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ABSTRACT 

Mesenchymal stem cells (MSC) hold great promise for regenerative medicine and cell therapy 

due to their unique properties that include paracrine therapeutic activity, immunomodulatory 

potential and capacity to evade the immune system. However, they have limited engraftment 

and survival upon in vivo administration and, thus, strategies to improve their potential need to 

be developed. Herein, a new type of non-viral vehicles for MSC genetic engineering – minicircles 

– were studied in order to efficiently transfect and increase beneficial effects of MSC. Minicircles 

containing the VEGF therapeutic (MC-VEGF) protein alone or in fusion with the reporter green 

fluorescent protein (GFP) (MC-VEGF-GFP) were constructed, produced and purified using a 

recently developed innovative method.  

The effect of VEGF-containing minicircles was first confirmed in bone marrow (BM)-derived 

MSC, since this is the most commonly and widely studied source of these cells. To assess the 

potential for MSC engineering, minicircles were compared with conventional plasmid constructs 

(pVAX) with the same genetic cassette (VEGF or VEGF-GFP). BM-MSC were first transfected with 

VEGF-GFP vectors using microporation to optimize the overall strategy and then vectors 

containing only VEGF were used. MSC transfection with minicircles led not only to an increased 

VEGF production, reflected both by analysis of gene expression and protein secretion, but also 

to an enhancement in MSC angiogenic activity in vitro as observed in functional assays with 

endothelial cells. Alternative sources to BM have also been explored in past years, being the 

most common adipose tissue (AT) and umbilical cord matrix (UCM). So, VEGF-containing 

minicircles were tested in these two MSC sources and the angiogenic potential was evaluated in 

terms of VEGF production and functionality. The three sources showed similar VEGF production 

levels, as well as in vitro angiogenic capacity after transfection with VEGF-encoding minicircles. 

Hence, the protocol used herein for MSC transfection can be successfully applied to different 

sources of MSC with similar outcomes.  

Finally, MSC from BM genetically modified with VEGF-encoding minicircles were tested in a 

mouse model of hind limb ischemia in the context of peripheral arterial disease (PAD). The 

infusion of VEGF-overexpressing MSC promoted significant improvements in muscular function 

of ischemic mice. The results obtained in present thesis revealed that MSC modified with VEGF-

encoding minicircles could be a promising strategy for the treatment of PAD, especially for the 

no-option patients. 
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RESUMO 

As células estaminais mesenquimais (MSC) apresentam um grande potencial na área da 

medicina regenerativa e terapia celular devido às suas propriedades únicas, incluindo actividade 

terapêutica através de secreção de factores, potencial imunomodulatório e capacidade de 

evasão ao sistema imunitário. No entanto, apresentam capacidades de enxerto e sobrevivência 

limitadas após administração in vivo, sendo necessário desenvolver estratégias para aumentar 

o seu potencial. Um novo tipo de veículos não virais para engenharia genética – minicírculos - 

foi estudado para transfectar MSC, aumentando os seus efeitos benéficos. Minicírculos com a 

proteína terapêutica VEGF sozinha (MC-VEGF) ou em fusão com um gene codificante de um 

repórter fluorescente – GFP – (MC-VEGF-GFP) foram construídos, produzidos e purificados 

usando um método inovador e recentemente desenvolvido. 

O efeito de MC-VEGF foi verificado em MSC da medula óssea (MO), a fonte mais comum e 

amplamente estudada deste tipo de células. Para determinar o potencial dos minicírculos, estes 

foram comparados com plasmídeos convencionais (pVAX) contendo a mesma cassete genética 

(VEGF ou VEGF-GFP). MO-MSC foram inicialmente transfectadas por microporação com 

vectores VEGF-GFP, de modo a optimizar o processo e depois foram usados vectores apenas 

com VEGF. A transfeção de MSC com minicírculos levou não só a um aumento na produção de 

VEGF, reflectido na expressão génica e secreção de proteína, mas também a um melhoramento 

da actividade angiogénica, observado em ensaios funcionais com células endoteliais. 

Recentemente, têm vindo a ser exploradas fontes de MSC alternativas à MO, sendo as mais 

comuns: tecido adiposo (AT) e matriz do cordão umbilical (UCM). Assim, os MC-VEGF foram 

testados nestas duas fontes e o potencial angiogénico foi avaliado em termos de produção de 

VEGF e funcionalidade. Após transfecção com minícirculos com VEGF, os níveis de produção de 

VEGF e a capacidade angiogénica in vitro foi semelhante para as três fontes. Assim, demonstrou-

se que o protocolo usado para transfecção poderá ser aplicado com sucesso a diferentes fontes 

de MSC, levando a resultados semelhantes. 

Por fim, MO-MSC geneticamente modificadas foram testadas em ratinho num modelo de 

isquemia de membros inferiores no contexto da doença arterial periférica (DAP). A infusão de 

MSC sobre-expressando levou a um aumento significativo da função muscular nos ratinhos 

isquémicos. Os resultados obtidos revelaram que a modificação genética de MSC com MC- VEGF 

poderá ser uma estratégia promissora para tratamento da DAP, especialmente em doentes sem 

outra opção terapêutica. 
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Figure II.3 – Agarose gel electrophoresis analysis of pMINILi-CVG (A) and pVAX-VEGF-GFP (B) 

before and after digestion with KpnI and XbaI restriction enzymes. The dashed lines show the 

empty vectors that were cut and extracted from the gel and used to insert VEGF gene 

represented in C. The VEGF insert was obtained by PCR amplification of VEGF-GFP fusion gene 

using specific primers for VEGF region. The reverse primer was designed to introduce a stop 

codon and recognition site for XbaI on the VEGF amplicon. M – Molecular weight marker 

(NZYDNA Ladder III, Nzytech). ................................................................................................... 109 

Figure II.4 - Growth curves for E. coli strains BW2P (A and C) and DH5α (B and D) transformed 

with pVAX or pMINILi, respectively. On the upper part of the figure (A and B) are represented 

the growth curves of bacteria transformed with plasmids containing the VEGF-GFP fusion gene, 

while on the bottom (C and D) are shown the growth curves of E. coli harboring the plasmids 

with VEGF gene alone. The blue lines show the inoculum phase and the orange ones represent 

the growth phase. The dashed lines on BW2P culture represent the addition of L-arabinose to 

induce plasmid recombination that was performed at an OD600 between 2.5 and 3. ............. 111 

Figure II.5 - Agarose gel electrophoresis analysis of total pDNA obtained from E.coli BW2P 

cultures before recombination (0 h) or 1 h or 2 h after recombination. At 0 h only one band is 

observed corresponding to parental plasmid (PP) – pMNILi-CVG (A) or pMINILi-CV (B). 1 or 2 h 

after L-arabinose addition (recombination) two bands are shown, representing miniplasmid 

(MP) and minicircle (MC). ......................................................................................................... 112 

Figure II.6 – Agarose gel electrophoresis analysis of a solution containing a mixture of MC and 

MP before (ND) and after digestion with Nb.BvCI. ND – Non-digested. .................................. 113 

Figure II.7 – A, B - Chromatograms (blue lines) of pre-purified samples (MC + MP) from pMINILi-

CVG (A) or pMINILi-CV (B) obtained after digestion with Nb.BbvCI loaded onto a phenyl-

Sepharose column pre-equilibrated with 1.83 M ammonium sulphate (17% buffer B). Stepwise 

elution (% buffer B – orange) was performed at 2 mL/min with 4 CV of 17% buffer B, 2 CV of 35% 

buffer B (1.43 M) and 2 CV of 100% buffer B (0 M). Numbers over peaks correspond to collected 

fractions. CV – column volume. C, D - Agarose gel electrophoresis analysis of fractions collected 

during the chromatographic runs shown in A and B. The numbers above the lanes correspond 

to collected fractions. ................................................................................................................ 114 

Figure III.1 - Plasmids used for transfection within the present work in order to overexpress the 

VEGF protein in MSC. The plasmids were produced by E. coli strains and then purified before 

being used in transfection studies with MSC. ........................................................................... 126 
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Figure III.2 – Analysis of MSC behavior after transfection with pVAX-GFP, pVAX-VEGF-GFP and 

MC-VEGF-GFP. (A) Cell numbers observed for all the tested conditions and timepoints. (B) Values 

for cell recovery and yield of transfection regarding the microporation with no DNA (Micro) and 

with each of the vectors studied calculated 48 h after transfection. Each bar represents the mean 

± SEM, n=3. ................................................................................................................................ 131 

Figure III.3 - Analysis of GFP expression by MSC after transfection using flow cytometry (A) and 

western blot (B). A -Flow cytometry detection of GFP expressed by MSC transfected with pVAX-

GFP, pVAX-VEGF-GFP and MC-VEGF-GFP at different timepoints after transfection (2, 5 or 7 

days). Each bar represents the mean ± SEM, n=3, *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. B – Western blot analysis of culture supernatants and cell lysates of MSC 

obtained 48 h after transfection with pVAX-GFP (1), pVAX-VEGF-GFP (2) and MC-VEGF-GFP (3). 

GFP – Green fluorescent protein (positive control). M – Protein molecular weight marker 

(PageRuler™ Plus Prestained 10-250 kDa, Thermo Scientific). ................................................. 133 

Figure III.4 - Evaluation of gene expression by qPCR 2 and 5 days after MSC  microporation with 

pVAX-VEGF-GFP and MC-VEGF-GFP. Each bar represents the mean ± SEM, n=2, **p<0.01. .. 134 

Figure IV.1 - Minicircle production and purification by E. coli BW2P and hydrophobic interaction 

chromatography (HIC). (A) Schematic representation of miniplasmid (MP) and minicircle (MC) 

formation by intramolecular recombination of the parental plasmid (PP) after induction of  ParA 

resolvase expression with L-Arabinose. (B) Agarose gel electrophoresis analysis of pDNA purified 

from E. coli cells collected before (0 h) and after (1 h and 2 h) induction of recombination by L-

arabinose. (C) Chromatogram (continuous line) of pre-purified samples (MC + MP) obtained 

after digestion with Nb.BbvCI loaded onto a phenyl-Sepharose column pre-equilibrated with 

1.83 M ammonium sulphate (17% buffer B). Stepwise elution (% buffer B – dashed line) was 

performed according to a previously established protocol (Alves et al. 2016) at 2 mL/min with 4 

CV of 17% buffer B, 2 CV of 35% buffer B (1.43 M) and 2 CV of 100% buffer B (0 M). Numbers 

over peaks correspond to collected fractions. CV – column volume. (D) Agarose gel 

electrophoresis analysis of fractions (20 µl) collected during the chromatographic run shown in 

C. The numbers above the lanes correspond to collected fractions. ....................................... 150 

Figure IV.2 - Analysis of the BM MSC behavior after microporation with pVAX-VEGF and MC-

VEGF. (A) Number of viable cells before (0) and after (2, 5 or 7 days) microporation. Values are 

mean±standard error of mean (SEM), n=4. (B) Cell recovery after microporation of MSC with 

pVAX-VEGF and MC-VEGF. Values are mean±SEM, n=4. .......................................................... 151 
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Figure IV.3 - Characterization of BM MSC after transfection with pVAX-VEGF and MC-VEGF. (A) 

Evaluation of MSC differentiation potential into adipocytes (up) and osteocytes (down) after 

microporation. (B) Phenotypic analysis of cells 2 and 7 days after microporation. Assessment of 

CD34, CD45, CD90, CD73, CD80, CD14, CD105 and HLA-DR surface markers. Values are 

mean±SEM, n=3. ....................................................................................................................... 152 

Figure IV.4 - Evaluation of transgene delivery 2, 5 or 7 days after microporation with pVAX-VEGF 

and MC-VEGF. Analysis of BM MSC VEGF (A) gene expression by qPCR and (B) protein production 

by ELISA. Each bar represents the mean ± SEM, n=4, *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. ........................................................................................................................... 153 

Figure IV.5 - Cell tube formation assay. (A) Schematic representation of the assay: HUVEC were 

cultured in Matrigel with conditioned medium from modified (with pVAX-VEGF and MC-VEGF) 

and unmodified MSC (control) for 8 h. (B) Number of tubes and branch points observed per 

optical field after 8 h for each condition tested. Values are presented as mean ± SEM, n=4, 

*p<0.05; **p<0.01; ***p<0.001. (C) Images of tube formation by HUVEC after being cultured for 

8 h with conditioned medium (CM) from MSC alone, MSC modified with pVAX-VEGF and MSC 

modified with MC-VEGF. ........................................................................................................... 154 

Figure IV.6 - Transwell migration assay. (A) Schematic representation of the assay: HUVEC were 

cultured in a transwell within a plate with conditioned medium from modified (with pVAX-VEGF 

and MC-VEGF) and unmodified MSC (control) for 6 h. (B) Percentage of HUVEC that migrated 

through the transwell towards conditioned medium samples normalized to a positive control 

(EGM-2). Values are presented as mean ± SEM, n=3, *p<0.05; **p<0.01 (C) HUVEC that migrated 

trough the transwell towards conditioned medium (CM) from MSC alone, MSC modified with 

pVAX-VEGF and MSC modified with MC-VEGF stained with crystal violet 0.5%. ..................... 155 

Figure V.1 - Analysis of the proliferative potential of MSC from BM (A), UCM (B) or AT (C) after 

microporation with MC-VEGF. Control – non-transfected cells; Micro – cells microporated 

without DNA. Values are mean ± SEM, n=3. ............................................................................. 176 

Figure V.2 - Analysis of cell recoveries for MSC from BM, AT or UCM after microporation with 

MC-VEGF. Control – non-transfected cells; Micro – cells microporated without DNA. Values are 
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Figure V.3 - Evaluation of the differentiation potential into adipocytes, osteocytes and 

chondrocytes of MSC from different tissue sources after microporation with VEGF-encoding 

minicircles. Cell differentiation was induced for 14 days and was assessed by staining for 
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osteogenesis (alkaline phosphatase and von Kossa), adipogenesis (Oil Red-O), and 

chondrogenesis (Alcian blue). ................................................................................................... 177 

Figure V.4 - Phenotypic analysis of cells 2 (A) and 5 (B) days after microporation. Assessment of 

CD34, CD45, CD90, CD73, CD80, CD14, CD105 and HLA-DR surface markers. Values are 
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Figure V.5 - Evaluation of transgene delivery into BM, AT and UCM MSC, assessed 2 or 5 days 

after microporation with MC-VEGF. Analysis of VEGF (A) gene expression by qPCR and (B) protein 

production by ELISA. Each bar represents the mean ± SEM, n=3. ............................................ 179 

Figure V.6 - Cell tube formation assay using conditioning medium from MSC from different 

sources after being transfected with VEGF-encoding MC. (A) Number of tubes and branch points 

(connections) observed per optical field after 8 h for each condition tested. Values are presented 

as mean ± SEM; n=2 (B) Images of cell tube formation by HUVEC after being cultured for 8 h with 

conditioned medium from transfected (MC-VEGF) or non-transfected (control) cells from 

different sources (BM, AT and UCM). ....................................................................................... 180 

Figure V.7 - Endothelial cell migration assay using conditioning medium from MSC from different 

sources after being transfected with VEGF-encoding MC. (A) Percentage of HUVEC that migrated 

trough transwell towards conditioned medium samples normalized to a positive control (EGM-

2). Values are presented as mean ± SEM, n=2, **p<0.01. (B) HUVEC that migrates through the 

transwell towards conditioned medium from transfected or (MC-VEGF) or non-transfected 

(control) cells from different sources (BM, AT or UCM). .......................................................... 181 

Figure VI.1 - Analysis of nucleofection efficiency for transfection of human MSC with pmaxGFP™ 

by (A) fluorescent microscopy and (B) flow cytometry. ........................................................... 203 

Figure VI.2 - Analysis of VEGF production by ELISA 24 or 48 hours after nucleofection with MC-

VEGF (MSC+MC). Non-transfected cells were used as control (MSC). Values are presented as 

mean ± SEM, n=10 (replicates), **p<0.01 ................................................................................ 204 

Figure VI.3 - Visual assessment of mice limbs for healthy (N-IS), treated (MSC, MSC+MC and MC) 

or ischemic (IS) mice performed weekly for 30 days. (A) Visual evaluation of limb necrosis and 

(B) quantification of necrosis degree according to the following scale: I - no necrosis; II - 

blackened nails; III - necrosis of toes and IV - necrosis below the heel. Plot of individual values; 

n=10 (N-IS, MSC, MSC+MC, IS); n=8 (MC). N-IS - non-ischemic mice; MSC - ischemic mice treated 

with human MSC; MSC+MC - ischemic mice treated with human MSC modified with MC-VEGF; 

MC - ischemic mice treated with MC-VEGF; IS - ischemic mice. ............................................... 205 
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Figure VI.4 - Measurements of blood flow on healthy (N-IS), treated (MSC, MSC+MC and MC) 

and ischemic (IS) mice performed weekly for 30 days by laser doppler. Images obtained using 

moorLDI2-HIR equipment (A) were used to calculate the percentage of the blood flow for each 

ischemic group every week (B). The values were normalized to positive control (non-ischemic 

mice) are presented as mean ± SEM, n=10 (N-IS, MSC, MSC+MC, IS); n=8 (MC). N-IS - non-

ischemic mice; MSC - ischemic mice treated with human MSC; MSC+MC - ischemic mice treated 
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AIM OF STUDIES AND THESIS OUTLINE 

PAD is a chronic and high burden chronic disease that affects more than 27 million individuals 

in Europe and USA. The prevalence of PAD in subjects older than 70 ranges between 15-20% and 

is expecting to increase on the next few years due to population ageing and growing incidence 

of cardiovascular diseases. In the early stages of the disease, patients may have no or only mild 

symptoms that can be reversed and/or prevented by a change of lifestyle. However, in more 

severe cases, as CLI, revascularization may be the only option. This is an extremely invasive 

procedure with several contra-indications and low effectiveness and some subjects are not 

eligible, especially those with several co-morbidities. These patients, the so-called no-option 

patients, are faced with the possibility of limb amputation or even death. So, novel strategies 

aiming to stimulate collateral blood vessel formation and restoration of blood flow to the 

ischemic tissues need to be addressed. MSC have emerged as a promising cell type for 

regeneration of ischemic tissues due to their low immunogenicity, as well as immunomodulatory 

and regenerative properties. The capacity of MSC to repair and regenerate ischemic tissues has 

been observed in several studies. The most accepted explanation for this therapeutic activity is 

that it relies essentially in paracrine secretion of pro-angiogenic soluble factors, such as VEGF. 

However, the harsh ischemic environments found upon in vivo administration may contribute 

for the low engraftment and survival of MSC. Thus, strategies to improve the potential of MSC-

based cell therapies are required. Genetic engineering using pro-angiogenic factors was found 

to improve their angiogenic activity and induce tissue regeneration, enhancing their overall 

therapeutic potential for ischemic conditions. Hence, the aim of this thesis was the development 

of an MSC-based product with improved secretion of VEGF, one of the most important pro-

angiogenic factors, for the treatment of PAD. Between the different approaches available for 

genetic engineering of MSC, a minicircle-based strategy was selected herein, on the basis of 

several studies that demonstrated its efficacy and safety for gene therapy purposes. 

 

The aims and main results of each chapter are outline below. 
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Chapter II - DESIGN, PRODUCTION AND PURIFICATION OF NON-VIRAL VECTORS FOR GENE 

THERAPY 

This chapter describes the successful design, production and purification of VEGF-containing 

vectors suitable for MSC engineering. Minicircles, which are small plasmid derivatives only with 

transcriptional unit, containing VEGF or VEGF in fusion with GFP (VEGF-GFP) were constructed 

to be used on next chapters for MSC modification. The benefits of minicircles over conventional 

plasmids include higher transgene expression and improved safety. To further confirm this 

assumption, pDNA molecules (pVAX) with similar genetic cassettes (VEGF and VEGF-GFP) were 

also produced and purified according to standard protocols. One of the major limitations of 

minicircle application for clinical purposes is the lack of an efficient system for its production 

and purification. In this chapter we confirmed the efficacy of a recently developed protocol for 

minicircle production and isolation. The use of a production strain specifically designed for 

arabinose uptake and recombinase production allowed the obtention of high minicircle yields. 

On the other hand, the combination of a nicking enzyme digestion step with elution by HIC was 

able to promote an effective isolation of pure fractions of minicircle. Non-viral vectors (plasmids 

and minicircles) containing VEGF or VEGF-GFP gene constructs were successfully produced 

within E. coli strains and purified using a commercial kit and/or a HIC approach. After purification 

procedures, both vectors were pure and ready to be used for human cell transfection. 

 

Chapter III - GENETIC ENGINEERING OF MESENCHYMAL STEM/STROMAL CELLS (MSC) WITH 

VEGF-GFP-ENCODING VECTORS 

This chapter aimed at testing the efficiency of minicircles to be used as vectors for MSC 

engineering. Gene therapy vectors (plasmids and minicircles) encoding VEGF-GFP fusion gene 

and obtained as described of previous chapter (II) were used for MSC transfection. It was 

confirmed the efficacy of a previously established microporation-based protocol for MSC 

modification. The transfected cells were analyzed in terms of cell viability and recovery, as well 

as GFP expression and yield of transfection. Microporation of MSC with either pVAX or minicircle 

does not significantly affect MSC proliferative potential or cell viability. The comparison between 

GFP expression by MSC after transfection with pVAX-VEGF-GFP or MC-VEGF-GFP, revealed 

higher GFP+ cells on the group transfected with pVAX-VEGF-GFP (≈41%) than on cells modified 

with MC-VEGF-GFP (≈26%). However, those levels were lower than the 67% observed after 

modification with pVAX-GFP (used as a positive control for transfection). The western blot 

analysis of cell lysates further confirmed these results. The quantification of VEGF gene 
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expression by qPCR also showed a higher expression of the transgene on cells modified with 

pVAX when compared to those engineered with MC-VEGF-GFP. The results from this chapter 

revealed that the use of a fusion construct might not be the best strategy for monitoring 

expression of an extracellular protein, such as VEGF, within MSC. 

 

Chapter IV - ENGINEERING OF HUMAN MESENCHYMAL STEM/STROMAÇ CELLS (MSC) WITH 

VEGF-ENCODING MINICIRCLES FOR ANGIOGENIC EX VIVO GENE THERAPY 

In Chapter IV it was evaluated the angiogenic potential of MSC genetically engineered with 

VEGF-encoding minicircles produced and purified as described on Chapter I. MSC were 

transfected by microporation with either pVAX-VEGF or MC-VEGF. These cells were then 

analyzed in terms of cell viability and recovery, differentiation potential, immunophenotype, 

transgene expression and in vitro angiogenic capacity. As previously observed on chapter III, the 

transfection did not significantly affect cell viability or proliferative potential of MSC. Also, the 

differentiation potential and immunophenotype of these cells were maintained after 

transfection with pVAX-VEGF or MC-VEGF. The results showed that a higher number of MSC can 

be recovered from the same initial cell number when using MC-VEGF (≈72%) compared to pVAX-

VEGF (≈45%), which represents an advantage of minicircle-based gene therapy over the use of 

conventional plasmids. The quantification of VEGF expression performed by qPCR and ELISA 

confirmed the efficient overexpression of this protein after transfection with both pVAX-VEGF 

and MC-VEGF. The levels of VEGF assessed by these techniques were significantly superior for 

transfected MSC than for non-modified cells (11.1±3.4 pg/1000 cells day-1). The highest VEGF 

production was observed two days after transfection with MC-VEGF (644.8±82.5 pg/1,000 cells 

day-1 and 130-fold increase on mRNA copies) compared to the levels for pVAX-VEGF at the same 

timepoint (508.3±164.0 pg/1,000 cells day-1 and 50-fold increased on mRNA copies). Finally, the 

angiogenic potential of modified cells was confirmed using the following in vitro functional 

assays: cell tube formation and cell migration. The results from this chapter revealed that 

genetic engineering of MSC with VEGF-encoding vectors is able to improve the in vitro 

angiogenic capacity of these cells as demonstrated by the number of tubes and branch points 

and percentage of migrated cells. MSC modified with MC-VEGF showed superior angiogenic 

capacity than those modified with conventional plasmids. The results indicate that MSC 

engineering with VEGF-encoding minicircles might be a promising strategy for the treatment of 

ischemic diseases, such as PAD. 
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Chapter V - COMPARISON OF THE ANGIOGENIC POTENTIAL OF MESENCHYMAL 

STEM/STROMAL CELLS (MSC) FROM DIFFERENT HUMAN SOURCES AFTER MICROPORATION 

WITH VEGF-ENCODING MINICIRCLES  

In Chapter V it was compared the angiogenic potential of MSC from different sources (BM, AT 

and UCM) after being transfected with VEGF-encoding minicircles. It was confirmed that 

microporation with MC-VEGF did not affect proliferative potential, differentiation capacity or 

immunophenotype of MSC, regardless the source from which the cells were obtained. Also, all 

the three sources evaluated were successfully and efficiently transfected with MC-VEGF. This 

was demonstrated both by the higher copies of VEGF gene measured by qPCR or by the 

increased levels of VEGF protein detected on culture medium by ELISA compared to non-

transfected counterparts. The quantification of VEGF secretion to the culture medium by 

transfected cells on day 2 revealed no significant differences between BM- (543.5±19.9 pg/1000 

cells day-1), AT- (462.2±170.8 pg/1000 cells day-1) or UCM-derived cells (612.8±174.9 pg/1000 

cells day-1). Similarly, the results from the present chapter showed that the fold-increase on the 

number VEGF gene copies was identical for the three sources. The in vitro angiogenic capacity 

of these cells was further confirmed using angiogenic functional studies described in Chapter IV. 

The transfected cells demonstrated superior angiogenic capacity in both tube formation and 

migration assays, regardless the source. However, no significant differences were observed in 

terms of functional activity of transfected cells between the three sources. The results from this 

chapter indicated that MSC from either BM, AT or UCM could be efficiently transfected by 

microporation using VEGF-encoding minicircles with similar outcomes. The protocol developed 

in Chapter IV for BM-MSC transfection revealed to be effective for genetic engineering of MSC 

from other sources.  

 

Chapter VI - EVALUATION OF THE THERAPEUTIC POTENTIAL OF HUMAN MESENCHYMAL 

STEM/STROMAL CELLS MODIFIED WITH VEGF-ENCODING MINICIRCLES IN AN IN VIVO MODEL 

The aim of Chapter VI was to evaluate the therapeutic potential of MSC genetically engineered 

with VEGF-encoding minicircles in a mouse model of hindlimb ischemia in the context of PAD. 

In this chapter, the angiogenic potential of MSC modified with MC-VEGF was investigated in vivo. 

MSC were modified by nucleofection, which demonstrated to effectively promote transgene 

expression within these cells. A preliminary analysis with pmaxGFP, a GFP-encoding plasmid, 

revealed that approximately 65% of nucleofected MSC expressed the transgene. Nucleofection 

was then applied for engineering BM-MSC with MC-VEGF based on the results from Chapter IV. 
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To assess the potential of engineered MSC as a treatment for PAD, a previously established mice 

model of hindlimb ischemia was used. After ischemia induction, mice were treated by 

intramuscular administration of non-engineered MSC, MSC engineered with MC-VEGF 

(MSC+MC) or by gene therapy with MC-VEGF followed by electroporation. Every week, the 

observation of mice limbs was performed to evaluate necrosis and blood flow measurements 

were performed by Laser Doppler to analyze revascularization. The results from these analyses 

showed no significant differences between the three treatment groups. Also, the images from 

histological analysis were similar for the three groups, but all showed decreased fibrosis and 

reduced adipocyte accumulation when compared to ischemic non-treated mice. The results 

regarding evaluation of muscle force, however, showed that treatment with MSC+MC was the 

best option for improving muscular function in ischemic mice limbs. The evaluation of muscle 

strength was performed 30 days after treatment administration. The highest value was observed 

for non-ischemic mice (0.36±0.06 N) followed by mice treated with MSC+MC (0.25±0.04 N). 

Limbs treated with MSC or MC independently showed similar muscle strengths (0.19±0.03 N and 

0.20±0.03 N, respectively), but significantly superior to those observed for ischemic, non-treated 

mice. The results from this chapter demonstrated that MSC engineered with VEGF-encoding 

minicircles were able to improve functionality on ischemic mice limbs. So, this can be a 

promising strategy to induce revascularization and promote functional recovery for PAD 

patients.  
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I. INTRODUCTION 

 Background 

The interest over stem cells has been growing over the last decades due to their unique 

properties, which have great relevance for clinical approaches. These primitive cells have both 

the capacity to self-renew in an undifferentiated state and the ability to differentiate and give 

rise to several specialized cell types that are the building blocks of tissues and organs. These 

distinctive characteristics of stem cells open many clinical opportunities and applications, which 

can be divided in three major fields: (i) cell therapies and tissue engineering, (ii) disease 

modelling and (iii) drug development. 

Stem cells can be isolated from either embryonic/fetal or adult tissues and, according to their 

potency, they can be classified as pluripotent or multipotent. Pluripotent stem cells are able to 

turn into cells from the three germ layers (endoderm, mesoderm and ectoderm), while 

multipotent cells only can differentiate into a limited number of cell types, all from the same 

germ layer (Bongso and Lee, 2012). Embryonic stem cells (ESC) isolated from the inner cell mass 

of blastocyst are very attractive from a clinical point of view and have been extensively studied 

due to their primitive state and pluripotency, giving them increased versatility (Evans and 

Kaufman, 1981). Extensive research has also been conducted on adult stem cells, since they have 

the advantage of not having the ethical constraints associated to ESC obtained from human 

embryos (Kolios and Moodley, 2013).  

To overcome ESC availability and ethical limitations associated with destroying an embryo to 

obtain the cells, induced pluripotent stem cells (iPSC) were generated by reprogramming of 

adult somatic cells to an ESC-like state (Takahashi and Yamanaka, 2006). These iPSC have been 

reprogrammed from adult fibroblasts by addition of four transcription factors, and could be used 

for development of patient-specific therapies with minimal risk of immune rejection (Yamanaka, 

2010). Nevertheless, the clinical use of iPSC for cell replacement strategies have limitations, such 

as their intrinsic tumorigenic potential (teratoma formation) when injected in vivo and the issue 

in controlling differentiation process which leads to heterogeneous cell populations (Ahmed et 

al., 2011). 

Adult derived multipotent cells have a limited differentiation capacity, only being able to give 

rise to specialized cells from the same lineage. This can be advantageous in terms of safety for 

clinical settings, since the differentiation process is much easier to control and there is no risk of 
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teratoma formation. The role of adult stem cells in vivo is to maintain the cell homeostasis, by 

replacing, with some limitations, cells that die due to injury or disease. Although adult stem cells 

are not easy to isolate and purify, they have been obtained from different human tissues, such 

as bone marrow (BM), brain, skin, eyes, heart, kidneys, lungs, gastrointestinal tract, pancreas, 

liver, breast, ovaries, prostate, and testis (Mimeault and Batra, 2006).  

BM is probably the most studied source of adult stem cells, since two types of important stem 

cells can be isolated from this tissue: (i) mesenchymal stem/stromal cells (MSC) and (ii) 

hematopoietic stem cells (HSC) (Bonnet, 2003). HSC are responsible for the production and 

maintenance of all types of blood cells, while MSC give rise to many supporting cells (e.g. 

stroma). BM is the only known niche where two types of distinct stem cells do not only co-exist 

but they also functionally cooperate (Bonnet, 2003). In fact, BM transplantation is the most 

studied and well established stem cell based treatment that started to be applied in late 1950s 

(Thomas et al., 1957). HSC obtained from a healthy donor can be used to repopulate a damaged 

BM after myeloablation through irradiation or chemotherapy (Felfly and Haddad, 2014).  

Although in the past it was believed that the only stem cells present in BM were HSC, in 1970s 

Friedenstein and colleagues identified a type of BM stem cells that develop into fibroblastic 

colony forming cells (CFU-F) and are thought to be responsible for the structural and 

physiological support for hematopoiesis (Friedenstein et al., 1970). Nowadays, it is clear that the 

functions of MSC are far beyond simply providing support to blood cell formation, and have been 

extensively studied for different clinical applications. Although BM is probably the most studied 

niche of MSC, they can be obtained also from neonatal tissues, such as umbilical cord. These 

tissues may represent promising cell sources with great advantages. Umbilical cord is usually 

discarded at birth and can be a relevant stem cell source since these cells can be retrieved from 

both umbilical cord matrix (UCM) and umbilical cord blood (UCB). The clinical use of cells from 

this tissues, considered as “biological waste”, present many benefits besides the ready 

availability and ease of collection, since they are more primitive and therefore have a decreased 

probability of immune rejection and  increased proliferation capacity (Hordyjewska et al., 2015). 

The effective application of stem cells in clinical practice is limited, mainly due to the low number 

of cells available in the sources used more frequently, especially from adult tissues. Hence, 

strategies to expand these cells ex vivo in order to obtain clinical meaningful cell numbers need 

to be established. Also, methods to enhance the stem cell therapeutic potential may be 

developed. Genetic engineering tools can be used to modify and improve the beneficial 

properties of these cells, by inducing/inhibiting the production of different factors. Combination 

of stem cell properties with gene therapy approaches could be a promising strategy to 
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revolutionize regenerative medicine, by developing new and patient-oriented cell-therapy 

products. 

The work developed throughout this thesis was focused essentially on MSC from BM, but also 

from UCM and AT, and on gene therapy approaches using non-viral methods to improve the 

therapeutic properties of this cells, particularly their pro-angiogenic capacity. 

The introduction was divided into five chapters: Background (I.1), Mesenchymal Stem/Stromal 

Cells (I.2), Gene Therapy (I.3), Peripheral Arterial Disease (I.4) and Future perspectives and 

challenges (I.5).  
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 Mesenchymal Stem/Stromal Cells (MSC) 

MSC were first discovered by Friedenstein and co-workers who isolated and identified a group 

of cells from BM that develop into CFU-F and are associated with hematopoiesis sustenance 

(Friedenstein et al., 1970). These cells were initially named “marrow stromal cells” because 

initially their application in laboratory was only to form feeder layers for HSC (Shigematsu et al., 

2010). Currently these cells are known as MSC, since they are associated to the normal turnover 

and preservation of adult cells from mesenchymal lineages (Caplan, 1991). 

Although BM was the prevailing source from human MSC, today it is known that these cells can 

be obtained from other adult sources and also from perinatal tissues. AT (Zuk et al., 2001), dental 

pulp (Huang et al., 2009) or synovial fluid (Santhagunam et al., 2014) are examples of adult 

sources alternative to BM. MSC could also be found on perinatal tissues including UCM (Simoes 

et al., 2013), amniotic fluid (In 't Anker et al., 2003) or placenta (Miao et al., 2006). Throughout 

this thesis the focus will be on MSC from three sources more relevant in clinical setting: BM, AT 

and UCM.  

MSC hold great promise for numerous clinical applications due to their unique beneficial 

properties, since they are low immunogenic and have immunomodulatory properties due to the 

secretion of different soluble factors (Singer and Caplan, 2011, Gebler et al., 2012). These 

properties open the possibility of using MSC in an allogeneic context, where cells isolated from 

an individual (donor) are expanded ex vivo and used in the patients as an off-the-shelf 

therapeutic product. This is opposed to the autologous approach, where patient-specific cells 

are used in a personalized therapy (Elseberg et al., 2017). 

 

 MSC characterization 

Regardless the tissue from where they are obtained, these cells share some intrinsic properties 

that allow to identify and classify them as MSC. As all stem cells, they have the ability to self-

renew maintaining in an undifferentiated state and are associated with mesenchymal tissue 

normal renewal and maintenance (Pittenger et al., 1999). 

Functionally, adult MSC are characterized by an average doubling time of 33 hours and have a 

large expansive potential, being able to replicate in culture in an uncommitted state, while 

retaining their multipotency (Bonnet, 2003). MSC were proven to be able to differentiate into 

several lineages of mesodermal origin such as cartilage, bone, fat, tendon, muscle, myocardium, 

and marrow stroma under appropriate culture conditions (Figure I.1). 
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Since there is no single and specific biomarker for MSC isolation or characterization and 

properties of these cells may vary according to the source from where they are obtained, in 2006 

the International Society for Cell Therapy (ISCT) proposed three minimal criteria for defining 

MSC. These criteria are (i) the ability to adhere to plastic under standard culture conditions; (ii) 

expression of CD105, CD73 and CD90, and lack of expression of CD45, CD34, CD14 or CD11b, 

CD79α or CD19 and HLA-DR cell surface markers and (iii) the capacity to differentiate into 

osteoblasts, adipocytes or chondroblasts upon induction in vitro (Dominici et al., 2006, Baer and 

Geiger, 2012). Despite few differences may be observed in MSC properties according to the 

source, isolation method or expansion conditions, this definition is valid for all MSC. 

MSC have been extensively studied on the last years and researchers identified other surface 

markers besides those proposed by ISCT that can be used to recognize and isolate these cells. A 

study from Mafi and co-workers summarizes and brings together the available information on 

MSC cell surface markers. According to this, CD105, CD90, CD73, CD44, CD29 and CD13 are 

examples of commonly reported positive markers, while CD34, CD14, CD45 and CD11b are the 

most frequently reported as negative (Mafi et al., 2011, Zuk et al., 2001, Pittenger et al., 1999). 

This panel of surface markers allows not only to identify and isolate MSC but also to exclude 

other cell types, likely to be found in MSC cultures as contaminants. CD34 is expressed both on 

hematopoietic progenitors and endothelial cells (Sidney et al., 2014); CD45 is a pan-leukocyte 

Figure I.1 - Simplified cellular transitions from the MSC to highly differentiated cell phenotypes. MSC are able to 
undergo extensive cell proliferation prior to differentiate into a range of mesenchymal cell types including bone, 
cartilage, muscle, stroma, tendon and adipose (Caplan and Bruder, 2001). 
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marker (Nakano et al., 1990) and CD14 and CD11b are markers of monocytes and macrophages, 

which are the most likely contaminants of MSC cultures (Pilz et al., 2011). CD79α or CD19 should 

also be tested since they are expressed on B cells that may also adhere and be maintained on 

MSC cultures (Wang et al., 2012). Finally, HLA-DR should not be found on MSC, unless they are 

activated and thus being called “stimulated MSC” (Dominici et al., 2006). According to ISCT 

criteria, a MSC population is considered “more homogeneous” if it has more than 95% of cells 

expressing CD73, CD90 and CD105 and has less than 2% of cells expressing the proposed 

negative markers (Dominici et al., 2006).  Although it is not described in ISCT statement, STRO-

1 is also a marker commonly used for identification and isolation of MSC (Goncalves et al., 2006, 

Simmons and Torok-Storb, 1991). However, this is an example of a marker that may be tissue-

specific, since STRO-1 has been consensually described as positive for BM derived MSC but his 

presence in cells isolated from AT is controversial (Gronthos et al., 2001, Zuk et al., 2001).  

In contrast with MSC in vivo, the proliferation apparatus of cultured MSC is highly activated and 

the expression of MSC surface markers is increased in culture (Hoogduijn et al., 2014). The 

impact of culture on the expression of chemokine receptors remains unknown, so cultured and 

non-cultured MSC may therefore home to different sites in vivo and have different interplays 

with the immune system. 

 

I.1.2.1. Culture conditions 

The capacity of MSC to be expanded in vitro with relatively great genomic stability and few 

associated ethical issues marks once again their relevance in cell therapy and regenerative 

medicine (Stultz et al., 2016, Dominici et al., 2006). To benefit from MSC therapeutic potential 

there is the need to culture these cells for several passages in order to achieve clinically 

meaningful cell numbers that cannot be obtained directly from the tissue from where they are 

isolated. Therefore, development of optimal culture conditions for MSC expansion in vitro, able 

to maximize cell numbers with minimal changes in MSC intrinsic properties, is extremely 

important. Medium composition, cell seeding density and physical-chemical environment 

(dissolved O2 and CO2, pH and temperature) are examples of culture parameters that may be 

addressed for optimization (Mushahary et al., 2018). Thus, manipulating culture conditions can 

also be used to tune MSC properties. 

Culture medium formulation 

One of the most important parameters in cell culture is the culture medium used. It should not 

only promote high proliferation but also should not affect cell main characteristics. Medium 
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formulations are usually composed of a basal medium (with glucose and glutamine) and a 

supplement rich in growth and adhesion factors that will contribute for cell adhesion and 

proliferation (Sotiropoulou et al., 2006). Several types of basal media are available, being the 

most common for MSC culture: Dulbecco’s modified Eagle’s medium (DMEM), Iscove’s modified 

Dulbecco’s medium (IMDM), Minimum Essential Medium Eagle alpha (αMEM) and Optimem. 

Although all of these formulations are able (with exception to IMDM) to support MSC growth 

while maintaining their features, DMEM  is the more commonly used (Sotiropoulou et al., 2006). 

For MSC culture it should be supplemented with 1000 mg/mL glucose (low glucose) and 

Glutamax instead of L-glutamine, since L-glutamine is chemically unstable and is easily 

decomposed into ammonia, which may inhibit cell growth (Christie and Butler, 1994). 

Culture medium supplementation 

Culture media supplemented with fetal bovine serum (FBS) have been routinely used for human 

MSC expansion at a concentration ranging between 10-20% (Mushahary et al., 2018). Although 

FBS contains high concentrations of both growth and attachment factors, essential for cell 

expansion and maintenance, there are many concerns associated to its use. Besides being a 

complex xeno(geneic) compound with great lot-to-lot variation, it also brings the risk of 

contamination with prions, virus or mycoplasma and possible immunological reactions (Sundin 

et al., 2007, Mannello and Tonti, 2007). Another important advantage of replacing animal serum 

is the decrease on demand of animal supplies (Dimarakis and Levicar, 2006). 

To overcome the safety issues related to FBS, human-blood derived supplements, such as 

human serum, human platelet lysate (HPL) or cord blood serum as well as serum-free 

formulations with a more defined composition, have been tested for MSC expansion.  The use 

of autologous human serum would be the ideal approach to avoid contaminations or 

immunological responses, and even though this option should not be completely discarded it is 

not feasible for an “off-the-shelf” stem cell therapy (Dimarakis and Levicar, 2006). Thus, other 

xeno-free medium formulations should be established for MSC culture.  

Studies with human serum revealed a higher proliferation capacity of MSC compared to the use 

of FBS while main cell characteristics (morphology, viability, differentiation capacity or 

immunophenotype) were maintained (Paula et al., 2015). However, human serum has high 

donor-to-donor variability and presents some other limitations and risks (Karnieli et al., 2017). 

Although the donor-specific variability could be decreased with pools of serum from a significant 

number of donors (de Soure et al., 2016, Paula et al., 2015), one of the major limitations is the 

availability, since there is a limited amount that can be collected. There is also some level of 
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concern associated with the use of human blood-derived products due to the risk of spreading 

new and unknown human pathogens. 

The supplement choice may also depend on the final therapeutic purpose of the cells. Even 

though there are few studies using cord blood serum for media supplementation, its use may 

be advantageous for treatment of bone-related diseases, for example, since MSC expanded with 

this serum showed not only higher proliferation capacity compared to FBS but also an enhanced 

osteogenic potential (Jung et al., 2009). 

Another extensively studied, and probably the best alternative to FBS for MSC expansion, is HPL 

(Astori et al., 2016, Burnouf et al., 2016). This lysate can be easily obtained by repeated 

freeze/thaw cycles and sonication from fresh blood or platelet concentrates and contains a 

series of bioactive molecules such as chemokines, growth factors and adhesion molecules 

(Burnouf et al., 2016). Several studies showed that HPL significantly increased the proliferative 

capacity of MSC from either BM (Capelli et al., 2007), AT (Naaijkens et al., 2012) or UCM (de 

Soure et al., 2017) without changing their surface markers or differentiation ability. However, 

contradictory results have been reported regarding MSC immunosuppressive potential.  

Whereas there are studies reporting that MSC immunomodulatory properties are not affected 

by culture in HPL (Capelli et al., 2007), a recent study revealed that expansion in HPL may 

diminish MSC immunosuppressive features (Oikonomopoulos et al., 2015). These discrepancies 

observed could be due to variability between different HPL batches. Also, HPL or human serum 

supplements need a prior step of inactivation/irradiation similarly to FBS in order to avoid the 

risk of viral or pathogen transmission(Viau et al., 2019). In conclusion, the ideal approach is to 

use a well-defined medium formulation that do not relies in animal or human-derived serum 

supplementation. 

Usually serum-free (SF) media are composed by a basal medium that is chemically defined and 

by a supplement with high protein content (growth factors, hormones and other proteins) that 

may be chemically defined or undefined (de Soure et al., 2016). Those undefined formulations 

are free from serum itself but contain purified proteins and growth factors from human origin. 

Nevertheless, well-defined SF and xeno-free (XF) formulations with recombinant proteins, 

instead of human derivatives, are available - TheraPEAK™ MSCGM-CD™ (Lonza) and MSC 

NutriStem® XF (Biological Industries) - and have been successfully used for MSC expansion (Tan 

et al., 2015, Wang et al., 2014b), their use is not yet well established for routinely culture of 

MSC.  
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There are SF/XF options that despite being not fully defined, have been successfully used for 

MSC expansion with high quality and reproducibility, reducing the main issues related with use 

of serum. MesenCult™-XF (Stem Cell Technologies) and StemPro® MSC SFM XF (Thermo Fisher) 

are examples of such formulations. MesenCult™-XF is able to efficiently promote expansion of 

MSC from both AT (Al-Saqi et al., 2014) and UCM (Chen et al., 2014), but it was reported to not 

support BM-MSC expansion beyond passage five (Pal et al., 2009). StemPro® MSC SFM XF on the 

other hand has been successfully used in our and other groups for expansion of MSC from 

different sources (Tan et al., 2015, Carmelo et al., 2015, Simoes et al., 2013), leading to high cell 

numbers without compromising cell surface markers or multilineage differentiation potential. 

Commonly, the use of these SF media requires an additional substrate to promote cell adhesion, 

which is not needed for serum-dependent cultures. Still, the major limitation regarding the use 

of SF formulations is on cell isolation, since none has proven to be as efficient as serum-

containing media. Hence, StemPro® MSC SFM XF supplemented with 2.5% of human serum can 

be efficiently used for isolation of MSC from BM (Chase et al., 2012). 

Seeding density 

Seeding density is also a critical parameter in MSC culture, it was observed that reducing seeding 

densities leads to an increase in proliferation. There is an inverse correlation between initial 

plating density and population doublings, and studies refer an initial plating density of 1000 cells 

per cm2 as the optimal condition (Sotiropoulou et al., 2006, Nekanti et al., 2010). It was observed 

that neither initial seeding density nor passaging density affect MSC phenotype, 

immunosuppressive  capacity or multilineage differentiation potential (Sotiropoulou et al., 

2006).  

Oxygen tension 

Other important factor that may have impact on MSC proliferation is the oxygen tension. In 

order to mimic the niche of BM-MSC in vivo, studies of culturing cells under low oxygen tensions 

have been performed. It was observed that MSC cultured under hypoxia (2% of O2) showed 

higher proliferative and clonogenic potential than when cultured under normoxia (20% of O2) 

(dos Santos et al., 2010).  

All culture parameters referred to increase MSC proliferation could be easily and rapidly applied 

to clinical-scale expansion of MSC in fully controlled systems - bioreactors - leading to increased 

cell yields and therefore reducing culture time and costs. Bioreactors are of special interest in 

an allogeneic setting, since they can be used to produce multiple doses of MSC-based 
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therapeutic products that can be available as an off-the-shelf cell therapy, allowing an 

immediate access for acute interventions. 

 

I.1.2.2. Multilineage differentiation potential 

The capacity to differentiate into mesodermal lineages is a determining property of MSC. In fact, 

the in vitro ability to give rise to adipocytes, osteocytes and chondrocytes is one of the minimal 

criteria to identify MSC according to ISCT (Dominici et al., 2006). This differentiation capacity 

may be stimulated by proper media supplementations, which activate transcription factors 

responsible for induction of each cell lineage. The differentiation into adipocytes, osteocytes 

and chondrocytes can be confirmed by oil droplet production, formation of mineralized matrices 

and expression of type II collagen, respectively and/or by evaluation of lineage-specific gene 

expression (Pittenger et al., 1999).   

Briefly, the standard adipogenic differentiation protocol consists in culturing MSC in a basal 

medium containing FBS and supplemented with dexamethasone, insulin, isobutyl methyl 

xanthine and indomethacin for 2-3 weeks. After that, adipogenic induction is evaluated both by 

presence of lipid vacuoles, that may be detected with oil red O, and by expression of adipocyte-

specific genes, such as peroxisome proliferator-activated receptor γ (PPARγ), adipocyte protein 

2 (ap2) and lipoprotein lipase (LPL) (Pittenger et al., 1999, Rosen and MacDougald, 2006). 

The classical protocol for osteogenic differentiation requires the incubation of cells for about 2-

3 weeks in osteogenic medium, which is a basal medium with FBS complemented with ascorbic 

acid, β-glycerophosphate and dexamethasone. The osteogenic differentiation is characterized 

and can be detected by an increase in alkaline phosphatase activity (ALP) and formation of 

mineralized regions, which are positive for Alizarin Red or von Kossa staining. Expression of 

osteogenesis-related genes, such as runt-related transcription factor 2 (runx2), osteopontin or 

bone morphogenetic protein 2 (BMP2), may also be used to evaluate osteogenesis (Neve et al., 

2011, Pittenger et al., 1999). 

Finally, for chondrocyte differentiation cells are cultured as micromass pellets in a medium 

containing dexamethasone and transforming growth factor β3 (TGF-β3) without FBS. After 2-3 

weeks of culture, production of cartilage-specific sulphated proteoglycans can be observed by 

staining with Alcian Blue (Mackay et al., 1998). Collagen I and collagen X are examples of 

chondrogenic genes that may be used to quantify differentiation into this lineage (Pittenger et 

al., 1999). 
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Although these are the three main lineages that could be obtained from MSC, they can also 

differentiate into other cells from mesenchymal tissues upon induction in vitro. More than 20 

years ago, Wakitani et al. showed that treatment of MSC with 5-azacytidine lead to myotube 

formation (Wakitani et al., 1995) and later was observed that the use of this compound on MSC 

lead to a cell population with cardiomyocyte-like properties (Xu et al., 2004). Another report 

revealed that MSC can give rise to functional muscle fibers able to improve degeneration of 

muscle tissues (Ninagawa et al., 2013). Even though these reports reveal that MSC may have a 

myogenic potential in vitro, the signaling is not completely understood and further investigation 

should be performed to comprehend the mechanisms behind myocyte differentiation in vivo. 

Despite their mesordermal origin, there are reports showing the MSC potential to trans-

differentiate into ectodermal lineages, such as neurons (Hofstetter et al., 2002), or endodermal, 

such as hepatocytes (Hang et al., 2014) or pancreatic β-cells (Tang et al., 2012). However, this 

plasticity of MSC brings some controversy regarding the functionality of derived cells and the 

trans-differentiation efficacy and safety is yet to be proved.  

 

 MSC isolation and sources 

The success in obtaining clinically relevant MSC numbers for therapeutic applications relies not 

only on culture conditions but also on optimization of efficient isolation procedures. The 

features of MSC depend on the tissue from where they are obtained. For example, UCM-derived 

cells are reported to have an increased expansion potential (Simoes et al., 2013, Kern et al., 

2006) and AT-MSC to have an improved immunomodulatory capacity (Ribeiro et al., 2013). So, 

the choice of the ideal MSC source will depend on the therapeutic application. Herein, it will be 

discussed the isolation procedures and properties of MSC obtained from BM, AT and UCM. 

Although AT and UCM have advantages over BM, such as ease of collection and higher cell yield, 

BM is still the most used tissue for MSC isolation. Also, most clinical trials to date with MSC use 

BM-derived cells. 

I.1.3.1. Bone Marrow (BM) 

BM is the flexible tissue found in the interior of bones and is the site of hematopoiesis, the 

process by which all blood cells are produced. This process is supported by the BM stroma which 

consists of fibroblasts, osteoblasts, adipocytes, endothelial cells, macrophages and extracellular 

matrix (ECM) (Moore and Lemischka, 2006). MSC were firstly isolated from BM (Friedenstein et 

al., 1970), but represent only 0.001 to 0.1% of BM cell population and are known to be involved 
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in hematopoiesis support by providing ECM elements, 

cytokines and growth factors (Moore and Lemischka, 2006).  

To isolate MSC from BM aspirates, the first step is to 

perform a density gradient centrifugation step using a 

polymeric solution (e.g. Ficoll-Paque PLUS or Percoll) to 

separate the mononuclear cell (MNC) fraction from the 

other marrow cells, such as erythrocytes, and plasma as 

schematized in Figure I.2 (Gottipamula et al., 2014). The 

MNC fractions contain a small number of MSC that can be 

further isolated by two different methods. The more common and cost-effective is by plastic 

adherence to tissue culture surfaces (polystyrene), where isolated MNC are plated on culture 

flasks. Since one of the MSC properties is their ability to adhere to plastic, they remain attached 

to tissue culture flasks, while contaminant cells are washed away by culture medium changes 

and passaging (Lennon and Caplan, 2006).  The other method to isolate MSC is by immunobased 

cell sorting, either by fluorescence or magnetic activated cell sorting (FACS or MACS) using 

antibodies against certain cell markers, which creates a more homogeneous population. 

Different surface markers have been explored (SSEA‐4, CD271 and CD146), but Stro-1 is probably 

the best well known and studied for BM-MSC isolation (Lv et al., 2014). However, the lack of an 

MSC specific marker hinders this process since none of the surface markers brought so far is able 

to be applied to obtain MSC populations from different tissues that met ISCT criteria (Lv et al., 

2014). So, most BM-MSC isolation protocols rely on plastic adherence protocols, that also lead 

to increased cell yields (de Soure et al., 2016). 

In order to obtain cell therapy products compliant with good manufacturing practices (GMP), 

other systems for BM-MSC isolation have been developed. Quantum Cell Expansion System is 

an example of a hollow fiber bioreactor able to isolate and expand BM-MSC in a functionally 

closed system, producing the high demanding cell doses required for therapeutic applications 

with minimal manipulation (Rojewski et al., 2013). 

 

I.1.3.2. Adipose Tissue (AT) 

MSC can also be isolated from AT collected from liposuction procedures. The first isolation 

protocol to obtain stem/stromal cells from AT was described in 2001 and cells obtained share 

main features with BM-derived MSC (Zuk et al., 2001). A higher number of MSC can be obtained 

from this source, when compared with BM, since the stromal vascular fraction (SVF) contains up 

Figure I.2 - Separation of BM components 
after the density gradient centrifugation 
step with Ficoll-Paque (Sigma-Aldrich 
website). 
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to 3% of stem/progenitor cells. On the original protocol, lipoaspirates are washed with 

Phosphate Buffered Saline (PBS) and then subjected to an enzymatic digestion with collagenase 

to disrupt ECM, followed by a centrifugation step (Zuk et al., 2001). The pellet obtained contains 

a mixture of different cell populations, including red blood cells, fibroblasts, pericytes, pre-

adipocytes and also MSC, and is called SVF. To remove red blood cells a lysis step was added 

followed by a filtration to remove cell debris. Then, the obtained cell fraction is plated on 

adherent tissue culture surfaces and non-adherent contaminants may be removed by washing, 

medium changes and passaging (Gimble et al., 2007). Although this was the first established 

protocol, slight variations have been implemented by some groups, including the type and 

concentration of the enzyme used for ECM disruption, digestion times or the size of the pore of 

the filters used (Mushahary et al., 2018). Additionally, there are protocols with considerable 

variations, for example avoiding the enzymatic digestion step by using an adherent column (Doi 

et al., 2014) or purifying MSC directly from SVF using membrane filtration. Still, the enzymatic-

based protocol is the most efficient and widely used. 

Although the isolation protocol based on plastic adherence is the most commonly used for MSC 

isolation from AT, attempts to purify subpopulations by either FACS or MACS have also been 

performed (Busser et al., 2015). In order to have GMP compliant and standardized AT-based cell 

products, fully closed systems for isolation and processing of AT samples must be developed. In 

this context, Celution System was developed, which consists in a closed and automated system 

that is able to reliably and reproducibly isolate and concentrate regenerative cells from AT at 

patient bedside ready for immediate application (Fraser et al., 2014). Combination of such 

systems with fully controlled expansion platforms allowing to obtain the higher cell numbers 

required for an off-the shelf therapeutic product will be a challenging but ideal approach.  

 

I.1.3.3. Umbilical Cord Matrix (UCM) 

UCM, also called Wharton’s Jelly (WJ) is a valuable source of MSC, since umbilical cord is a tissue 

considered medical waste which is usually discarded at birth thus not involving painful or 

invasive procedures. Besides presenting the advantage of having an increased proliferative 

potential (Simoes et al., 2013), UCM-derived MSC are also more primitive due to expression of 

some pluripotent markers (Carlin et al., 2006) and exhibit increased degree of multipotency 

compared to cells obtained from BM or AT (Fong et al., 2011).  

The first step to isolate MSC from UCM is the removal of blood and vessels from the tissue 

followed by mincing in small pieces. After this procedure, two alternative methods can be 
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applied to further process UCM and isolate MSC populations: explant cultures or enzymatic 

digestion (Mushahary et al., 2018, de Soure et al., 2016). For explant culture, the small UCM 

fragments are directly plated on a plastic culture surface with appropriate culture medium and 

cells are allowed to migrate from the tissue pieces. After several days, the explants can be 

removed and the derived cells are attached and growing on the tissue culture surface. The 

enzymatic digestion relies on the use of enzymes (e.g. collagenase or trypsin) to degrade the 

ECM. The single cells or aggregates released from this step are then plated on plastic culture 

surfaces with culture medium.  

MSC isolated using both procedures have similar morphology and comparable doubling times 

(Buyl et al., 2015). The use of explant culture has two main advantages: higher cost-effectiveness 

and minimal cell damage caused by exposure to enzymatic reagents. Still, this method generates 

higher cell yields in a shorter time-frame, using enzymatic digestion protocols (Han et al., 2013, 

Buyl et al., 2015). To take advantage of benefits associated with both methods, some authors 

suggest that a combination procedure may be used to obtain MSC from UCM tissues (Banitalebi 

Dehkordi et al., 2016).  

Protocols for harvesting UCM-derived MSC in an automated and fully-closed system are much 

more challenging than for BM or AT, since umbilical cord is a side-product of birth and its safety 

and quality is not a priority. So, there are not available standardized systems for UCM 

manipulation under fully closed GMP conditions and the process still relies on fully manual 

procedures. 

 

 Potential therapeutic properties of MSC  

Besides their multilineage differentiation potential, MSC also have other important features 

including immunosuppressive/immunomodulatory properties and capacity of homing to injury 

sites. These features, together with the low immunogenicity of these cells, make them promising 

candidates for both cell therapy and tissue engineering approaches.  

The capacity of systemically infused MSC to migrate to injury sites and promote tissue repair, 

also called “homing”, is probably associated with the high cytokine concentration present on 

the damaged tissue, since it is known that these cells have many cytokine receptors (Yagi et al., 

2010). On the other hand, the capacity of MSC to be immune evasive can be justified by a 

reduced expression of immunogenic surface antigens, due to possessing major histo-

compatibility complex class I protein (MHC I) and low/absent expression of MHC II (e.g. HLA-DR) 

(Singer and Caplan, 2011). This characteristic of MSC presents two main advantages for clinical 
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purposes (i) they can be infused as potential treatment without major risk of rejection and need 

of immunosuppression and (ii) they can be used to suppress and/or modulate immune system 

responses in other cell or tissue transplantation approaches. 

Although in some cases cell-to-cell contact may be important, it is believed that the main 

regenerative properties of these cells rely on paracrine secretion of healing soluble factors. In 

Figure I.3 are summarized the main potential therapeutic actions of these cells and the 

associated soluble factors (Singer and Caplan, 2011). 

 

I.1.4.1. Trophic activity 

Although the multilineage differentiation potential of MSC was extensively studied for bone or 

cartilage repair, their trophic activity has been gaining increasing interest in clinical trials in 

recent years (Caplan and Correa, 2011, Singer and Caplan, 2011, Andrzejewska et al., 2019). This 

trophic activity, together with the homing ability and low immunogenicity of MSC, has bringing 

attention for their potential use for wound healing or angiogenesis including on cardiovascular, 

neural or immunological disorders (Squillaro et al., 2016).  

Figure I.3 - Paracrine effects of cultured MSC. These cells are known to secrete many soluble factors which action can 
be divided into these six mechanisms: immunomodulation, antiapoptosis, angiogenesis, support of cell growth and 
differentiation, antiscarring and chemoattraction (Singer and Caplan, 2011). 
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MSC trophic activity was first explored to improve HSC engraftment after hematopoietic cell 

transplantation (HCT), but when MSC were co-infused with HSC it was observed not only a better 

HSC engraftment but also a reduction of GvHD symptoms in some patients (Sato et al., 2010, 

Lazarus et al., 2000). GvHD is a frequent complication and major cause of mortality after HCT 

and MSC infusion improved overall patient survival even when HLA-mismatch donors were used 

(Gebler et al., 2012). In fact, the most studied MSC therapeutic application is in the context of 

GvHD, with many ongoing clinical trials using MSC from different sources (Caplan and Bruder, 

2001, Le Blanc et al., 2008, Chullikana et al., 2015)(ClinicalTrials.gov). On the basis of such trials, 

an MSC cell therapy (Prochymal) has received marketing approval in 2012 in Canada and New 

Zealand to treat children with acute GvHD. Based on this technology, a similar product 

(TEMCELL) was developed in Japan and its authorization by Japanese authorities was announced 

in 2015 (Galipeau and Sensebe, 2018). Since one of the major known limitations of MSC therapy 

is their poor engraftment after infusion, one can conclude that their beneficial effects are mainly 

due to their trophic activity. 

As described in Figure I.3, MSC-secreted molecules can inhibit apoptosis and scarring, diminish 

immune system responses, induce angiogenesis and attract and support growth of intrinsic cell 

populations. Vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), 

interleukin (IL)-6, stromal-derived factor (SDF)-1α, leukemia-inhibitory factor (LIF), and 

prostaglandin E2 (PGE2) are between the most important molecules with therapeutic action 

secreted by MSC. Each of these factors may be associated with more than one therapeutic action 

with different mechanisms involved. For example, VEGF, which is one of the most potent 

angiogenic factors, has also anti-apoptotic activity. HGF and LIF are known to be immuno-

modulatory molecules, but they are also responsible for apoptosis inhibition or cell support, 

respectively. SDF-1α, one the other side, has a more specific function, but is one of the most 

important chemoattractant factors, being responsible for cell migration and support (Singer and 

Caplan, 2011). In table I.1 are summarized some of the soluble factors secreted by MSC and their 

function. 

Table I.1. Examples of bioactive soluble molecules secreted by MSC and their main actions. Adapted from (Gebler et 
al., 2012) 

Soluble Factor Function 

VEGF Inhibition of apoptosis; stimulation of angiogenesis 

HGF Inhibition of proliferation and cytotoxicity 

IL-6 Regulation of cell migration; Stimulation of mitosis and angiogenesis 

SDF1-α Chemoattraction of lymphocytes and HSC; Support of cell growth/differentiation 

LIF Inhibition of apoptosis 
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PGE2 
Inhibition of proliferation and cytotoxicity; Stimulation of cell activation; Inhibition 
of DC and Treg stimulation 

IL-10 Inhibition of apoptosis 

IDO Inhibition of proliferation through reduction of tryptophan 

NO Inhibition of cell activation 

SCF Support of growth and differentiation 

sHLA-G; TGF-β Inhibition of proliferation and cytotoxicity; Promotion of Treg generation 

IFN-γ; TNF –α; IL-1β Induction of immunosuppressive factors production 

CCLs/CXCLs Induction of leukocyte migration 

Ang-1 Stimulation of angiogenesis 

 

The possibility of the therapeutic action of the bioactive molecules secreted by MSC lead to 

many studies where culture-derived conditioned media rich in bioactive factors were used in 

therapeutic approaches instead of the cells (Cunningham et al., 2018, Sagaradze et al., 2019). 

Studies with cell secretome (i.e. a molecular therapy approach) have the advantage of less 

ethical issues (e.g. low risk of immune reactions and cancer development (Lee and Hong, 2017)) 

and reduced need of purification steps required to obtain a homogeneous and consistent cell-

based therapy. Despite some positive results, the mechanism of the therapeutic action of MSC 

are not yet well understood and some groups defend that some benefic mechanisms are cell 

contact-dependent and thus cells are required (Krampera et al., 2003). 

In accordance with these findings, extracellular vesicles (e.g. exossomes) secreted by MSC have 

been extensively studied in past years. Although purification strategies sill require 

improvements and the mode of action of this vesicles is far to be well understood, it is known 

that they have high concentration of a variety of molecules with promising therapeutic 

potential, including microRNAs, cytokines or lipids (Borger et al., 2017). Thus, exossomes and 

other secreted vesicles may replace the cells and be used in therapy as immunomodulatory, 

anti-cancer or pro-angiogenic drugs. 

 

I.1.4.2. Immunomodulation 

MSC were firstly identified as able to modulate the immune system after being transplanted 

into a fetal sheep (Liechty et al., 2000). Long-term engraftment was possible even when the 

transplant was performed after the development of immunocompetence. This study revealed 

that MSC may have unique immunologic properties, giving them the ability to evade 

immunosurveillance of xenogeneic environments. 
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Several other studies have shown that MSC modulate immunological responses by suppressing 

T-lymphocyte activity both in vivo and in vitro (Le Blanc et al., 2003, Bartholomew et al., 2002). 

MSC administration in vivo was able to support and prolong allogeneic skin graft survival 

(Bartholomew et al., 2002). In an in vitro context, mixed lymphocyte reactions (MLR) can be used 

to evaluate the immunomodulatory potential of MSC. In MLR, T-cells from two different donor 

populations are co-cultured together with MSC and the effect of the latter on T-cell proliferation 

is evaluated. MSC are able to diminish T-cell proliferation up to 60% (Di Nicola et al., 2002, 

Fontaine et al., 2016). In fact, MLR became a standard tool for characterization of MSC and 

evaluation of their therapeutic potential.  

Although the mechanisms behind how T-cell inactivation and immunomodulation are processed 

by MSC are not totally clear, it is likely that these mechanisms involve not only cell-cell contact, 

but also secreted soluble factors, since suppression was shown even when cell-cell contact 

between MSC and lymphocytes was prevented (Di Nicola et al., 2002). Nevertheless, some 

authors reported a reduction on T-cell inhibition when there is no cell contact (Krampera et al., 

2003). 

Figure I.4 - Summary of soluble factors and cell-surface proteins involved in interaction between MSC and immune 
cells. These molecules mediate MSC effects and provide information to MSC about the local environment. CLTA4 - 
cytotoxic T-lymphocyte antigen 4; Ig – immunoglobin; TLR - Toll-like receptor; Treg -  regulatory T cell; Th – helper T 
cell (Singer and Caplan, 2011). 
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Among the soluble factors secreted by MSC are growth factors, cytokines, chemokines and 

hormones that have pleiotropic effects on immune cells. The functions exerted on the immune 

system by MSC and derived molecules include: inhibition of T-lymphocyte activation and 

proliferation, blockage of antigen presenting cells (APC) maturation, activation and increase of 

regulatory cells, modulation of cytokine production by dendritic cells (DC) and suppression of 

helper T cells and natural killer (NK) by inhibiting secretion of pro-inflammatory cytokines 

(Interferon (IFN)-γ, IL-1β or tumor necrosis factor (TNF)-α) and increasing anti-inflammatory 

factors (such as IL-10) (Gebler et al., 2012, Singer and Caplan, 2011). The interactions between  

MSC and immune system cells, as well as the soluble factors involved, are schematized in Figure 

I.4.  

 

I.1.4.3. Angiogenesis 

The mechanisms involved in blood vessel generation and remodeling can be divided in three 

categories: (i) vasculogenesis (de novo blood vessel formation from endothelial progenitors); (ii) 

angiogenesis (capillary development from pre-existing vasculature) and (iii) arteriogenesis 

(expansion of collateral vessels) (Watt et al., 2013, Carmeliet, 2003). Angiogenesis usually occurs 

in response to stimuli such as hypoxia, mechanical cues or inflammation that induces migration 

and proliferation of endothelial progenitor cells, forming new sprouting capillaries that will 

maturate into stable vessel networks (Carmeliet, 2003, Taimeh et al., 2013). 

Although the transdifferentiation of MSC into endothelial cells has been already described (Tao 

et al., 2016) and these have been called vascular stem cells (Lin and Lue, 2013), their capacity to 

generate endothelial lineages is controversial and it is more likely that their pro-angiogenic 

potential relies on the paracrine secretion of cytokines that induce blood vessel (re-)generation. 

One of these is VEGF, one of the most potent pro-angiogenic factors and a key regulator of 

angiogenesis since the early embryo, being essential in vasculature development (Ferrara, 

2001). After birth and throughout the adulthood, VEGF not only induces blood vessel formation 

through recruitment of endothelial progenitor cells and favors their maintenance and 

rebuilding, but also promotes restoration of blood supply to ischemic tissues.  

Direct infusion of VEGF has been tested for therapeutic angiogenesis, but the short half-life of 

exogenous VEGF (≈50 minutes) limits this approach (Eppler et al., 2002, Faranesh et al., 2004), 

emphasizing the need of a more efficient delivery system. Gene therapy approaches with VEGF 

gene have also been studied to enhance angiogenesis in both pre-clinical (Yasumura et al., 2012, 

Anderson et al., 2017) and clinical trials (Kusumanto et al., 2006, Deev et al., 2015). However, 
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although animal studies have revealed promising results, to date, only modest benefits were 

observed in humans (Taimeh et al., 2013). 

The use of MSC able to secrete VEGF, both constitutively and in response to physiological 

requirements, could overcome the limitations of direct infusion of VEGF (Kagiwada et al., 2008). 

Furthermore, MSC secrete other pro-angiogenic molecules than VEGF, including IL-6, Ang-1, 

HGF, basic fibroblast growth factor (bFGF), TGF-β, platelet-derived growth factor (PDGF) that 

may act alone or together in a synergistic manner to induce blood vessel remodeling and reduce 

inflammation (Singer and Caplan, 2011, Tao et al., 2016), highlighting MSC potential in 

angiogenesis. 

So, although the poor MSC engraftment usually observed upon infusion of these cells, their 

trophic activity can compensate, since beneficial effects were observed in some clinical trials 

regarding cardiovascular diseases (Watt et al., 2013).  Of notice, cardiovascular diseases are a 

leading cause of death worldwide with increasing frequency due to the population ageing and 

growing incidence of diabetes and obesity. Although those clinical trials are on early phases, 

essentially safety and feasibility studies, some revealed promising preliminary results. For 

example, Prochymal, the first stem cell therapy (MSC-based) approved in Canada for treatment 

of acute GvHD in children, also induced improvements in patients with myocardial infarction 

(MI) (Hare et al., 2009). 

Critical limb ischemia (CLI), the worst stage of peripheral arterial disease (PAD), has also been 

extensively studied in both pre-clinical and clinical studies using MSC cell therapies (Liew and 

O'Brien, 2012). Pre-clinical in vivo studies revealed encouraging results with improvements in 

limb reperfusion and decrease in limb loss (Kinnaird et al., 2004, Leroux et al., 2010). Similar 

results were observed in clinical trials where umbilical cord-derived MSC shown to decrease 

ischemic rest pain, promote healing of necrotic ulcers and increase capillary density in patients 

with vasoocclusive Buerger’s disease (Kim et al., 2006). A more recent study with BM-MSC 

revealed comparable results, with improvements in rest pain and increase in ankle pressure for 

CLI patients (Gupta et al., 2013). 

However, concerning the establishment of MSC-based therapy, further studies are required 

regarding optimization and standardization of parameters such as route of administration, cell 

dose, origin of cells (tissue source and autologous versus allogeneic) and timing of infusion. In 

animal models intramuscular injections of approximately 1 million cells are commonly 

administered 24hours after ischemia induction, but there are variations of this protocol not only 

on the procedures but also on the endpoints assessed (Liew and O'Brien, 2012). There is the 
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urgent need to have an adjusted and enhanced protocol to obtain an off-the shelf therapy 

suitable for all PAD patients with no other available option. 

Overall, the major limitations regarding the use of MSC in clinical approaches is their low survival 

and poor engraftment after in vivo infusion. To overcome these drawbacks that may hinder the 

therapeutic benefits of MSC administration, strategies to enhance their healing properties may 

be developed, including pre-conditioning or genetic engineering of the cells that will be further 

discussed in next paragraphs.  

 

 Strategies to improve the angiogenic potential of MSC 

MSC have been pointed as “guardians of inflammation” due to their unique properties as 

modulators of immune system and mediators of inflammatory responses (Prockop and Youn Oh, 

2012), which makes them promising candidates for the treatment of ischemic pathologies. 

However, the harsh ischemic microenvironments that are found by these cells upon in vivo 

administration lead to reduced survival and poor engraftment essentially due to nutrient 

deprivation (Potier et al., 2007). Thus, there is the need to develop new strategies to improve 

the properties of these cells, so their survival can be prolonged or their therapeutic effect can 

be maximized in their short life under the severe environment found in ischemic regions. 

Examples of such strategies will be discussed herein and include modulation of cell culture 

environment, through biochemical and/or mechanical cues or genetic modification with 

therapeutic or pro-survival genes.  

 

I.1.5.1. Ex-vivo pre-conditioning strategies 

By modulating the culture conditions of MSC, it is possible to increase cell survival, enhance their 

paracrine effects or improve their homing activity to injury sites and, thus increase their overall 

therapeutic activity (Ferreira et al., 2018, Saparov et al., 2016, Hu and Li, 2018). Different pre-

conditioning strategies have been studied to modulate MSC angiogenic capacity which can be 

divided in two main groups: biochemical (culture media formulation, oxygen tension and 

addition of soluble factors) and physical (culture configuration (2D versus 3D), use of scaffolds 

or shear stress). 

As previously described, medium formulations that are serum-free have been extensively 

developed during the past years to avoid the commonly used FBS supplementation. Studies 

demonstrated that serum deprivation can increase MSC angiogenic potential in vivo and in vitro 
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by leading to an increase in pro-survival and angiogenic factors, such as VEGF, angiopoietins, 

IGF-1 and HGF (Oskowitz et al., 2011). Human serum or HPL are promising alternatives to FBS 

not only in terms of safety but also as having a positive effect on MSC therapeutic properties. 

Enhanced expression of chemokine receptors, decreased T-cell activation and improved 

secretion of pro-angiogenic factors are examples of benefits exerted by HPL on MSC activity 

(Haque et al., 2015, Pérez-Ilzarbe et al., 2009, Schallmoser et al., 2007).  

Culturing cells under low oxygen tensions (hypoxia) is one of most used strategies to modulate 

MSC activity, since this condition closely mimics the environment where these cells are found in 

vivo. MSC are commonly incubated under atmospheric oxygen tensions (≈21%) in vitro, usually 

called normoxia. However, within the human tissues these cells reside in hypoxic 

microenvironments with low oxygen tensions, between 1-7% (Spencer et al., 2014, Lee et al., 

2017, Choi et al., 2014).  

Different preconditioning strategies using hypoxic conditions have been tested. Studies where 

hypoxic culture is alternated with reoxygenation periods revealed to improve not only the 

proliferation ability of MSC in vivo, but also the expression of trophic factors (Kheirandish et al., 

2017, Kim et al., 2015). Oxygen tensions that vary between 0.1 to 5% are the most commonly 

studied and regardless the oxygen concentration tested, the hypoxic pretreatment showed to 

overall increase cell survival and migration capacity, improve differentiation ability and promote 

overexpression of angiogenic factors such as VEGF, HGF or bFGF (Sun et al., 2015, Boyette et al., 

2014, Liu et al., 2013, Hu and Li, 2018). Besides the augmented production of pro-angiogenic 

factors, cells pre-treated with hypoxia also showed an increased survival and angiogenic 

potential in vivo, leading to improvements in heart function after being transplanted into rats’ 

hearts (Hu et al., 2008). The mechanisms underlying the beneficial effects of hypoxia on MSC 

properties are not completely understood, but it is known that hypoxia inducible factor (HIF) 1α 

plays a central role in maintaining MSC regenerative potential under low oxygen concentration 

(Haque et al., 2015, Lee et al., 2017). HIF-1α is stabilized under hypoxic conditions and thus 

regulates the transcription of genes involved in metabolism, angiogenesis and cell migration 

(Haque et al., 2015).  

Though the protective and beneficial effect of hypoxic pretreatment have been observed in 

several studies, optimal oxygen concentrations and exposure time need yet to be determined 

and may be dependent on the therapeutic purpose or application of MSC (Hu and Li, 2018). 

Cytokines and growth factors may also be used to tune MSC, since the interaction between these 

molecules and their receptors regulate MSC paracrine activity. The use of inflammatory factors 
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to mimic the environment found in ischemic regions has been widely used to boost their activity 

on immune regulation, but some showed that it can also improve their angiogenic potential and 

survival rate (Ferreira et al., 2018). One of such examples is TNFα, which may be used to 

accelerate MSC-mediated wound healing by promoting angiogenic activity, proliferation and 

immune cell infiltration in vivo (Heo et al., 2011). In fact, the proteomic analysis of MSC 

secretome after being stimulated with TNFα and two other pro-inflammatory cytokines (IL-1β 

and IL-6) revealed an overexpression of several proteins involved in inflammation and 

angiogenesis (Maffioli et al., 2017). These results show that combination of two or more soluble 

factors for cell preconditioning may be advantageous to potentiate their effects and thus 

maximize MSC therapeutic potential. For example, synergistic pretreatment of MSC with IL-1β 

and TGF-β induced higher VEGF production and increased myocardial recovery than each of the 

factors alone (Luo et al., 2012). On the other hand, priming with TGF-β also showed to activate 

MSC pathways related with migration and survival (Li et al., 2016, Dubon et al., 2018), which are 

essential steps for cell-mediated tissue repair. A similar effect can be observed with SDF1α, since 

preconditioning MSC with SDF1α increased cell survival and proliferation, as well as enhanced 

MSC migration and engraftment capacities (Liu et al., 2011, Pasha et al., 2008).  

Despite the promising results observed with the use of soluble factors, their short biological half-

lives may hinder stable and prolonged beneficial effects on MSC-based cell therapy approaches.  

Beyond soluble factors, other compounds, including pharmacological agents or small molecules 

have been tested to confer some protective effect on MSC and boost their therapeutic 

properties for cardiovascular applications (Ferreira et al., 2018, Hu and Li, 2018).  

Manipulation of the physical environment can be used to modulate MSC activity and tune their 

properties towards specific applications (Hu and Li, 2018). Culturing these cells in three-

dimensional (3-D) microenvironments provide higher cell-cell interactions that will generate 

more biomechanical and biochemical cues, thus increasing the paracrine activity (Sart et al., 

2016). Although MSC are usually cultivated as adherent, different studies showed that culturing 

them in suspension as 3-D spheroids could improve the secretion of therapeutic molecules 

(Bartosh et al., 2010, Cheng et al., 2012). In fact, culturing MSC as aggregates lead to an 

increased production of important pro-angiogenic factors, such as VEGF, bFGF or angiogenin, 

and also restored the functional expression of chemokine (C-X-C motif) receptor 4 (CXCR4), an 

important homing factor that regulates adhesion to endothelial cells (Potapova et al., 2007, 

Potapova et al., 2008). 
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The use of biocompatible biomaterials, including 3-D scaffolds for cell anchorage and spreading, 

to closely mimic physiological niches and cell-cell interactions, is also a strategy that may be 

employed to boost MSC potentiality for angiogenic purposes. For example, the use of scaffolds 

derived from decellularized cardiac extracellular matrix (ECM) showed to be able to maintain 

MSC intrinsic differentiation capacity and proliferative potential. Those decellularized scaffolds 

also enhanced MSC ability to regenerate cardiac tissues through activation of ECM-remodeling 

factors (Eitan et al., 2010). Other natural biomaterials, including alginate, collagen or fibrin have 

been effectively used as MSC-delivery scaffolds for cardiac therapies (Russo et al., 2014). 

The use of dynamic culture conditions in spinner flasks or bioreactors also affect MSC activity 

and may be applied to tune their properties. The culture of these cells as 3-D aggregates in 

stirred spinner flasks can be used to improve MSC properties in terms of differentiation ability, 

viability and secretion homing factors, such as CXCR4, which plays a key role in cell migration 

and engraftment towards ischemic regions (Frith et al., 2010). Overall, shear stress seems to 

positively affect MSC survival and angiogenic capacity, since culturing these cells in stirred 

conditions (spinner flasks or bioreactors) enhanced their secretory profile for pro-survival and 

pro-angiogenic molecules, such as VEGF, IL-6 or IGF-1 (Carmelo et al., 2015, Teixeira et al., 2016).  

Regardless the huge number of ex-vivo strategies available to boost MSC angiogenic potential 

and improve their survival, making them a more valuable therapeutic option for ischemic 

diseases, there were not yet found the ideal pre-treatment conditions. Despite the mechanisms 

underlying MSC tuning trough preconditioning strategies are largely undefined, it is known that 

different approaches may be followed and combined in an application-dependent manner. 

 

I.1.5.2. Genetic engineering of MSC 

The unique characteristics of MSC, including their homing ability, paracrine activity and 

immunomodulatory potential, suggests that their genetic modification could combine the best 

of both cell and gene therapy for the treatment of a broad spectrum of diseases. Hence, gene 

therapy is a relevant and promising approach that may be applied to potentiate the therapeutic 

activity of MSC and thus extend the range of conditions that they can treat. Though MSC have 

been successfully used as gene-delivery vehicles in numerous animal studies, these cells failed 

to demonstrate beneficial effects in clinical trials, since most of them were terminated in an 

early phase due to the occurrence of adverse events that include toxicity, immunogenicity or 

oncogenicity (Myers et al., 2010, Bronckaers et al., 2014). The main reason for this failure was 

the use of viral vectors for cell engineering, and thus other non-viral strategies, which is the main 
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objective of the present thesis, have to be developed. The different types of vectors, delivery 

strategies and respective limitations will be further discussed in Chapter I.3. Herein, it will be 

explored MSC-based gene therapy approaches developed to date towards improving 

angiogenesis, regardless the methods used.  

Different strategies have been used to improve MSC activity for cardiovascular purposes, 

including engineering with pro-survival genes to increase cell viability on harsh ischemic 

environment and/or modification with pro-angiogenic genes that accelerate the healing process 

(Hodgkinson et al., 2010, Tang et al., 2005). Heat shock protein (Hsp)-20, hypoxia-regulated 

heme oxygenase-1 (HO-1) or B-cell lymphoma (Bcl)-2 are examples of proteins that, when 

overexpressed on MSC before injection into ischemic regions, have shown to improve survival 

and reduce apoptosis and thus ameliorated heart function (Wang et al., 2009, Tang et al., 2005, 

Li et al., 2007). Therefore, Hsp-20, HO-1 and Bcl-2 genes may be used in MSC gene therapy 

approaches to avoid the usually observed cell death after in vivo infusion, one of the major 

limitations of the clinical use of MSC. As previously described, HIF-1α plays an important role in 

many cellular processes and its presence maintains MSC survival and proliferation under harsh 

conditions (Haque et al., 2015). So, overexpression of HIF-1α can also be used as a strategy to 

reduce cell death by giving some protective effect not only to MSC, but also to surrounding cells 

(Kiani et al., 2014).  

There are some proteins, as angiogenin, that act simultaneously as a protective and angiogenic 

factors. In fact, angiogenin-engineered MSC showed an increased cell survival and were able to 

improve vasculogenesis in a rat model of MI (Liu et al., 2008). A similar effect can be observed 

by overexpression of Akt, a serine-threonine protein kinase involved in survival and anti-

apoptotic signaling pathways.  MSC overexpressing Akt had not only a higher survival rate after 

being injected into ischemic hearts, but also demonstrated an improved angiogenic capacity 

(Mangi et al., 2003, Noiseux et al., 2006), probably due to the secretion of angiogenic soluble 

factors, such as bFGF, VEGF or HGF, that are known to be upregulated on Akt-overexpressing 

MSC (Mirotsou et al., 2007). 

VEGF is probably one of the most potent and well-studied angiogenic factors, which brings 

interest for MSC engineering regarding cardiovascular diseases. In fact, MSC overexpressing 

VEGF (VEGF-MSC) have shown promising results in different animal models and ischemic 

diseases (Yang et al., 2010, Wang et al., 2006, Matsumoto, 2005). For example the infusion of 

MSC overexpressing VEGF in a swine model of left ventricular hypertrophy showed to attenuate 

hypertrophy and induce angiogenesis, improving overall heart function (Wang et al., 2006). On 

the other hand, in a mouse model for hind limb ischemia, VEGF-MSC enhanced angiogenesis 
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and avoided limb loss while reducing muscle degeneration and tissue fibrosis (Yang et al., 2010). 

Besides these two examples, there are many others studies where MSC genetically modified 

with VEGF showed to improve angiogenesis and ameliorate symptoms on ischemic regions 

(Hodgkinson et al., 2010, Matsumoto, 2005, Gao et al., 2007). Furthermore, the effect of VEGF 

on cardiovascular approaches seems to go beyond improving local angiogenesis, being also 

associated with homing of stem/progenitor cells towards ischemic sites (Tang et al., 2009a). 

Other angiogenic proteins have been successfully overexpressed through MSC genetic 

engineering, alone or in combination, with interesting effects in ischemic conditions. Preliminary 

results in mice suggest that MSC modification with Ang-1, a molecule known to induce 

angiogenesis, endothelial survival and vascular stabilization, can significantly ameliorate acute 

lung injury (Xu et al., 2008) or increase angiogenesis in a model of cerebral ischemia (Onda et 

al., 2008). Similar improvements were also observed in a porcine model of myocardial ischemia, 

where Ang1-MSC were able to restore blood flow and promote angiogenesis (Chen et al., 2009). 

Different authors demonstrated that the angiogenic potential of Ang-1 could be complemented 

with the protective effect of Akt, by demonstrating that co-expression of Ang-1 and Akt in MSC 

enhanced cell survival and improved angiogenesis, ameliorating overall heart function after 

coronary artery occlusion or MI (Jiang et al., 2006, Shujia et al., 2008). HGF is another example 

of a cardioprotective molecule that may be overexpressed on MSC leading to significant 

improvements in heart function after MI, including diminish of ischemic area and increase in 

capillary density (Duan et al., 2003, Deuse et al., 2009). 

SDF-1α and its receptor, CXCR-4 are also known to have an important role in MSC activity under 

ischemic conditions, being involved in cell homing to injured tissues. Infusion of MSC modified 

with SDF-1α (SDF-1α-MSC) showed to promote cardiac function improvement on a MI mouse 

model (Zhang et al., 2007). Although the positive effect of SDF-1α-MSC in this study has been 

pointed to be related with protection and support of resident myocytes, instead of cardiac 

regeneration by infused cells (Zhang et al., 2007), in other studies SDF-1α overexpression 

appeared to promote MSC differentiation into endothelial-like cells (Tang et al., 2009b). 

However, the use of SDF-1α for MSC engineering has some limitations, since its receptor CXCR-

4 has low expression on progenitor cells. Thus, alternative strategies using the receptor, CXCR-

4, for MSC modification were developed and resulted in increased cell migration and improved 

cardiac performance (Cheng et al., 2008).   

Although the majority studies exploring angiogenic activity of genetically engineered MSC are 

focused on improving heart function after MI, there also some insights on PAD, which was the 

motivation for the present thesis. Some of the factors already described, such as HGF or VEGF, 
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and others, as bFGF or erythropoietin (EPO), were successfully used for modification of MSC in 

hindlimb ischemia models with significant improvements in angiogenesis (Su et al., 2013, Beegle 

et al., 2016, Li et al., 2015a, Zhang et al., 2014). While, the results of using MSC engineered with 

VEGF or EPO showed to increase vascularization and restoration of blood flow, studies with MSC 

overexpressing HGF or bFGF go beyond, mentioning differentiation into endothelial cells and an 

augmentation of paracrine secretion of many soluble factors.  

Despite the promising and encouraging results found in animal models regarding the use of 

genetically engineered MSC towards therapeutic angiogenesis, further studies and optimization 

are required to assure the efficacy and, more importantly, the safety of the cell therapy product.  
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 Gene Therapy 

Gene therapy is the therapeutic delivery of nucleic acids (DNA or RNA) for the treatment or 

prevention of diseases. Depending on the type of disease, this could be achieved through 

replacement or removal of a defective gene by a repaired one or by delivery of a therapeutic 

gene. Although the initial focus of gene therapy was on orphan diseases, for which this was 

considered the last or unique treatment, currently gene delivery approaches have been applied 

to a broad spectrum of conditions, including cancer, heart failure and neurodegenerative or 

metabolic disorders (Kaufmann et al., 2013). Figure I.5 summarizes the main conditions 

addressed by gene therapy-related clinical trials in August 2018. 

The first gene-therapy product, a recombinant human p53 adenovirus, was approved in China 

on 2003 for the treatment of head and neck cancer (Wilson, 2005). Gendicine®, its commercial 

name, has been successfully used for 12 years on more than 30,000 patients with no significant 

associated adverse effects (Zhang et al., 2018). The first gene-based therapeutic approved in 

Europe, however, has faced a different picture (Yla-Herttuala, 2012). Alipogene tiparvovec, 

commercially known as Glybera®, consisted of an adeno-associated virus (AVV) that delivers an 

intact copy of the human LPL gene to muscle cells to treat familial LPL deficiency (LPLD) (Scott, 

2015). This product gained market authorization into Europe in 2012 but despite its therapeutic 

success was withdrawn from the market 5 years later due to commercial failure mainly due to 

its extremely high cost (i.e. over 1 million euros per patient) (Yu et al., 2018). 

More recently, in 2017, US Food & Drug Administration (FDA) approved voretigene neparvovec, 

commercially available as Luxturna™, for the treatment of Leber's congenital amaurosis, an 

inherited retinal dystrophy that causes progressive blindness (Ginn et al., 2018). Voretigene 

neparvovec is an AAV designed to deliver human retinal pigment epithelium‐specific protein 65 

Figure I.5 - Main diseases on which gene therapy clinical trials are focused. 
(http://www.abedia.com/wiley/indications.php). 

http://www.abedia.com/wiley/indications.php
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kDa (RPE65) cDNA to the subretinal space to treat retinal dystrophy. Although it cannot cure the 

disease, RPE65 replacement improved functional vision in patients that were previously 

medically untreatable (Russell et al., 2017). 

The products described before are classified as in vivo gene therapy, since the vectors are 

directly administered into the body, in contrast with ex vivo approaches, where human cells are 

collected from tissues, genetically engineered outside the body (ex vivo) and then re-infused 

into patients. Ex vivo approaches have been gaining attention in the last years since their use 

can diminish off-target effects, eliminate germ-line transmission and improve efficacy and safety 

due to the possibility of a tight selection and quality control of engineered cells before 

administration (Kaufmann et al., 2013). 

In fact, the second gene therapy product to be approved in Europe, Strimvelis™, was an ex vivo 

approach that gained market access on 2016 and consisted of a stem cell-based therapy for the 

treatment of the very rare inherited disorder, adenosine deaminase (ADA)-deficient severe 

combined immunodeficiency (ADA-SCID)(Yu et al., 2018). This product is an autologous therapy 

based on CD34+ bone marrow cells transduced with a retrovirus containing ADA gene and 

revealed to be an effective and safe treatment for ADA-SCID patients (Aiuti et al., 2009, 

Schimmer and Breazzano, 2016). 

Other examples of ex-vivo gene therapies are Kymriah® and Yescarta, the first chimeric antigen 

receptor T-cells (CAR-T) approved by the FDA in 2017 as a first-in-class therapies for the 

treatment of patients with refractory B-cell precursor acute lymphoblastic leukemia and B-cell 

lymphoma, respectively (Yu et al., 2018, Ginn et al., 2018). Both products received market 

authorization by the European Medicines Agency (EMA) in August 2018 (Cuende et al., 2018).  

Cuende et al. reviewed all the cell/gene therapy products approved worldwide by 2018, being 

the more important summarized on Table I.2 (Cuende et al., 2018, Ginn et al., 2018). 

Though none of the ex vivo gene therapy approaches mentioned are MSC-based, the unique 

properties of these cells make them promising candidates for carrying therapeutic genes, 

combining the best of both cell and gene therapy fields to treat a wide spectrum of diseases. 

The use of genetically engineered MSC to date is limited to in vitro approaches or few early-

stage clinical trials, but the promising preliminary results observed may lead to development of 

new therapeutics. 
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Table I.2 Approved gene therapy products, their properties and indication. Adapted from (Ginn et al., 2018). 

 

A vehicle to carry DNA molecule is mandatory for an efficient delivery of genes into human cells 

in vivo or ex vivo. The key function of these vehicles or vectors is to deliver and release the 

therapeutic transgenes into the nucleus of target cells (Ramamoorth and Narvekar, 2015). 

According to its nature, gene therapy vectors may be divided in two major classes: viral and non-

viral systems. 

All the examples described above are based on viral systems for gene delivery. However, some 

clinical trials with viral vectors were prematurely terminated due to the occurrence of severe 

adverse events (Marshall, 1999, Hacein-Bey-Abina et al., 2003). Thus, other gene delivery 

strategies have been developed that include not only improved and safer viral vectors but also 

non-viral systems. These non-viral vectors are not capable of integrating into the genome, 

having a transient and usually lower expression than viral counterparts, which may be able to 

integrate into host cells. However, the use of non-viral vectors may be advantageous in many 

cases where a continuous expression of the transgene is not desirable. However, current 

approaches with non-viral vectors are mostly limited to in vitro studies. 

 

Tradename Approval date 
Approving 

agency 
Indication 

In vivo vs. Ex vivo 
(cell vehicle) 

Vector (Gene) 

Gendicine October 2003 

State Food 
and Drug 
Administration 
of China 

Head and neck 
squamous cell 
carcinoma 

In vivo 
Adenovirus 
(p53) 

Glybera November 2012 EMA LPLD In vivo AAV (LPL) 

Imlygic October 2015 FDA/EMA Melanoma In vivo 
Herpes simplex 
vírus - HSV-1 
(GM-CSF) 

Strimvelis June 2016 EMA ADA-SCID 
Ex vivo (CD34+ bone 
marrow stem cells) 

Retrovirus 
(ADA) 

Kymriah August 2017 FDA/EMA 
Acute 
lymphoblastic 
leukaemia 

Ex vivo (T-cells) 
Retrovirus- 
CAR-T cells anti 
CD19 

Yescarta October 2017 FDA/EMA 
B-cell 
lymphoma 

Ex vivo (T-cells) 
Retrovirus- 
CAR-T cells anti 
CD19 

Luxturna December 2017 FDA/EMA 

Retinal 
dystrophy 
(RPE65 
mutation) 

In vivo  AAV (RPE65) 
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 Methodologies for gene delivery into MSC 

As stated before, gene therapy methods can be divided into viral and non-viral. However, many 

different approaches can be pursued within each group according to the specific vehicle used 

and final application. Although there were several approaches with gene therapy vectors being 

directly administered into the body, the use of a cellular vehicle with intrinsic therapeutic 

properties such as MSC could be much more advantageous (Porada and Almeida-Porada, 2010). 

In fact, genetic engineering of MSC may be used to increase their secretion of specific proteins 

or to enable their secretion of therapeutic proteins outside their native secretome. These, 

together with the fact that MSC can be modified with the majority of viral and non-viral vectors 

clinically used (Oggu et al., 2017), significantly broadens the spectrum of diseases for which MSC 

can be a therapeutic option. The overexpression of specific transgenes on MSC might have 

different therapeutic features, including the improvement of their homing ability to increase 

their overall survival or to deliver specific proteins to injury or cancer sites. 

This chapter will discuss the strategies available for gene delivery into MSC, including 

advantages, drawbacks and main applications.  

 

I.2.1.1. Viral gene delivery 

The majority of gene therapy studies have been based on viral vectors, which explore the natural 

ability of viruses to infect and survive within host cells. Overall, the major reasons for which viral 

vectors are widely chosen are the high transducing efficiencies achieved and, depending on the 

type of the vector, the long-term stable expression of the transgene.  

The main viral vectors currently used in gene therapy are summarized in Table I.3 together with 

the respective advantages and drawbacks. The choice of the ideal transduction vector will 

depend on the aim of therapy as well as on the disease being addressed. Viral transduction of 

MSC without affecting their differentiation capacity and therapeutic ability could be achieved 

using retrovirus, lentivirus, adeno-associated virus, adenovirus or baculovirus (Oggu et al., 2017, 

Park et al., 2015).  

The risk of insertional mutagenesis is one of the major concerns regarding the use of viral 

vectors, especially those that integrate into host genome. To circumvent this limitation, different 

strategies have been developed to increase viral integration specificity and, thus, the safety of 

these vectors. Examples of strategies are the inclusion of inducible or tissue-specific promoters 

or the use of molecular-editing tools such as zinc-finger nucleases (ZFN), transcription activator-
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like effector nucleases (TALENS) or clustered regularly interspaced short palindromic repeats 

(CRISPR). These tools may be used to induce a site-directed integration of the transgene into a 

“safe harbor” region of the host genome. 

Table I.3 - Advantages and disadvantages of the viral vectors available for gene therapy approaches (Sage et al., 2016, 
Vannucci et al., 2013). ds-double-stranded; ss-single-stranded. 

Viral Vector Structure Advantages Disadvantages 

Retrovirus dsRNA -DNA incorporated into host cell genome 
-Long-term stable gene expression 

-Insertional mutagenesis 
-Oncogene activation 
-Infects only diving cells 

Lentivirus dsRNA -DNA incorporated into host cell genome 
-Long-term stable gene expression 
-Infects dividing and quiescent (non-
dividing) cells 
-Replication incompetent 
-No insertion into oncogene 

-Lack of specificity 
-Safety concerns (HIV vectors) 
-Insertional mutagenesis 

Adenovirus dsDNA -DNA incorporated into host cell nucleus 
-Infects dividing and quiescent cells 
-Transient gene expression 
-Lower risk of genotoxicity 
-Large DNA inserts 

-Transient gene expression 
-Immunogenic 
-Pre-existing immunity 

Adeno-
associated 
Virus (AAV) 

ssDNA -Infects dividing and quiescent cells 
-Long-term gene expression 
-Non-cytotoxic 
-Non-immunogenic 

-Small DNA inserts 
-Need a helper virus to replicate 
-Need of conversion to dsDNA 

Baculovirus dsDNA -Non-toxic and non-pathogenic 
-Large DNA capacity 
-No replication in mammalian cells 

-Glycosylation pattern 
-Inactivation by human complement 

Adeno-

associated 

Virus (AAV) 

ssDNA -Infects dividing and quiescent cells 

-Long-term gene expression 

-Non-cytotoxic 

-Non-immunogenic 

-Small DNA inserts 

-Need a helper virus to replicate 

-Need of conversion to dsDNA 

Baculovirus dsDNA -Non-toxic and non-pathogenic 

-Large DNA capacity 

-No replication in mammalian cells 

-Glycosylation pattern 

-Inactivation by human complement 

Retroviruses 

Retroviruses are double-stranded RNA viruses that integrate into the genome after viral RNA is 

reverse transcribed into host DNA. Despite these type of vectors can be efficiently used to 

integrate proliferating cells, one of the major limitation of retroviruses is their inability to infect 

post-mitotic cells, as neurons or myocytes, limiting the range of cells targeted for transfection 

(Dahlberg, 1988). Even so, after integration of viral genome into host cells, a stable and long 

transgene expression can be achieved using retroviruses. Another limitation of retroviruses is 
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the possibility of transgene silencing due to methylation of viral promoter during cell 

differentiation. However, there are some examples where retroviral vectors were efficiently 

used to genetically engineer MSC in vitro in the context of different diseases without significant 

adverse events (Challita and Kohn, 1994). 

After successful pre-clinical studies (Zischek et al., 2009, Niess et al., 2011), a phase I/II clinical 

trial with MSC retrovirally transduced with a thymidine kinase was designed to test the efficacy 

and safety of MSC homing into tumor sites in patients with gastrointestinal adenocarcinoma. 

The thymidine kinase present on the modified cells phosphorylates the prodrug ganciclovir, 

which is subsequently infused, driving cancer cells to apoptosis (Niess et al., 2015). In a distinct 

approach, MSC transduced with retroviral vectors encoding for two therapeutic genes/proteins, 

CXCR4 and receptor activator of nuclear factor-κB, have been effectively used to prevent bone 

loss in a mouse model (Cho et al., 2009). 

Despite these two examples of the beneficial effect of retroviral-transduced MSC, the use of 

such vectors still raises safety concerns since their random integration into genome could lead 

to insertional mutagenesis or activation of oncogenes. An example of such risk was observed on 

a clinical trial where CD34+ bone marrow cells were modified with a retrovirus carrying a 

cytokine receptor gamma chain for the treatment of X-linked SCID. Although the treatment was 

able to long term correct immunodeficiency associated with X-SCID, some patients developed 

leukemia due to insertional oncogenesis (Hacein-Bey-Abina et al., 2003, Hacein-Bey-Abina et al., 

2010). Those safety issues have hindered the application of retroviruses for therapeutic gene 

therapy and that is why other systems have been considered as alternative for MSC 

transduction. 

Lentiviruses 

As well as retroviruses, lentiviruses have double-stranded RNA and are able to integrate into 

host genome, promoting a high and stable long-term expression of transgene. One advantage 

of lentiviruses is that they are able to infect not only dividing, but also quiescent or slow dividing 

cells without affecting their viability or differentiation potential (Naldini et al., 1996). Various 

studies have focused on lentiviral transduction for improving MSC therapeutic properties, for 

example by increasing their survival on harsh conditions upon administration or by inducing 

secretion of healing molecules. In fact, in a study where different methods for gene delivery 

were tested for MSC modification, lentiviruses showed to be the most effective system for MSC 

transduction with efficiencies up to 95% (McMahon et al., 2006). 
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The use of a lentiviral vector containing Hsp70 for MSC transduction revealed to increase MSC 

viability and decrease apoptosis on hypoxic environment in a mouse model of ischemia without 

affecting cell morphology, viability or differentiation potential (McGinley et al., 2011). A similar 

protective effect was observed in a rat model of spinal cord injury by transducing MSC with 

lentivirus containing peroxisome proliferator-activated receptor-γ coactivator-1 alpha (PGC-1α), 

which is an important neuronal regulator (Hu et al., 2016). In a hindlimb ischemia mouse model 

where infused MSC were modified using lentivirus with gremlin1, a novel proangiogenic factor, 

the benefits were not limited to improvements in cell survival, but an enhanced blood perfusion 

and angiogenesis were also shown (Xiang et al., 2017). 

The potential of lentiviral-transduced MSC has also been extensively explored for cancer 

therapy. Here the vectors are used to deliver genes coding for specific proteins to MSC that are 

expressed after cell migration towards tumorigenic sites, thus inducing apoptosis of cancer cells 

and reducing tumor size (Loebinger et al., 2009, Fei et al., 2012). In fact, there is currently 

undergoing a clinical trial where MSC genetically engineered with lentiviral vectors are being 

used as an anti-cancer therapy for lung cancer (Sage et al., 2018). This study was developed 

based on previous in vivo animal studies where it was demonstrated that MSC transduced with 

TNF-related apoptosis inducing ligand (TRAIL) are able to home to tumors and induce apoptosis 

selectively in cancer cells, reducing tumor growth (Lathrop et al., 2015). 

Despite no significant adverse events have been observed in the described studies, the 

integrative nature of lentiviruses brings some safety concerns. Although the probability of 

aberrant gene activation or disruption is lower than with retroviruses (Sinn et al., 2005), the risk 

of insertional mutagenesis should still be considered for these systems. To overcome the 

integration-related concerns, non-integrating lentiviral systems have been designed (Banasik 

and McCray, 2010). Notwithstanding the fact that those non-integrative systems alone allow 

only a short-term transgene expression, they may be useful and advantageous for applications 

where only transient protein production is required. However, these non-integrative systems 

could be used in combination with novel editing tools to achieve a longer and more stable gene 

expression. For example, Benabdallah and colleagues used an integration-defective lentivirus 

combined with ZFN to induce a targeted integration of EPO into a safe harbor locus within MSC 

genome (Benabdallah et al., 2010).   

Another issue regarding the use of lentivirus as gene carriers for human cell delivery is the fact 

that the majority of lentiviral vectors developed to date are derived from human 

immunodeficiency virus (HIV), which raises safety and ethical concerns for their application in a 

clinical setting.  
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Adenoviruses 

Adenoviruses are double-stranded DNA systems without envelope that replicate within the 

nucleus of infected cells without integrating into host genome (Vannucci et al., 2013). These 

properties bring two major advantages for adenoviral-based gene therapy approaches: reduced 

pathogenicity triggered by envelope proteins and no risk of insertional mutagenesis since they 

are not integrative. So, adenoviral vectors are considered to be safe, but their use is limited to 

applications where transient expression is required instead of a prolonged and definitive gene 

correction. 

The direct administration of transgenes by adenoviral vectors has been restricted due to the fact 

that they are known to activate CD4+, CD8+ and antigen presenting cells, which may lead not 

only to the transgene silencing but also to safety concerns (Yang et al., 1994). The use of a 

cellular vehicle as MSC may circumvent such limitation, since it was documented that MSC 

genetically engineered with adenoviruses have no changes in their immunological properties in 

vitro and do not elicit an immune reaction in vivo after being administered in mice (Treacy et al., 

2012). 

The beneficial effects of MSC genetically modified with adenoviral vectors have been observed 

in different clinical studies. MSC transduced with an adenovirus containing both FGF2 and PDGF 

genes significantly increased collateral vessel formation and angiogenesis in a mouse model of 

hindlimb ischemia (Yin et al., 2015). This study highlights another benefit of adenoviral systems 

which is their high payload capacity, allowing the transduction of MSC with more than one single 

gene. As all other viral systems previously described, adenoviral transduced MSC have been 

widely tested as anti-tumor therapies, proving to be able to reduce metastasis in a lung 

metastatic model or to inhibit tumor growth in a malignant glioma model (Kanehira et al., 2007, 

Sun et al., 2011). 

One major problem regarding MSC transduction with adenoviral systems is that these cells have 

no adenoviral receptors, being usually resistant to infection. However, this may be overcome by 

modifying the vectors or by using high vector cell-ratios (Kawabata et al., 2006, Knaan-Shanzer 

et al., 2005). Thus, although the use a cellular gene delivery vehicle may limit the adenoviral-

associated immunogenicity, the high levels or viral particles usually required to achieve MSC 

transduction may bring some concerns in terms of toxicity and immune reactions (Quaranta et 

al., 2016). The acute inflammation triggered by adenoviral vectors, however, may be prevented 

by administration of a second adenovirus containing the anti-inflammatory enzyme HO-1 

(McCarter et al., 2003).  
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Furthermore, while the majority of the studies demonstrated that adenoviral transduction does 

not affect MSC multipotency (Knaan-Shanzer et al., 2005), it was also reported that the use of 

adenovirus may influence MSC differentiation (Zaldumbide et al., 2012). 

Adeno-associated viruses (AAV) 

AAV are small non-enveloped single stranded DNA viruses that need to be co-infected with a 

helper virus to complete their replication. AAV enters cells by endocytosis and integrate into a 

specific site of human chromosome 19, staying silent until being rescued by the helper virus 

(Vannucci et al., 2013). The main advantages of AAV are their reduced immunogenicity and the 

nonexistent risk of unpredictable integration that may cause insertional mutagenesis. On the 

other hand, the small AAV genome limits the size of the gene(s) to be transduced (Quaranta et 

al., 2016).  

Several clinical studies have shown the beneficial effects of MSC modified with AAVs without 

affecting their multipotency (Stender et al., 2007). However, one of the potential applications 

of AAV as vectors for MSC transduction is to induce cell differentiation towards a specific lineage. 

In fact, different studies showed that MSC potential for the treatment of articular cartilage 

defects could be maximized by genetic modification with AAV vectors containing factors that 

improve their chondrogenic ability, such as IGF-1, TGF-β or SOX9 (Frisch et al., 2014b, Frisch et 

al., 2014a, Venkatesan et al., 2012). Similarly, the osteogenic potential of MSC can be increased 

by AAV transduction using BMP-7 gene, which resulted in improved bone formation both in vitro 

and in vivo (Kang et al., 2007).  

The role of MSC for cardiac repair can also be enhanced by transduction with AAV systems. The 

AAV-mediated co-expression of Akt1 and Wnt11 molecules by MSC was able to decrease 

cardiomyocyte apoptosis and increase overall cell survival, while improving cardiac 

differentiation, being a potential therapeutic strategy for MI patients (Chen et al., 2018). A 

different approach was followed by Zanotti and colleagues, since they used AVV-transduced 

MSC to reduce the draining efficiency of lymph nodes by overexpressing tissue inhibitor of 

metalloproteinase (TIMP)-1, an anti-angiogenic molecule (Zanotti et al., 2016). This effect of 

TIMP-1 expression has an important impact on inflammatory diseases, since it may be a key 

modulator of MSC-mediated immunity and inflammation. 

Though AAV are able to infect a broad variety of cells, they exhibit some serotype specificity 

towards the cell type being targeted. On the other hand, the majority of human population has 

developed antibodies against AAV, which also limits their use to engineer human MSC. To 

overcome such limitations naturally occurring AAV serotypes other than the most commonly 
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used AAV-2, and recombinant AAV systems have been developed (Grimm and Kay, 2003). 

Another issue regarding the use of AAV vectors is the need of converting the single-stranded 

DNA into a double-stranded molecule before gene expression, which may be a rate-limiting step 

(Vannucci et al., 2013). Strategies to better understand AAV genome and molecular interactions 

with cell vehicles need to be addressed to overcome such limitations and take advantage of AAV 

benefits. 

Baculoviruses 

Baculoviruses are non-integrating insect viruses with a circular double-stranded DNA with large 

transgene capacity. This class of virus has been extensively used for recombinant protein 

production within insect cells for decades (Mansouri and Berger, 2018). In fact, Cervarix, a 

commercially available vaccine against human papilloma virus approved by EMA and FDA is 

produced by this system (Harper et al., 2004). Baculoviruses are also able to infect a broad 

spectrum of mammalian cells, without replicating inside those. This, together with the fact that 

they are non-pathogenic to humans and the viral DNA degrades over time, makes baculoviruses 

promising candidates for gene/cell therapy approaches. 

Different studies have focused on the capacity of baculovirusess to transduce MSC, being most 

commonly tested on bone healing approaches. One of such examples is the genetic engineering 

of MSC using BMP-7-containing baculoviruses to improve their osteogenic potential, which 

revealed to successfully improve spinal fusion or slow down the progression of disc 

degeneration in rabbit models (Liao, 2016a, Liao, 2016b). Co-transduction of MSC with BMP-2 

and VEGF using baculoviruses also showed to be a promising strategy to augment angiogenesis 

and accelerate bone repair in critical-sized femoral defects (Lin et al., 2010). However, the 

applications of baculovirus for MSC genetic engineering go beyond enhancement of their 

osteogenic potential, being also tested as a systemic gene therapy vehicle. MSC modified with 

HSV thymidine kinase by baculoviral vectors were able to decrease tumor size and improve mice 

survival in a model pre-inoculated with glioma cells (Bak et al., 2010). Despite these promising 

preliminary results, there are some controversial results regarding the effect of baculoviruses 

on immune activity of MSC and further work is required to confirm the safety and efficacy of 

those systems (Chuang et al., 2009). 

Baculoviral systems may have some other disadvantages, including the possibility of inactivation 

by human serum complement and the fact that glycosylation pathway of insects is different from 

the mammalian systems (Kost et al., 2005). This is especially important when baculoviruses are 

used for overexpression of genes encoding for glyco-proteins. Strategies to overcome those 
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limitations have been developed and, thus, baculoviral vectors have the potential to be settled 

as alternatives to other viral systems. 

In addition to the viral vectors previously mentioned, other viral vehicles have also been 

explored although in a less extent, for MSC transduction. HSV, vaccinia virus, Borna disease virus 

or Sendai virus are such examples that revealed to be advantageous in some applications (Oggu 

et al., 2017). 

Besides the safety issues referred before, one of the key drawbacks associated with the use of 

viral vectors is the need to establish efficient and cost-effective systems for large-scale 

production/purification. This, together with the inadequate validation of the viral gene therapy 

approaches, has increased the interest in alternative gene delivery methods of a non-viral 

nature. 

 

I.2.1.2. Non-viral gene delivery 

Non-viral vectors have been neglected as gene therapy vehicles for years since they have a 

relatively low transfection efficiency and provide only transient gene expression. However, due 

to safety concerns associated with the use of viruses, the interest in using non-viral has been 

growing and significant advances have been made in transfection efficiency and transgene 

expression duration. In fact, non-viral gene delivery shows important advantages, including less 

toxicity and pathogenicity, ability to transfer large size transgenes, low cost and 

straightforwardness of production (Ramamoorth and Narvekar, 2015, Wang et al., 2014a). 

While viral systems take advantage of the natural capacity of viruses to infect human cells, non-

viral approaches require systems that promote efficient delivery and internalization of the 

transgenes into specific intracellular compartments (Durymanov and Reineke, 2018). The first 

barrier for an efficient gene transfer is the cellular membrane, since electrostatic repulsion 

occurs between nucleic acids and cell membrane, which are both negatively charged (Wang et 

al., 2014a, Wang et al., 2013). This limits the approaches with use naked DNA and demands for 

the use of physical or chemical methods to facilitate DNA entry into cell cytoplasm. In physical 

methods, a physical stimuli is used to trigger temporary holes on the cell membrane, allowing 

free DNA entry. Chemical methods, on the other hand, rely on the formation of positively 

charged complexes between DNA and specific carriers that are easily internalized by endocytosis 

(Medina-Kauwe et al., 2005). In such cases, the release of nucleic acids into the cytoplasm after 

endocytosis is also an important barrier, since endosomes containing the genetic material will 

be fused to lysosomes with activated hydrolases and eventually degraded (Durymanov and 



47 

 

Reineke, 2018, Luzio et al., 2001). Strategies to overcome endosomal barrier and successfully 

deliver nucleic acids have been developed, including the use of lipid components or cationic 

polymers, such as polyethylenimine (PEI), as nucleic acid carriers (Xu and Szoka, 1996, Boussif et 

al., 1995).  

Once released into the cytosol, nucleic acids may face the possibility of degradation by cytosolic 

nucleases before being transported to the appropriate sites, due to their slow diffusion within 

cytoplasm (Lechardeur et al., 2005). Even so, the use of PEI as nucleic acid carrier revealed to 

decrease DNA degradation by nucleases (Boussif et al., 1995). If gene therapy is performed with 

mRNA or siRNA molecules, delivery into the cytoplasm is sufficient. DNA, however, must be 

translocated into the cell nucleus, i.e. there is a need to cross an extra obstacle, the nuclear 

envelope. The transport through the nuclear envelope is controlled by the nuclear pore 

complexes (NPC), which are aqueous channels that allow free diffusion of small molecules and 

restrict the entry of molecules with sizes larger than ≈40 kDa. It is not likely that therapeutic 

DNA is able to freely cross NPC, since it usually has a considerable length. The uptake of large 

molecules into the cell nucleus is performed by an energy dependent process through 

recognition of a specific sequence called nuclear localization sequence (NLS) (Talcott and Moore, 

1999). To overcome this limitation and improve nuclear entry, the first approach was to 

conjugate therapeutic DNA with a NLS peptide. Nevertheless, this strategy  lead to controversial 

results probably due to the complex signaling pathways involved in nuclear transport within 

different cell types (Zanta et al., 1999, van der Aa et al., 2005). In fact, transfection of MSC using 

cationic lipids showed to be improved by the inclusion of an NLS in the liposome formulation 

(Hoare et al., 2010). 

Since dividing cells show higher transfection efficiencies than quiescent ones, it is suggested that 

nuclear uptake of DNA occurs preferentially during or close to mitotic division at the time of 

nuclear envelope disassembly and reorganization. This is in line with the work from Brunner and 

co-workers who studied the dependence of transfection efficiency on the cell cycle stage when 

using non-viral systems. Regardless the type of non-viral carrier used, higher transfection rates 

were observed when cells were transfected on S ou G2 phase compared to cells on G1 that 

showed reduced gene expression (Brunner et al., 2000). Additionally, in a study where MSC were 

transfected with polyplexes, it was observed that low transfection efficiency occurs when cells 

are cultured under conditions that inhibit cell division (King et al., 2012). Thus, strategies to 

improve cell division and proliferation may be applied to cell cultures to be transfected, in order 

to enhance transfection efficiency and maximize transgene expression. 
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Different chemical and physical methods for gene delivery into MSC have been developed and 

studied in the last decades (Wang et al., 2014a, Hamann et al., 2019b). A summary of those 

methods with corresponding advantages and disadvantages is presented on Table I.4 and will 

be further discussed in the next paragraphs. 

Table I.4 - Summary of non-viral gene delivery methods that can be used for genetic modification of MSC. (Wang et 
al., 2014a, Ramamoorth and Narvekar, 2015) 

Method Reagent(s)/ Strategies 
Nucleic 
acid(s) 

Advantages Disadvantages 

Microinjection  DNA 

-Simple and non-toxic 

-Effective and 
reproducible 

-Large DNA inserts 

-Not suitable for a large 
number of cells 

Electroporation 

-Traditional electroporation 

-Microporation 

-Nucleofection 

DNA 

mRNA 

-Effective and 
reproducible 

-Large DNA inserts 

-Cell damage 

-Stability of genomic 
DNA 

Ultra-sound 
microbubbles 

 
DNA 

siRNA 

-Safety 

-Flexibility 

-Low efficiency 

-Cell damage 

Cationic lipids 

-Lipofectamine™ 

(DOSPA/DOPE) 

-Lipofectin™ 

(DOTMA/DOPE) 

-Escort™ (DOTAP/DOPE) 

-GenePORTER™ (cationic 

lipid/DOPE) 

-Other lipid conjugations 

DNA 

siRNA 

mRNA 

-Easy production 

-Low-cost 

-Effective 

-Cytotoxicity 

-Some immunogenicity 

-Low efficiency in the 
presence of serumin 
the culture medium 

Cationic 
polymers 

-PEI (alone or modified) 

-PLL (alone or modified) 

-Dendrimers 

-Chitosan 

-Spermine conjugations 

-Peptides 

DNA 

siRNA 

mRNA 

-Easy production and 
functionalization 

-Low-cost 

-Effective 

-Cytotoxicity 

-Safety (undegradable 
polymers) 

Inorganic 
nanoparticles 

- Hydroxyapatite (HA) 

- Magnetic nanoparticles 
with HA 

DNA 

-Easy production 

-Low cytotoxicity 

-High stability 

-Functionalization 

-Low efficiency 

 

Herein, only gene delivery techniques that were applied to MSC will be discussed, being 

excluded physical methods such as needle injection, jet injection, gene gun and hydroporation, 

despite the studies showing their success for other applications (Ramamoorth and Narvekar, 

2015). Physical methods are simple, since they do not require any additional step. Physical forces 

are applied to promote the transient disruption of cellular membrane and deliver nucleic acids 
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into cytoplasm. Three main physical methods have been studied on MSC and will be further 

discussed below: microinjection, electroporation and sonoporation. 

Microinjection 

Gene delivery by microinjection consists in the use of a needle to penetrate cellular membrane 

and/or nuclear envelope and directly inject genetic material within living cells. One crucial 

aspect of this method is the needle size, since the use of large needles may irreversibly affect 

cell integrity. Microinjection using needles with diameters of 200-275 nm showed to efficiently 

promote transgene delivery (65-75%) into MSC without significantly decreasing cell viability 

(Han et al., 2008, Tsulaia et al., 2003). Despite its simplicity and efficiency, the method is not 

feasible for transfection of a large number of cells, since it implies individual manipulation of 

each cell. 

Electroporation 

Electroporation is based on the application of transient electric pulses that induce creation of 

small pores on the cell membrane, allowing free entry of nucleic acids into cytoplasm. This is an 

economical and reproducible method that can achieve high transfection efficiencies, being a 

promising alternative to viral systems. 

One of the limitations of electroporation is the high cell mortality observed. A system with small-

surface area electrodes, where the electroporation is performed at microscale, was developed 

to overcome such limitation and improve cell survival. This technique, called microporation, 

allows not only high transgene expression levels but also enhanced cell viability compared to 

traditional electroporation (Kim et al., 2008).  Microporation with the Neon system (Thermo 

Fisher Scientific) has been effectively used and optimized for MSC transfection with promising 

results in terms of cell survival and transgene expression and without affecting their intrinsic 

properties. For BM MSC, the transfection efficiencies reached 40%, with cell viabilities around 

90%, whereas for UCM-derived MSC similar viability was observed, but the transgene was 

expressed in 80% of the cells (Madeira et al., 2011, Lim et al., 2010). The use of microporation 

for delivery of a minicircle, which is a particular type of DNA molecule that will be further 

discussed in next sub-chapter, encoding CXCR4 to MSC resulted in higher cell homing towards 

an injury site in vivo (Mun et al., 2016). In fact, the work developed within the scope of present 

thesis (Chapters IV and V) shows that microporation may be a valuable technique for therapeutic 

gene delivery into MSC. 

Another drawback of electroporation is the need for nuclear uptake of DNA transgenes after 

being released on cytoplasm. To circumvent this limitation, nucleofection, a new method of 



50 

 

gene deliver that drives DNA molecules directly to cell nuclei by specific combination of electrical 

parameters and solutions according to cell type, was developed (Gresch et al., 2004). The 

Nucleofector (Lonza) system has been successfully used for MSC transfection with higher 

efficiencies than traditional electroporation (Nakashima et al., 2005). Aslan and colleagues 

showed that nucleofection of MSC lead to transgene expression in up to 88% of cells, albeit with 

decreased cell viabilities after transfection of around 50%. In the same study, this method 

revealed to be effective for the delivery of BMP-2 and BMP-6 genes into MSC, which were able 

to improve calcium deposition and induce bone formation in mice (Aslan et al., 2006). The 

replacement of DNA molecules by mRNA containing the transgene may also be a promising 

strategy to increase transfection, since nucleofection of MSC with mRNA showed to achieve 

significantly higher protein expression levels than when using plasmid DNA (pDNA) (Wiehe et 

al., 2007). Actually, overexpression of CXCR-4 in MSC by an mRNA nucleofection approach, lead 

to expression efficiencies up to 93% and cell viabilities higher than 60% (Wiehe et al., 2013). 

Studies referring MSC nucleofection showed that both immunophenotype and differentiation 

capacity of the engineered cells are maintained after transfection. The work developed in the 

Chapter VI of this thesis demonstrates that MSC nucleofection with therapeutic proteins can be 

a promising strategy for in vivo approaches. 

While electroporation and its variations are probably the most efficient non-viral methods for 

gene delivery into MSC, they may bring some safety concerns due to potential influences on 

genomic DNA stability (Wang et al., 2014a). Another major limitation of electroporation as a 

transfection technique to be used in a clinical setting is the need to develop novel systems to 

allow large scale production of genetically engineered cells, since current systems have limited 

scalability (Hamann et al., 2019b). 

Sonoporation 

Sonoporation is a non-invasive technique that uses ultrasonic waves to transiently permeabilize 

cellular membrane and thus allow nucleic acid entry. For sonoporation approaches, genetic 

material is generally incorporated into gas-filled microbubbles stabilized by biocompatible 

compounds on the surface (Ramamoorth and Narvekar, 2015). These bubbles are then activated 

by ultrasound waves and deliver the therapeutic genes into the cell cytoplasm during the 

temporary permeabilization caused by shock waves released from microbubbles (Wang et al., 

2014a). 

Despite the safety of this method, its use for gene therapy approaches is limited due to the 

relative low gene transfer efficiency. Nevertheless, ultrasound-targeted microbubble 
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destruction under optimized conditions showed to be effective on MSC transfection with VEGF-

165 gene, leading to significantly higher VEGF protein yields than non-transfected cells. Although 

this was only performed in vitro, it may be a starting point for MSC genetic engineering using 

sonoporation techniques (Pu et al., 2011). A different study where MSC were transfected by 

sonoporation revealed that this may be a useful strategy for RNA interference approaches, since 

despite the cell damage observed after transfection with the siRNA, knockdown of target mRNA 

was observed on transfected MSC (Otani et al., 2009). 

Notwithstanding the simplicity and efficiency of physical methods for gene delivery into MSC, 

their major limitation is the reduced scalability, hindering their application for large-scale 

approaches as allogeneic off-the-shelf cell therapies. On the other side, chemical methods can 

be easily scaled-up and optimized to improve their gene delivery capacity and targeting. 

Contrarily to physical methods, where nucleic acids are delivered in their naked form, chemical 

methods use a carrier to transport and facilitate entry of DNA or RNA molecules into the cell via 

membrane crossing by endocytosis. The most common carriers that have been tested for gene 

delivery into MSC are cationic lipids or cationic polymers (synthetic, natural or dendrimers) and, 

more recently, inorganic molecules. 

Cationic lipids 

Cationic lipids can self-assemble as liposomes due to their composition: they have hydrophilic 

heads and hydrophobic tails connected by a linker. Liposomes are positively charged, allowing 

the formation of stable complexes (i.e. lipoplexes) with negatively charged nucleic acid 

molecules (Chesnoy and Huang, 2000). The DNA or RNA within lipoplexes could be entrapped in 

the inner aqueous phase of liposomes or bound to their surface and are thought to be released 

into the cytosol due to changes in the lipoplexes that destabilize endosomal membranes 

(Hoekstra et al., 2007). Lipofection is the term used to refer to cell transfection using lipid 

carriers (Santos et al., 2011).  

Although the exact mechanisms involved in lipoplex-based gene delivery are not yet well 

understood, they have been effectively applied for transfection of MSC with different nucleic 

acid molecules, including DNA, mRNA or siRNA (Wang et al., 2014a). Indeed, several lipid-based 

reagents for cell transfection are commercially available nowadays, including Lipofectamine™, 

Lipofectin®, FuGENE™6, Effectene™, Escort™ or GenePORTER® (Santos et al., 2011, Wang et al., 

2014a). Among all these possibilities, Lipofectamine™ is probably the most studied and effective 

reagent for non-viral MSC engineering. 
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A study where different non-viral reagents (lipid or polymer-based) were tested for transfection 

demonstrated that Lipofectamine was actually the best option for MSC genetic engineering. 

However, the maximum transfection efficiency does not go beyond 20% (Gheisari et al., 2008). 

Hoelters and colleagues also compared different lipid-based reagents for gene delivery to MSC 

and, in fact, Lipofectamine 2000 revealed to achieve the highest transfection levels either using 

DNA (50%) or siRNA (92%) when compared to other lipofection reagents (Hoelters et al., 2005). 

Another study showed that this reagent is able to transfect MSC from different human sources, 

including BM, AT and UCM, although with different efficiencies. While the amount of GFP-

overexpressing cells reached more than 50% for both BM and UCM, the transfection efficiency 

for AT-MSC was about 33% (Boura et al., 2013). In both studies, the intrinsic properties of the 

transfected cells, including immunophenotype and differentiation capacity, were not affected 

by the lipofection process. As mentioned previously, the use of mRNA for MSC transfection could 

lead to higher levels of transgene expression than with DNA molecules. This was observed by 

Rejman and colleagues who used Lipofectamine or a DOTAP/DOPE mixture to deliver mRNA 

containing CXCR-4 sequence to MSC. The results showed that 80% of cells transfected with 

liposomes were overexpressing the therapeutic protein, in comparison with the 40% obtained 

for polymer-based transfection (Rejman et al., 2010). The differences observed in transfection 

efficiencies between studies regarding MSC transfection may be dependent not only on the type 

of nucleic acid used (RNA vs. DNA), but also on protocol conditions that were followed and on 

the MSC origin (human vs animal) or tissue source (BM, AT, UCM or other). 

Even though the efficiency of the transfection of MSC using lipid-based reagents is reduced or, 

in some cases, unobtainable (Hamm et al., 2002), strategies to improve the efficacy of those 

systems have been developed. The combination of lipid reagents with cationic polymers or the 

inclusion of peptides containing NLS are only two examples of such strategies that have been 

applied to enhance lipoplex-mediated gene expression in MSC (Clements et al., 2007, Hoare et 

al., 2010). 

Despite cationic lipid transfection has been widely pointed as safe and low cytotoxic, liposomes 

can become toxic when a lipid:DNA ratio higher than 3:1 is used (Ramamoorth and Narvekar, 

2015). Thus, studies to optimize the lipid:DNA ratio for MSC transfection have been performed 

in order to maximize transgene expression without significantly affecting cell viability (Madeira 

et al., 2010, de Carvalho et al., 2018). 

 

Cationic polymers 
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Cationic polymers are rich in positively charged groups (amines are the most common) that 

interact with DNA through electrostatic interaction, forming complexes called polyplexes. As 

lipoplexes, those polyplexes are positively charged and can be easily internalized by cells via 

endocytosis. Once in the cytosol, the polymers can protect DNA against degradation and 

facilitate the escape from lysosomal activity (Dang and Leong, 2006). The transfection mediated 

by cationic polymers is often referred to as polyfection (Santos et al., 2011). 

Notwithstanding the first polymer tested as gene therapy vehicle was poly-L-lysine (PLL), it 

resulted in a poor transgene expression when used on MSC (Santos et al., 2011, Wu and Wu, 

1987). The conjugation of PLL with palmitic acid (PA), a naturally occurring lipid, showed to 

increase five-fold the gene delivery efficiency compared to PLL alone (Incani et al., 2007). 

Combination of PLL-PA and Lipofectamine 2000 on MSC transfection showed to further improve 

transgene expression by 2-5% due to an additive effect between the two systems (Clements et 

al., 2007). Another polymer, polyethylenimine (PEI), revealed to be a better choice for MSC 

polyfection than PLL. When comparing both polymers, PEI was able to transfect up to 42% MSC 

whereas the transfection with PLL did not go beyond 11% (Farrell et al., 2007). In fact, presently, 

PEI is probably the most popular polymer for cell transfection due to its high ability to transfect 

cells, its reduced cytotoxicity and its capacity to induce the endosome rupture and thereby DNA 

release in cytoplasm (Boussif et al., 1995). Although PEI exists in branched and linear forms and 

both have been successfully used for MSC transfection (King et al., 2012), the linear molecule is 

considered a more efficient gene carrier (Wightman et al., 2001), being commercially available 

in the form of reagents as ExGen 500 or jetPEI™. 

One major advantage of using polymers for gene delivery is the possibility of modifying them to 

improve transfection, reduce toxicity or increase targeting. Several strategies have been used 

for PEI modification, including covalent conjugation with hyaluronic acid, which showed not only 

to enhance transgene expression but also to significantly improve cell viability after transfection 

(Saraf et al., 2008).  

As for lipid-based systems, the amount of polymers used may raise concerns in terms of 

cytotoxicity. On this behalf, synthetic biodegradable polymers, such as polylactic acid (PLA) or 

poly(lactic-co-glycolic acid) (PLGA), that are naturally eliminated after DNA release have been 

investigated for MSC gene delivery. Gwak and co-workers showed that PLGA nanospheres can 

be a promising approach for gene delivery into MSC, with lower cytotoxicity and higher and 

longer transgene expression when compared to PEI (Gwak and Kim, 2008). 
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Other systems besides synthetic polymers have been used for MSC gene delivery, including 

natural polymers as chitosan or dendrimers as poly(amidoamine) (PAMAM). Despite chitosan 

has been used for gene delivery into other cell types, its use for MSC transfection is quite limited 

due to the low transfection efficiency (Corsi et al., 2003). However, its use may be interesting 

for specific applications when combined with other methodologies. Nie and Wang showed that 

PLGA/HA scaffolds with encapsulated DNA/chitosan nanoparticles improved cell attachment, 

cell viability and transfection efficiency, being a promising approach for bone regeneration (Nie 

and Wang, 2007). Other natural polymers as gelatin or pullulan have been conjugated with 

spermine for DNA complexation and used for gene delivery approaches into MSC, mainly for 

differentiation into specific lineages (Hosseinkhani et al., 2006). 

PAMAM is a widely studied dendrimer for gene delivery application due to its intrinsic ability to 

associate, condense and efficiently deliver DNA into several cell types (Santos et al., 2011). In 

fact, there are two commercially available reagents, SuperFect® and PolyFect® that are PAMAM-

derived and were tested for MSC transfection although with low transfection efficiencies (King 

et al., 2012, Gheisari et al., 2008). The PAMAM dendrimers can also be functionalized with 

peptides with high affinity to MSC, in order to avoid off-target transfection. This strategy 

resulted in low cytotoxicity and superior transfection efficiency than using native dendrimers or 

SuperFect reagent (Santos et al., 2010). 

Inorganic particles 

Recent interest in using inorganic particles as gene delivery carriers is rooted in several 

advantages: ease of preparation, wide availability, low cytotoxicity and high stability 

(Chowdhury and Akaike, 2005). Inorganic particles are able to bind DNA trough adsorption or 

conjugation before being internalized into cells, and can be used alone or in combination with 

organic molecules (Wang et al., 2014a). 

There are few studies reporting the ability of inorganic particles to transfect MSC, however some 

revealed advantages over other methods. MSC transfection with BMP-2 using HA nanoparticles 

lead to increased calcium production with a significantly reduced cytotoxicity than lipid-based 

reagent, despite the lower transgene expression (Curtin et al., 2012). In a different approach, 

the addition of gold nanoparticles showed to enhance PEI-mediated MSC transfection by more 

than 2-fold (Uchimura et al., 2007). A similar strategy was developed by Park and colleagues 

who demonstrated that the use of silica particles can improve PEI gene delivery capacity into 

MSC (Park et al., 2010). 
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Challenges in non-viral gene therapy 

Despite the wide range of non-viral methods available for MSC gene delivery, there are still 

improvements to be made to achieve the high transgene expressions provided by viral vectors. 

Although scalability remains a major challenge, electroporation still seems to be the best non-

viral option for MSC transfection due to the superior efficiencies compared to carrier-dependent 

methods. One major problem regarding the optimization and definition of an ideal non-viral 

system is the great variability of transfection effectiveness observed between studies. The 

heterogeneity of MSC populations, the high donor-to-donor variability and the culture 

conditions may be the major causes for those inconsistencies. Furthermore, the MSC physiology 

differs between species, so before a method being considered for clinical application, it should 

be validated in human cells. Even within human cells, the source is also a point, since using the 

same method, different transfection levels can be observed according to the source (Boura et 

al., 2013). Hence, the best combination of cell source, culture conditions and transfection 

method must be defined for each application and then validated in human cells from several 

donors. 

Although the choice of transfection system is probably the most important step for cell 

engineering, there are other factors that significantly influence gene delivery and expression. 

One of those factors is the sequence and structure of nucleic acid molecules. It was already 

mentioned that the use of RNA molecules instead of DNA could significantly increase gene 

expression (Wiehe et al., 2007). However, transfection with RNA has a shorter duration, thus 

replacement of DNA by mRNA could be promising for applications where overexpression of a 

protein is required within a short time period. For approaches where inhibition of gene 

expression is required, transfection with siRNA is highly advantageous, since more than 90% 

knock-down can be obtained (Hoelters et al., 2005). DNA plasmids could also be modified and 

optimized towards an increased delivery and expression. Replacement of promoters, addition 

of enhancers or removal of antibiotic resistance markers and CpG regions are examples of 

modifications that can be performed to pDNA sequences in order to enhance and prolong 

transgene expression.  

Cytomegalovirus (CMV) promoter is the standard promoter used for plasmid transfection, 

including on MSC. However, due to its viral origin and low and short transgene expression 

achieved, attempts to replace it by a safe and more efficient mammalian promoter have been 

performed. Studies demonstrated that cellular promoter for elongation factor-1α (EF-1α) can 

induce higher and prolonged transgene expression than CMV for a variety of cell types, including 

MSC (Qin et al., 2010). A study with rat MSC where different promoters have been investigated 
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for BMP-2 delivery revealed that from the seven promoters tested, four showed better 

performance than CMV. EF-1a, β-actin, eukaryotic initiation factor 4A1 (eIF-4A1), 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) promoters lead to higher levels of BMP-2 

secretion than CMV 48h after DNA delivery to MSC by electroporation (Ferreira et al., 2012). 

Despite these results with rat-derived MSC, the replacement of CMV promoter by EF-1α or rous 

sarcoma virus (RSV) promoter resulted in a significant decrease in transgene expression on 

human MSC. This study also showed the benefits of adding an enhancer to the plasmid 

sequence, since removal of the simian virus 40 (SV40) enhancer also diminished gene expression 

(Hamann et al., 2019a). The discrepancies observed, regarding the use of mammalian 

promoters, are probably associated with differences on MSC biology between species. 

Another plasmid sequence modification developed to improve the potential of non-viral 

systems consists on the removal of bacterial backbone sequences from pDNA, including origin 

of replication and antibiotic resistance markers, that can trigger inflammatory responses which 

may induce transgene silencing (Ahmad-Nejad et al., 2002, Hardee et al., 2017, Häcker et al., 

2002). These DNA molecules devoid of bacterial backbone are called minicircles and will be 

further discussed in the following section.  

Besides the strategies described above, other approaches to improve non-viral gene delivery 

into MSC were developed, including priming of the cells to improve their ability to uptake and 

express the transgene. MSC priming could be achieved by addition of compounds to culture 

media such as glucocorticoids, that mitigate toxicity and/or improve transfection or by 

modification of cell culture surfaces in terms of stiffness, chemical composition or addition of 

adhesion molecules (Hamann et al., 2019b). 

 

 Minicircles as gene therapy vehicles 

Despite their lower expression levels compared to viral vectors and transient nature, pDNA are 

promising molecules for human gene therapy and improvements have been made to enhance 

their therapeutic potential. DNA plasmids are produced within bacteria, being the most 

commonly used strain for this purpose Escherichia coli (E. coli). To be produced in bacteria, 

pDNA molecules must have a bacterial origin of replication and an antibiotic resistance marker 

(e.g. Kanamycin – Kan) to allow for the selection of plasmid-harboring bacteria (Hardee et al., 

2017). These sequences required for plasmid replication and maintenance within bacteria 

constitute the bacterial backbone (see Figure I.6). On the other hand, a pDNA vector will also 

contain a transcription unit (see Figure I.6), which comprises a eukaryotic promoter, the gene of 
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interest, a polyadenylation (PolyA) sequence to increase transgene expression and reduce 

degradation by nucleases and any other sequences required for expression in mammalian cells. 

After delivery, pDNA is maintained within cell nucleus in an epissomal form without integrating 

into host cell genome, and is lost during successive cell divisions (Gill et al., 2009). So, pDNA is 

particularly interesting for slow or non-dividing cells since it can potentially be maintained for 

the lifetime of the cell. However, even in such cases, transgene silencing can be observed, which 

has been associated with the presence of cytosine-guanosine dinucleotide (CpG) motifs (Häcker 

et al., 2002). These CpG regions are very common in bacterial DNA and were described to trigger 

immune responses in mammalian cells through activation of Toll-like receptors (TLR)-9 (Walker 

et al., 2010). The activation of immune system could lead not only to transgene inactivation, but 

also in more severe cases to inflammatory reactions (Boura et al., 2014, Sawamura et al., 2005). 

Another concern regarding the use of pDNA for clinical applications is the presence of antibiotic 

resistance markers, which led regulatory agencies to discourage its use due to the risk of 

transference to human microbiome or environment. To overcome such limitations, several 

modifications of conventional plasmids, including the deletion of unnecessary bacterial 

sequences, have been performed in an attempt to improve their expression capacity in human 

cells and reduce safety risks (Hardee et al., 2017). The generation of minicircles, which are small 

circular DNA molecules that contain only transcriptional unit, is one of such examples (Darquet 

et al., 1997). The lack of bacterial sequences in minicircles further contributes to improve safety, 

reduce CpG-mediated immunogenicity and minimize silencing of transgene expression. A 

number of studies have shown that minicircle-based cell engineering is able to sustain higher 

and longer transgene expression in vitro and in vivo, as well as stem cell survival, when compared 

to conventional plasmid vectors (Darquet et al., 1999, Chen et al., 2003, Dietz et al., 2013, 

Madeira et al., 2013). 

Despite the different methods that have been developed for minicircle production within 

bacteria (Gaspar et al., 2015), the overall process is similar and schematized on Figure I.6. A 

conventional plasmid (parental plasmid) that has two recombination sites between bacterial 

backbone and transcriptional unit regions gives rise to both a miniplasmid and the minicircle, 

after in vivo recombination. While origin of replication, antibiotic resistance marker and other 

bacterial sequences can be found in the miniplasmid, the minicircle has the transcriptional 

cassette with promoter, gene of interest and PolyA. 

The conversion of parental plasmids into minicircles is a complex process that starts with 

amplification of precursor plasmids within E. coli strains (Prather et al., 2003). After production 

of high parental plasmid yields there are two crucial steps to generate minicircles. The first is 
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the induction phase, which consists in the addition of a compound, such as L-arabinose, that will 

activate the expression of genes responsible for mediating the next step, recombination (Kay et 

al., 2010, Simcikova et al., 2014). The addition of the inducer is a critical stage of minicircle 

production, since it should be performed at the end of exponential bacterial growth in order to 

maximize the final yield (Gaspar et al., 2014). After induction, bacterial machinery starts to 

convert parental plasmids into minicircles and miniplasmids by the action of recombinases that 

bind to hybrid sites (black regions on Figure I.6), mediating strand exchange and re-assembly 

(Kay et al., 2010). Despite several phage integrases have been employed as recombinases for 

minicircle production, including phage λ integrase or phage P1 Cre recombinase (Groth and 

Calos, 2004, Gaspar et al., 2015), ParA resolvase recombination will be further discussed herein, 

since this was the system used in the scope of the present thesis.  

ParA resolvase is a serine recombinase that mediates site-specific intramolecular recombination 

between two identical hybrid sites within a supercoiled plasmid.  For minicircle production 

approaches, the ParA gene is commonly inserted in the genome of the producer host under the 

control of the arabinose inducible pBAD/AraC expression system (Simcikova et al., 2014, Kay et 

al., 2010, Mayrhofer et al., 2008). In this system, the addition of arabinose will induce the 

transcription of pBAD, where ParA resolvase is found, whereas in the absence of arabinose, the 

transcription is repressed by an AraC mediated mechanism. Although residual pBAD activity 

during bacterial growth has been described, this leaky expression can be prevented by the 

addition of glucose to the culture medium (Simcikova et al., 2014). So, ParA resolvase expression 

Figure I.6 - Schematic representation of the process for minicircle generation. A conventional plasmid 
(parental plasmid) with both bacterial backbone and transcriptional unit sequences gives rise to a 
miniplasmid (bacterial backbone) and a minicircle (transcriptional unit) after recombination. PP – 
Parental plasmid; MP – Miniplasmid; MC – Minicircle; Ori – Origin of replication; KanR - antibiotic 
resistance marker (kanamycin); PolyA – polyadenylation sequence. 
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on E. coli cultures could be dynamically regulated by the addition of arabinose/depletion of 

glucose. E. coli strains with improved capacity for L-arabinose uptake have been developed for 

this purpose, in order to increase ParA resolvase expression (Alves et al., 2016, Khlebnikov et al., 

2001). This system has been used for minicircle generation with recombination efficiencies of 

up to 99% (Simcikova et al., 2014, Alves et al., 2016, Mayrhofer et al., 2008). After 

recombination, a decisive step is to isolate minicircle species from miniplasmid and any residual 

plasmid as required for their use in clinical approaches. This is probably the major bottleneck of 

the process. However, different studies showed that minicircles could be efficiently separated 

from the remaining DNA molecules by chromatography methods, either by affinity 

chromatography, hydrophobic interaction or multimodal chromatography (Alves et al., 2016, 

Mayrhofer et al., 2008, Silva-Santos et al., 2019).  

Another relevant method that greatly improved the procedure for minicircle production is φC31-

integrase/I-SceI homing endonuclease system. The combination of both an integrase and an 

endonuclease under the control of the same promotor makes possible, upon induction, not only 

high-efficient minicircle recombination, but also the degradation of undesired miniplasmid and 

parental plasmid species (Chen et al., 2005).  

The development of systems that allow production and purification of high minicircle yields that 

meet regulatory requirements is crucial before this system can be applied as large-scale gene 

therapy vehicle for clinical purposes. Although the removal of other DNA species than minicircle 

is a key step, this is not the only concern regarding the purification process. There are other 

bacterial contaminants, such as endotoxins, as well as impurities from the process (solvents or 

antibiotics) that must be removed due to the risk of generating immune reactions or affecting 

gene therapy efficiency (Gaspar et al., 2015). On the other hand, the whole process must be in 

accordance with GMP guidelines for pre-clinical and clinical applications to assure not only the 

safety, but also the quality, standardization and reproducibility of the system. In fact, there are 

companies, such as System Biosciences® or Plasmid Factory®, that have commercially available 

GMP compliant minicircles ready to be used for gene therapy applications. 

The biomedical potential of minicircle vectors has been studied in different fields that include 

not only therapeutic purposes, but also vaccination or cell reprogramming (Schleef et al., 2015, 

Jia et al., 2010). The direct administration of minicircles has been investigated in animal models 

for different conditions, including diabetes (Kwon et al., 2012), cancer (Wu et al., 2006) and 

pulmonary (Munye et al., 2016) or cardiovascular diseases (Chang et al., 2008, Huang et al., 

2011). VEGF is an example of the genes tested in this context. In fact, the in vivo transfection 
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with minicircles overexpressing VEGF revealed to promote wound healing in diabetic mice 

(Kwon et al., 2012) or enhance VEGF amounts in muscle cells and improve endothelial 

proliferation in a PAD model (Chang et al., 2008). 

Despite only few studies investigated the potential of minicircles in the context of ex vivo gene 

therapy of MSC to date, those preliminary reports revealed that this can be a promising strategy 

for different therapeutic applications. MSC conversion into iPSC can be achieved by transfection 

of UCM-derived cells with minicircles containing defined reprogramming factors (Lin28, Nanog, 

Oct4 and Sox2). This transfection process generated ESC-like cells that are able to differentiate 

into the three germ layers, highlighting the potential of minicircles in adult cell reprogramming 

(Daneshvar et al., 2015). Park and colleagues showed that MSC engineered with minicircles 

could be used for delivery of etanercept, a commonly used biologic for the treatment of 

rheumatoid arthritis, and thus ameliorate collagen-induced arthritis in a mouse model (Park et 

al., 2017). Other possible outcomes of MSC transfection with minicircles include enhancement 

of cell survival or improvement of migration capacity. Overexpression of Bcl-2 by AT-derived 

MSC through minicircle transfection not only showed to reduce apoptosis and improve cell 

survival but also increased skeletal regeneration in a wound healing mouse model (Hyun et al., 

2013). A different approach was followed by Mun and colleagues, who showed that MSC 

genetically engineered with minicircles encoding CXCR-4 have increased migration ability 

towards an injury site (Mun et al., 2016). Finally, the angiogenic potential of BM-MSC could also 

be improved by transfection with minicircles as showed by us and others. Modification of rat 

MSC using minicircles with eNOS revealed to improve the secretion of angiogenic proteins and 

also induced cell migration in an in vitro wound healing assay (Bandara et al., 2016). It was 

recently demonstrated that VEGF-engineered MSC using minicircles have not only an enhanced 

capacity for VEGF production, but also showed an improved angiogenic capacity in vitro (Serra 

et al., 2018).  

Although there is still room for improvement and strategies to optimize and standardize both 

minicircle production and MSC transfection, the encouraging results from these studies are a 

good starting point. Minicircles can be used to transfect MSC from different sources with higher 

efficiency than conventional plasmids and with promising in vivo and in vitro therapeutic activity.  
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 Peripheral Arterial Disease 

PAD, also known as peripheral vascular disease, is a prevalent and high-burden chronic condition 

caused by the narrowing and obstruction of systemic arteries, which induces a decrease in blood 

flow to the lower extremities (Conte and Vale, 2018). One of the more severe stages of PAD is 

CLI, which is associated with high mortality and morbidity (Gresele et al., 2011). PAD symptoms, 

epidemiology and risk factors, as well as conventional applied therapies will be described further 

on the next paragraphs. Finally, the last part of this sub-chapter will focus on novel and 

promising advanced therapies, including gene- and/or cell-based, for PAD treatment. 

 

 Disease characterization and current therapies 

The prevalence of PAD in the general population ranges between 3-10%, increasing to 15-20% 

in subjects older than 70 (Gresele and Migliacci, 2009). It is estimated that more than 27 million 

individuals are affected by this disease in Europe and USA. Subjects with CLI, the most advanced 

stage of the disease, represent 1% of all PAD patients (Norgren et al., 2007). Due to population 

ageing and increasing incidence of cardiovascular diseases, and since the highest prevalence of 

PAD is in elderly people with cardiovascular risk factors, a raise on those numbers is expected 

for the next decades. 

Although other causes have been pointed to cause artery obstruction, the main reason for PAD 

is the accumulation of atherosclerotic plaques (Conte and Vale, 2018). Those plaques are 

deposits of fatty acids that accumulate within the arteries, narrowing their diameter and, thus, 

diminishing blood flow. So, incidence of atherosclerosis in arteries supplying blood to the limbs 

is the major cause of PAD. This process of plaque accumulation and narrowing of limb arteries 

is schematized in Figure I.7. 

While in the early stages of PAD patients may have no or only mild symptoms, such as a slight 

leg pain when walking, in more advanced stages subjects may face tissue loss or gangrene due 

to insufficient blood flow (Aronow, 2012). The limb pain suffered by those subjects is called 

claudication and may have a variable severity according to disease stage. In some cases there is 

only a mild and intermittent discomfort that disappears on rest and on most severe cases can 

be a debilitating pain that hinder exercise or even walking (Dua and Lee, 2016). CLI represents 

the more advanced stage of PAD and is characterized by a severe artery occlusion that according 

to ischemia level may cause chronic ischemic rest pain with or without trophic skin changes or 
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tissue loss (Gresele et al., 2011). Patients with CLI have an increased risk of suffering 

cardiovascular events.  

Since asymptomatic stage is the most prevalent stage of the disease (Fowkes et al., 1991), it is 

extremely important to identify risk factors that contribute to disease initiation and progression. 

Age and gender are two major intrinsic risk factors that are associated with PAD development 

(Dua and Lee, 2016). In fact, there is a linear correlation between aging and onset of the disease, 

with an increased risk in population over 70 years old. The gender factor is dependent on age, 

since there is a major incidence on younger males. However, for elderly subjects (>60 years) the 

gender is no longer relevant (Norgren et al., 2007). Although these are uncontrollable elements, 

there are some extrinsic risk factors that may be modified to prevent or control disease 

progression. Smoking is one of such examples, since smokers have a 4-fold increased risk of PAD 

development with a proportional relationship between the number of cigarettes and the 

severity of the disease (Dua and Lee, 2016). Many studies showed that there is also a strong 

association between diabetes mellitus and PAD, being the presence of intermittent claudication 

3-fold more common in diabetic patients. Hypertension and dyslipidemia are also two risk 

factors associated with PAD, however the risk is lower than for smoking or diabetes (Norgren et 

al., 2007, Aronow, 2012). 

For asymptomatic subjects a change of lifestyle, including smoking cessation, weight loss, 

healthy eating and exercise, may reverse and prevent the progression of PAD. However, for 

more advanced stages of the disease, as CLI, additional medical treatments are needed. For 

subjects with intermittent claudication the initial treatment consists in medications for risk 

factor control, as cholesterol-lowering or hypertension medications, pain-relief narcotics and 

exercise rehabilitation programs (Kinlay, 2016, Gresele et al., 2011, Aronow, 2012). These 

strategies could also be associated with other medical therapies, including anti-platelet agents 

or anticoagulant medication, for control of disease symptoms, ameliorating life quality and 

reduce the risk of major cardiovascular events, such as stroke or MI, thus improving survival 

(Gresele et al., 2011, Dua and Lee, 2016). The described strategies are applied not only on early-

stage PAD patients, but also on subjects with CLI to whom revascularization is not recommended 

due to comorbid conditions (Gresele et al., 2011). On more severe cases of CLI, or when failure 

to respond to pharmacotherapies occurs, limb revascularization should be considered in order 

to prevent amputations. On CLI patients where successful revascularization is not possible, the 

risk of limb amputation is over 40% and annual mortality rates within 6 months for such cases 

reach up to 20% (Dua and Lee, 2016, Norgren et al., 2007). Two major strategies can be used for 

revascularization: open surgery, which was the gold standard technique for decades, and 
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endovascular revascularization. Although open surgery has been successfully used with 

excellent limb salvage rates and clinical durability, endovascular revascularization has been 

preferred recently due to the reduced morbidity and mortality associated with the procedure 

(Dattilo and Casserly, 2011). These two procedures were compared in a randomized trial and no 

significant differences were observed in terms of amputation-free survival or health-related 

quality of life. However, complications as myocardial infarction (MI) or wound infection were 

more common on surgical group (bypass) whilst on endovascular (angioplasty) group repeated 

revascularizations were required (Adam et al., 2005). Despite both techniques have been 

improved since that study, there is no ideal approach for limb salvage and improve survival on 

CLI patients and high percentage of those subjects still face the risk of an amputation. Also, the 

major goal of such procedures is a quick establishment of reperfusion, failing to restore tissue 

function. In this context, the concept of therapeutic angiogenesis emerged and gene- and/or 

cell-based therapies to improve blood vessel remodeling and, thus, enhance tissue function in 

PAD patients have been developed (Grochot-Przeczek et al., 2013). 

 

 Cell and/or gene therapy approaches for PAD 

Though revascularization may be an effective strategy for limb salvage in some patients, it is far 

from being the best option since it is an invasive procedure with high associated risks. 

Furthermore, 50% of CLI patients are not eligible for revascularization, the so-called no-option 

patients, and from those who are able to perform revascularization the beneficial effects are 

observed on only 25% (Norgren et al., 2007). Revascularization and pharmacological treatments 

are usually insufficient to recover blood flow and maintain normal tissue homeostasis. So, novel 

strategies for PAD treatment have been investigated, aiming to stimulate in vivo collateral blood 

vessel formation and, thus, provide the required blood flow to the ischemic tissues (Shimamura 

et al., 2013, Grochot-Przeczek et al., 2013, Hassanshahi et al., 2019). These approaches are 

designated therapeutic angiogenesis. 

The first therapeutic angiogenesis strategy pursued to treat PAD involved the direct 

administration of pro-angiogenic growth factors (protein-based therapy), as VEGF or HGF, 

among others (Grochot-Przeczek et al., 2013, Hassanshahi et al., 2019). Administration of 

recombinant VEGF and bFGF alone or in combination showed to increase blood flow in several 

animal models of limb ischemia (Walder et al., 1996, Yang and Feng, 2000, Asahara et al., 1995). 

However, the efficacy of these protein-based approaches has been limited probably due to the 

short half-life of the pro-angiogenic proteins in vivo and to some degree of toxicity (Lederman 
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et al., 2002). Current studies of therapeutic angiogenesis for PAD are more focused on cell- 

and/or gene-based therapies since they show prolonged and targeted effect when compared to 

protein-based approaches. 

 

I.3.2.1. Gene therapy approaches 

The use of gene therapy strategies that sustain a targeted overexpression of pro-angiogenic 

genes such as VEGF, FGF or HGF is a promising alternative to treat PAD. VEGF is the most 

extensively studied factor for such purposes. The first human trial using VEGF-based gene 

therapies for PAD was initiated in 1994 in the wake of several successful animal studies. Isner 

and colleagues showed that intra arterially delivery of pDNA containing VEGF by a hydrogel-

coated angioplasty catheter was able to improve in vivo angiogenesis in a patient with limb 

ischemia (Isner et al., 1996). Despite this is far from being the ideal approach due to the invasive 

nature of the procedure, this was the starting point for many other clinical trials using VEGF-

base gene therapies for PAD treatment. Two years later, Baumgartner and co-workers 

demonstrated improvements in rest pain and limb integrity after intramuscular injections of a 

plasmid with VEGF gene in 10 CLI patients (Baumgartner et al., 1998). Conversely, two clinical 

trials performed later using adenoviral (Rajagopalan et al., 2003) or plasmid (Kusumanto et al., 

2006) vectors for VEGF delivery showed no significant improvements after administration on 11 

or 27 CLI patients, respectively. The long-term safety and tolerance of gene-based VEGF 

therapies was confirmed in a 10-year follow-up where no significant differences were noticed in 

the number of amputations or causes of death between control and VEGF-treated patients 

either by adenoviral or plasmid systems (Muona et al., 2012). However, some authors reported 

the occurrence of adverse events, as edemas, after in vivo gene transfer (Rajagopalan et al., 

2003). Another limitation of VEGF unregulated overexpression is the possibility of hemangioma 

formation (Carmeliet, 2000). Thus, the controversial and inconclusive results of such trials 

hampered the establishment of VEGF gene-based approaches as a viable option for PAD patients 

to date. Nevertheless, a gene therapy product is commercially available in Russia that is based 

on a pDNA encoding the VEGF165 gene for the treatment of PAD. This therapy was approved 

after being showed to improve pain-free walking distance in patients with atherosclerotic lower 

limb ischemia in a phase III clinical trial (Deev et al., 2015). A 5-year follow up confirmed the 

safety and efficacy of the product by demonstrating an increased target limb salvage and an 

improved pain-free walking distance. Also, no significant differences on adverse events were 

observed between the treated group and control (Deev et al., 2018). 
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Similar controversial results were observed after FGF based gene therapies on PAD patients. 

While significant amelioration in pain and reduced risk of amputations was observed in early 

stage clinical trials (Comerota et al., 2002, Nikol et al., 2008), phase III trials failed to demonstrate 

the same efficacy and no beneficial effects were observed compared to control group (Belch et 

al., 2011). 

HGF is probably the most relevant factor for gene-based therapeutic angiogenesis since on the 

opposite of VEGF and FGF, HGF is able to induce angiogenesis by a different pathway associated 

with less inflammatory changes (Kaga et al., 2012). The angiogenic capacity of HGF was observed 

in many pre-clinical animal studies (Taniyama et al., 2001, Nakagami et al., 2005), as well as in 

some clinical trials. The safety and efficacy of HGF-based gene therapies for PAD was first proved 

on a Phase I/IIa clinical trial where an increase in the ankle-brachial index (ABI) was accompanied 

by a decrease of the ischemic ulcer size on treated subjects. Also, no peripheral edemas were 

found, which brings an advantage of HGF over VEGF-based therapies (Morishita et al., 2011). 

The follow-up results from this study long-established the safety and efficacy of this treatment. 

After 2 years, all participants treated with HGF have a reduction in rest pain and no major 

complications or adverse events were detected due to gene therapy (Makino et al., 2012). 

Powell and colleagues also demonstrated the beneficial effects of HGF gene therapy on patients 

with CLI. They evaluated limb tissue perfusion as primary endpoint by measuring transcutaneous 

oxygen tension (TcO2) after intramuscular injection of different doses of HGF pDNA. Although 

no differences were observed for secondary endpoints, including ABI, the TcO2 on high-dose 

treated group was significantly increased compared with placebo (Powell et al., 2008). The 

efficacy and safety of plasmid-based HGF gene therapies on CLI was confirmed in a Phase III 

study with 44 patients. Primary endpoints were the improvement of rest pain in patients without 

ulcers or reduction of ulcer size in patients in more advanced stages of the disease. This study 

revealed a significant improvement in primary endpoint in the treated group when compared to 

placebo (70.4% vs 30.8%). Despite no improvements on ABI or amputation rate have been 

observed, an overall improvement on quality of life was achieved for the HGF-treated group. 

Also, no major safety problems have been detected (Shigematsu et al., 2010). 

The reasons for the inconclusive results regarding gene therapy clinical trials for PAD remain 

unknown, but factors such as patient population, severity of disease, dose regimen and selected 

endpoints, as well as different properties of tested molecules, might influence study outcomes. 

Regardless the development of gene therapies for ischemic diseases are still ongoing, more 

effective approaches have been investigated. 
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I.3.2.2. Cell therapies 

The unique properties of stem cells make them promising candidates as an alternative approach 

for treatment of PAD. Such properties include their ability to secrete a wide range of soluble 

factors with therapeutic activity and their capacity to differentiate into different cells types, 

including endothelial cells. In fact, stem cells can improve blood flow in ischemic tissues by four 

main actions: differentiation into endothelial cells, secretion of pro-angiogenic factors, 

incorporation into blood vessel walls or supply of appropriate microenvironment for endothelial 

or other cell types to favor angiogenesis and vascularization processes (Hassanshahi et al., 2019). 

Different classes of stem or progenitor cells have been investigated in clinical studies for PAD, 

being the most popular: endothelial progenitor cells (EPC), MSC or MNC, derived from BM or 

peripheral blood (PB). More than 50 trials have been exploited the potential application of cell 

therapies on PAD, including either autologous or allogeneic strategies.  

EPC were firstly identified in 1997 as putative endothelial progenitors due to their central role 

in angiogenesis (Asahara et al., 1997). The EPC pro-angiogenic activity is known to be related 

with the secretion of important soluble factors: VEGF, SDF-1α, PDGF or IGF-1, but the actions of 

EPC secretome also include improvement of cell proliferation, inhibition of apoptosis as well as 

recruitment and activation of other stem/progenitor cells (Hassanshahi et al., 2019). Despite the 

beneficial activity of EPC on ischemic tissues is mainly associated with their paracrine activity 

over resident endothelial cells, some studies also suggested that EPC can directly integrate into 

blood vessel walls or differentiate into endothelial cells and thus replace the damaged tissues 

(Griese et al., 2003). Asahara and colleagues identified EPC by the expression of CD34 and VEGF-

receptor 2 (Flk1), however subsequent studies have shown that specific cell markers or functions 

of EPCs remain controversial (Mayr et al., 2011), since those markers are also expressed by 

hematopoietic cells (Raval and Losordo, 2013). CD133 has also been used to characterize EPC 

populations (Gehling et al., 2000). Nevertheless, clinical studies on PAD with EPC populations 

selected by the expression of CD34 or CD133 markers have been performed with promising 

preliminary results. 

After pre-clinical demonstration of the therapeutic potential of EPC on ischemic diseases (Kalka 

et al., 2000), trials using these cells on CLI have been developed. Kawamoto and colleagues 

showed in a Phase I/IIa clinical trial the feasibility and safety of using autologous CD34+ cells 

(hematopoietic and endothelial progenitor-enriched fraction) for CLI. The treated patients 

demonstrated a significantly recovery in the primary endpoints and no major amputation 

occurred and severe adverse events were rare (Kawamoto et al., 2009). Similar beneficial results 



67 

 

were observed by Arici and co-workers, who performed a trial using autologous CD133+ cells in 

8 patients suffering from stable CLI. In 75% of the patients, it was observed a complete healing 

rest pain cessation and walking recovery and no complications have been detected in any of the 

subjects enrolled (Arici et al., 2015). However, due to the controversy regarding EPC imprecise 

definition related to its unclear origin, phenotype and properties (Rohde et al., 2006, Mayr et 

al., 2011), other cell types have been preferred for clinical approaches. 

MNC that could be obtained from PB or BM have also been investigated for PAD treatment. Such 

populations are constituted by different cell types with pro-angiogenic activity, including 

monocyte and macrophage lineages and also EPC (Hazarika and Annex, 2017).  Three different 

strategies can be used in order to take advantage of MNC properties towards disease treatment: 

(1) direct intramuscular or intra-arterial administration of BM-MNC; (2) direct administration of 

cytokine-mobilized and apheresis PB-MNC or (3) mobilization of patient’s own MNC to ischemic 

regions by granulocyte-macrophage colony-stimulating factor (GM-CSF) (Hazarika and Annex, 

2017). A meta-analysis of 37 clinical trials showed that both PB- and BM-derived MNC are able 

to effectively improve ischemia indexes, subjective symptoms and endpoints as ulcer healing 

and amputation, whereas no significant improvements were observed by GM-CSF monotherapy 

(Fadini et al., 2010). 

Different studies have compared the potential of both BM and PB MNC for ischemic diseases 

with some controversial results. Dubsky and colleagues demonstrated that patients treated with 

BM and PB autologous MNC had a significantly higher TcO2 and lower rate of major amputation 

by 6 months when compared to the control, but no significant differences were observed 

between the two treated groups (Dubsky et al., 2013). Similar results were observed in a long-

term prognosis study where there were no significant differences in negative prognostic factors 

(overall survival and amputation-free) between treatments using the two cell sources (Onodera 

et al., 2011). On the other hand, in Tateishi-Yuyama’s study, BM-MNC showed significantly 

superior capacity to improve ABI and TcO2 than PB-MNC (Tateishi-Yuyama et al., 2002). A long-

term evaluation of this study confirmed the safety and efficacy of the therapy 2 years after initial 

treatment (Matoba et al., 2008). Despite those controversial outcomes that might be related to 

differences in study design, both systems showed to demonstrate long-term safety and 

effectiveness as cell therapies for PAD (Hassanshahi et al., 2019). The choice of the 

administration route is also an important factor for cell therapy approaches that might affect 

study outcomes. Although some encouraging results (improved ulcer healing and reduced rest 

pain) have been obtained on a clinical trial after intra-arterial delivery of BM-MNC (Walter et al., 



68 

 

2011), intramuscular delivery demonstrated to be better since lower amputation rates have 

been verified using this method (Xie et al., 2018). 

The therapeutic properties of MSC makes those as promising candidates for CLI treatment, 

which is reflected by the number of pre-clinical studies performed with these cells. The 

therapeutic activity of MSC on ischemic tissues relies on its capacity to secrete a widely panel of 

potent soluble factors, as well as on their  ability to home to injured tissues and escape ischemia-

induced apoptosis (Hassanshahi et al., 2019). The in vivo therapeutic angiogenesis of MSC has 

been confirmed in many animal studies with hindlimb ischemia models (Kinnaird et al., 2004, 

Leroux et al., 2010, Yan et al., 2013) and in some clinical trials (Lu et al., 2011, Gupta et al., 2013). 

In fact, a pilot trial comparing the effect of BM-derived autologous MNC and MSC on diabetic 

CLI showed that MSC are more effective and well-tolerated. This was demonstrated by a faster 

and higher ulcer healing and more significant improvements in terms of painless walking time, 

ABI or TcO2 on group treated with MSC than on MNC-treated patients. There was no difference 

on serious adverse events between the two groups (Lu et al., 2011). Another trial exploited the 

advantage of both cell types and proposed a combined strategy where both MNC and MSC are 

infused into limb ischemia patients. The assessments performed after 10 months follow-up 

confirmed the efficacy of such strategy, since improvements in walking time, ABI and quality of 

life were described, as well as increased perfusion in treated limbs (Lasala et al., 2010).  

The majority of the trials described for PAD using cell-based therapies use autologous cells, 

however, some studies showed PAD patients have not only reduced cells numbers but also may 

have impaired cell function when compared to healthy donors (Teraa et al., 2013, Kizilay Mancini 

et al., 2017). Thus, it urges the development of a safety allogenic cell therapy that can be applied 

as an off-the-shelf treatment for no-option PAD patients. Due to their low-immunogenic and 

immunomodulatory properties, MSC are promising candidates for such approaches. The safety 

of using allogeneic BM MSC was tested in a phase I/II clinical trial in patients with established 

CLI. This trial not only confirmed the safety of this strategy, but also demonstrated the efficacy 

of MSC on improving rest pain and ABI on CLI patients (Gupta et al., 2013). 

One limitation of using BM MSC for cell-therapy application is the higher cells numbers required, 

in contrast with the reduced amount of MSC that can be obtained from BM. Also, for autologous 

approaches there are contraindications for repeated BM biopsies, especially on subjects with 

several co-morbidities as CLI patients. So, other sources of MSC have been investigated for such 

approaches, including umbilical cord or adipose tissue (see section I.2.2. MSC isolation and 

sources). 
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Umbilical cords are considered biological waste, usually discarded after birth, so the possibility 

to use it as reliable source of MSC for therapeutic purposes holds great promise. In fact, Kim and 

colleagues demonstrated that transplantation of UC-derived MSC into four patients with 

Buerger’s disease with CLI ameliorated their symptoms and improved peripheral circulation. 

Pain at rest of all treated patients was alleviated and skin lesions of 50% of patients were healed 

within 120 days. Likewise, angiography showed increased capillary formation and decreased 

vascular resistance on disease-affected regions. It should be noted that no side effects or 

allograft rejection signs were observed within the 25 month follow-up (Kim et al., 2006). Despite 

few clinical trials have been focused on umbilical cord-derived MSC to date, a phase I study 

confirmed the safety and tolerance of such approach in CLI patients. In this study, UC-derived 

MSC were intramuscularly injected in eight subjects with CLI that were considered ineligible for 

revascularization. Although some minor adverse events were observed after cell administration, 

all were resolved without additional treatment. Furthermore, 75% of ulcerations were 

completely healed after treatment and angiographic scores were improved in three of the eight 

patients (Yang et al., 2013). 

AT-derived cells can also be an alternative for clinical application, since higher MSC yields can 

be harvested from this source with less invasive surgical procedures compared to BM. 

Moreover, AT-MSC have higher proliferation capacity than BM-derived counterparts (Frese et 

al., 2016). The capacity of AT-MSC to improve hind limb ischemia recovery was observed in 

several animal models and some clinical trials (Hassanshahi et al., 2019, Zhao et al., 2017). The 

intramuscular injection of AT-derived MSC revealed to promote clinical improvement on 66.7% 

of the treated patients on a pilot study where 15 CLI patients were included. After 6 months, the 

effects were noted not only on pain rating scales and walking distance, but also on angiography, 

which showed formation of collateral vessel networks on affected regions. No complications 

have been documented during this period (Lee et al., 2012). Similar results were observed in the 

first phase I trial evaluating feasibility and safety of AT-derived cells on CLI patients. 

Intramuscular injection of autologous AT-MSC lead to improvements in ulcer healing and 

enhancement of TcO2 with no major associated complications in any of the seven patients 

enrolled (Bura et al., 2014). Currently there are several ongoing clinical trials to evaluate the 

potential of AT on ischemic diseases, using either autologous or allogeneic cells (Zhao et al., 

2017). 

Taken together, even though MSC cell therapies have shown promising results for ischemic 

diseases as PAD, the reduced cell numbers that can be obtained, the poor in vivo survival and 

relatively weak homing limited their large-scale application (Shi and Li, 2008). While the reduced 
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numbers retrieved from human sources could be easily overcome by an in vitro expansion 

before the administration, it is important to have standardized methods that allow cell-product 

consistency and purity. On the other hand, the in vivo survival, as well as homing ability, can be 

improved by the use of the strategies described on chapter I.2.4., including genetic engineering. 

Despite combined strategies of both cell and gene therapy for PAD have not reached human 

clinical trials yet, they showed promising results in many animal studies.  

VEGF is a strong angiogenic factor with great potential on ischemic diseases, as already 

described, so its use for MSC engineering towards PAD treatment has been extensively 

investigated. MSC from umbilical cord or BM engineered with VEGF and administered on 

hindlimb ischemia mice models showed to promote not only faster blood flow restoration and 

vascular proliferation but also increased secretion of angiogenic molecules compared to controls 

(Beegle et al., 2016, Li et al., 2015c). Similar improvements on angiogenesis have been observed 

for hindlimb ischemia animal models, using MSC modified with HGF (Su et al., 2013), EPO (Li et 

al., 2015b) and FGF, alone (Zhang et al., 2014) or in combination with PDGF (Yin et al., 2015). 

Although none of these approaches have been used in humans to date, these pre-clinical studies 

revealed promising results that may be translated into clinical trials in an early future. 
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 Conclusions 

MSC have unique therapeutic properties, so their application for clinical purposes have emerged 

on the past decades with very encouraging results in several pre-clinical studies or early stage 

clinical trials. However, they failed to demonstrate the same efficacy on large human trials, 

where only modest benefits have been observed. Three main reasons have been pointed for the 

lack of MSC efficacy on such trials: poor engraftment, reduced tissue survival or insufficient 

trophic or immunomodulatory effects. Strategies to overcome these limitations and, 

consequently, improve MSC healing features have been developed. Genetic engineering with 

therapeutic factors is an example of such strategies.  

Different methods have been investigated for stem cell engineering, including viral and non-viral 

systems. Despite the higher effectiveness of viral systems when compared to conventional 

plasmid-based gene therapies, they bring some safety concerns. To overcome the risks of using 

viral vectors, novel and optimized non-viral vectors have been developed. Minicircles are 

minimalistic pDNA derivatives, designed for an improved transgene expression and reduced 

toxicity that can be efficiently delivered to MSC. 

The use of pro-angiogenic factors for MSC modification to improve their healing capacity is of 

special interest in context of cardiovascular ischemic diseases, such as PAD. PAD is a chronic high 

burden disease that affects up to 10% of worldwide population. Some patients with more severe 

stages of the disease are faced with the risk of an amputation or even dead due to the lack of 

viable treatments. Some studies reported the beneficial effects of using cell and/or gene 

therapies for the treatment of PAD. The use of a cell vehicle with intrinsic therapeutic factors, 

such as MSC, in combination with a potent pro-angiogenic factor, such as VEGF, might be a 

promising strategy for PAD treatment. Despite few studies to date reported the use of MSC 

genetic engineered with VEGF for PAD, several studies confirmed the efficacy of using either 

MSC or VEGF separately.  
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II. DESIGN, PRODUCTION AND PURIFICATION OF NON-VIRAL 
VECTORS FOR GENE THERAPY 

 Summary 

Gene therapy approaches have been extensively investigated for the treatment or prevention 

of several diseases. Despite viral vectors are able to promote high transgene expression, these 

raise some safety concerns. Non-viral systems, such as plasmids, were developed as safer 

alternatives. A particular type of non-viral vectors, minicircles (MC), demonstrated to promote 

high transgene expressions with reduced toxicity. These MC are obtained by recombination of 

parental plasmids (PP), which generates not only the MC but also a miniplasmid (MP) with 

bacterial sequences. One of the major limitations of the wide application of MC for clinical 

purposes is the lack of an efficient system for its production and purification from MP 

counterparts. In the present work, a novel and effective method for MC production and 

purification is proposed. Firstly, PP and plasmids conventionally used in transfection approaches 

(pVAX) containing the vascular endothelial growth factor (VEGF) therapeutic gene alone or in 

fusion with green fluorescent protein (GFP) were constructed. Then, PP was produced in a 

recently developed bacteria strain specifically designed for arabinose uptake and recombinase 

production. Finally, MC were isolate by the combining a digestion step using a nicking enzyme 

and an elution step-based hydrophobic interaction chromatography (HIC). Using this strategy, a 

100% recombination efficiency was achieved, since no PP was observed two hours after 

recombination was triggered. Also, the changes in DNA topology induced by enzymatic nicking 

step allowed an efficient separation of different DNA molecules by HIC using elution steps with 

different salt concentrations. At the end of the process, pure and transfection-graded MC are 

obtained, ready to be transfected into mammalian cells.  
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 Background 

Gene therapy used nucleic acid molecules (DNA or RNA) to treat diseases through removal or 

replacement of a defective gene by a repaired one or by delivery of therapeutic gene(s). These 

strategies have been extensively explored for the treatment of a broad spectrum of conditions 

(Kaufmann et al., 2013). In fact, currently, there are some gene-based therapeutic products 

approved by regulatory authorities (i.e. FDA, EMA) and commercially available (Cuende et al., 

2018).  

For an efficient delivery of the genes into human cells a vector is required to carry the DNA and 

deliver it into target cells (Ramamoorth and Narvekar, 2015). According to its nature, gene 

therapy vectors may be classified as viral or non-viral. Despite the majority of approved products 

are based on viral strategies, their use may raise some safety concerns since some studies with 

virus were early terminated due to occurrence of adverse events (Marshall, 1999, Hacein-Bey-

Abina et al., 2003). To overcome such concerns, non-viral systems, based on the use of DNA 

plasmids in combination with physical or chemical delivery methods, have been developed 

(Wang et al., 2013). Even though non-viral vectors are not capable of integrating into the 

genome, having a transient and usually lower expression than viral counterparts, their use may 

be advantageous not only in terms of safety, but also in cases where a continuous expression of 

the transgene is not desirable.  

Plasmid DNA (pDNA) molecules used for transfection contain the gene of interest and are 

produced within bacteria, most commonly using Escherichia coli (E. coli) strains. Thus, pDNA 

molecules must contain a bacterial origin of replication and an antibiotic resistance marker for 

the selection of plasmid-harboring bacteria (Hardee et al., 2017). These sequences, which are 

required for plasmid replication and maintenance within bacteria, constitute the bacterial 

backbone. Additionally, pDNA molecules contain a transcription unit with the gene of interest 

under the control of a promoter, the polyadenylation sequence and any other sequences 

required for expression of the transgene in mammalian cells. 

Despite the described safety of non-viral vectors, the presence of bacterial-derived sequences 

may trigger an immune response on transfected cells. The cytosine-guanosine dinucleotide 

(CpG) motifs are very common on bacterial DNA and were described to trigger immune 

responses in mammalian cells through activation of Toll-like receptor (TLR)-9 (Walker et al., 

2010). Thus, the activation of the immune system by the presence of CpG may cause transgene 

silencing (Häcker et al., 2002), or, in more severe cases, lead to inflammatory reactions (Boura 

et al., 2014, Sawamura et al., 2005). Another concern regarding the use of pDNA is the presence 
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of antibiotic resistance due to the risk of transference to human microbiome or environment 

(Hardee et al., 2017).  

To overcome these limitations, modifications of conventional plasmids have been performed. 

The generation of minicircles (MC), small circular DNA molecules that contain only 

transcriptional unit part of a conventional plasmid, is one of such examples (Darquet et al., 

1997). The lack of bacterial sequences and the reduced size of MC contribute to enhance 

transfection, improve safety and reduce CpG-mediated immunogenicity and silencing. Different 

studies demonstrated that MC-based therapy is able to sustain higher and longer transgene 

expression in vitro and in vivo, as well as stem cell survival, when compared to conventional 

plasmid vectors (Darquet et al., 1999, Chen et al., 2003, Dietz et al., 2013, Madeira et al., 2013).  

MC are obtained from parental plasmids (PP) upon excision of the expression cassette via site-

specific recombination between two multimer resolution sites (MRS) strategically placed within 

PP sequence. After this step, two different molecules are generated: MC containing the 

transcription unit and a miniplasmid (MP) where the bacterial backbone sequences can be found 

(Darquet et al., 1997, Darquet et al., 1999, Jechlinger et al., 2004, Mayrhofer et al., 2008). 

The conversion of PP into MC is a complex process that starts with amplification of precursor 

plasmids within E. coli (Prather et al., 2003). After production of high PP yields, two crucial steps 

are required: induction and recombination (Kay et al., 2010, Simcikova et al., 2014). Induction is 

performed by the addition of a compound (e.g. L-arabinose), which activates the expression of 

genes coding for enzymes (recombinases) that mediate recombination step. In general the 

addition of inductor must be performed by the end of the exponential phase to maximize MC 

yield (Gaspar et al., 2014). Recombination consists in the conversion of PP into MC and MP by 

the action of recombinases, such as ParA resolvase, that bind to hybrid sites and mediate strand 

exchange and re-assembly (Kay et al., 2010).  

The major challenge regarding a wider application of MC-based gene therapies is to achieve high 

yields of MC and to effectively isolate and purify them from the MP (and also PP) counterparts. 

This is particularly challenging due to the similarities between MP and MC in terms of size, 

topology and abundance. The first method developed for MC isolation relied on MP linearization 

with a restriction enzyme followed by caesium chloride (CsCl) gradient centrifugation (Darquet 

et al., 1997, Darquet et al., 1999). However, this method is not feasible for large scale MC 

production nor compatible with regulatory guidelines (Mayrhofer and Iro, 2012, Prazeres, 2011). 

Most recently, Kay and colleagues developed an improved approach: an inducible I-SceI 

nuclease was included in bacterial host cells that specifically degrades MP, which was designed 
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to have an I-SceI recognition site (Kay et al., 2010). Using this system, MP species are degraded 

in culture and MC can be further purified using common pDNA isolation techniques. 

In the present work, an alternative strategy was followed for MC purification. E.coli B2WP, a 

strain with improved arabinose uptake that was constructed from BW27783 through stable 

insertion of a single copy of parA in the bacterial chromosome under the control of the arabinose 

inducible pBAD/AraC promoter was used (Jechlinger et al., 2004). After E. coli transformation 

with PP and growth until late exponential phase, the parA expression is induced by addition of 

arabinose to the culture and recombination of PP occurs. Glucose is a repressor of pBAD/AraC 

promoter, so inclusion of glucose on culture medium during the initial stages of the culture 

prevents the leaky expression of parA, inhibiting early recombination (Simcikova et al., 2014). 

Following recombination, the total pDNA is then purified from bacterial cultures using 

conventional methods and a solution containing a mixture of MC, MP and some un-recombined 

PP is obtained. The purification of MC from MP can be achieved by exploring the enzymatic 

activity of Nb.BbvCI, which is an endonuclease that has the capacity of cleaving only one of the 

DNA strands, introducing a nick instead of a break in the double DNA chain (Heiter et al., 2005). 

Since a recognition site of Nb.BbvCI was strategically placed in MP sequence, this action induces 

a conformation change in MP from supercoiled into open circular (or relaxed) isoform. On the 

contrary, the supercoiled MC is maintained intact and so hydrophobic interaction 

chromatography (HIC) approaches may then be used to isolate MC by exploring the differences 

in hydrophobicity between the distinct DNA isoforms (supercoiled versus open circular) (Bo et 

al., 2013, Urthaler et al., 2005). This strategy, optimized at Bioengineering Research Group 

(BERG), iBB – Institute for Bioengineering and Biosciences, can be used to effectively produce 

pure MC fractions that are free from nucleic acid or other impurities (Alves et al., 2016, Alves et 

al., 2018).  

Therapeutic gene delivery can be performed through direct infusion of the gene of interest (in 

vivo) or by genetically engineering human cells outside the body then re-infused them into 

patients (Kaufmann et al., 2013). Although there were several approaches with gene therapy 

vectors being directly administered into the body, the use of a cellular vehicle with intrinsic 

therapeutic features, such as mesenchymal stem/stromal cells (MSC), could be much more 

advantageous (Porada and Almeida-Porada, 2010). Vascular endothelial growth factor (VEGF) is 

one of the most potent and probably the most studied pro-angiogenic factor and is known to be 

secreted by MSC (Ferrara, 2001, Singer and Caplan, 2011). So, MC encoding for VEGF might be 

potentially used to achieve high expression of this protein and, thus, enhance the intrinsic 

angiogenic activity of human MSC. 
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Herein, a strategy to effectively produce and purify high MC yields free from nucleic acid 

impurities is described, which can be used to transfect MSC. Construction, production and 

purification of conventional pDNA vectors (pVAX) will also be approached as they will be used 

as control on transfection experiments. MC and pVAX containing the VEGF gene alone or in 

fusion with a reporter gene – green fluorescent protein (GFP) were constructed and purified. 
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 Materials and Methods 

 Plasmid construction: pVAX-VEGF-GFP and pMINILi-CVG 

The plasmids used throughout the present thesis are represented in Figure II.1. Plasmids 

containing VEGF-GFP (pVAX-VEGF-GFP, 4563 bp and pMINILi-CVG, 4273 bp) had already been 

constructed at BERG-iBB, as previously described (Azzoni et al., 2007, Simcikova et al., 2014, 

Alves et al., 2016). Briefly, the parental plasmid pMINILi-CVG contains the VEGF-GFP gene fusion 

construct under the control of cytomegalovirus (CMV) immediate early-promoter, two multimer 

resolution sites (MRS) flanking the expression cassette, pMB1 origin of replication, kanamycin 

resistance gene and BGH polyadenylation sequence. The pVAX-VEGF-GFP was obtained from 

the previously constructed pVAX1GFP-BGH, which is derived from the commercial pVAX1LacZ 

(6050 bp, Invitrogen), by introduction of the VEGF gene in fusion with the GFP reporter (Azzoni 

et al., 2007, Alves et al., 2016).  

 

 GFP removal to obtain pVAX-VEGF and pMINILi-CV 

To obtain the constructions (pVAX-VEGF, 3531 bp and pMINILi-CV, 3821 bp) with VEGF gene 

alone, GFP removal from pVAX-VEGF-GFP and pMINILi-CVG was performed. Firstly, both pVAX-

VEGF-GFP and pMINILi-CVG were digested with XpnI and XbaI restriction enzymes (both from 

Promega) to remove the fusion expression cassette (VEGF-GFP) and an agarose gel 

electrophoresis was performed. The bands corresponding to empty vectors were cut and 

directly purified from the gel with QIAquick Gel Extraction Kit (Qiagen) according to 

manufacturer instructions. The fragment corresponding to VEGF-GFP was also extracted and 

purified from gel. To obtain the VEGF gene for insertion into empty vectors, polymerase chain 

reaction (PCR) amplification was performed using this fragment and the following primers 

synthesized by StabVida: VEGF_fwd (CCCACTGCTTACTGGTTATCG) and VEGF_rev_STOP 

(ATCTATTCTAGATTACC GCCTCGGTTGTC). The reverse primer (VEGF_rev_STOP) was specifically 

Figure II.1 – Plasmid constructions used throughout this work to transform E. coli strains: pMINILi-CVG, pVAX-VEGF-
GFP, pMINILi-CV and pVAX-VEGF. The first two contain the VEGF-GFP fusion gene expression cassette, whilst the last 
two have only the VEGF gene inserted in the same construction. 
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designed to introduce an XbaI restriction site (underlined) and a stop codon (bold) by directed 

mutagenesis via PCR amplification. PCR Thermocycler Biometra® TGradient and a KOD Hot Start 

Master Mix (Novagen®) were used according to the manufacturer instructions for this purpose. 

The PCR product was then purified using QIAquick PCR Purification Kit (Qiagen) and digested 

with KpnI and XbaI to obtain an insert compatible with the empty vectors. Finally, the ligation 

between the empty vectors and insert was performed using a T4 DNA ligase (Thermo Scientific) 

and a 5:1 insert vector molar ratio. The ligation reaction was accomplished after 1hour 

incubation at 22˚C. The correct construction of those plasmids was first verified by agarose gel 

electrophoresis and further confirmed by sequencing using primers for CMV (StabVida). The 

overall procedure followed for the construction of VEGF-containing plasmids is schematized on 

Figure II.2.  

 

Figure II.2 - Schematization of the overall procedure used for construction of pVAX-VEGF and pMINILi-CV from pVAX-
VEGF-GFP and pMINILi-CVG by removal of GFP using restriction enzyme digestion. Site directed mutagenesis and PCR 
amplification were used for insertion of a recognition site for XbaI and a stop codon into the VEGF insert. The ligation 
between this insert and empty plasmids was performed by T4 ligase. 

  

 Bacterial strain 

Escherichia coli (E. coli) strains were transformed with plasmids of interest by heat shock. The 

pVAX plasmids were produced within the DH5α strain, a common E. coli strain used for plasmid 

production. The pMINILi constructs, on the other hand, were amplified within E. coli B2WP. This 

strain was obtained from BW27783 (The Coli Genetic Stock Center at Yale), an E. coli strain 

improved for arabinose uptake, after disruption of EndA and RecA genes and insertion of 

PBAD/araC-parA cassette, which contains the ParA resolvase gene under a PBAD promoter with an 
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optimized ribosome binding site and the AraC repressor gene in opposite direction (Simcikova 

et al., 2014, Alves et al., 2016). 

 

 Plasmid and minicircle production 

The first step for large-scale plasmid production within bacteria was the preparation of pre-

inoculum by inoculating a loop of frozen DH5α or BW2P cells harboring the plasmids of interest 

into 15 mL tubes with 5 mL of LB medium (Sigma) supplemented with 30 µg/mL kanamycin 

(Amresco). In the case of pMINILi, 0.5% (w/v) of glucose was also added to the pre-inoculum to 

repress PBAD cassette and prevent leaky expression of ParA. Pre-inoculum for both strains was 

incubated overnight at 37ᵒC and 250 rpm. Then, an inoculum with 30 mL of LB supplemented 

with 30 µg/mL kanamycin and 0.5% glucose (only in the case of BW2P strain) was prepared in 

100 mL shake flasks. The pre-inoculum optical density at 600 nm (OD600) was measured and the 

amount required to adjust the initial OD600 of inoculum to 0.1 was used to inoculate the 100 mL 

flasks. E. coli strains were cultured at 37ᵒC and 250 rpm until an OD600 of ≈2.5 is reached. Then, 

2 L shake flaks with 500 mL of LB and 30 µg/mL kanamycin were prepared. DH5α from inoculum 

were used to directly seed the 2 L flasks with an OD600 of 0.1 and were cultured at 37ᵒC and 250 

rpm until reach the early stationary phase (≈5 h, OD600≈5). After that, the medium was removed 

by centrifugation and the DH5α pellet was frozen at -20ᵒC until further analysis. For the BW2P 

strain, the volume of inoculum corresponding to an initial OD600 of 0.1 in 2 L flasks was 

centrifuged to remove glucose and the pellet was ressuspended and added to the 500 mL of LB 

with kanamycin and cultured at 37ᵒC and 250 rpm until late exponential phase (OD600 = 2.5-3). 

At this point, 0.01% (w/v) of L-(+)Arabinose (Merck) is added to the culture to induce PP 

recombination and generation of MC and MP. After 2 h of recombination, culture medium was 

removed by centrifugation and cell pellets were kept at -20ᵒC until further processing. Samples 

of the culture were retrieved at 0, 1 or 2 hours after recombination for analysis of recombination 

efficiency. 

 

 Analysis of recombination efficiency 

Analysis of recombination efficiency was calculated using ImageJ software, as previously 

described (Alves et al., 2016). Briefly, the total pDNA from samples collected 2 h after 

recombination was purified using High Pure Plasmid Isolation Kit (Roche) and the resulting DNA 

was digested with SacII restriction enzyme, which has only one recognition site in PP (and MP). 

The digested samples were then run on an agarose gel electrophoresis and the intensity of the 
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bands, which is proportional to the quantity of linearized PP and MP present on the gel, was 

used to estimate the recombination efficiency. 

 

 Primary purification and nuclease digestion of the miniplasmid 

For plasmid isolation from bacterial cultures, the pellets were thawed and purified using an 

endotoxin-free plasmid DNA purification kit (Macherey-Nagel). After this primary purification, 

pVAX plasmids are considered purified and ready to be transfected into mammalian cells. 

However, for minicircles, further purification steps are required. The first of these steps is the 

digestion of total nucleic acid solution obtained after kit purification with Nb.BbvCI (New 

England Biolabs). This nicking enzyme converts the supercoiled forms of PP and MP into the 

corresponding open circular forms, leaving supercoiled MC intact. This step is extensively 

described elsewhere (Alves et al., 2016, Alves et al., 2018). 

 

 Minicircle purification by hydrophobic interaction 
chromatography 

After nuclease digestion, the solution containing MC is conditioned with 2.5 M of ammonium 

sulfate before the purification. This step not only facilitates the correct isoform separation 

during the chromatographic process, but also promotes the salting-out of Nb.BbvCI reducing its 

content from the solution (Alves et al., 2018). Then, supercoiled MC is isolated from other 

isoforms in the solution by hydrophobic interaction chromatography as described by Alves and 

colleagues (Alves et al., 2016, Alves et al., 2018). Briefly, a Tricorn 10/100 column (GE 

Healthcare) packed with 10 mL of PhenylSepharose 6 Fast Flow resin was used in connection to 

an ÄKTApurifier100 system (GE Healthcare). To promote elution of different DNA isoforms, 

different amounts of buffer A (2.2 M Ammonium Sulfate in 10 mM Tris–HCl, 1 mM EDTA, pH 8) 

and buffer B (10 mM Tris–HCl, 1 mM EDTA pH 8) were used in the mobile phase and a flow rate 

of 2 mL/min was set. Before the administration of nucleic acid solution, the column was 

equilibrated with 3 column volumes (CV) of 17% buffer B. Then, the MC-containing solution was 

injected and the column was washed with 4CV of 17% buffer B to remove the unbound material. 

Elution steps were then performed starting with an amount of buffer B of 35% (2CV) followed 

by an increasing to 100% (2CV). The absorbance at 254 nm of eluate was continuously measured 

with an UV detector positioned at the column outlet and eluate fractions of 1.5 mL were 

collected during the run. 
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After chromatographic purification, the peak fractions were then analyzed in an agarose gel 

electrophoresis. The fractions where a band corresponding to supercoiled MC was found were 

collected and processed in 2 mL Amicon® Ultra-2 30k (Merk Millipore), according to the 

respective protocol. This diafiltration step was performed to remove the salt and concentrate 

the sample. After this stage, MC solution is ready to be used for mammalian cell transfection 

studies (as described on Chapters III, IV, V and VI). The MC were kept in milli-Q water at 4ᵒC until 

further use. 

 

  



109 

 

 Results and Discussion 

 Construction of plasmids enclosing the VEGF gene: pVAX-VEGF 
and pMINILi-CV 

Plasmids with VEGF gene alone were constructed from pVAX-VEGF-GFP and pMINILi-CVG 

through replacement of complete VEGF-GFP region by a VEGF gene obtained by PCR 

amplification. To obtain the empty vectors for VEGF cloning, restriction enzyme digestion was 

performed. The agarose gels presented on Figure II.3 show the digestion of pMINILi-CVG (A) and 

pVAX-VEGF-GFP (B) with XbaI and KpnI restriction enzymes, as well as the product of PCR 

amplification. The bands showed in Figure II.3 confirmed the correct digestion or amplification 

of the constructs, since all have the expected molecular weight. The empty pVAX and pMINILi 

vectors are supposed to have 2929 bp and 3219 bp, respectively and VEGF gene length after PCR 

and enzyme digestion is expected to be 687 bp, which is in accordance to the data obtained on 

the agarose gel. The correct insertion of VEGF gene into empty vectors and, thus, the successful 

construction of pVAX-VEGF and pMINILi-CV was confirmed by sequencing.  

The use of vectors containing fluorescent reporter genes, such as GFP, might be a useful strategy 

to evaluate in vitro or in vivo gene expression, since they can be easily detected and quantified 

by simple assays as fluorescent microscopy or flow cytometry, respectively (Kain et al., 1995).  

The use of GFP and other fluorescent proteins as reporters of gene expression has many 

applications in MSC engineering, including on optimization of transfection/transduction 

protocols (McMahon et al., 2006, Madeira et al., 2011), selection of best promoters and other 

regulatory sequences (Qin et al., 2010) or detection of protein localization after gene transfer 

Figure II.3 – Agarose gel electrophoresis analysis of pMINILi-CVG (A) and pVAX-VEGF-GFP (B) before and after 
digestion with KpnI and XbaI restriction enzymes. The dashed lines show the empty vectors that were cut and 
extracted from the gel and used to insert VEGF gene represented in C. The VEGF insert was obtained by PCR 
amplification of VEGF-GFP fusion gene using specific primers for VEGF region. The reverse primer was designed to 
introduce a stop codon and recognition site for XbaI on the VEGF amplicon. M – Molecular weight marker (NZYDNA 
Ladder III, Nzytech). 
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(Cao et al., 2016). Also, construction of transgenes where the therapeutic factor is in fusion with 

a reporter protein has also been a popular strategy used in the past decades for quantification 

of gene expression by simple imaging techniques. Nevertheless, analysis at mRNA level revealed 

that in some cases this might not be the best approach (Belancio, 2011). Indeed, the use of an 

intracellular protein for monitoring the expression of proteins that are supposed to be secreted 

to the extracellular medium, as is the case of VEGF, is far from being the ideal approach. 

However, there are some studies demonstrating the effective use of VEGF-GFP constructs to 

induce VEGF overexpression in mice models for different diseases (Rakoczy et al., 2003, Dall'Era 

et al., 2008). Despite these studies, it was observed that the use of VEGF-GFP expression cassette 

may affect VEGF expression and GFP quantification does not reflect the VEGF expression when 

this gene is transfected alone, as it will be demonstrated in the next chapters of present thesis 

(Chapters III and IV). Moreover, it is not feasible to use a vector containing a reporter gene in 

human clinical approaches. Hence, the construction of vectors free from GFP, containing only 

the therapeutic VEGF gene, was a mandatory step in the scope of this work. 

 

 Bacterial growth and plasmid production 

After bacterial transformation, the four plasmids were replicated within DH5α (pVAX) or BW2P 

(pMINILi) E. coli strains. Pre-inocula from 15 mL tubes were used to inoculate the 100 mL shake 

flasks (30 mL of LB medium) with a starting OD600=0.1. Those inocula were grown up to mid-

exponential phase (OD600≈3). At this point, they were used to inoculate the 2 L shake flasks (with 

500 mL of LB). The initial OD600 for these growths was set as 0.1 and samples of each culture 

were collected at different timepoints to obtain the growth curves represented in Figure II.4. In 

Figures II.4 A and C are represented the inoculum and growth of BW2P harboring pMINILi-CVG 

and pMINILi-CV, respectively. The dashed lines represent the period where L-(+)Arabinose was 

added to the culture medium to induce PP recombination (OD600≈2.5-3). The growth curves for 

DH5α transformed with pVAX-VEGF-GFP (B) or pVAX-VEGF (D) are shown on the right side of the 

Figure II.4 are shown. All the bacteria display the typical E.coli growth curve and no significant 

differences were observed in growth profiles, regardless the strain (BW2P vs. DH5α) or the 

inserted plasmid (pMINILi vs. pVAX) used.  

LB medium supplemented with kanamycin was used to culture both strains, since all the 

plasmids have the kanamycin resistance gene. Glucose was also added to the medium in BW2P 

cultures to repress any residual pBAD/AraC activity and leaky expression of ParA resolvase that 

might promote an early recombination of PP (Mayrhofer et al., 2008, Simcikova et al., 2014, 
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Guzman et al., 1995). The activation of pBAD cassette was then induced at late exponential 

phase by addition of L-arabinose to the culture medium. This induces the expression of ParA 

gene and, thus, the production of ParA resolvase. This enzyme will then catalyze the 

intramolecular recombination between the two MRS of pMINILi. As a result of this process, two 

distinct DNA molecules are generated, a MC with the expression cassette containing the gene 

of interest (VEGF-GFP or VEGF), and a MP with prokaryotic backbone sequences. To assure a 

complete recombination, BW2P were cultured for two additional hours after inducing 

recombination. Culture samples were collected for total pDNA isolation just before the onset of 

recombination (0 h) and 1 or 2 h after recombination. The total pDNA obtained from those 

samples was analyzed by agarose gel electrophoresis (Figure II.5). This Figure shows that before 

recombination (0h) only the bands corresponding to PP are observed, confirming that no early 

recombination occurred before the addition of L-arabinose. However, after inducing 

recombination, MC and MP were produced as demonstrated by the appearance of two bands 

(1 h and 2 h). The fact that PP is absent after recombination (no band is observed in the PP 

region) means that all PP was converted into MC and MP. So, a recombination efficiency of 100% 

was observed for both pMINILi-CVG and pMINILi-CVGN. These results were in accordance with 

previous works from BERG-iBB and other groups where recombination efficiencies >96% have 

Figure II.4 - Growth curves for E. coli strains BW2P (A and C) and DH5α (B and D) transformed with pVAX or pMINILi, 
respectively. On the upper part of the figure (A and B) are represented the growth curves of bacteria transformed 
with plasmids containing the VEGF-GFP fusion gene, while on the bottom (C and D) are shown the growth curves of 
E. coli harboring the plasmids with VEGF gene alone. The blue lines show the inoculum phase and the orange ones 
represent the growth phase. The dashed lines on BW2P culture represent the addition of L-arabinose to induce 
plasmid recombination that was performed at an OD600 between 2.5 and 3. 
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been obtained using this recombination system (Mayrhofer et al., 2008, Simcikova et al., 2014, 

Alves et al., 2016). 

It should be noted that in Figure II.5A the MC has a higher molecular weight (2457 bp) than MP 

(2106 bp), so the MC band appears above. When GFP is removed, the MC molecular weight is 

reduced (1718 bp) and is lower that the observed for MP. The corresponding band hence 

appears below the MP band in Figure II.5B. 

 

 Primary purification and hydrophobic interaction 
chromatography (HIC) 

To purify total plasmid from bacterial cultures, a commercial kit that assures an endotoxin-free 

purification was used. It is known that lipopolyssacharides (LPS) present in the outer membrane 

of Gram-negative bacteria, also called "endotoxins", may be contaminants of pDNA 

preparations. The presence of LPS on DNA solutions has been associated with lower transgene 

expressions after transfection and might also be involved in non-specific activation of the 

immune system (Weber et al., 1995). So, the use of endotoxin-free approached for DNA 

purification is extremely important for gene therapy applications.  

After this primary purification, pVAX plasmids (pVAX-VEGF-GFP and pVAX-VEGF) are ready to be 

used for transfection into mammalian cells, as MSC. In case of MC, however, further purification 

steps are required to remove MP and some remaining, un-recombined PP that might be in the 

solution. The first step towards MC purification is a digestion step with the Nb.BbvCI restriction 

enzyme, which is responsible for nicking only one of the strands of DNA instead of cleaving it 

(Heiter et al., 2005). A recognition site for this enzyme was strategically placed in the bacterial 

backbone sequence of pMINILi that, after the recombination step, stays on MP (Alves et al., 

Figure II.5 - Agarose gel electrophoresis analysis of total pDNA obtained from E.coli BW2P cultures before 
recombination (0 h) or 1 h or 2 h after recombination. At 0 h only one band is observed corresponding to parental 
plasmid (PP) – pMNILi-CVG (A) or pMINILi-CV (B). 1 or 2 h after L-arabinose addition (recombination) two bands are 
shown, representing miniplasmid (MP) and minicircle (MC). 
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2016). Thus, the nicking of one of the DNA strands on supercoiled MP and PP induces the 

conversion of both into the corresponding open circular forms. MC has no recognition sites for 

this enzyme, so it will remain in the supercoiled state. The analysis of DNA solution on an agarose 

gel electrophoresis before and after nicking is shown in Figure II.6. This digestion step 

contributes to increase the differences in hydrophobicity between PP, MP species and MC 

species, thus, facilitating the chromatographic purification by HIC. In fact, the use of HIC for 

isolation of supercoiled DNA from other isoforms has already been described by several authors 

(Bo et al., 2013, Urthaler et al., 2005). An intermediary conditioning step with ammonium sulfate 

was performed before the chromatographic process to prepare the sample for HIC and reduce 

the amount of restriction enzyme by salting-out. 

After the pre-conditioning step, the solution containing MC is loaded onto a phenyl-Sepharose 

column pre-equilibrated with 17% buffer B, according to the procedure described in Materials 

and Methods. The elution is then performed by steps: an initial washing step with 17% buffer B 

to remove the unbound material followed by elution of supercoiled MC that is promoted by an 

increasing the amount of buffer B to 35%. Finally, some RNA and any other bound molecules are 

eluted in the last step with 100% of buffer B. The resulting chromatograms (A and B) as well as 

agarose gel electrophoresis of the samples collected during the elution steps (C and D) are 

shown in Figure II.7 (A/C-pMINILi-CVG, B/D-pMINILi-CV). The chromatograms are characterized 

by three mains peaks corresponding to different amounts of buffer B. The first, early-eluting 

(17% of buffer B) fractions (3-9) contain essentially open circular MP, as it can be observed by 

the band in the gel. Other DNA molecules (e.g. genomic DNA fragments) that did not bind to the 

resin under the conditions used may also be present. The increase of buffer B to 35% promotes 

Figure II.6 – Agarose gel electrophoresis analysis of a solution containing 
a mixture of MC and MP before (ND) and after digestion with Nb.BvCI. 
ND – Non-digested. 
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the elution of supercoiled MC as shown by the second peak of the chromatogram and 

corresponding bands on the gel (fractions 35-39). Finally, strongly bound material is eluted with 

100% of buffer B as a smaller third peak. No corresponding bands are detected in the gel and 

thus the components in this fraction cannot be correctly identified. However, the faint blur that 

is seen on the low molecular weight region of fraction 54 from Figure II.7C is typical of RNA. This 

is also consistent with previous results, which show that RNA is the major constituent of 

fractions eluting with 100% of buffer B (Alves et al., 2016). So, combination of HIC, a technique 

that effectively isolates supercoiled DNA from other topoisomers (Bo et al., 2013, Urthaler et 

al., 2005), with a digestion step using a nicking enzyme (Nb.BbvCI), that further contributes to 

improve differences in hydrophobicity, is able to generate supercoiled MC that are free from 

other DNA molecules (Figure II.7). These results are in accordance with the data published by 

Alves et al. (Alves et al., 2016). After the chromatographic step and agarose gel analysis, all 

fractions containing MC were collected and diafiltered to remove the salt and concentrate the 

samples. After the diafiltration step, the MC are pure and ready to be used in transfection 

studies with MSC or other mammalian cell types. 

The separation of different DNA topoisomers using HIC columns is possible due to the 

preferential and stronger interaction of the ligands with the bases of supercoiled isoforms than 

Figure II.7 – A, B - Chromatograms (blue lines) of pre-purified samples (MC + MP) from pMINILi-CVG (A) or pMINILi-
CV (B) obtained after digestion with Nb.BbvCI loaded onto a phenyl-Sepharose column pre-equilibrated with 1.83 M 
ammonium sulphate (17% buffer B). Stepwise elution (% buffer B – orange) was performed at 2 mL/min with 4 CV of 
17% buffer B, 2 CV of 35% buffer B (1.43 M) and 2 CV of 100% buffer B (0 M). Numbers over peaks correspond to 
collected fractions. CV – column volume. C, D - Agarose gel electrophoresis analysis of fractions collected during the 
chromatographic runs shown in A and B. The numbers above the lanes correspond to collected fractions. 
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with the bases of open circular ones. The use of high salt concentrations for pre-conditioning 

and in first elution steps contributes to further expose those bases, increasing the affinity 

between the ligand and supercoiled MC (Prazeres, 2011). 

The use of a chromatographic step with a conventional and commercially available phenyl-

Sepharose column, represents an advantage over the method described by Mayrhofer and 

colleagues for MC isolation, which requires a tailor-made affinity adsorbent (Mayrhofer et al., 

2008). Also, their purification method involves the insertion of additional sequences on MC that 

are not needed for its action. Herein, the changes required (the insertion of a recognition site 

for Nb.BvCI) were performed within the MP instead, which is discarded after the purification. 

On the other side, Kay and co-workers also took advantage of an endonuclease (I-SceI) 

restriction site placed on MP for MC purification (Kay et al., 2010). However, the digestion step 

described takes place in vivo, in contrast to the herein described system, where the digestion is 

performed in vitro. Thus, the present method offers two main advantages: in vitro digestion is 

easier to control and scale-up and does not impose and extra metabolic load on producing 

bacteria. Furthermore, the HIC approach allows also the removal of other impurities than MP, 

including some open circular MC and residual RNA. It is well described that DNA molecules in 

supercoiled form are more effective for cell transfection than the other isoforms (Remaut et al., 

2006, Sousa et al., 2009). Thus, it is of great interest to have a solution with pure supercoiled 

MC free from other isoforms.  
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 Conclusions 

In this chapter, the successful construction of two DNA molecules that will be applied further in 

the context of present thesis was achieved. Despite the use of a GFP reporter might be useful in 

the initial optimization steps, its removal is mandatory for the clinical application of these 

vectors. The complete purification of transfection-graded conventional plasmids (pVAX) was 

also effectively performed using a commercial kit. However, the production and purification of 

MC vectors is much more challenging.  

Herein, a recently developed method for isolation and purification of transfection-graded MC is 

described (Alves et al., 2016, Alves et al., 2018). The absence of PP after recombination step 

confirmed the efficiency of the recombination process triggered by parA resolvase, whose 

expression is induced by L-arabinose addition. In fact, the addition of the inducer in one of the 

crucial steps of the recombination process. Herein, the induction was performed at the end of 

exponential growth phase, in order to maximize the final MC yield (Gaspar et al., 2014). The use 

of the BW2P strain further contributed to the efficiency of the process. Besides the inclusion of 

the parA gene under the control of pBAD/AraC promoter, this strain was specifically designed 

towards improved arabinose uptake. Both aspects contributed to the increase in the efficiency 

of recombination process. The inclusion of a digestion step using a nicking enzyme is a key aspect 

of the MC isolation method used. Nb.BvCI cleavage causes the relaxation of MP but has no effect 

on MC, which remains in the supercoiled form. Several authors described the separation of 

different DNA topoisomers using chromatographic strategies (Bo et al., 2013, Urthaler et al., 

2005). Thus, the use of a HIC column with different elution steps with decreasing concentrations 

of ammonium sulphate was able to efficiently separate supercoiled MC from the other DNA 

topoisomers, including the open circular MP. The herein produced MC are free from other 

nucleic acid impurities and suitable for transfection of mammalian cells, namely MSC (Serra et 

al., 2018). 
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III. GENETIC ENGINEERING OF MESENCHYMAL STEM/STROMAL 
CELLS (MSC) WITH VEGF-GFP-ENCODING VECTORS  

 Summary 

Mesenchymal stem/stromal cells (MSC) have unique therapeutic features that could be further 

enhanced by genetic engineering approaches using therapeutic factors. Vascular endothelial 

growth factor (VEGF) is a potent angiogenic factor that may be delivered into MSC in order to 

improve their healing properties in the context of ischemic diseases. Despite the proven 

effectiveness of viral vectors in gene therapy approaches, these bring some safety concerns. To 

overcome this issue, non-viral plasmid-based vectors have been developed on past years. In the 

present work, MSC were modified with minicircles, a particular type of non-viral vectors 

optimized towards an improved transfection and reduced cytotoxicity. Transfection-grade 

minicircles containing the VEGF gene in fusion with green fluorescent protein (GFP) – MC-VEGF-

GFP – were produced and purified according to a recently developed protocol and used for MSC 

transfection. This was performed using an optimized and validated microporation protocol. 

Conventional plasmids (pVAX) containing the VEGF-GFP fusion gene, or GFP alone, were used as 

controls. GFP expression, evaluated by flow cytometry, was achieved in 66.8% ± 5.9% of the cells 

after pVAX-GFP delivery, confirming the efficacy of the transfection protocol. On the other hand, 

a higher GFP expression was observed in cells microporated with pVAX-VEGF-GFP (12.1% ± 3.1%) 

compared to cells transfected with MC-VEGF-GFP (3.1% ± 1.2%). These results were further 

confirmed by western blot analysis of cell lysates. VEGF expression was measured by real time 

PCR and similar results were observed. MSC transfected with pVAX-VEGF-GFP showed VEGF 

expression levels 13.5 ± 1.7-fold higher than control MSC (non-transfected), whereas the 

condition with minicircle resulted in a 9.5 ± 2.0-fold increase in VEGF expression. The plasmid 

vectors lead to higher production of GFP and VEGF by the transfected cells than minicircles, 

against the expectations. Although further studies are required to confirm these results, this 

preliminary analysis revealed that fusion with GFP might not be the best strategy to monitor 

VEGF expression in transfection studies with MSC. Therefore, in the following chapters, 

constructs containing only the gene of interest (VEGF) will be studied.  



124 

 

 Background 

Human mesenchymal stem/stromal cells (MSC) are multipotent stem cells with unique 

properties. MSC have the ability to self-renew maintaining an undifferentiated state and are 

associated with mesenchymal tissue renewal and turnover (Pittenger et al., 1999). These cells 

are able to differentiate into several lineages of mesodermal origin, such as cartilage, bone, fat, 

tendon or muscle (Caplan and Bruder, 2001). Nevertheless, the most explored feature of MSC 

in clinical studies is their ability to secrete a wide panel of soluble molecules with therapeutic 

activity, including immunomodulation, anti-apoptosis, anti-scarring, chemoattraction, 

angiogenesis or support of cell growth and differentiation (Singer and Caplan, 2011). This, 

together with their described low-immunogenicity (Le Blanc et al., 2003a), makes these cells as 

promising candidates for off-the-shelf allogeneic cell therapy approaches. Although the 

therapeutic benefit of MSC administration has been observed in several studies, clinical trials 

have produced conflicting data or shown only modest benefits (Allison, 2009). 

Due to their role as modulators of immune system and mediators of inflammatory responses 

(Prockop and Youn Oh, 2012), MSC have been extensively investigated for the treatment of 

ischemic diseases. However, the harsh ischemic microenvironments that are faced by the cells 

upon in vivo transplantation lead to reduced survival and poor engraftment (Potier et al., 2007). 

Thus, strategies to improve MSC therapeutic properties in a robust and reliable way are 

required. Genetic modification with therapeutic factors is an example of such strategies. 

The action of MSC in the context of ischemic diseases has been attributed to the secretion of 

pro-angiogenic signaling factors such as vascular endothelial growth factor (VEGF), among 

others. VEGF is a key regulator of physiological angiogenesis, known to promote endothelial cell 

growth and survival, and one of the most important and powerful promoters of vascular 

regeneration (Ferrara et al., 2003). Several studies have suggested the use of MSC-based cell 

therapy to enhance angiogenesis and induce tissue repair in many cardiovascular diseases, 

including peripheral arterial disease or myocardial infarction (Tang et al., 2005b, Liew and 

O'Brien, 2012). In that regard, genetic engineering of MSC with VEGF-encoding vectors can 

improve the intrinsic secretion of VEGF by cultured MSC, thus improving their angiogenic 

capacity and therapeutic potential for ischemic diseases.  

In the last decades, genetic engineering of MSC has been efficiently accomplished by viral-based 

strategies. However, safety and manufacturing issues related with the use of viral vectors have 

led to the development of safer and easier to produce non-viral systems. Plasmids are especially 
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adequate for efficient delivery of genes into MSC due to their reduced immunogenicity, low risk 

of insertional mutagenesis and ease of manufacturing (Prazeres and Monteiro, 2014).  

In order to improve the transgene expression levels achieved by genetic engineering with 

plasmids, which are usually lower than those obtained by using virus, improved DNA vectors 

have been developed (Hardee et al., 2017). Minicircles (MC), which are small plasmid derivatives 

devoid of bacterial backbone, are examples of such vectors (Darquet et al., 1997). Their smaller 

size when compared to conventional plasmids leads to an improved transfection efficiency. On 

the other hand, the lack of bacterial sequences that may cause some immunogenicity and/or 

transgene silencing contributes to enhance gene expression and reduce cytotoxicity (Sawamura 

et al., 2005, Boura et al., 2014, Walker et al., 2010). 

A number of studies have shown that MC-based cell engineering is able to sustain higher and 

longer transgene expression, as well as stem cell survival (Darquet et al., 1999, Chen et al., 2003, 

Dietz et al., 2013, Madeira et al., 2013, Munye et al., 2016), when compared to conventional 

plasmid vectors. Furthermore, MC have been shown to be superior to plasmids when used as 

vectors for VEGF in vivo gene therapy (Chang et al., 2008, Yoon et al., 2009, Ko et al., 2011). 

Herein, MC produced and purified by a process recently established at BERG-iBB (Alves et al., 

2016, Alves et al., 2018) were used to transfect MSC from bone marrow (BM) in a context of an 

ex vivo gene therapy (genetic engineering of cells outside the body) (Kaufmann et al., 2013). The 

transfection was performed by microporation, according to a protocol previously optimized 

(Madeira et al., 2011).  MSC were transfected with a plasmid or a MC containing VEGF-GFP, and 

a plasmid encoding for GFP only was used as control. Microporation demonstrated to be an 

efficient method for gene delivery into MSC, achieving high GFP expression levels with pVAX-

GFP. However, results also showed that fusion with GFP might not be the best strategy to 

monitor VEGF transgene expression in transfection studies with MSC.  
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 Materials and Methods 

 Plasmid construction, production and purification 

Plasmid construction, production and purification was performed as described on previous 

Chapter (Chapter II). The parental plasmid (pMINILi-CVG, 4563 bp) and control plasmids (pVAX-

GFP, 3697 bp and pVAX-VEGF-GFP, 4273 bp) used herein were constructed as described 

elsewhere (Azzoni et al., 2007, Simcikova et al., 2014, Alves et al., 2016). Briefly, the parental 

plasmid pMINILi-CVG contains the VEGF-GFP gene fusion construct under the control of 

cytomegalovirus (CMV) immediate early-promoter, two multimer resolution sites (MRS) flanking 

the expression cassette, pMB1 origin of replication, kanamycin resistance gene and BGH 

polyadenylation sequence (Figure III.1A). The pVAX-VEGF-GFP (Figure III.1B) was obtained from 

the previously constructed pVAX1GFP-BGH (referred herein as pVAX-GFP – Figure III.1C), which 

is derived from the commercial pVAX1LacZ (6050 bp, Invitrogen), by introduction of the VEGF 

gene in fusion with the GFP reporter (Azzoni et al., 2007, Alves et al., 2016). Plasmids (pVAX-

VEGF-GFP and pVAX-GFP) were produced in an E. coli DH5α strain and purified using an 

endotoxin-free plasmid DNA purification kit (Macherey-Nagel), as previously described (Madeira 

et al., 2011). The concentration of purified pDNA solutions was assayed by spectrophotometry 

at 260nm (NanoDrop, Thermo Scientific) and DNA integrity was confirmed by DNA agarose gels. 

MC were produced in a BW2P E. coli strain, previously transformed with the parental plasmid 

(PP) pMINLI-CVG, according to previously established methods (Simcikova et al., 2014, Alves et 

al., 2016). E. coli BW2P was grown until the late exponential phase and then recombination was 

induced for 2 h by addition of 0.01% (w/v) L-(+)arabinose (Merck). As a result of intramolecular 

recombination between the two MRS, a MC with the expression cassette and a miniplasmid 

(MP) with the prokaryotic backbone sequences are obtained. All plasmid DNA species were 

recovered and purified from the producer cells using an endotoxin-free plasmid DNA purification 

kit (Macherey-Nagel). Then, MC was separated from other DNA forms by performing a digestion 

Figure III.1 - Plasmids used for transfection within the present work in order to overexpress the VEGF protein in MSC. 
The plasmids were produced by E. coli strains and then purified before being used in transfection studies with MSC. 
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with nicking endonuclease (Nb.BbvCI) followed by hydrophobic interaction chromatography 

(HIC), as described and optimized at BERG-iBB (Alves et al., 2016, Alves et al., 2018).  

 

 Isolation and culture of human bone marrow-derived MSC 

Mesenchymal stem/stromal cells (MSC) used in the present work were isolated from bone 

marrow (BM) of healthy donors after informed consent. After isolation and initial expansion as 

described elsewhere (dos Santos et al., 2010), cells were maintained cryopreserved until further 

use. Upon thawing, MSC were expanded until passages 4-7 under xenogeneic(xeno)-free culture 

conditions, as previously established (dos Santos et al., 2011, dos Santos et al., 2014) At each 

passage, cells were plated at a cell density between 3,000-6,000 cells/cm2 on CELLstart™ CTS™ 

(Invitrogen) pre-coated T-flasks using StemPro® MSC SFM XenoFree (Invitrogen) supplemented 

with 1% GlutaMAX™-I CTS™ (Invitrogen) and 1% Antibiotic-Antimycotic (Invitrogen). Cells were 

maintained at 37ᵒC and 5% CO2 in a humidified atmosphere and culture medium was exchanged 

every 3-4 days. At 70% cell confluence, MSC were detached from the flasks by adding TrypLE™ 

Select CTS™ (Invitrogen) solution 1x in Phosphate Buffered Saline (PBS, Gibco). Cell number and 

viability were determined using the Trypan Blue (Gibco) exclusion method. BM MSC at passages 

between 4 and 7 from three independent donors were used. 

 

 Microporation with VEGF-GFP (or GFP) encoding vectors 

Microporation of BM MSC was performed as previously optimized (Madeira et al., 2011). For 

each condition, 1.5×106 cells were resuspended in 100 µl of resuspension buffer (buffer R, 

Invitrogen) and incubated with 10 µg of pVAX-GFP or the equivalent number of molecules of 

pVAX-VEGF-GFP (11 µg) and MC-VEGF-GFP (6.33 µg). Electroporation was performed using the 

Neon® Transfection System and a Microporator MP-100 (Digital Bio, Invitrogen) using 1 pulse 

with 1,000 V of voltage and 40 ms of width. After microporation, the cell suspension was 

incubated with 900 µL of Opti-MEM™ I Reduced Serum Medium (Gibco) for 20-30 min. Next, 

cells were plated at a density of 7,000-8,000 cells/cm2 in pre-warmed StemPro® XenoFree 

culture medium. At each time point (day 2, day 5 and day 7), the number of cells was estimated 

using the trypan blue dye exclusion method. Two controls were prepared: MSC microporated 

without DNA (“Micro”) and non-microporated cells, referred herein as “control”, which will be 

used for comparison in subsequent studies. 
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 Cell viability and recovery, yield of transfection and GFP 
expression 

Cell viability was measured by dividing the number of viable cells by the total cell number, both 

assessed using trypan blue dye exclusion method. Cell recovery was determined after 48 h, by 

calculating the ratio between viable cells in each condition and viable cells in the control (non-

microporated), as described elsewhere (Madeira et al., 2011). Yield of transfection was 

calculated according to the equation established by Madeira and colleagues: multiplication of 

the number of GFP-expressing cells by the number of cells alive and then dividing this value by 

the total cell number (Madeira et al., 2011). The number of GFP- expressing cells (GFP+ cells) 

was acquired by flow cytometry using FACScalibur equipment/CellQuest software (BD 

Biosciences) and analyzed using FlowJo® (LLC). 

 

 Analysis of GFP production by Western blot 

The production of GFP by MSC transfected with pVAX-GFP, pVAX-VEGF-GFP and MC-VEGF-GFP 

was investigated by western blot 48 h after microporation. Both culture supernatants and cell 

lysates were analyzed. Culture supernatants were collected, centrifuged to remove any cell 

debris and kept at -80ᵒC until further analysis. To obtain cell lysates, cells pellets previously 

obtained and maintained at -80ᵒC were incubated with catenin-lysis buffer containing 

phosphatase and protease inhibitors. SDS-PAGE gel electrophoresis analysis of supernatant and 

lysate samples from pVAX-GFP, pVAX-VEGF-GFP and MC-VEGF-GFP was performed for protein 

separation. Then, the proteins were transferred to a PVDF membrane for 120 min in a Mini-

PROTEAN® Tetra Vertical Electrophoresis Cell equipped with the Mini Trans-Blot® Module (Bio-

Rad) according to manufacturer’s protocol. The membrane was then incubated with blocking 

buffer (TBST + 5% non-fat dry milk) for 1 h and left overnight with the primary antibody GFP 

Antibody (B-2) (sc-9996, Santa Cruz Biotechnology) diluted 1:500 at 4ᵒC. Then, the membrane 

was incubated with HRP-conjugated secondary antibody goat anti-mouse IgG-HRP (sc-2005, 

Santa Cruz Biotechnology) diluted 1:2000 for 1 h. Finally, the membrane was incubated with 

visualization solution (3.3-DAB in TBS with hydrogen peroxide 30%) for 20 min and reaction was 

stopped with tap water. After drying the blot, an image was captured. 

 

 Quantification of VEGF expression by qPCR 

The levels of VEGF expression by MSC transfected with MC-VEGF-GFP and pVAX-VEGF-GFP were 

measured by quantitative real-time PCR (qPCR) 2 and 5 days after microporation. For qPCR, at 
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least 150,000 cells were harvested at day 2 and day 5 and kept at -80 ᵒC as a dry pellet until 

further analysis. RNeasy Mini Kit (Qiagen) was used for RNA isolation and iScript cDNA Synthesis 

Kit (Bio-Rad) was used for cDNA synthesis after quantification by UV spectrophotometry on a 

NanoDrop. The qPCR analysis was performed in a StepOne Real-Time PCR System (Applied 

Biosystems), using Fast SYBR™ Green Master Mix (Applied Biosystems), 0.5 µM of each primer 

and 1 µL of cDNA in 20 µL of final reaction volume. The following primers (StabVida) were used 

for VEGF amplification: VEGF_fwd – GGAGGAGGGCAGAATCATCAC and VEGF_rev – GGTCTCGAT 

TGGATGGCAGT. To determine the fold change in mRNA expression, the 2−ΔΔCT method of 

relative quantification was applied (Livak and Schmittgen, 2001), using GAPDH as the 

housekeeping gene and non-microporated MSC as baseline. 

 

 Statistical analysis 

All data is presented as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using GraphPad Prism 6 and significance was determined by Tukey’s multiple 

comparison test and set at a p-value <0.05. 
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 Results and Discussion 

 Characterization of MSC after microporation: proliferative 
potential and viability, cell recovery and yield of transfection 

Plasmids containing GFP (pVAX-GFP) and VEGF-GFP (pVAX-VEGF-GFP) were produced within E. 

coli DH5α and purified with a commercial kit, as described in Materials and Methods. The MC-

VEGF-GFP was produced in E. coli BW2P through recombination of the PP (pMINILi-CVG) and 

then purified with different steps, including a chromatographic procedure (HIC), according to a 

recently established protocol (Simcikova et al., 2014, Alves et al., 2016). The three vectors were 

then used to transfect MSC from BM using microporation, an electroporation-based method 

with reduced electrode surface area to diminish cell mortality (Kim et al., 2008). MSC 

microporated with pVAX-GFP, pVAX-VEGF-GFP and MC-VEGF-GFP were analyzed at three 

different timepoints: day 2, day 5 and day 7. 

To evaluate the impact of the microporation with the vectors of interest on cell proliferative 

potential, cell numbers were determined at each time point (Figure III.2A). The data confirmed 

that non-transfected cells (control) achieved the highest cell numbers in all time points but the 

differences were not statistically significant. Although the microporated cells seem to be slightly 

affected by the microporation procedure right after transfection, at day 7 cells have their growth 

capacity recovered. This decrease in the proliferative capacity of MSC is most likely related to 

the microporation process itself and not to the presence of DNA, since a reduction on cell 

numbers was also observed when MSC were microporated (Micro). This is in accordance with 

previously published reports that demonstrated a slight decrease on MSC cell numbers or 

viability after microporation (Madeira et al., 2011, Abdul Halim et al., 2014, Lim et al., 2010). 

Nevertheless, the comparison of different transfection techniques revealed that microporation 

is one of the methods that causes less cell damage on MSC (Abdul Halim et al., 2014). In the 

present work, cell viabilities were also measured and values >90% were obtained for all the 

conditions and timepoints. It is noteworthy that despite the parameter used to evaluate cell 

integrity after transfection in most published works is cell viability (Lim et al., 2010, Abdul Halim 

et al., 2014), high viabilities can be observed even when few cells are recovered from 

electroporation process. Hence, herein cell recovery was also investigated in addition to cell 

viability. 

Figure III.2B shows cell recoveries and transfection yields calculated for all the microporation 

conditions 48 h after transfection. No statistically significant differences were found for cell 

recoveries. Nevertheless, the highest percentage was observed for cells microporated without 
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DNA (Micro; 55.9±16.8%) when compared to transfected samples (pVAX-GFP: 28.0±6.8%; pVAX-

VEGF-GFP: 44.5±11.1%; MC-VEGF-GFP: 28.9±5.4%). These results reveal that DNA may cause 

some cytotoxicity, which is in accordance with the study from Madeira and co-workers, who 

observed a decrease in cell recoveries when DNA amounts were increased (Madeira et al., 2011).  

The cell recoveries observed for DNA-transfected cells were similar to those observed in other 

studies where plasmid DNA was used (Madeira et al., 2011, Aluigi et al., 2006). However, and 

considering the reduced size of MC compared to plasmid vectors, a higher cell recovery was 

expected for cells transfected with MC than for plasmid-transfected cells, as reported by other 

authors (Boura et al., 2014).  

Regarding the yield of transfection, the highest values were observed for transfection with 

pVAX-GFP (12.3±4.1%) followed by pVAX-VEGF-GFP (10.1±5.2%) and MC-VEGF-GFP (1±0.4%), 

but the differences were not statistically significant. The high transgene size of the fusion 

cassette (VEGF-GFP) may be one of the reasons for the low yields observed for VEGF-GFP-

encoding molecules. Nevertheless, more replicates of the experiment must be performed in 

order to confirm this assumption. Even if the highest transfection yields were observed for 

pVAX-GFP, the values were lower than expected according to other reports, where yields of 35% 

were achieved using a similar protocol at BERG-iBB (Madeira et al., 2011). The discrepancy 

between the result in present thesis and the one published previously is probably associated 

with the reduced cell recoveries (28±6.8%) calculated for this condition. Few authors published 

results regarding the yield of transfection after microporation, being only focused on the 

percentage of GFP+ cells (Abdul Halim et al., 2014, Mun et al., 2016, Wang et al., 2009b, Lim et 

al., 2010).  However, it is important to correlate the transgene expression with the number of 

viable cells, since in specific therapeutic settings a lower expression of the transgene within a 

Figure III.2 – Analysis of MSC behavior after transfection with pVAX-GFP, pVAX-VEGF-GFP and MC-VEGF-GFP. (A) Cell 
numbers observed for all the tested conditions and timepoints. (B) Values for cell recovery and yield of transfection 
regarding the microporation with no DNA (Micro) and with each of the vectors studied calculated 48 h after 
transfection. Each bar represents the mean ± SEM, n=3. 
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high number of cells might be preferred than a higher expression in fewer cells (Santos et al., 

2009). 

 

 Analysis of GFP expression and production by flow cytometry and 
Western blot 

GFP production by transfected MSC was evaluated both by flow cytometry and western blot 

techniques and the results are shown in Figure III.3. Flow cytometry analysis (Figure III.3A) 

demonstrated that the percentage of GFP-expressing cells after 48 h was significantly higher for 

transfection with pVAX-GFP (66.8±5.9%) compared with pVAX-VEGF-GFP (12.1±3.1%) or MC-

VEGF (3.1±3.2%). As already referred, the low expression of GFP on fusion constructs is likely 

related to its large size.  

Different transfection efficiencies (measured by %GFP+ cells) have been reported in literature 

for studies of MSC microporation using GFP-encoding plasmids, varying between 40-80% 

(Madeira et al., 2011, Lim et al., 2010, Wang et al., 2009b, Abdul Halim et al., 2014). Those 

discrepancies between studies are probably related to the different microporation conditions 

and/or pDNA amounts used, and distinct detection methods or quantification at variable 

timepoints. Nevertheless, the values observed in the present work are in accordance or superior, 

in some cases, to those obtained by other authors, revealing that the protocol used herein is 

able to achieve high and comparable transgene expressions.  

Although most studies assume that the percentage of GFP+ cells is equivalent to the transfection 

efficiency, herein this assumption is only valid for cells transfected with pVAX-GFP as discussed 

next. The transfection efficiency (GFP+ cells) for pVAX-GFP cannot be directly compared with 

the values of GFP+ cells observed for pVAX-VEGF-GFP or MC-VEGF-GFP due to the presence of 

VEGF. It is known that the intracellular accumulation of GFP in transfected cells lead to a time-

dependent increase of GFP+ cells (Kobelt et al., 2013). However, for VEGF-GFP constructs, the 

resulting fusion protein is probably secreted to the medium (Guzman-Hernandez et al., 2014). 

In fact, the secretion signal in the N-terminus of VEGF was not modified by the fusion with the 

GFP gene, which was performed at its C-terminus. Also, the smaller size of the GFP transgene 

compared to VEGF-GFP constructs may also lead to higher expression due to the lower burden 

imposed to the cell transduction machinery. 

Contrary to expectations, increased GFP expression was observed for cells transfected with 

plasmid DNA when compared to those modified with MC. Other studies confirmed a higher 

expression of transgenes by MSC modified with MC when compared to conventional plasmids 
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(Boura et al., 2014, Bandara et al., 2016). The data of Figure III.3A also shows that GFP expression 

levels decrease with time, as expected due to the transient nature of non-viral transfection. 

Nevertheless, GFP cell expression levels observed with pVAX-GFP were still detectable 7 days 

after transfection and significantly higher (25.6±13.5%) than for the other conditions. 

To our best knowledge, there is no data available regarding MSC transfection with MC 

containing VEGF-GFP. Nevertheless, a previous work regarding MSC non-viral engineering using 

pDNA with VEGF-GFP fusion construct revealed transfection efficiencies of ≈52% measured by 

assessing GFP expression. However, cell transfection was not performed by microporation but 

a lipid-based transfection optimized with a sleeping beauty transposon system and stem cell 

targeting peptides was used instead (Wang et al., 2015). 

One of the possibilities for the low number of GFP+ cells driven by the fusion constructs was that 

the overexpressed protein is being secreted to the culture medium instead of being kept within 

the cell due to the extracellular nature of the VEGF protein. To further understand the levels of 

GFP production and to confirm if some of the protein is being secreted to the culture medium, 

western blot analysis of both cell lysates and culture supernatants was performed (Figure III.3-

B). The results from western blot analysis were in accordance to flow cytometry data. Regarding 

cell lysates, the most intense band was obtained for cells transfected with pVAX-GFP (1), being 

followed by pVAX-VEGF-GFP (2), indicating a higher expression of GFP for these conditions 

compared to MC-VEGF-GFP (3). The slight and clear band shown for MC-VEGF-GFP (3) confirms 

the low GFP expression by MSC transfected with this construct, as previously demonstrated by 

flow cytometry. On the other hand, the supernatant analysis revealed the presence of a band 

only for pVAX-GFP, indicating that the GFP was present only in the culture medium retrieved 

from this condition, contrarily to the initial expectations. No GFP was detected in culture 

Figure III.3 - Analysis of GFP expression by MSC after transfection using flow cytometry (A) and western blot (B). A -Flow cytometry 
detection of GFP expressed by MSC transfected with pVAX-GFP, pVAX-VEGF-GFP and MC-VEGF-GFP at different timepoints after 
transfection (2, 5 or 7 days). Each bar represents the mean ± SEM, n=3, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. B – Western 
blot analysis of culture supernatants and cell lysates of MSC obtained 48 h after transfection with pVAX-GFP (1), pVAX-VEGF-GFP (2) 
and MC-VEGF-GFP (3). GFP – Green fluorescent protein (positive control). M – Protein molecular weight marker (PageRuler™ Plus 
Prestained 10-250 kDa, Thermo Scientific). 
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supernatants from pVAX-VEGF-GFP or MC-VEGF-GFP by western blot analysis. According to 

previous results, it was expected that VEGF-GFP was detected both on cell surface and in the 

culture medium. In fact, a report studying the VEGF trafficking demonstrated that VEGF-GFP 

fusion protein was able to dimerize and be secreted in a biologically active form after being 

transfected into COS-7 cells (Guzman-Hernandez et al., 2014). 

 

 Quantification of VEGF expression  

To further confirm the transgene expression levels, VEGF relative expression was measured by 

qPCR 2 and 5 days after transfection with either pVAX-VEGF-GFP or MC-VEGF-GFP (Figure III.4). 

The results demonstrated that 2 days after transfection, VEGF expression was significantly 

increased on transfected samples compared to non-transfected control MSC (pVAX: 13.5±1.7-

fold; MC: 9.5±2.0-fold). The increased expression on transfected samples was maintained 5 days 

after microporation (pVAX: 3.8±1.3-fold; MC: 3.2±0.7-fold), but the differences regarding the 

control MSC (no transfected) were no longer statistically significant.  

The results obtained herein for gene expression 48 h after microporation are in agreement with 

the data observed on the western blot regarding GFP protein production. On day 2, higher levels 

of transgene were observed for pVAX-VEGF-GFP than for MC-VEGF-GFP, despite the differences 

were not statistically significant. On day 5, both vectors lead to similar VEGF expression levels, 

meaning that MC may have induced a more prolonged transgene expression than conventional 

plasmids, as described by other authors (Mun et al., 2016).  

Figure III.4 - Evaluation of gene expression by qPCR 2 and 5 days after MSC  microporation 
with pVAX-VEGF-GFP and MC-VEGF-GFP. Each bar represents the mean ± SEM, n=2, **p<0.01. 
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Several studies regarding in vivo (Dall'Era et al., 2008) or ex vivo (Luo et al., 2017) gene therapies 

described the use of VEGF-GFP constructs to monitor the VEGF transgene expression by GFP 

fluorescence. However, few authors reported genetic engineering of MSC with those fusion 

constructs. Instead, the studies regarding genetic modification of MSC with VEGF that reported 

GFP expression employed GFP-encoding vectors separately as proof-of-concept for preliminary 

assessment of transfection efficiency (Beegle et al., 2016, Locatelli et al., 2013). So, the use of 

the GFP reporter protein to monitor VEGF expression might not be the best strategy for 

optimization studies concerning the genetic engineering of MSC.  

Also, the expression levels using a plasmid containing only one gene are supposed to be higher 

that when two genes have to be transcribed and translated, imposing an extra metabolic load 

to the cell machinery. The results shown in the present work are in accordance with this 

assumption, since an increased GFP expression was observed for cells transfected with pVAX-

GFP compared to pVAX-VEGF-GFP. GFP, usually expressed as a monocistronic mRNA, is herein 

expressed as a fusion protein with VEGF, which may affect protein structure and consequently 

its fluorescent activity. This, together with the fact that GFP is an intracellular protein unlike 

VEGF, which is a secreted protein, may contribute to the reduced GFP expression observed 

herein when fusion constructs were used to transfect MSC. 
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 Conclusions 

The results presented in this chapter demonstrated the effective transfection of human MSC by 

microporation of vectors encoding for VEGF, a therapeutic factor relevant for angiogenesis. 

Despite the results concerning the expression of the fusion protein (VEGF-GFP) were not 

conclusive, high GFP expression levels were achieved using this protocol for pVAX-GFP 

transfection. The present work also allowed the validation of three different methodologies for 

transgene expression evaluation: flow cytometry, western blot and real time PCR. All these 

techniques were able to show differences between different transfection conditions and control 

(non-transfected) cells. Flow cytometry analysis was possible due to the presence of the GFP in 

all constructs and is the fastest and most used method for analysis of transfection efficiency. 

Herein, flow cytometry monitoring of GFP was used to demonstrate the effectiveness of the 

present transfection protocol, since VEGF expression could not be precisely assessed using this 

technique.  

The optimization of a western blot protocol for detection of the overexpressed protein within 

the cells or in the culture medium (i.e. supernatant) was also performed. Western blot analysis 

detected GFP protein in cell lysates from all transfected conditions, but GFP was detected in the 

culture medium only when pVAX-GFP was used, contrarily to the expected due to the 

extracellular nature of the VEGF protein.  

Finally, to evaluate the expression of the therapeutic gene, VEGF, qPCR was performed and the 

results were similar to those observed with previous techniques: pVAX vector induced higher 

transgene expression than MC. Although further studies with more replicates are needed to 

confirm these results, the use of a fusion protein might also not be the best strategy to evaluate 

VEGF transfection efficiency on human MSC. 

A promising strategy to directly evaluate the MC transfection efficiency by fluorescence-based 

assays, such as flow cytometry, could be to have a MC construct containing only the GFP gene 

in a similar genetic cassette than the observed on pVAX-GFP. So, the capacity of these two 

constructs to transfect MSC could be directly compared by flow cytometry or other fluorescence 

detection methods. However, this was considered to be out of the scope of the present work, 

since the main objective is to have a therapeutic vector with the pro-angiogenic molecule, VEGF. 

Therefore, the next step will be the removal of GFP from the construction and the comparison 

of the two vectors (pVAX and MC) containing only VEGF. The results from this chapter 

demonstrated that this comparison can be possible using qPCR.  
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IV. ENGINEERING OF HUMAN MESENCHYMAL STEM/STROMAL 
CELLS (MSC) WITH VEGF-ENCODING MINICIRCLES FOR 
ANGIOGENIC EX VIVO GENE THERAPY 

 Summary 

Peripheral artery disease (PAD) is a debilitating and prevalent condition characterized by the 

blockage of arteries, leading to limb amputation in more severe cases. Mesenchymal 

stem/stromal cells (MSC) are known to have intrinsic regenerative properties that can be 

potentiated by the introduction of pro-angiogenic genes such as the vascular endothelial growth 

factor (VEGF). Herein we propose the use of human bone marrow (BM) MSC transiently 

transfected with minicircles encoding for VEGF as an ex vivo gene therapy strategy to enhance 

angiogenesis in PAD patients. The VEGF gene was cloned in minicircle and conventional plasmid 

vectors and used to transfect BM- derived MSC ex vivo. VEGF expression was evaluated both by 

qPCR and ELISA. The number of VEGF transcripts following MSC transfection with minicircles 

increased 130-fold relatively to the expression in non-transfected MSC, whereas for the plasmid 

(pVAX1)-based transfection the increase was 50-fold. Compared to the VEGF basal levels 

secreted by MSC (11.1±3.4 pg/1000 cells day-1), significantly higher values were detected by 

ELISA after both minicircle and pVAX1 transfection (644.8±82.5 and 508.3±164.0 pg/1,000 cells 

day-1, respectively). The VEGF overexpression improved the angiogenic potential of MSC in vitro, 

as confirmed by endothelial cell tube formation and cell migration assays, without affecting the 

expansion potential ex vivo, as well as multilineage differentiation capacity or 

immunophenotype of MSC. Although pre-clinical in vivo studies are required, these results 

suggest that minicircle-mediated VEGF gene delivery, combined with the unique properties of 

human MSC, could represent a promising ex vivo gene therapy approach for an improved 

angiogenesis in the context of PAD. 
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 Background 

Peripheral arterial disease (PAD) is a chronic disease caused by obstruction of arteries, leading 

to decreased blood flow to the lower extremities. PAD affects 3-10% of the world population 

and about 30% of these patients are faced with the possibility of limb amputation. In order to 

recover tissue oxygenation, those patients are dependent on the adaptation of pre-existing 

vessels or on the formation of new vessels (Gresele et al., 2011). Therapeutic delivery of 

angiogenic factors and/or stem/progenitor cells to promote revascularization of the ischemic 

regions represents a potential therapeutic approach to regenerate damaged tissue and prevent 

amputations in patients with PAD (Yasumura et al., 2012, Cunha et al., 2013). 

Human mesenchymal stem/stromal cells (MSC) are multipotent cells known to set-up a 

regenerative environment and modulate anti-inflammatory responses (Prockop and Youn Oh, 

2012). Though the mechanisms underlying the immunomodulatory capacity of MSC are not 

totally understood, some studies have suggested that it is not only dependent on cell-cell 

contact and most likely relies on the secretion of soluble factors that act through a paracrine 

way on other cells (Di Nicola et al., 2002, Singer and Caplan, 2011, Gebler et al., 2012). These 

paracrine effects of MSC include: immunomodulation, anti-apoptosis, angiogenesis, anti-

scarring, chemoattraction and support of the growth and differentiation of other 

stem/progenitor cells (Singer and Caplan, 2011). While it is not known if potential rejection of 

donor MSC (described as immunoevasive) may influence the efficacy of allogeneic MSC 

therapies (Ankrum et al., 2014), several clinical studies have advocated for an allogeneic setting. 

This would make it possible to use an off-the-shelf product, allowing an immediate access for 

acute interventions. Furthermore, a large number of cells from young and healthy donors would 

be available that could overcome the age-related loss of regenerative capacity of patient cells 

(Rao and Mattson, 2001). 

The action of MSC in the context of an angiogenic therapy has been attributed to the secretion 

of signalling factors such as vascular endothelial growth factor (VEGF), among others. VEGF is a 

key regulator of physiological angiogenesis, known to promote endothelial cell growth and 

survival, and one of the most important and powerful promoters of vascular regeneration 

(Ferrara et al., 2003). Several studies have suggested the use of MSC-based cell therapy to 

enhance angiogenesis and induce tissue repair in PAD (Tang et al., 2005b, Liew and O'Brien, 

2012). Nevertheless, although the therapeutic benefit of MSC administration has been observed 

in several studies, clinical trials have produced conflicting data or shown only modest benefits 

(Allison, 2009). Thus, strategies to improve MSC therapeutic properties in a robust and reliable 
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way are required. In that regard, genetic engineering of MSC with VEGF-encoding vectors can 

improve the intrinsic secretion of VEGF by cultured MSC, thus improving the angiogenic 

potential of these cells in a context of an ex vivo gene therapy (Beegle et al., 2016). Ex vivo gene 

therapy involves genetic engineering of cells outside the body and their subsequent 

transplantation back into patients (Gowing et al., 2017).  

The genetic modification of human MSC would require vectors that efficiently and safely transfer 

the target therapeutic gene. Plasmids are especially adequate for this purpose due to their low 

immunogenicity, non-integrative nature (low risk of insertional mutagenesis) and ease of 

manufacturing when compared with the viral vectors (Prazeres and Monteiro, 2014). The key 

disadvantages of plasmids in the context of ex vivo gene therapy of PAD are the low transfection 

efficiency and the short duration of transgene expression (Raval and Losordo, 2013). However, 

this can be partially circumvented by using small plasmid derivatives called minicircles that carry 

only the transgene expression cassette, and thus improve transfection on account of their lower 

size (Darquet et al., 1997). The lack of bacterial sequences in minicircles (e.g. origin of 

replication, antibiotic resistant marker) further contributes to improve safety, reduce CpG-

mediated immunogenicity and minimize silencing of transgene expression. A number of studies 

have shown that minicircle-based cell engineering is able to sustain higher and longer transgene 

expression, as well as stem cell survival (Darquet et al., 1999, Chen et al., 2003, Dietz et al., 2013, 

Madeira et al., 2013, Munye et al., 2016), when compared to conventional plasmid vectors. 

Furthermore, minicircles have been shown to be superior to plasmids in what concerns 

angiogenic VEGF expression (Chang et al., 2008, Yoon et al., 2009, Ko et al., 2011). In spite of 

their advantages, the technology for minicircle manufacturing in suitable amounts and with 

adequate purity to run preclinical and clinical trials is still incipient. In this context, a production 

strain system and a purification process for optimal minicircle manufacture have been recently 

established in our laboratory (Simcikova et al., 2014, Alves et al., 2016). 

Based on our previous studies focused on the optimization of non-viral gene delivery to MSC of 

different human tissue sources using a reporter fluorescent protein – GFP (Madeira et al., 2011, 

Boura et al., 2013), herein, we developed a strategy to improve the angiogenic potential of 

cultured human BM-MSC by transiently modifying the cells with minicircles encoding VEGF. 

Engineered MSC were characterized to confirm the maintenance of their intrinsic properties and 

to evaluate transgene expression and in vitro angiogenic potential. This represents, to our best 

knowledge, the first study where MSC were modified with VEGF-encoding minicircles.  
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 Materials and Methods 

 Plasmid construction, production and purification 

The control plasmid (pVAX-VEGF, 3,531 bp) and parental plasmid (pMINILi-CV, 3,821 bp) 

expressing VEGF (165a) gene were obtained from pVAX-VEGF-GFP and pMINILi-CVG, 

respectively, by removing the GFP gene. Those vectors were constructed as described elsewhere 

and transformed by heat shock into E. coli strains (Azzoni et al., 2007, Simcikova et al., 2014, 

Alves et al., 2016). pMINILi-CV contains an expression cassette with VEGF and the human 

cytomegalovirus (CMV) immediate-early promoter, two multimer resolution sites (MRS) flanking 

the expression cassette, pMB1 origin of replication, kanamycin resistance gene and BGH 

polyadenylation sequence (Figure IV.1A). Plasmids coding for VEGF (pVAX-VEGF) were produced 

in E. coli DH5α strain and purified using an endotoxin-free plasmid DNA purification kit 

(Macherey-Nagel), as previously described (Madeira et al., 2011). The concentration of purified 

pDNA solutions was assayed by spectrophotometry at 260nm (NanoDrop, Thermo Scientific) 

and DNA integrity was confirmed by DNA agarose gels stained with ethidium bromide. 

Minicircles were produced in a BW2P E. coli strain harboring the parental plasmid pMINLI-CV, 

according to previously established methods (Simcikova et al., 2014, Alves et al., 2016). E. coli 

BW2P was grown until the late exponential phase and then recombination was induced for 2 

hours by addition of 0.01% (w/v) L-(+)arabinose (Merck). As a result of intramolecular 

recombination between the two MRS, both a minicircle with the expression cassette and a 

miniplasmid (MP) with the prokaryotic backbone sequences are obtained. Next, all plasmid DNA 

species were recovered and purified from the producer cells using an endotoxin-free plasmid 

DNA purification kit (Macherey-Nagel). Then, minicircle was separated from other DNA forms 

by performing a digestion with nicking endonuclease (Nb.BbvCI) followed by hydrophobic 

interaction chromatography (HIC), as described and optimized by our group (Alves et al., 2016, 

Alves et al., 2018). 

 

 Isolation and culture of human bone marrow-derived MSC 

Human bone marrow (BM)-derived MSC were isolated and expanded from healthy donors after 

informed consent as described elsewhere (dos Santos et al., 2010) and maintained 

cryopreserved in liquid/vapour phase nitrogen containers. Upon thawing, cells were cultured 

for 3 to 5 passages under xenogeneic(xeno)-free culture conditions as previously established 

(dos Santos et al., 2011, dos Santos et al., 2014). Cells were plated at a cell density between 
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3,000-6,000 cells/cm2 on CELLstart™ CTS™ (Invitrogen) pre-coated T-flasks using StemPro® MSC 

SFM XenoFree (Invitrogen) supplemented with 1% GlutaMAX™-I CTS™ (Invitrogen) and 1% 

Antibiotic-Antimycotic (Invitrogen). Cells were maintained at 37ᵒC and 5% CO2 in a humidified 

atmosphere and culture medium was exchange every 3-4 days. At 70% cell confluence, MSC 

were detached from the flasks by adding TrypLE™ Select CTS™ (Invitrogen) solution 1x in 

Phosphate Buffer Saline (PBS, Gibco). Cell number and viability were determined using the 

Trypan Blue (Gibco) exclusion method. BM MSC at passages between 3 and 5 were used, from 

four independent donors. 

 

 Microporation of BM MSC with pVAX-VEGF and MC-VEGF 

Microporation of BM MSC was performed as previously optimized (Madeira et al., 2011). For 

each condition, 1.5×106 cells were resuspended in 100 µl of resuspension buffer (buffer R, 

Invitrogen) and incubated with 10 µg of pVAX-VEGF (or the equivalent number of molecules of 

MC-VEGF). Electroporation was performed using the Neon® Transfection System and a 

Microporator MP-100 (Digital Bio, Invitrogen) using 1 pulse with 1,000 V of pulse voltage and 40 

ms of width. After microporation, the cell suspension was incubated with 900 µL of Opti-MEM™ 

I Reduced Serum Medium (Gibco) for 20-30 min. Next, cells were plated at a density of 7,000-

8,000 cells/cm2 in pre-warmed StemPro® XenoFree culture medium. At each time point (day 2, 

day 5 and day 7), the number of cells was estimated using the trypan blue dye exclusion method. 

Cell recovery for each microporated sample was determined after 48 h, by calculating the ratio 

between viable cells in the condition where cells were microporated and viable cells in the 

control condition (non-electroporated), as described elsewhere (Madeira et al., 2011). Two 

controls were also prepared, a control for microporation process corresponding to MSC 

microporated without DNA and non-microporated cells, referred herein as ‘control’, which will 

be used for comparison in subsequent studies. 

 

 In vitro multilineage differentiation potential and 
immunophenotype characterization of transfected cells 

Upon 7 days after transfection, the osteogenic and adipogenic differentiation potential of cells 

transfected with both pVAX-VEGF and MC-VEGF were assessed as previously described using 

StemPro® Osteogenesis/Adipogenesis Differentiation Kits (Life Technologies) (dos Santos et al., 

2011). 
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For immunophenotypic characterization of the engineered cells with the two vectors, these 

were analyzed by flow cytometry, 48 h and 7 days after transfection, using a panel of mouse 

anti-human monoclonal antibodies (PE-conjugated) against: CD34, CD45, CD90, CD73, CD80, 

CD14, CD105 and human leukocyte antigen (HLA)-DR (all from Biolegend). Cells were incubated 

with the monoclonal antibodies for 15 min in the dark at room temperature, then were washed 

in 2 mL of PBS and finally fixed with 1% paraformaldehyde (PFA, Sigma). Appropriate isotype 

controls (IgGγ1 and IgGγ2b) were also prepared. A minimum of 10,000 events was collected for 

each sample and the CellQuest (Becton Dickinson) and FlowJo® (LLC) software were used for 

acquisition and analysis, respectively. 

 

 Quantification of VEGF expression by the transfected cells using 
qPCR and ELISA 

To quantify the expression of VEGF by the cells transfected with pVAX-VEGF and MC-VEGF, both 

real time PCR (qPCR) and ELISA were performed. For qPCR, cells were harvested at each time 

point (day 2, day 5 and day 7), centrifuged and kept at -80 ᵒC until further analysis. Total RNA 

was isolated using RNeasy Mini Kit (Qiagen). RNA was quantified by UV spectrophotometry 

(NanoDrop) and cDNA was synthetized with the iScript cDNA Synthesis Kit (Bio-Rad). The qPCR 

analysis was performed in a StepOne Real-Time PCR System (Applied Biosystems), using Fast 

SYBR™ Green Master Mix (Applied Biosystems), 0.5 µM of each primer and 1 µL of cDNA in 20 

µL of final reaction volume. The following primers (StabVida) were used for VEGF amplification: 

VEGF_fwd – GGAGGAGGGCAGAATCATCAC and VEGF_rev – GGTCTCGATTGGATGGCAGT. The 

2−ΔΔCT method of relative quantification was applied to determine the fold change in mRNA 

expression (Livak and Schmittgen, 2001). GAPDH was used as the housekeeping gene and non-

microporated MSC as a baseline.  

For ELISA, culture supernatant was collected at each time point (day 2, day 5 and day 7), 

centrifuged at 500 g for 10 min and kept at -80 ᵒC until further analysis. A Human VEGF-A ELISA 

kit (RayBiotech) was used, following the manufacturer’s instructions. 

 

 Preparation of conditioned medium for functional assays 

To prepare conditioned media from cultured MSC for functional assays, control and MSC 

engineered with pVAX-VEGF or MC-VEGF were plated at a density of 12,500 cells/cm2 using 

StemPro MSC SFM XenoFree for 24 h after microporation. After 24 h, the medium was changed 

to Endothelial Basal Medium (EBM-2, Lonza) and maintained for 48 h. Conditioned medium was 
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collected and normalized to cell number 72 h after transfection and kept at -80ᵒC after 

centrifugation. Fresh EBM-2 and Endothelial Cell Growth Medium (EGM-2, Lonza) were used as 

controls. 

 

 Endothelial cell tube formation assay 

A functional assay that relies in the capacity of human endothelial vein endothelial cells (HUVEC) 

to form tube networks when cultured in Matrigel was used to evaluate the angiogenic potential 

of modified cells (Arnaoutova et al., 2009). Conditioned medium (200 µl) derived from both 

control cultures and gene modified MSC (pVAX-VEGF and MC-VEGF) was used to cultivate 

commercially available HUVEC (from BD) on 96-well plates (2×104 cells/well) previously coated 

with Matrigel Basement Membrane Matrix (Corning) for 8 h at 37 ᵒC and 5% CO2. After 8 h, tube 

formation was quantified and both tube length and tube connections were measured using 

microscope and ImageJ (NIH) software (Arnaoutova et al., 2009, Arutyunyan et al., 2016). 

 

 Endothelial transwell migration assay 

The migration of endothelial cells in response to soluble factors, such as VEGF, is one of the 

crucial events during angiogenesis (Carmeliet, 2000a). Herein conditioned medium collected 

from MSC transfected cultures was used as a stimulus and HUVEC’s capacity to migrate through 

transwell inserts was quantified by using 8 µm pore transwell inserts (Millipore) previously 

coated with 10 µg/ml fibronectin (Sigma) for 1 h at 37 ᵒC (Goodwin, 2007, Chen et al., 2014b). 

After a wash with PBS, 50,000 HUVEC were added to the transwells using 100 µl of EBM-2, which 

were then inserted and maintained in a 24-well plate with 600 µl of conditioned medium for 6 

h at 37 ᵒC and 5% CO2. After 6 h, the transwells were washed with PBS and the cells in the upper 

chamber were removed with cotton swabs. The cells that migrated to the lower side of the insert 

were stained with crystal violet 0.5% (Sigma) for 30 min (Kadekar et al., 2015). After washing 

twice with PBS, each insert was observed under the microscope and the total number of 

migrated HUVEC per optical field was quantified (100x magnification). 

 

 Statistical analysis 

All data is presented as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using GraphPad Prism 6 and significance was determined by Tukey’s multiple 

comparison test and set at a p-value <0.05.  
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 Results 

 Minicircle production and purification 

Minicircles were produced in an E. coli strain BW2P as described (Simcikova et al., 2014, Alves 

et al., 2016). This strain contains a copy of the parA gene inserted in the bacterial chromosome 

under the control of the arabinose inducible PBAD/AraC promoter (Jechlinger et al., 2004). 

Addition of L-arabinose induces expression of ParA resolvase, the enzyme that mediates 

intramolecular recombination between the two multimer resolution sites (MRS) in the parental 

plasmid (PP) backbone. This recombination generates a 1,715 bp minicircle (MC) with the 

expression cassette (MC-VEGF) and a 2,106 bp miniplasmid (MP) with the prokaryotic backbone 

sequences (Figure IV.1A). Recombination was confirmed by agarose gel electrophoresis analysis 

of purified DNA before induction (0 h) and 1 or 2 h after induction (Figure IV.1B). To isolate MC-

Figure IV.1 - Minicircle production and purification by E. coli BW2P and hydrophobic interaction chromatography 
(HIC). (A) Schematic representation of miniplasmid (MP) and minicircle (MC) formation by intramolecular 
recombination of the parental plasmid (PP) after induction of  ParA resolvase expression with L-Arabinose. (B) Agarose 
gel electrophoresis analysis of pDNA purified from E. coli cells collected before (0 h) and after (1 h and 2 h) induction 
of recombination by L-arabinose. (C) Chromatogram (continuous line) of pre-purified samples (MC + MP) obtained 
after digestion with Nb.BbvCI loaded onto a phenyl-Sepharose column pre-equilibrated with 1.83 M ammonium 
sulphate (17% buffer B). Stepwise elution (% buffer B – dashed line) was performed according to a previously 
established protocol (Alves et al. 2016) at 2 mL/min with 4 CV of 17% buffer B, 2 CV of 35% buffer B (1.43 M) and 2 
CV of 100% buffer B (0 M). Numbers over peaks correspond to collected fractions. CV – column volume. (D) Agarose 
gel electrophoresis analysis of fractions (20 µl) collected during the chromatographic run shown in C. The numbers 
above the lanes correspond to collected fractions. 

A B 

C D 
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VEGF from MP and un-recombined PP, a digestion step with the nicking enzyme Nb.BbvCI was 

performed after cell lysis and DNA purification, to convert supercoiled (sc) MP and PP molecules 

into the corresponding open circular (oc) isoforms. Since the nicking site for Nb.BbvCI is located 

in the prokaryotic backbone, the MC remains unaffected. Next, hydrophobic interaction 

chromatography was used to separate sc MC from oc DNA by exploring differences in the 

hydrophobicity of the molecules (Alves et al., 2016). A phenyl-Sepharose column was used and 

elution was promoted using a stepwise strategy with decreasing salt ((NH4)2SO4) concentrations 

(Figure IV.1C). Agarose gel electrophoresis (Figure IV.1D) of eluted fractions showed that un-

bound MP molecules are washed out of the column at 17% buffer B (fractions 3-5 e 8-9), MC-

VEGF (fractions 35-39) is eluted by increasing buffer B to 35% and some residual RNA (fraction 

52-53) is eluted during the last step by maximizing buffer B to 100%. 

 

 Characterization of human MSC engineered with VEGF-encoding 
vectors: proliferative capacity, cell recovery, immunophenotype and 
multilineage differentiation potential 

In this study, MSC from bone marrow (BM) cultured under xenogeneic(xeno)-free conditions 

(dos Santos et al., 2011) were transfected by microporation with two non-viral vectors encoding 

for VEGF: a plasmid vector (pVAX-VEGF) and a minicircle (MC-VEGF). Non-transfected cells were 

used as negative control, and cells microporated (without DNA) were also included in the study. 

The transfected cells were analyzed at days 2, 5 and 7 post transfection, according to a 

previously established transfection procedure (Boura et al., 2013). To evaluate the impact of 

microporation-based gene delivery on the proliferative capability of MSC, the number of viable 

cells was determined (Figure IV.2A). Non-transfected cells (used as a control) displayed the 

Figure IV.2 - Analysis of the BM MSC behavior after microporation with pVAX-VEGF and MC-VEGF. (A) Number of 
viable cells before (0) and after (2, 5 or 7 days) microporation. Values are mean±standard error of mean (SEM), n=4. 
(B) Cell recovery after microporation of MSC with pVAX-VEGF and MC-VEGF. Values are mean±SEM, n=4. 
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highest cell number at both day 2 and day 5, but at day 7 there are almost no differences 

between the groups. Cell recovery, which reflects the level of cell death in microporated samples 

(Figure IV.2B), was calculated at day 2, as described elsewhere (Madeira et al., 2011). Non-

transfected cells were considered to have a recovery of 100% and lower values were observed 

for the conditions where cells were microporated. Cells microporated without DNA (Micro; used 

as a control for microporation process) or with MC-VEGF showed similar recoveries (68.8±19.8% 

and 72.3±11.2%, respectively), which were higher when compared to cells transfected with 

pVAX-VEGF (45.1±14.0%). 

The differentiation potential and immunophenotype of microporated cells was assessed based 

on the minimal criteria proposed to define human MSC (Dominici et al., 2006). To test the effect 

of microporation on MSC multipotency, differentiation protocols towards osteogenic and 

adipogenic lineages were accomplished. By using lineage-specific stains, it was observed that 

cells engineered with the two vectors (pVAX-VEGF e MC-VEGF) were able to give rise to both 

osteocytes and adipocytes in vitro (Figure IV.3A). To evaluate the immnunophenotype of the 

modified cells, flow cytometry employing a panel of monoclonal antibodies against different 

surface markers was used. Regardless of the vector used, engineered MSC maintained their 

phenotypic profile after transfection, i.e. negative (<5%) for CD34, CD45, CD80, CD14 and HLA-

DR and positive (>95%) for CD90, CD73 and CD105 (Figure IV.3B).  

 

Figure IV.3 - Characterization of BM MSC after transfection with pVAX-VEGF and MC-VEGF. (A) Evaluation of MSC 

differentiation potential into adipocytes (up) and osteocytes (down) after microporation. (B) Phenotypic analysis of cells 2 

and 7 days after microporation. Assessment of CD34, CD45, CD90, CD73, CD80, CD14, CD105 and HLA-DR surface markers. 

Values are mean±SEM, n=3. 
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 Quantification of VEGF expression and secretion by engineered 
MSC 

VEGF production was evaluated at days 2, 5 and 7 both by qPCR (Figure IV.4A) and ELISA (Figure 

IV.4B). Two days after microporation, MSC transfected with MC-VEGF showed 130-fold higher 

mRNA copies of VEGF than non-transfected cells (control) (p<0.01), while cells transfected with 

pVAX-VEGF showed just a 50-fold increase on VEGF mRNA copies compared to the control 

(p<0.05). The VEGF expression decreased from day 2 to day 5, remaining higher for transfected 

cells when compared with the control (though differences were no longer statistically 

significant). Finally, on day 7 the expression of VEGF was almost the same for transfected and 

non-transfected cells. Overall, for the three time points tested the highest VEGF expression was 

observed for cells transfected with MC-VEGF. 

The profiles of VEGF secretion into the culture medium were very similar. Highest VEGF 

secretion rates were observed at day 2 for cells transfected with MC-VEGF (644.8±82.5 pg/1,000 

cells day-1), followed by pVAX-VEGF transfected MSC (508.3±164.0 pg/1,000 cells day-1). No 

significant VEGF secretion (11.1±3.4 pg/1,000 cells day-1) was observed for control MSC (non-

transfected). Though the VEGF production rate decreased until day 5, the trend observed was 

similar to day 2 with highest VEGF secretion for MC-VEGF (212.4±50.9 pg/1,000 cells day-1) 

supernatant and almost no VEGF on control samples (4.8±1.5 pg/1,000 cells day-1). At day 7 

there were only smaller differences on production rates for engineered cells (87.7±27.7 and 

33.2±16.5 pg/1,000 cells day-1 for MC-VEGF and pVAX-VEGF, respectively) compared to the 

control (17.4±3.5 pg/1,000 cells day-1). 

 

Figure IV.4 - Evaluation of transgene delivery 2, 5 or 7 days after microporation with pVAX-VEGF and MC-VEGF. Analysis 
of BM MSC VEGF (A) gene expression by qPCR and (B) protein production by ELISA. Each bar represents the mean ± 
SEM, n=4, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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 Angiogenic capacity of the engineered MSC assessed by in vitro 
functional assays 

To evaluate the angiogenic potential of modified cells, conditioned medium retrieved 72 h after 

microporation (or culture) from cultures of transfected and non-transfected (control) MSC, as 

described in Materials and Methods, was used for the cultivation of HUVEC on Matrigel coated 

surfaces (Figure IV.5A). After 8 h, cell tube formation by HUVEC was observed and quantified 

with regard to the number of tubes and branch points (Figures IV.5B and IV.5C). The conditioned 

media retrieved from cultures of cells modified with pVAX-VEGF and MC-VEGF induced the 

formation of more tubes (34.4±4.0 and 36.2±1.9, respectively), as well as connections (27.7±1.9 

and 35.4±5.1, respectively), compared to the basal medium EBM-2 (negative control) (p <0.05 

for pVAX-VEGF and p<0.01 for MC-VEGF) or conditioned medium obtained from cultures of non-

transfected cells (p<0.05 for MC-VEGF). Although the differences between MC-VEGF and pVAX-

VEGF were not statistically significant, conditioned medium from cells transfected with MC-

VEGF showed an increased potential to induce tube formation by HUVEC, suggesting a higher 

angiogenic potential compared to MSC transfected with pVAX-VEGF.  

Figure IV.5 - Cell tube formation assay. (A) Schematic representation of the assay: HUVEC were cultured in Matrigel 
with conditioned medium from modified (with pVAX-VEGF and MC-VEGF) and unmodified MSC (control) for 8 h. (B) 
Number of tubes and branch points observed per optical field after 8 h for each condition tested. Values are 
presented as mean ± SEM, n=4, *p<0.05; **p<0.01; ***p<0.001. (C) Images of tube formation by HUVEC after being 
cultured for 8 h with conditioned medium (CM) from MSC alone, MSC modified with pVAX-VEGF and MSC modified 
with MC-VEGF. 
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The migration ability of HUVEC towards a conditioned medium obtained from cultured MSC was 

also evaluated, as schematized in Figure IV.6A. HUVEC were cultured for 6 h in the upper part of 

the transwell, while conditioned medium from transfected (with pVAX-VEGF or MC-VEGF) and 

non-transfected cells was kept in culture plate wells where transwells were placed. HUVEC cells 

that migrated through the transwell pores were counted and the values were normalized 

relatively to a positive control where complete culture medium for endothelial cell growth was 

employed (EGM-2) (Figures IV.6A and IV.6B). Conditioned medium retrieved from cultures of 

MSC engineered with MC-VEGF cultured for 72 h induced the highest HUVEC migration 

(111.3±4.6%). Furthermore, the difference between this and culture supernatant from control 

cells (non-transfected) (60.3±3.6%) was statistically significant (p<0.05). Conditioned medium 

obtained from cells transfected with pVAX-VEGF (also after 72 h of culture) also lead to high 

HUVEC migration rates (96.0±2.2%), with values similar to the positive control (100%).  

  

Figure IV.6 - Transwell migration assay. (A) Schematic representation of the assay: HUVEC were cultured in a transwell 
within a plate with conditioned medium from modified (with pVAX-VEGF and MC-VEGF) and unmodified MSC 
(control) for 6 h. (B) Percentage of HUVEC that migrated through the transwell towards conditioned medium samples 
normalized to a positive control (EGM-2). Values are presented as mean ± SEM, n=3, *p<0.05; **p<0.01 (C) HUVEC 
that migrated trough the transwell towards conditioned medium (CM) from MSC alone, MSC modified with pVAX-
VEGF and MSC modified with MC-VEGF stained with crystal violet 0.5%. 
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 Discussion 

MSC have been extensively exploited in experimental clinical studies for the treatment of a wide 

range of conditions (cardiovascular, neurological or autoimmune disorders (Hare et al., 2009, 

Liang et al., 2010, Sato et al., 2010, Connick et al., 2011)), due to their unique properties, namely 

their trophic activity and immunomodulatory potential. In this context, strategies to improve 

their potential therapeutic effects have been developed, namely genetic engineering for the 

overexpression of specific therapeutic proteins in a setting of ex vivo gene therapy (Myers et al., 

2010, Nowakowski et al., 2015). Although MSC are able to efficiently overexpress genes 

transferred by viral vectors, this strategy has the inherent potential risks of oncogene activation 

or tumor-suppressor gene inactivation, as well as immunogenic responses (Steven et al., 2003, 

Collins et al., 2009). Although safer than viral vectors, plasmid DNA vectors can still produce 

immunological responses and silence transgene expression due to the presence of bacterial 

regions in the backbone (e.g. bacterial origin of replication, antibiotic resistance marker) (Zhao 

et al., 2004, Riu et al., 2007, Lu et al., 2012). Minicircles, on the other hand, can be less 

immunogenic (and thus safer) due to the reduced content of bacterial sequences rich in 

unmethylated CpG residues that may activate the immune system, and are more efficiently 

delivered into stem cells by microporation due to their lower size compared to plasmid vectors 

(Darquet et al., 1997, Gaspar et al., 2015).  

The angiogenic factor VEGF has been extensively investigated in the context of ischemia 

treatment in PAD in both pre-clinical studies (Walder et al., 1996, Becit et al., 2001, Yasumura 

et al., 2012, Anderson et al., 2017) and clinical trials (Isner et al., 1996, Kusumanto et al., 2006, 

Deev et al., 2015). In fact, there is already an approved gene therapy product for PAD treatment 

(Neovasculgen®) which is based on a plasmid DNA encoding the VEGF165 gene under the control 

of the CMV promoter (Deev et al., 2015). 

Efforts have also been made to explore the angiogenic potential of MSC to treat PAD (Yan et al., 

2013). Nevertheless, these non-stimulated cells secrete limited levels of VEGF (lower than 20 

pg/1,000 cells day-1), as shown by us and others (Singer and Caplan, 2011). In this work, we 

sought to exploit the inherent regenerative properties of MSC and the angiogenic role of VEGF 

by transiently engineering these cells to overexpress this factor. VEGF-containing minicircles 

(MC-VEGF) produced and purified by a recently established protocol (Simcikova et al., 2014, 

Alves et al., 2016), as well as a conventional plasmid vector (pVAX-VEGF), were efficiently used 

to transfect BM MSC by microporation, an electroporation-based method with reduced 

electrode surface area to diminish cell mortality (Kim et al., 2008). The therapeutic features of 
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the modified cells were verified by VEGF quantification, but also by in vitro functional assays that 

were developed to confirm the angiogenic potential of these cells and predict their effect in vivo 

(Sanz-Nogués and O’Brien, 2016). All the work was developed under xeno(geneic)-free 

conditions already established for MSC culture at our group, in order to achieve a reproducible, 

safe and reliable MSC cell therapy product (dos Santos et al., 2011).  

In most studies where minicircles have been tested for the genetic modification of human MSC, 

commercially available molecules (Daneshvar et al., 2015) or minicircles purified with a different 

method were used (Kay et al., 2010, Hyun et al., 2013, Mun et al., 2016, Park et al., 2017). The 

purification approach used in the study by Kay and co-workers is based on an inducible-SceI 

nuclease integrated in the bacterial chromosome that degrades miniplasmid (MP) species in vivo 

(Kay et al., 2010). Our methodology for vector manufacturing has at least two advantages: (1) it 

takes place in vitro, so is easier to control and does not impose an extra metabolic burden on 

producer cells and (2) the use of HIC allows separation of supercoiled from other MC isoforms 

(Alves et al., 2016). The method was effective for the purification of MC-VEGF and we obtained 

isolated fractions of supercoiled MC-VEGF that were ready for the transfection of MSC. 

The parameter used to evaluate cell integrity after transfection in most published works is cell 

viability (Lim et al., 2010, Abdul Halim et al., 2014), but high viabilities can be observed even 

when few cells are recovered from electroporation process. Herein, we evaluated cell recovery 

(Figure IV.2B), which was observed to be higher when cells were microporated with MC-VEGF 

(72.3±11.2%) compared to pVAX-VEGF (45.1±14.0%). The cell recoveries observed for MC-VEGF 

were greater than those reported by Aluigi and co-workers (≈45%), who used the same cell type 

but another electroporation method – nucleofection - and a different DNA molecule (Aluigi et 

al., 2017). Another report using a similar protocol showed comparable cell recoveries for the 

microporation of BM MSC (Madeira et al., 2011). The high recoveries observed herein for MC-

VEGF may represent an advantage over common plasmids from the clinical standpoint, as an 

increased number of cells can be recovered from the same initial cell number. 

Transfection with either MC-VEGF or pVAX-VEGF did not change MSC features, namely in vitro 

differentiation capacity and immunophenotype, proposed as minimal criteria for MSC identity 

(Dominici et al., 2006), in agreement with other studies using plasmid vectors (Lim et al., 2010, 

Madeira et al., 2011, Abdul Halim et al., 2014). Of notice, although microporation process seems 

to slow-down the proliferation rate of the cells in culture even without DNA, microporated MSC 

have their growth potential completely recovered after 7 days, reaching the same numbers that 

non-transfected control cells. Furthermore, for MSC microporated with MC-VEGF, the 

recoveries were higher (72.3±11.2%) and similar to microporation control (68.8±19.8%) when 
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compared to values obtained for pVAX-VEGF (45.1±14.0%), showing, as expected, that small 

MC-VEGF molecules causes less cell damage than the conventional plasmids (Boura et al., 2014).  

The efficiency of the protocol of MSC microporation with MC-VEGF or pVAX-VEGF was firstly 

evaluated by quantifying VEGF levels in terms of gene expression (qPCR) and protein production 

(ELISA). Two days after transfection, cells transfected with minicircles showed higher VEGF 

production (644.8±82.5 pg/1,000 cells day-1) than cells modified with pVAX (508.3±164.0 

pg/1,000 cells day-1), reflected not only by protein amount in culture supernatant but also by 

VEGF mRNA copies. Analysis of VEGF copies revealed an increase of ≈130-fold and ≈50-fold for 

BM MSC transfected with MC-VEGF and pVAX-VEGF, respectively, when compared to non-

modified cells. The rise observed in protein production rate compared to the control was ≈59-

fold for MC-VEGF and ≈46-fold for pVAX-VEGF. In both analyses the same tendency was verified, 

with higher values observed for MC-VEGF samples. The smaller change observed between the 

two tested vectors in what concerns protein amount, when compared to mRNA copies, can be 

due to the short half-life of the VEGF protein, which is approximately 50 minutes (Faranesh et 

al., 2004). 

Even though viral vectors have been proposed as more efficient for cell engineering, our 

transfection protocol showed an increased VEGF expression compared to some reports where 

virus were used. Beegle and colleagues reported that using lentivirus to overexpress VEGF in 

bone marrow MSC for hind limb ischemia led to an increase of 10-fold in VEGF protein 

production compared to non-transduced cells measured by ELISA 72 h after viral transduction 

(Beegle et al., 2016). In another study, a combination of adenovirus transduction with 

microencapsulation was developed to induce VEGF overexpression and promote vascularization 

of tissue-engineered dermis. Here, maximum VEGF production rates measured by ELISA were 

observed 8 days after transduction with a 20-fold increase in VEGF production rates relatively 

to non-transduced cells (Han et al., 2014). Although in the mentioned work VEGF levels were 

maintained elevated for a longer period, being still detectable after 14 days, our strategy led to 

higher fold-increase in VEGF production (59-fold) regarding basal levels observed in non-

modified cells. 

In a recent study reporting the use of minicircles to transfect bone marrow MSC using 

microporation, the transfection efficiency observed was around 40% (Mun et al., 2016). 

Although our system cannot be directly compared with this since a reporter gene (luciferase) 

was used to evaluate transfection and a different therapeutic gene (CXCR4) was tested, we 

showed similar and promising results using a therapeutic pro-angiogenic protein (without the 

use of a reporter that may affect VEGF expression) in a completely xeno-free setting. Our 
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analysis was not focused only on transgene expression, but also in the function of the obtained 

cell therapy product, so we tested our modified cells with in vitro functional studies that mimic 

in vivo angiogenesis processes. 

VEGF is known to recruit and promote migration of endothelial cells, two important steps in 

blood vessel formation and remodeling. In order to evaluate the biological activity of the 

expressed VEGF in this regard, functional assays were performed to predict and evaluate the 

angiogenic potential of BM MSC engineered with pVAX-VEGF and MC-VEGF by microporation 

(Chang et al., 2014). Experiments were thus set up where conditioned media from cultures of 

gene modified and control cells were used as a stimulus. In particular, endothelial cell tube 

formation assays were used to evaluate the capacity of HUVEC to form tubular structures and 

transwell migration assays were used to assess the ability of endothelial cells to migrate towards 

a stimulus, in this case the high VEGF levels, since this is one of the key mechanisms underlying 

angiogenesis (Carmeliet, 2000a, Goodwin, 2007). 

The results for cell tube formation were in accordance with the results for VEGF expression, 

since conditioned medium from cells modified with MC-VEGF lead to the formation of the 

highest number of tubes (36.2±1.9) and branchpoints (35.4±5.1) by HUVEC. Supernatants 

retrieved from cultures transfected with pVAX-VEGF also contributed to an increased amount 

of tubes (34.4±3.9) and tube connections (27.7±1.9) compared to non-modified cells (25.6±0.4 

tubes and 21.9±1.6 connections). It was expected that high VEGF levels would maximize HUVEC 

tube formation capacity since, as an angiogenic factor, VEGF increases the potential of 

endothelial cells to re-organize and form this tube-like structures that resemble blood vessels 

(Arutyunyan et al., 2016). Similar results were observed for cell migration studies performed 

with HUVEC using conditioned media retrieved from MSC cultures, where induction with 

complete endothelial growth medium (EGM-2) was set as 100% migration. For the conditioned 

medium obtained from cultures of MC-VEGF-transfected cells, the highest migration 

(111.3±4.6%) of HUVEC throughout the transwell pores was observed, followed by the 

supernatant from cells transfected with pVAX-VEGF (96.0±2.1%) that led to a migration similar 

to the set control (100%). Once again, these results are related with VEGF amount in culture 

medium that is also recognized as recruiter of endothelial cells, thus promoting HUVEC 

migration (Arutyunyan et al., 2016). These results suggest that modification of MSC using VEGF-

containing vectors may contribute to an improvement of the angiogenic potential of these cells, 

verified by an increase in endothelial cell migration and organization into vessel-like structures.  

The ex vivo gene therapy strategy developed herein primes an increased VEGF secretion by MSC 

within a short timeframe (≈2-5 days), which can be advantageous for some critical situations 
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where a fast intervention is required. In this scenario, upon the administration of the modified 

MSC, the peak of VEGF production will start by promoting endothelial cell migration and 

proliferation, thus accelerating angiogenesis at the injury site. Then, the decrease in VEGF 

secretion will avoid an uncontrolled angiogenic process and, therefore, an abnormal blood 

vessel growth which, in most severe cases can potentially lead to hemangiomas or even cancer 

(Folkman, 1971, Lee et al., 2000).  

Overall, transfection of MC-VEGF into BM MSC showed not only to induce higher VEGF levels 

compared to pVAX-VEGF, but also resulted in an increased angiogenic potential of these cells as 

assessed in in vitro functional studies. Although the differences may not be statistically 

significant, the use of these smaller vectors present other advantages, being safety one of the 

most important. Minicircles have lower size and have reduced numbers of unmethylated CpG 

sequences, which are commonly found in bacterial DNA and have been documented to trigger 

immune response through TLR9 activation (Häcker et al., 2002, Walker et al., 2010, Boura et al., 

2014). Further studies are required in this field, such as evaluation of TLR9 expression after 

transfection, since we recently observed an increase in TLR9 even when small DNA molecules as 

minicircles are used (Boura et al., 2014). 

Even though further studies are required, namely assessment of therapeutic potential in vivo on 

a limb ischemia model to evaluate and predict the efficacy of this approach in PAD, this study 

showed encouraging results on the efficient non-viral gene modification of BM MSC towards the 

establishment of an angiogenic ex vivo gene therapy strategy to further improve the intrinsic 

therapeutic features of MSC.  
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V. COMPARISON OF THE ANGIOGENIC POTENTIAL OF 
MESENCHYMAL STEM/STROMAL CELLS (MSC) FROM DIFFERENT 
HUMAN SOURCES AFTER MICROPORATION WITH VEGF-
ENCODING MINICIRCLES 

 Summary 

Mesenchymal stem/stromal cells (MSC) are well-known for their trophic activity, 

immunomodulation and low-immunogenicity. In particular, and given their angiogenic 

potential, which relies on the secretion of soluble factors such as vascular endothelial growth 

factor (VEGF), MSC have been explored in treatment of ischemic diseases. However, their low 

engraftment and reduced survival has limited a broader application in a clinical setting. Gene 

transfer of pro-angiogenic factors may be used to enhance MSC therapeutic features for 

ischemic conditions. Despite the majority of studies regarding MSC clinical application used cells 

isolated from bone marrow (BM), cells with similar intrinsic properties could be easily isolated 

from other sources. Adipose tissue (AT) and umbilical cord matrix (UCM) are examples of 

alternative sources of MSC from which they can be obtained with less invasive procedures than 

for BM. Herein, we developed a protocol to transiently transfect MSC from these sources using 

VEGF-encoding minicircles (MC-VEGF), which are a novel class of non-viral vectors with 

improved transgene expression and reduced toxicity. MSC isolated from BM, AT or UCM showed 

similar levels of VEGF secretion to the culture medium (543.5±19.9, 462.2±170.8 and 

612.8±174.9 pg/1000 cells day-1, respectively) two days after transfection with MC-VEGF. Those 

values were significantly higher when compared to control, non-transfected cells (BM: 

5.79±1.21 pg/1000 cells day-1; AT: 2.28±0.71 pg/1000 cells day-1; UCM: 0.20±0.02 pg/1000 cells 

day-1), indicating an enhancement on VEGF production for the engineered cell samples. These 

results were further confirmed by quantitative PCR. Similarly, transfected cells displayed higher 

angiogenic activity when compared to controls, as demonstrated by in vitro functional studies 

of cell tube formation and migration. However, no significant differences were observed 

between the three tissue sources. Also, transfection with MC-VEGF did not affect MSC intrinsic 

properties, such as proliferative potential, differentiation capacity and immunophenotype, for 

any of the investigated sources. These results suggest not only that minicircles can be 

successfully used for transfection of BM-, AT- or UCM-MSC with high efficiency, but also that the 

developed protocol might be effectively applied for human MSC transfection, regardless of the 

source from which cells were retrieved.  
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 Background 

Mesenchymal stem/stromal cells (MSC) are promising candidates for cell therapy approaches 

due to their unique therapeutic properties that rely essentially on their trophic activity (Singer 

and Caplan, 2011), immunomodulation and low-immunogenicity (Le Blanc et al., 2003a). Due to 

their angiogenic capacity, MSC have been exploited for ischemic conditions, such as myocardial 

infarction or peripheral arterial disease (Tang et al., 2005b, Liew and O'Brien, 2012, Watt et al., 

2013). However, the harsh microenvironments found by these cells upon in vivo administration 

may hinder their survival and engraftment (Potier et al., 2007). Genetic engineering of MSC with 

therapeutic factors can be performed to prolong their survival and/or their therapeutic effect. 

Vascular endothelial growth factor (VEGF), which is a key regulator of physiological angiogenesis 

(Ferrara et al., 2003), is known to be secreted by MSC, playing a central role in their pro-

angiogenic activity (Kagiwada et al., 2008). However, the low levels of VEGF secreted 

constitutively by MSC (>20 pg/1,000 cells day-1) lead to the development of genetic engineering 

approaches to enhance MSC angiogenic capacity. 

Despite the use of viral vectors for genetic modification of MSC have been shown to be the most 

effective (Stiehler et al., 2006, McMahon et al., 2006), they bring some safety concerns due to 

the risk of insertional mutagenesis and has limitations in terms of large-scale production and 

manufacturing (Hacein-Bey-Abina et al., 2003, van der Loo and Wright, 2016). To overcome such 

limitations, non-viral systems improved to maximize transgene expression and reduce toxicity 

have been developed. Minicircles are small plasmid derivatives that carry only the transgene 

expression cassette (Darquet et al., 1997) and due to their lower size and absence of bacterial 

sequences are expected to induce higher transgene expression with improved safety (Darquet 

et al., 1999). Minicircle-based cell engineering has been demonstrated to sustain higher and 

longer transgene expression than conventional plasmids, as well as prolonged stem cell survival 

(Darquet et al., 1999, Chen et al., 2003, Dietz et al., 2013, Madeira et al., 2013, Munye et al., 

2016). In what concerns VEGF transgene expression, minicircles also have shown to be superior 

to plasmids (Chang et al., 2008, Yoon et al., 2009, Ko et al., 2011).  In this context, a production 

strain system and a purification process for optimal minicircle manufacture have been recently 

established at BERG-iBB (Simcikova et al., 2014, Alves et al., 2016). 

The majority of MSC-based clinical trials performed to date used cells isolated from bone 

marrow (BM) (Galipeau and Sensebe, 2018). However, other alternative and, in some cases, 

more advantageous sources are available. MSC could be efficiently isolated from other adult 

tissues, such as the adipose tissue (AT) (Gimble and Guilak, 2003), as well as from neonatal 
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sources, such as the umbilical cord matrix (UCM) (Simoes et al., 2013). The use of MSC from 

those sources has advantages over BM: ease of collection (minimally/non-invasive procedures) 

and increased proliferative potential (Kern et al., 2006). Also, UCM-derived cells are more 

primitive and exhibit increased degree of multipotency compared to cells obtained from adult 

sources (Fong et al., 2011). Although cells from all these sources share many of the main MSC 

intrinsic features, some differences in terms of angiogenic potential have been documented (Du 

et al., 2016). Nevertheless, the angiogenic capacity of cells from these three sources can be 

enhanced by using genetically engineered VEGF-encoding vectors (Beegle et al., 2016, Cho et 

al., 2017, Shevchenko et al., 2013). 

The application of MSC in a clinical setting may involve either autologous (patient-specific cells 

used in a personalized therapy) or allogeneic (cells isolated from another individual, expanded 

ex vivo and administered in the patient in an off-the-shelf therapy) approaches (Elseberg et al., 

2017). Despite the use of autologous MSC might be the ideal approach, is applicable only to 

adult sources, such as AT or BM, and even for those there are some potential limitations. For 

BM-MSC the major limitations are the invasive procedures and the decreased biological activity 

of MSC from elderly donors, including lower proliferative capacity and differentiation potential 

(Stenderup et al., 2003, Mueller and Glowacki, 2001). Although AT-MSC could be easily 

obtained, the low numbers retrieved from thinner donors may limit an autologous setting. Also, 

the isolation of autologous MSC is a time-consuming process, hindering their use to treat acute 

diseases such as stroke or myocardial infarction. Thus, the use allogeneic MSC from young 

healthy donors that are readily available and can be administered immediately is probably the 

most reasonable approach (Zhang et al., 2015). 

The work developed herein was based on previous studies performed at iBB, which focused on 

the optimization of non-viral gene delivery to MSC of different human tissue sources (Madeira 

et al., 2011, Boura et al., 2013) and on the results presented in Chapter IV regarding the 

transfection of BM-MSC using VEGF-encoding minicircles (Serra et al., 2018). A strategy to 

improve the angiogenic potential of cultured MSC isolated from BM, AT or UCM was developed 

based on the transient modification of MSC using minicircles encoding VEGF, which were 

produced and purified according to recently developed protocol (Alves et al., 2016, Alves et al., 

2018). To date, no systematic side-by-side comparison exists focused on MSC obtained from 

different human tissue sources that were genetically engineered with VEGF-encoding minicircle 

vectors. Genetically engineered MSC from BM, AT and UCM were characterized to confirm the 

maintenance of MSC features and were compared in terms of transgene expression and 

angiogenic capacity.   
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 Materials and Methods 

 Plasmid construction, production and purification 

Construction, production and purification of plasmids used in present Chapter were performed 

as previously described on Chapters III and IV. The parental plasmid (pMINILi-CV, 3,821 bp) 

expressing VEGF (165a) gene was obtained from pMINILi-CVG, by removing the GFP gene. The 

vector was constructed and transformed by heat shock into E. coli as described elsewhere 

(Azzoni et al., 2007, Simcikova et al., 2014, Alves et al., 2016). pMINILi-CV contains an expression 

cassette with VEGF and the human cytomegalovirus (CMV) immediate-early promoter, two 

multimer resolution sites (MRS) flanking the expression cassette, pMB1 origin of replication, 

kanamycin resistance gene and BGH polyadenylation sequence (Serra et al., 2018). BW2P E. coli 

strain harboring the parental plasmid pMINLI-CV was used for minicircle production, according 

to previously established methods (Simcikova et al., 2014, Alves et al., 2016). E. coli was grown 

until the late exponential phase and then recombination was induced for 2 hours by addition of 

0.01% (w/v) L-(+)arabinose (Merck). After recombination, both a minicircle with the expression 

cassette and a miniplasmid (MP) with the prokaryotic backbone sequences are obtained. All 

plasmid DNA species were recovered and purified from the producer cells using an endotoxin-

free plasmid DNA purification kit (Macherey-Nagel). Then, the minicircle was separated from 

other DNA forms by performing a digestion with nicking endonuclease (Nb.BbvCI) followed by 

hydrophobic interaction chromatography (HIC), as described and optimized at BERG-iBB (Alves 

et al., 2016, Alves et al., 2018). The concentration of purified pDNA solution was assayed by 

spectrophotometry at 260nm (NanoDrop, Thermo Scientific) and DNA integrity was confirmed 

by DNA agarose gels stained with ethidium bromide. 

 

 Isolation and culture of human MSC 

Human MSC from BM, UCM or AT were isolated from healthy donors after informed consent 

and expanded according to previously established protocols (dos Santos et al., 2010, de Soure 

et al., 2017, Gimble and Guilak, 2003). MSC derived from the three sources were maintained 

cryopreserved in liquid/vapour phase nitrogen containers. Upon thawing, cells were cultured 

for 3 to 5 passages under xenogeneic (xeno)-free culture conditions as described elsewhere (dos 

Santos et al., 2011, dos Santos et al., 2014). Cells were plated at a cell density between 3,000-

6,000 cells/cm2 on CELLstart™ CTS™ (Invitrogen) pre-coated T-flasks using StemPro® MSC SFM 

XenoFree (Invitrogen) supplemented with 1% GlutaMAX™-I CTS™ (Invitrogen) and 1% Antibiotic-

Antimycotic (Invitrogen). Cells were maintained at 37ᵒC and 5% CO2 in a humidified atmosphere 
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and culture medium was exchanged every 3-4 days. At 70% cell confluence, MSC were detached 

from the flasks by adding TrypLE™ Select CTS™ (Invitrogen) solution 1x in Phosphate Buffered 

Saline (PBS, Gibco). Cell number and viability were determined using the Trypan Blue (Gibco) 

exclusion method. MSC at passages between 3 and 5 were used, from three independent donors 

for each source. 

 

 Microporation of MSC with VEGF-encoding minicircles 

Microporation of MSC was performed according to a previously established protocol (Madeira 

et al., 2011, Serra et al., 2018). Briefly, 1.5×106 cells from each source were resuspended in 100 

µl of resuspension buffer (buffer R, Invitrogen) and incubated with 4.9 µg of MC-VEGF (Serra et 

al., 2018). Electroporation was performed using the Neon® Transfection System and a 

Microporator MP-100 (Digital Bio, Invitrogen) using 1 pulse with 1,000 V of pulse voltage and 40 

ms of width. After microporation, the cell suspension was incubated with 900 µL of Opti-MEM™ 

I Reduced Serum Medium (Gibco) for 20-30 min. Finally, cells were plated at a density of 7,000-

8,000 cells/cm2 in pre-warmed StemPro® XenoFree culture medium. At each time point (day 2 

and day 5), cell numbers were estimated using the trypan blue dye exclusion method. Cell 

recovery for each microporated sample was determined after 48 h, by calculating the ratio 

between viable cells in the condition where cells were microporated and viable cells in the 

control condition (non-electroporated), as described elsewhere (Madeira et al., 2011). Two 

controls were also prepared, a control for microporation process corresponding to MSC 

microporated without DNA (referred as “micro”) and non-microporated cells, referred herein as 

“control”, which will be used for comparison in subsequent studies. 

 

 In vitro multilineage differentiation potential and 
immunophenotype characterization of transfected cells 

The osteogenic, adipogenic and chondrogenic differentiation potential of cells from BM, UCM 

and AT transfected with MC-VEGF were assessed as previously described using StemPro® 

Osteogenesis/Adipogenesis/Chondrogenesis Differentiation Kits (Life Technologies) (dos Santos 

et al., 2011). 

The immunophenotypic profile of the engineered cells was analyzed by flow cytometry, 48h and 

5 days after transfection, using a panel of mouse anti-human monoclonal antibodies (PE-

conjugated) against: CD34, CD45, CD90, CD73, CD80, CD14, CD105 and human leukocyte antigen 

(HLA)-DR (all from Biolegend). Cells were incubated with the monoclonal antibodies for 15 min 
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in the dark at room temperature, then were washed in 2 mL of PBS and finally fixed with 1% 

paraformaldehyde (PFA, Sigma). Appropriate isotype controls (IgGγ1 and IgGγ2b) were also 

prepared. A minimum of 10,000 events was collected for each sample and the CellQuest (Becton 

Dickinson) and FlowJo® (LLC) softwares were used for acquisition and analysis, respectively. 

 

 Quantification of VEGF expression by qPCR and ELISA 

To quantify the gene expression and protein production of VEGF by the MSC transfected with 

MC-VEGF, real time PCR (qPCR) and ELISA were performed, respectively, according to previously 

established protocols described on Chapter IV (Serra et al., 2018). For qPCR, cells were harvested 

at each time point (day 2 and day 5), centrifuged and kept as a dry pellet at -80 ᵒC until further 

analysis. Total RNA was isolated using RNeasy Mini Kit (Qiagen) and quantified by UV 

spectrophotometry (NanoDrop). For cDNA synthetization iScript cDNA Synthesis Kit (Bio-Rad) 

was used. The qPCR analysis was performed in a StepOne Real-Time PCR System (Applied 

Biosystems), using Fast SYBR™ Green Master Mix (Applied Biosystems), 0.5 µM of each primer 

and 1 µL of cDNA in 20 µL of final reaction volume. The following primers (StabVida) were used 

for VEGF amplification: VEGF_fwd – GGAGGAGGGCAGAATCATCAC and VEGF_rev – GGTCTCGAT 

TGGATGGCAGT. The 2−ΔΔCT method of relative quantification was applied to determine the fold 

change in mRNA expression (Livak and Schmittgen, 2001). GAPDH was used as the housekeeping 

gene and non-microporated MSC as a baseline.  

For ELISA, culture supernatants from the three MSC sources were collected at each time point 

(day 2 and day 5), centrifuged at 500 g for 10 min and kept at -80 ᵒC until further analysis. A 

Human VEGF-A ELISA kit (RayBiotech) was used, following the manufacturer’s instructions. 

 

 Angiogenesis functional studies with endothelial cells: cell tube 
formation and cell migration assays 

Conditioned media retrieved from cultures of transfected and control MSC obtained from the 

three sources was used for functional assays and prepared as established elsewhere and 

described on Chapter IV (Serra et al., 2018). Briefly, cells were plated at a density of 12,500 

cells/cm2 using StemPro MSC SFM XenoFree for 24 h after microporation. After 24 h, the 

medium was changed to Endothelial Basal Medium (EBM-2, Lonza) and maintained for 48 h. 

Conditioned medium was collected and normalized to cell number 72 h after transfection, 

centrifuged and kept at -80ᵒC. Fresh EBM-2 and Endothelial Cell Growth Medium (EGM-2, Lonza) 

were used as controls. 
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Cell tube formation consists in a functional assay that relies in the capacity of human endothelial 

vein endothelial cells (HUVEC) to form tube networks when cultured in Matrigel (Arnaoutova et 

al., 2009) and was performed as described on Chapter IV. Conditioned medium samples derived 

from both control and gene modified MSC (BM, AT or UCM) were used to cultivate HUVEC (BD). 

Then, tube formation was analyzed: tube length and tube connections were measured using 

microscope and ImageJ (NIH) software (Arnaoutova et al., 2009, Arutyunyan et al., 2016). 

The capacity of endothelial cells to migrate in response to soluble factors, such as VEGF, is one 

of the crucial events during angiogenesis (Carmeliet, 2000a) and can be assessed by endothelial 

cell migration assay, which was performed according to the procedure described on Chapter IV. 

Briefly, conditioned medium collected from MSC transfected cultures was used as a stimulus 

and HUVEC’s capacity to migrate was quantified (Goodwin, 2007, Chen et al., 2014b). The cells 

were stained with crystal violet 0.5% (Sigma), observed under the microscope and the total 

number of migrated HUVEC per optical field was quantified (100x magnification). 

 

 Statistical analysis 

All data is presented as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using GraphPad Prism 6 and significance was determined by Tukey’s multiple 

comparison test and set at a p-value <0.05. 
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 Results 

 Characterization of MSC after microporation: proliferative 
potential and cell recovery 

In the present work, MSC from different sources cultured under xenogeneic(xeno)-free 

conditions (dos Santos et al., 2011) were transfected by microporation with a minicircle 

encoding for VEGF (MC-VEGF). Non-transfected cells were used as control and cells 

microporated (without DNA) were also included (referred as “Micro”). The transfected cells 

were analyzed at days 2 and 5 post transfection. To evaluate the impact of the microporation-

based gene delivery on the proliferative capability of MSC, the number of viable cells was 

determined (Figure V.1). At day 2, non-transfected cells (control) showed higher cell numbers 

than microporated samples for BM and AT-derived MSC. For UCM-MSC, all the conditions 

demonstrated similar cell numbers. Microporated cell samples from the three sources displayed 

identical cell numbers on day 2, regardless the presence of DNA. On day 5, the cell numbers 

observed for the three conditions were similar for both UCM and AT-derived cells. For BM-MSC, 

the highest cell numbers were observed for the control condition, corresponding to non-

transfected cells. However, none of the differences observed between the conditions for all 

timepoints were statistically significant. 

Cell recovery, which reflects the level of cell death in electroporated samples was calculated at 

day 2, as described elsewhere (Madeira et al., 2011) and is shown in Figure V.2. Non-transfected 

cells were considered to have a recovery of 100% for all the sources and, based on that, the 

values for microporation conditions were determined. For MSC isolated from BM or AT, the cell 

recoveries of microporated samples were similar, regardless the presence of DNA (BM: micro – 

71.3±10.2%; MC-VEGF – 69.3±6.0%; AT: Micro – 62.7±6.2%; MC-VEGF – 72.3±5.0%). For UCM-

derived cells, the microporated samples with MC-VEGF (88.7±5.8%) or without DNA (96.3±5.5%) 

showed similar recoveries than the control sample. 

Figure V.1 - Analysis of the proliferative potential of MSC from BM (A), UCM (B) or AT (C) after microporation with 
MC-VEGF. Control – non-transfected cells; Micro – cells microporated without DNA. Values are mean ± SEM, n=3. 
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 Maintenance of the MSC features after microporation: 
immunophenotype and multilineage differentiation potential 

The differentiation potential and immunophenotype of microporated cells was assessed based 

on the minimal criteria proposed by International Society of Cell Therapy (ISCT) to define human 

MSC (Dominici et al., 2006, Baer and Geiger, 2012). Differentiation protocols towards 

osteogenic, adipogenic and chondrogenic lineages were accomplished to evaluate if 

microporation with MC-VEGF affects the multipotency of MSC from the three sources tested. 

 The differentiation potential of transfected MSC was confirmed by using lineage-specific stains 

(Figure V.3). Osteogenic differentiation was confirmed by alkaline phosphatase (ALP) and Von 

Kossa (dark) staining of early osteocytes and calcium deposits, respectively. The red droplets 

represent the lipid vacuoles stained with Oil Red-O, demonstrating the ability of MSC to 

Figure V.2 - Analysis of cell recoveries for MSC from BM, AT or UCM 
after microporation with MC-VEGF. Control – non-transfected cells; 
Micro – cells microporated without DNA. Values are mean±SEM, n=3. 

Figure V.3 - Evaluation of the differentiation potential into adipocytes, osteocytes and chondrocytes of MSC from 
different tissue sources after microporation with VEGF-encoding minicircles. Cell differentiation was induced for 14 
days and was assessed by staining for osteogenesis (alkaline phosphatase and von Kossa), adipogenesis (Oil Red-O), 
and chondrogenesis (Alcian blue). 
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originate adipocytes. Alcian blue was used to stain proteoglycans and, thus, assess chondrogenic 

differentiation. Hence, MSC from all sources (BM, UCM and AT) maintained their multilineage 

differentiation potential after being microporated with VEGF-encoding minicircles similarly to 

control, non-transfected cells. 

Flow cytometry analysis using a panel of monoclonal antibodies against different surface 

markers selected according to ISCT criteria to define MSC was used to evaluate the maintenance 

of MSC immunophenotype after microporation with MC-VEGF. Antibodies against the following 

surface markers were tested: CD34, CD45, CD73, CD80, CD90, CD105, CD14 and HLA-DR. The 

results presented on Figure V.4 show that MSC immunophenotype was maintained after 

transfection. The three MSC sources tested herein by modification with MC-VEGF were positive 

(>90%) for CD73, CD90 and CD105 and negative (<5%) for the remaining surface markers after 

2 or 5 days of culture. 

 

 Quantification of VEGF gene expression and protein production 
by MSC engineered with MC-VEGF 

The efficiency of transfection was assessed by analysis of VEGF expression by qPCR (Figure V.5A) 

and ELISA (Figure V.5B). Genetically engineered MSC from BM, UCM and AT were evaluated in 

what concerns VEGF production at two timepoints after transfection: days 2 and 5. Non-

transfected cells from each source were used as controls for qPCR or ELISA.  

Figure V.4 - Phenotypic analysis of cells 2 (A) and 5 (B) days after microporation. Assessment of CD34, CD45, CD90, 
CD73, CD80, CD14, CD105 and HLA-DR surface markers. Values are mean±SEM, n=3. 
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The VEGF expression by cells from each tissue source was measured by assessing the fold 

increased on mRNA copies of the VEGF gene that were produced compared to the control. Two 

days after transfection, cells from all the sources modified with MC-VEGF showed significantly 

higher mRNA copies of VEGF gene than the corresponding control samples (Figure V.5A). The 

highest increase on VEGF expression was observed for UCM-MSC (154.5±81.0-fold), followed by 

AT-MSC (104.8±45.1-fold) and BM-MSC (65.4±15.7-fold). However, the differences observed 

between the three sources were not statistically significant. Despite VEGF mRNA levels 

significantly dropped on day 5, the highest fold-increase on VEGF expression was also shown for 

UCM-MSC (45.9±23.8-fold) compared to the low levels detected for BM (8.32±1.2-fold) or AT 

(4.1±1.1-fold). 

The profiles of VEGF secretion into the culture medium after transfection with MC-VEGF were 

similar for cells from the three sources evaluated and were significantly increased compared to 

non-transfected controls. The levels of VEGF in the conditioned medium retrieved from cultures 

of control, non-transfected cells were measured on day 2 and on day 5, showing that BM-MSC 

have the highest levels of basal VEGF production (Day 2 - 5.79±1.21 pg/1000 cells day-1; Day 5 - 

5.80±1.31 pg/1000 cells day-1), followed by AT (Day 2 - 2.28±0.7 pg/1000 cells day-1; Day 5 - 

3.51±0.93 pg/1000 cells day-1) and the results for UCM were almost undetectable (Day 2 - 

0.20±0.02 pg/1000 cells day-1; Day 5 - 0.16±0.06 pg/1000 cells day-1). On day 2 the values 

observed for BM-, AT- and UCM-MSC transfected with MC-VEGF were 543.5±19.9, 462.2±170.8 

and 612.8±174.9 pg/1000 cells day-1, respectively (Figure V.5-B). These levels decreased to 

130.2±21.1 pg/1000 cells day-1 for BM, 94.5±17.7 pg/1000 cells day-1 for AT and 116.6±21.5 

pg/1000 cells day-1 for UCM on day 5.  

Figure V.5 - Evaluation of transgene delivery into BM, AT and UCM MSC, assessed 2 or 5 days after microporation 
with MC-VEGF. Analysis of VEGF (A) gene expression by qPCR and (B) protein production by ELISA. Each bar represents 
the mean ± SEM, n=3. 
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 Angiogenesis functional studies: cell tube formation and cell 
migration assays 

To evaluate the angiogenic potential of genetic engineered cells from different sources, 

conditioned medium retrieved 72 h after microporation (or culture) from cultures of transfected 

and non-transfected (control) MSC was used. For the cell tube formation assay, conditioned 

medium was used for cultivation of HUVEC on Matrigel coated plates for 8 h. After that, HUVEC 

capacity to form tube-like structures was evaluated by quantification of number of tubes and 

branch points (Figure V.6). 

No statistically significant differences have been observed for the number of tubes or branch 

points between all the conditions tested herein. However, transfected cells from all the three 

sources showed increased capacity to induce tube formation than the corresponding controls, 

as demonstrated by the higher number of tubes and branch points. The highest tube formation 

capacity was observed for conditioned medium from transfected AT-MSC (33.17±5.1 tubes and 

25.0±3.5 tube connections), followed by transfected BM-MSC (27.6±4.8 tubes and 20.8±3.8 tube 

connections) and UCM-MSC (24.5±7.5 tubes and 16.0±6.6 tube connections). Thus, the 

Figure V.6 - Cell tube formation assay using conditioning medium from MSC from different sources after being 
transfected with VEGF-encoding MC. (A) Number of tubes and branch points (connections) observed per optical field 
after 8 h for each condition tested. Values are presented as mean ± SEM; n=2 (B) Images of cell tube formation by 
HUVEC after being cultured for 8 h with conditioned medium from transfected (MC-VEGF) or non-transfected 
(control) cells from different sources (BM, AT and UCM). 
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conditioned medium from genetically engineered cells, regardless the source from MSC were 

retrieved, also lead to higher number of tubes and connections compared to both negative 

(EBM-2; 16.3±3.2 tubes and 11.5±2.9 tube connections) and positive (EGM-2; 24.2±3.8 tubes 

and 18.0±2.3 tube connections) controls. For control, non-transfected cells, the tendency was 

similar to the observed for transfected MSC: highest tube formation capacity was induced by 

AT-MSC (21.0±4.3 tubes and 16±3.5 tube connections) followed by BM (17.0±5.1 tubes and 

12.3±3.9 connections) and UCM (15.3±5.4 tubes and 10.5±3.5 connections). 

The HUVEC migration capacity towards conditioned medium obtained from cultured MSC was 

also investigated in order to assess the angiogenic potential of cells transfected with MC-VEGF. 

For this assay, HUVEC were cultured for 6 h in the upper part of the transwell, while conditioned 

medium from genetically engineered and control (non-transfected) MSC from different sources 

was kept in the bottom. HUVEC that migrate through the transwell pores were counted and the 

values were normalized relatively to a positive control where complete culture medium (EGM-

2) for endothelial cells was used (Figure V.7). 

All the transfected samples, as well as the positive control (EGM-2), showed to promote 

statistically significantly higher HUVEC migration (p-value<0.01) than basal endothelial medium 

(EBM-2; 14.0±2.0%), used herein as negative control. Two of the transfected conditions also lead 

to superior HUVEC migration than the positive control: AT-MSC (105.5±20.5%), which showed 

the highest percentage, and UCM-MSC (104.0±3.0%).  Despite the conditioned medium 

regarding BM-MSC transfected with MC-VEGF induced a lower HUVEC migration (90.0±12.0%) 

than these two sources, the differences were not statistically significant. For non-transfected 

(control) MSC the highest migration was obtained for UCM-MSC (86.0±17.0%), whereas similar 

percentages were observed for BM- (60.5±10.5%) and AT-derived cells (64.0±1.0%).  

Figure V.7 - Endothelial cell migration assay using conditioning medium from MSC from different sources after being 
transfected with VEGF-encoding MC. (A) Percentage of HUVEC that migrated trough transwell towards conditioned 
medium samples normalized to a positive control (EGM-2). Values are presented as mean ± SEM, n=2, **p<0.01. (B) 
HUVEC that migrates through the transwell towards conditioned medium from transfected or (MC-VEGF) or non-
transfected (control) cells from different sources (BM, AT or UCM). 
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 Discussion 

MSC have been extensively studied in the context of cell therapies due to their interesting 

therapeutic properties that include immunomodulatory and trophic activity, among others. 

Although the therapeutic benefit of MSC administration has been documented in several clinical 

studies (Le Blanc et al., 2008, Hare et al., 2009, Gupta et al., 2013), there is some conflicting data 

since no or only modest evidences of improvement have been observed in some studies (Allison, 

2009, Chullikana et al., 2015, Wang et al., 2017). Thus, strategies to improve their therapeutic 

benefit have been employed, namely genetic engineering with therapeutic genes. 

The application of MSC for the treatment of cardiovascular ischemic diseases, such as 

myocardial infarction or peripheral arterial disease, has been investigated in many clinical 

studies with promising results (Hare et al., 2009, Gupta et al., 2013). It is believed that the 

beneficial effect of MSC in ischemic conditions relies on its capacity to secrete soluble factors 

with potent pro-angiogenic activity, such as VEGF (Kagiwada et al., 2008). Minicircles, a novel 

class of non-viral systems specifically designed to maximize gene expression and reduce toxicity 

(Darquet et al., 1999), containing the VEGF gene were used herein for the genetic engineering 

of human MSC from different sources.  

Despite BM was historically the first source from which MSC were obtained and probably the 

most studied in clinical approaches, cells with similar properties can be isolated from other 

sources, presenting several advantages. The procedure for BM-MSC harvesting is highly invasive 

and the number and proliferation potential of obtained cells is known to decline with increasing 

age of the donors (Nishida et al., 1999, Stenderup et al., 2003). Therefore, alternative sources 

from which MSC can be isolated have been extensively studied. AT and UCM are examples of 

tissues from which high MSC yields could be easily obtained without the need of invasive 

procedures (Gimble and Guilak, 2003, Simoes et al., 2013). Cells from these sources share the 

main intrinsic properties of MSC (Hass et al., 2011), but also demonstrated to have specific 

features that might vary according to the tissue from they were obtained. For example, UCM-

derived cells are reported to have an increased expansion potential (Simoes et al., 2013, Kern et 

al., 2006) and AT-MSC to have an improved immunomodulatory capacity (Ribeiro et al., 2013). 

A comparison between MSC from different tissue sources was performed upon transfection with 

VEGF-encoding minicircles (MC-VEGF) using the protocol previously established on Chapter IV 

for BM-derived cells (Serra et al., 2018). Minicircles were produced and purified through a 

recently established protocol (Alves et al., 2016) and used to transfect MSC by microporation 

using a previously optimized strategy (Madeira et al., 2011). This represents, to our best 
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knowledge, the first systematic side-by-side comparison of the angiogenic activity of human 

MSC from different tissue sources genetically engineered to overexpress VEGF through 

transfection with minicircle vectors.  

The results from the present study revealed that, regardless of the source from which cells were 

retrieved, microporation did not affect MSC main properties, including proliferative potential, 

differentiation capacity and immunophenotypic potential, as previously reported (Abdul Halim 

et al., 2014, Madeira et al., 2011, Lim et al., 2010). A subtle decrease in cell numbers was 

observed for microporated samples on day 2, especially regarding AT- and BM-MSC. This is in 

accordance with results in Chapter IV (Serra et al., 2018) and may indicate that microporation 

slightly slows-down MSC growth in vitro. However, MSC have their growth potential recovered 

on day 5, as reflected by the cell numbers observed.  

The analysis of cell recoveries after transfection with MC-VEGF revealed a higher recovery of 

UCM MSC (88.7±5.8%) compared to other sources (BM-69.3±6.0%; AT-72.3±5.0%). These results 

are superior than those observed in another study regarding the transfection of MSC from these 

three sources using lipid-based strategies, where the recoveries were below 60% for all the 

sources (Boura et al., 2013). Therefore, microporation might be considered advantageous 

compared to lipofection for MSC genetic engineering, especially for umbilical cord derived-MSC, 

as already documented by other authors (Lim et al., 2010). In fact, the results observed regarding 

cell numbers and recoveries may indicate that MSC from UCM are the less affected by the 

microporation procedure.  

To evaluate and compare the efficiency of transfection among cells from each tissue source, 

VEGF gene expression levels were quantified by qPCR and VEGF secretion to the culture medium 

was analyzed by ELISA. Two days after transfection, UCM-MSC was the source expressing the 

highest number of mRNA copies of VEGF transgene, but the differences to the other sources 

were not statistically significant. Despite the differences described for VEGF gene expression 

(qPCR), the levels of VEGF protein in culture supernatants (ELISA) from transfected cells were 

similar for all the three sources investigated. These VEGF levels were also comparable to those 

documented in Chapter IV for BM-MSC (Serra et al., 2018).  

The results on protein analysis regarding non-transfected controls on day 2 showed that BM-

MSC secreted the highest basal levels of VEGF followed by AT-MSC, whereas almost no VEGF 

was observed for UCM-MSC. These results were expected according to a previous report where 

a comparison of angiogenic properties between different MSC sources (non-engineered) 

revealed that BM-MSC secreted more VEGF than other sources (Du et al., 2016). The reduced or 
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absent VEGF levels in conditioned medium from cultures of umbilical cord-derived MSC has also 

been reported by other authors (Kuchroo et al., 2015). 

In a previous study comparing the capacity of these three MSC sources to be transfected by 

lipofection, AT revealed to have significant lowest transgene expression (≈33%), when compared 

to BM (≈58%) or UCM (≈54%) two days after transfection (Boura et al., 2013). The results by 

Boura and colleagues could not be directly compared to the present study, since a conventional 

plasmid containing green fluorescent protein (GFP) was used and transgene expression was 

monitored by fluorescence analysis using flow cytometry. Herein, microporated AT-MSC also 

showed the lowest production of VEGF as measured by ELISA, but the differences to other 

sources were found insignificant. The absence of significant differences on transgene expression 

between AT-, BM- and UCM-MSC has already been described in another study (Benabdallah et 

al., 2010). However, these authors used a different transgene and a viral-based protocol with 

integrative vectors. 

The analysis on the angiogenic potential of transfected cells herein was not limited to the 

quantification of transgene expression levels and the functional angiogenic activity of these cells 

was also evaluated. In vitro functional studies that mimic in vivo angiogenesis and which are 

widely used to demonstrate angiogenic activity were applied (Arutyunyan et al., 2016, Goodwin, 

2007, Du et al., 2016). Experiments were set up where conditioned media retrieved from 

cultures of transfected and control MSC were used as a stimulus as described in Chapter IV. In 

particular, an endothelial cell tube formation assay was used to evaluate the capacity of HUVEC 

to form tube-like structures and migration assay was used to assess the ability of endothelial 

cells to migrate towards the VEGF stimulus. 

The results for functional studies were in accordance with the VEGF production levels. 

Conditions transfected with MC-VEGF showed higher capacity to induce tube formation and 

endothelial cell migration, as previously demonstrated for BM-MSC on Chapter IV (Serra et al., 

2018). Similar angiogenic activities were observed for cells from the three MSC sources. Cell 

tube formation assay using conditioned medium from transfected samples revealed no 

significant differences between the three sources neither in terms of number of tubes nor 

branch points. Also, no significant differences were observed between the three sources for cell 

migration studies, where conditioned medium from transfected cells induced endothelial cell 

migrations comparable to the positive control. The angiogenic activity of non-transfected 

control samples was also similar between the three sources as revealed by the number of tubes 

and branch points and percentage of migration. All those values were lower than those observed 

for cells engineered with MC-VEGF, but were identical for the three sources, with exception of 
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cell migration for UCM-MSC. The conditioned medium from non-transfected UCM-MSC showed 

to promote higher endothelial cell migration than conditioned medium from other control 

samples. Also, the percentage of migrated HUVEC for UCM-MSC (86.0±17.0%) almost reached 

the levels observed for transfected counterpart (104.0±3.0%). This, together with the fact that 

similar functional angiogenic activities were observed even for the controls were basal VEGF 

expressions were heterogeneous, demonstrates that VEGF is not the only responsible for 

angiogenesis. In fact, hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) 

are examples of two well-known pro-angiogenic factors that were described to be upregulated 

on umbilical cord-derived MSC compared to BM or AT (Du et al., 2016). Overall, blood vessel 

formation and remodeling are a complex processes with several soluble factors and cell types 

involved (Carmeliet, 2000a). However, VEGF plays a central role in this process and 

enhancement of its secretion by genetic engineering approaches may significantly improve the 

angiogenic capacity of MSC as documented in the literature (Beegle et al., 2016, Locatelli et al., 

2013, Serra et al., 2018). 

One of the major concerns regarding VEGF overexpression is the possibility of promoting an 

abnormal blood flow vessel growth, which in most severe cases can potentially lead to 

hemangiomas or even cancer (Folkman, 1971, Lee et al., 2000). Thus, a minicircle-based 

approach has the advantage of being transient, promoting high VEGF production in a limited 

timeframe. The VEGF peak observed two days after transfection might be able to induce 

endothelial cell migration and organization, accelerating early angiogenesis at ischemic regions. 

Then, the decrease on VEGF production will avoid an uncontrolled blood vessel development, 

limiting the side-effects of VEGF overexpression. 

As referred on Chapter IV, the use of minicircles as vectors for gene delivery is also one of the 

most valuable benefits of the present work. These smaller vectors have been reported to induce 

higher levels of transgene expression and present superior safety when compared to 

conventional plasmids. These advantages are related to their lower size and reduced number of 

unmethylated CpG regions, which may trigger immune responses in human cells through TLR9 

activation (Häcker et al., 2002, Walker et al., 2010, Boura et al., 2014). To further confirm the 

non-immunogenic nature of the minicircle, evaluations of TLR9 expression must be performed 

in future studies. 

The present work shows that combination of microporation with minicircles may represent an 

alternative and effective approach for MSC transfection towards angiogenic therapies, 

regardless the cell source. In fact, this is an important advantage in a clinical context since a 

standard protocol might be applied to different sources of MSC, which can be differentially 
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selected according to the application, with homogenous outcomes.  This protocol can be applied 

either as an off-the-shelf allogeneic approach or in an autologous setting using patient-derived 

MSC from BM or AT. However, allogeneic cells have advantages over autologous cells, including 

the possibility of using more primitive sources of MSC (such as UCM). In addition, an allogeneic 

approach overcomes limitations related with impaired function of cells from elderly or diseased 

patients and allows a more quickly intervention (Stenderup et al., 2003, Teraa et al., 2013, Kizilay 

Mancini et al., 2017). 

Although some properties have been described to be shared by all MSC populations, one of the 

constraints regarding clinical applicability of MSC therapies is the high variability between 

sources (Du et al., 2016) and between donors within the same source (Kang et al., 2018, Siegel 

et al., 2013). This might be one of the reasons for the lack of statistically significance in studies 

where therapeutic activity of MSC is analyzed and limits their employment as an off-the-shelf 

therapeutic product. This can be partially circumvented by the development of robust, reliable 

and standard potency assays to consistently characterize MSC therapeutic activity (Ketterl et al., 

2015).  
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VI. EVALUATION OF THE THERAPEUTIC POTENTIAL OF HUMAN 
MESENCHYMAL STEM/STROMAL CELLS MODIFIED WITH VEGF-
ENCODING MINICIRCLES IN AN IN VIVO MODEL 

 Summary 

Peripheral arterial disease (PAD) is a highly prevalent chronic disease caused by obstruction of 

arteries in the lower extremities. With disease progression some patients are faced with the 

possibility of limb amputation or even dead. The current available therapies have limited 

effectiveness for patients with late stage of the disease. Novel and promising treatments that 

consist in the administration of cell or gene therapies with pro-angiogenic activity have been 

developed. Mesenchymal stem/stromal cells (MSC), which are known to have an angiogenic 

activity through secretion of a broad spectrum of soluble factors, have been extensively 

exploited in PAD treatment. Vascular endothelial growth factor (VEGF) is one of those soluble 

factors and is probably the most potent angiogenic molecule. VEGF-based gene therapies have 

also been investigated in the context of PAD. In the present work, cell-based gene therapy that 

relies on MSC genetically engineered to overexpress VEGF protein is proposed. To overcome 

risks associated with viral vectors and the limitation of plasmids in terms of transgene 

expression, minicircle vectors were used for MSC transfection. Minicircles are small circular DNA 

molecules, derived from plasmids but with lower size and reduced toxicity. Bone marrow (BM)-

derived MSC transfected with VEGF-encoding minicircles (MC-VEGF) were then administered in 

a mice model of hindlimb ischemia. Treatment with MSC modified with MC-VEGF (MSC+MC) 

was compared with non-transfected MSC and with direct gene therapy with MC-VEGF. Mice 

were evaluated for 30 days after treatment by weekly blood flow analysis and visual assessment 

of necrosis on limbs. No significant differences were observed on blood reperfusion or limb 

necrosis between the three treated groups, but all showed improved recovery when compared 

to ischemic non-treated mice. At day 30 after treatment, muscle force of mice ischemic limbs 

was evaluated. The group treated with MSC+MC demonstrated the highest muscle strength 

(0.25±0.04 N) when compared to non-transfected MSC (0.19±0.03 N) or MC-VEGF (0.20±0.03 N) 

alone. Overall, results indicate that treatment with MSC overexpressing VEGF can be a promising 

strategy to induce recovery of muscular function in PAD patients suffering from limb ischemia.  
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 Background 

Peripheral arterial disease (PAD) is a prevalent and high burden chronic disease caused by 

narrowing and obstruction arteries, leading to decreased blood flow to the lower extremities 

(Conte and Vale, 2018, Norgren et al., 2007). PAD affects 3-10% of the world population and 

about 30% of such patients are faced with the possibility of limb amputation within 1 year 

(Norgren et al., 2007). One of the more severe stages of PAD is critical limb ischemia (CLI), which 

is associated with high mortality and morbidity. The only option for patients suffering from 

severe CLI is revascularization, but this is an invasive procedure with associated risks, especially 

for PAD patients who usually have several co-morbidities (Gresele et al., 2011). Also, 50% of CLI 

patients are not eligible for revascularization, the so-called no-option patients. Those patients 

are dependent on the adaptation of pre-existing collateral vessels (arteriogenesis) or on the 

formation of new vessels through vasculogenesis or angiogenesis to recover tissue oxygenation 

(Gresele et al., 2011, Carmeliet, 2000a). Current treatments for PAD are insufficient and 

ineffective on promoting those actions, so novel therapies addressing PAD treatment have been 

developed. The use of stem/progenitor cells and/or angiogenic factors are example of this 

strategies usually designated as therapeutic angiogenesis (Grochot-Przeczek et al., 2013, 

Hassanshahi et al., 2019).  

Multipotent mesenchymal stem/stromal cells (MSC) are characterized in vitro by their plastic 

adherence, capacity to self-renew and ability to differentiate into osteocytes, adipocytes and 

chondrocytes (Dominici et al., 2006). Also, they are known to have a pro-angiogenic capacity 

and thus, have been extensively exploited in ischemic cardiovascular approaches (Watt et al., 

2013). Although some studies suggested that MSC differentiate into endothelial cells (Tao et al., 

2016, Lin and Lue, 2013), their pro-angiogenic potential most probably relies on their well-

characterized trophic activity (Singer and Caplan, 2011). Another important feature of MSC is 

their reduced immunogenicity, which makes them suitable for allogeneic off-the-self therapies 

(Le Blanc et al., 2003a). MSC have been extensively exploited in the context of PAD in both pre-

clinical (Kinnaird et al., 2004, Leroux et al., 2010, Liew and O'Brien, 2012) and clinical studies 

(Gupta et al., 2013, Lu et al., 2011). However, it is known that they have a limited survival and 

engraftment on harsh ischemic tissues (Potier et al., 2007) and some trials regarding MSC 

application for cardiac ischemic diseases showed conflicting data or only modest benefits 

(Chullikana et al., 2015 , Wang et al., 2017). Thus, strategies to improve MSC therapeutic 

properties in the context of ischemic diseases, such as PAD, have been investigated in the last 

decades, namely genetic engineering with pro-angiogenic factors. 
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Vascular endothelial growth factor (VEGF) is a key regulator of physiological angiogenesis, 

known to promote endothelial cell growth and survival, being crucial for vascular regeneration 

(Ferrara et al., 2003). In fact, several studies reported the beneficial effect of VEGF gene therapy 

in the context of PAD (Isner et al., 1996, Kusumanto et al., 2006, Deev et al., 2015). The 

combination of VEGF gene therapy with a cell vehicle that displays intrinsic therapeutic 

properties might be a promising approach for the treatment of ischemic chronic conditions, such 

as PAD. Thus, within the scope of this PhD thesis, it is proposed the genetic engineering of MSC 

using VEGF-encoding vectors as a potential therapy for PAD patients. 

In what concerns genetic engineering approaches, vectors for an effective and safely deliver of 

transgenes into the cells are required. Despite the use of viral vectors has been described to be 

more efficient than non-viral counterparts, their use has been associated with several adverse 

events (Hacein-Bey-Abina et al., 2003). Plasmids, on the other hand, are especially adequate for 

MSC modification due to their low immunogenicity, reduced risk of insertional mutagenesis and 

ease of manufacturing (Prazeres and Monteiro, 2014). However, there are some limitations 

related with conventional plasmids, including low transfection efficiency and short duration of 

transgene expression (Raval and Losordo, 2013). Small plasmid derivatives that carry only the 

transgene expression cassette - minicircles - have been developed to overcome plasmid-

associated issues. Minicircles are free from bacterial sequences that may activate immune 

system and thus promote transgene silencing (Häcker et al., 2002). Also, their lower size may 

further contribute to improve transfection and, consequently, transgene expression (Darquet et 

al., 1997). Several studies confirmed that minicircle-based delivery led to superior and prolonged 

transgene expression, as well as enhanced stem cell survival than conventional plasmid systems 

(Darquet et al., 1999, Chen et al., 2003, Dietz et al., 2013, Madeira et al., 2013, Munye et al., 

2016. Minicircles also demonstrated to promote an efficient delivery of VEGF in the context of 

angiogenic therapies (Chang et al., 2008, Yoon et al., 2009, Ko et al., 2011).  

The work presented in Chapters IV and V focused on the improvement of MSC angiogenic 

potential in vitro using VEGF-containing minicircles. Herein, this strategy is tested in vivo using a 

mouse model for hindlimb ischemia previously established in context of PAD (Cunha et al., 2013, 

Martins et al., 2014). Mice were observed for 30 days after treatment and the angiogenic 

potential of genetic engineered MSC was evaluated by measuring limb necrotic score, blood 

reperfusion and muscle force and by performing histological analysis. This represents, to our 

best knowledge, the first report where the angiogenic potential of MSC genetically engineered 

with VEGF-encoding minicircles was evaluated in an in vivo model of hindlimb ischemia.  
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 Materials and Methods 

 Plasmid construction, production and purification 

The parental plasmid (pMINILi-CV, 3,821 bp) expressing VEGF (165a) gene was obtained from 

pMINILi-CVG, by removing the GFP gene (Chapter II). The vector was constructed and 

transformed by heat shock into E. coli as described elsewhere (Azzoni et al., 2007, Simcikova et 

al., 2014, Alves et al., 2016). pMINILi-CV contains an expression cassette with VEGF and the 

human cytomegalovirus (CMV) immediate-early promoter, two multimer resolution sites (MRS) 

flanking the expression cassette, pMB1 origin of replication, kanamycin resistance gene and BGH 

polyadenylation sequence (Serra et al., 2018). E. coli BW2P harboring the parental plasmid 

pMINLI-CV were used for minicircle production, according to previously established methods 

(Simcikova et al., 2014, Alves et al., 2016). E. coli was grown until the late exponential phase and 

then recombination was induced for 2 h (hours) by addition of 0.01% (w/v) L-(+)arabinose 

(Merck) to obtain the minicircle with the expression cassette and a miniplasmid (MP) with the 

prokaryotic backbone. All plasmid DNA species were recovered and purified using an endotoxin-

free plasmid DNA purification kit (Macherey-Nagel). Minicircle was separated from other DNA 

forms by digestion with nicking endonuclease (Nb.BbvCI) followed by hydrophobic interaction 

chromatography (HIC), as described elsewhere (Alves et al., 2016, Alves et al., 2018). The 

concentration of purified pDNA solution was assayed on NanoDrop (Thermo Scientific) and DNA 

integrity was confirmed by agarose gel electrophoresis. 

 

 Culture of human MSC from BM 

Human MSC from BM were kindly provided by Doctor Kamilla Swiech (Dept. of Pharmaceutical 

Sciences, Faculty of Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo). MSC 

were maintained frozen at -80ᵒC until further use. Upon thawing, cells were cultured for 1 to 4 

passages under xenogeneic (xeno)-free culture conditions, as described elsewhere (dos Santos 

et al., 2011, dos Santos et al., 2014). Cells were plated at a cell density between 3,000-6,000 

cells/cm2 on CELLstart™ CTS™ (Invitrogen) pre-coated T-flasks using StemPro® MSC SFM 

XenoFree (Invitrogen) supplemented with 1% GlutaMAX™-I CTS™ (Invitrogen) and 1% Antibiotic-

Antimycotic (Invitrogen). Cells were maintained at 37ᵒC and 5% CO2 in a humidified atmosphere 

and culture medium was exchanged every 3-4 days. At 70% cell confluence, MSC were detached 

from the flasks by adding TrypLE™ Select CTS™ (Invitrogen) solution 1x in Phosphate Buffered 

Saline (PBS, Gibco). Cell number and viability were determined using the Trypan Blue (Gibco) 

exclusion method. BM-MSC at passages between 4 and 6 were used. 
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 Nucleofection of BM-MSC with VEGF-encoding minicircles (or 
pMaxGFP) 

BM-MSC nucleofection was performed according to the Human MSC Nucleofector Kit (Lonza) 

protocol. Briefly, 5×105 were ressuspended in 100ul of nucleofection buffer with 4 µl of 

pmaxGFP™ (provided with the kit) or 2 µg of MC-VEGF and nucleofected using the U-23 program 

of Nucleofector™ 2b Device. After nucleofection, cells were carefully transferred to Opti-MEM™ 

I Reduced Serum Medium (Gibco) and maintained for 20-30 minutes. Then, cells were plated at 

a density of 7,000-8,000 cells/cm2 in pre-warmed StemPro® XenoFree culture medium and 

maintained at 37ᵒC and 5% CO2 in a humidified atmosphere for 48 h. After that, cell numbers 

were estimated using the trypan blue dye exclusion method. Non-nucleofected human BM-MSC 

were used as control.  

 

 Analysis of nucleofection efficiency in vitro 

Before transfection with MC-VEGF, the protocol for human MSC nucleofection was evaluated 

with the positive control vector pmaxGFP™. The cells transfected with this vector were then 

analyzed by fluorescence microscopy and flow cytometry to assess transfection efficiency by 

monitoring green fluorescent protein (GFP) expression. To confirm the efficiency of 

nucleofection with MC-VEGF, the levels of VEGF protein in MSC culture medium were evaluated 

24 h and 48 h after nucleofection using Human VEGF DuoSet ELISA kit (R&D systems). 

 

 Hindlimb ischemia induction 

All mice used for experiments were obtained from the animal house of the Federal University of 

Sao Paulo (UNIFESP). All experiments were carried out in accordance with the recommendations 

for the proper care and use of laboratory animals, as recommended by the Ethic Committee of 

the UNIFESP, who reviewed and approved the experiments previously to their realization. 

Surgical induction of ischemia was performed in 10- to 12-week-old Balb/c male mice. First, mice 

anesthesia was performed by intraperitoneal injection with ketamine (10 mg/kg) and xylazine 

(10 mg/kg). Then, ischemia was induced in right leg by excision of femoral artery by cauterization 

from its upper branch near the iliac artery to the bifurcation of the popliteal artery, on the basis 

of a procedure previously established (Martins et al., 2014, Cunha et al., 2013). Mice were 

maintained in a warm surface until complete recovery from anesthesia and then placed and 

maintained in a microisolator with ventilated shelves with food and water supplies. The animals 

were followed for 30 days. 
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 Cell-based gene therapy to ischemic mice 

Three days after ischemic induction, mice were anesthetized and treated with MSC alone, 

MSC+MC-VEGF or MC-VEGF. Thus, mice were divided into five groups as follows: non-ischemic 

mice (N-IS) (n=10), ischemic mice (IS) (n=10), ischemic mice treated with human MSC (MSC) 

(n=10), ischemic mice treated with human MSC modified with MC-VEGF (MSC+MC) (n=10) and 

ischemic mice treated with MC-VEGF (MC) (n=8). For mice assigned to groups treated with MSC, 

5×105 cells transfected with MC-VEGF (MSC+MC group) or non-transfected (MSC) were injected 

into the middle of the quadriceps in 85 µl of PBS using a 21-gauge needle. The animals treated 

with MC-VEGF were carefully injected with 50 µg of MSC-VEGF in 85 µl of PBS at the middle of 

quadriceps. After DNA infusion, electroporation was performed as follows: 6 pulses of 100V/cm 

and 40 milliseconds were applied with 1 second interval. Mice were maintained under 

observation in a warm surface until complete recovery from anesthesia 

 

 Visual assessment of ischemic limbs 

Visual assessment of ischemic limbs was performed weekly on the basis of the necrosis score 

described by Martins and colleagues (Martins et al., 2014), which is divided as follows: I - no 

necrosis; II - blackened nails; III - necrosis of toes and IV - necrosis below the heel.  

 

 Analysis of blood flow by laser Doppler 

The restoration of blood flow after ischemia was evaluated weekly by laser Doppler. For blood 

flow analysis, mice were anesthetized as previously described, placed on the dorsal decubitus 

and blood flow measurements were performed using moorLDI2-HIR equipment (Moor 

Instruments). The results obtained were then analyzed and quantified using MoorLDI V6.0 

(Moor Instruments) software.  

 

 Evaluation of muscle force 

The isometric muscle force of mice was determined 30 days after treatment before the 

euthanasia of the animals according to a method already standardized (Martins et al., 2014, 

Sacramento et al., 2009). Briefly, mice were placed on the ventral decubitus after anesthesia 

and the gastrocnemius muscle was isolated, while the vascular connections and muscle origins 

were maintained intact. The calcaneal tendon was then isolated and connected to the force 

transducer MLT 1030/D (ADInstruments). The distal portion of sciatic nerve was placed over a 
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bipolar electrode connected to a stimulator (Grass S88; Grass Instruments). The muscle function 

was evaluated by measuring isomeric contraction response of the right gastrocnemius muscle. 

Pulses of 100 mV and 1 ms with 60 Hz were applied with 1-minute interval. For muscle force 

measurement it was used the software LabChart Pro (ADInstruments). After muscular strength 

analysis, the mass of rectus femoris and gastrocnemius muscles were determined on an 

analytical balance. 

 

 Quantification of VEGF in vivo by ELISA 

The levels of human and mouse VEGF in samples of blood and muscle were measured 30 days 

after the treatment using the Human VEGF DuoSet ELISA kit or Mouse VEGF DuoSet ELISA kit 

according to manufacturer’s instructions. Blood obtained from mice hearts was centrifuged 

(2,300 g, 5 min) and plasma was collected for VEGF quantification. For the extraction of proteins 

from muscles, rectus femoris muscles were extracted from euthanized mice and frozen in liquid 

nitrogen. After addition of lysis buffer containing 0.6 µl of PMSF (Invitrogen) and 0.6 ul of 

Protease Inhibitor Cocktail (Sigma), the muscle samples were mechanically homogenized in a 

TissueLyser II (Qiagen) at 10 oscillation/minute for 10 min. The resulting homogenate was then 

centrifuged for 30 min at 15,200 g and 4°C and the resulting supernatant was collected for VEGF 

analysis.  

 

 Histological analysis 

The animals were euthanized 30 days after treatment and the rectus femoris muscles were 

removed, washed with PBS and fixed with paraformaldehyde (PFA) 4% for 24 h. Then, muscles 

were preserved with increasing amounts of sucrose (10, 20 and 30%) (Merck) for 72 h (24 h in 

each solution). Muscle samples were frozen at -20°C with the inclusion matrix Killik-Oct (Easy-

Path), indicated for preparation of tissue samples to the cut on cryostat and then kept at -80°C 

until further analysis. Muscle tissue sections of 8 m thickness were obtained using the cryostat 

Leica CM 1950 (Leica Biosystems). Before staining and microscopy analysis, samples were fixed 

with PFA 4% for 15 min and then washed with PBS. Staining with hematoxylin and eosin (HE) 

was performed to determine the degree of muscle regeneration and fibrosis or the presence of 

infiltrated adipocytes. Staining with HE (Easy-Path) was performed according to common 

routine staining protocol, as described elsewhere (Martins et al., 2014) and 10 random optical 

fields with a magnification of 10x were selected from each glass slide.  
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 Statistical analysis 

All data is presented as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using GraphPad Prism 6 software. Significance was determined by Tukey’s multiple 

comparison test and set at a p-value (p) <0.05. 
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 Results 

 Analysis of nucleofection efficiency for human MSC engineering 

The transfection efficiency of human MSC using nucleofection was first assessed with 

pmaxGFP™, a plasmid expressing GFP provided by the nucleofector manufacturer. The GFP 

expression on viable cells was monitored by fluorescence microscopy (Figure V.1A) and flow 

cytometry (Figure VI.2B). Both analyses confirmed the effectiveness of nucleofection for human 

MSC transfection, since a high number of green cells was observed either under the microscope 

or by flow cytometry (64.7% GFP+ cells). No GFP-expressing cells were detected on control, non-

transfected, cells. 

After the preliminary confirmation of the nucleofection protocol effectiveness using GFP, human 

MSC were transfected with VEGF-encoding minicircles (MC-VEGF). The analysis of transgene 

expression was performed through quantification of VEGF amounts in the culture medium by 

ELISA (Figure VI.2). Culture medium from control (non-transfected) and nucleofected cells was 

collected 24 h and 48 h after transfection. The results revealed a significantly higher (p-

value<0.01) production of VEGF by transfected cells when compared to non-modified controls, 

regardless the timepoint. The highest expression was observed 48 h after transfection with MC-

VEGF (4.5×104±1.5×104 pg/mL), but the differences were not statistically significant compared 

to VEGF levels obtained at 24 h (3.9×104±0.9×104 pg/mL). These values indicate an increase of 

≈90-fold on VEGF secretion after transfection with MC-VEGF. 

Figure VI.1 - Analysis of nucleofection efficiency for transfection of human MSC with pmaxGFP™ by (A) fluorescent 
microscopy and (B) flow cytometry. 
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 Visual assessment of limbs 

The animals were followed for 30 days after treatment and visual assessment of necrotic tissue 

in the limbs was performed every week (days 7, 14, 21 and 28). The results of this analysis are 

presented in Figure VI.3. Images of mice limbs were taken at each timepoint (Figure VI.3A) and 

necrosis (Figure VI.3B) was evaluated on the basis of the following score: I - no necrosis; II - 

blackened nails; III - necrosis of toes and IV - necrosis below the heel. None of the mice evaluated 

showed necrosis below the heel (score IV) and no necrosis (score I) was observed in healthy mice 

(N-IS). 

 For mice treated with MSC, 30% showed necrosis of toes (III) and 10% had blackened nails (II) 

on day 7, but on day 14 there were no mice with necrosis of toes (III) and 40% had blackened 

nails (II); on day 21, this percentage decreased to 30%. Regarding mice treated with MSC+MC, 

50% had some degree of necrosis on day 7 (20% - necrosis of toes (III) and 30% - nail blackening 

(II)), but this percentage was reduced to 40% on day 14 (10% - score III and 30% - score II) and 

to 20% (only score II) on day 21. Finally, for the MC treated group 50% had nail blackening (II) 

on day 7 and the remaining mice had no necrosis (I). This percentage was reduced to 25% (only 

score II) on day 14 and to 12.5% on day 21. Regardless the type of treatment (MSC, MSC+MC or 

MC), all the treated mice had a necrosis score of II or lower after 28 days, even those who had a 

higher score in previous timepoints. In fact, on day 28, only the following mice showed necrosis 

(all score II): 20% of the mice from the groups treated with MSC or MSC+MC, 12.5% of the MC 

group and 40% of the ischemic, non-treated group (IS).  

Figure VI.2 - Analysis of VEGF production by ELISA 24 or 48 hours after 
nucleofection with MC-VEGF (MSC+MC). Non-transfected cells were used 
as control (MSC). Values are presented as mean ± SEM, n=10 (replicates), 
**p<0.01 
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 Analysis of blood flow 

After ischemia induction, reperfusion of mice limbs was evaluated weekly by laser Doppler 

(Figure VI.4). To assess the differences in blood flow between the treatments investigated, the 

levels of blood flow of all ischemic conditions were normalized relatively to the corresponding 

non-ischemic (N-IS) mice (set as 100%) at each timepoint. The measurements for day 0 were 

performed immediately after ischemia induction, confirming that all mice that underwent the 

surgery had no blood flow in right limb and, thus, ischemia was successfully induced. The results 

demonstrated that blood flow in right limbs of ischemic mice increases with the time, indicating 

blood reperfusion in ischemic limbs, regardless of the type of treatment. However, the blood 

Figure VI.3 - Visual assessment of mice limbs for healthy (N-IS), treated (MSC, MSC+MC and MC) or ischemic (IS) mice 
performed weekly for 30 days. (A) Visual evaluation of limb necrosis and (B) quantification of necrosis degree 
according to the following scale: I - no necrosis; II - blackened nails; III - necrosis of toes and IV - necrosis below the 
heel. Plot of individual values; n=10 (N-IS, MSC, MSC+MC, IS); n=8 (MC). N-IS - non-ischemic mice; MSC - ischemic 
mice treated with human MSC; MSC+MC - ischemic mice treated with human MSC modified with MC-VEGF; MC - 
ischemic mice treated with MC-VEGF; IS - ischemic mice. 
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flow observed on ischemic limbs was significantly lower than on control (N-IS) mice for all the 

timepoints. Also, no significant differences were shown between the groups of ischemic mice 

(MSC, MSC+MC, MC or IS). So, the reperfusion rates of ischemic limbs seem to be similar for the 

three tested treatments and for the ischemic, non-treated, mice. 

Figure VI.4 - Measurements of blood flow on healthy (N-IS), treated (MSC, MSC+MC and MC) and ischemic (IS) 
mice performed weekly for 30 days by laser doppler. Images obtained using moorLDI2-HIR equipment (A) were 
used to calculate the percentage of the blood flow for each ischemic group every week (B). The values were 
normalized to positive control (non-ischemic mice) are presented as mean ± SEM, n=10 (N-IS, MSC, MSC+MC, 
IS); n=8 (MC). N-IS - non-ischemic mice; MSC - ischemic mice treated with human MSC; MSC+MC - ischemic 
mice treated with human MSC modified with MC-VEGF; MC - ischemic mice treated with MC-VEGF; IS - 
ischemic mice. 
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 Evaluation of muscle force 

The assessment of gastrocnemius muscle force was performed 30 days after treatment, before 

mice euthanasia. Then, both gastrocnemius and rectus femoris muscles were weighed. These 

results are presented in Figure VI.5. Although the highest muscle force was observed for non-

ischemic (N-IS) mice (0.36±0.06 N), no statistically significant differences were found between 

this and all treated groups (MSC, MSC+MC and MC). Also, mice from all the treated groups 

showed significantly higher muscle force than ischemic, non-treated mice (IS) (0.12±0.03 N) (p-

value<0.05). Mice treated with MSC+MC had a muscle strength of 0.25±0.04 N, which was the 

highest between the three treated groups. MSC- and MC-treated limbs showed similar muscle 

strengths, of 0.19±0.03 N and 0.20±0.03 N, respectively. Regarding muscle weight, rectus 

femoris muscles from mice from all groups had similar weight. For gastrocnemius muscle, the 

highest weight was observed on non-ischemic mice and the lowest in non-treated ischemic 

mice, but no statistically significant differences were verified between any of the groups. 

 

 Quantification of VEGF levels in vivo  

ELISA kits for human and mouse VEGF detection were used to quantify the levels of VEGF protein 

in mice blood and muscle (rectus femoris) 30 days after treatment. No human VEGF was 

detected in samples of muscle or serum of mice from any of the groups investigated. Also, 

mouse VEGF was not detected in mice blood 30 days after treatment. The levels of mouse VEGF 

detected on muscles retrieved from mice from healthy (N-IS), treated (MSC, MSC+MC and MC) 

Figure VI.5 - Determination of gastrocnemius muscle force of non-ischemic (N-IS), treated (MSC, MSC+MC 
and MC) and non-treated ischemic (IS) mice 30 days after treatment. Weight of gastrocnemius and rectus 
femoris muscles was also included. Values are presented as mean ± SEM, n=10 (N-IS, MSC and MSC+MC), 
n=8 (MC and IS), *p<0.05; **p<0.01; ****p<0.0001. N-IS - non-ischemic mice; MSC - ischemic mice treated 
with human MSC; MSC+MC - ischemic mice treated with human MSC modified with MC-VEGF; MC - 
ischemic mice treated with MC-VEGF; IS - ischemic mice.  
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and non-treated ischemic (IS) groups are shown in Figure VI.6. Mice from all the conditions had 

relatively low and comparable levels of VEGF protein in muscle 30 days after treatment. 

 

 Histological analysis 

Inflammation is an important process for muscle degeneration and regeneration, so muscle 

tissues were histologically analyzed by HE staining to evaluate fibrosis and adipocyte infiltration 

(Figure VI.7). No significant differences were observed between the treated groups in terms of 

muscle degeneration or regeneration, but all showed lower number of infiltrated adipocytes 

(black arrows) than ischemic, non-treated mice. Also, the degree of fibrosis was reduced for all 

the treated mice when compared to ischemic group (stained in purple and marked with *).  

Figure VI.6 - Levels of mouse VEGF detected on muscles (rectus femoris) 
from healthy (N-IS), treated (MSC, MSC+MC and MC) and ischemic mice 
30 days after treatment. Values are presented as mean ± SEM, n=5 (N-
IS, MSC, MSC+MC and IS), n=4 (MC). 

Figure VI.7 - Histological analysis of gastrocnemius muscles collected 30 days after treatment with MSC, MSC+MC 
and MC. Non-ischemic mice (N-IS) and non-treated, ischemic mice (IS) were also evaluated as controls. Tissue samples 
were stained with HE to confirm adipocyte infiltration (black arrow) and fibrotic areas (*). 
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 Discussion 

PAD is a prevalent chronic disease known to affect 3-10% of the world population (Norgren et 

al., 2007). The current treatments for the more severe stage of the disease, CLI, consist on 

revascularization, which is a highly invasive procedure that in some cases is insufficient or 

ineffective, especially for subjects with several associated co-morbidities. Also, half of the PAD 

patients suffering CLI are not eligible for such procedure (Gresele et al., 2011). The development 

of novel angiogenic therapeutic approaches based on cell and/or gene therapies might be a 

promising strategy for PAD treatment, especially for those no-option patients (Hassanshahi et 

al., 2019, Grochot-Przeczek et al., 2013). 

Several reports have demonstrated the potential of MSC administration, alone or genetically 

engineered with therapeutic genes, in hind limb ischemia mice models of PAD (Martins et al., 

2014, Cunha et al., 2013). On this basis, it was hypothesized herein that MSC genetically 

engineered with VEGF-encoding minicircles could be an efficient therapy for limb ischemia. This 

work was also based on Chapter IV where genetic engineering of MSC using MC-VEGF 

demonstrated to significantly improve MSC angiogenic activity in vitro without affecting their 

intrinsic properties (Serra et al., 2018). Minicircles were selected for MSC modification on 

account of their small size and low toxicity, which, consequently, promotes high transgene 

expression and reduced risk of adverse reactions (Darquet et al., 1997, Gaspar et al., 2015). In 

fact, several authors documented the effective transfection of MSC using minicircle vectors 

(Bandara et al., 2016, Park et al., 2017, Mun et al., 2016). Also, in the current context, a transient 

transgene expression is desirable to avoid an uncontrolled VEGF expression, which, in more 

severe cases, may induce hemangioma formation (Lee et al., 2000). 

The efficiency of nucleofection as a strategy for MSC modification was firstly confirmed using 

GFP-encoding plasmids (pmaxGFP®). The results revealed a transfection efficiency of 64.7%, 

which is in accordance with other reports where nucleofection demonstrated to be an effective 

method for overexpressing therapeutic proteins to human MSC (Aslan et al., 2006, Mok et al., 

2008, Boura et al., 2014). MSC transfection with VEGF-encoding minicircles was then performed 

by nucleofection. The levels of VEGF secreted were quantified by ELISA at 24 and 48 hours after 

nucleofection, revealing that the highest VEGF production was achieved 48 hours after 

transfection. This is in accordance with previous studies where highest transgene expression 

was observed two days after transfection (Boura et al., 2014, Locatelli et al., 2015, Zhu et al., 

2012). An increase of approximately 90-fold was observed on VEGF expression for minicircle-

transfected cells compared to non-modified MSC, which confirms the efficient transfection of 
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MSC. In fact, the fold increase observed herein for VEGF expression was superior than the 

previously obtained in Chapter IV (Serra et al., 2018) and in other articles in literature using 

either non-viral or viral methods (Zhu et al., 2012, Beegle et al., 2016). The higher transgene 

expression achieved herein might be related with the use of nucleofection technique, which was 

specifically optimized to drive DNA molecules directly to cell nuclei (Gresch et al., 2004) and, 

thus, improve transgene expression. In fact, several studies demonstrated high transgene 

expression levels after nucleofection of MSC, confirming the efficacy of this strategy for MSC 

engineering (Aluigi et al., 2006, Aslan et al., 2006, Boura et al., 2014). 

To test the initial hypothesis, a stable and uniform limb ischemia model developed to mimic 

human PAD was used herein. To obtain this model, femoral artery of mice right limbs was 

excised together with its branches, as described elsewhere (Cunha et al., 2013, Martins et al., 

2014, Sacramento et al., 2009), but artery removal was performed by cauterization to avoid and 

reduce mice bleeding. Despite this process severely affects limb circulation and may cause limb 

darkening and even loss, in severe cases, it is important to note that this is not a model for 

chronic ischemia (Cunha et al., 2013). Models for chronic disease are difficult to establish in mice 

due to their physiology and small size. So, the mice used herein represents an acute ischemia 

model instead. 

Genetically engineered MSC, as well as control non-transfected cells and minicircles alone, were 

administered to quadriceps of ischemic mice three days after ischemia induction and 48 hours 

after transfection. Evaluation of limb necrosis and blood reperfusion were performed weekly by 

visual assessment and laser doppler, respectively. No significant differences were observed in 

terms of level of necrosis or blood reperfusion rates between the four ischemic groups 

investigated. However, 28 days after ischemia, 40% of ischemic non-treated mice (IS) showed 

some degree of necrosis, whereas this value was <20% for all treated mice (MSC, MSC+MC and 

MC). The reduced degree of necrosis in treated mice is in accordance with previous reports 

regarding the administration of non-engineered MSC  or genetically engineered with therapeutic 

factors to mice ischemic limbs (Cunha et al., 2013, Martins et al., 2014). However, contrarily to 

the referred study, none of the mice analyses herein demonstrated advanced necrosis (stage 

IV). These differences might be related to the degree of ischemia induced that might be variable 

according to the protocol followed. It is extremely important to have a standardized protocol 

and that all the surgeries and treatments are performed by the same hand to avoid operator-

related variations. 

Similarly, no differences were observed in what concerns limb reperfusion rates measured 

weekly on ischemic mice. At day 0 (after surgery), all mice from ischemic groups had no blood 
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flow in the right limb, as expected, confirming that ischemia was successfully induced. However, 

all the ischemic mice recovered blood flow to the ischemic limb after 28 days, but none reached 

the blood flow levels of non-ischemic, healthy mice. Despite no significant differences were 

observed between the groups at any timepoint, the mice treated with MSC+MC seem to have 

higher level of blood flow in the right limb than other conditions on day 21. This might suggest 

a faster recovery of blood flow after ischemia when MSC overexpressing VEGF were used as 

treatment. This is in agreement with previous studies that demonstrated improvements on 

blood flow in hindlimb ischemia mice models after administration of MSC genetically engineered 

with VEGF (Beegle et al., 2016, Li et al., 2015c). Also, several authors described benefits on blood 

reperfusion after treatment with either MSC (Kinnaird et al., 2004, Zhu et al., 2011) or VEGF 

alone (Anderson et al., 2017, Yasumura et al., 2012). 

To confirm the achievement of tissue repair and recovery of function in treated mice, the 

strength of the gastrocnemius muscle was measured 30 days after treatment. Despite this 

muscle was not manipulated during surgery for ischemic induction, it is known that ischemia is 

a complex process that may affect distant tissues (Cunha et al., 2013). Non-ischemic mice (N-IS) 

and ischemic non-treated mice (IS) showed the highest (0.36±0.06 N) and lowest (0.12±0.03 N) 

muscle strengths, respectively. All the treated groups (MSC, MSC+MC and MC) displayed 

significantly higher muscle force than non-treated ischemic mice. Of notice, mice treated with 

genetically engineered cells (MSC+MC) showed the highest muscle force (0.25±0.04 N; 

p<0.0001). The treatment with MSC and MC alone lead to similar muscle strengths, 0.19±0.03 N 

(p<0.01) and 0.20±0.03 N (p<0.05), respectively. The values observed herein for muscle force 

were lower than those previously obtained by other authors after treatment with MSC (Cunha 

et al., 2013) or VEGF alone (Yasumura et al., 2012). However, muscle strength reported by those 

authors for healthy non-ischemic was also superior (>1.0 N) than the observed in the present 

work. This may indicate that the discrepancies are most probably related to differences in the 

procedure performance or apparatus assembling than with the effectiveness of the treatment.  

The histological qualitative analysis after HE staining confirmed the previously described results. 

No significant differences were observed between the three treatments described, but the 

tissues from treated mice had lower fibrosis and adipocytes infiltration than non-treated 

ischemic mice. The large area occupied by adipocytes in muscle from ischemic mice indicate 

poor muscle regeneration and is known to affect muscle function (Pagano et al., 2015), as 

demonstrated by the reduced muscle strength observed for this group. The effect of MSC on 

fibrosis reduction has been described by other authors (Ortiz et al., 2003) and is probably related 
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to its extensive trophic activity (Singer and Caplan, 2011). The anti-fibrotic activity of VEGF has 

also been previously demonstrated in the context of PAD (Yasumura et al., 2012).  

Despite no significant differences were observed on limb necrosis, blood reperfusion or 

histological analysis between the three treated groups, mice treated with MSC+MC showed 

superior functional improvement, as demonstrated by muscle force measurement. So, it was 

demonstrated that combination of both pro-angiogenic treatments might be a promising 

strategy to potentiate the benefits of each treatment. Some studies showed limited engraftment 

and low survival after in vivo MSC infusion, which might limit their beneficial effects (Shi and Li, 

2008, Allison, 2009, Hoffmann et al., 2010).  On the other side, direct in vivo VEGF gene therapy 

showed not only to promote modest improvements (Muona et al., 2012), but also lead to 

occurrence of some adverse events upon gene transfer, such as edemas (Rajagopalan et al., 

2003).  

In conclusion, MSC modification with VEGF in a context of ex vivo gene therapy, which consists 

in cell engineering outside the body and subsequent transplantation into patients (Gowing et 

al., 2017), might be a promising strategy to improve therapeutic outcomes in PAD patients. 

Despite several authors have previously demonstrated the angiogenic potential and therapeutic 

effect of MSC genetically engineered with VEGF in hindlimb ischemia models using either viral 

(Beegle et al., 2016) or non-viral vectors (Li et al., 2015c), one of the major benefits of the work 

described herein is the use of novel and innovative vectors, minicircles. Minicircles have  been 

described to display enhanced transgene expression and reduced toxicity (Darquet et al., 1999), 

being advantageous over the previously investigated systems. Also, the use of a low 

immunogenic cell vehicle as MSC (Le Blanc et al., 2003a), might allow to have a potential off-

the-shelf therapy for PAD patients with no other available option. Despite further studies and 

standardization of procedures are required before moving to clinical trials, this study might 

present a step ahead towards the application of cell/gene therapies in the context of 

regenerative angiogenesis. 
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VII. FINAL REMARKS AND FUTURE PERSPECTIVES 

In this thesis, it was proposed the use of MSC genetically engineered with VEGF-encoding 

minicircles for the treatment of PAD. Firstly, it was achieved the successful construction and 

purification of VEGF-encoding vectors suitable for MSC modification. Those vectors were then 

successfully delivered into BM-MSC by microporation or nucleofection, significantly enhancing 

the VEGF levels secreted by these cells. Microporation technique was also effective for 

engineering of MSC from other sources, including AT or UCM. Transfected MSC from all the 

three sources demonstrated not only to produce high levels of VEGF protein than non-

transfected counterparts, but also showed an improved angiogenic capacity on in vitro 

functional assays. Finally, the potential of engineered MSC was confirmed in vivo using a mouse 

model for hindlimb ischemia. The treatment of ischemic mice with MSC+MC-VEGF lead to 

significant improvements on muscular function. Despite further studies are required, these 

preliminary results revealed promising insights for angiogenic therapies. This might be a starting 

point towards the development of an efficient gene/cell-based therapeutic product to improve 

angiogenesis and induce revascularization for no-option PAD patients. 

 

One of the major limitations of analyzing clinical trials performed to date using cell/gene 

therapies for PAD is the lack of consensus on study design. The variation of crucial parameters, 

like patient type, cell dosing, clinical endpoints and long-term follow up, limits the comparison 

of outcomes between different trials (Liew and O'Brien, 2012). Despite the fact that 

atherosclerosis is the major cause of PAD, there are other less common reasons for PAD 

development, including inflammatory disorders. Studies performed to date with cell therapies 

have been focused on both types of patients, and there are no evidence of better response to 

either form of the disease. Cell dosing and administration are also very important parameters 

that should be standardized, not only regarding the number of administered cells but also in 

terms of infusion methods (intramuscular vs. intravenous) and regimes (single dose vs. multiple 

doses). The selection of endpoints, as well as the duration of post-administration follow-up are 

also major issues where no consensus has been observed (Liew and O'Brien, 2012). To overcome 

such limitation and allow direct comparison between trials, the Society for Vascular Surgery 

determined specific objective performance goals (OPGs) to define therapeutic benchmarks for 

CLI (Conte, 2010). The patient’s follow-up on CLI trials may vary from 3 months to one year (Liew 

and O'Brien, 2012), but according to OPGs the minimal exposure time for relevant clinical 
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efficacy is one year (Conte, 2010). Despite the absence of unanimity on different trials and the 

modest effectiveness, all have confirmed the safety of using MSC for PAD treatment. 

The selection of the best MSC source for angiogenic therapies is also a matter of controversy, 

since, the results published to date showed some conflicting data (Fideles et al., 2019, Du et al., 

2016). Nevertheless, it is know that MSC from different sources secrete different levels of 

trophic factors (Melief et al., 2013). Another important choice regarding cell source is the use 

autologous versus allogeneic MSC. Even though the majority of MSC clinical trials performed to 

date were based on autologous cell therapies, the use of allogeneic sources has a great 

advantage. Allogeneic sources allow to have an off-the-shelf therapy for PAD patients, even for 

those to whom MSC harvesting is contra-indicated. Moreover, although there are some 

conflicting data in this field (Smadja et al., 2011), some studies demonstrated that MSC from 

patients with ischemic disease may have impaired therapeutic activity (Kizilay Mancini et al., 

2017, Teraa et al., 2013). 

A recent strategy developed to improve the survival and engraftment of cell therapeutics is the 

use of biocompatible scaffolds that provide a better microenvironment for the administered 

cells. For example, the administration of MSC encapsulated within alginate in a mouse model of 

hindlimb ischemia revealed to promote a higher increase in vascular density (70% vs 22%) and 

perfusion (21% vs 0%) compared to non-encapsulated cells (Landazuri et al., 2016). Similarly, the 

delivery of MSC using a PEGylated fibrin gel lead to a greater number of mature blood vessels 

than MSC delivered alone (Ricles et al., 2016). Platelet lysate hydrogels have also been described 

to enhance MSC angiogenic activity, improving perfusion after being used as platforms for cell 

transfer into mice ischemic limbs (Robinson et al., 2016). An important advantage of the 

development of tissue engineering biocompatible scaffolds is the possibility of using them as 

gene delivery systems. Indeed, the incorporation of DNA molecules on 3D matrices allow 

sustained and prolonged gene expression in a manner that more closely resembles the natural 

extracellular environment (Wang et al., 2014). The interactions between cells and cell-matrix 

are different on 2D and 3D settings, so the use of 3D platforms for gene delivery to better mimic 

the MSC behavior in vivo is a promising and very interesting strategy. Although the major works 

on scaffold-based transfection were directed to formation of bone or cartilage (Raisin et al., 

2016), there are some recent insights in ischemic diseases. One of these examples is the 

combination of PEI nanoparticles containing SDF-1α gene with collagen-based scaffolds. Laiva 

and colleagues demonstrated that MSC cultured on those scaffolds have increased expression 

of pro-angiogenic factors and enhanced angiogenic potential in vitro (Laiva et al., 2018). 
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The development of novel and precise non-viral genome-editing technologies also opened new 

possibilities in field of gene therapy. ZFN, TALENS as CRISPR are examples of such approaches 

that can be used for site-specific gene modification and thus induce a stable long-term transgene 

expression. While ZFN and TALEN systems are dependent on protein structures for DNA 

sequence recognition, CRISPR-Cas9 system enables DNA recognition through RNA-defined 

specificity. Hence, the emergence of this technology allowed the simplification of the whole 

gene-editing process, since it only requires the design of a single guide RNA, no longer than 20 

nucleotides, that is complementary to the target DNA sequence (Rui et al., 2019). Although 

these technologies are relatively new, they have already been applied for MSC genome editing 

in different therapeutic areas, including angiogenesis.  

Chang and colleagues demonstrated the efficacy of combining the use of biomaterials with those 

novel genome editing strategies. TALEN system was used to edit UCB-MSC and integrate HGF 

gene into a safe harbor site under the control of an inducible promoter, resulting on cells with 

enhanced mobility and anti-apoptotic responses, as well as improved capacity to induce tube-

formation. Those cells were then encapsulated within alginate microgels for the controlled 

expression and secretion of HGF and their potential was investigated in vivo. This strategy 

revealed to promote an enhanced angiogenesis in a mouse hindlimb ischemia model (Chang et 

al., 2016). 

Notwithstanding that further studies are required before therapies with genetically engineered 

cells can used in a clinical setting, extremely relevant insights in this field have been performed 

over the last decades. 
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