enhancement of endothelial cell survival  and proliferation  

 

 

Vascular protective effects of nitric oxide  

Actions of PGI2 are quite similar  
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Prostaglandin H synthase pathway  

Phospholipids  
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(vasoconstrictor) 

isomerases TXAS 
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ROLE OF NITRIC OXIDE AND PROSTACYCLIN  

IN CARDIOVASCULAR SYSTEM 
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Prof. Ryszard J Gryglewski  

 
Discovery of prostacyclin (1976) 

Discovery of nitric oxide 

Robert Furchgot 

Ferrid Murad 

Luis Ignarro 

Nobel prize - 1998 

(together with: Salvador Moncada)  

First human appplication of prostacycline:  

Prof.. Ryszard Gryglewski & Andrzej Szczeklik – 1977  
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Normal endothelium  

- permanent release of NO, PGI2  

- antithrombotic properties  

- control VSMC relaxation and proliferation  

Dysfunctional endothelium 

 

 - impaired NO and PGI2 synthesis  

- inefficient prevention of thrombosis and VSMC proliferation  

 

 

 

 development of atherosclerotic plaque  

 

VASCULAR ENDOTHELIUM 
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Development of inflammation in the arterial wall initiates atherosclerosis  
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Progression of atherosclerosis  

Ross, NEJM, 1999 
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Balloon angioplasty for prevention of vessel narrowing 

PTCA (Percutaneous Transluminal Coronary Angioplasty)  
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Coronary bypass grafting (CABG)  
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Narowing of blood vessels after angioplasty  

or CABG 

narrowing occurs also in vessels  

used for by-pass grafting  

- STENOSIS 

RESTENOSIS 
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Atherosclerotic  

plaque 

Endothelium  

Media 

Neointima 

Endothelium  

Gene therapy 

- antisense 

- DNA decoys 

- gene transfer 

Gene therapy for treatment of neointima formation  

after balloon angioplasty 
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Gene therapy by overexpression of  

nitric oxide synthase 
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Von der Leyen et al., PNAS, 1995 

Transfer of endothelial nitric oxide synthase inhibits  

neointima formation in injured rat carotid artery  

eNOS transfected  Control gene (lacZ) transfected  

Vector: plasmid vector 

about 70% inhibition 
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Control, not injured               Injured, control vector             injured - PGIS transfection  

Stroke 1999 Feb;30(2):419-26  

 

Gene transfer of human prostacyclin synthase prevents 

neointimal formation after carotid balloon injury in rats. 
 

Todaka T, Yokoyama C, Yanamoto H, Hashimoto N, Nagata I, Tsukahara T, Hara S, Hatae T, Morishita R, 

Aoki M, Ogihara T, Kaneda Y, Tanabe T. 
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- but the best candidate seemed to be VEGF 
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Vascular endothelial growth factor (VEGF) 

Growth factor that stimulates proliferation and  

migration of endothelial cells, and increases  

their survival  
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VEGF family of growth factors 
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 VEGF gene transfer for  

prevention of restenosis  
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Asahara et al., Circulation, 1996 

Gene transfer of VEGF for inhibition of restenosis after balloon angioplasty 



28 

Representative macroscopic appearance of (A) balloon-injured, 

transfected arteries (LacZ-Tf and VEGF-Tf) and (B) 

contralateral balloon injured, nontransfected arteries (LacZ-nTf 

and VEGF-nTf) at 3 and 5 days and 1 and 2 weeks after 

transfection. rET area, not stained by Evans' blue dye, appears 

white. C, rET of injured transfected arteries (left) and injured 

nontransfected arteries (right). *P<.01, **P<.05 vs LacZ-Tf or 

LacZ-nTF. VEGF-Tf: n=4, 4, 6, 8, and 8 at 3 and 5 days and 1, 

2, and 4 weeks. VEGF-nTf: n=4, 4, 6, 8, and 8; LacZ-Tf: n=4, 

4, 6, 6, and 5; and LacZ-nTf: n=3, 3, 5, 7, and 6, respectively.  

Asahara et al., Circulation, 1996 

Gene transfer of VEGF for inhibition of restenosis after balloon angioplasty 

Balloon-injured artery  contralateral artery  

Balloon-injured artery  contralateral artery  
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Asahara et al., Circulation, 1996 

Gene transfer of VEGF for inhibition of restenosis after balloon angioplasty 

Balloon-injured artery  contralateral artery  
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Safety and Feasibility of Catheter-Based Local Intracoronary 

Vascular Endothelial Growth Factor Gene Transfer in the 

Prevention of Postangioplasty and In-Stent Restenosis and in the 

Treatment of Chronic Myocardial Ischemia  
 

Phase II Results of the Kuopio Angiogenesis Trial (KAT) 

 

Marja Hedman, MD, PhD*; Juha Hartikainen, MD, PhD*; Mikko Syvänne, MD, PhD, FESC; Joachim 

Stjernvall, MD, PhD; Antti Hedman, MD, PhD; Antti Kivelä, MD; Esko Vanninen, MD, PhD; Hanna 

Mussalo, MD; Esa Kauppila, MD; Sakari Simula, MD, PhD; Outi Närvänen, PhD; Arto Rantala, MD; Keijo 

Peuhkurinen, MD, PhD, FESC; Markku S. Nieminen, MD, PhD, FESC; Markku Laakso, MD, PhD; Seppo 

Ylä-Herttuala, MD, PhD, FESC  

 

Circulation. 2003;107:2677 

Double-blind, randomized study 

1. Ringer saline 

2. Plasmid  

3. Adenoviral vectors 
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Panels d and e depict 54-year old male patient with a significant stenosis in left anterior 

descending artery before (d) and 6 months after (e) gene transfer. Myocardial perfusion during 

adenosine infusion: Arrows indicate perfusion defect area. Gtr indicates gene transfer. 

 
Hedman M, et al.. Circulation. 2003;107:2677 

KAT trial – improvement only after adenoviral delivery  

http://circ.ahajournals.org/content/vol107/issue21/images/large/13FF1.jpeg
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Currently, the treatments approaches  

decreased significantly the rate of restenosis 

 

-drug –eluting stents (sirolimus/rapamycin 

    paclitaxel) 
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Angiogenic gene therapy 
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ANGIOGENESIS  

the formation of new blood vessels by a process  

of sprouting from preexisting ones 

• activation of endothelial cells (EC) 

• dissolution of the matrix underlying the endothelium 

• migration, reattachment (adhesion) and proliferation of EC 

• migration and proliferation of VSMC in vessels larger than capillaries 

• formation of a new three-dimensional tube  
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•  Therapeutic angiogenesis describes the method of improving the 

blood flow to the ischemic tissue by the induction of postnatal 

neovascularization by angiogenic agents delivery 

 

•  This form of gene therapy, has emerged as a method for the 

treatment of patients who are not candidates for more conventional 

methods of revascularization (PTCA, CABG) due to inoperable disease or 

very small blood vessels 

Neovascularization vs therapeutic angiogenesis 

Percutaneous Transluminal Coronary 

Angioplasty (PTCA)  

Coronary Artery Bypass 

Grafting (CABG)  
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control VEGF 

Matrigel  
assay  

spheroid  
assay  

VEGF-A – a major angiogenic mediator 

Receptors  
on endothelial 

cells  
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Naked VEGF gene transfer increases the number of microvessels 

in the ischemic rabbit skeletal muscles 

alkaline phosphatase-positive  

microvessels in muscle  

transfected with control plasmid  

microvessels in muscle  

transfected with 

VEGF plasmid   
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p<0.01 

Dulak et al., Eur Surgery  2002, 34: 105-110; Józkowicz et al., Int J Artif Organs, 2003: 26: 161-169 
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Immediately after ligation 14 days after ligation 

b-gal 

VEGF 

Blood flow in ischemic adductor muscles 

VEGF165 gene transfer improves  blood flow in the 

rabbit adductor muscle 

Dulak et al., Eur Surgery  2002, 34: 105-110; Józkowicz et al., Int J Artif Organs, 2003: 26: 161-169 
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min 

max 

Laser Doppler 

perfusion 

measurement 

Mouse model of hind-limb ischemia 

Surgical ligation of the femoral artery) 
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Recovery of hind-limb blood flow in C57Bl mice after 

unilateral femoral artery occlusion 
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Jaźwa et al., in preparation 
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Gene transfer of VEGF  

can stimulate the 

formation of new blood vessels  

in ischemic limbs 
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Critical limb ischemia  
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Gene transfer of VEGF in critical leg ischemia   

Baumgartner i wsp., Circulation, 1998 

pVEGF 

Before VEGF gene therapy  

After VEGF gene therapy  
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Newly visible collateral vessels at calf level 8 weeks after phVEGF165 

gene transfer. Luminal diameter of newly visible vessels ranged from 

200 to >800 µm (arrow); most were closer to 200 µm, and these 

frequently appeared as a blush of innumerable collaterals. 

Baumgartner I et al., Circulation, 1998 
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Clinical trials  
in cardiovascular gene therapy  

Majority of studies: negative results  
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Experimental studies have established the proof-of-principle that 

gene transfer to the cardiovascular system can achieve therapeutic 

effects. First human clinical trials provided initial evidence of 

feasibility and safety of cardiovascular gene therapy. However, 

phase II/III clinical trials have so far been rather disappointing 

and one of the major problems in cardiovascular gene therapy has 

been the inability to verify gene expression in the target tissue. New 

imaging techniques could significantly contribute to the development 

of better gene therapeutic approaches. 
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Are plasmid vectors effective in stimulation  
of angiogenesis in ischemic myocardium?   
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VEGF increased both after plasmid and placebo... 
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Cardiovascular gene therapy  

Gene therapy of atherosclerosis 

Pro-angiogenic  

 
Inhibition of 

restenosis 

Other diseases  

Hypertension Heart failure  

Cardiomiopathy 
VEGF-A, -C, HIF-1, 

FGF-2, FGF-4 

Ang 1, PDGF-BB, 

GM-CSF, eNOS, HO-1,  

Egr-1, Prox-1 

VEGF-A, -C 

Ang 1, eNOS, iNOS 

Decoys  

Antisense  

Rb, Gax,  

eNOS, SOD 

Tissue kallikrein 
Akt, Bcl-2, b-ARK1,  

b-AR, V2, SERCA2a,  

Fosfolamban, HIF-1 

VEGF, FGF-4,  

katalaza 

Hypercho- 

lesterolemia 

apoE 

LDL-R 
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Yla-Herttuala S, Alilatalo K, Nature Med. June 2003 
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Why clinical trials of pro-angiogenic  

gene therapy are not effective?  
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Yla-Herttuala et al., Trends Cardiovasc Med., 2004 

Efficiency of gene transfer is inversely 
 proportional to the size of animal… 
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Seppo Yla-Herttuala, Biochem Transact 2009 
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Is there a risk of side-effects  
of VEGF overexpression?  
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Vascular endothelial growth factor 

- a very potent angiogenic molecule  
 

- specific mitogen for endothelial cells  

 

- gene transfer of VEGF cDNA or delivery of VEGF protein has  

   been demonstrated to be beneficial in animals studies aimed at:  

       - inhibition of restenosis (secondary narrowing of the lumen  

     of the vessel) 

       - stimulation of angiogenesis  

 

        but 

  Is there a need to enhance VEGF 

      production/activity  

       in atherosclerosis? 
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VEGF in human atherosclerotic lesions  

Chen et al., ATVB, 1999 Inoue et al, Circulation, 1998 
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Thoracic aorta of ApoE-/-  

mice treated with VEGF  

Thoracic aorta of ApoE-/- 

 mice treated with albumin 

VEGF enhances atherosclerotic plaque progression  

Celletti FA et al, Nature Med, 2001 

Plaque macrphage content also increased disproportionaly over controls. 

The effect dependent on VEGFR1 on macrophages (?) 

Promotion of neointimal formation by acting as pro-inflammatory cytokine (?) 
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Conclusions (2)  

1. Angiogenic gene therapy demonstrated its feasibility in numerous animal models 

 

2. Several clinical trials have been performed in humans 

 

3. Initially, the clinical trials demonstrated some improvements in limited number 

 of patients  

 

4. Large randomized trials did not show any particular long-term benefit in patients 

 with ischemic heart disease or hind limb ischemia 

 

5. No serious side effects have been observed in patients taking part in gene  

 therapy trials of cardiovascular diseases; however, the potential risk of  

 aggravations of the diseases has been suggested by several animal studies 

 


