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Resumo 
 

Devido ao seu papel na formação de vasos sanguíneos, o factor de crescimento vascular 

endotelial (VEGF) desperta grande interesse para uso terapêutico, nomeadamente em doenças 

cardiovasculares (CVD). As células estaminais mesenquimais (MSC) são células multipotentes 

existentes em diversos tecidos, como a medula óssea (BM), o tecido adiposo e o cordão umbilical. As 

suas propriedades tróficas (e.g. imunomodulatórias) e a capacidade de migrar para locais de lesão 

assim como o seu potencial de diferenciação multilinhagem tornam-nas muito promissoras para fins 

terapêuticos. Ainda que produzam VEGF intrinsecamente, a sobre-expressão deste gene poderia 

melhorar as suas capacidades terapêuticas. Deste modo, foram produzidos plasmídeos 

convencionais bem como minicírculos que codificam o gene VEGF para transfectar células da matriz 

do cordão umbilical (UCM) e de BM por lipofecção. As células transfectadas sofreram uma redução 

na viabilidade e tiveram uma baixa recuperação celular (30% no máximo).  

A expressão de GFP por parte das células transfectadas com vectores que codificam os genes 

VEGF-GFP atingiu 34% (12% contabilizando apenas as células viáveis), enquanto os rendimentos 

alcançaram no máximo 4%, 24 horas após transfecção. As células mantiveram a expressão de GFP 

durante uma semana, mantendo a sua multipotência e características fenotípicas. Verificou-se um 

aumento significativo na concentração de VEGF no sobrenadante das células transfectadas: 

concentrações 66 e 54 vezes mais elevadas com células de UCM e BM, respectivamente. Apesar de 

as células de UCM terem suportado melhor a transfecção, as células de BM atingiram maior 

expressão de VEGF.  

Em suma, este trabalho demonstrou que as MSC têm um grande potencial para o tratamento de 

CVD através da promoção da angiogénese. 
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Abstract 
 

Due to its role in blood vessel formation, vascular endothelial growth factor (VEGF) is a protein of 

great interest for therapeutic use, namely in cardiovascular diseases (CVD). Mesenchymal stem cells 

(MSC) are multipotent cells present in several tissues, including the bone marrow (BM), adipose tissue 

and umbilical cord. Their trophic (e.g. immunomodulatory) and homing abilities, as well as their 

multilineage differentiation potential make them very promising for therapeutic use. Although they 

intrinsically produce VEGF, VEGF overexpression could enhance their therapeutic properties. 

Therefore, VEGF-encoding conventional plasmids as well as minicircles were produced for the 

transfection of umbilical cord matrix (UCM) and BM MSC’s through lipofection. Transfected cells 

suffered a viability decrease and had a low recovery (30% maximum).  

GFP expression by MSC transfected with the VEGF-GFP-encoding vectors reached 34% (12% 

considering only viable cells), while the transfection yield achieved a maximum of 4%, 24 hours after 

transfection. MSC maintained vectors expression for a week, as well as their multipotency and 

immunophenotypic profile. Nevertheless, a significant increase in VEGF concentration of transfected 

cells’ supernatant: a 66-fold and 54-fold increase was obtained in the supernatant of UCM and BM 

cells, respectively. Although UCM MSC handled better the transfection, BM cells showed a greater 

VEGF expression. 

This work has shown that MSC have great potential for the treatment of CVD through 

angiogenesis’ promotion. 
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1 Introduction 
1.1 Stem cells 

Stem cells represent a unique undifferentiated cell population that shows multilineage 

differentiation ability1-3, self-renewal capacity4-6 and in vivo reconstitution of a given tissue2. 

Throughout the lifetime of an organism the stem cell pool that resides within the several tissues plays 

a pivotal role in tissue homeostasis maintenance and its repair following injury6-8. 

 

These cells can be classified according to their developmental potential: 

Totipotent – can give rise to all cells/tissues that contribute to the formation of a whole organism, 

including the extra-embryonic tissues.  The zygote and the cells produced by its cleavage in the first 4 

days of gestation are the only totipotent cells9.  

Pluripotent – have the potential to generate all cell types of the body but are not able to give rise to 

the extra-embryonic trophoblast lineage9. 

Multipotent – can generate two or more cell types but their differentiation potential is restricted to a 

single cell lineage10.  

 

Stem cells can also be classified according to their source in embryonic (ECS), fetal (FSC) or adult 

stem cells (ASC)11 (Figure 1.1). 

 

 
 

 

1.1.1 Embryonic stem cells  

The ability clonally to give rise to teratocarcinomas is a defining feature of pluripotent embryo cells, 

shared by embryonic stem cells, embryonic germ cells, and embryonal carcinoma cells13. 
 

1.1.1.1 Embryonic	  stem	  cells	  

ESC are pluripotent cells derived from the inner cell mass of the blastocyst (Figure 1.2). These 

cells have a large therapeutic potential for regenerative medicine and cell therapy as they show 

extended self-renewal capacity and are the progenitors of germ cells and of the three embryonic germ 

layers: ectoderm, endoderm and mesoderm13 (Figure 1.2).  

Figure 1.1 – Stem cells classification according to their source12. 
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However, there are safety concerns associated with ESC application in clinical settings due to a 

high risk of teratocarcinomas’ formation upon transplantation, as well as ethical controversy regarding 

the establishment of human ESC lines7,13,14. 

Currently, there are more than a hundred human ESC lines available; being most of them derived 

from embryos obtained from human in vitro fertilization (IVF) procedures14. Recently, Tachibana and 

co-workers reported the successful derivation of hESC through nuclear transfer15. 

Nevertheless, ESC can be very useful in drug discovery, toxicological screening, developmental 

and cell differentiation studies and as disease models14. 

 

 
Figure 1.2 – Differentiation potential of ESC16. 

 

1.1.1.2 Embryonic	  germ	  cells	  (EGC)	  	  

EGC are pluripotent stem cells, which derived from fetal tissue, namely from the primordial germ 

cells of the gonadal ridge of the 5-10 week fetus. EGC normally develop into mature gametes (eggs 

and sperm)17. 

 

1.1.1.3 Embryonal	  carcinoma	  cells	  (ECC)	  	  

ECC are pluripotent stem cells that can be isolated from teratocarcinomas, a tumor that 

occasionally occurs in the gonads. The propagation of this population can be maintained in explant 

culture, and continuous embryonal carcinoma or ECC lines may be derived13. 
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1.1.2 Fetal stem cells 

Fetal stem cells can be derived either from the fetus, or from the supportive extra-embryonic 

structures of fetal origin: amniotic fluid, umbilical cord blood, umbilical cord matrix, amnion and 

placenta1. FSC are easily accessible, exhibit high proliferation rates, do not form teratomas, display 

negligible immunogenicity and present less ethical reservations than ESC11. 

Regarding their functional features, these cells represent intermediates between ESC and ASC, 

sharing and exhibiting features of pluripotency and multipotency11. 

 

1.1.3 Adult stem cells 

Due to the obstacles encountered in ESC use and investigation, other sources of cells have been 

exploited, namely postnatal adult stem cells7.  

 

ASC can be found in several postnatal tissues, namely bone marrow (BM), adipose tissue (AT) and 

umbilical cord (UC)7,18; and are the responsible for the organism’s continual maintenance and repair19. 

Unlike ESC, ASC show a more restricted proliferative and differentiative potential (Figure 1.3), being 

only multipotent20.  

Since ASC cells are present even in infants and similar cells exist in umbilical cord and placenta, 

other terms have been used to describe these cells, such as somatic stem cells or post-natal stem 

cells18. 

 

Hematopoietic stem cells (HSC), neural stem cells (NSC) and mesenchymal stem cells (MSC) are 

the most extensively studied sub-sets of adult stem cells. 

 

 
Figure 1.3 – Examples of ASC’ location in the body21. 
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1.1.3.1 Hematopoietic	  stem	  cells	  

HSC are defined as clonogenic cells that can self-renew and give rise to all mature blood cell 

types20,22 (Figure 1.4). Many blood cells have a limited lifespan and need to be replenished 

continuously14,22. HSC can be characterized by their capacity to sustain long-term multilineage 

hematopoiesis in an immune-compromised host13, and also by their surface phenotype that includes 

the presence of CD34 and CD90 and the absence of CD38 markers14,22. Furthermore, HSC 

assessment should be based on both in vivo and in vitro assays14: 

•  in vivo assays – test Iong-term reconstitution and the ability to form large colonies in the 

spleen of lethally irradiated mice (CHU-S); 

• in vitro assays – test the ability of the cells to grow as “cobblestones” for 5-7 weeks in 

culture (CAFC) and long term culture with maintenance of progenitors for 5-7 weeks in 

culture (LTL-IC).  

 

 
Figure 1.4 - Differentiation potential of HSC14. 

 

HSC are the best-characterized stem cell population, being used clinically since 195914,20. Their 

therapeutic applicability ranges from cancer treatment (leukemia’s, lymphomas) to inherited or 

acquired blood disorders22. 

The most common source of HSC is the BM, however they can also be found in the umbilical cord 

blood (UCB) and in the peripheral blood2 upon mobilization with specific cytokines. Since harvesting 

peripheral blood is less invasive for the donors, mobilized peripheral blood is replacing BM as clinical 

source of HSC. UCB HSC show a reduced risk of graft-versus-host-disease (GVHD) – immune 

response caused by T lymphocytes against host cells – however the numbers obtained from a single 

unit is very scarce, limiting their application to adult patients14,23. 
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1.1.3.2 Neural	  stem	  cells	  

NSC are self-renewing multipotent cells that can generate all the major cell types of the adult 

central nervous system (CNS)24: neurons, astrocytes and oligodendrocytes13,25 (Figure 1.5). These 

cells can be found in the subventricular zone around the lateral ventricle in the forebreain and in the 

subgranular cell layer of hippocampus in a region called dentate gyrus, and also in the spinal cord, 

cortex, midbrain and hindbrain13. 

 

 
Figure 1.5 - Differentiation potential of NSC26. 

 

Several reports indicate that NSC undergo a moderate, yet continuous, level of neurogenesis and 

gliogenesis postnatally throughout adult life; maintaining homeostasis and functions of the CNS, and 

thus playing an important role in learning and memory functions13,27,28. These cells represent a great 

hope in nervous system’s diseases treatment, such as neurodegenerative diseases, as well as brain 

and spinal cord injuries that result from stroke or trauma, respectively14. 

 

1.2 Mesenchymal stem cells 
MSC were first identified as an adherent fibroblast-like population in the adult BM, which can 

regenerate rudiments of bone in vivo29.  Since then, these cells have been found to display several 

characteristics that make them attractive cell sources for clinical settings30. MSC can be readily 

isolated and expanded from a wide range of tissues, are capable of undergoing multilineage 

differentiation into mesoderm-type cells2; show immunomodulatiory and trophic properties, and are 

hypo-immunogenic1,31,32. 

 

1.2.1 Sources 

To date, MSC can be found in several tissues, namely BM, AT and umbilical cord matrix (UCM). 

Although BM is the most studied source of MSC, the number of MSC obtained represents less than 

0.01% of the total nucleated cells in BM33 and their harvesting is an invasive procedure1. Therefore 

alternative sources such as umbilical cord and adipose tissue, with easier accessibility have been 

explored34. 
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MSC can also be found in peripheral blood, synovial membrane, deciduous teeth, periosteum, 

trabecular bone, skeletal muscle, lung, liver, spleen and also in amniotic fluid, umbilical cord blood and 

in the placenta2,35. MSC from the various sources share some common properties and surface 

phenotype, however they differ in their differentiation potential and their gene expression profile 

according to their origin tissue2. 

 

1.2.2 Characterization 
MSC lack a specific marker, therefore their identification is based on a set of both phenotypic and 

functional characteristics. Morphologically, MSCs can be described as fusiform, adherent fibroblast-

like cell2,6. 

In order to unify MSC characterization, the Mesenchymal and Tissue Stem Cell Committee of the 

International Society for Cellular Therapy have recommended minimal criteria to define human MSC36: 

- MSC must be plastic-adherent when maintained in standard culture conditions; 

- MSC must express CD105, CD73 and CD90 and lack expression of CD45, CD34, CD14 or 

CD11b, CD79alpha or CD19 and HLA-DR surface molecules; 

- MSC must differentiate to osteoblasts, adipocytes and chondroblasts in vitro. 

 

1.2.3 Multilineage differentiation potential 

MSC are able to differentiate, among others, into the osteogenic, chongrogenic and adipogenic 

lineages, as demonstrated by lineage-specific in vitro assays4,31,33,37. 

MSC have potential to differentiate into a wide range of cell types such as bone, cartilage, muscle, 

marrow, tendon and adipocytes8,35,38 (Figure 1.6). 

 

 
Figure 1.6 – MSC’ differentiation potential39. 

 

1.2.4 Properties 

MSC offer a range of features that make them very promising therapeutically, namely, their ease of 

accessibility and handling and their multilineage potential. MSC also show genetic stability and 
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reproducible attributes and characteristics from isolate to isolate40. These cells can also be easily 

isolated and expanded in culture through many generations while retaining the capacity to 

differentiate; however, in vitro expansion of MSC in long-term culture is limited: during long-term in 

vitro culture, the cells exhibit reduced proliferation rate, and finally enter a state of growth arrest, also 

known as replicative senescence2. 

 

1.2.4.1 Homing	  and	  trophic	  properties	  

MSC have homing abilities, which means that these cells have the capacity to migrate toward and 

engraft into sites of ischemia or injury6,40. MSC homing ability has already been demonstrated in 

several cases such as bone fracture, myocardial infarction and ischemic cerebral injury6,40. 

 

 Due to their trophic properties, they are able to secrete a broad spectrum of angiogenic, mitotic, 

anti-scarring and anti-apoptotic factors41, contributing to the creation of a regenerative 

microenvironment42. 

 

1.2.4.2 Immunomodulatory	  properties	  

MSC have immunomodulatory properties and regulatory effects, and are able to inhibit almost all 

the cells involved in immune responses: T cells, B cells, natural killer cells and dendritic cells, 

indicating an attractive feature for cell therapy5,6,29,30,35,43. 

Furthermore MSC pre-treatment with the pro-inflammatory cytokine IFN-γ, produced by T and 

natural killer lymphocytes, enhances their immunomodulation, supressing T and natural killer 

lymphocytes proliferation1,29,30,44. 

Since a critical issue in organ transplantation and in stem cell therapy is the rejection resulting from 

immune incompatibility between donor and recipient, MSCs immunomodulatory properties appear to 

obviate this major obstacle.  Moreover, these immunosuppressive effects allow for MSC potential use 

in an even wider range of diseases1,30. 

 

1.2.4.3 Immunogenicity	  

Since MSC lack expression of co-stimulatory molecules (involved in the activation of T cells in 

transplant rejection) and of HLA class II antigen expression, they could be used in allogeneic 

transplantation without need of HLA matching and without being immunologically rejected1,40,43,45. Due 

to these hypo-immunogenic characteristics, MSC represent an opportunity to treat a variety of 

diseases and to deliver therapeutic proteins43,45-47. 

The possibility of using allogeneic MSC transplants without need of HLA matching also has the 

advantage of having MSC, from chosen and tested donors, ready in advance so they are immediately 

available when needed by a patient. Therefore, MSC could be used in an acute setting, which 

constitutes a distinct clinical advantage over other cellular populations6,40. 
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1.2.5 Applications 

MSC have potential usefulness in diseases such as osteogenesis imperfecta, Crohn’s, 

autoimmune diseases, dental structure degeneration, heart infarctions, ischemic brain stroke, 

neurodegenerative and inflammatory diseases, as well as anti-cancer treatments35,42,48. 

Several approaches have been exploited in order to use MSC properties clinically: local 

implantation of MSC for localized diseases, systemic transplantation, combining stem cell therapy with 

gene therapy, and use of MSC in tissue engineering applications2,49. 

 

There are currently (May of 2013) occurring 273 clinical trials all over the world using MSC for 

several conditions, most of them in Europe, North America and East Asia. Approximately 32% of the 

clinical trials using MSC are for heart-related conditions (Table 1.1) and 17 of them are already in 

phase 3 – 70% to 90% of drugs that enter Phase III studies successfully complete this phase of 

testing, and once Phase III is complete, a pharmaceutical company can request the Food and drug 

administration (FDA) approval for marketing50,51. 

 
Table 1.1 – Clinical trials using MSC in heart-related conditions. 

 
Myocardial 

Infarction 

Myocardial 

Ischemia 

Heart 

Diseases 
Heart Failure Stroke 

Clinical trials 13 23 30 13 9 

 

1.3 Cardiovascular diseases (CVD)  
CVD, which includes hypertension, coronary heart disease, stroke and congestive heart failure, are 

the number one cause of death in Europe and in the United States (US)14,52. 

Smoking, obesity, cholesterol, diabetes, alcohol consumption and lower consumption of fruits and 

vegetables as well as inadequate levels of physical activity are some of the factors that lead to CVD53. 

 

It is known that CVD are responsible for over 4 million deaths each year in Europe, corresponding 

to 47% of the deaths in Europe52. In the US, every 33 seconds someone dies from CVD, which is 

roughly equivalent to a tragedy like September 11h, repeating 24 hours, 365 days a year54.  

Moreover, CVD also represent major economic costs, either by health care costs, either by 

productivity losses and also by the informal care of people with CVD. CVD is estimated to cost the 

European Union (EU) almost 196 billion euros a year51. 

 

Despite improvements in the acute treatment of heart attacks and the increasing arsenal of drugs 

available, given the aging of the population (both in Europe and in US) and the increasing prevalence 

of cardiovascular risk factors such as obesity and type 2 diabetes, CVD will continue to be a significant 

health concern. These trends suggest an unmet need for therapies to regenerate or repair damaged 

cardiac tissue14. 
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Current pharmacologic interventions for heart disease, include beta-blockers, diuretics and 

angiotensin-converting enzyme (ACE) inhibitors, and surgical treatment options are changing the 

shape of the left ventricle and implanting assistive devices such as pacemakers or defibrillators. 

However, none of those restore function to damaged tissue14. 

Heart transplantation offers a viable option to replace damaged myocardium, though organ 

availability and transplant rejection complications demand new strategies not only to treat CVD, but 

also to prevent them14. 

 

1.3.1 Stem cells and cardiac repair 

Given the worldwide prevalence of cardiac dysfunction and the limited availability of tissue for 

cardiac transplantation, stem cells could encounter a large-scale unmet clinical need and improve life 

quality for millions of people with CVD14. 

 

A number of stem cell types, including ESC, cardiac stem cells (that naturally reside within the 

heart), myoblasts, adult bone marrow-derived cells, MSC, HSC, endothelial progenitor cells, and UCB 

cells, have been investigated to varying extents as possible sources for regenerating damaged 

myocardium14,49. Despite the relative youth of this field, initial results from the application of stem cells 

to restore cardiac function have been promising14,49. 

Initially, scientists believed that transplanted cells differentiated into cardiac cells, blood vessels, or 

other cells damaged by CVD; However, this model has been supplanted by the idea that transplanted 

stem cells release antioxidants, growth factors and other molecules that promote blood vessel 

formation (angiogenesis), inhibit apoptosis and stimulate cardiac stem cells to repair damaged 

tissue14,49,55. 

 

Among the different types of stem cells, MSC are recognized as the best potential candidates for 

cell therapy for heart diseases as they appear to possess unique properties that may allow for 

convenient and highly effective cell therapy: MSC can be used allogeneically, can be readily available, 

and be delivered systemically40,49. 

Furthermore, restoration of cardiac function after myocardial infarction requires not only 

replacement of lost cardiomyocytes, but also revascularization of the injured region40. 

 

1.4 Angiogenesis 
Blood vessels constitute the first organ in the embryo and form the largest network in our body56.  

New blood vessels formation involves endothelial cells proliferation, migration and differentiation into 

tubular arrays57. Angiogenesis is a complex process involving many growth factors, extracellular 

matrix molecules, enzymes and several cell types in vivo57.  

The vascular system has the critical function of supplying tissues with oxygen and nutrients as well 

as removing carbon dioxide and clearing waste products, such as urea and lactic acid58,59. To 

accomplish these goals, the vasculature must be sufficiently permeable to allow free, bidirectional 
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passage of small molecules and gases. Vascular permeability is essential for the health of normal 

tissues and is also an important characteristic of many disease states58. 

Historically, angiogenesis was initially only implicated in cancer, arthritis and psoriasis56,59. 

However, when deregulated, the formation of new blood vessels contributes to numerous malignant, 

ischemic, inflammatory, infectious and immune disorders56. Diseases characterized or caused by 

excessive, insufficient or abnormal angiogenesis56 are described in Table 1.2. 

 
Table 1.2 – Diseases characterized or caused by abnormal or excessive angiogenesis56. 

Organ Diseases 

Numerous organs Cancer; infectious diseases; autoimmune disorders. 

Blood vessels 

Vascular malformations; DiGeorge syndrome; hereditary hemorrhagic 

telangiectasia; cavernous hemangioma; atherosclerosis; transplant 

arteriopathy. 

Adipose tissue Obesity. 

Skin 
Psoriasis, warts, allergic dermatitis, scar keloids, pyogenic granulomas, 

blistering disease, Kaposi sarcoma in AIDS patients. 

Eye 
Persistent hyperplastic vitreous syndrome; diabetic retinopathy; retinopathy 

of prematurity; choroidal neovascularization. 

Lung Primary pulmonary hypertension; asthma; nasal polyps. 

Intestines Inflammatory bowel and periodontal disease; ascites; peritoneal adhesions. 

Reproductive 
system 

Endometriosis; uterine bleeding, ovarian cysts, ovarian hyperstimulation. 

Bone, joints Arthritis; synovitis; osteomyelitis; osteophyte formation. 

 

Numerous molecules have been documented to regulate angiogenesis, including growth factors, 

chemokines, cytokines, lipid mediators, hormones and neuropeptides56. 

 

1.5 Vascular endothelial growth factor (VEGF) 
Work over the last decades has demonstrated that VEGF is a key regulator of angiogenesis, and 

also that VEGF blockers inhibited physiological and pathological angiogenesis in a variety of 

models59,60.  

There are at least five different molecular variants that differ in total aminoacid number: VEGF121, 

VEGF145, VEGF165, VEGF189 and VEGF206, being VEGF165 the predominant form61.  

VEGF was initially termed vascular permeability factor (VPF), because of its capacity of inducing 

vascular leakage in vivo61,62. VEGF is also capable of inducing the procoagulant activity of monocytes 

and endothelial cells, and have the ability to stimulate monocyte migration in vitro62,63.  

Due to its role in blood vessel formation in a variety of physiological and pathophysiological 

biological processes (namely embryogenesis, wound healing, tumour growth, myocardial ischaemia, 

ocular neovascular diseases and chronic inflammatory diseases), VEGF is a protein of great interest64.  
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On one hand, as an angiogenesis inducer, VEGF can be used therapeutically in cardiovascular 

diseases. On the other hand, the development of antagonists for VEGF can be used as a strategy in 

the treatment of cancer and possibly other neovascular diseases in humans, since the uncontrolled 

growth of blood vessels plays a pathogenic role in several disorders, including cancer60,64. 

 

1.6 VEGF expression by MSC 
MSC have demonstrated to express VEGF, and other proteins indicative of angiogenesis29,40,41. 

However, these proteins are not found in cultured MSC, but rather are expressed after several weeks 

in the cardiac environment. Furthermore, the use of MSC alone shows an insufficient expression of 

angiogenic factors, and low cell viability after transplantation41. 

Studies have shown that VEGF expression is up-regulated in hypoxic conditions49,59,63,64. 

MSC overexpressing VEGF could enhance angiogenesis and myocardial function. Thus, through 

genetic modifications, it would be possible to further enhance MSC therapeutic efficacy41,49. 

Moreover, pro-VEGF therapy may be an effective approach to the prevention of occlusive artery 

and ischaemic heart and limb disease61,64. 

 

1.7 Gene Therapy 
Gene therapy allows the transfer of genetic information into patient tissues and organs. 

Consequently, diseased genes can be eliminated or their normal functions rescued, and the addition 

of new functions to the cells is possible14. 

Gene therapy relies on similar principles as traditional pharmacologic therapy: regional specificity 

for the targeted tissue, specificity of the introduced gene function in relation to disease and stability 

and controllability of expression of the introduced gene14. 

Gene therapy can be performed either by direct transfer of genes into the patient, or by using living 

cells as vehicles to transport the genes of interest14. 

 

1.8 Gene delivery methods 
In regenerative medicine and tissue engineering, genetic modification may be preferable over the 

exposure of cells to growth factors and cytokines, since the short half-life and body clearance of these 

molecules may imply the use of either high concentrations or repeated administrations in order to 

produce the desired biological effect65. 

Another possibility consists in delivering genes directly to the site of injury. This option is attractive 

because of its simplicity, however, with this method all the cells present in the injury site can be 

potentially affected, and thus specific gene transfer to the cells cannot be assured65. 

A more elegant possibility consists in using a cell-mediated gene therapy strategy65.  This 

procedure can be divided into three major steps: First, cells are isolated and propagated in vitro; 

Second, the cells are genetically modified in vitro; Finally, the genetically-modified cells are implanted 

in the patient65. This strategy is particularly advantageous using cells that are able to localize to 

particular regions of the human body – homing – which allows the delivery of the therapeutic gene with 

regional specificity14. 



 12 

An ideal gene delivery method should present the following features: ensure protection of DNA, 

exhibit specific targeting, prevent non-specific interactions with blood components, mediate the 

desired level of gene transfer and expression, be non-toxic, non-immunogenic and cost-effective65. 

Nevertheless, the selected gene delivery system should not affect cells’ proliferation and differentiation 

after transfection45. 

To efficiently reach the cell nucleus and be transcribed, the pDNA must overcome several 

barriers65: 

- It must be protected from degradation; 

- It should cross the cell membranes (cytoplasmatic and nuclear membranes); 

- In chemical methods, the complexes formed by pDNA and by the non-viral vector must be 

released from the formed endosomes and de-complexation must occur. 

 

Gene delivery methods can be divided in two main categories: the viral and the non-viral methods. 

 

1.8.1 Viral methods 
The traditional method to introduce therapeutic genes into cells involves the use of viral vectors, for 

instance lentivirus, retrovirus, adeno-associated virus and adenovirus-derived vectors. In spite of the 

high efficiencies in gene transfer and the stable gene expression, this method has potential problems, 

such as oncogenic transformation, pathogenic risk, induction of immune responses, limited capacity to 

incorporate exogenous DNA, difficult and costly mass production65. Thus, substantial efforts in the 

development of alternative non-viral systems have been made. 

 

1.8.2 Non-viral methods 
Non-viral methods can be engineered to target specific tissues, and offer high structural and 

chemical versatility. These methods offer several advantages, such as low or no immunogenicity, no 

risk of transmission of infectious diseases, flexibility towards DNA molecular size, and low production 

costs65. However, these systems lead to lower gene transfer efficiency and are commonly associated 

with cell mortality38.  

Non-viral systems are, in turn, divided in two categories: chemical and physical methods. 

 

Chemical methods involve the use of natural or synthetic materials that are able to condense and 

transfer the genetic material into the cell. Chemical methods present some disadvantages, such as 

low transfection efficiencies, transient gene expression, potentially high toxicity and levels of 

transfection highly variable depending on the cell type65. 

 

Physical methods comprise the simplest way of delivering genes to cells, which consists in putting 

naked DNA directly in contact with cells and include physical manipulations of cells, improving gene 

transfer. However, physical methods are difficult to be applied in vivo and cause severe cell and tissue 

damage65. 
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The most widely used non-viral systems are cationic lipids, cationic polymers, electroporation and 

nucleofection. 

 

Besides each systems advantages and disadvantages, an important feature when selecting the 

gene delivery method is the level and duration of gene expression: integrating viruses have long-term 

expression capacity, which is desirable to compensate or correct a genetic pathology, while non-

integrating vectors including adenoviruses and non-viral gene delivery methods allow transient 

expressions, preferred for the treatment of noninherited diseases45. 

 

1.8.2.1 Lipofection	  

From the current non-viral methods available, liposome carriers and electroporation-based gene 

transfer techniques were determined to be the most efficient for transfecting MSC. Despite effective in 

transfecting stem cells, electroporation leads to excessive cell death. Some lipofection reagents were 

able to successfully introduce transgenes into MSC, while these cells maintained their proliferation 

capacity and ability to differentiate into different mesodermal lineages without loss of transgene 

expression45. 

Lipofection uses cationic lipids, which have polar heads and non-polar tails, allowing the formation 

of liposomes. The positive charge of these structures allows their interaction with the anionic 

molecules of pDNA, forming lipoplexes. The positive charge of the liposomes also mediates the 

interaction of the nucleic acid and the cell membrane, allowing the fusion of the lipoplexes with the 

negatively charged cell membrane. Lipoplexes are thought to enter the cell through endocytosis, and 

that lipoplex destabilization of the endosomal membrane occurs afterwards, releasing the DNA into 

the cytoplasm65. (Figure 1.7) 

 

Several lipid-based transfection agents are commercially available, leading to high efficiencies in a 

wide variety of eukaryotic cells, being simple to perform and ensuring consistently reproducible 

results. Since cationic lipid reagents can successfully transfect cell lines normally resistant to 

transfection, they seem to be a promising tool for MSC’s transfection66. 

 

 
Figure 1.7 – General lipid design and proposed mechanism for DNA entry into cells67. 
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1.9 Gene delivery vectors 
 
The efficiency of a pDNA vector results from its ability in overcoming physical and metabolic 

barriers during trafficking to the cell nucleus, and also from the efficiency of the regulatory sequences 

responsible for the transgene expression68. 

A general plasmid has a region, named replication origin, which is crucial for its replication and 

assures its transmission to the progeny. The plasmid must also have a selection mark, which allows 

selecting the cell containing the pDNA. Another important region of the vector is the multiple cloning 

site, which facilitates the introduction of DNA in the plasmid. The pDNA should also have an efficient 

eukaryotic promoter element for transcription initiation and transcription termination (polyadenylation 

signals – Poly A)69. 

 

1.9.1 Synthetic poly A sequence 

Nuclease degradation of plasmid DNA (pDNA) after administration and during trafficking to the cell 

nucleus is one of the main causes of inefficient nuclear delivery of pDNA68. Since the supercoiled (SC) 

plasmid DNA is more efficient in terms of gene expression, it is the preferred form for gene delivery70. 

However, it has been shown that administered SC pDNA is converted to the open circular (OC) and 

linear (L) forms within a few minutes68.  

 

As pDNA protection with adjuvants (such as cationic lipids or polymers) cannot avoid their 

degradation in endo/lysosomal compartments, a strategy to overcome their degradation could be the 

design of vectors more resistant to nuclease action68. 

 

It has been shown that homopurine-rich tracts in polyadenylation sequences are especially 

important in pDNA resistance, so nuclease resistance in plasmids containing synthetic poly A 

sequences was tested. Results showed that plasmids with synthetic poly A sequences not only 

demonstrate significant improvements in nuclease resistance, but also have improved storage 

stability68. However, despite this increased resistance to nucleases, the plasmids showed significantly 

lower transfection efficiency in Chinese hamster ovary (CHO) cells. Taken together, results indicate 

that transfection levels results from a compromise between plasmid resistance and post-transcriptional 

efficiency of the poly A signal68. 

 

1.9.2 Minicircles 

The loss of transgene expression has been a major obstacle to the development of non-viral 

vectors. Studies have demonstrated that the plasmids’ bacterial DNA linked to a mammalian 

expression cassette was responsible for the transcriptional silencing of the transgene in vivo71,72. 

Moreover, the bacterial backbone of pDNA is highly rich in sequences that can trigger immune 

responses71-73. Furthermore, an inverse correlation between transfection efficiency and pDNA size 

was found74. A size reduction in pDNA may greatly improve vector availability by increasing the 

efficiency in diffusion and both cellular and nuclear entry of the transgene75.  
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So, in order to overcome the silencing effects, to avoid immune responses and to reduce the 

vectors size, a vector without the bacterial backbone – minicircle (MC) – have been developed.  

Minicircles are obtained by in vivo site-specific intramolecular recombination from a parental 

plasmid. Recombination is attained with the addition of the inducer to the bacterial growth medium, 

resulting in two DNA circles: one consisting of the expression cassette (the minicircle), and other 

containing all other DNA elements (the bacterial backbone (BB), also called miniplasmid (MP))75 

(Figure 1.8).  

Minicircles purification usually has two additional steps to separate the MC from the BB and traces 

of parental plasmid (PP), which hasn’t recombined. The final purification step requires a previous 

digestion of the DNA mixture, in which both PP and BB are linearized. 

 

 

 

Results show that minicircles are able to express high and persistent levels of therapeutic products 

in vivo, demonstrating a great potential for the treatment of several diseases71,72. 

 

1.10 Stem cells as gene therapy vehicles 
Considering their regenerative potential, gene modification of stem cells offers several advantages 

over conventional gene therapy, namely, avoiding administration of vectors and vehicles into the 

recipient organism77. 

This strategy can be used for many purposes: to modify stem cell properties by gene transfer, 

either to reconstruct organs, to deliver factors to retard regenerative processes or to deliver molecules 

for therapeutic use77. 

Both HSC and MSC have been explored as vehicles for gene therapy due to their ability to engraft 

in BM77. However, due to MSC’s ability to home to sites of ischemia or injury and their 

immunomodulatory properties, and since MSC do not induce any immunoreactions in the host upon 

local transplantation or systemic administration, MSC seem to be the ideal carrier to deliver genes into 

tissues for gene therapy applications38,47,77. 

Although retroviral vectors easily transduce MSC with gene transfer efficacies above 50%, primary 

cells as MSC are refractory to transfection using non-viral vectors, which makes transfection with non-

viral methods further complicated65. 

Figure 1.8 – Representation of the minicircle production: Minicircle and BB formation from the PP76. 
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Furthermore, it has been reported that the efficiency of MSC transfection decreases with the cell 

passage number65. 

 

A successful gene therapy based on MSC depends not only on the preparation, purification and 

composition of the pDNA, but also on the cells, the therapeutic genes to be delivered, the chosen 

gene delivery method and the adopted gene therapy strategy65 (Figure 1.9). 

 
Figure 1.9 – Variables related with gene therapy using MSC as vehicles65. 
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2 Materials and methods 
 

2.1 Plasmids construction, production and purification 
pVAX-VEGF-GFP (4273 bp) plasmid was obtained from pVAX-VEGF-IRES-GFP (4905 bp), by 

removing the IRES with PsiI (New England Biolabs) in NEBuffer 2 (New England Biolabs) and HpaI 

(Promega) in Buffer J (Promega) at 37ºC for 1 hour each digestion, followed by an overnight ligation at 

16ºC with T4 DNA Ligase (Promega) (Figure 2.1).  

pVAX-VEGF (3681 bp) plasmid was obtained by removing both the IRES and the GFP gene from 

pVAX-VEGF-IRES-GFP with ApaI (Promega) in Buffer A (Promega) at 37ºC for 1 hour, followed by an 

overnight ligation at 16ºC with T4 DNA Ligase (Figure 2.1). 

 

 
Figure 2.1 – pVAX-VEGF-IRES-GFP digestion with PsiI and HpaI (grey) to obtain pVAX-VEGF-GFP; and with 

ApaI (blue) to obtain pVAX-VEGF. 

 

The plasmids are derived from commercially available pVAX1 (Invitrogen) and contain the human 

cytomegalovirus (CMV) immediate-early promoter and a kanamycin resistance gene for bacterial 

selection. 

 

Plasmid DNA was obtained by growing E. coli cultures (harboring the plasmid) during the day in 15 

mL falcons containing 5 mL Luria-Bertani (LB, Sigma) medium supplemented with kanamycin (Merck) 

(30 µg/mL of final concentration) followed by an overnight growth in 2 L shake-flasks containing 250 

mL of LB medium supplemented with kanamycin (30 µg/mL of final concentration) at 37ºC and 250 

rpm45,78. 

 

Plasmid purification was performed according to the Endotoxin-free Plasmid DNA Purification Kit 

protocol (Macherey-Nager). 
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The purified plasmid solution’s concentrations were measured by spectrophotometry at 260 nm 

(NanoVue Plus, GE Healthcare Life Sciences) and pDNA integrity was verified by agarose gel 

electrophoresis stained with ethidium bromide. 

 

2.2 Minicircles construction, production and purification 
pMini-VEGF-GFP (5278 bp) was obtained by digestion of pMini-GFP (4702 bp) with EcoRI 

(Promega) and HindIII (Promega) (Figure 2.2) in a Multicore buffer (Promega) followed by a VEGF 

gene insertion. The VEGF gene was obtained from pVAX-VEGF-GFP digestion with EcoRI and HindIII 

in a Multicore buffer. The ligation was performed overnight at 16ºC with T4 DNA ligase. 

pMini-VEGF (4551 bp) was obtained from pMini-GFP by removing the GFP gene with BamHI 

(Promega) and ApaI  (Figure 2.2) in a Buffer A at 37ºC for 1 hour, followed by the insertion of the 

VEGF gene and an overnight ligation at 16ºC with T4 DNA Ligase. 

 

 
Figure 2.2 – pMini-GFP digestion with HindIII and EcoRI (blue) to obtain pMini-VEGF-GFP; and with BamHI and 

ApaI (black) to obtain pMini-VEGF. 

 

The intramolecular site-specific recombination between two identical multimer resolution sites 

(MRS) carried on parental plasmid in the same orientation (Table 2.1) was mediated by ParA 

resolvase expressed from a helper low-copy number plasmid pMMB206par2A under the expression 

control of pBAD/araC, which allows an adjustable control of gene expression: AraC stimulates in the 

presence of the arabinose and acts negatively in its absence. A kanamycin resistance gene is also 

present to allow bacterial selection. 
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Table 2.1 – Parental plasmids and the minicircles obtained by their recombination. 
 

 

 

 

 

 

DNA was obtained by growing E. coli cultures (harboring the plasmid) in 5 mL of LB medium with 

30 µg/mL kanamycin and 0.5% glucose overnight at 30ºC and 250 rpm, followed by a growth in 2 L 

shake-flasks containing 250 mL of LB medium with 30 µg/mL kanamycin at 37ºC and 250 rpm. When 

the culture reached between 3.5 and 4.5 of optical density, 0.01% L-Arabinose (Merck) was added to 

the culture for plasmids recombination and the bacteria were incubated at 37ºC and 250 rpm for 2 

additional hours. 

 

The beginning of the purification was performed according to the Endotoxin-free plasmid DNA 

purification kit protocol. The obtained solution was further purified using techniques that will be 

patented and therefore cannot be disclosed. 
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The concentration of purified DNA was measured by spectrophotometry at 260 nm (NanoVue Plus) 

and DNA integrity was verified by agarose gel electrophoresis stained with ethidium bromide. 

 

2.3 Human BM and UCM MSC culture 
Cryopreserved cells were thawed by submerging the cryovials in a 37ºC water bath and 

ressuspended in 5 mL of Iscove's Modified Dulbecco's Medium (IMDM, Gibco) supplemented with 

10% of Fetal Bovine Serum (FBS, Gibco) and centrifuged at 1250 rpm for 7 minutes. The pellet was 

ressuspended in Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% MSC-

qualified FBS and antibiotics. The number of cells and their viability was determined using the trypan 

blue (Gibco) dye exclusion method. Afterwards the cells were plated at a 3000 cells/cm2 cell density in 

cell culture flasks, using DMEM+10% FBS, and kept at 37ºC with 5% CO2 in a humidified atmosphere. 

The medium was replaced every 3-4 days. 

 

At 80% cell confluence, MSC were washed with Phosphate Buffered Saline (PBS, Gibco) and 

detached from the culture flasks using accutase solution (Sigma) for 7 minutes at 37ºC. Cell number 

and viability were determined using the trypan blue exclusion method and cells were plated at 3000 

cells/cm2 density in cell culture flasks with by DMEM+10% FBS at 37ºC with 5% CO2. 

 

Before transfection (and after at least one passage after thawing), MSC at 65-75% cell confluence 

were detached from the flasks by adding an accutase solution for 7 minutes at 37ºC. Cell number and 

viability were determined by the trypan blue exclusion method. All experiments were performed using 

cells at passages 3-6. 

 

2.4 Human BM and UCM MSC transfection 
For transfection, cells were plated at cell density 3000 cells/cm2 in 24-well plates78 and cultured in 

DMEM+10% FBS. After 72 hours of culture, 1 µg of pDNA encoding for VEGF was transferred to the 

cells using 1 µL of Lipofectamine 2000TM (Invitrogen)45, according to the supplier’s instructions. 

Lipofectamine and plasmid stock solutions were prepared with Opti-MEM ® I (Gibco) and mixed 

together, to form the DNA/lipid complexes. Culture medium was exchanged to DMEM (without serum 

nor antibiotics), and the transfection mixture was then added to the cells. After 5 hours of incubation at 

37ºC, the medium was replaced by DMEM+10% FBS. 

 

Supernatants were harvested and stored at different time points until day 7 for VEGF quantification 

with VEGF Human ELISA Kit (Ray Biotech), according to manufacturer’s instructions. 

GFP expression was measured at different time points until day 7 after transfection by flow 

cytrometry and transfected cells were frozen for determination of plasmid internalization by real-time 

polymerase chain reaction (RT-PCR). 

Non-transfected cells were used as a control, as well as cells treated only with lipofectamine 

(without pDNA). 
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Cell viability (Eq. 1), cell recovery (Eq. 2) and yield of transfection (Eq. 3) were determined using 

the trypan blue dye exclusion method and flow cytometry results at days 1, 2, 5 and using equations 

previously described by Madeira and co-workers79: 

 

𝐶𝑒𝑙𝑙  𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦   % = !"#$%&  !"#$%  !"##$
!!"#$  !"##  !"#$%&

×100          Eq. 1 

 

𝐶𝑒𝑙𝑙  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦   % = !"#$%&  !"#$%&'(!')  !"##$  !"#$%
!"#$%&  !"!!!"#$%&'(!')  !"##$  !"#$%

×100   Eq. 2 

 

𝑌𝑖𝑒𝑙𝑑  𝑜𝑓  𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑖𝑜𝑛   % =   !"#$%&  !"#$%&'(!')  !"##$  !"#$%  ×  !"#
!!"##$

!"#$%&  !"!!!"#$%&'(!')  !"##$  !"#$%
  ×100  Eq. 3 

 

2.5 VEGF quantification (ELISA) 
Supernatants were harvested on days 1, 2, 5 and 7, centrifuged to remove cells in suspension and 

frozen at -20ºC until the analysis was performed. VEGF quantification was performed using a specific 

human VEGF ELISA kit, according to manufacturer’s instructions. 

Each reagent, standard and stock solution was prepared according to manufacturer’s instructions. 

100 µL of each standard was added to the respective wells and incubated for 2.5 hours at room 

temperature with gentle shaking. The solutions were discarded and the wells rinsed 4 times with wash 

buffer, followed by 1 hour of incubation with 100 µL of biotinylated antibody. The microplate was again 

rinsed 4 times with the wash buffer and 100 µL of Streptavidin solution was added. After 45 minutes of 

incubation with gentle shaking and another 4 washings, 100 µL of TMB One-Step substrate reagent 

was added. After a 30 minute incubation at room temperature in the dark with gentle shaking, 50 µL of 

stop solution was added and the absorbance at 450 nm read immediately on Infinite® 200 Pro 

microplate reader. The standard curve was generated and the concentration of each sample was 

determined through this curve. The values were expressed as the mean of the triplicates. 

 

2.6 Flow cytometric analysis 
Cells were harvested using accutase and washed in PBS. Then, cells were counted and stained for 

15 minutes in the dark with 5 µL of propidium iodide (PI, Becton Dickinson) to assess cell viability. The 

percentage of dead and viable GFP-expressing cells was determined by flow cytometry (FACSCalibur, 

Becton Dickinson Biosciences) using the CellQuest software (Becton Dickinson Biosciences). 

In the beginning, an FSC-H/SSC-H gate was delineated to define the target cell population, then a 

gate in the FL1-FL3 plot was set to exclude both PI-positive and GFP-negative cells. Non-transfected 

cells and cells treated with lipofectamine were used to determine nonspecific fluorescence. 

GFP-expression was monitored on days 1, 2, 5 and 7 for cells transfected with GFP-enhanced 

plasmids. 

Cell recovery and viability were also determined using flow cytometric analysis. 
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2.7 Quantification of plasmid copy number 
Plasmid DNA quantification was carried out in a Roche LightCyclerTM detection system using the 

FastStart DNA Master SYBR Green I kit (Roche). The reaction was performed by amplification of a 

108 bp sequence within the GFP gene (forward primer: 5 -́TCG AGC TGG ACG GCG ACG TAA A- 3 ́; 

and reverse primer: 5 ́-TGC CGG TGG TGC AGA TGA AC- 3 ́).  
Each 20 µL of final reaction volume contained 2 µL of the 10x SYBR Green mixture, 0.4 µL of each 

primer (0.4 µM final concentration), 1.6 µL MgCl2 solution (3.0 mM final concentration), 2 µL of our 

sample (containing 12 500 cells) and 13.6 µL PCR grade water80. The quantification was performed 

using the thermal cycling program: 10 minutes at 95ºC, to activate FastStart DNA polymerase and 

denature the DNA, followed by 40 cycles of 10 seconds at 95ºC for denaturation, 5 seconds at 55ºC 

for annealing, and 7 seconds at 72ºC for extension. A calibration curve was constructed by adding 

serial dilutions of DNA vector standards to a suspension of non-transfected cells (12 500 cells per 

reaction). These samples were then mixed with the other PCR reagents as described above. One 

negative control was always included containing PCR grade water instead of control cells to detect 

undesired contamination.  

 

2.8 Multilineage differentiation assays 
The differentiation ability into osteogenic, adipogenic and chondrogenic lineages after transfection 

was also evaluated. For osteogenic and adipogenic lineages 2 wells of a 24-well plate were used, 

while for chondrogenic lineage 4 wells of a 24-well plate were used. 

In order to see differentiated cells expressing GFP, the differentiation was only performed for 7 

days, with the medium being changed once during that period. 

 

2.8.1 Osteogenic differentiation 

In order to induce osteogenesis, cells were cultured in a StemPRO Osteogenesis differentiation 

medium (Gibco). After 7 days of differentiation, cells were tested with alkaline phosphatase (ALP) and 

von Kossa stainings for ALP activity and mineralization, respectively. 

Cells were washed in PBS and fixed in 2% paraformaldehyde (PFA, Sigma). After 15 minutes, cells 

were washed with PBS and kept in distilled water. After another 15 minutes cells were incubated with 

Naphtol (Sigma) and Fast Violet (Sigma) for 45 min and washed three times with distilled water. Cells 

were observed under the microscope for ALP staining and afterwards cells were stained with silver 

nitrate (2.5% w/v, Sigma) for 30 minutes, also known as von Kossa staining. This procedure was 

performed at room temperature. 

 

2.8.2 Adipogenic differentiation 

To induce adipogenesis, cells were cultured in a StemPRO Adipogenesis differentiation culture 

medium (Gibco). Seven days later, cells were tested with Oil Red-O (Sigma) staining to assess lipid 

accumulation in the vacuoles. 
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Cells were washed with PBS and fixed in 2% PFA for 30 minutes. Afterwards, cells were washed 

with distilled water and incubated with Oil Red-O solution at room temperature for 1 hour and washed 

two times with distilled water. Then, cells were observed under the microscope for Oil Red-O staining. 

 

2.8.3 Chondrogenic differentiation 

In order to induce chondrogenesis, cells were plated as small droplets on an ultra-low attachment 

culture plate and cultured in a StemPRO Chondrogenesis differentiation medium (Gibco). After 7 days 

of differentiation, cells were tested with Alcian blue (Sigma) to detect sulfated glycosaminoglycans. 

Cells were washed with PBS and fixed in 2% PFA for 30 minutes. Afterwards, cells were washed 

two times with PBS and incubated with 1% Alcian Blue solution at room temperature for 1 hour. Cells 

were washed three times with PBS and observed under the microscope for Alcian Blue staining. 

 

2.9 Immunophenotypic profile 
Transfected cells were also analyzed by flow cytometry using four mouse anti-human monoclonal 

antibodies (PE-conjugated, since cells were expressing GFP) against: CD 73 (Biolegend), CD90 

(Biolegend), CD105 (Biolegend) and HLA-DR (BD Biosciences). 

The transfected cells were divided into 5 tubes and to each one the respective antibody was 

added; the fifth was used as the isotype control. After 15 minutes of incubation in the dark at room 

temperature the cells were washed in PBS and fixed in 2% PFA. Controls with non-transfected cells 

and cells treated only with lipofectamine (without pDNA) were also used. 

Cells were analyzed by flow cytometry using the CellQuest software. 

 

2.10 Data analysis 
Results involving more than one donor are presented as mean ± standard error of mean (SEM). 
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3 Aim of studies 
 

The main goal of this work is to obtain non-virally engineered human MSC transiently 

overexpressing VEGF in order to promote angiogenesis. Therefore, MSC from BM and UCM at 

different cell passages will be transfected using lipofectamine with VEGF-encoding vectors. Moreover, 

plasmids with a promoter mutation, which are more resistant to nucleases, were also evaluated as 

well as VEGF-encoding minicircles.  

 

Specifically, this work will be focused on: 

- Construction, production and purification of the gene delivery vectors; 

- Liposome-mediated gene transfer to BM and UCM MSC using the produced vectors; 

- Determination of cell recoveries, viabilities and transfection yields; 

- Quantification of the amount of VEGF secreted by the engineered-cells using a specific 

human VEGF ELISA kit; 

- Evaluation of the immunophenotypic profile and multilineage differentiation capacity of the 

MSC. 

 

Overall, this work is expected to enhance MSC therapeutic properties through a liposome-

mediated gene transfer of several VEGF-encoding vectors in order to promote angiogenesis. 
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4 Results and discussion 
4.1 Plasmids construction 

To obtain MSC genetically modified to overexpress VEGF, several plasmids were constructed, 

produced and purified in order to compare VEGF expression levels of each one. All the plasmids 

tested were pVAX plasmid derivatives. Similar plasmids with a promoter mutation, which makes them 

more resistant to nucleases, were also tested. The plasmids with the synthetic poly A sequence will be 

referred as O2, while the original plasmid will be mentioned as C1. 

The pVAX-VEGF-IRES-GFP plasmid was already available at IST’s laboratory, both in C1 and O2 

variants. The green fluorescent protein, GFP, is an extremely important reporter molecule on gene 

expression monitoring81. Since VEGF expression measurement is difficult, GFP presence in the 

plasmids eases the evaluation of the attained expression and also of transfection yields. The internal 

ribosome entry site, IRES, has been widely used to co-express heterologous gene products by a 

message from a single promoter82. However, studies have shown that IRES-dependent second gene 

expression was less efficient than the first gene expression82.  

Studies have demonstrated that smaller plasmids have higher transfection efficiencies74,75, so the 

aim was to develop smaller plasmids than the original one. Thus, the developed plasmids were 

obtained from the initial two by removing the IRES, and by removing both the IRES and the reporter 

gene GFP.  

 

4.1.1 pVAX-VEGF-GFP 

pVAX-VEGF-GFP was developed to reduce plasmid size, while keeping the reporter gene, which 

eases the evaluation of transfection efficiency. 

This plasmid was obtained from pVAX-VEGF-IRES-GFP by removing the IRES. pVAX-VEGF-

IRES-GFP was digested with two restriction enzymes: PsiI, which cuts between the IRES and the 

GFP gene, and HpaI, which cuts between the IRES and the GFP gene (Figure 2.1). Furthermore, the 

stop codon from the VEGF gene was also removed and the GFP gene sequence was appended in 

frame, so a single protein will be produced instead of two distinct proteins. It is important to refer that 

both enzymes have only one restriction site on this plasmid, so they only cut each plasmid once. Since 

each restriction enzyme has its own ideal buffer, the two digestions were held separately: HpaI in 

Buffer J and PsiI in NEBuffer 2. After removing the IRES, it was necessary to re-circularize the 

plasmid with T4 DNA ligase.  

 

4.1.2 pVAX-VEGF 

Since VEGF is our gene of interest, pVAX-VEGF was developed in order to assess VEGF 

expression levels with an even smaller plasmid. 

This vector was obtained by removing both the IRES and the GFP gene from pVAX-VEGF-IRES-

GFP. pVAX-VEGF-IRES-GFP was digested with ApaI, which has two restriction sites on pVAX-VEGF-

IRES-GFP: after VEGF gene and after GFP gene (Figure 2.1). pVAX-VEGF was obtained with a 

single digestion with ApaI in Buffer A. After the digestion, it was necessary to re-circularize the plasmid 

with T4 DNA ligase. 
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In order to confirm if the desired plasmids were obtained, they were submitted to an agarose gel 

electrophoresis (Figure 4.1). After that confirmation, a sample of each plasmid was sent to StabVida 

for sequencing. 

 

 
Figure 4.1 – Agarose gel electrophoresis of a) pVAX-VEGF-IRES-GFP (4905 bp); b) pVAX-VEGF-GFP (4273 

bp); c) pVAX-VEGF (3681 bp) using Ladder III (NZYTech). 

 

The supercoiled form migrates more than the linear form of the sample, so each plasmid’s band 

appears below their real size. 

 

4.2 Plasmids production and purification 
Plasmids production was achieved in two steps: first, a pre-inoculum growth during the day, and 

second an inoculum growth overnight. 

Plasmids purification was performed with the Endotoxin-free plasmid DNA purification kit, which 

allows a substantial endotoxin level reduction (according to Macherey-Nager). This feature has 

extreme importance in order to reach high transfection rates and viabilities. In the last purification step, 

plasmids were re-suspended overnight in a TE-EF buffer, since it provides better storage stability than 

an H2O-EF buffer. 

 

The concentration of purified plasmid solutions was measured by spectrophotometry at 260 nm 

(Table 4.1) (NanoVue Plus). 

 

To shorten, from now on pVAX-VEGF-IRES-GFP will be referred as p1, pVAX-VEGF-GFP as p2 

and pVAX-VEGF as p3. 

 

Table 4.1 – Produced plasmids concentrations. 

Plasmid 
pVAX-VEGF-IRES-GFP 

C1                   O2 

pVAX-VEGF-GFP 

C1            O2 

pVAX-VEGF 

C1      O2 

Concentration (ng/µL)      646         502 2675 2683 4448 5212 
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4.3 Plasmids verification 
pDNA integrity was verified by agarose gel electrophoresis stained with ethidium bromide (Figure 

4.2). Due to plasmids’ high concentrations the samples were diluted. 

 

 
Figure 4.2 – Agarose gel electrophoresis of the produced and purified a) pVAX-VEGF-IRES-GFP (4905 bp), b) 

pVAX-VEGF-GFP (4273 bp) and c) pVAX-VEGF (3681 bp) using Ladder III. 

 

As we can see on Figure 4.2, all the plasmids were successfully produced and purified, although a 

minimal part of the plasmid became OC (comparing to the intensity of the SC band). 

 

4.4 Minicircles construction 
In order to reduce the vectors’ size, overcome the silencing effects and also avoid immune 

responses because of the bacterial DNA, minicircles containing the VEGF gene were also developed. 

All parental plasmids were obtained from pMini-GFP, which was available at IST’s laboratory. 

 

4.4.1 pMini-VEGF-GFP 

pMini-VEGF-GFP was obtained by digestion of pMini-GFP with EcoRI and HindIII (Figure 2.2) in a 

Multicore buffer and insertion of the VEGF gene. The VEGF gene was, in turn, obtained from pVAX-

VEGF-GFP digestion with EcoRI and HindIII in a Multicore buffer. In order to re-circularize the 

plasmid, an overnight ligation with T4 DNA ligase was performed. 

 

4.4.2 pMini-VEGF 

pMini-VEGF was obtained from pMini-GFP by removing the GFP gene with BamHI and ApaI 

(Figure 2.2) in Buffer A, followed by the insertion of the VEGF gene (obtained as explained in the 

previous section) and an overnight ligation with T4 DNA Ligase. 

 

 

4.5 Minicircles production and purification 
Minicircles production is more complex, since it also involves the parental plasmid’s recombination. 

A pre-inoculum grown overnight (at 30ºC instead of 37ºC) and an inoculum growth (at 37ºC) was 

carried out during the day because cell growth had to be monitored. The medium’s optical density was 
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measured every hour and when it reached a value between 3.5 and 4.5, recombination was induced 

through the addition of L-arabinose. Finally, cells incubated for 2 additional hours at 37ºC. 

 

The beginning of the minicircles purification was performed with the Endotoxin-free Plasmid DNA 

Purification Kit. The further purification steps will be patented and therefore cannot be revealed. 

 

The concentration of purified plasmid solutions was measured by spectrophotometry at 260 nm 

(Table 4.2) (NanoVue Plus). 

 

Table 4.2 – Produced minicircles concentrations. 
Minicircle MC-VEGF-GFP MC-VEGF 

Concentration (ng/µL) 447 134 

 

4.6 Minicircles verification 
DNA integrity was confirmed by agarose gel electrophoresis stained with ethidium bromide (Figure 

4.3 and Figure 4.4). 

 

 
Figure 4.3 - Agarose gel electrophoresis of a) pMini-VEGF-GFP (5278 bp); b) MC-VEGF-GFP (2457 bp) + BB + 

PP fragments after partial purification; and c) MC-VEGF-GFP (2457 bp) after the final separation using Ladder III. 

 

Figure 4.3 shows that only supercoiled and open circular MC-VEGF-GFP was obtained at the end 

of the separation process, which allowed the removal of BB and PP fragments. Moreover, figure c) 

shows the presence of both OC and SC minicircle isoforms in the minicircles solution. 
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Figure 4.4 – Agarose gel electrophoresis of a) produced and purified (using Endotoxin-free Plasmid DNA 

Purification Kit) MC-VEGF (1730 bp) + BB (2821 bp) + PP (4551 bp); b) MC-VEGF + BB + PP fragments after 

partial purification; c) MC-VEGF (1730 bp) after the final separation using Ladder III. 

 

Figure 4.4 a) shows several contaminants that the produced MC-VEGF contained after purification 

with Endotoxin-free plasmid DNA purification kit, which were eliminated after further separation (c). 

Only supercoiled and open circular minicircles were obtained after the final purification step. However, 

most of the minicircle obtained seems to be OC, instead of SC, which can decrease transfection 

efficiencies70. 

 

4.7 MSC transfection 
Among the current non-viral methods, lipofection and electroporation are the most efficient gene 

transfer techniques for MSC transfection45. Despite effective in transfecting stem cells, electroporation 

leads to excessive cell death45, while lipofectamine works effectively with all common cell lines as well 

as the challenging ones67. Since lipofectamine-mediated transfection has already been optimized for 

MSC reaching very promising results45,78, lipofectamine was the chosen transfection reagent for this 

work. 

 

As previously optimized, MSC were plated at a 3000 cells/cm2 cell density78  and the transfection 

was performed 72 hours after plating78 using a DNA mass equivalent to 1 µg of pVAX-GFP (Table 4.3) 

and 1 µL of lipofectamine78. Since BM and UCM MSC have shown superior levels of GFP+ cells, 

higher yields of transfection and greater plasmid copy number uptake than AT MSC78 and due to time 

constrains in this work only BM and UCM MSC were tested. 

 

Table 4.3 – DNA mass used per well, which is equivalent to 1 µg of pVAX-GFP. 
Encoding gene(s) VEGF-IRES-GFP VEGF-GFP VEGF 

Plasmid / Minicircle pDNA pDNA MC pDNA MC 

Equivalent mass 1.31 1.16 0.67 1 0.47 

 

MSC’s transfection with several VEGF-encoding plasmids and minicircles was evaluated in terms 

of cell recovery and viability (days 1, 2, 5 and 7). MSC’s lipofection using VEGF-GFP-encoding 
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vectors was also assessed in terms of GFP+ cells and yield of transfection at the same time-points. 

Supernatants removed 2 days after transfection were also used for VEGF quantification using a 

specific ELISA kit. 

 

Only a single transfection using pVAX-VEGF-IRES-GFP C1 and O2 was performed (data not 

shown) because of the poor outcomes: no GFP expression was obtained and the majority of 

transfected cells died. Even accounting for PI-expressing cells, only about 1% of them expressed 

GFP.  

VEGF-GFP encoding plasmids and minicircles were tested in three donors of two different MSC 

sources. BM donors were all male with ages ranging between 38 and 41 years. 

Due to time constrains and difficulties in evaluating their transfection efficiencies (due to the 

absence of the GFP gene in the vector), pVAX-VEGF plasmids, as well as MC-VEGF were only tested 

once. 

 

4.7.1 Fluorescence microscopy 
The presence of several GFP+ cells in suspension and of some GFP-expressing cells with circular 

morphology (Figure 4.5) during microscopic observation reveals that some cells did not survive the 

transfection procedure. 

 

 
Figure 4.5 – Morphology differences observed in fluorescence microscopy of transfected MSC: figure a) shows 

healthy GFP-expressing cells, while figure b) shows cells that did not survive the transfection procedure, 

presenting a circular shape. 

 

Transfected MSC were observed under a fluorescence microscope in order to observe GFP 

expression by BM and UCM transfected cells.  Figure 4.6 shows few GFP+ cells, although looking 

carefully at the pictures, it is possible to see that UCM cells’ pictures show more GFP+ cells than BM 

cells 24 hours after transfection (despite the lower contrast). 

 

a) b) 
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Figure 4.6 – Fluorescence microscopy of transfected MSC: on the left pictures of BM cells and on the right 

pictures of UCM cells transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-VEGF-GFP 24 hours 

after lipofection. 

 

4.7.2 Cell viability 

Cell viability (Eq. 1, section 2.4) is an important parameter to evaluate how cells handled the 

transfection procedure. However, this parameter does not take into account the cells that detached 

from the cell culture plate, which did not survive the lipofection. Determining the viability of the non-

transfected cells, of the cells treated with lipofectamine (without pDNA) and of the engineered-cells it’s 

possible to estimate both the transfection and the DNA-entrance effect on cell viability.  
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4.7.2.1 VEGF-‐GFP-‐encoding	  vectors	  

 
Figure 4.7 – Cell viabilities of BM MSC: control cells, cells treated with lipofectamine (LF) and cells transfected 

with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-VEGF-GFP. Data obtained from experiments with 3 

different donors (n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

BM MSC show higher cell viabilities (Figure 4.7) for non-transfected control and cells only treated 

with lipofectamine. The slight differences between cell viability of these two controls show that the 

lipofection process itself does not decrease cell viability. Moreover, transfected cells’ viabilities were 

significantly lower than control cells’ viabilities (decreased about fourfold) during the first days after 

transfection, which means that the pDNA entrance was responsible for a significant cell viability loss. 

Five days after the transfection, transfected cells’ viability starts increasing and one week after 

transfection cells have regained cell viabilities around eighty percent. There are no significant 

differences between cell viabilities from each vector transfections.  

 

 
Figure 4.8 - Cell viabilities of UCM MSC: control cells, cells treated with lipofectamine (LF) and cells transfected 

with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-VEGF-GFP. Data obtained from experiments with 3 

different donors (n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 
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UCM MSC transfection results (Figure 4.8) only show higher cell viabilities for the control cells on 

the beginning of the experiment; afterwards transfected cells show higher cell viabilities. These results 

might be explained by the culture time: after several days in a 2 cm2-well, control cells start 

experiencing surface area limitation, decreasing cell viability, while transfected cells suffer from a cell 

division arrest78 and do not experience that limitation during the experiment time. Once again, results 

did not indicate major differences in cell viabilities from each vector’s transfections, neither in viabilities 

between control cells and cells treated with lipofectamine.  

 

Transfected UCM MSC show higher viabilities (between 57±7% and 90±3%) than transfected BM 

MSC (between 16±1% and 82±1%), which indicates that UCM MSC handled better the lipoplex-

uptake than BM MSC.  Moreover, UCM cells seem to suffer a shorter period of cell division arrest, 

since on day 5 engineered-UCM cells attained higher viabilities than control cells. These results are in 

accordance with previous work78. 

 

4.7.2.2 VEGF-‐encoding	  vectors	  

The viability of the cells transfected with VEGF-encoding vectors was only assessed on a single 

experiment of 5 days (Figure 4.9).  

 

 
Figure 4.9 – UCM cells viabilities of control cells, cells treated with lipofectamine (LF) and cells transfected 

with VEGF-GFP-encoding and VEGF-encoding vectors. Data obtained from a single experiment with the same 

donor cells during five days. 

 

Although more than a single experiment would be necessary to take more reasonable conclusions, 

in order to compare them with the previous results, the cells used in this experiment were from the 

same donor as in a transfection using VEGF-GFP-encoding vectors.  

A slight decrease in transfected cells’ viabilities for VEGF-encoding vectors (except for cells 

transfected with p3O2, which had higher viabilities compared to p2O2 on day 5) can be observed. 

Thus, VEGF-encoding vectors transfection led to cell viabilities similar to VEGF-GFP-encoding 

vectors. Once again, no major differences between viabilities of cells transfected with each vector 

were observed. 
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4.7.3 Cell recovery 

Cell recovery (Eq. 2, section 2.4) offers an estimative of the amount of cells that remained adherent 

to the tissue culture plate after transfection. This value was determined for each vector transfection for 

days 1, 2, 5 and 7 after transfection. 

 

4.7.3.1 VEGF-‐GFP-‐encoding	  vectors	  

 
Figure 4.10 - Cell recoveries of BM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and 

MC-VEGF-GFP. Days 2 and 5 data obtained from experiments with 3 different donors (n=3) ± SEM. Days 1 and 7 

data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

Cell recovery results from BM MSC transfection (Figure 4.10) were all below 10% and no 

significant differences between each plasmid were observed. However, cells transfected with the 

minicircles had slightly higher cell recoveries from the second day on. 

 

 
 

Figure 4.11 - Cell recoveries of UCM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-

VEGF-GFP. Data obtained from experiments with 2 different donors (n=2) ± SEM. Day 7 data obtained from 

experiments with one donor. 
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Cell recoveries from transfected UCM MSC were divided in two, since the cells of one of the 

donors reached far greater cell recoveries compared to the other two donors. Results from the 

transfection of two donors (Figure 4.11) show higher cell recoveries than the ones obtained with BM 

MSC, reaching 31±9%. Moreover UCM MSC transfected with the minicircles had higher cell 

recoveries throughout the experiment. 

As expected, since transfected cells suffer from a cell division arrest, the number of non-

transfected cells increases faster than the number of transfected cells, therefore cell recoveries 

decreased over time. 

 

The donor with higher results than the other two, showed cell recoveries over 61%, reaching 

values above 100% on days 5 and 7. This fact is explained by the surface area limitation experienced 

by the non-transfected cells after 7 days in culture, while transfected cells suffered cell division arrest 

within the first two days and only experienced surface area limitation later. Thus, non-transfected cells 

start detaching from the plate while transfected cells are actively dividing, reaching and exceeding the 

number of non-transfected cells. 

 

 
Figure 4.12 - Cell recoveries of UCM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-

VEGF-GFP. Data obtained from experiments with 3 different donors (n=2) ± SEM. Day 7 data obtained from 

experiments with two donors. 

 

Considering the cell recoveries obtained by the 3 different donors (Figure 4.12), the average cell 

recoveries are significantly higher, with values between 32±19% and 63±58%. Once again, cells 

transfected with the minicircles attained the highest recoveries throughout the experiment. However, 

as we can see, combining the results obtained with the three donors led to larger error bars, and to an 

inversion of the evolution of cell recovery during the transfection experiment (increases over time, 

instead of decreasing). 

 

Looking at these results, it would be natural to think of increasing the cell density at which cells 

were plated in order to increase cell recoveries, especially for BM cells, which had the lowest values. 
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However, cells should not be plated at high cell densities in order to avoid/delay surface area limitation 

(the cells remain in culture for ten days) and to guarantee that most cells are actively dividing when 

the transfection occurs. Moreover, using the same amount of pDNA for the transfection of a lower 

number of cells, more DNA copies should enter the cells and the transfection efficacy should be 

improved. 

 

4.7.3.2 VEGF-‐encoding	  vectors	  

The recovery of the cells transfected with VEGF-encoding vectors was only assessed on a single 

experiment of 5 days (Figure 4.13).  

 

 
Figure 4.13 - UCM cells recoveries of cells transfected with VEGF-GFP-encoding and VEGF-encoding vectors. 

Data obtained from a single experiment during five days. 

 

As for cell viabilities, no major differences were found between cell recoveries of cells transfected 

with VEGF-encoding and VEGF-GFP-encoding vectors. However, during the first two days, cell 

recoveries of cells transfected with VEGF-encoding vectors reached slightly higher values (except for 

cells transfected with p3O2 on the first day, which were lower). Results obtained with the different 

VEGF-encoding vectors were similar, except on day 2, where MC-VEGF achieved a cell recovery 

slightly lower than on day 1 (4% drop), while the conventional plasmids suffered a significant drop 

(16% and 11% drop for C1 and O2 plasmids, respectively). Nevertheless, it is important to reinforce 

that it would be necessary to do more experiments to achieve more conclusive results. 

 

4.7.4 GFP+ cells 

Although our interest gene is VEGF, the analysis of GFP expression is a good tool to evaluate 

transfections’ results and also VEGF expression. The proportion of GFP+ cells is part of the data given 

by the cytometer. However, those values had been corrected due to cell’s auto-fluorescence, which 

was determined with the control cells. The amount of GFP+ cells allows us to estimate the number of 

cells that expressed the transgene after transfection. Moreover, the quantity of GFP+PI- cells provides 

information about the number of viable cells expressing GFP. Furthermore, the vectors studied in the 

present work do not have capability of replicating inside the cells, thus a decrease in the number of 
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GFP-expressing cells over time is expected due to the decrease in the plasmid copy number (PCN) 

inside the cells. 

 

 
Figure 4.14 - GFP+ total cells (%) of BM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and 

MC-VEGF-GFP, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different donors 

(n=3) ± SEM. Day 2 and 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

Total GFP expression by engineered-BM cells (Figure 4.14) reached over 30% twenty-four hours 

after lipofection and this expression declined over time. Contrary to what was expected, conventional 

plasmids led to higher GFP expression, while cells transfected with the minicircle had the lowest GFP 

expressions.  

 

 
Figure 4.15 - GFP+ total cells (%) of UCM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 

and MC-VEGF-GFP, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different donors 

(n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

Total GFP expression by UCM transfected cells (Figure 4.15) reached about 20% twenty-four 
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vectors were very small and once again, cells transfected with the minicircles had lower GFP 

expression over time. 

 

BM cells achieved higher GFP expression than UCM cells, however, for more conclusions, the 

percentage of GFP+ cells must be compared with GFP+ viable cells (PI-). 

 

 
Figure 4.16 – GFP+PI- cells (%) of BM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and 

MC-VEGF-GFP, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different donors 

(n=3) ± SEM. Day 2 and 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

As opposed to what was expected, for BM cells transfection GFP+ cells did not decrease from day 

two to day five. Since the tendency obtained was the expected except for day 2, results from day two 

must be incorrect. 

BM cells transfection results regarding GFP+PI- cells (Figure 4.16) show that the differences 

between different plasmids are not significant, although minicircles led to the highest GFP+PI- cells 

percentage, except for the second day, where results seem to be lower than expected. Moreover, cells 

transfected with pVAX-VEGF-GFP O2 have the lowest GFP+PI- cells percentage, except for day five. 

 

Comparing GFP+ and GFP+PI- percentages from the BM cells transfection, we can see that GFP+ 

cells transfected with the minicircles, despite being less, had more GFP+PI- cells than cells transfected 

with the plasmids. This leads to an important observation: most of the GFP-expressing cells were non-

viable, especially in the cells transfected with the plasmids, which, in turn, means that minicircles 

transfection led to lower viability loss. 
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Figure 4.17 - GFP+PI- cells (%) of UCM MSC transfected with pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 

and MC-VEGF-GFP, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different donors 

(n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

Regarding UCM cells transfection (Figure 4.17), cells transfected with pVAX-VEGF-GFP C1 have 

the highest GFP+PI- cells percentage, except for day 5. Although, as was the case for BM cells, UCM 

cells’ results for the different plasmids are similar. As seen for BM cells transfected with pVAX-VEGF-

GFP O2, UCM cells also have the lowest GFP+PI- cells percentage for pVAX-VEGF-GFP O2 

transfection, except in the first day. 

 

Comparing both MSC sources, UCM cells achieved the highest GFP+PI- cells’ percentage, 

however BM cells had higher GFP+PI- cells’ percentage in the last days of experiment. This outcome 

can indicate that although UCM cells have reached higher expression levels, they lose them faster 

than BM MSC. 

Moreover, these results show the heterogeneity between different donors, especially during the 

first days, when each donor reached different values, while in the last days they all tend to zero. 

 

Comparing GFP+ and GFP+PI- percentages from UCM cells lipofection, we can observe that over 

half of the GFP-expressing cells were viable. 

 

Thus, UCM transfection achieved higher GFP+PI- cells percentage (13%) than BM cells (9,8%), 

despite BM reaching considerably higher total GFP+ cells (34±7%) than UCM cells (23±3%). This 

result suggests that UCM cells can withstand better the DNA-uptake than BM cells. Although UCM 

cells transfection has attained the highest GFP+PI- cells’ percentage (13±3%), differences compared 

to BM cells’ results are not substantial. As expected, differences between GFP+PI- and GFP+ cells are 

larger during the first days, and diminish over time. 

 

4.7.5 Yield of transfection 

The yield of transfection assesses the transfection efficacy through the evaluation of the recovered 

GFP-expressing cells (Eq. 3, section 2.4). 
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Transfection yield was determined for each plasmids transfection in days 1, 2, 5 and 7 after 

transfection. 

 

 
Figure 4.18 – BM MSC yields of transfection (%) for pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-VEGF-

GFP transfections, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different donors 

(n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

The yield of BM cells transfection (Figure 4.18) did not reach 2% and suffered a large reduction 

after the first day. Although cells transfected with minicircles did not have the best results during the 

first days, they presented the highest yields on the last two time-points. This result might indicate that 

they have, in fact, more persistent expression than conventional plasmids, as previously demonstrated 

by Argyros and co-workers72. 

 

 
Figure 4.19 - UCM MSC yields of transfection (%) for pVAX-VEGF-GFP C1, pVAX-VEGF-GFP O2 and MC-

VEGF-GFP transfections, 1, 2, 5 and 7 days after transfection. Data obtained from experiments with 3 different 

donors (n=3) ± SEM. Day 7 data obtained from experiments with 2 different donors (n=2) ± SEM. 

 

Regarding the yields of UCM cells transfection (Figure 4.19), all the vectors attained 4% 24 hours 

after lipofection, and even on the second day the yields from UCM cells transfection were higher than 
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the yields from the BM cells transfection on the first day. Importantly, minicircles led to the highest 

yields of transfection except on the first day. Moreover, the yields of minicircle transfections were more 

than twice and threefold than for conventional plasmids yields on days 5 and 7, respectively. 

 

UCM cells reached higher yields of transfection than BM cells (4 fold). Both for UCM and BM cells, 

although minicircles did not led to the highest values during the first days, they led to the highest yields 

of transfection on days 5 and 7, exhibiting a more persistent expression than conventional plasmids 

(about 2 fold). 

 

As previously mentioned, since the vectors used do not have the capacity to replicate inside the 

cells, GFP expression and thus transfection yields decrease overtime. Moreover, as yield of 

transfection calculation takes into account the amount of transfected and non-transfected cells, since 

transfected cells suffer a cell division arrest, the number of non-transfected cells is higher, which also 

decreases the yield. 

 

It is also interesting to compare GFP expression and the yield of transfection: although UCM cells 

transfected with pVAX-VEGF-GFP C1 had higher percentages of GFP+ cells, cells transfected with 

minicircles achieved better transfection yields. This difference can be explained by cell recoveries: 

cells transfected with the minicircle had better cell recoveries than the ones transfected with the 

conventional plasmids (except on the last day). 

 

4.7.6 Summary 

No major differences were obtained between the different vectors, although minicircles seem to 

have higher expression levels and yields during the last experiment days, which indicate that 

minicircles have a more persistent expression. However, higher expressions were expected for cells 

transfected with the minicircles, which was not observed. This might have happened because of the 

amount of OC minicircle obtained in the produced and purified minicircles solution, which have lower 

transfection efficiencies.  

Regarding the two different MSC sources, UCM cells seem to not only attain higher cell recoveries 

and viabilities, but also greater expression levels and yields of transfection than BM cells. These 

results seem to demonstrate a better capacity of UCM cells to uptake foreign DNA while remaining 

viable, and also to express that transgene. Furthermore, it is clear that gene delivery to the cells was 

responsible for viability loss, but the transfection reagent itself did not seem to affect cell viability. 

The low expression levels and yields of transfection obtained in the present work might be 

explained by the inactivation of the CMV immediate early promoter, a phenomenon previously 

described by Prosch and co-workers83. Moreover, since minicircles tested also have this promoter, 

they might have been silenced, contrarily to what was expected, which could also explain the reason 

why minicircles did not attain better results than conventional plasmids. 

 



 42 

Moreover, donor variability is also noteworthy especially at the beginning of the experiment, as 

seen by the error bars. 

 

Table 4.4 – Resume of BM and UCM-MSC transfection. Values presented correspond to the mean of the 
experiments with the different donors ± SEM. 

MSC’s source BM cells UCM cells 

 Minimum Maximum Minimum Maximum 

Cell viability (%) 16 ± 0.6 82 ± 11 58 ± 6.6 91 ± 3.2 

Cell recovery (%) 0.4 ± 0.2 8.1 ± 1.9 32 ± 19 63 ± 58 

GFP+ cells (%) 6.7 34 ± 6.6 2.2 ± 1.9 23 ± 2.7 

GFP+PI- cells (%) 0.5 ± 0.3 9.8 ± 5.4 0.3 13 ± 3.8 

Yield of transfection (%) 0.0 1.2 ± 1.0 0.0 4.2 ± 0.7 

 

4.7.7 Comparison with previous studies 

A previous study by Madeira and co-workers45, using lipofectamine to engineer BM MSC was 

performed with a ratio Lipid/DNA=1.25, plating cells at higher cell densities and transfecting them on 

the next day. In this study, viabilities between 90 and 95% 24 hours after transfection were attained, 

which are much higher than the viabilities obtained in the present work (26% for BM cells and 60% for 

UCM cells).  

Moreover, they were able to recover from 50 to 98% of the cells 24 hours after transfection. While, 

in the present work, we only recovered 8% of the engineered-BM cells and 43% of the transfected 

UCM cells. Both results are lower than the ones obtained on that study. 

The GFP-expression attained was very similar: in the present work, we obtained up to 34% of 

GFP+ cells while Madeira and colleagues attained up to 35% of GFP-expressing cells. 

The results obtained in the present work might be worse because of the lower cell density by which 

cells were plated, and also because of the use of bigger plasmids that could have led to cell death and 

lower transfection efficiencies. 

 

Since the present work used the parameters previously optimized by Boura and co-workers78, it 

would also be interesting to compare the results obtained in both studies. The only differences 

between the two works are the culture medium and the vectors used: Boura and colleagues used 

xeno-free medium and used pVAX-GFP, while in the present work DMEM+10% FBS was used and 

several pVAX-derived plasmids and minicircles were used. 

Boura and colleagues accomplished higher GFP+PI- cells (58±7.1% vs 13±3.5% for UCM cells), 

yields of transfection (31±0.4 vs 4,2±0.7) cell recoveries (~50% vs ~38% for UCM cells) and viabilities 

(>85% vs >57% for UCM cells) 24 hours after transfection.  

As regards GFP-expression it is important to notice that the GFP-encoding vectors used in the 

present work were VEGF-GFP-encoding vectors, which are larger than the plasmid used by Boura 

and colleagues. For the same reason, the yields of transfection attained in the present work are lower. 
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Regarding the lower cell recoveries and viabilities, a possible explanation is related to the culture 

medium used, since a study by dos Santos and co-workers3 showed that higher cell densities were 

obtained in xeno-free medium, compared to DMEM+10%FBS. Thus, less cells have been transfected 

(since the expansion in DMEM takes longer), and possibly the cell division arrest experienced by 

transfected cells has lasted longer. 

 

4.8 Transfected MSC in vitro characterization 
Transfected cells were characterized in vitro based on their immunophenotype and differentiation 

potential into mesodermal lineages.  

 

4.8.1 Immunophenotypic analyses 

MSC immunophenotype was assessed using four different surface markers: CD73, CD90, CD105 

and HLA-DR. CD73, CD90 and CD105 should be expressed by MSC, while they should not express 

HLA-DR. As explained in section 2.9, since transfected cells were expressing GFP, all antibodies used 

were PE-conjugated. 

 

Table 4.5 – Expression of cell surface markers by transfected and non-transfected BM cells. 
Surface marker CD 73 CD 90 CD 105 HLA-DR 

Control cells 96.7% 95.9% 89.5% 18.3% 

Transfected cells 81.9% 66.9% 71.9% 14.2% 

 

Results (Table 4.5) show that transfected cells are positive for CD73, CD90 and CD105, and 

negative for HLA-DR. However surface markers expression in transfected cells is lower compared to 

control cells. 

 

4.8.2 Multilineage differentiation 

To prove that the engineered-MSC did not lose their multipotency, the differentiation of transfected 

MSC as induced toward osteogenic, adipogenic and chondrogenic lineages. After seven days of 

differentiation, cells were observed using lineage-specific stainings.  

Osteogenesis was confirmed by positive staining for ALP (Figure 4.20 a and b), indicating an 

increased ALP activity, and von Kossa staining (Figure 4.20 b) observed by deposition of silver 

stained mineralized calcified matrix. 
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Figure 4.20 – Osteogenic differentiation of transfected bone marrow MSC: picture a) after ALP staining and 

picture b) after ALP and von Kossa staining. 

 

Adipogenesis commitment was confirmed by the formation of intracellular lipid vacuoles stained red, 

as assessed by Oil-Red O staining (Figure 4.21). 

 

  
Figure 4.21 – Adipogenic differentiation of transfected bone marrow MSC after Oil Red-O staining. 

 

However, chondrogenesis could not be verified. Beyond the possibility that cells have lost their ability 

to differentiate into chondrocytes, there are two possible and more likely explanations for this: the first 

possibility is that the number of cells used for chondrogenic differentiation was not enough to perform 

this particular differentiation, since a cell number far below the recommended 1 million cells was used; 

the second possible explanation is that the cells could have been accidently removed during medium 

change or during the staining washing steps, since they were plated on an ultra-low attachment 

culture plate. Thus, this does not mean that engineered MSC could not differentiate into chondrocytes. 

Therefore, it can be concluded that MSC retain their ability to differentiate into adipocytes and 

osteocytes in vitro after being transfected. Moreover, after differentiation, GFP expression could still 

be detected. 

 

a) b) 
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4.9 CHO cells transfection 
Due to the difficulty of transfecting MSC, CHO cells were transfected once with the vectors studied 

in MSC. The goal was to evaluate cell viability and recovery, and also the yield of transfection and the 

GFP+ cells’ percentage attained by each vector, and compare those values to the ones obtained with 

MSC. 

CHO cells transfection had a few differences comparing to MSC transfection. Cells were plated at 

a higher cell density (500 000 cells/cm2) and the transfection was performed 24 hours after plating the 

cells. Moreover, the results were only assessed 48 hours after the transfection, instead of evaluating 

them at several time-points. 

 

4.9.1 Cell viability 

 
Figure 4.22 – Cell viabilities of CHO cells: control cells, cells treated with lipofectamine and cells transfected 

with the VEGF-GFP-encoding and VEGF-encoding vectors. Data obtained from a single experiment 48 hours 

after transfection. 

 

Concerning transfected CHO cells’ viabilities (Figure 4.22) it is possible to notice that neither the 

transfection reagent, nor the DNA entrance significantly affect cell viability: transfected cell viabilities 

were all greater than 68%, compared to the 73% attained by control cells. Moreover, cells transfected 

with VEGF-encoding vectors (the smaller ones) attained higher cell viabilities than VEGF-GFP-

encoding vectors (the bigger ones). Additionally, no major differences were observed between the 

viabilities of cells transfected with the different VEGF-encoding vectors, and also between VEGF-GFP-

encoding vectors. 
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4.9.2 Cell recovery 

 
Figure 4.23 - Cell recoveries of CHO cells transfected with the VEGF-GFP-encoding and VEGF-encoding 

vectors. Data obtained from a single experiment 48 hours after transfection. 

 

CHO cells recovery (Figure 4.23), reached about 70% for the cells transfected with the VEGF-

GFP-encoding vectors, while VEGF-encoding vectors led to near 90% of cell recovery. Thus, once 

again, smaller plasmids obtained the best results and no major differences were observed between 

vectors encoding the VEGF and GFP genes, and also between vectors encoding the VEGF gene. 

 

4.9.3 GFP+ cells 

 
Figure 4.24 - GFP+ total cells (%) of UCM MSC and CHO cells transfected with pVAX-VEGF-GFP C1, pVAX-

VEGF-GFP O2 and MC-VEGF-GFP, 48 hours after transfection. UCM MSC data obtained from experiments with 

2 different donors (n=2) ± SEM. CHO cells data obtained from a single experiment. 

 

As expected, the attained GFP+ total cells’ percentages in CHO cells transfection were higher than 

the percentages obtained in MSC transfection (Figure 4.24).  GFP+ cells’ percentages achieved in 

CHO cells transfection were 2.8-fold higher for pVAX-VEGF-GFP C1, 3.9-fold higher for pVAX-VEGF-

GFP O2, and 3.7-fold higher for MC-VEGF-GFP. 
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The transfection with the minicircle led to the highest GFP+ cells’ percentage in CHO cells 

transfection: nearly half of the recovered cells transfected with the minicircle (45%) were expressing 

GFP. It is important to notice that this value was obtained 48 hours after the transfection, which means 

that a significantly higher level must have been obtained 24 hours after the transfection. 

 

 
Figure 4.25 - GFP+PI- cells (%) of UCM MSC and CHO cells transfected with pVAX-VEGF-GFP C1, pVAX-

VEGF-GFP O2 and MC-VEGF-GFP, 48 hours after transfection. UCM MSC data obtained from experiments with 

3 different donors (n=3) ± SEM. CHO cells data obtained from a single experiment. 

 

As occurred for the GFP-expressing cells, the attained GFP+PI- cells’ percentages in CHO cells 

transfection were higher than the percentages obtained in MSC transfection (Figure 4.25).  GFP+PI- 

cells’ percentages achieved in CHO cells transfection were 2.6-fold higher for pVAX-VEGF-GFP C1, 

5.2-fold higher for pVAX-VEGF-GFP O2, and 2.8-fold higher for MC-VEGF-GFP. 

Furthermore, although the differences in the levels of GFP+PI- CHO cells transfected with the 

different vectors were not significant, cells transfected with the minicircles achieved the highest value:  

16%. 

 

Although the viability loss caused by the transfection was not significant, the majority of the GFP-

expressing transfected CHO cells were not viable, as verified with the MSC. This means that most of 

the non-viable cells were expressing GFP, which indicates that the small loss of viability verified in the 

engineered-CHO cells was almost entirely caused by DNA entrance. 
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4.9.4 Yield of transfection 

 
Figure 4.26 – Yield of transfection (%) of UCM and CHO cells transfected with pVAX-VEGF-GFP C1, pVAX-

VEGF-GFP O2 and MC-VEGF-GFP, 48 hours after transfection. UCM MSC data obtained from experiments with 

3 different donors (n=3) ± SEM. CHO cells data obtained from a single experiment. 

 

CHO cells transfection attained yields far superior to the yields obtained in MSC transfection 

(Figure 4.26):  transfection yields were 4.9-fold higher for pVAX-VEGF-GFP C1, 8-fold higher for 

pVAX-VEGF-GFP O2, and 6.8-fold higher for MC-VEGF-GFP. Once again, CHO cells transfected with 

the minicircle reached the highest yield: 15%, compared to the 10% yield obtained with the 

conventional plasmids. 

 

4.9.5 Summary 

Transfected CHO cells showed an insignificant cell viability loss (5% maximum). Transfected cells 

viability reached 95%, which indicates that CHO cells are highly tolerant to the transfection procedure 

and also to the DNA-uptake. Moreover, transfected cells recovery was above 65%, reaching 90%, 

which shows that we were able to recover almost every cell after the transfection and reinforces the 

idea that CHO cells tolerate this procedure very well. Both cell viabilities and recoveries were higher 

for the smaller (VEGF-encoding) vectors than for the bigger (VEGF-GFP-encoding) vectors. 

As observed with MSC, the majority of the GFP-expressing CHO cells were non-viable, reaching 

over 42% on the second day, while considering only the viable cells, GFP-expressing cells were below 

16%. Regarding the transfection yields, the results were all above 10%. 

Moreover, the CHO cells transfected with the minicircles reached the highest values in all the 

studied parameters. 

It is important to notice that CHO cells obtained much higher values than MSC in all the variables 

mentioned above, which not only showed a higher tolerance for transfection procedure, but also that 

the values obtained for MSC transfection were not higher because of the cells itself, and not because 

of the procedure or the vectors evaluated. 
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4.10 Transfected CHO cells’ plasmid copy number quantification by RT-PCR 
 

Unfortunately the number of recovered MSC was not enough to perform RT-PCR quantification, 

especially with the low expression levels attained, so plasmid copy number quantification was only 

performed with transfected CHO cells. However, only CHO cells transfected with pVAX-GFP and MC-

GFP were collected for RT-PCR analysis, and those are the only results regarding plasmid copy 

number quantification. 

 

 
Figure 4.27 – Standard curve for determination of the plasmid copy number (PCN) inside the transfected 

cells, results are the mean of 2 experiments (n=2). 

 

A standard curve (Figure 4.27) was obtained by the determination of CT value for standards with 

the same CHO cell number with increasing amounts of pDNA. Knowing the CT value obtained by each 

vectors’ transfection we can determine the corresponding PCN and also the PCN per cell (with the 

number of transfected cells). 

 
Table 4.6 – Plasmid copy number (PCN) per cell obtained for pVAX-GFP and MC-GFP. 

 pVAX-GFP MC-GFP 

PCN / Cell 6.55 x 103 3.04 x 104 

 

Results (Table 4.6) show that the transfection with the minicircles achieved a higher plasmid copy 

number inside each cell. Moreover, that difference can be estimated through 2ΔCP determination: 

Minicircles’ transfection attained 4 times more copies per cell than conventional plasmids’ transfection, 

which is significantly higher. 

Although the vectors are different, this result is in accordance with the previous results obtained 

from CHO cells transfections since minicircles led to higher GFP expression and also higher PCN per 

cell than conventional plasmids. 
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4.11 VEGF quantification (ELISA) 
 

Since MSC have been demonstrated to express VEGF40, VEGF production by engineered and 

non-engineered MSC and CHO cells was assayed using a human VEGF ELISA kit. Moreover, since 

lipofectamine was added to the cells’ culture medium it is also important to know if lipofectamine itself 

had some effect on VEGF production. Thus, non-transfected cells and cells treated with lipofectamine 

but not with pDNA were also evaluated in terms of VEGF expression. 

A standard curve was obtained according to manufacturer’s instructions with standard solutions 

containing known amounts of VEGF (Figure 4.28). 

 

 
Figure 4.28 – Calibration curve obtained for the VEGF ELISA kit. Values plotted on y-axis represent the mean 

absorbance for each duplicate standard, after subtracting the average zero standard optical density.  

 

This quantification was performed with supernatant samples harvested two days upon transfection 

(or just culture, for non-transfected cells), which means that the concentrations attained are the result 

of the VEGF production by the cells for two days. 

 

 
Figure 4.29 – Concentration of human VEGF after 2 days of culture of non-transfected MSC, MSC treated with 

lipofectamine (LF) and MSC transfected with VEGF-encoding and VEGF-GFP-encoding vectors, 2 days after 

transfection. Values presented as average of the triplicates ± SEM. 
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ELISA results (Figure 4.29) show that engineered-cells led to higher VEGF expression than non-

engineered cells. Moreover, BM cells’ supernatants present higher VEGF concentrations (1931 pg/mL 

for control cells and 8704 pg/mL for cells transfected with p2C1) than UCM cells’ supernatants (500 

pg/mL for control cells and 5904 pg/mL for cells transfected with p3C1) for all the tested conditions. 

This result is in accordance with previous studies, where Markel and colleagues observed that 

neonatal MSC produced lower levels of VEGF55,84.  

However, since each experiment had different cell amounts, and non-engineered-BM cells seem to 

produce more VEGF than non-engineered-UCM cells, it was considered to be more accurate to 

evaluate VEGF production increase considering the production per cell (Figure 4.30). 

 

 
Figure 4.30 – VEGF concentration fold-increase in engineered-cells two days after transfection. Values 

presented as a ratio between VEGF concentration’s average in transfected-cells supernatant and in the 

supernatant of non-transfected-cells treated with lipofectamine. 

 

Regarding VEGF production increase, it is possible to see that engineered-BM cells reached 

higher increases than engineered-UCM cells: p2C1 transfection increased VEGF concentration 54 

times in BM cells and 33 times in UCM cells, while MC-VEGF-GFP transfection increased VEGF 

concentration 37 times in BM cells and 26 times in UCM cells. These results show that transfected BM 

cells’ supernatant not only had higher VEGF concentrations, but also presented a higher VEGF 

production increase. 

Similarly, although transfected CHO cells’ supernatants attained higher VEGF concentrations, the 

increases were the lowest compared to BM and UCM cells: p3C1 transfection increased VEGF 

concentration 66 times in UCM cells and 13 times in CHO cells, while MC-VEGF-GFP transfection 

increased VEGF concentration 7 times in UCM cells and 1.5 times in CHO cells. 

One of the most noticeable results is the difference in VEGF concentration increase in the 

supernatants when transfecting cells with pVAX-VEGF-GFP and pVAX-VEGF: pVAX-VEGF increased 

VEGF concentration twice comparing to pVAX-VEGF-GFP fold increase (pVAX-VEGF increased 66 

times while pVAX-VEGF-GFP attained a 33-times increase).  These results are in accordance with the 

expected, since pVAX-VEGF is significantly smaller than pVAX-VEGF-GFP. 
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The fact that the transfection with the VEGF-encoding minicircle led to such low increase in VEGF 

concentration in the supernatant was unexpected. Results have shown that SC pDNA shows higher 

expression than OC and L pDNA70,85, thus, this poor result might be due to the amount of open circular 

minicircle in the purified MC-VEGF (Figure 4.4).  

 

4.11.1 Summary 

The main goal of this thesis, to obtain engineered human MSC overexpressing VEGF, was 

accomplished: transfected cells produced up to 66 times more VEGF than the non-transfected control. 

As expected, cells transfected with pVAX-VEGF (the smaller plasmid) attained better results than 

pVAX-VEGF-GFP: the production increase was two-times higher. As opposed to what was expected, 

minicircles attained lower VEGF production increases than conventional plasmids.  
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5 Conclusions and future perspectives 
 

This work has shown that MSC have great potential for the treatment of CVD through 

angiogenesis’ promotion. Although low transfection yields were obtained (4.2 ± 0.7% maximum), 

engineered-MSC have increased VEGF production up to 66-times, compared to non-engineered 

MSC. Furthermore, engineered-MSC retained their immunophenotupic profile and multilineage 

differentiation capacity towards adipogenic and osteogenic lineages. 

Results have shown that the lipofection process was not responsible for viability loss, since only 

transfected cells suffered significant viability decreases. Moreover, CHO cells’ transfection showed 

that the vectors were not responsible for the low transfection efficiencies nor the viability loss in MSC 

transfection. 

Regarding the different vectors used, no major differences between them were observed. 

Minicircles achieved the best results mostly in the last days of experiment, showing a previously 

described more persistent expression71,72. The fact that conventional plasmids attained similar (and 

sometimes better) results than minicircles might be due to the great amount of open circular 

conformation in the purified minicircle, which is less efficient than the super coiled conformation70,85 

(while conventional plasmids were mostly in the supercoiled isoform).  

Concerning the different MSC sources evaluated, UCM cells showed lower viability loss, a quicker 

recovery and higher cell recoveries than BM cells. However, engineered-BM cells attained the highest 

concentrations and fold increases in terms of supernatants VEGF concentration. In terms of clinical 

use, allogeneic and autologous BM cells can be used while nowadays UCM cells can only be used for 

allogeneic transplantation. Since MSC are immunoprivileged, both allogenic and autologous 

transplantations can be performed. However, to guarantee that transplanted cells will not induce an 

immune response an autologous transplantation is needed and therefore by now only BM MSC could 

be used. 

 

If we were able to reach higher transfection yields and cell recoveries, we could be able to obtain 

an even higher VEGF production by the engineered-MSC, which would let us closer to their 

therapeutic use. Thus, improvements in non-viral gene delivery methods and vectors are needed in 

order to overcome the difficulties we encounter currently. 

Studies have shown that VEGF expression is up-regulated in hypoxic conditions59,63,64. Moreover, 

MSC expansion is more effective under hypoxia86. Therefore, it would be important to study MSC’ 

VEGF expression in low oxygen levels and also try to combine engineered-MSC and hypoxic 

conditions. 

Previous studies achieved 74% of GFP+ cells and 26% of transfection yield using lipofectamine in 

MSC78. This study cultured MSC in xeno-free conditions, which leads to higher cell densities than 

MSC cultured in DMEM+10% FBS3. Moreover, xenogeneic serum-containing media presents safety 

concerns3. Thus, it would be relevant to further study transfection results using xeno-free conditions. 
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Higher transfection efficiencies were observed at lower passages and with cells of younger 

donors45, thus it would be pertinent to use cells of younger donors in lower passages for transfection 

experiments, in order to achieve better results.  
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7 Appendix 
 

Appendix A. Layout of the 24-well plates for MSC transfection 

 
Figure A.1 - Layout of the 24-well plates used for MSC transfection. 

 
 

 

Appendix B. Layout of the 96-well plate from the ELISA kit 
 

Table B.1 – Layout of the 96-well plate used from the human VEGF ELISA kit. 

 
 

 

 

 

 

 

  


