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Abstract

Despite tremendous efforts in preclinical research over the last decades, the clinical 
translation of therapeutic angiogenesis to grow stable and functional blood vessels 
in patients with ischemic diseases continues to prove challenging. In this mini review, 
we briefly present the current main approaches applied to improve pro-angiogenic 
therapies. Specific examples from research on therapeutic cardiac angiogenesis and 
arteriogenesis will be discussed, and finally some suggestions for future therapeutic 
developments will be presented.

Introduction

Over the last 15 years, the use of anti-angiogenic agents 
to inhibit blood vessel growth has clearly established 
its ‘raison d’être’ in the treatment of human diseases, 
including multiple types of cancer, but also vascular 
retinopathies (1). In sharp contrast, pro-angiogenic 
agents, developed to stimulate blood vessel growth, show 
a persistent lack of clinical translation. Indeed, despite 
high hopes and numerous trials, no effective treatment 
has yet reached the market consisting of millions of 
patients suffering from acute or chronic ischemic disease. 
This may validate the old proverb that destroying things 
is considerably easier than building them. Beyond 
opposing entropy, what lies at the heart of the matter is 
the same challenge that faces regenerative medicine in 
general that is that the creation of complex biological 
structures requires multi-dimensional cueing of many cell  
types (2). Nature grows vessels so well during development 
and postnatal physiological growth and repair. Yet, here we  

are, after 50  years of active research to decipher 
the cellular and molecular mechanisms regulating 
vasculogenesis, angiogenesis and arteriogenesis, still 
lacking a firm solution of how to build stable and 
functional blood vessels in human patients. Although 
bioengineered vascular grafts are making considerable 
headway toward surgical macrovascular replacement or 
angioplasty (3), the finer vascular structures, including 
resistance arteries and arterioles, venules and capillaries 
require in situ instructed growth to functionally integrate 
tissues. This is the playfield of therapeutic angiogenesis 
and arteriogenesis. While success stories abound in 
experimental ischemic models, including in rabbits and 
pigs, the same treatments have not yielded the expected 
functional benefits in patients, provoking reevaluation 
of therapeutic approaches. Notably, we scientists share 
the blame for this translational failure in that we largely 
continue to model ischemic diseases experimentally in 
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young animals lacking comorbidities, while our target 
patients more often than not are old, insulin-resistant or 
diabetic, hyperlipidemic, overweight and perpetuating 
poor lifestyle choices (physical inactivity, smoking, high-
cholesterol diet…). These factors combine in patients to 
cause vascular endothelial dysfunction, a well-known 
marker for elevated cardiovascular disease risk (4).

The impact of vascular endothelial 
dysfunction on angiogenic responses

Severely dysfunctional endothelial cells, suffering from 
altered metabolism (5), high oxidative stress levels (6, 7) 
and activation of pro-inflammatory pathways (8, 9, 10), 
are poor responders to angiogenic stimuli. This endothelial 
resistance has been linked to specific alterations in 
molecular pathways regulating angiogenesis, such as 
reduced vascular endothelial growth factor receptor 
(VEGFR)-2/Flk-1 expression in diabetic patients (11, 12), 
reduced angiogenic growth factor co-receptor (Nrp1, 
Syndecans) levels in severely obese, hyperlipidemic mice 
(13), reduced HIF-1α signaling in endothelium of diabetic 
mice (14) or altered VEGF downstream signaling linked to 
activation of protein phosphatases in hyperlipidemic mice 
(15, 16), but also potentially upregulation of endogenous 
angiogenesis inhibitors, as reported in diabetic pigs (17). 
Metabolic alterations of endothelial cells in response 
to diabetes or aging may also per se contribute to 
poor angiogenic responses as metabolic dysregulation 
increases Notch signaling (18). With the development of 
personalized medicine, the screening of patients for tumor 
mutations is being established in several cancer types 
as a promising approach to better tailor antitumor and 
antiangiogenic therapies for each patient (19). Similarly, it 
may be envisaged that ex vivo screening of patient-specific 
angiogenic resistance mechanisms, for instance, in patient-
derived tissue-on-a-chip solutions, could be exploited to 
guide the selection of specific growth factor cocktails to 
improve neovascularization responses in ischemic diseases.

Promisingly, some experimental studies attempting 
angiogenic therapy in old and/or diabetic and/or 
hyperlipidemic animals with ischemic injury have 
demonstrated that it is possible to therapeutically induce 
blood vessel growth and remodeling also under these 
challenges (20, 21, 22, 23, 24). However, the functional 
gain to the ischemic territory may remain unsatisfactory 
despite increased vascularity, notably in human patients 
suffering from persistent vascular endothelial dysfunction, 
as demonstrated by impaired flow-mediated vasodilation 
(FMD). Thus, it seems likely that, similar to the requirement 

of most antiangiogenic agents to be used in combination 
with chemotherapy or other tumor cell-targeting drugs 
in cancer patients, pro-angiogenic therapies should be 
combined with pharmacological treatments that reduce 
vascular endothelial dysfunction (25). Given the complex 
clinical setting, it is noteworthy that exceedingly rare 
are the experimental studies that evaluate angiogenic 
therapies in combination with standard cardiovascular 
drugs. In contrast, in clinical trials conducted with pro-
angiogenic agents (gene, protein or cell therapy), the 
patients are maintained on these various cardiovascular 
pharmacological treatments. The observation that 
little progress has been made to stably improve tissue  
perfusion with angiogenic therapy in patients may 
suggest that (a) the pharmacological treatments are 
inefficient to restore endothelial function with persistent 
angiogenic resistance mechanisms preventing successful 
revascularization and/or (b) angiogenic agents have been 
sub-optimally formulated.

Considering the first option, that is whether the 
issue is endothelial angiogenic resistance, it is currently 
unknown how the penetrance of endothelial dysfunction 
may vary between different micro- and macrovascular 
beds, and further to what degree different pharmacological 
treatments restore vascular endothelial function in 
distinct vascular beds. Moreover, it should be considered 
that endothelial cells are not the only vascular cell type 
suffering in the presence of cardiovascular risk factors. It is 
likely that pericyte dysfunction also contributes to vascular 
malfunction, notably maintenance of vascular barrier, 
with increased vascular permeability reported in diabetes, 
for example, in dermal capillaries in humans (26) and in 
bone marrow capillaries in mice (27). Consideration of 
such multicellular vascular dysfunctions is expected to 
benefit future investigations of angiogenic therapy. In 
the next section, we will shift our focus to the second 
option, that is how angiogenic therapy may be improved. 
We will briefly present the evolving strategies applied for 
therapeutic revascularization, with examples drawn from 
the ischemic heart, followed by some suggestions for 
future directions in the field.

Evolving approaches for 
therapeutic angiogenesis

Gene and protein therapies

The first clinical trials on therapeutic angiogenesis were 
conducted with naked growth factors or plasmid-based 
gene therapy delivered systemically or intracoronary 
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in patients with acute refractory angina due to non-
operable, coronary artery disease (CAD) or following 
myocardial infarction (MI). These trials, similar to the 
promising experimental studies that preceded them, were 
based on treatment with single growth factors: VEGF 
family members VEGF-A or VEGF-C, or fibroblast growth 
factor (FGF) family members FGF-1, FGF-2 or FGF-4 (28, 
29). Following the translational failures of these initial 
angiogenic gene and protein therapies, different solutions 
were proposed for how to improve angiogenic therapy 
for the clinic (28, 30, 31, 32, 33). These guidelines can 
be summarized as increasing the duration of therapy and/
or applying combinations of growth factors or angiogenic 
master transcription factors stimulating the growth of both 
endothelial and mural cells to achieve arteriogenesis and 
not only angiogenesis for the generation of functional 
blood vessels that significantly and sustainably increase 
tissue perfusion. Indeed, both plasmid and adenoviral 
gene delivery only lead to short-term (5-10  days) 
overexpression, as the vectors and infected cells are 
rapidly cleared by immune cells. However, it remains 
uncertain what duration of stimulation with growth 
factors is necessary to create stable and functional blood 
vessels in patients. Further, while insufficient duration 
of therapy will fail to induce durable results, unreglated 
VEGF-A expression levels have been found to induce non-
functional angioma-like blood vessel growth (34). The 
improved approaches that have since been developed 
include (a) intramyocardial injection of adeno-associated 
virus (AAV) or lentiviral vectors that significantly prolong 

gene expression over plasmid or adenoviral vectors  
(29) and (b) implantable or injectable biopolymers that 
allow spatiotemporally targeted delivery of multiple 
growth factor proteins (35).

The validity of the latter combinatorial approach has 
been suggested by experimental reports of durably improved 
tissue perfusion and function with either bicistronic 
dual gene delivery (36, 37) or biopolymeric dual protein 
delivery of multiple growth factors (Fig. 1), for example 
VEGF-A or FGF-2 combined with either platelet derived 
growth factor (PDGF)-BB (38, 39) or hepatocyte growth 
factor (HGF) (40). Promisingly, we and others have shown 
that such combinatorial growth factor treatments allowed 
prevention of heart failure development in rats (40) and 
pigs (41). Of note, therapeutic angiogenesis approaches 
that have shown benefit in models of experimental 
ischemia in animals suffering from comorbidities have 
been based on such combinatorial treatments (20, 22, 23, 
24, 42), indicating that this direction may indeed be the 
way to go to successfully bridge the translational bench-
to-bed gap. However, in patients with refractory angina, 
intramyocardial dual delivery of VEGF-A and FGF-2 failed 
to increase perfusion, likely due to the use of plasmids 
rather than viral vectors for delivery (43). This highlights 
the additional requirement for control over both doses 
and duration of treatment for efficient induction of 
vascular growth and remodeling. Future tunable gene 
or biopolymeric protein therapies, building on these 
improved approaches, may hold significant promise for 
clinical success.

Figure 1
Combinatorial vascular approaches. Upper panel: 
Intermingled vascular networks including 
capillaries (podocalyxin+), arteries and arterioles 
(α-smooth muscle actin+) and lymphatics (LYVE1+) 
in healthy rodent hearts visualized by light sheet 
imaging of whole-mount stained clarified 
samples. Lower panel: Examples of additive or 
synergistic growth factor combinations (indicated 
by solid lines) evaluated for therapeutic 
angiogenesis, arteriogenesis or 
lymphangiogenesis using gene or protein therapy 
(20, 23, 24, 37, 38, 39, 60, 61).
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Cell therapies and exosomes

In parallel to these advances in angiogenic gene and 
protein therapies, cell therapy emerged around the year 
2000 as an interesting alternative that would potentially 
solve both the problem of duration, would the cells be 
stably engrafted, and of delivery of multiple factors, as 
the cellular secretome contains an elaborate cocktail of 
angiogenic mediators. Initially, the proposed therapy 
was based on elusive endothelial progenitor cells 
(EPCs), with the intent to stimulate vasculogenesis (44). 
Subsequently, therapies were refocused on expansion, 
priming and delivery of paracrine-acting angiogenesis-
promoting cells (45), in the form of either circulating 
mononuclear cells (CAC) or stem cells of mesenchymal 
(MSC), bone marrow (BMC) or cardiac (CSC) origin. 
Currently, in response to poor cell engraftment 
observed with cell therapy, the field is turning toward 
the use of cell-free alternatives in the form of exosomes 
or microvesicles as a shelfable source of regenerative 
benefit including, but not limited to, stimulation of 
angiogenesis. These extracellular vesicles (EVs), shedded 
by cardiac stem cells or by embryonic or induced 
pluripotent stem cell (iPS)-derived cardiomyocytes, act, 
following endocytosis, to release intracellularly various 
angiogenic regulators including transcription factors, 
growth factors, bioactive lipids, as well as epigenetic 
regulators such as microRNA (miR) and long-noncoding 
RNA that together may better orchestrate tissue repair 
and regeneration (46, 47, 48, 49). The first phase I clinical 
trial with exosomes for ischemia, aiming at stimulation 
of angiogenesis as well as modulation of inflammation, 
is set to start in 2019 in patients with ischemic stroke 
(clinicaltrials.gov/NCT03384433).

A major weakness of EV-based treatments is that the 
duration and cell-targeting of the therapy is currently no 
better than with liposome-based plasmid gene delivery. 
Further, the molecular content of exosomes remains 
uncontrolled and heterogeneous with considerable 
uncertainty regarding cell-dependent impact of exosome-
enriched miRs, such as miR146a (50, 51). Finally, it is 
currently unclear if a single injection of exosomes will 
suffice to grow stable and functional blood vessels in large 
animals (52), or if repeated intramyocardial injections 
will be required. In view of these various limitations, 
alternative cell-free, synthetic targeted delivery solutions 
such as polymeric artificial cells may favorably be 
considered in the future (53).

Future perspectives: supplementing 
angiogenesis with lymphangiogenesis?

In most vascularized tissues, blood vessels are 
accompanied by lymphatic vessels that maintain tissue 
homeostasis, including regulation of fluid balance and 
immune cell trafficking (54). We and others have recently 
shown that cardiac lymphatic structure and function are 
severely altered following MI, and that poor lymphatic 
repair (lymphangiogenesis) contributes to adverse cardiac 
remodeling and dysfunction in rodents (55, 56). To 
restore organ function in ischemic diseases, stimulation of 
both vascular systems would thus seem critical to restore 
tissue perfusion as well as lymphatic drainage to limit 
ischemia, edema and inflammation and create a favorable 
microenvironment permissive for tissue repair and 
regeneration (57). Although experimental data are still 
lacking on the potential functional benefit of stimulating 

Figure 2
Challenges for therapeutic angiogenesis. In order 
to grow stable and functional blood vessels in 
patients with ischemic diseases, several important 
therapeutic challenges remain, including both 
basic science and clinical questions (What cocktail 
of angiogenic factors must be applied to stimulate 
both capillary and arteriolar growth? How can 
therapies overcome potential inherent angiogenic 
resistance in patients?) as well as technical hurdles 
(How to control spatiotemporally the release of 
multiple angiogenic factors?). This may require 
devising multimodal solutions, based on 
combinations of different aspects of gene, protein 
and cell/cell-free exosome therapy, for efficient 
and safe targeting of angiogenic therapies in 
patients.
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lymphangiogenesis concomitantly with angiogenesis 
in ischemic diseases, the first such dual-targeted clinical 
trial has recently shown safety in patients with CAD (58). 
Rather than applying growth factor combinations, this 
trial takes advantage of the dual activities of a member of 
the VEGF family, VEGF-D, which like VEGF-C stimulates 
both blood and lymphatic endothelial cell growth (59). 
Future Phase II investigations with this intramyocardial 
adenoviral gene therapy approach will reveal whether 
short-term exposure to a single pleiotropic growth factor 
will suffice to grow stable and functional blood and 
lymphatic vasculatures in ischemic hearts, or whether 
long-term exposure to growth factor combinations again 
may be required.

Conclusions

The evolving approaches for therapeutic angiogenesis/
arteriogenesis are incorporating hard lessons learned 
from failing clinical trials, including the need for 
multiple factors and spatiotemporally-controlled delivery. 
Whether therapeutic efficacy in patients will come from 
multicistronic gene therapy, biopolymeric or exosome-
based protein/miR/lipid delivery, or combinations of 
these modalities incorporated into an injectable tissue 
engineering solution that stimulates both angiogenesis 
and lymphangiogenesis, remains to be determined. In 
parallel to these biodrug developments, a more widespread 
use of pertinent experimental models, mimicking the 
clinical situation with multiple comorbidities, potentially 
coupled with patient-derived tissue-on-a-chip ex vivo 
models, is expected to improve clinical translation. 
Finally, deepened knowledge of patient- and vascular 
bed-specific vascular endothelial angiogenesis-resistance 
mechanisms, as well as pharmacological options that 
reverse them, may be required before angiogenic 
therapies at last will assume their long-anticipated 
place as a valid clinical treatment option for ischemic  
diseases (Fig. 2).

Declaration of interest
The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of this review.

Funding
This work was supported by the ERA-CVD (LYMIT-DIS project, E B), FHU 
REMOD-VHF (Inserm U1096 laboratory, V R), and generalized institutional 
funds from French Inserm and the Normandy Region together with the 

European Union: ‘Europe gets involved in Normandie’ with European 
Regional Development Fund (ERDF): CPER/FEDER 2015 (DO-IT) and CPER/
FEDER 2016 (PACT-CBS).

Acknowledgements
The authors acknowledge the work of colleagues and collaborators in 
providing the research background for this review. Special thanks goes to 
David Godefroy (Inserm UMR1239-DC2N Laboratory, Rouen, France) for 
expert assistance with cardiac light sheet imaging.

References
 1 Cao Y, Arbiser J, D’Amato RJ, D’Amore PA, Ingber DE, Kerbel R, 

Klagsbrun M, Lim S, Moses MA, Zetter B, et al. Forty-year journey 
of angiogenesis translational research. Science Translational 
Medicine 2011 3 114rv3–114rv3. (https://doi.org/10.1126/
scitranslmed.3003149)

 2 Kant RJ & Coulombe KLK. Integrated approaches to spatiotemporally 
directing angiogenesis in host and engineered tissues. Acta 
Biomaterialia 2018 69 42–62. (https://doi.org/10.1016/j.
actbio.2018.01.017)

 3 Carrabba M & Madeddu P. Current strategies for the manufacture 
of small size tissue engineering vascular grafts. Frontiers in 
Bioengineering and Biotechnology 2018 6 41. (https://doi.org/10.3389/
fbioe.2018.00041)

 4 Halcox JPJ, Schenke WH, Zalos G, Mincemoyer R, Prasad A, 
Waclawiw MA, Nour KR & Quyyumi AA. Prognostic value of 
coronary vascular endothelial dysfunction. Circulation 2002 106 
653–658. (https://doi.org/10.1161/01.CIR.0000025404.78001.D8)

 5 Eelen G, de Zeeuw P, Simons M & Carmeliet P. Endothelial cell 
metabolism in normal and diseased vasculature. Circulation 
Research 2015 116 1231–1244. (https://doi.org/10.1161/
CIRCRESAHA.116.302855)

 6 Förstermann U. Oxidative stress in vascular disease: causes, defense 
mechanisms and potential therapies. Nature Clinical Practice. 
Cardiovascular Medicine 2008 5 338–349. (https://doi.org/10.1038/
ncpcardio1211)

 7 Higashi Y, Maruhashi T, Noma K & Kihara Y. Oxidative stress 
and endothelial dysfunction: clinical evidence and therapeutic 
implications. Trends in Cardiovascular Medicine 2014 24 165–169. 
(https://doi.org/10.1016/j.tcm.2013.12.001)

 8 Ziegler D. Type 2 diabetes as an inflammatory cardiovascular 
disorder. Current Molecular Medicine 2005 5 309–322. (https://doi.
org/10.2174/1566524053766095)

 9 Shao Y, Cheng Z, Li X, Chernaya V, Wang H & Yang X. 
Immunosuppressive/anti-inflammatory cytokines directly  
and indirectly inhibit endothelial dysfunction--a novel  
mechanism for maintaining vascular function.Journal of  
Hematology and Oncology 2014 7 80. (https://doi.org/10.1186/ 
s13045-014-0080-6)

 10 Donato AJ, Morgan RG, Walker AE & Lesniewski LA. Cellular and 
molecular biology of aging endothelial cells. Journal of Molecular 
and Cellular Cardiology 2015 89 122–135. (https://doi.org/10.1016/j.
yjmcc.2015.01.021)

 11 Chou E, Suzuma I, Way KJ, Opland D, Clermont AC, Naruse K, 
Suzuma K, Bowling NL, Vlahos CJ, Aiello LP, et al. Decreased cardiac 
expression of vascular endothelial growth factor and its receptors 
in insulin-resistant and diabetic States: a possible explanation for 
impaired collateral formation in cardiac tissue. Circulation 2002 105 
373–379. (https://doi.org/10.1161/hc0302.102143)

 12 Sasso FC, Torella D, Carbonara O, Ellison GM, Torella M, Scardone M, 
Marra C, Nasti R, Marfella R, Cozzolino D, et al. Increased vascular 

This work is licensed under a Creative Commons 
Attribution 4.0 International License.

https://vb.bioscientifica.com © 2019 The authors
 Published by Bioscientifica Ltdhttps://doi.org/10.1530/VB-19-0006

Downloaded from Bioscientifica.com at 05/24/2023 12:48:46AM
via free access

https://doi.org/10.1126/scitranslmed.3003149
https://doi.org/10.1126/scitranslmed.3003149
https://doi.org/10.1016/j.actbio.2018.01.017
https://doi.org/10.1016/j.actbio.2018.01.017
https://doi.org/10.3389/fbioe.2018.00041
https://doi.org/10.3389/fbioe.2018.00041
https://doi.org/10.1161/01.CIR.0000025404.78001.D8
https://doi.org/10.1161/CIRCRESAHA.116.302855
https://doi.org/10.1161/CIRCRESAHA.116.302855
https://doi.org/10.1038/ncpcardio1211
https://doi.org/10.1038/ncpcardio1211
https://doi.org/10.1016/j.tcm.2013.12.001
https://doi.org/10.2174/1566524053766095
https://doi.org/10.2174/1566524053766095
https://doi.org/10.1186/s13045-014-0080-6
https://doi.org/10.1186/s13045-014-0080-6
https://doi.org/10.1016/j.yjmcc.2015.01.021
https://doi.org/10.1016/j.yjmcc.2015.01.021
https://doi.org/10.1161/hc0302.102143
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://vb.bioscientifica.com
https://doi.org/10.1530/VAB-19-0006


E Brakenhielm and 
V Richard

Therapeutic vascular growth in 
the heart

H141:1

endothelial growth factor expression but impaired vascular 
endothelial growth factor receptor signaling in the myocardium of 
type 2 diabetic patients with chronic coronary heart disease. Journal 
of the American College of Cardiology 2005 46 827–834. (https://doi.
org/10.1016/j.jacc.2005.06.007)

 13 Das S, Singh G & Baker AB. Overcoming disease-induced growth 
factor resistance in therapeutic angiogenesis using recombinant 
co-receptors delivered by a liposomal system. Biomaterials 2014 35 
196–205. (https://doi.org/10.1016/j.biomaterials.2013.09.105)

 14 Wang X, Lockhart SM, Rathjen T, Albadawi H, Sørensen D, 
O’Neill BT, Dwivedi N, Preil SR, Beck HC, Dunwoodie SL, et al. 
Insulin downregulates the transcriptional coregulator CITED2, an 
inhibitor of proangiogenic function in endothelial cells. Diabetes 
2016 65 3680–3690. (https://doi.org/10.2337/db16-0001)

 15 Mehra VC, Jackson E, Zhang XM, Jiang XC, Dobrucki LW, Yu J, 
Bernatchez P, Sinusas AJ, Shulman GI, Sessa WC, et al. Ceramide-
activated phosphatase mediates fatty acid-induced endothelial 
VEGF resistance and impaired angiogenesis. American Journal 
of Pathology 2014 184 1562–1576. (https://doi.org/10.1016/j.
ajpath.2014.01.009)

 16 Corti F & Simons M. Modulation of VEGF receptor 2 signaling by 
protein phosphatases. Pharmacological Research 2017 115 107–123. 
(https://doi.org/10.1016/j.phrs.2016.11.022)

 17 Boodhwani M, Sodha NR, Mieno S, Xu SH, Feng J, Ramlawi B, 
Clements RT & Sellke FW. Functional, cellular, and molecular 
characterization of the angiogenic response to chronic myocardial 
ischemia in diabetes. Circulation 2007 116 I31–I37. (https://doi.
org/10.1161/CIRCULATIONAHA.106.680157)

 18 Sawada N & Arany Z. Metabolic regulation of angiogenesis in 
diabetes and aging. Physiology 2017 32 290–307. (https://doi.
org/10.1152/physiol.00039.2016)

 19 Hyman DM, Taylor BS & Baselga J. Implementing genome-driven 
oncology. Cell 2017 168 584–599. (https://doi.org/10.1016/j.
cell.2016.12.015)

 20 Shyu KG, Chang H & Isner JM. Synergistic effect of angiopoietin-1 
and vascular endothelial growth factor on neoangiogenesis in 
hypercholesterolemic rabbit model with acute hindlimb ischemia. 
Life Sciences 2003 73 563–579. (https://doi.org/10.1016/S0024-
3205(03)00318-7)

 21 Koike H, Morishita R, Iguchi S, Aoki M, Matsumoto K, Nakamura T, 
Yokoyama C, Tanabe T, Ogihara T & Kaneda Y. Enhanced 
angiogenesis and improvement of neuropathy by cotransfection of 
human hepatocyte growth factor and prostacyclin synthase gene. 
FASEB Journal 2003 17 779–781. (https://doi.org/10.1096/fj.02-
0754fje)

 22 Salis MB, Graiani G, Desortes E, Caldwell RB, Madeddu P & 
Emanueli C. Nerve growth factor supplementation reverses the 
impairment, induced by Type 1 diabetes, of hindlimb post-ischaemic 
recovery in mice. Diabetologia 2004 47 1055–1063. (https://doi.
org/10.1007/s00125-004-1424-5)

 23 Samuel SM, Akita Y, Paul D, Thirunavukkarasu M, Zhan L, 
Sudhakaran PR, Li C & Maulik N. Coadministration of adenoviral 
vascular endothelial growth factor and angiopoietin-1 enhances 
vascularization and reduces ventricular remodeling in the infarcted 
myocardium of type 1 diabetic rats. Diabetes 2010 59 51–60. (https://
doi.org/10.2337/db09-0336)

 24 Anderson EM, Silva EA, Hao Y, Martinick KD, Vermillion SA, 
Stafford AG, Doherty EG, Wang L, Doherty EJ, Grossman PM, et al. 
VEGF and IGF delivered from alginate hydrogels promote stable 
perfusion recovery in ischemic hind limbs of aged mice and young 
rabbits. Journal of Vascular Research 2017 54 288–298. (https://doi.
org/10.1159/000479869)

 25 Boodhwani M & Sellke FW. Therapeutic angiogenesis in diabetes 
and hypercholesterolemia: influence of oxidative stress. Antioxidants 
and Redox Signaling 2009 11 1945–1959. (https://doi.org/10.1089/
ars.2009.2439)

 26 Bollinger A, Frey J, Jäger K, Furrer J, Seglias J & Siegenthaler W. 
Patterns of diffusion through skin capillaries in patients with long-
term diabetes. New England Journal of Medicine 1982 307 1305–1310. 
(https://doi.org/10.1056/NEJM198211183072103)

 27 Mangialardi G, Katare R, Oikawa A, Meloni M, Reni C, Emanueli C 
& Madeddu P. Diabetes causes bone marrow endothelial barrier 
dysfunction by activation of the RhoA-Rho-associated kinase 
signaling pathway. Arteriosclerosis, Thrombosis, and Vascular Biology 
2013 33 555–564. (https://doi.org/10.1161/ATVBAHA.112.300424)

 28 Simons M & Ware JA. Therapeutic angiogenesis in cardiovascular 
disease. Nature Reviews. Drug Discovery 2003 2 863–871. (https://doi.
org/10.1038/nrd1226)

 29 Ylä-Herttuala S, Bridges C, Katz MG & Korpisalo P. Angiogenic gene 
therapy in cardiovascular diseases: dream or vision? European Heart 
Journal 2017 38 1365–1371. (https://doi.org/10.1093/eurheartj/
ehw547)

 30 Carmeliet P & Conway EM. Growing better blood vessels. Nature 
Biotechnology 2001 19 1019–1020. (https://doi.org/10.1038/nbt1101-
1019)

 31 Annex BH & Simons M. Growth factor-induced therapeutic 
angiogenesis in the heart: protein therapy. Cardiovascular Research 
2005 65 649–655. (https://doi.org/10.1016/j.cardiores.2004.09.004)

 32 Markkanen JE, Rissanen TT, Kivelä A & Ylä-Herttuala S. Growth 
factor-induced therapeutic angiogenesis and arteriogenesis in the 
heart--gene therapy. Cardiovascular Research 2005 65 656–664. 
(https://doi.org/10.1016/j.cardiores.2004.10.030)

 33 Rissanen TT & Ylä-Herttuala S. Current status of cardiovascular 
gene therapy. Molecular Therapy 2007 15 1233–1247. (https://doi.
org/10.1038/sj.mt.6300175)

 34 Lee RJ, Springer ML, Blanco-Bose WE, Shaw R, Ursell PC & 
Blau HM. VEGF gene delivery to myocardium: deleterious effects of 
unregulated expression. Circulation 2000 102 898–901. (https://doi.
org/10.1161/01.CIR.102.8.898)

 35 Mao AS & Mooney DJ. Regenerative medicine: current therapies 
and future directions. PNAS 2015 112 14452–14459. (https://doi.
org/10.1073/pnas.1508520112)

 36 Banfi A, von Degenfeld G, Gianni-Barrera R, Reginato S, 
Merchant MJ, McDonald DM & Blau HM. Therapeutic angiogenesis 
due to balanced single-vector delivery of VEGF and PDGF-BB. FASEB 
Journal 2012 26 2486–2497. (https://doi.org/10.1096/fj.11-197400)

 37 Gianni-Barrera R, Burger M, Wolff T, Heberer M, Schaefer DJ, 
Gürke L, Mujagic E & Banfi A. Long-term safety and stability of 
angiogenesis induced by balanced single-vector co-expression of 
PDGF-BB and VEGF164 in skeletal muscle. Scientific Reports 2016 6 
21546. (https://doi.org/10.1038/srep21546)

 38 Richardson TP, Peters MC, Ennett AB & Mooney DJ. Polymeric 
system for dual growth factor delivery. Nature Biotechnology 2001 19 
1029–1034. (https://doi.org/10.1038/nbt1101-1029)

 39 Cao R, Bråkenhielm E, Pawliuk R, Wariaro D, Post MJ, Wahlberg E, 
Leboulch P & Cao Y. Angiogenic synergism, vascular stability 
and improvement of hind-limb ischemia by a combination of 
PDGF-BB and FGF-2. Nature Medicine 2003 9 604–613. (https://doi.
org/10.1038/nm848)

 40 Banquet S, Gomez E, Nicol L, Edwards-Lévy F, Henry JP, 
Cao R, Schapman D, Dautreaux B, Lallemand F, Bauer F, et al. 
Arteriogenic therapy by intramyocardial sustained delivery of a 
novel growth factor combination prevents chronic heart failure. 
Circulation 2011 124 1059–1069. (https://doi.org/10.1161/
CIRCULATIONAHA.110.010264)

 41 Lu H, Xu X, Zhang M, Cao R, Bråkenhielm E, Li C, Lin H, Yao G, 
Sun H, Qi L, et al. Combinatorial protein therapy of angiogenic 
and arteriogenic factors remarkably improves collaterogenesis and 
cardiac function in pigs. PNAS 2007 104 12140–12145. (https://doi.
org/10.1073/pnas.0704966104)

 42 Rayssac A, Neveu C, Pucelle M, Van den Berghe L, Prado-Lourenco L, 
Arnal JF, Chaufour X & Prats AC. IRES-based vector coexpressing 

This work is licensed under a Creative Commons 
Attribution 4.0 International License.

https://vb.bioscientifica.com © 2019 The authors
 Published by Bioscientifica Ltdhttps://doi.org/10.1530/VB-19-0006

Downloaded from Bioscientifica.com at 05/24/2023 12:48:46AM
via free access

https://doi.org/10.1016/j.jacc.2005.06.007
https://doi.org/10.1016/j.jacc.2005.06.007
https://doi.org/10.1016/j.biomaterials.2013.09.105
https://doi.org/10.2337/db16-0001
https://doi.org/10.1016/j.ajpath.2014.01.009
https://doi.org/10.1016/j.ajpath.2014.01.009
https://doi.org/10.1016/j.phrs.2016.11.022
https://doi.org/10.1161/CIRCULATIONAHA.106.680157
https://doi.org/10.1161/CIRCULATIONAHA.106.680157
https://doi.org/10.1152/physiol.00039.2016
https://doi.org/10.1152/physiol.00039.2016
https://doi.org/10.1016/j.cell.2016.12.015
https://doi.org/10.1016/j.cell.2016.12.015
https://doi.org/10.1016/S0024-3205(03)00318-7
https://doi.org/10.1016/S0024-3205(03)00318-7
https://doi.org/10.1096/fj.02-0754fje
https://doi.org/10.1096/fj.02-0754fje
https://doi.org/10.1007/s00125-004-1424-5
https://doi.org/10.1007/s00125-004-1424-5
https://doi.org/10.2337/db09-0336
https://doi.org/10.2337/db09-0336
https://doi.org/10.1159/000479869
https://doi.org/10.1159/000479869
https://doi.org/10.1089/ars.2009.2439
https://doi.org/10.1089/ars.2009.2439
https://doi.org/10.1056/NEJM198211183072103
https://doi.org/10.1161/ATVBAHA.112.300424
https://doi.org/10.1038/nrd1226
https://doi.org/10.1038/nrd1226
https://doi.org/10.1093/eurheartj/ehw547
https://doi.org/10.1093/eurheartj/ehw547
https://doi.org/10.1038/nbt1101-1019
https://doi.org/10.1038/nbt1101-1019
https://doi.org/10.1016/j.cardiores.2004.09.004
https://doi.org/10.1016/j.cardiores.2004.10.030
https://doi.org/10.1038/sj.mt.6300175
https://doi.org/10.1038/sj.mt.6300175
https://doi.org/10.1161/01.CIR.102.8.898
https://doi.org/10.1161/01.CIR.102.8.898
https://doi.org/10.1073/pnas.1508520112
https://doi.org/10.1073/pnas.1508520112
https://doi.org/10.1096/fj.11-197400
https://doi.org/10.1038/srep21546
https://doi.org/10.1038/nbt1101-1029
https://doi.org/10.1038/nm848
https://doi.org/10.1038/nm848
https://doi.org/10.1161/CIRCULATIONAHA.110.010264
https://doi.org/10.1161/CIRCULATIONAHA.110.010264
https://doi.org/10.1073/pnas.0704966104
https://doi.org/10.1073/pnas.0704966104
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://vb.bioscientifica.com
https://doi.org/10.1530/VAB-19-0006


E Brakenhielm and 
V Richard

Therapeutic vascular growth in 
the heart

H151:1

FGF2 and Cyr61 provides synergistic and safe therapeutics of lower 
limb ischemia. Molecular Therapy 2009 17 2010–2019. (https://doi.
org/10.1038/mt.2009.211)

 43 Kukuła K, Chojnowska L, Dąbrowski M, Witkowski A, Chmielak Z, 
Skwarek M, Kądziela J, Teresińska A, Małecki M, Janik P, et al. 
Intramyocardial plasmid-encoding human vascular endothelial 
growth factor A165/basic fibroblast growth factor therapy using 
percutaneous transcatheter approach in patients with refractory 
coronary artery disease (VIF-CAD). American Heart Journal 2011 161 
581–589. (https://doi.org/10.1016/j.ahj.2010.11.023)

 44 Khurana R & Simons M. Endothelial progenitor cells: precursors for 
angiogenesis. Seminars in Thoracic and Cardiovascular Surgery 2003 15 
250–258. (https://doi.org/10.1016/S1043-0679(03)70004-5)

 45 Silvestre JS Pro-Angiogenic cell-based therapy for the treatment 
of ischemic cardiovascular diseases. Thrombosis Research 2012 
130 (Supplement 1) S90–S94. (https://doi.org/10.1016/j.
thromres.2012.08.287)

 46 Boulanger CM, Loyer X, Rautou PE & Amabile N. Extracellular 
vesicles in coronary artery disease. Nature Reviews. Cardiology 2017 14 
259–272. (https://doi.org/10.1038/nrcardio.2017.7)

 47 Dougherty JA, Mergaye M, Kumar N, Chen CA, Angelos MG & 
Khan M. Potential role of exosomes in mending a broken heart: 
nanoshuttles propelling future clinical therapeutics forward. 
Stem Cells International 2017 2017 5785436. (https://doi.
org/10.1155/2017/5785436)

 48 Juni RP, Abreu RC & da Costa Martins PA. Regulation of 
microvascularization in heart failure - an endothelial cell, non-
coding RNAs and exosome liaison. Non-Coding RNA Research 2017 2 
45–55. (https://doi.org/10.1016/j.ncrna.2017.01.001)

 49 Sluijter JPG, Davidson SM, Boulanger CM, Buzás EI, de Kleijn DPV, 
Engel FB, Giricz Z, Hausenloy DJ, Kishore R, Lecour S, et al. 
Extracellular vesicles in diagnostics and therapy of the ischaemic 
heart: position Paper from the Working Group on Cellular  
Biology of the Heart of the European Society of Cardiology. 
Cardiovascular Research 2018 114 19–34. (https://doi.org/10.1093/
cvr/cvx211)

 50 Halkein J, Tabruyn SP, Ricke-Hoch M, Haghikia A, Nguyen NQ, 
Scherr M, Castermans K, Malvaux L, Lambert V, Thiry M, et al. 
MicroRNA-146a is a therapeutic target and biomarker for peripartum 
cardiomyopathy. Journal of Clinical Investigation 2013 123  
2143–2154. (https://doi.org/10.1172/JCI64365)

 51 Barile L, Lionetti V, Cervio E, Matteucci M, Gherghiceanu M, 
Popescu LM, Torre T, Siclari F, Moccetti T & Vassalli G. Extracellular 
vesicles from human cardiac progenitor cells inhibit cardiomyocyte 
apoptosis and improve cardiac function after myocardial infarction. 
Cardiovascular Research 2014 103 530–541. (https://doi.org/10.1093/
cvr/cvu167)

 52 Gallet R, Dawkins J, Valle J, Simsolo E, de Couto G, Middleton R, 
Tseliou E, Luthringer D, Kreke M, Smith RR, et al. Exosomes secreted 
by cardiosphere-derived cells reduce scarring, attenuate adverse 
remodelling, and improve function in acute and chronic porcine 
myocardial infarction. European Heart Journal 2017 38 201–211. 
(https://doi.org/10.1093/eurheartj/ehw240)

 53 Chang TMS. Therapeutic applications of polymeric artificial 
cells. Nature Reviews Drug Discovery 2005 4 221–235. (https://doi.
org/10.1038/nrd1659)

 54 Alitalo K, Tammela T & Petrova TV. Lymphangiogenesis in 
development and human disease. Nature 2005 438 946–953. (https://
doi.org/10.1038/nature04480)

 55 Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Lévy F, 
Henry JP, Dumesnil A, Boukhalfa I, Banquet S, et al. Selective 
stimulation of cardiac lymphangiogenesis reduces myocardial 
edema and fibrosis leading to improved cardiac function following 
myocardial infarction. Circulation 2016 133 1484–1497; discussion 
1497. (https://doi.org/10.1161/CIRCULATIONAHA.115.020143)

 56 Tatin F, Renaud-Gabardos E, Godet AC, Hantelys F, Pujol F, 
Morfoisse F, Calise D, Viars F, Valet P, Masri B, et al. Apelin modulates 
pathological remodeling of lymphatic endothelium after myocardial 
infarction. JCI Insight 2017 2. (https://doi.org/10.1172/jci.
insight.93887)

 57 Brakenhielm E & Alitalo K. Cardiac lymphatics in health and disease. 
Nature Reviews Cardiology 2019 16 56–68. (https://doi.org/10.1038/
s41569-018-0087-8)

 58 Hartikainen J, Hassinen I, Hedman A, Kivelä A, Saraste A, Knuuti J, 
Husso M, Mussalo H, Hedman M, Rissanen TT, et al. Adenoviral 
intramyocardial VEGF-DΔNΔC gene transfer increases myocardial 
perfusion reserve in refractory angina patients: a phase I/IIa study 
with 1-year follow-up. European Heart Journal 2017 38 2547–2555. 
(https://doi.org/10.1093/eurheartj/ehx352)

 59 Anisimov A, Alitalo A, Korpisalo P, Soronen J, Kaijalainen S, 
Leppänen VM, Jeltsch M, Ylä-Herttuala S & Alitalo K. Activated 
forms of VEGF-C and VEGF-D provide improved vascular function in 
skeletal muscle. Circulation Research 2009 104 1302–1312. (https://
doi.org/10.1161/CIRCRESAHA.109.197830)

 60 Chae JK, Kim I, Lim ST, Chung MJ, Kim WH, Kim HG, Ko JK 
& Koh GY. Coadministration of angiopoietin-1 and vascular 
endothelial growth factor enhances collateral vascularization. 
Arteriosclerosis, Thrombosis, and Vascular Biology 2000 20 2573–2578. 
(https://doi.org/10.1161/01.ATV.20.12.2573)

 61 Cimpean AM, Seclaman E, Ceauşu R, Gaje P, Feflea S, Anghel A, 
Raica M & Ribatti D. VEGF-A/HGF induce Prox-1 expression in the 
chick embryo chorioallantoic membrane lymphatic vasculature. 
Clinical and Experimental Medicine 2010 10 169–172. (https://doi.
org/10.1007/s10238-009-0085-6)

Received in final form 15 March 2019
Accepted 28 March 2019
Accepted Preprint published online 28 March 2019

This work is licensed under a Creative Commons 
Attribution 4.0 International License.

https://vb.bioscientifica.com © 2019 The authors
 Published by Bioscientifica Ltdhttps://doi.org/10.1530/VB-19-0006

Downloaded from Bioscientifica.com at 05/24/2023 12:48:46AM
via free access

https://doi.org/10.1038/mt.2009.211
https://doi.org/10.1038/mt.2009.211
https://doi.org/10.1016/j.ahj.2010.11.023
https://doi.org/10.1016/S1043-0679(03)70004-5
https://doi.org/10.1016/j.thromres.2012.08.287
https://doi.org/10.1016/j.thromres.2012.08.287
https://doi.org/10.1038/nrcardio.2017.7
https://doi.org/10.1155/2017/5785436
https://doi.org/10.1155/2017/5785436
https://doi.org/10.1016/j.ncrna.2017.01.001
https://doi.org/10.1093/cvr/cvx211
https://doi.org/10.1093/cvr/cvx211
https://doi.org/10.1172/JCI64365
https://doi.org/10.1093/cvr/cvu167
https://doi.org/10.1093/cvr/cvu167
https://doi.org/10.1093/eurheartj/ehw240
https://doi.org/10.1038/nrd1659
https://doi.org/10.1038/nrd1659
https://doi.org/10.1038/nature04480
https://doi.org/10.1038/nature04480
https://doi.org/10.1161/CIRCULATIONAHA.115.020143
https://doi.org/10.1172/jci.insight.93887
https://doi.org/10.1172/jci.insight.93887
https://doi.org/10.1038/s41569-018-0087-8
https://doi.org/10.1038/s41569-018-0087-8
https://doi.org/10.1093/eurheartj/ehx352
https://doi.org/10.1161/CIRCRESAHA.109.197830
https://doi.org/10.1161/CIRCRESAHA.109.197830
https://doi.org/10.1161/01.ATV.20.12.2573
https://doi.org/10.1007/s10238-009-0085-6
https://doi.org/10.1007/s10238-009-0085-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://vb.bioscientifica.com
https://doi.org/10.1530/VAB-19-0006

	Abstract
	Introduction
	The impact of vascular endothelial dysfunction on angiogenic responses
	Evolving approaches for therapeutic angiogenesis
	Gene and protein therapies
	Cell therapies and exosomes

	Future perspectives: supplementing angiogenesis with lymphangiogenesis?
	Conclusions
	Declaration of interest
	Funding
	Acknowledgements
	References

