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Abstract 
Extracellular vesicles (EVs) have been the focus of great attention over the last decade for 

their promising application both as intrinsically therapeutic agents in regenerative medicine 

and as drug delivery vehicles. In particular, mesenchymal stromal cells (MSC) have been 

regarded as a promising source for the production of EVs for biomedical applications, 

considering their intrinsic beneficial therapeutic properties, favorable safety profile and good 

expansion capacity when cultured ex vivo. In spite of the promising potential of EVs for 

therapeutic applications, robust and scalable manufacturing processes for EV production are 

still lacking. 

In this work, a serum-/xeno-free (S/XF) microcarrier-based culture system was 

implemented in a Vertical-Wheel™ bioreactor, employing a human platelet lysate culture 

supplement, towards the scalable production of MSC-derived EVs (MSC-EVs). EVs were 

produced using MSC isolated from three different human tissue sources (bone marrow (BM), 

adipose tissue (AT) and umbilical cord matrix (UCM)). When compared to static culture 

systems (i.e. T-flasks), the bioreactor system improved EV manufacturing yields (5.7-fold 

increase overall) and stimulated the secretion of more EVs per cell (3-fold increase overall), 

after EV isolation using a commercial precipitation kit. 

The functional activity of both BM and UCM MSC-EVs was studied in conditions closely 

translatable to a clinical setting. MSC were cultured under S/XF conditions using planar 

systems, and a scalable and selective EV isolation method based on size exclusion 

chromatography (SEC) was applied. Both BM and UCM MSC-EVs revealed a similar pro-

angiogenic activity, by improving sprouting of endothelial spheroids in a 3D in vitro model, 

leading to 1.9-fold increase in total sprouting length per spheroid. 

Lastly, SEC-isolated MSC-EVs were surface-modified with the p28 peptide to develop anti-

cancer drug delivery systems (DDS). This peptide derived from the bacterial protein azurin is 

able to preferentially enter a variety of cancer cells. Here we observed that p28 increased EV 

uptake into breast cancer cells by 2.4-fold, revealing the possibility to functionalize MSC-EVs 

with p28 for the development of novel EV-based DDS for cancer therapy. 

Overall, it was demonstrated throughout this thesis the possibility of using manufacturing 

strategies closely translatable to clinical settings to obtain MSC-EVs applicable both for 

regenerative medicine, by demonstrating their inherent pro-angiogenic capacity, as well as for 

drug delivery, due to the possibility to modify these MSC-EVs with a cancer-targeting peptide. 

 

Keywords: extracellular vesicles, mesenchymal stromal cells, scalable production, drug 

delivery systems, anti-cancer therapy 
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Resumo 
As vesículas extracelulares (EVs) têm tido especial destaque na última década pelas suas 

aplicações promissoras tanto como agentes intrinsecamente terapêuticos em medicina 

regenerativa, bem como veículos para entrega de fármacos. Em particular, as células 

estromais mesenquimais (MSC) têm sido consideradas uma fonte promissora para a 

produção de EVs para aplicações biomédicas, tendo em conta as suas propriedades 

terapêuticas inerentes, um perfil de segurança favorável e uma boa capacidade de expansão 

quando cultivadas ex vivo. Apesar do potencial promissor das EVs para aplicações 

terapêuticas, ainda estão em falta processos de produção escaláveis e robustos. 

Neste trabalho, foi implementado um sistema de cultura baseado em “microcarriers” num 

bioreactor “Vertical-Wheel™”, em condições de cultura sem soro nem componentes de 

origem xenogénica (S/XF), utilizando como suplemento de cultura um lisado de plaquetas 

humanas, tendo em vista a produção escalável de EVs produzidas por MSC (MSC-EVs). 

Foram produzidas EVs utilizando MSC isoladas a partir de três fontes de tecido humano 

diferentes (medula óssea (BM), tecido adiposo (AT) e matriz do cordão umbilical (UCM)). 

Quando comparado com sistemas de cultura estáticos (i.e. T-flasks), o sistema implementado 

no bioreactor aumentou o rendimento de produção de EVs (5.7 vezes no global), tendo 

inclusivamente estimulado a secreção de uma quantidade superior de EVs por cada célula (3 

vezes superior no global), após isolamento de EVs recorrendo a um kit de precipitação 

comercial. 

A actividade funcional de MSC-EVs tanto de BM como de UCM foi estudada em condições 

passíveis de serem transpostas para um contexto clínico. As MSC foram cultivadas em 

condições S/XF em sistemas planares e foi aplicado um método de isolamento de EVs 

escalável e selectivo, baseado em cromatografia de exclusão molecular (SEC). Tanto as 

MSC-EVs com origem em BM como em UCM apresentaram uma actividade pro-angiogénica 

semelhante, aumentando a formação de protrusões celulares em esferoides de células 

endoteliais num modelo 3D in vitro, levando a um aumento do comprimento total destas 

protrusões por esferoide em 1.9 vezes. 

Por fim, MSC-EVs isoladas por SEC foram modificadas à superfície com o péptido p28 

para desenvolver sistemas de entrega de fármacos anti-cancerígenos. Este péptido derivado 

da proteína bacteriana azurina tem a capacidade de entrar preferencialmente em vários tipos 

de células de cancro. Neste trabalho observámos que o p28 aumentou em 2.4 vezes a 

internalização de EVs em células de cancro de mama, revelando a possibilidade de utilizar 

MSC-EVs decoradas com p28 para o desenvolvimento de novos sistemas de entrega de 

fármacos baseados em EVs para terapia de cancro. 
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No global, ao longo desta tese foi demonstrada a possibilidade de usar estratégias de 

produção passíveis de serem transpostas para um contexto clínico, por forma a obter MSC-

EVs aplicáveis tanto para medicina regenerativa, demonstrando a sua capacidade pro-

angiogénica inerente, bem como para entrega de fármacos, devido à possibilidade de 

modificar estas MSC-EVs com péptidos direccionados para células de cancro. 

 

Palavras-chave: vesículas extracelulares, células estromais mesenquimais, produção 

escalável, sistemas de entrega de fármacos, terapia anti-cancro 

 

  



 iv 

Acknowledgements 
In the next few pages I would like to acknowledge all the people that, in a way or another, 

have contributed for this PhD thesis. Either for having a major role in the development of this 

work, for helping me out when I needed their collaboration or simply for being part of my life, 

the people mentioned in these paragraphs have had a positive impact upon me and made this 

PhD possible. 

I want to thank my supervisors (from IST) Cláudia Lobato da Silva and Nuno Bernardes for 

all the guidance and for giving me the freedom to pursue my ambitions. For sharing my 

passion for science and for always giving a great support and encouragement in all my 

scientific endeavors, from writing papers, to participating in conferences and to going abroad 

for part of my PhD thesis. I thank Cláudia for teaching me much more than science but more 

importantly how to develop my scientific work and establish good interactions with members 

of the work environment. I also thank her for making situations look simpler than I thought 

before and for always making me feel calmer after our meetings when I was feeling more 

stressed. I thank Nuno for our long debates and scientific discussions as well as for helping 

me whenever I was struggling with unforeseen experimental challenges. I feel very lucky to 

have supervisors with whom I share a great empathy and to have created not only a great 

professional relationship but also one of friendship. 

I thank Professor Joaquim Cabral for making this work possible by accepting me at 

SCERG. For all his key leading roles at iBB, at SCERG and in the MIT Portugal Program, 

which made it possible for me to follow my dream of studying Bioengineering. For always 

supporting my work, for sharing my fascination with bioprocessing and bioengineering and for 

having inspired me since my first year as a Biological Engineering student at IST. 

I thank my supervisor Diana Gaspar (previously iMM Lisboa, currently GenIbet) for her 

decisive initiative in the foundation of this project and for all her support and encouragement. 

I thank my PhD colleague Filipa Oliveira (iMM) for, together with Diana, sharing their previous 

knowledge on working with extracellular vesicles, enabling the establishment of this research 

area in IST. I also thank Diana and Filipa for performing AFM and zeta potential 

characterization of EVs. I extend my gratitude to Professor Miguel Castanho (iMM) for giving 

me the opportunity to be part of his research group, as well as to all the members of his group 

for welcoming me. 

I would like to thank all the members of SCERG that have made this work possible for their 

collaboration and for the great working environment we are fortunate to have in our group. To 

Ana Fernandes-Platzgummer for her crucial role in this project, by helping and supporting in 

all stem cell-related work and in the development of bioprocessing strategies for EV 

manufacturing. Also for sharing my enthusiasm for constantly improving our lab and acquiring 



 v 

new equipment to make increasingly more interesting experiments. I also thank to Raquel 

Cunha for together with Ana collaborating in our EV group workforce, for her great contribution 

to support the implementation of this research area in our group. 

I thank Carlos Rodrigues for introducing me to Vertical-Wheel bioreactors during MIT 

Portugal PhD classes and for playing an important role in disseminating the use of these 

bioreactors in our group, as well as for our enjoyable interactions throughout these years. 

I thank previous SCERG members Diogo Pinto and Marta Costa for introducing me to 

working with stem cells and for teaching me so much in the lab and about the life of a PhD 

student. Also to Cátia Bandeiras for our collaboration in my first ever research paper and for 

the great interaction we had as office partners. 

I want to thank my Lab 3 colleagues that have been working together with me over the past 

years Carina Manjua, André Branco, Marília Silva, Sara Bucar, Cristiana Ulpiano and Sara 

Morini for their help and companionship. Thanks for not only being amazing colleagues but 

also for becoming great friends. A special word to André for the partnership in our book chapter 

odyssey and for the many years of friendship since the beginning of our Biological Engineering 

degree. I also extend this gratitude to my long-term colleague Diogo Nogueira for his constant 

help and availability ever since I first arrived at SCERG, for our shared enthusiasm for science 

and other non-scientific matters, for always giving me the motivation to push forward and for 

being a great friend. 

I thank Ana Catarina Costa for her amazing work together with me during her Master’s 

thesis as well as afterwards, making a crucial contribution for the success of this PhD thesis. 

I am also grateful to Jaqueline Garcia for her vital support in managing the lab, going above 

and beyond to assure we have the best possible conditions to develop our work. To all the 

other SCERG members, I want to express my gratitude for these years sharing great moments 

together. 

I thank Ana Rita Garizo, Andreia Pimenta and Dalila Mil-Homens for our interactions and 

for their help during my working periods at IST-Alameda. To Professor Arsénio Fialho for 

bringing the field of cancer therapy research to IST, making it possible for me to develop this 

PhD. 

I want to thank José Paulo Farinha from CQE-IST and the members of his group for 

supporting me on the use of the NTA equipment, which was a key piece of my PhD. 

I would like to acknowledge William Milligan and Rong-Jeng Tseng (AventaCell Biomedical 

Corp.) for scientific discussions and support regarding the use of human platelet lysate-based 

culture supplements (UltraGRO™), as well as Brian Lee and Sunghoon Jung (PBS Biotech) 

for scientific discussions and for their support regarding the use of Vertical WheelTM 

bioreactors. I thank them for fostering great partnerships with our research group, supporting 

fruitful collaborations between academia and industry. 



 vi 

I would like to thank all the team that welcomed me at UMC Utrecht in The Netherlands. 

To Professor Joost Sluijter and Pieter Vader for so kindly receiving me at their research 

groups, for supervising and guiding my work there and for really allowing me to take my PhD 

project to the next level during this period, resulting in the work presented in Chapters 3 and 

4 of this thesis. To my fellow PhD colleagues Marieke Roefs, Simon van de Wakker and 

Margarida Viola for exceedingly teaching me so many new techniques and for openly sharing 

their experience with me. To two great Master students Wilte Olijve and Marjolein Rozeboom 

for sharing many experiments with me. On a more personal level, I really want to thank this 

group of people for their friendship and for helping and supporting me during some troubled 

times caused by the pandemic. I also want to thank Sander Kooijmans and Olivier de Jong for 

their help at crucial moments during my research work there. I thank Professor Raymond 

Schiffelers for openly chatting with me when we met at an EACR congress in Cambridge and 

for putting me in touch with Joost and Pieter, making this collaboration possible. I also want 

to thank everyone at both the Experimental Cardiology Lab and CDL Research for welcoming 

me. 

I thank to the members of my Thesis Commission (CAT) Rita Fior (Champalimaud 

Foundation) and Fábio Fernandes (iBB-IST) for their valuable inputs and contribution 

throughout my PhD. To Rita for our long-lasting friendship in science and to Fábio for our 

insightful interactions about EVs. 

I thank Inês Ferreira and Rita Oliveira (CEDOC, Universidade NOVA de Lisboa) for their 

help and support unraveling the often challenging Western blots of EVs.  

I thank to my MIT Portugal colleagues for sharing so many adventures during the first year 

of the PhD program, filled with classes, projects and amusing moments throughout Portugal. 

I would also like to acknowledge Fundação para a Ciência e a Tecnologia (FCT), Portugal, 

for my PhD scholarship (SFRH/PD/BD/128328/2017) and the MIT Portugal Program. 

Thank you to my college friends Carolina, Sabino, Rogério and Andreia whose friendship I 

deeply cherish. To all of my great friends Vasques, Prescott, Ginja, Rui, Pombeiro, Souto, 

Maria Medina, João Pires, João Vasques, Joana Dias and Zahra for their long-standing 

friendship. They say friends are the family you choose and I truly consider all of you to be 

extremely important in my life. I know you will always be there for me as I will for you. 

To my girlfriend and life partner Rafaela for all of her love and for always being there for 

me. Thank you for always listening to me when I was excited about science and my work, as 

well as for encouraging me when I was feeling down. You mean the world to me. I also thank 

Rafaela’s family, particularly her parents Luísa and Tiago for welcoming me as part of their 

own family and for always showing their support for me. 

To my parents Helena and António, words are not enough to express my gratitude. Thank 

you for your love, for transmitting me good values, for encouraging me to pursue my dreams, 



 vii 

for opening my mind, for making me the man I am today. To my grandparents Aurora, 

Marcelino, Ondina and Celestino for their example of struggle and perseverance, and who will 

always be stars guiding my way through life. 

 

 

 

  



 viii 

Table of contents 
 

Abstract .............................................................................................................................. i 

Resumo .............................................................................................................................. ii 

Acknowledgements ......................................................................................................... iv 

Table of contents ........................................................................................................... viii 

List of tables .................................................................................................................... xii 

List of figures ................................................................................................................. xiv 

List of abbreviations ...................................................................................................... xix 

1. Introduction ............................................................................................................. 1 

1.1. Mesenchymal stromal cells: manufacturing challenges for cell-based therapies .. 3 

1.1.1. The birth of cell therapies ............................................................................... 3 

1.1.2. MSC as a new paradigm for paracrine cell therapy ....................................... 3 

1.1.3. Clinical application and challenges of cell-based therapies ........................... 5 

1.1.4. Source and isolation of cells for therapeutic use ............................................ 7 

1.1.4.1. Sources and tissue collection ..................................................................... 7 

1.1.4.2. Isolation of target cell populations .............................................................. 8 

1.1.5. Cell production ............................................................................................. 10 

1.1.5.1. Culture medium formulation ..................................................................... 10 

1.1.5.2. Physicochemical parameters ................................................................... 13 

1.1.5.3. Scalable culture systems ......................................................................... 14 

1.1.5.4. Agitation ................................................................................................... 19 

1.2. Extracellular vesicles ........................................................................................... 20 

1.2.1. EV biology .................................................................................................... 20 

1.2.1.1. EV biogenesis .......................................................................................... 22 

1.2.1.2. EV interaction with recipient cells ............................................................. 23 

1.2.1.3. EVs in intercellular communication .......................................................... 25 

1.2.1.3.1. Physiological roles of EVs .................................................................. 25 

1.2.1.3.2. EVs in pathological processes ........................................................... 26 

1.2.2. EVs as reconfigurable natural therapeutic systems ..................................... 28 

1.2.2.1. EVs as intrinsically therapeutic agents ..................................................... 28 

1.2.2.2. EVs as drug delivery systems .................................................................. 29 

1.3. Azurin and p28 as anticancer tools ..................................................................... 34 

1.4. Motivation and thesis outline ............................................................................... 36 



 ix 

2. Scalable production of human mesenchymal stromal cell-derived 
extracellular vesicles under serum-/xeno-free conditions in a microcarrier-based 
bioreactor culture system .................................................................................................. 39 

2.1. Summary ............................................................................................................. 41 

2.2. Background ......................................................................................................... 41 

2.3. Materials and methods ........................................................................................ 43 

2.3.1. MSC isolation from human samples ............................................................ 43 

2.3.2. MSC expansion in static conditions ............................................................. 44 

2.3.3. MSC-EV production under static conditions ................................................. 44 

2.3.4. MSC expansion and MSC-EV production in the bioreactor culture system . 45 

2.3.5. Isolation of EVs from MSC cultures ............................................................. 46 

2.3.6. Comprehensive characterization of manufactured EVs ............................... 46 

2.3.6.1. Protein quantification ................................................................................ 46 

2.3.6.2. Nanoparticle tracking analysis ................................................................. 46 

2.3.6.3. Western blot ............................................................................................. 47 

2.3.6.4. Atomic force microscopy imaging ............................................................ 48 

2.3.6.5. Zeta potential ........................................................................................... 48 

2.3.7. Lactate dehydrogenase activity measurements ........................................... 48 

2.3.8. Statistical analysis ........................................................................................ 48 

2.4. Results ................................................................................................................. 49 

2.4.1. MSC expansion and medium conditioning for MSC-EV production from 3 

different human sources (BM, AT and UCM) was achieved in the bioreactor culture 

system 49 

2.4.2. Characterization of MSC-EVs reveals improved properties upon bioreactor 

manufacturing ................................................................................................................ 52 

2.4.3. Bioreactor culture improves the production of MSC-EVs ............................. 55 

2.5. Discussion ........................................................................................................... 57 

2.6. Supplementary material ...................................................................................... 64 

3. Angiogenic activity of mesenchymal stromal cell-derived extracellular 
vesicles in vitro ................................................................................................................... 65 

3.1. Summary ............................................................................................................. 67 

3.2. Background ......................................................................................................... 67 

3.3. Materials and methods ........................................................................................ 69 

3.3.1. Cell culture ................................................................................................... 69 

3.3.2. EV isolation from MSC cultures ................................................................... 69 

3.3.3. Comprehensive characterization of MSC-EVs ............................................. 69 



 x 

3.3.3.1. Nanoparticle tracking analysis ................................................................. 69 

3.3.3.2. Protein quantification ................................................................................ 70 

3.3.3.3. Western blot ............................................................................................. 70 

3.3.4. Functional assays with endothelial cells ...................................................... 71 

3.3.4.1. Sprouting assay ....................................................................................... 71 

3.3.4.2. Scratch assay ........................................................................................... 71 

3.3.4.3. ERK/Akt assay ......................................................................................... 71 

3.3.5. Statistical analysis ........................................................................................ 72 

3.4. Results ................................................................................................................. 72 

3.4.1. EV isolation through size exclusion chromatography is appropriate for 

functional studies ........................................................................................................... 72 

3.4.2. MSC-EVs improve the angiogenic capacity of endothelial cells in vitro ....... 74 

3.5. Discussion ........................................................................................................... 77 

4. Surface modification of mesenchymal stromal cell-derived extracellular 
vesicles with the azurin-p28 peptide for cancer-targeted therapy ................................. 83 

4.1. Summary ............................................................................................................. 85 

4.2. Background ......................................................................................................... 85 

4.3. Materials and methods ........................................................................................ 87 

4.3.1. Cell culture ................................................................................................... 87 

4.3.2. EV isolation from MSC cultures ................................................................... 87 

4.3.3. Peptide synthesis ......................................................................................... 87 

4.3.4. Peptide anchoring to EVs ............................................................................. 88 

4.3.5. Peptide detection (dot blots) ........................................................................ 88 

4.3.6. EV uptake studies ........................................................................................ 88 

4.4. Results ................................................................................................................. 89 

4.4.1. Design of an EV anchoring CP05-p28 conjugated peptide .......................... 89 

4.4.2. MSC-EV decoration with the CP05-p28 conjugated peptide ....................... 91 

4.4.3. EV uptake by cancer cells increased when the CP05-p28 conjugated peptide 

was anchored to MSC-EVs ............................................................................................ 93 

4.5. Discussion ........................................................................................................... 94 

5. Concluding remarks and future perspectives .................................................... 99 

5.1. Concluding remarks .......................................................................................... 101 

5.2. Future perspectives ........................................................................................... 104 

6. References ........................................................................................................... 107 

Research outputs ......................................................................................................... 140 



 xi 

 

 

 

 

  



 xii 

List of tables 
Table 1.1 - Cell-based therapies that received MA in the USA and EU by September 

201817–19. ................................................................................................................................. 6	
Table 1.2 - List of clinical trials using bioreactors for cell based-therapies. Clinical trials 

were obtained from “clinicaltrials.gov”, on 21st March 2019, using the term “bioreactor” and 

selected for cell therapy applications. ................................................................................... 16	
Table 1.3 - Overview of strategies to engineer EV targeting through genetic modification of 

producing cells to express a targeting moiety fused to an EV transmembrane protein. ....... 32	
Table 1.4 - Overview of strategies to engineer EV targeting by anchoring a targeting moiety 

to EVs after EV production and isolation. .............................................................................. 33	
Table 2.1 - Parameters from cultures of MSC from 3 different human sources (BM, AT and 

UCM) in bioreactors. Average initial cell adhesion efficiency, growth rate and duplication time 

for each MSC source. Adhesion efficiency was estimated by dividing the total cell number 24 

h after inoculation (day 1) by the cell number used in bioreactor inoculation (day 0). Three 

biological replicates (i.e. MSC from 3 different human donors) were used for each MSC source 

(n=3). Results are presented as mean ± SEM. ..................................................................... 51	
Table 2.2 - Fold changes in EV concentration and EV productivity (i.e. specific EV 

concentration, per cell) in the cell culture conditioned medium from the bioreactor system 

compared to static conditions. Results from each of the 3 MSC sources used (BM, AT and 

UCM), as well as global fold change averages from all the sources. Three biological replicates 

(i.e. MSC from 3 different human donors) were used for each MSC source (n=3). For each 

MSC source, results are presented as the average of fold changes for each donor, in order to 

account for biological diversity. Global fold changes are presented as the average of fold 

changes from each MSC source. Results are presented as mean ± SEM. .......................... 57	
Table 3.1 - Comparison of MSC-EV isolations from different tissue sources (BM and UCM), 

using cells from only one donor for each source. Values of average and mode of EV sizes, EV 

concentration in conditioned medium, number of EVs generated per cell and per each T-flask 

and particle per protein ratio. Results are presented as mean ± SEM. BM - bone marrow. UCM 

- umbilical cord matrix. CM - conditioned medium. PPR - particle per protein ratio. ............. 73	
Table 3.2 - Comparison of MSC-EV isolations using two different isolation methods (TEI 

kit and SEC). Comparisons using the same BM donor and the same UCM (i.e. only one donor 

per source). TEI - Total Exosome Isolation. SEC - size exclusion chromatography. NTA - 

nanoparticle tracking analysis. BM - bone marrow. UCM - umbilical cord matrix. CM - 

conditioned medium. PPR - particle per protein ratio. ........................................................... 74	
Table 4.1 - Nomenclature, sequence and molecular weight of the conjugated peptide used.

............................................................................................................................................... 87	



 xiii 

Table 4.2 - Description of the peptide sequences used to prepare the CP05-p28 conjugated 

peptide able to anchor to the surface of EVs. Peptides are exhibited from the N-terminal (left) 

to the C-terminal (right). ........................................................................................................ 90	
Table 4.3 - Estimated average number of peptide molecules anchored to each EV, 

depending on the incubation protocol and peptide to EV ratio used. .................................... 93	
 

 

  



 xiv 

List of figures 
Figure 1.1 - Worldwide distribution of clinical trials obtained from “clinicaltrials.gov” on 29th 

May 2019, using the terms “mesenchymal stem cell OR mesenchymal stromal cell”. ........... 5	
Figure 1.2 - Manufacturing process for cell-based therapeutic products. .................. 7	
Figure 1.3 - Schematic representations of bioreactor configurations that can be potentially 

used in the manufacturing of cell-based therapies: (A) stirred tank bioreactor, (B) packed bed 

bioreactor, (C) hollow fiber bioreactor, (D) wave bioreactor and (E) Vertical-WheelTM 

bioreactor. ............................................................................................................................. 17	
Figure 1.4 - Schematic representation of an EV and its biological composition. EVs 

are composed by a phospholipid bilayer membrane enclosing intraluminal fluid with 

cytoplasmic origin. They contain biomolecules from their cell of origin, which include, other 

than lipids, several types of proteins (e.g. involved in cell adhesion, as well as other 

transmembrane and intraluminal proteins with various functions) and nucleic acids (e.g. 

mRNA and miRNA). Figure created with BioRender.com. .................................................... 21	
Figure 1.5 - Interaction of EVs with recipient cells. EVs bind to the surface of recipient 

cells in a process that can be mediated by several molecules, being able to elicit functional 

changes without entering the cell. EVs may also be internalized by recipient cells through 

different uptake routes, which include clathrin- or caveolin-mediated endocytosis, endocytosis 

mediated by lipid rafts, phagocytosis or macropinocytosis. Internalized vesicles follow the 

endosomal pathway, being sorted into early endosomes and proceeding to MVE. Then, EVs 

can follow different routes: they can be recycled back to the plasma membrane and released; 

EVs can fuse with the limiting membrane of MVE releasing their contents to the cytoplasm of 

the recipient cell; or MVE may fuse with lysosomes leading to EV degradation. In alternative 

to EV uptake, EVs may also fuse directly with the plasma membrane of the recipient cell, 

releasing their cargo directly into the cytosol. MVE - multivesicular endosomes. Figure created 

with BioRender.com. ............................................................................................................. 24	
Figure 1.6 - Structure of azurin from P. aeruginosa. Primary structure of azurin (128 aa) 

and its derived peptides p28 (28 aa) and p18 (18 aa), with secondary elements illustrated as 

arrows for β-sheets and rectangles for α-helix. Ribbon drawing of azurin (1jzg) generated 

using iCn3D314, based on the structure obtained from the Protein Data Bank (PDB)315,316. .. 35	
Figure 2.1 - Workflow of the production and characterization of MSC-EVs in 

bioreactors and static systems. MSC were isolated from 3 different human tissue sources: 

BM, AT and UCM. Firstly, MSC were expanded in static conditions (i.e. T-flasks) in hPL 

supplemented DMEM. These cells were subsequently used to inoculate a VWBR (5M cells; 

100 mL final working volume), as well as to maintain a static culture in T-175 flasks. For each 

cell source, MSC from three independent donors (n=3; BM1, 2, 3; AT1, 2, 3; UCM1, 2, 3) were 



 xv 

used to inoculate either the final T-flasks for EV production or the VWBR, in passages from 

P4 to P5 (specifically, BM1 (P4); BM2 (P5); BM3 (P4); AT1 (P4); AT2 (P4); AT3 (P5); UCM1 

(P4); UCM2 (P4); UCM3 (P5)). Upon reaching stationary growth phase in VWBR or maximum 

confluency in static, the culture medium was changed for supplement-free culture medium 

and culture was maintained for 48 h. Over this period, culture medium was enriched in EVs 

secreted by cultured MSC. This conditioned culture medium was recovered and EVs were 

isolated by precipitation using a commercially available kit. Finally, EV production was 

quantified in both static and dynamic systems and samples were characterized using multiple 

techniques. MSC - mesenchymal stromal cells. EV - extracellular vesicles. VWBR - Vertical-

WheelTM bioreactor. hPL - human platelet lysate. BM - bone marrow. AT - adipose tissue. UCM 

- umbilical cord matrix. NTA - nanoparticle tracking analysis. AFM - atomic force microscopy. 

The cells, T-flask and Eppendorf cartoons were obtained from Smart Servier Medical Art 

(https://smart.servier.com). .................................................................................................... 49	
Figure 2.2 - MSC culture in the microcarrier-based bioreactor system. A) Evolution of 

cell number (upper panel) and cell viability (lower panel) over culture period time, for MSC 

from 3 different human tissue sources (bone marrow, adipose tissue and umbilical cord 

matrix). MSC from 3 different donors (i.e. 3 biological replicates) were used per tissue source, 

which are represented in 3 different shades of grey. Two data points are presented for the 

same day when the medium conditioning stage (i.e. EV production) started. Results are 

presented as mean ± SD of cell count for each time point. B) Representative images of 

microcarrier occupation by MSC throughout culture. Cell nuclei were stained with DAPI and 

images were acquired using a fluorescence microscope. In this case, EV production started 

on day 9 of culture and finished on day 11. Scale bar = 100 µm. C) LDH activity profile during 

the medium conditioning (i.e. EV production) stage in the VWBR system. Culture medium 

samples were taken at 0, 24 and 48 h after medium conditioning started. Results from one 

experiment for each MSC source (BM, AT and UCM). Results are presented as mean ± SD 

(n=3). LDH - lactate dehydrogenase. VWBR - Vertical-WheelTM bioreactor. BM - bone marrow. 

AT - adipose tissue. UCM - umbilical cord matrix. ................................................................ 50	
Figure 2.3 - Characterization of MSC-EVs. A) Representative AFM images of MSC-EVs 

obtained in the VWBR system, using MSC from 3 different human tissue sources (bone 

marrow, adipose tissue and umbilical cord matrix). AFM height images (top) and respective 

3D projections (bottom), capturing a total area of 10 x 10 μm. A close-up image focusing on a 

single EV is presented for each AFM height image. B) Western blots of MSC lysates and 

MSC-EV samples. i) Representative Western blot images of syntenin, CD63, CD81 and 

calnexin detection in MSC-EVs and corresponding WCL (i.e. cells) obtained from VWBR 

cultures. ii) Western blot detection of syntenin, CD63 and CD81 in MSC-EV samples and 

corresponding WCL (i.e. cells), obtained from BM, AT and UCM MSC after EV production in 



 xvi 

static and VWBR systems. Detection of the housekeeping protein GAPDH in the same WCL 

preparations. C) Zeta potential measurements of the surface charge of MSC-EVs (mV), 

obtained in either static or VWBR systems, using MSC from 3 different human sources (BM, 

AT and UCM). Results correspond to one representative experiment for each condition. 

Results are presented as mean ± SD. AFM - atomic force microscopy. WCL - whole cell 

lysates. BM - bone marrow. AT - adipose tissue. UCM - umbilical cord matrix. VWBR - Vertical-

WheelTM bioreactor. ............................................................................................................... 53	
Figure 2.4 - Size distribution of MSC-EVs. A) Representative size distribution curves of 

EV samples obtained from BM, AT and UCM MSC, cultured in static or Vertical-WheelTM 

bioreactor systems. B) Box plots representing the size distribution profiles of EV samples 

obtained from BM, AT and UCM MSC, cultured in static or Vertical-WheelTM bioreactor 

systems. The minimum, 1st quartile, median, 3rd quartile and maximum values are represented 

for each condition. MSC from 3 different donors were used for each tissue source (i.e. n=3 

biological replicates). BM - bone marrow. AT - adipose tissue. UCM - umbilical cord matrix.

............................................................................................................................................... 54	
Figure 2.5 - Comparing MSC-EV production in bioreactor and static culture systems, 

using MSC from different sources. A) EV concentration (particles/mL) in the cell culture 

conditioned medium from BM, AT and UCM MSC cultures in static and Vertical-WheelTM 

bioreactor systems. MSC from 3 different donors were used for each tissue source (i.e. n=3 

biological replicates). Results are presented as mean ± SEM (n=3). Upper-right panel: 

Summarized paired analysis comparing EV concentration in static and Vertical-WheelTM 

bioreactor systems, for each MSC donor. Paired statistical analysis (paired t test **P=0.0027) 

(n=9). B) Specific EV concentration (particles/cell) in the cell culture conditioned medium from 

BM, AT and UCM MSC cultures in static and Vertical-WheelTM bioreactor systems. MSC from 

3 different donors were used for each tissue source. In static cultures, each T-175 yielded 1.2 

- 6.6 x 106 cells upon 4 - 9 days of expansion, regardless of the cell tissue source. Results are 

presented as mean ± SEM (n=3; n=2 for UCM-static). Upper-right panel: Summarized paired 

analysis comparing specific EV concentration in static and Vertical-WheelTM bioreactor 

systems, for each MSC donor. C) Particle to protein ratios (PPR) (particle/µg protein) of EV 

samples obtained from BM, AT and UCM MSC, cultured in static and Vertical-WheelTM 

bioreactor systems. MSC from 3 different donors were used for each tissue source. Results 

are presented as mean ± SEM (n=3). Upper-right panel: Violin plot of PPR of MSC-EV 

samples obtained in static and Vertical-WheelTM bioreactor systems. .................................. 56	
Figure 3.1 - Characterization of MSC-EVs isolated by SEC. A) Western blots of whole 

cell lysates (WCL) and EV samples, obtained from BM MSC. Detection of common EV 

markers (CD9, CD63, CD81 ALIX and TSG101), EV-negative marker calnexin and 

housekeeping protein β-actin. B) Representative NTA size distribution curves of EV samples 



 xvii 

obtained from BM and UCM MSC. SEC - size exclusion chromatography. NTA - nanoparticle 

tracking analysis. BM - bone marrow. UCM - umbilical cord matrix. ..................................... 73	
Figure 3.2 - Sprouting assay. A) Representative microscopy images of endothelial 

spheroids embedded in a collagen matrix at the beginning of the assay (t=0 h) or 24 h after 

treatment with different EV conditions. Either 2x1010 or 4x1010 (i.e. x2 dose) EV particles were 

added per well of a 48-well plate. PBS was used for negative controls and 20% FBS was used 

for positive controls. Scale bar = 400 µm. B) Total length of sprouts formed per spheroid 

relative to negative controls; Number of sprouts formed per spheroid relative to negative 

controls; Average sprout length per spheroid relative to negative controls. Results are 

presented as mean ± SEM. Between 2-3 wells with c.a. 10 spheroids each were used per 

condition; the cumulative n (total number of spheroids analyzed per condition) varied between 

16 and 28. Ordinary one-way ANOVA test with Turkey’s multiple comparisons test or Brown-

Forsythe and Welch ANOVA test with Dunnett's T3 multiple comparisons test; P-value output 

represented in the following way: P≤0.0001 (****); 0.0001<P≤0.001 (***); 0.001<P≤0.01 (**); 

0.01<P≤0.05 (*); P>0.05 (ns). ................................................................................................ 75	
Figure 3.3 - Scratch assay. Representative microscopy images of scratch wounds on 

endothelial cell monolayers, at the beginning of the assay (t=0 h) or 6 h after treatment with 

UCM MSC-EV at different concentrations. Either 2x1010 or 4x1010 EV (i.e. x2) particles were 

added per well of a 48-well plate. PBS was used for negative controls and 20% FBS was used 

for positive controls. Scale bar = 1 mm. Relative endothelial cell migration and wound closure 

percentage over 6 h of treatment. Relative migration only considers the absolute distance 

migrated by cells to close the scratch wound, while wound closure is affected by the initial 

scratch area. Results are presented as mean ± SEM (n = 3 technical replicates). ............... 76	
Figure 3.4 - ERK/Akt assay. Western blot analysis of ERK1/2 and Akt expression and 

their respective phosphorylated forms (pERK1/2 and pAkt) in endothelial cells cultured with or 

without the addition BM MSC-EVs (1x1010 EV particles were added per well of a 48-well plate).  

Results are presented as mean ± SEM (n = 2 technical replicates). ..................................... 77	
Figure 4.1 - Design of an EV anchoring CP05-p28 conjugated peptide. A) Schematic 

representation of the surface modification of EVs with a CP05-p28 conjugated peptide (not to 

scale). The final peptide design contains a peptide sequence (CP05) that anchors to CD63 

present on EV surface, a (GGGGS)2 linker a Myc-tag reporter and the p28 peptide (i.e. the 28 

amino acid sequence Leu50-Asp77 from the protein azurin). Figure created with 

BioRender.com. B) Detection of the previously designed CP05-p28 conjugated peptide 

through Myc immuno-detection in a dot blot. Different peptide quantities were loaded into the 

dot blot (i.e. 5, 2, 1 and 0.3 µg). Different sample preparation protocols were tested. Samples 

were treated with or without 2% SDS and subjected to heat treatment at 95ºC for 10 min or 

not. PBS was used as a negative control and subjected to the same sample preparation 



 xviii 

procedures. A previously developed fusion protein (R2-C1C2) containing the same Myc-tag 

was used as a positive control292. R2-C1C2 was loaded into the dot blot at an equivalent 

amount of peptide molecules as 0.3 μg CP05-p28 conjugated peptides.  R2-C1C2 was kindly 

provided by Sander Kooijmans (UMC Utrecht, The Netherlands). ........................................ 90	
Figure 4.2 - MSC-EV decoration with CP05-p28 conjugated peptides. A) Detection of 

CP05-p28 conjugated peptides anchored to MSC-EVs through Myc immuno-detection in a dot 

blot. MSC-EVs were incubated with p28 conjugated peptides either at 4ºC for 6 h or at room 

temperature for 2 h. Either 50 or 5 μg peptide were incubated with 1x1010 EV particles 

(determined by NTA). As controls, both a 50 μg free peptide sample and 1x1010 EV particles 

in PBS were subjected to the same processing as the EV-peptide incubated samples. As 

additional controls, PBS (negative control) and 0.5 μg free peptide (positive control) were 

loaded directly in the dot blot. Quantifications of peptide mass anchored to EVs as well as 

peptide anchoring efficiency in each incubation condition estimated by extrapolation from 

signal intensity of positive control and PBS negative control and corrected for false signal 

detection in EVs. B) Detection of CP05-p28 conjugated peptides present in the filtrate (i.e. 

washouts) of ultrafiltration operations using 100 kDa MWCO Amicon centrifugal filter units to 

remove free-peptide from anchoring experiments. Four rounds of washing were performed. i) 

Peptides were detected through Myc immuno-detection in a dot blot. ii) Relative quantification 

of peptide detected in the washouts normalized per total Myc signal in the dot blot. iii) Relative 

quantification of peptide detected in the washouts normalized per condition. ...................... 92	
Figure 4.3 - Surface decoration of MSC-EVs with CP05-p28 conjugated peptides 

improved EV uptake by breast cancer cells. A) Representative images of EV uptake by 

MDA-MB-231 cells treated with an EV-free PBS control, naive MSC-EVs and MSC-EVs 

decorated with a CP05-p28 conjugated peptide (in equivalent doses). Merged bright-field and 

fluorescence microscopy images. AlexaFluor 647 NHS ester-labeled EVs shown in red. 

Pictures were taken using 20x and 40x objectives. B) Flow cytometry analysis of EV uptake 

by MDA-MB-231 cells. EV fluorescence height (x) vs. side scatter height (y) plots. C) Median 

fluorescence intensities (MFI) of flow cytometry measurements and relative EV uptake based 

on MFI values. Mean ± SEM (n=2 technical replicates). ....................................................... 94	
Figure 5.1 - Key factors for translation of EV-based therapeutics into clinical settings. 

Adapted from 240. ................................................................................................................. 104	
 

  



 xix 

List of abbreviations 
αMEM Minimum Essential Medium Eagle alpha 

AFM atomic force microscopy 

ALIX ALG‑2 interacting protein X  

AT  adipose tissue 

ATMP advanced therapy medicinal products  

ATP  adenosine triphosphate 

BACE1 beta secretase 1 

BACS buoyancy-activated cell sorting 

BBB blood-brain barrier 

BCA bicinchoninic acid 

BM  bone marrow 

BMP-2 bone morphogenetic protein-2 

BSA bovine serum albumin 

BSP bone sialoprotein  

CAR chimeric antigen receptor  

CCL2 C-C Motif Chemokine Ligand 2 

CD  cluster of differentiation 

CDK2 cyclin dependent kinase 2 

CFD computational fluid dynamics  

CFU-F colony-forming unit-fibroblasts 

CIBN CRY-interacting protein  

CIP  clean-in-place  

CM  conditioned medium 

CML chronic myeloid leukemia  

CNS central nervous system 

COVID-19 coronavirus disease-19 

CPC cardiomyocyte progenitor cells  

CPP cell-penetrating peptide 

DAPI 4′,6-diamidino-2-phenylindole  

DC  dendritic cell 

DDS drug delivery system 

DMEM Dulbecco's Modified Eagle’s Medium  

DMPE 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine 

DMSO dimethyl sulfoxide  

ECM extracellular matrix  



 xx 

EDTA ethylenediaminetetraacetic acid 

EGF(R) epidermal growth factor (receptor) 

EMA European Medicines Agency 

EMMPRIN extracellular matrix metalloproteinase inducer 

EMT epithelial-to-mesenchymal transition 

ERK1/2 extracellular signal-regulated kinase 1/2 

ESCRT endosomal sorting complex required for transport  

EU  European Union  

EV  extracellular vesicle 

FACS fluorescence activated cell sorting  

FAK  focal adhesion kinase 

FBS  fetal bovine serum  

FDA Food and Drug Administration 

FGF fibroblast growth factor 

GAG glycosaminoglycans 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GBM glioblastoma multiforme  

GMP good manufacturing practice 

GPI  glycosylphosphatidylinositol 

GTP(ase) guanosine triphosphate 

GvHD graft versus host disease 

HCT hematopoietic cell transplantation  

HEK human embryonic kidney 

HER2 human epidermal growth factor receptor 2 

HGF hepatocyte growth factor 

HLA  human leukocyte antigen 

HMEC human microvascular endothelial cells  

hPL  human platelet lysate 

HRP horseradish peroxidase 

HSPC hematopoietic stem/progenitor cells  

IBA1 ionized calcium binding adaptor molecule 1 

IFATS International Federation for Adipose Therapeutics and Science 

IL3  interleukin 3 

ILV  intraluminal vesicles  

iPSC induced pluripotent stem cell 

ISCT International Society for Cellular Therapy  

JNK  c-Jun N-terminal kinase 



 xxi 

Lamp2b lysosome-associated membrane protein 2 

LDH lactate dehydrogenase 

LDL  low-density lipoprotein 

lncRNA long non-coding RNA 

MACS magnetic activated cell sorting 

MAPK mitogen-activated protein kinase 

MDR multidrug resistant 

MFI  median fluorescence intensity  

MHC major histocompatibility complex  

MIF  migration inhibitory factor  

miRNA micro RNA 

mRNA messenger RNA 

MSC mesenchymal stromal cell(s) 

MSC-EVs mesenchymal stromal cell-derived extracellular vesicles 

MVB multivesicular bodies  

MVE multivesicular endosomes  

MWCO Molecular weight cut-off 

NF-κB nuclear factor kappa light chain enhancer of activated B cells 

NK  natural killer 

NRP-1 neuropilin 1 

NTA nanparticle tracking analysis 

OP  osteopontin 

PB  peripheral blood 

PBS phosphate-buffered saline  

PDAC pancreatic ductal adenocarcinoma  

PDB Protein Data Bank  

PDGF(R) platelet-derived growth factor (receptor) 

PE  phosphatidylethanolamine 

PEG polyethylene glycol 

PES polyethersulfone 

PI3K Phosphatidylinositol-3-kinase  

PMO phosphorodiamidate morpholino oligomer 

PPR particle to protein ratio 

PS  phosphatidylserine 

PSMA prostate-specific membrane antigen 

PTD protein transduction domain 

PVDF polyvinylidene fluoride 



 xxii 

RIPA radioimmunoprecipitation assay 

RPMI Roswell Park Memorial Institute  

RVG rabies viral glycoprotein 

S/XF serum-/xeno(geneic)-free  

SD  standard deviation 

SDS sodium dodecyl sulfate 

SEC size exclusion chromatography  

SEM standard error of the mean  

SFCA surfactant-free cellulose acetate 

SIP  steam-in-place  

siRNA small interfering RNA 

SNARE soluble N-ethylmaleimide-sensitive fusion attachment protein receptor 

SPION superparamagnetic iron oxide nanoparticles 

STAT3 signal transducer and activator of transcription 3  

SUB single-use bioreactors 

TACS traceless affinity cell selection 

TBS  tris-buffered saline  

TBST TBS with 0.1% Tween-20  

TEI  Total Exosome Isolation 

TFF  tangential flow filtration  

TGF transforming growth factor 

Th1  T helper type 1 

TME tumor microenvironment 

TSG101 tumor susceptibility gene 101 protein 

UCB umbilical cord blood  

UCM umbilical cord matrix 

USA United States of America 

VEGF(R)  vascular endothelial growth factor (receptor) 

VWBR Vertical-Wheel™ bioreactor  

WCL whole cell lysate 

 

  



 1 

 
 
 
 
 
 
 
 
 
 

1. Introduction 
 

This chapter is partially published as: de Almeida Fuzeta M., de Matos Branco A.D., 

Fernandes-Platzgummer A., da Silva C.L., Cabral J.M.S. (2019) Addressing the 

Manufacturing Challenges of Cell-Based Therapies. In: Advances in Biochemical 

Engineering/Biotechnology. Springer, Berlin, Heidelberg. 

 

 



 2 

  



 3 

1.1. Mesenchymal stromal cells: manufacturing challenges 
for cell-based therapies 

1.1.1. The birth of cell therapies 
Exciting developments in the cell therapy field over the last decades have led to an 

increasing number of clinical trials and the first cell products receiving marketing authorization. 

In fact, cell-based therapies offer unprecedented levels of therapeutic potential, already 

radically changing the landscape of medical care. 

The development of cellular therapies began with the establishment of hematopoietic cell 

transplantation (HCT). Early work in murine models led to the observation that supralethal 

radiation could be survived if affected mice were infused with a bone marrow (BM) graft1. BM 

aspirates containing hematopoietic stem/progenitor cells (HSPC) were able to migrate to the 

affected BM after radiation-derived myeloablative treatment and reconstitute the entire 

hematopoietic system. 

After proving to treat radiation injury, BM transplantation was considered as a possible 

treatment for leukemia. In 1956, Barnes and colleagues were able to infuse normal BM grafts 

on leukemic mice as a proof of concept2. Knocking out a murine hematopoietic system also 

meant eliminating its blood-related malignancies. Transplants of healthy grafts would then 

repopulate the BM and form a new hematopoietic system. By transposing this knowledge to 

humans, Thomas and colleagues were the first to successfully perform HCT in human acute 

leukemia patients, paving the way towards showing the feasibility of cell therapies3.  

1.1.2. MSC as a new paradigm for paracrine cell therapy 
Following initial developments in HCT, the BM was once more the source for the discovery 

of yet another promising stem cell population, named mesenchymal stem cells (MSC) by 

Caplan in 19914. The foundations for the discovery of these stem cells can be traced back to 

the nineteenth century, when studies on the BM transplantation to heterotopic anatomical sites 

resulted in de novo generation of ectopic bone and marrow5,6. However, it was only later that 

the work of Tavassoli and Crosby clearly provided evidence of an inherent osteogenic 

potential associated with the BM7. In the 1960s-1970s, Friedenstein and colleagues isolated 

and characterized a sub-population of adherent spindle-shaped cells from mouse BM that 

were responsible for the previously described osteogenic potential8,9. Moreover, they also 

demonstrated that BM cell suspensions could generate colony-forming unit-fibroblasts (CFU-

F). These cells were then later designated as “mesenchymal stem cells” and shown to have 

multilineage differentiation potential, including the osteogenic, adipogenic and chondrogenic 

lineages4,10.  
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Over the following decades, questions were raised over the usage of the term 

‘‘mesenchymal stem cells’’ and alternative nomenclatures have been proposed by different 

authors. This is due to unfractionated plastic-adherent marrow cells being quite 

heterogeneous and current data being insufficient to characterize them as stem cells. In order 

to address the inconsistency in the nomenclature and account for the biological properties of 

these cells, the International Society for Cellular Therapy (ISCT) proposed that plastic-

adherent cells described as mesenchymal stem cells should be termed multipotent 

mesenchymal stromal cells, maintaining the acronym MSC11. 

The controversy in the appropriate nomenclature is accompanied by the inconsistency 

between investigators on the set of characteristics that define MSC. Laboratories have 

developed different methods of isolation and expansion, as well as different approaches to 

characterize these cells. Thus, an appropriate comparison between studies may be difficult to 

achieve. In order to address this issue, the ISCT has proposed minimal criteria to define 

human MSC: i) adherence to plastic; ii) expression of CD73, CD90, CD105 and lack the 

expression of CD14 or CD11b, CD79𝛼 or CD19, CD34, CD45 and HLA-DR; iii) osteogenic, 

adipogenic and chondrogenic differentiation potential under standard culture conditions12. 

Similarly, minimal criteria for the definition of adipose tissue (AT)-derived stromal/stem cells 

have also been recently established by a combined panel from ISCT and the International 

Federation for Adipose Therapeutics and Science (IFATS)13. 

MSC present additional characteristics that make them attractive for therapeutic purposes, 

other than their ability to give rise to different mesenchymal phenotypes. The secretion of a 

broad range of bioactive molecules, such as growth factors, cytokines and chemokines, render 

them with immunomodulatory and trophic activities, acting both in a paracrine and autocrine 

manner14,15. MSC trophic activity relies on bioactive factors that assist in repair and 

regeneration processes. MSC are able to inhibit scarring (fibrosis) and apoptosis, promote 

angiogenesis and support growth and differentiation of progenitor cells into functional 

regenerative units14,15. 

The panoply of beneficial effects ascribed to MSC has made them the second most studied 

cells in clinical trials, immediately after HSPC16, with over 900 clinical trials taking place 

worldwide, receiving a special focus in China, Europe and United States of America (USA)  

(Figure 1.1) (clinicaltrials.gov, accessed on 29th May 2019, using the search term 

“mesenchymal stem cell OR mesenchymal stromal cell”). MSC are promising candidates for 

the treatment of a wide range of diseases, which is clearly observed from the great diversity 

of conditions targeted in clinical trials. Musculoskeletal diseases, immune system diseases, 

wounds and injuries, central nervous system diseases and vascular diseases are the top 5 

conditions with the highest numbers of undergoing clinical trials worldwide. In addition to 
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HSPC and MSC, many other cell types are being studied in clinical trials including 

lymphocytes, dendritic cells, hepatocytes and endothelial cells16. 

 
Figure 1.1 - Worldwide distribution of clinical trials obtained from “clinicaltrials.gov” on 29th May 2019, using the 
terms “mesenchymal stem cell OR mesenchymal stromal cell”. 

1.1.3. Clinical application and challenges of cell-based therapies 
Since 2009, twelve cell-based therapies have been approved and received marketing 

authorization in the European Union (EU) and USA combined (Table 1.1)17–19. The first 

successfully approved product was ChondroCelect, from TiGenix, despite being withdrawn in 

2016 due to commercial reasons. This product consisted in autologous cartilage cells 

expanded ex vivo to treat knee cartilage defects. Holoclar (Chiesi Farmaceutici) was the first 

approved stem cell product (2015), consisting in ex vivo expanded autologous human corneal 

epithelial cells containing stem cells to treat severe limbal stem cell deficiency. Other approved 

products include the first CAR-T cell therapies for liquid cancers, Kymriah (Novartis) and 

Yescarta (Kite Pharma), approved in 2017 in the USA and in 2018 in the EU and more 

recently, Alofisel (Takeda Pharma) that consists in expanded allogeneic AT-derived MSC to 

treat perianal fistulas in patients with Crohn’s disease. 

Due to their uniqueness, cell therapies have earned their own category in regulatory 

agencies with special directives concerning approval candidature. Cell-based therapies are 

considered advanced therapy medicinal products (ATMP), defined by the European Medicines 

Agency (EMA) as medicines for human use that are based on genes, tissues or cells, offering 

groundbreaking new opportunities for the treatment of disease and injury18. 

In spite of the establishment of guidelines and regulations applying to cell therapies, a 

number of unresolved issues remain, making the regulatory path toward clinical approval a 

challenge20. Certain important requirements often lack in clarity and regulation is not specific 

enough. This results in products where the appropriate classification is not entirely certain21,22. 

Furthermore, discrepancies between regulatory agencies from different countries hinders 



 6 

companies trying to reach the market at an international level22. The challenging regulatory 

environment contributes to the need to endure over long time periods before reaching the 

market. Often, cell products only gain market access 15 - 20 years after the company was 

founded22. Nevertheless, the regulatory environment is gradually improving. In order to 

continue this path and make wise development choices, it will be crucial to promote a crosstalk 

between scientists, companies developing cell therapies and regulators22. 

Table 1.1 - Cell-based therapies that received MA in the USA and EU by September 201817–19. 

Product  
(MA holder) Product description Therapeutic 

indication Date approved 

Alofisel (Takeda 
Pharma A/S) 

Expanded allogeneic mesenchymal adult 
stem cells extracted from adipose tissue 

Perianal fistulas in 
patients with Crohn’s 
disease 

2018 (EU) 

Yescarta (Kite 
Pharma) 

Autologous T cells genetically modified 
by retroviral transduction to encode an 
anti-CD19 chimeric antigen receptor 
(CAR) 

Large B-cell lymphoma 2018 (EU) 
2017 (USA) 

Kymriah (Novartis) 
Autologous T cells genetically modified 
using a lentiviral vector to encode an anti-
CD19 CAR 

Acute lymphoblastic 
leukemia; large B-cell 
lymphoma 

2018 (EU) 
2017 (USA) 

Spherox (co.don 
AG) 

Spheroids of human autologous matrix-
associated chondrocytes Knee cartilage defects 2017 (EU) 

Strimvelis (Orchard 
Therapeutics) 

Autologous CD34+ cells transduced with 
an engineered retroviral vector encoding 
the human adenosine deaminase 
sequence 

Severe combined 
immunodeficiency 2016 (EU) 

Zalmoxis (MolMed) 

Allogeneic T cells genetically modified to 
express a truncated form of the human 
low affinity nerve growth factor receptor 
and the herpes simplex I virus thymidine 
kinase  

Control mechanism for 
graft-versus-host 
disease after 
hematopoietic cell 
transplantation 

2016 (EU) 

Holoclar (Chiesi 
Farmaceutici)  

Ex vivo expanded autologous human 
corneal epithelial cells containing stem 
cells 

Severe limbal stem cell 
deficiency 2015 (EU) 

Provenge 
(Dendreon)  

Autologous peripheral-blood 
mononuclear cells activated with prostatic 
acid phosphatase granulocyte-
macrophage colony-stimulating factor 

Metastatic prostate 
cancer  

2013 (EU)  
(withdrawn from 
EU in 2015) 
2010 (USA) 

Maci (Vericel)  Autologous cultured chondrocytes Knee cartilage defects  

2016 (USA) 
2013 (EU)  
(suspended in 
EU in 2014) 

GINTUIT 
(Organogenesis)  

Allogeneic cultured keratinocytes and 
fibroblasts in bovine collagen 

Mucogingival 
conditions 2012 (USA) 

Laviv (Fibrocell 
Technologies)  Autologous fibroblasts Severe nasolabial fold 

wrinkles 2011 (USA) 

ChondroCelect 
(TiGenix)  

Autologous cartilage cells expanded ex 
vivo expressing specific marker proteins Knee cartilage defects  

2009 (EU)  
(withdrawn in 
2016) 

MA – marketing authorization; USA – United States of America; EU – European Union.	

Although this millennium has been marked with considerate advances, with regulatory 

victories for several ATMP, cell therapy development has a long and considerable track 

record. Recent success is due to much effort in the past uncovering and understanding all the 

obstacles that stood between the establishment of therapeutic options based on cells. HCT 
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was decisive as a vehicle of problem-solving and thus has deserved its recognition as a 

foundation for cell therapy development23. 

With multiple cell-based therapies already reaching the market, one of the most pressing 

issues will be addressing the challenges in manufacturing these products. Most cell-based 

therapies are costly and target widespread medical conditions. The robust and scalable cell 

manufacturing for the cost-effective delivery of safe and potent cell-derived ATMP (either with 

autologous origin (i.e. cells from the patient) or allogeneic) relies on process engineering tools 

to understand the impact of cellular features (biological, biochemical, etc) on cell product 

function and performance, and how process variables influence the critical quality attributes 

of the cell product. In general, the manufacturing process of cell-based therapies, consists in 

several stages: tissue collection, cell isolation, culture and expansion (upstream processing), 

cell harvest, separation and purification (downstream processing) and finally product 

formulation and storage (Figure 1.2). The main advances made in the field and future 

challenges will be addressed in this section, with a particular focus on upstream processing, 

considering the particular relevance of these stages in the context of this thesis. 

 
Figure 1.2 - Manufacturing process for cell-based therapeutic products. 

1.1.4. Source and isolation of cells for therapeutic use 
From a manufacturing perspective, cell-based therapies have transformed cells and tissues 

themselves into a bioprocess raw material. Consequently, securing their supply is an 

unprecedented initial challenge in a production pipeline, differing from previously established 

engineered cell factories. For instances, cell retrieval from human tissues can be problematic. 

Although the appropriation of biological waste can minimize this issue, some cell sources may 

be very difficult to reach, while potentially posing health risks for a donor or patient. Thus, 

management of this supply chain has a level of complexity that is very case-specific, 

depending on the cellular component of the therapy24. 

1.1.4.1. Sources and tissue collection  
Cell-based therapies depend primarily on obtaining the appropriate material from which 

cells with possible therapeutic application can be isolated. So far, multiple human tissues have 

been used as sources to obtain cells with therapeutic potential25. 

Tissue	collection	and	
cell	isolation

Culture	and	
expansion

Separation	and	
purification

Formulation	and	
storage
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Home to the hematopoiesis process, the BM harbors multiple cell types that closely interact 

together, forming the so called BM hematopoietic niche, encompassing bone, osteoblasts, 

osteoclasts, HSPC, MSC, macrophages, blood vessels and extracellular matrix (ECM)26. 

However, the harvesting of BM requires an invasive procedure, allowing a relatively small cell 

yield, which declines with donor age27,28. For example, MSC frequency in a BM aspirate is only 

0.001% to 0.01%10. 

AT obtained from subcutaneous tissue represents an abundant source for isolating MSC 

reliably using simple techniques. Liposuction, the technique generally used for harvesting AT, 

has the advantage of being less invasive than BM aspiration and is associated with high MSC 

isolation yields29. Specifically, liposuction allowed a yield of stromal vascular cells of 0.5x106 - 

0.7x106 cell/g AT and between 0.4% and 1.9% of the cells were able to adhere and proliferate 

in culture29. Moreover, liposuction material is considered medical waste, thus being an 

attractive alternative source. The expansion potential, differentiation capacity, and 

immunophenotype of MSC derived from AT are nearly identical to those isolated from BM28. 

Neonatal tissues, such as the umbilical cord and placenta, are promising alternative 

sources to adult ones. The umbilical cord is a rich source of HSPC30,31 and has been shown 

to be a rich source of MSC32. For example, about 0.6 million MSC were obtained per gram of 

umbilical cord33. Harvesting the umbilical cord requires a painless and non-invasive 

procedure. The umbilical cord is considered medical waste and is usually discarded after birth, 

thus being an attractive alternative source. Within the umbilical cord, MSC can be isolated 

from the umbilical cord blood (UCB) as well as from the Wharton’s Jelly, the connective tissue 

surrounding umbilical vessels34. Most studies are performed with MSC derived from the 

Wharton’s Jelly, which is commonly referred as the umbilical cord matrix (UCM). Umbilical 

cord-derived MSC expand at a higher rate when compared to BM- and AT-derived MSC28,35.  

Possibly due to their broad definition, MSC have been successfully isolated from a number 

of tissues other than the previously mentioned, including synovial membrane36, placenta37, 

dental pulp38, brain, liver, kidney, lung, muscle, thymus and pancreas39. 

Notably, cells show different therapeutic capacity depending on the source they were 

isolated from. For example, MSC isolated from BM, AT and UCM revealed different ability to 

suppress peripheral blood (PB) natural killer (NK), B and T cells, when co-cultured with 

phytohemagglutinin-stimulated PB mononuclear cells40. 

1.1.4.2. Isolation of target cell populations 
Depending on the nature of a specific cell therapy, assuring source availability and 

succeeding in tissue collection may be enough to proceed to the following bioprocessing 

stage. For minimally manipulated cell products, such as HCT, heterogeneous populations are 

isolated and directly infused into the patient. However, newer and more advanced cell 
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therapies are becoming ever more population specific. Thus, bulk populations that normally 

result from harvesting procedures need funneling techniques that isolate a desired cell type41.  

Still, the most commonly used method to isolate MSC is very simplistic, relying solely on 

the ability that MSC have to adhere to plastic surfaces12. After tissue collection, cells are plated 

on polystyrene-based tissue culture flasks. MSC will adhere to the plastic surface while 

contaminating cells, such as the ones from hematopoietic lineages, are washed away after 

medium change and passaging42,43. Typically, when MSC are obtained from tissues such as 

UCM, AT or synovial membrane, these can be either enzymatically digested using 

collagenase solutions29,43,44 or simply plated directly onto plastic surfaces as explants45–47.  

More sophisticated techniques can be used to isolate specific cell populations following 

tissue collection, typically relying on affinity-based and centrifugation-based separations. 

Although affinity-based separation has gained significant momentum in cell therapy 

manufacturing, centrifugation techniques are still part of typical bioproduction processes. 

Several Sepax (originally developed by BIOSAFE, now GE Healthcare) cell processing 

systems, have brought a fully closed and automated centrifugation unit to cell therapy 

production pipelines48. More advanced centrifugation platforms combine different physical 

forces to achieve higher isolation recovery and purity. Terumo BCT has established a 

continuous centrifugation system (Elutra®) that joins centrifugal forces with counterflow49. By 

achieving cell population separation based on size and density, these platforms are able to 

reach much higher resolution in separation50.  

Cell isolation through affinity is an ever-growing alternative due to its separation criteria 

being based on biological instead of physical characteristics. Cell population 

immunophenotype is commonly used to isolate specific cells from their original sources, such 

as HSPC (CD34+ selection)51,52 and MSC (Stro-1+ selection)53,54. Typically mediated by 

antibody-antigen interactions, fluorescence activated cell sorting (FACS) and magnetic 

activated cell sorting (MACS) occupy leading roles in affinity-based separation. Through 

fluorescent labelled antibodies, FACS is able to separate cell populations based on their 

surface marker expression. This technology allows for multiple marker selection with high 

selectivity due to single-cell analysis55. MACS shares the same separation criteria as FACS 

(i.e. immunophenotype) but achieves cell sorting with antibodies coupled to magnetic 

particles.  

Comparing both techniques, FACS presents better selectivity and subpopulation purity, but 

the respective cell sorter is not inherently prepared for a clinical setting56. An expensive 

hardware system combined with lack of parallelization, sterility issues and time-consuming 

protocols are some constraints that contribute against its translation. Due to its column-based 

system, MACS is able to separate cells at a much faster rate with possibility for parallel 

operation and is compatible with current good manufacturing practice (cGMP) guidelines. Still, 
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lack of bead detachment from cells after isolation is a significant drawback for MACS as a cell 

therapy bioprocessing unit. 

Focusing on their translation, improved versions of the original platforms have been 

developed. New platforms for FACS such as WOLF (NanoCellect Biomedical) and On-chip 

Sort (On-chip Biotechnologies) include disposable microfluidic cartridges that allow for a 

closed circuit, minimizing contamination risks55. Closed versions of MACS (e.g. CliniMACS 

Plus® by Miltenyi Biotec and CTS™ DynaMag™ by ThermoFisher) have been developed for 

clinical scale cell isolation57,58. Other systems such as the MACSQuant Tyto (Miltenyi Biotec) 

system has been developed focusing on improved sorting speeds55. 

Novel approaches for affinity-based cell isolation have also been investigated. Since cell 

therapies possess more stringent safety criteria, delivering cells without any by-products due 

to bioprocessing is crucial. Therefore, antibody removal after affinity separation is of 

considerable interest. Traceless affinity cell selection (Fab-TACS®) available in an automated 

commercial device (FABian® by IBA Lifesciences) is an innovative technology that explores 

a reversible antibody-antigen interaction to allow isolated cells to be released from a capture 

column without any separation by-product or trace59. Another technique called buoyancy-

activated cell sorting (BACS™) developed by Akadeum Life Sciences combines centrifugation 

and affinity-based separation. Undesired cells are captured by glass-shelled microbubbles 

(negative selection). These microbubbles are separated from the remaining cells populations 

through centrifugation by flotation60,61. 

Isolation of a target cell population can have different impact depending on a specific cell 

therapy, with products ranging from bulk and heterogeneous populations to very selective 

subpopulations with a defined phenotype. Adequate selection of a separation method is also 

dependent on the prioritization of opposing purification concepts, such as purity and 

recovery24. 

1.1.5. Cell production 
The relatively low frequency of cells with therapeutic potential within the native tissues, 

followed by harvesting procedures and eventually successive isolation steps, yield a 

substantially low number of cells in the end. Therefore, in order to use these cells in a clinical 

context, it is usually required additional steps of manipulation and propagation ex vivo, which 

depend on choosing the appropriate culture medium conditions, physicochemical parameters 

and culture platforms62. 

1.1.5.1. Culture medium formulation 
The maintenance and propagation of animal cells in vitro require a cell culture medium, 

supplying nutrients and inorganic salts, as well as providing the appropriate physicochemical 

conditions. Generally, medium components include glucose (carbon source), amino acids 
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(nitrogen source), vitamins (cofactors), inorganic salts (maintains electrolyte balance), sodium 

bicarbonate (buffer, to maintain pH at 7.4), sodium chloride (adjusts osmotic pressure), 

antibiotics (prevent microorganism contamination), phenol red (visual pH indicator), growth 

factors and hormones (growth stimulation)63,64. These components are provided in 

commercially available basal medium formulations, such as Eagle´s medium and derivatives 

(e.g. Dulbecco’s modified Eagle’s medium (DMEM), Minimum Essential Medium Eagle alpha 

(𝛼MEM)), medium from Roswell Park Memorial Institute (RPMI) and several other well-

established media, which have been subject of improvement over the years64. 

Culture medium formulations usually require the addition of a protein-rich supplement, 

containing growth and adhesion factors. The most commonly used culture supplement is 

animal serum, especially fetal bovine serum (FBS). Serum is a source of amino acids, 

proteins, vitamins, carbohydrates, lipids, hormones, growth factors and inorganic salts64. 

Moreover, it enhances cell adhesion, improves the pH-buffering capacity of the medium and 

helps reduce shear stress during cell manipulation. However, it presents significant 

disadvantages such as being ill-defined, wide batch-to-batch variability, risk of contamination 

with virus and prions and ability to transmit xenogeneic-antigens, leading to increased 

immunogenicity of cultured cells, thus limiting FBS application in the clinical setting65,66. 

Besides the cell biological perspective, ethical concerns and animal welfare issues arise from 

the use of animal serum, as serum collection causes animal suffering65. Furthermore, the 

global supply of FBS is declining over the years, and this tendency is expected to continue65. 

This will eventually result in a FBS supply that will not be able to meet the increasing demand. 

Therefore, given its disadvantages, using FBS for cell culture of clinically applied cell products 

is discouraged and should be avoided. By complying with current international guidelines and 

regulatory frameworks67–69, there is need for developing alternative culture supplements. 

In the last decade, the development of serum-/xeno(geneic)-free (S/XF) culture 

formulations (i.e. without serum or animal origin components) has been a priority for the field 

of cell therapies. Although these media represent a valuable alternative to FBS, as they are 

more consistent and standardized, they still contain a cocktail of growth factors, proteins and 

hormones derived from human serum or even plant hydrolysates, classified as chemically 

undefined70. Chemically defined, animal component-free media, on the other hand, consist 

exclusively of well-defined and characterized components and entirely free of animal 

(including human) derived products. These include purified recombinant proteins and 

synthetic bioactive molecules70. 

One of the well-established supplements used in S/XF media, proposed as an alternative 

to FBS, is human platelet lysate (hPL). As early as the 1980s, hPL-supplemented medium 

was found to support proliferation of established cell lines and primary fibroblasts71,72. hPL is 

usually prepared from fresh blood or platelet concentrates, containing bioactive molecules 
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such as growth factors, adhesion molecules and chemokines, which originate primarily in the 

𝛼-granules of platelets73. Preparation of hPL from platelet concentrates can be achieved either 

by repeated freeze/thaw cycles, sonication, induced platelet activation by addition of thrombin 

or CaCl2 or by solvent/detergent treatment73.  

Blood banks routinely prepare pooled allogeneic platelets from human blood donations. 

When these are not used for transfusion, they are used for further manufacturing into hPL, 

thus allowing a steady supply for manufacturing an allogeneic ‘off-the-shelf’ hPL product for 

cell culture73,74. 

Multiple studies have demonstrated hPL-supplemented media to be efficient for the 

isolation and expansion of MSC from various origins75–77, cultured both in static and dynamic 

systems78,79, already with several ongoing and completed clinical trials (clinicaltrials.gov). 

Moreover, it has been shown that both allogeneic and autologous hPL-supplemented media 

allow improved cell proliferation when compared to FBS-containing media75,77,80,81. The main 

differences in hPL protein content compared to FBS are the higher content of immunoglobulins 

and the possible presence of fibrinogen and other coagulation factors, when hPL is produced 

without thrombin activation73. 

In addition to its application for MSC expansion, hPL has been evidenced as an efficient 

growth medium supplement for ex vivo expansion of other cell types such as human gingival 

fibroblasts82, chondrocytes83, osteocytes, myocytes and tenocytes84, as well as endothelial 

cells85, indicating its potential applicability in multiple areas of cell therapies and regenerative 

medicine. Although hPL is considered safer than FBS by the scientific community and 

regulatory agencies, it still poses some constraints, such as the risk of transmission of human 

diseases by known or unknown viruses, ill-definition and the possibility of triggering immune 

responses86. Nonetheless, hPL products derived from pooled units and produced in large-

scale are already commercially available74 and seem to be the most promising alternative to 

FBS supplementation in cell culture medium in the near future. Moreover, novel gamma 

irradiated hPL products have been developed towards pathogen reduction. Results showed 

that gamma radiation allowed 4 log10 reduction of viral titer with low impacts on the potency 

for cell expansion87. 

There are other commercially available S/XF media that have been successfully applied 

for cell culture. StemPro® MSC SFM (Life Technologies) and MesenCultTM-XF (STEMCELLTM 

Technologies) are two chemically undefined S/XF media that have been used to successfully 

expand MSC from different sources88–91. Although being chemically undefined, containing 

human-derived components, these media formulations represent an improvement for cell 

culture, due to better definition and lower batch-to-batch variability when compared to FBS- 

and hPL-supplemented media. 
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The ideal candidate for production of clinical-grade cell-based therapies would be a 

chemically defined, animal component-free media (including human), composed exclusively 

of well-defined factors that could replace serum and serum-derived products. These include 

synthetic bioactive molecules and purified recombinant proteins70. There are multiple factors 

that can be combined in order to replace serum, such as growth factors (e.g. EGF, FGF, TGF), 

hormones (e.g. growth hormone, insulin), carrier proteins (e.g. albumin, transferrin), lipids (e.g. 

cholesterol, fatty acids), transition metals (e.g. Se, Fe, Cu, Zn), vitamins, adhesion factors 

(e.g. fibronectin, laminin), polyamines and reductants (e.g. 2-mercaptoethanol)64. The number 

of possibilities that result from the combination of these components is enormous, making the 

selection of the most appropriate ones and their respective concentration in a medium 

formulation an extremely difficult task. For that purpose, design of experiments is possibly the 

best strategy to find the optimal concentration of each component in a culture medium, 

especially considering likely interactions between the components64. Consequently, S/XF 

media, especially chemically defined culture media are often cell type specific.  

The chemically defined medium TheraPeakTM MSCGM-CDTM (Lonza) has been used for 

the expansion of MSC92. Successful expansion of T cells was also achieved using chemically 

defined S/XF media, relying for instance on the CTS™ Immune Cell Serum Replacement 

supplement93,94. 

In order to disseminate the development and application of serum-free media for cell 

culture, “FCS-free Database”, a freely accessible serum-free media database is available 

online (https://fcs-free.org/), providing an overview of FBS-free media for cell culture. 

1.1.5.2. Physicochemical parameters  
Besides biochemical factors such as nutrient/metabolite concentration and growth factors, 

physicochemical parameters such as pH, temperature, osmolality and oxygen tension are 

equally important for the maintenance of animal cell cultures. The optimal values for each of 

these physicochemical parameters will differ depending on the cell product, which poses an 

additional challenge in cell manufacturing. 

Most cell lines grow successfully at pH 7.2 to 7.4. However, the optimum culture pH 

depends on the intended application. For example, differentiation of human MSC into 

osteoblasts can be improved by changing the pH of culture medium from normal to alkaline 

medium95. Usually the pH is controlled in cell culture by using the 𝐶𝑂%/𝐻𝐶𝑂'( buffer system. 

Cells are typically cultured in humidified incubators with gas phase CO2 at 5% and sodium 

bicarbonate as a medium additive. The CO2 dissolved in the aqueous phase stays in 

equilibrium with 𝐻𝐶𝑂'(, adjusting the pH64. 

The optimal temperature to cultivate human and warm-blooded animal cells is 37ºC. 

However, cell culture at different temperatures may be advantageous for certain purposes. 
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For example, culturing MSC at 32ºC decreased the accumulation of oxidative damage and 

improved their osteogenic differentiation ability, when compared to 37ºC96. 

Although different cells have different optimal osmolality values, most cells grow well in the 

range between 290 mOsm and 310 mOsm97,98. As previously mentioned (section 1.1.5.1), the 

osmolality is mainly defined by the sodium chloride content in the medium. 

Most animal cell cultures are performed at an atmospheric oxygen level (21% O2).  

However, the oxygen concentration in most tissues is lower than the atmospheric one, due to 

gas transfer phenomena. Therefore, mimicking the in vivo oxygen concentration might have 

a positive impact in cell culture as well as on the therapeutic potential of the cultured cells. 

One canonical example would be the BM, which is characterized by a hypoxic environment, 

with oxygen concentration ranging in the interval between 1% and 6%99,100.  

In light of this observation, several studies were performed by exposing MSC to hypoxic 

conditions (compared to atmospheric (21%) O2 levels). Hypoxic conditions were found to have 

an advantage for MSC expansion as well as in terms of differentiation101–103. A study performed 

by Oliveira and colleagues revealed that both BM MSC and AT MSC cultured in hypoxic 

conditions (2% O2) experienced an immediate and concerted down-regulation of genes 

involved in DNA repair and damage response pathways104. Moreover, it revealed that AT MSC 

reacted to hypoxic environment more slowly than BM MSC, as different characteristics of each 

cell niche (e.g. degree of vascularization, oxygen tension, cell-cell interactions) determine 

distinct sensitivities to hypoxia ex vivo104. 

Besides the need to establish the most appropriate physicochemical conditions for a certain 

cell-therapy manufacturing process, maintaining these parameters at the correct values 

throughout culture is equally important. In traditional culture systems, these parameters are 

often observed, but rarely controlled, thus decreasing the robustness of the manufacturing 

process. The implementation of culture monitoring and control systems allows to overcome 

this limitation. 

1.1.5.3. Scalable culture systems 
Whether isolated cell populations need to undergo differentiation or expansion, appropriate 

cell culture vessels and systems are necessary. 

In terms of complexity, at the rear-end of cell culture technology are simple plasticware 

containers. Different geometries make up a broad collection of vessels in order to cover any 

cell type and their projected application.  Petri dishes, T-flasks, roller bottles and multiwell 

plates all incorporate cell culture plasticware and are typically made of polystyrene that is 

previously treated either chemically or physically in order to gain hydrophilic functional groups 

(e.g. ketones, aldehydes, hydroxyl and carboxyl groups)105. Indeed, surface treatment has a 

dramatic impact on adherent cell culture, with proper cell adhesion being a main concern. 
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Unfortunately, when using S/XF culture media, cell adhesion can be compromised due to 

deficiency in serum-derived adhesion factors106. Commercial enhanced plasma treatment 

plasticware (e.g. CellBIND® by Corning Life Sciences) and xeno-free surface coatings (e.g. 

CELLstart™ by ThermoFisher Scientific and Synthemax® by Corning Life Sciences) have 

been developed to address this issue107,108. 

Besides allowing gas exchange through the cap region and having excellent optical clarity, 

commonly used vessels are seriously limited regarding any type of monitoring and control. 

Conventional plasticware as culture flasks also lack an agitation mechanism, not being able 

to assure fully homogenized cell cultures. Since their design was directed mainly towards 

research purposes, manufacturers quickly identified scalability issues for large-scale 

production. Advanced and scalable culture systems based on plasticware were created to 

avoid laborious and unsustainable scale-out.  

Although very simplistic, plastic malleable bags have a consolidated place in cell culture. 

Being integrated in basic plasticware, they offer a simple closed system solution which is 

critical for manufacturing under cGMP. However, limited culture control and poor agitation 

severely limit their application in optimized processes. Nevertheless, therapies based on 

hematopoietic cells (e.g. Tumor-infiltrating lymphocytes, CAR-T and HSPC) have relied on 

these platforms for cell culture, reaching human use in clinical trials 109–111. 

Multi-layered flasks (e.g. Nunc™ Cell Factory™ System by ThermoFisher Scientific) were 

designed to increase culture area while reducing volumetric footprint of using multiple 

individual flasks. Additionally, closed versions with perfusion mechanisms of these flasks were 

also developed to overcome the open nature of conventional flasks. Large-scale expansion of 

MSC in serum-free conditions was achieved using HYPERStack system (Corning Life 

Sciences), yielding an average cell density of 2x104 cell/cm2, corresponding to a 4-fold 

increase in total cell number after 4 days112. Proprietary gas permeable films improve gas 

diffusion, which do not compromise cell viability in high density adherent cultures of tightly 

packed multi-layered flasks. Flask potential has been pushed further with the 

commercialization of the CellCube® by Corning Life Sciences, a closed system comprising of 

densely packed thin individual surfaces with continuous medium supply in laminar flow, 

reaching 85 000 cm2 (39 cm x 25 cm) for adherent cell culture113. The Xpansion® multiplate 

system designed by Pall Corporation takes advantage of the same concept, aside from 

assuming a cylindrical geometry with capacity for up to 122 400 cm2 of culture surface. 

Xpansion®-50 was used for large scale expansion of human periosteum derived stem cells 

for the treatment of bone defects, achieving a final cell density of 1.75x104 cell/cm2, 

corresponding to a 3.9-fold change in total cell number after 7 days, and presenting a final 

recovery efficiency of 45%114. 
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Roller bottles have also been optimized for large scale manufacturing of cells. Improvement 

of this technology led to the design of RollerCell™ by Cellon, a system capable of 

simultaneously holding 40 roller bottles with automated robotic processors for cell handling. 

RollerCell™ comparison with CellCube® for cell line production yielded similar results115. 

Although planar systems have evolved to closed and scalable systems with possibility for 

dynamic regimen through continuous fluid flow (e.g. CellCube® and Xpansion®), bioreactors 

have been the ultimate objective for cell therapy manufacturing, seeing that they incorporate 

monitoring and control, reduce process footprint and minimize cell handling.   

Incorporating highlighted challenges of a cell-centered process requires platforms capable 

of dealing with parameter complexity to deliver a safe and reproducible cell-based product. 

Table 1.2 enumerates current cell-based therapies in clinical trials that involve bioreactors in 

their cell production process. Innovative bioreactor designs have come forward to challenge 

more classical versions. 

Table 1.2 - List of clinical trials using bioreactors for cell based-therapies. Clinical trials were obtained from 
“clinicaltrials.gov”, on 21st March 2019, using the term “bioreactor” and selected for cell therapy applications. 

Study name Type of 
bioreactor Cells Condition Phase 

Extracorporeal Immune Support 
System (EISS) for the Treatment of 
Septic Patients (EISS-1)A 

EISS-Immune-
cell bioreactor 
device 

Human donor 
granulocytes 

Severe Sepsis 
and Septic Shock 

Phase 1 and 
phase 2 

Safety of Intramuscular Injection of 
Allogeneic PLX-PAD Cells for the 
Treatment of Critical Limb 
IschemiaA 

PluriXTM 3D 
Bioreactor 
System 

Placental 
Adherent 
Stromal Cells 

Critical Limb 
Ischemia Phase 1 

Expansion of Invariant NKT Cells 
for a Cell Immunotherapeutic 
Approach Allowing the Control of 
GvHD and Preserving the Graft 
Versus Leukemia Effect After 
Allogeneic HSC TransplantationB 

Bioreactor NKT Cells 

Allogeneic 
Hematopoietic 
Stem Cell (HSC) 
Transplantation 

(not available) 

Laryngo-Tracheal Tissue-
Engineered Clinical 
TransplantationC 

Stem-cell 
seeded 
bioartificial 
tracheal scaffold 

Autologous 
stem cells 

Tracheal 
Diseases 

Not Applicable 
 

Clinical trial status: A-Completed; B-not yet recruiting; C-Unknown 

Stirred tank bioreactors (Figure 1.3 A) maintain widespread use, with their simpler and 

more standardized geometry. With extensive experience in what concerns the production of 

traditional biopharmaceuticals, much knowledge regarding these bioreactors has been 

transposed to cell-based therapies. These systems have mechanical impellers that are 

responsible for appropriate mixing and assuring dynamic flow. High compatibility with 

monitoring probes and respective modules has made culture control an intrinsic part of this 

bioreactor. Internal sparging mechanisms allow for efficient gas transfer, although shear stress 

associated with bubbling can be an issue to sensitive cells116. Exhaustive knowledge on fluid 
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profiles based on computational fluid dynamics (CFD) models have given significant predictive 

control on culture estimates.  

 
Figure 1.3 - Schematic representations of bioreactor configurations that can be potentially used in the 
manufacturing of cell-based therapies: (A) stirred tank bioreactor, (B) packed bed bioreactor, (C) hollow fiber 
bioreactor, (D) wave bioreactor and (E) Vertical-WheelTM bioreactor. 

While being naturally prone for suspension cultures117, adherent cell culture has been 

adapted through microcarrier development. These spherical particles provide the surface area 

for cell adhesion to occur. A broad variety of materials, porosity levels and surface coatings 

have been developed to fulfil specific cell needs. The high variety of microcarriers has been 

extensively reviewed118,119.  

Of notice, our research group has performed pioneering work in the development of clinical-

grade expansion of MSC of different human sources (i.e. BM and AT) in scalable microcarrier-

based bioreactors using S/XF culture components, achieving the production of 1.1x108 and 

4.5x107 cells for BM MSC and AT MSC, respectively, after 7 days of culture (working volume 

of 800 mL)120. Building on this platform, efforts were concentrated in maximizing cell 

productivity by changing different culture parameters. Feeding and agitation regimes were 

optimized and microcarrier screening was performed89. Furthermore, we have successfully 

incorporated an alternative MSC tissue source (i.e. UCM)121 and have implemented a different 

bioreactor configuration with a vertical agitation design (Vertical-Wheel™) (section 1.1.5.4)79. 

A B

C

E

D
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The scalability potential of stirred tank bioreactors for cell-based therapies has been 

embodied by development of MSC expansion processes. While initial studies restricted their 

culture scale to spinner flasks, Rafiq and colleagues managed to scale-up MSC expansion to 

a 5 L stirred tank bioreactor, achieving a cell concentration of 1.7x105 cell/mL, corresponding 

to over a 6-fold expansion in total number of cells122. Subsequently, Lawson and colleagues 

pushed the scalability of stirred tank MSC culture forward by successfully expanding human 

MSC in a 50 L bioreactor, being able to produce 177 clinical doses (70 million cells/patient 

assuming a 70 kg patient) in a single run123. In contrast to the above-mentioned scale-up, with 

contributions of multiple groups to ever increasing culture dimensions, Schirmaier and 

colleagues were able to perform an entire stepwise scale-up of AT MSC expansion from 

spinner flasks to 35 L cultures, yielding 1x1010 cells at the end (35 L scale)124.Consequently, 

both adherent and suspension cultures are firmly established for cell culture in stirred tank 

bioreactors. Commercial versions of stirred tank bioreactors include the Celligene® series by 

Eppendorf and the Finesse series by ThermoFisher Scientific. 

Mammalian cells are known to be more shear sensitive which stimulated efforts to develop 

non-abrasive environments during cell culture. Packed bed bioreactors (Figure 1.3 B) provide 

a fixed chamber where microcarriers or scaffolds are located125. Adhered cells that populate 

the chamber have translational movements restricted, thus being able to better mimic solid 

tissue presence. Their constrained movement also promotes structured organization and cell-

cell interaction, leading to high density cultures. Low velocity fluid flow guarantees dynamic 

culture without causing shear damage to cells. Culture medium has access to the chamber 

providing necessary nutrients and removing metabolites. Diffusion limitations or nutrient 

deficiency can occur due to 3D culture organization. Furthermore, significant cellular 

organization can result in beneficial biological outcomes, but will normally complicate cell 

extraction and subsequent downstream processes. Expansion of MSC in a 2.5 L CelliGen® 

bioreactor (New Brunswick Scientific) with Fibra-Cel® (Eppendorf) disks demonstrated large-

scale manufacturing potential for packed bed bioreactors, achieving 9.2x107 cells after 9 days 

of culture, corresponding to a 9.2-fold increase in total cell number126. 

Increasing available area for cell culture while protecting cells from harsh conditions has 

inspired innovative bioreactor designs. Hollow fiber bioreactors (Figure 1.3 C) fulfill those 

requirements by joining thousands of hollow fibers. These fibers are made of thin and porous 

material that provide a selective passage of nutrients. Culture medium recirculates through 

the fibers producing interesting tangential flow, mimicking vasculature to some extent125. 

However, significant quantity of fibers originates successive diffusion barriers that cause 

concentration gradients for nutrients, signaling factors or gases. Similar to packed bed 

bioreactors, cell extraction processes are challenging to perform due to high cell interaction 

and difficulty in reaching cells uniformly inside the bioreactor.  
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With unprecedented tight regulatory measures, the field of bioreactors has moved towards 

disposable and single-use versions. In order to avoid clean-in-place (CIP) and steam-in-place 

(SIP) procedures and assure contamination-free product quality, conventional stainless steel 

or other reusable bioreactors are being substituted by plastic single-use bioreactors (SUB). 

They reduce cross-contamination and can be combined with limited monitoring probes. 

Disposable technology has been able to successfully adapt existing geometries, such as the 

Mobius series by EMD Millipore for stirred tank bioreactors and the Quantum® bioreactor by 

Terumo BCT for hollow fiber bioreactors. The latter bioreactor has been validated with 

adherent AT MSC, BM MSC, periosteum-derived MSC and neural stem cells127–131. However, 

novel designs, such as the wave bioreactor (Figure 1.3 D) and the Vertical-Wheel™ bioreactor 

(Figure 1.3 E), have also shown that there is space for bioreactor innovation that integrate 

single-use technology. Recently, an overview of SUB and their applicability towards cell 

therapy have been investigated132. It was observed that SUB designs have evolved, currently 

integrating well known principles of mass transfer and mixing. Their versatility and single-use 

nature align with cost reduction and demanding regulatory guidelines associated with cell 

therapies. However, culture monitoring remains a challenge and long-term bag stability must 

be assured. 

Numerous bioreactor designs exist for performing cell culture, nevertheless selecting the 

correct culture vessel with an appropriate scalability strategy is the actual challenge for the 

manufacture of cell therapies. Achieving parallelization of individual units (scale-out) tends to 

be more associated with autologous therapies, while increasing bioreactor size and 

maintaining culture conditions (scale-up) is more adequate for an allogeneic production. A 

compromise between scalability and optimal culture conditions is deemed necessary. 

1.1.5.4. Agitation 
One of the crucial factors for successful cell expansion is culture medium homogenization. 

Bioreactors require sustained agitation of the culture system, in order to allow an appropriate 

mass transfer of nutrients and oxygen to the cells, as well as a removal of waste products 

derived from cell metabolism. For that purpose, cells must be maintained in suspension 

homogeneously, independently of whether the cells are cultured freely in suspension, as 

cellular aggregates or adherent to microcarriers/scaffolds. 

However, agitation may have an impact on cellular physiology, due to increased shear 

stress. In this context, shear stress can be defined as the force component acting tangentially 

to a material, due to fluid motion133. Therefore, in bioreactor processing, cells are exposed to 

shear stress originating from fluid agitation. Shear stress has been described to have a 

significant impact on cell phenotype, which can be either negative or beneficial depending on 

the final application. In fact, it has been long established that animal cells in general are 
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sensitive to shear stress, which compromises their viability above certain levels134–136. 

Additionally, shear stress has been demonstrated to induce osteogenic differentiation of BM 

MSC through increased expression of osteogenic factors such as bone morphogenetic 

protein-2 (BMP-2), bone sialoprotein (BSP) and osteopontin (OP)137 and also resulted in 

increased intracellular Ca2+ levels138. Shear stress also improved the angiogenic potential of 

human AT MSC through stimulation of vascular endothelial growth factor (VEGF) secretion139. 

The importance of agitation and the impact it has on culture outcome has led to the 

development of new technologies and bioreactor configurations that specifically target this 

issue. Wave bioreactors (Figure 1.3 D) are suitable for the manufacturing of shear sensitive 

cells. Their agitation through rocking motion prevents the use of an impeller exerting high 

shear forces directly in the cells. Very low level of shear stress was found in wave bioreactors 

compared to classical stirred tank reactors140. Wave bioreactor implementation for culture of 

suspension cells, with emphasis to hematopoietic lineages, is well-known141,142. 

In the same line, Vertical-WheelTM bioreactors (Figure 1.3 E), developed by PBS Biotech, 

incorporate a vertically rotating wheel, allowing a more efficient mixing than the traditional 

horizontal stirring solutions. By allowing lower agitation rates, they are able to minimize shear 

stress effects. The vertical mixing allows a higher mass transfer rate and more homogenous 

and gentle particle suspension, favorable for anchorage dependent cells on microcarriers143. 

Moreover, this technology is fully scalable, being available at working volumes that range from 

60 mL up to 500 L. Vertical-WheelTM bioreactors have been successfully applied in 

microcarrier-based cell culture systems for the expansion of MSC from multiple sources79,144, 

as well as for human induced pluripotent stem cells (iPSC)145. 

In summary, agitation can modulate culture conditions and have a significant impact on the 

characteristics of expanded cells. Different agitation rates and configurations can be used to 

influence the cell culture outcome. An appropriate balance needs to be found at an agitation 

rate that allows adequate mass transfer for cell growth, without compromising cell integrity or 

stem cell fate due to excessive shear stress. Different bioreactor technologies and 

configurations are available to fine-tune cell culture agitation for each specific application. 

1.2. Extracellular vesicles 

1.2.1. EV biology 
All cells share the ability to secrete extracellular vesicles (EVs), phospholipid bilayer 

membrane structures enclosing a portion of their own cytoplasm146 (Figure 1.4). The 

identification of EVs can be traced back to as early as 1946, when they were described as 

pro-coagulant particles in plasma147 and later in the 1960s described as “platelet-dust” and as 

cartilage matrix vesicles associated with bone calcification148,149. A major breakthrough 
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occurred in 1983, when it was described a mechanism for the release of transferrin receptors 

from maturing red blood cells through vesicles150,151. These vesicles were later named 

“exosomes” in 1987152. 

For some time, EVs were only considered to be a means to remove unwanted material 

from the cell. However, the field of EVs was revolutionized in 1996 when exosomes were 

shown to play a role in antigen presentation, opening an entirely new discussion that EVs 

might play a role in the transfer of biological information between cells153. This was latter 

consolidated in 2006 and 2007, when EVs were shown to contain RNA (miRNA and mRNA) 

that could be delivered to recipient cells and changed their behaviour154,155. Since then, EVs 

have emerged as relevant players in intercellular communication, mainly through their ability 

to transfer their cargo of biomolecules, including proteins, lipids and nucleic acids, which 

trigger alterations on recipient cells. 

 
Figure 1.4 - Schematic representation of an EV and its biological composition. EVs are composed by a 
phospholipid bilayer membrane enclosing intraluminal fluid with cytoplasmic origin. They contain biomolecules from 
their cell of origin, which include, other than lipids, several types of proteins (e.g. involved in cell adhesion, as well 
as other transmembrane and intraluminal proteins with various functions) and nucleic acids (e.g. mRNA and 
miRNA). Figure created with BioRender.com. 

The term EVs was proposed in 2011 to define all the different types of extracellular 

membrane structures146. However, EVs actually comprise a highly heterogeneous group. 

Depending on their biogenesis, EVs are broadly categorized either as exosomes, or 

microvesicles156. Exosomes are generated through the endosomal pathway156,157. Endocytosis 

at the cell membrane leads to the formation of early endosomes. During endosome maturation 

into late endosomes there is inward budding of endosomes resulting in the accumulation of 

intraluminal vesicles (ILV), which leads to the formation of multivesicular bodies (MVB), also 

named multivesicular endosomes (MVE). Upon fusion of MVE with the cell membrane, ILV 

are released to the extracellular space originating exosomes, which generally display 50-150 
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nm in diameter. Microvesicles are formed by outward budding of the plasma membrane, 

ranging in size from 50 nm to 1 µm in diameter or even higher156. Exosomes and microvesicles 

show overlapping properties, such as size, density and molecular composition, making it 

challenging to distinguish different co-isolated EV subpopulations158. Additionally, the 

composition of EVs may differ among different secreting cells. 

The complexity of EVs is further increased when we consider other structures, such as 

apoptotic bodies released from cells undergoing apoptosis, which can span over a large size 

range (from 100 nm to 5 µm in diameter)158 or the recently identified mitovesicles from 

mitochondrial origin159. Moreover, EVs display physical characteristics (i.e. size and density) 

similar to other secreted non-vesicular nanoparticles such as lipoproteins of various 

densities160 and the recently identified exomeres161. 

1.2.1.1. EV biogenesis 
Cargo incorporated in exosomes originate from endocytosis at the plasma membrane or 

are directly targeted to early endosomes via the biosynthetic pathway, from the trans-Golgi 

network156. These sorting processes are regulated by various Rab GTPases. Formation of ILV 

can be regulated by the endosomal sorting complex required for transport (ESCRT), a family 

of proteins that associate in a stepwise manner at the membrane of MVE156,158. Firstly, 

ESCRT-0 and ESCRT-I subunits cluster membrane-associated cargo in microdomains of the 

limiting membrane of MVE. The tumor susceptibility gene 101 protein (TSG101) is one of the 

main ESCRT-I components, being used as an EV protein marker. This is followed by 

ESCRT-II-mediated recruitment of ESCRT-III that performs budding and fission of this 

microdomain into the MVE lumen. 

Although ESCRT-III is required for fission of ILVs, cargo clustering and membrane budding 

can be ESCRT-dependent or ESCRT-independent156. The latter can rely on syntenin and the 

ESCRT accessory protein ALG-2 interacting protein X (ALIX), which links cargo to ESCRT-

III156,162. ESCRT-independent biogenesis is aided by lipids such as ceramide, which allows the 

generation of membrane subdomains imposing a spontaneous curvature on the 

membranes163,164. Additionally, proteins of the tetraspanin family (e.g. CD63, CD81 and CD9) 

have been shown to regulate ESCRT-independent cargo sorting to exosomes156,165,166. Some 

tetraspanins also show the potential to form microdomains and induce budding. 

Mature MVE can follow a degradative route by fusion with lysosomes or autophagosomes. 

Alternatively, MVE are transported along microtubules to the plasma membrane. At this stage, 

MVE fuse with the plasma membrane leading to exosome release in a process mediated by 

Rab GTPases (e.g. Rab27A/B, Rab35), actin and SNARE (soluble N-ethylmaleimide-sensitive 

fusion attachment protein receptor) proteins156,158,167–169. 
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Microvesicle biogenesis shares several mechanisms common to exosome biogenesis. This 

includes the formation of microdomains (in this case in the plasma membrane) where specific 

lipids and cargo are clustered as well as a similar role of ESCRT machinery and ceramide in 

vesicle formation156. However, microdomain formation is followed by the translocation of lipids 

between leaflets of the plasma membrane, a process unique to microvesicle formation. This 

process is mediated by Ca2+-dependent enzymes (e.g. translocases, scramblases and 

calpain), rearranging the asymmetry of membrane phospholipids in a way that causes physical 

bending of the membrane, favoring membrane budding158,170. The most significant examples 

are the exposition of phosphatidylserine (PS) and phosphatidylethanolamine (PE) from the 

inner leaflet to the cell surface. 

1.2.1.2. EV interaction with recipient cells 
After being released into the extracellular space, EVs are able to interact with cells either 

close-by or far away, triggering phenotypic changes in these cells. EV binding to recipient cells 

can be mediated by tetraspanins, integrins, proteoglycans, lectins, lipids (e.g. PS) and ECM 

components (e.g. fibronectin and laminin)156. After binding to a recipient cell, EVs can follow 

multiple routes to deliver their message. EVs can elicit changes in recipient cells by simply 

binding to specific surface receptors, triggering signaling pathways (e.g. antigen presentation), 

but without delivering any EV cargo156. 

EVs can also be internalized through multiple EV uptake pathways171 (Figure 1.5). EVs can 

undergo clathrin-mediated endocytosis, through the formation of a clathrin coat in a portion of 

cell membrane surrounding the EV to be internalized172. This clathrin coat promotes 

membrane deformation, which results in membrane invagination and formation of a bud that 

surrounds the EV that then pinches off, separating itself from the membrane173. Once in the 

cytosol, this internalized vesicle undergoes clathrin un-coating. EVs can also be internalized 

by clathrin-independent endocytosis, such as caveolin-mediated endocytosis involving the 

formation of cave-like invaginations in the plasma membrane named caveolae, which become 

internalized into the cell (similarly to clathrin-mediated endocytosis)171,174. Caveolin-1 is 

required for the formation of caveolae, which are also rich in cholesterol and sphingolipids. 

Clathrin-independent endocytosis may also occur via lipid rafts175. These plasma membrane 

microdomains have altered phospholipid composition, being more tightly packed and 

consequently less fluid, but float freely in the plasma membrane. Lipid rafts can be found in 

invaginations formed by caveolin-1 or in planar regions of the plasma membrane associated 

with flotillins171. However, lipid raft-mediated endocytosis of EVs seems to be caveolae-

independent172,175. 

Alternatively, EV uptake can happen through non-specific processes such as phagocytosis 

and macropinocytosis171,176,177. Phagocytosis involves the formation of invaginations 
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surrounding material to be internalized, with or without the formation of enveloping membrane 

extensions178. Although this process is generally used to internalize larger particles, it has 

been observed to be used to take up EVs. Phosphatidylinositol-3-kinase (PI3K) plays an 

important role in this process179. In macropinocytosis, membrane extensions are formed 

surrounding a portion of extracellular fluid and fuse back with the plasma membrane 

internalizing that portion of extracellular content171,178. This requires Na+/H+ exchanger activity 

and is dependent on actin, cholesterol and the rac 1 GTPase. Both of these uptake 

mechanisms seem to be triggered (at least partially) by PS present on the outer leaflet of EV 

membranes. 

 
Figure 1.5 - Interaction of EVs with recipient cells. EVs bind to the surface of recipient cells in a process that 
can be mediated by several molecules, being able to elicit functional changes without entering the cell. EVs may 
also be internalized by recipient cells through different uptake routes, which include clathrin- or caveolin-mediated 
endocytosis, endocytosis mediated by lipid rafts, phagocytosis or macropinocytosis. Internalized vesicles follow 
the endosomal pathway, being sorted into early endosomes and proceeding to MVE. Then, EVs can follow different 
routes: they can be recycled back to the plasma membrane and released; EVs can fuse with the limiting membrane 
of MVE releasing their contents to the cytoplasm of the recipient cell; or MVE may fuse with lysosomes leading to 
EV degradation. In alternative to EV uptake, EVs may also fuse directly with the plasma membrane of the recipient 
cell, releasing their cargo directly into the cytosol. MVE - multivesicular endosomes. Figure created with 
BioRender.com. 

Internalized EVs follow the endosomal pathway, eventually reaching MVE. At this stage, 

EVs can follow different fates156,158. They can be recycled back to the plasma membrane and 

released to the extracellular space. MVE can fuse with the lysosome leading to the 

degradation of the contents of internalized EVs, which can still be a relevant source of 

metabolites for the host cell. Alternatively, EVs may undergo endosomal escape, through back 

fusion with the limiting membrane of MVE, releasing their contents to the cytoplasm of the 
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recipient cell. EVs may also fuse directly with the plasma membrane, releasing their cargo 

directly into the cytosol of the recipient cell. Intraluminal material released by internalized EVs 

includes nucleic acids (miRNA, mRNA), proteins and lipids which are able to trigger alterations 

in the recipient cell. However, little is known about how EV cargo is unpackaged and delivered 

to the designated site of action, be it the cytoplasm or the nucleus. Intracellular delivery routes 

are being investigated and may include direct transfer into the endoplasmic reticulum180 or the 

nucleus181,182. 

1.2.1.3. EVs in intercellular communication 

1.2.1.3.1. Physiological roles of EVs 
Given their ability to elicit changes in recipient cells, EVs have been implicated in numerous 

physiological processes183,184. In fertilization, EVs secreted from the egg promote sperm-egg 

fusion in a tetraspanin CD9-dependent process that was observed in mice185. Later on, 

microvesicles released by early embryo cells promote trophoblast migration and implantation 

in the uterus through JNK and FAK pathways, which are activated by microvesicle cargo 

proteins laminin and fibronectin186. EVs have been implicated in development by carrying key 

morphogen molecules such as Wnt proteins (e.g. Wingless) and Sonic Hedgehog187–189. 

Mating behavior can also be altered by EVs, since exosomes secreted by the reproductive 

glands of male Drosophila melanogaster interact with female reproductive tract epithelium and 

inhibit re-mating of females190. 

EVs are important in the nervous system, being secreted by neurons and glial cells alike to 

mediate intercellular communication191. Neuron-derived EVs have multiple relevant roles at 

synapses, such as promoting synaptic growth at the neuromuscular junction and regulating 

postsynaptic retrograde signaling192–194. Oligodendrocyte-derived EVs are able to promote 

neuronal viability and increase neuron firing rate195. EVs also play a role in the peripheral 

nervous system, where Schwann cells are able to secrete EVs to promote axon 

regeneration196. 

EVs play a relevant part in regulation of immune responses through exchange among 

multiple types of immune cells. EVs play a crucial role in major histocompatibility complex 

(MHC) class II antigen presentation, since dendritic cells (DC) secrete exosomes carrying 

peptide-containing MHCII that stimulate naïve CD4+ T cells197,198. DC-derived exosomes were 

also able to differentiate T helper cells toward a T helper type 1 (Th1) phenotype and enhance 

immunogenicity in vivo199. In the opposite direction, T cell-derived exosomes are able to 

transport miRNA to antigen-presenting cells, modulating their mRNA expression levels200. 

Exosomes were also found to transfer miRNA between DC in vivo, modulating gene 

expression in the recipient cell201. Another study revealed that exosome-mediated miRNA 
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transfer from T regulatory (Treg) cells to Th1 cells was able to reduce inflammatory responses 

of recipient Th1 cells202. 

Physiological tissue regeneration processes are also supported by EVs. Endothelial cell-

derived EVs were able to reduce atherosclerotic lesion formation when delivered to smooth 

muscle cells203. The authors of this study observed that alterations in endothelial cells 

previously described to be triggered by blood flow-induced shear stress led to enrichment of 

endothelial cell-derived EVs in specific miRNA molecules that had atheroprotective effects 

after delivery to smooth muscle cells. In a kidney injury model, injured epithelial cells secreted 

exosomes that activated fibroblasts to initiate tissue regenerative responses and fibrosis 

mediated by exosomal transforming growth factor (TGF)-β1 mRNA204. 

1.2.1.3.2. EVs in pathological processes 
In addition to their relevant role under normal physiological conditions, EVs have been 

associated with multiple pathological processes183,184,205. Numerous studies reveal tumor-

derived EVs as relevant mediators of intercellular communication within the tumor 

microenvironment (TME), which is composed of multiple non-tumorigenic cells able to 

collectively support tumor growth and progression such as endothelial cells, fibroblasts, 

immune cells, among others206. 

Under hypoxic conditions (1% O2), glioblastoma multiforme (GBM)-derived exosomes 

amplified the activation of ERK1/2 MAPK, PI3K/Akt and FAK pathways in endothelial cells, 

compared to normoxic conditions, resulting in increased endothelial cell sprouting207. GBM-

derived EVs were also found to skew monocyte-to-macrophage differentiation to a tumor-

supportive M2-type macrophage phenotype208. Conversely, lymph node macrophages were 

able to suppress tumor growth by absorbing tumor-derived EVs and preventing their 

interaction with pro-tumorigenic B cells209. Tumor-derived EVs are able to suppress anti-tumor 

adaptive immunity as well. Tumor-derived EVs induced apoptosis of CD8+ T cells and were 

also able to alter the differentiation of CD4+ T cells into a state that suppresses cytotoxic T cell 

activity, contributing to tumor escape from the immune system210.  

Tumor-derived EVs also promote tumor invasion and metastasis. They help establishing 

pre-metastatic niches, by interacting with normal cells at the metastatic sites. Melanoma-

derived exosomes recruited BM progenitor cells to future sites of metastasis and re-educated 

them toward a vasculogenesis supporting phenotype, enhancing tumor invasion and 

metastasis in vivo211. This re-education effect was mediated by a tyrosine kinase receptor 

differentially expressed in exosomes from highly metastatic melanoma cells compared to less 

aggressive ones. 

In another study, exosomes from pancreatic cancer cells induced the formation of pre-

metastatic niche in the liver of mice. These exosomes transferred migration inhibitory factor 

(MIF) to Kupffer cells in the liver that secreted TGF-β, which subsequently increased 
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fibronectin production by hepatic stellate cells. Fibronectin enhanced the recruitment and 

retention of BM-derived macrophages, establishing an environment favorable for 

metastasis212. 

Remarkably, the formation of pre-metastatic niches was found to be promoted by 

exosomes from different tumor types that targeted specific organs, depending on integrins 

displayed on their membrane213. Exosomes expressing integrins α6β4 and α6β1 were able to 

bind specifically to fibroblasts and epithelial cells in the lung, mediating lung tropism, while 

exosomes containing integrin αvβ5 bound to Kupffer cells, leading to liver tropism.  

EVs derived from non-tumorigenic cells can also support tumor growth under specific 

circumstances. For instance, exosomes from astrocytes were found to support tumor growth 

in brain metastatic breast cancer in vivo. Astrocyte-derived exosomes mediated miRNA 

transfer to metastatic tumor cells, reducing the levels of a target mRNA encoding for the tumor 

suppressor PTEN214. Decreased PTEN levels triggered and increased secretion of CCL2 

chemokine by metastatic tumor cells, resulting in recruitment of IBA1-expressing myeloid cells 

that enhanced proliferation and reduced apoptosis of metastatic tumor cells. 

In addition to their roles as mediators in tumor progression, tumor-derived EVs also provide 

a way to eliminate chemotherapeutic agents from cancer cells, enabling chemotherapy 

resistance. Microvesicle-mediated release of gemcitabine was identified as a key factor for 

resistance to this drug in human pancreatic cancer cells, both in vitro and in vivo215. Moreover, 

just as tumor-stromal interactions mediated by EVs play a relevant role in tumor progression, 

stromal cell-derived EVs can also mediate resistance to therapy. Exosomes derived from 

stromal cells were able to mediate miRNA transfer to ovarian cancer cells increasing their 

chemoresistance to paclitaxel216. 

EVs are also involved in cell-cell transport of pathogenic proteins associated with 

neurodegenerative diseases such as the prion protein (PrP) abnormal isoform PrPSC in prion 

disease, β-amyloid in Alzheimer’s disease and α-synuclein in Parkinson’s disease217,218. 

However, the relevance of EV-mediated versus EV-independent spread and propagation of 

these proteins in disease progression is still unclear. Contrastingly, some studies have 

described natural beneficial effects of EVs in these pathologies, namely in the clearance of β-

amyloid peptides219,220. 

In cardiovascular diseases, EVs have also been found to mediate the cross-talk between 

different cell types in the heart with implications in disease progression. Secretion of cardiac 

fibroblast-derived exosomes triggered gene expression alterations in cardiomyocytes, leading 

to increased pathological cardiac hypertrophy, which contributes to heart failure221. In another 

study, macrophage-derived exosomes transferred miRNA to cardiac fibroblasts, suppressing 

fibroblast proliferation and promoting fibroblast inflammation during cardiac injury in mice222. 
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In multiple infectious diseases, viruses are able to take advantage of EVs to transfer their 

genetic material between infected and non-infected cells in substitution of direct interaction 

between viruses and target cells223. For example, exosomes derived from human hepatoma 

cells infected with hepatitis C virus were able to transmit the infection to naïve hepatoma 

cells224. Moreover, this exosome-mediated transmission was partially resistant to antibody 

neutralization. 

Considering the numerous roles of EVs in disease progression, EVs have been extensively 

studied as novel biomarkers for disease225–227, as well as targets for new therapeutic 

strategies228,229. 

1.2.2. EVs as reconfigurable natural therapeutic systems 

1.2.2.1. EVs as intrinsically therapeutic agents 
Given their ability to participate in intercellular communication, conveying messages from 

their cells of origin to target recipient cells, EVs have innate therapeutic potential, particularly 

interesting for tissue regeneration. EVs are able to mediate some of the therapeutic effects 

from their cells of origin by carrying lipids, proteins and genetic material (mRNA and miRNA) 

and transferring this cargo to target cells, or by triggering signaling pathways through cell 

surface interactions. 

EVs derived from stem and progenitor cells have gained particular interest due to numerous 

therapeutic properties attributed to them, which include immunomodulatory capacity (mainly 

by reducing inflammation)230–233, suppressing apoptosis and stimulating cell proliferation234,235, 

promoting angiogenesis236,237, stimulating wound repair238,239 and recruiting and reprograming 

cells for tissue regeneration154. Among the most studied EV-secreting cells with therapeutic 

properties we can find MSC, embryonic stem cells, iPSC, cardiac progenitor cells and DC240. 

In particular, a growing body of evidence indicates that many of the therapeutic features of 

MSC are exerted in a paracrine manner and mediated by EVs. The paracrine activity of MSC 

was initially observed in mice and pig models of myocardial infarction, where conditioned 

medium from MSC cultures limited infarct size and improved heart function241–244. This was 

followed by similar evidence supporting the paracrine activity of MSC in other organs245. In 

subsequent studies, EVs secreted by MSC were described as the mediators of these 

paracrine trophic activities, reducing myocardial ischemia/reperfusion injury246 and also 

allowing improved recovery from acute kidney injury247,248 in mice. 

Numerous studies reporting different therapeutic activities of EVs derived from MSC and 

other cells were followed. MSC-derived EVs (MSC-EVs) allowed improved recovery from 

stroke in mice, by promoting neuronal survival and angioneurogenesis249. Human BM MSC-

EVs allowed a better recovery from traumatic brain injury in mice250 and improved the recovery 
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from acute spinal cord injury in rat231. Attenuated inflammation upon EV treatment supported 

a better recovery in both studies. 

MSC-EVs obtained from different tissue sources showed therapeutic potential against 

hepatic indications. Human UCM MSC-EVs ameliorated liver fibrosis in mice by inactivating 

the TGF-β1/Smad signaling pathway and inhibiting epithelial-to-mesenchymal transition 

(EMT) in hepatocytes251. BM MSC-EVs reduced hepatic injury in mice, improving their 

survival252. Reduction in hepatocyte apoptosis was proposed to be mediated by the lncRNA 

Y-RNA-1 carried by EVs. Human UCM MSC-EVs also inhibited pulmonary infiltration of 

macrophages and suppressed the production of pro-inflammatory and pro-proliferative factors 

in a murine model of pulmonary hypertension230. 

The large number of preclinical studies using EVs has already been translated into a few 

clinical trials. The safety and efficacy of MSC-EVs have been evaluated in clinical trials for the 

treatment of type 1 diabetes (NCT02138331), macular holes (NCT03437759) and chronic 

kidney disease, with positive safety and efficacy results in the latter253. 

More recently, MSC-EVs have been proposed for the treatment of coronavirus disease-19 

(COVID-19), aiming to reduce dysregulated immune responses and the cytokine storm 

associated with respiratory pathological states of this disease254. The rationale for using MSC-

EVs is based on previously mentioned observations of inflammatory attenuation in several 

pathological conditions and supported by studies in relevant lung disease models including 

lung injury255,256. However, the mechanisms behind the beneficial effects of EVs are not fully 

elucidated yet. Some phase I/II clinical trials were already registered in different countries for 

the use of EVs for treatment of COVID-19, most of them using EVs derived from MSC either 

administered intravenously (e.g. NCT04798716) or by inhalation (e.g. NCT04602442) 

(clinicaltrials.gov, accessed on 24th May 2021, using the search term “(extracellular vesicles 

OR exosomes) AND COVID-19”). 

1.2.2.2. EVs as drug delivery systems 
In addition to their use as innate therapeutic products mainly in the context of regenerative 

medicine, EVs are also promising vehicles for drug delivery to treat numerous conditions. 

Given their small size and the ability to shuttle messages to other cells in virtually any site in 

the organism eliciting a functional response, EVs can be regarded as nature’s nanocarriers. 

In fact, EVs comprise numerous traits that make them appealing for the development of novel 

drug delivery systems (DDS), even outperforming synthetic nanocarriers in certain aspects. 

By using EVs, we can take advantage of endogenous cellular machinery to produce the 

desired therapeutic cargo and sorting it inside EVs. Additionally, EVs have the ability to 

overcome biological barriers, namely tissue barriers (e.g. blood-brain barrier (BBB)), cellular 

barriers (by different EV uptake mechanisms) and intracellular barriers, exerting functional 
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effects on target cells257–259. Due to their biological origin, EVs are generally low immunogenic 

and are not toxic, opposite to some synthetic nanocarriers260–262. On the other hand, EVs are 

non-replicative and non-mutagenic, relieving some of the safety concerns associated with cell 

therapies. Therefore, EVs lie in a sweet spot between synthetic nanocarriers and cell-

therapies, presenting exciting opportunities for developing next-generation DDS with 

increased efficacy and lower side-effects. 

EVs are able to carry different cargos, including small molecules such as the natural 

compound curcumin or chemotherapeutic drugs (e.g. doxorubicin and paclitaxel), as well as 

delivering proteins and different RNA molecules (e.g. siRNA, miRNA and mRNA)257,263–267. In 

this way, EVs can deliver therapeutic molecules in a more efficient and selective manner to 

target diseased cells and tissues, while minimizing their side effects, as well as protecting 

cargo from degradation (particularly relevant for RNA molecules). For example, doxorubicin-

loaded EVs showed similar cytotoxicity to the free drug in both in vitro and in vivo models of 

breast cancer, but with reduced cardiotoxicity264. 

Therapeutic cargo can be loaded into EVs by two different strategies, either exogenously, 

by inserting cargo directly into EVs after EV production and isolation, or endogenously, where 

therapeutic cargo is loaded into EVs at the moment of EV biogenesis259,268. Several techniques 

have been applied in order to accomplish exogenous loading of EVs such as direct incubation, 

electroporation, sonication, saponin, freeze/thaw cycles or extrusion268. For example, 

curcumin was loaded into EVs through direct incubation (e.g. mixing at 22ºC for 5 min) in 

several studies, yielding diverse positive therapeutic outcomes such as improved 

bioavailability and anti-inflammatory effect of this drug in a mouse model of inflammation263, 

as well as enhanced tumor growth inhibition both in vitro and in vivo, compared to free 

curcumin269. Electroporation has been applied in numerous studies, for example to load EVs 

with therapeutic siRNA with positive outcomes in mouse models of Alzheimer’s disease257 and 

pancreatic ductal adenocarcinoma (PDAC)270, or for loading small molecules such as 

doxorubicin, with improved outcomes in different in vivo cancer models264,271,272. 

A few studies compared the efficiency of exogenous loading of EVs using different 

techniques. The hydrophobicity of small molecules can influence their loading into EVs, since 

hydrophobic porphyrins were loaded in EVs from different cells simply by direct incubation, 

while hydrophilic porphyrins benefited significantly from active loading techniques such as 

electroporation, extrusion and especially saponin treatment273. In another study, exosomes 

were loaded with catalase and used to treat in vitro and in vivo models of Parkinson’s 

disease274. Different loading techniques were tested (incubation, saponin treatment, 

freeze/thaw cycles, sonication and extrusion), revealing improved loading efficiency, 

sustained release and catalase preservation upon active loading, especially using sonication, 

extrusion or saponin treatment. Sonication also improved exosome loading with paclitaxel and 
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yielded positive therapeutic outcome in multidrug resistant (MDR) cancer cells265. However, 

active loading techniques induce temporary disruption of the EV membrane that can lead to 

loss of EV content or altered morphology and may also induce aggregation of EVs or their 

cargo as previously reported275,276. 

Additionally, EVs can be fused with liposomes previously synthesized to carry therapeutic 

cargo, thereby creating EV-liposome hybrids carrying this cargo277. MSC-EVs fused with 

liposomes loaded with a chemotherapeutic compound increased the drug delivery efficiency 

when compared with the free drug or the drug-loaded liposome in cancer in vitro models278. 

Endogenous loading of EVs can be achieved by taking advantage of the natural sorting 

machinery of cells for the production and/or loading of cargo into EVs. Cells can be loaded 

with a cargo by direct incubation, which is then sorted and released inside EVs. MSC 

incubated with paclitaxel incorporated this chemotherapeutic agent and released it inside 

EVs279. These paclitaxel-loaded MSC-EVs were able to inhibit tumor cell proliferation in vitro. 

Alternatively, endogenous loading of EVs can be achieved by genetic modification of 

parental cells to express desired RNA molecules or proteins, which will then be loaded into 

EVs. For example, AT MSC were genetically modified to express miR-122, previously reported 

to reduce drug resistance in hepatocellular carcinoma280. Modified MSC secreted EVs 

packaging miR-122, which increased antitumor efficacy of chemotherapy on hepatocellular 

carcinoma in vivo. 

A new system was developed to achieve protein loading into EVs using an optically 

reversible protein-protein interaction module281. The authors used a photoreceptor 

cryptochrome 2 (CRY2) and the CRY-interacting protein (CIBN), which bind under blue light 

illumination. CRY2 was fused with a cargo protein and CIBN was conjugated with the EV 

transmembrane protein CD9. As a result, the transient docking of CRY2-conjugated cargo 

proteins with CD9-conjugated CIBN was observed in the generated exosomes in the presence 

of blue light. When the blue light was removed, the proteins detached and the cargos were 

released into the intraluminal space of exosomes, allowing cargo proteins to be delivered to 

recipient cells both in vitro and in vivo. This strategy was used for the delivery of super-

repressor IκBα to relieve sepsis-associated organ damage and reducing mortality in mice282. 

In addition to their unique drug loading abilities, EVs also exhibit intrinsic targeting 

properties that can be valuable for drug delivery, since protein and lipid composition of EVs 

can influence cell/organ tropism283. As previously mentioned, depending on integrins 

displayed on their membrane, EVs can show tropism towards lung or liver in pre-metastatic 

niche formation213. Another example is the involvement of PS in EV recognition and uptake by 

macrophages284. 

Still, EVs can be engineered in order to improve specificity to target cells. Akin to the 

techniques used for endogenous drug loading, parental cells can be genetically modified to 
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express a targeting moiety fused to an EV transmembrane protein. The first example relied 

on the fusion of lysosome-associated membrane protein 2 (Lamp2b) abundant on the surface 

of EVs with the rabies viral glycoprotein (RVG) peptide that binds to the acetylcholine 

receptor257,285. This strategy allowed EVs to target neurons, oligodendrocytes and microglia 

and functionally deliver electroporated siRNA for treatment of Alzheimer’s disease to the brain 

in mice. Fusion of targeting moieties with Lamp2b has been used to endow EVs with targeting 

capacity in several studies, including an αv integrin-targeting iRGD peptide to target tumor 

cells and tumor-associated vascular endothelium for doxorubicin delivery286 and a fragment of 

interleukin 3 (IL3) to target IL3 receptors on chronic myeloid leukemia (CML) cells for delivery 

of a chemotherapeutic agent or siRNA287.  

Different types of targeting moieties and transmembrane proteins have been used (Table 

1.3). For example, EV-producing cells have been modified to express recombinant anti- 

epidermal growth factor receptor (EGFR) nanobodies fused to glycosylphosphatidylinositol 

(GPI)-anchoring peptides288. Since EVs are enriched in GPI, EVs were enriched in GPI linked 

nanobodies displayed on their surface. This allowed EVs to target specifically EGFR-

expressing tumor cells. 

Table 1.3 - Overview of strategies to engineer EV targeting through genetic modification of producing cells to 
express a targeting moiety fused to an EV transmembrane protein. 

EV 
transmembrane 

protein 
Targeting moiety Target Purpose Refs. 

Lamp2b 

RVG peptide Acetylcholine receptor in 
neurons 

Deliver BACE1 siRNA for 
Alzheimer’s disease treatment 

257,285 

RVG peptide Acetylcholine receptor in 
neurons 

Deliver miR-124 to promote 
neurogenesis after stroke 

289 

iRGD peptide αv integrin-positive breast 
cancer cells Deliver doxorubicin 271 

IL3 fragment  IL3 receptor in CML cells Deliver Imatinib or BCR-ABL 
siRNA  

287 

Cardiomyocyte 
specific peptide Cardiomyocytes Target cardiomyocytes 290 

PDGFR GE11 peptide EGFR-expressing cancer 
cells Deliver let-7a miRNA 291 

GPI-anchoring 
peptide 

Anti-EGFR 
nanobody 

EGFR-expressing cancer 
cells Target cancer cells 288 

Lamp2b - lysosome-associated membrane protein 2; RVG - rabies viral glycoprotein; BACE1 - beta secretase 1; 
IL3 - interleukin 3; CML - chronic myeloid leukemia; PDGFR - platelet-derived growth factor receptor; EGFR - 
epidermal growth factor receptor; GPI - glycosylphosphatidylinositol. 

Alternatively, targeting ligands can be exposed on the surface of EVs after EV isolation, 

avoiding challenging genetic engineering of producer cells. Several different strategies have 

been applied in this context (Table 1.4). A recombinant protein was developed, consisting of 

an anti-EGFR nanobody fused to the C1C2 domain of lactadherin, which binds to PS present 

on the surface of EVs, directing these modified EVs to EGFR-positive cancer cells292. In 
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another study, EVs were modified in order to target neuropilin-1 (NRP-1), which is a 

transmembrane glycoprotein overexpressed in glioma cells and the tumor vascular 

endothelium293. For this purpose, an NRP-1-targeting peptide was conjugated with the surface 

of EVs by click chemistry. 

Table 1.4 - Overview of strategies to engineer EV targeting by anchoring a targeting moiety to EVs after EV 
production and isolation. 

Linkage method Targeting moiety Target Purpose Refs. 

Post-insertion of 
phospholipid (DMPE)-
PEG fusion molecules in 
EV membranes 

Anti-EGFR 
nanobody (conj. 
with DMPE-PEG) 

EGFR-expressing 
cancer cells Target cancer cells 294 

Membrane anchoring 
cholesterol 

AS1411 DNA 
aptamer (conj. 
with cholesterol) 

Nucleolin on breast 
cancer cells 

Deliver let-7 miRNA or 
VEGF siRNA 

295 

Electrostatic interaction 
between cationized 
pullulan and EVs 

Cationized 
pullulan (a 
polysaccharide 
polymer) 

Hepatocyte 
asialoglycoprotein 
receptors 

Target injured liver 296 

C1C2 domain of 
lactadherin binding to PS 
present on EV membrane 

Anti-EGFR 
nanobody (conj. 
with C1C2) 

EGFR-expressing 
cancer cells Target cancer cells 292 

Membrane anchoring 
cholesterol 

RNA aptamers or 
folate (conj. with 
cholesterol) 

PSMA, EGFR or folate 
receptor on prostate, 
breast or colorectal 
cancers, respectively 

Deliver survivin-targeting 
siRNA 

297 

Click chemistry reaction c(RGDyK) peptide 

Integrin αvβ3 in reactive 
cerebral vascular 
endothelial cells after 
ischemia 

Deliver curcumin to 
stroke lesions 

298 

ApoA-I mimetic peptide 
interaction with 
phospholipids on EV 
membrane 

LDL peptide LDL receptor on GBM 
cells 

Delivery of KLA peptide 
and methotrexate 

299 

CP05 peptide binding to 
CD63 present on EV 
membrane 

Muscle targeting 
peptide M12 (conj. 
with CP05) 

Muscle 
Deliver PMO to muscle 
for Duchenne muscular 
dystrophy treatment 

300 

Click chemistry reaction NRP-1 targeting 
peptide (RGE) 

NRP-1 in glioma cells 
and tumor vascular 
endothelium 

Deliver SPIONs and 
curcumin for imaging and 
therapy of glioma 

293 

Covalent bond by protein 
ligating enzymes Sortase 
A or OaAEP1 ligase 

EGFR-targeting 
peptide or 
nanobodies 
targeting EGFR 
or HER2 

Cancer cells 
expressing EGFR or 
HER2 

Deliver paclitaxel or 
mRNA 

301 

DMPE - 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine; PEG - polyethylene glycol; EGFR - epidermal growth 
factor receptor; VEGF - vascular endothelial growth factor; PS - phosphatidylserine; PSMA - Prostate-specific 
membrane antigen; LDL - low-density lipoprotein; GBM - glioblastoma multiforme; PMO - phosphorodiamidate 
morpholino oligomer; NRP-1 - neuropilin-1; SPION - superparamagnetic iron oxide nanoparticles; HER2 - human 
epidermal growth factor receptor 2. 

The promising results obtained in preclinical studies using EV-based DDS for numerous 

clinical indications prompted their use in pioneering clinical trials over the past few years240. 

Plant-derived EVs loaded with curcumin have been used for treatment of colon cancer 

(NCT01294072). Tumor-derived EVs loaded with chemotherapeutic agents (NCT01854866) 

and EVs derived from malignant pleural effusion loaded with methotrexate (NCT02657460) 

are being studied for treatment of malignant ascites and pleural effusion. Other clinical trials 
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are testing the use of allogeneic MSC-EVs enriched in miR-124 for treatment of acute ischemic 

stroke (NCT03384433) or loaded with KRASG12D siRNA for treatment of metastatic pancreatic 

cancer (NCT03608631). 

1.3. Azurin and p28 as anticancer tools 
Azurin is a small (14 kDa) and water soluble bacterial protein secreted by Pseudomonas 

aeruginosa302,303. It is a member of the cupredoxin family, copper-binding proteins involved in 

the electron transport chain of prokaryotes. Azurin is composed of 128 amino acids and 

exhibits a Greek key β-barrel structure comprised of eight parallel and antiparallel strands and 

an α-helix region situated outside the barrel (Figure 1.6). Like other proteins of the cupredoxin 

family, this structure confers azurin the nature of a scaffold protein, with the ability to establish 

affinity interactions with multiple unrelated proteins. In fact, this seems to endow azurin with 

anticancer activity by interfering in multiple events associated with carcinogenesis and has 

sparked the interest in applying this protein for cancer therapy304,305. 

Azurin has the ability to preferentially enter cancer cells, compared with normal cells306. 

This internalization occurs substantially through lipid rafts, cholesterol-rich microdomains 

over-represented in cancer cells, namely through azurin interaction with lipid raft markers 

caveolin-1 and ganglioside GM-1307. After internalization, azurin forms a complex with the 

tumor suppressor protein p53, stabilizes it and increases its intracellular concentration, 

increasing apoptosis304,305,308,309. Azurin also targets an EphB2 tyrosine kinase-mediated cell 

proliferation pathway that is upregulated in many tumors310. Moreover, simultaneous treatment 

with azurin was observed to enhance the activity of chemotherapeutic anticancer agents such 

as doxorubicin and paclitaxel307 as well as of the tyrosine kinase inhibitors gefitinib and 

erlotinib311. 

In addition, a particular peptide sequence from azurin, called p28 has been the main focus 

for clinical application in cancer therapy, due to its ability to act both as a cell-penetrating 

peptide (CPP) and an effective inhibitor of cancer cell proliferation in several cancer types, 

both in vitro and in vivo312. This 28 amino acid sequence of azurin (Leu50-Asp77) contains its 

α-helical domain (Figure 1.6) and is an amphipathic peptide with a negative net charge.  

The peptide p28 was identified as the domain responsible for the penetration of azurin into 

cancer cells313 (i.e. the protein transduction domain, PTD) and similarly to azurin, it 

preferentially enters and accumulates in a variety of solid tumor cells, compared to equivalent 

non-cancerous cells306. Cancer cell penetration of p28 occurs via endocytotic, caveosome-

directed, and caveosome-independent pathways, unlike cationic CPP that essentially bind to 

cell membrane glycosaminoglycans (GAGs)306. Further studies revealed a shorter sequence 

of 18 amino acids containing the α-helical domain of p28, named p18 (Leu50-Gly67) as the 

minimal motif for the PTD (Figure 1.6), relevant for the preferential internalization of azurin 
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into tumor cells306. However, the whole p28 sequence seems to be required to exert an anti-

proliferative activity. 

 
Figure 1.6 - Structure of azurin from P. aeruginosa. Primary structure of azurin (128 aa) and its derived peptides 
p28 (28 aa) and p18 (18 aa), with secondary elements illustrated as arrows for β-sheets and rectangles for α-helix. 
Ribbon drawing of azurin (1jzg) generated using iCn3D314, based on the structure obtained from the Protein Data 
Bank (PDB)315,316. 

After entering cancer cells, p28 also binds to both wild-type and mutant p53, blocking the 

binding of E3 ligase Cop1, subsequently inhibiting Cop1-mediated ubiquitination and 

proteasomal degradation of p53, thus stabilizing p53317,318. This results in increased p53 levels 

that upregulate p21 and p27 cell-cycle inhibitors, downregulating FoxM1 or alternatively 

inhibiting CDK2 and cyclin A expression, thus leading to G2–M cell-cycle arrest, ultimately 

resulting in apoptosis of cancer cells. Given its p53 stabilizing role, p28 also enhances the 

efficacy of multiple chemotherapy drugs, either DNA damaging agents (e.g. doxorubicin, 

dacarbazine and temozolamide) or antimitotic agents (e.g. paclitaxel and docetaxel)319. 

In addition, p28 (as well as azurin) preferentially enters endothelial cells, co-localized with 

caveolin-1 and VEGFR-2 and inhibits angiogenesis. The phosphorylation of VEGFR-2, focal 

adhesion kinase-1 (FAK) and protein kinase B (Akt) is decreased by p28. This inhibits 

endothelial cell motility and migration, thereby inhibiting angiogenesis within the TME320. 

Notably, two phase I clinical trials have been completed using azurin-p28 in adult patients 

with various tumors321 and in children with brain tumors322. Results revealed no significant 

toxicity or adverse events and presented favorable tumor regression in several patients. 
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Subsequently, in December 2015, the FDA granted approval to azurin-p28 as an orphan drug 

for the treatment of brain tumor glioma. 

1.4. Motivation and thesis outline 
Cancer is one of the leading causes of death worldwide with over 19 million new cases and 

nearly 10 million people dying from cancer in 2020323. In fact, some estimations indicate that 

2 out of 5 people may develop cancer in their lifetimes324. Conventional cancer therapies 

present several limitations such as low success rates and lack of selectivity that result in 

considerable loss of healthy tissue and major side-effects sometimes with limited beneficial 

results. In spite of considerable progress recently made in early detection and in the 

development of improved therapeutic solutions, new therapies are required in order to cope 

with the increasing prevalence of cancer. 

DDS are one of the strategies that have been used to improve the efficacy of cancer 

therapies, relying on incorporation of highly concentrated drugs protected inside nanocarriers 

that are able to reach tumors and deliver drugs more efficiently325. However, most DDS are 

based on synthetic nanocarriers, which do not fully capture the complexity of the cellular 

membrane, presenting some limitations regarding toxicity and rapid clearance260. EVs are a 

promising alternative for drug delivery due to their natural role in intercellular communication. 

Moreover, they can be engineered in numerous ways to incorporate therapeutic payload and 

to improve their targeting to diseased sites. 

In addition to their potential for drug delivery, EVs present innate therapeutic properties 

promising for regenerative medicine due to their ability to mediate some of the therapeutic 

effects from their cells of origin. MSC have been particularly regarded as a promising source 

for the production of EVs for therapeutic application, considering their intrinsic trophic 

properties14,15, a favorable safety profile326 and good expansion capacity when cultured ex 

vivo89,120–124. Despite the promising potential of EVs for therapeutic applications, robust and 

scalable manufacturing processes for EV production are still lacking. 

In order to overcome current limitations in EV manufacturing and aiming to achieve a 

product closely translatable to a clinical setting, we strived for the establishment of a scalable 

platform for the production of MSC-EVs. The main aim of the thesis was to establish novel 

DDS for cancer therapy by combining MSC-EVs with the anticancer p28 peptide from the 

bacterial protein azurin. 

Chapter 1 introduces relevant concepts for this thesis and presents a detailed review of 

the relevant progresses in the fields of MSC and EVs, as well as the potential of using azurin 

and its lead peptide p28 as anticancer tools. 

 Chapter 2 features a scalable microcarrier-based bioreactor culture system to produce 

MSC-EVs under S/XF conditions in a Vertical-Wheel™ bioreactor using MSC from three 
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different human tissue sources (BM, AT and UCM). MSC-EVs were produced in a bioreactor 

system, characterized in what concerns relevant biochemical and biophysical parameters and 

compared with the same EVs obtained in static culture platforms in order to evaluate the 

impact of bioreactor culture. 

Chapter 3 addresses the comparison of the functional activity of MSC-EVs obtained from 

two different human tissue sources (BM and UCM) in conditions closely translatable to a 

clinical setting. MSC were cultured under S/XF conditions in planar culture systems, and a 

scalable and selective EV isolation method that combined tangential flow filtration (TFF) with 

size exclusion chromatography (SEC) was applied. One of the most studied functional 

activities of MSC-EVs is their pro-angiogenic capacity and subsequent beneficial impact on 

tissue regeneration236,237,327,328. Therefore, the functional activity of MSC-EVs was studied by 

investigating their impact on angiogenesis using in vitro models employing endothelial cells, 

namely a scratch wound assay, a 3D spheroid sprouting assay and an assay to examine the 

activation of ERK1/2 and Akt pathways. 

Chapter 4 comprises the application of MSC-EVs decorated with the p28 peptide on their 

surface to develop anti-cancer DDS. Since p28 was described to preferentially enter a variety 

of cancer cells compared with normal cells306, EV decoration with p28 may improve EV 

targeting to cancer cells. Thus, a novel p28-conjugated peptide able to anchor to the surface 

of EVs after they were isolated was designed by fusing p28 with a previously described EV-

anchoring peptide300. The impact of surface decoration of MSC-EVs with p28 on their uptake 

by breast cancer cells was studied. MSC-EVs were manufactured in conditions closely 

translatable to a clinical setting as in Chapter 3. 

Chapter 5 summarizes the main achievements of this thesis and its contribution to the 

state-of-the-art, presenting general considerations about the outputs of this thesis that could 

lead to future work and speculates about the future of EV therapeutics. 
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2. Scalable production of human mesenchymal 
stromal cell-derived extracellular vesicles under 
serum-/xeno-free conditions in a microcarrier-
based bioreactor culture system 

 

This chapter was adapted from the original research paper: de Almeida Fuzeta, M., 

Bernardes, N., Oliveira, F.D., Costa, A.C., Fernandes-Platzgummer, A., Farinha, J.P., 

Rodrigues, C.A.V., Jung, S., Tseng, R.-J., Milligan, W., Lee, B., Castanho, M.A.R.B., Gaspar, 

D., Cabral, J.M.S., da Silva, C.L. (2020) Scalable Production of Human Mesenchymal Stromal 

Cell-Derived Extracellular Vesicles Under Serum-/Xeno-Free Conditions in a Microcarrier-

Based Bioreactor Culture System. Front Cell Dev Biol 8:553444. 
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2.1. Summary 
MSC hold great promise for tissue engineering and cell-based therapies due to their 

multilineage differentiation potential and intrinsic immunomodulatory and trophic activities. 

Over the past years, increasing evidence has proposed EVs as mediators of many of the 

MSC-associated therapeutic features. EVs have emerged as mediators of intercellular 

communication, being associated with multiple physiological processes, but also in the 

pathogenesis of several diseases. EVs are derived from cell membranes, allowing high 

biocompatibility to target cells, while their small size makes them ideal candidates to cross 

biological barriers. Despite the promising potential of EVs for therapeutic applications, robust 

manufacturing processes that would increase the consistency and scalability of EV production 

are still lacking. 

In this work, EVs were produced by MSC isolated from different human tissue sources (BM, 

AT and UCM). A serum-/xeno-free (S/XF) microcarrier-based culture system was 

implemented in a Vertical-Wheel™ bioreactor (VWBR), employing a hPL culture supplement 

(UltraGRO™-PURE), towards the scalable production of MSC-EVs. 

The morphology and structure of the manufactured EVs were assessed by atomic force 

microscopy, while EV protein markers were successfully identified in EVs by Western blot, 

and EV surface charge was maintained relatively constant (between -15.5 ± 1.6 mV and -19.4 

± 1.4 mV), as determined by zeta potential measurements. When compared to traditional 

culture systems under static conditions (T-flasks), the VWBR system allowed the production 

of EVs at higher concentration (i.e. EV concentration in the conditioned medium) (5.7-fold 

increase overall) and productivity (i.e. amount of EVs generated per cell) (3-fold increase 

overall). BM, AT and UCM MSC cultured in the VWBR system yielded an average of 2.8 ± 0.1 

x 1011, 3.1 ± 1.3 x 1011 and 4.1 ± 1.7 x 1011 EV particles (n=3), respectively, in a 60 mL final 

volume. This bioreactor system also allowed to obtain a more robust MSC-EV production, 

regarding their purity, compared to static culture. 

Overall, we demonstrate that this scalable culture system can robustly manufacture EVs 

from MSC derived from different tissue sources, towards the development of novel therapeutic 

products. 

2.2. Background 
MSC exhibit multilineage differentiation ability, as well as intrinsic immunomodulatory and 

trophic activities , standing as promising candidates for tissue engineering and cell-based 

therapies14,15. MSC are able to inhibit apoptosis and scarring (fibrosis), promote angiogenesis 

and support growth and differentiation of progenitor cells into functional regenerative units14,15.  

The array of beneficial effects attributed to MSC has made them one of the most studied cells 
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in clinical trials16. The trophic activity of MSC relies greatly on the secretion of bioactive factors 

that assist in repair and regeneration processes through paracrine signaling14,15. 

Recently, increasing evidence suggests that several MSC-associated paracrine 

therapeutic features are mediated by EVs246,247,329,330. EVs, such as exosomes and 

microvesicles, are lipid membrane enclosed structures actively secreted by cells. These 

vesicles have emerged as relevant mediators of intercellular communication, through the 

transfer of a cargo of proteins and RNA (i.e. microRNA and mRNA), which trigger alterations 

on host cells153–155.  Their small size (generally 50 - 1000 nm) and resemblance to the cell 

membrane makes EVs ideal candidates to cross biological barriers, thus providing high 

biocompatibility to target cells156,257,331. 

EVs can be used in therapeutic settings through two different approaches. On one hand, 

EVs are able to mediate some of the therapeutic effects from their cells of origin246,248. 

Therefore, EVs could be potentially used in substitution of their cell of origin, as a cell-free 

therapy triggering equivalent therapeutic effect. On the other hand, EVs can be used as drug 

delivery vehicles, by loading EVs with therapeutic cargo, as an alternative to synthetic DDS260. 

MSC are particularly interesting for EV production for a number of reasons. MSC are 

considered immune evasive cells and the safety of their administration has already been 

confirmed in a number of clinical trials326. Therefore, it is reasonable to assume that MSC-EVs 

are not prone to immune reaction from the host immune system332,333, and promising for the 

development of allogeneic (i.e. off-the-shelf) therapeutic products. MSC are intrinsically 

therapeutic, with promising applications for multiple diseases and MSC-EVs convey similar 

benefits as well329,334. Finally, MSC show great ability for expansion when cultured ex vivo and 

robust expansion platforms have already been established89,120–124. 

Despite the promising potential of EVs for therapeutic applications, robust manufacturing 

processes that would increase the consistency and scalability of EV production are still 

lacking. Similarly to the cell therapy context, where large cell numbers per dose are 

required335–337, very large numbers of EVs are expected to be required for clinical use (e.g. 

each patient may require 0.5 - 1.4 x 1011 EVs338). In order to achieve such large production 

capacities, robust and scalable manufacturing processes need to be developed. 

The development of cell-based therapies faces multiple challenges (recently reviewed339) 

and these also apply to manufacturing of EV products. One of these challenges is the use of 

appropriate cell culture medium. The most commonly used culture medium supplement in ex 

vivo expansion platforms of MSC is FBS, which presents several disadvantages when 

considering the production of cell-based therapies for human use due to their animal origin. 

As an alternative to animal derived products, S/XF culture supplements have been developed, 

such as hPL. 
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Another major challenge is determining the appropriate cell culture platform for scalable 

manufacturing of cell-based therapies339. In order to achieve large product batches for clinical 

use, culture platforms require scalability as well as the ability to monitor and control culture 

parameters, which cannot be accomplished in traditional static culture systems. Multiple 

bioreactor configurations operating in dynamic culture conditions have been developed for this 

purpose339,340. Expansion of MSC immobilized on microcarriers has been explored in stirred 

tank bioreactor configurations339,340. These bioreactors use an agitation system to maintain 

microcarriers in suspension and allow medium homogenization. However, agitation impacts 

cellular physiology due to increased shear stress.  

In order to improve agitation patterns in cell culture, PBS Biotech has developed scalable 

VWBR that can provide gentle and uniform mixing with minimal shear stress. A vertically 

rotating wheel promotes radial and axial fluid flow and creates a more homogeneous 

hydrodynamic environment compared with traditional stirred tank bioreactors. In addition, the 

Vertical-WheelTM impeller can fully suspend microcarriers with minimal power input and thus 

minimize shear stress effects143. Moreover, this technology is scalable, being available at 

working volumes that range from 100 mL up to 500 L. Recently, VWBR have been successfully 

applied in microcarrier-based cell culture processes for the expansion of MSC from multiple 

sources79,144, as well as for human induced pluripotent stem cells145,341. 

In this work, EVs were produced by MSC isolated from different human tissue sources, 

namely BM, AT and UCM. A S/XF microcarrier-based culture system was implemented in a 

single-use VWBR, employing a hPL culture supplement (UltraGRO™-PURE), towards the 

production of MSC-EVs. 

When compared with traditional static culture systems (i.e. T-flasks), the bioreactor-based 

culture system allowed a substantial improvement in EV production. This culture system is 

expected to contribute to robustly manufacture human MSC-EVs in a scalable manner, which 

can be applied as intrinsic medicines or as delivery vehicles in different therapeutic settings. 

2.3. Materials and methods 

2.3.1. MSC isolation from human samples 
Human MSC used in this study are part of the cell bank available at the Stem Cell 

Engineering Research Group (SCERG), iBB-Institute for Bioengineering and Biosciences at 

Instituto Superior Técnico (IST). MSC were previously isolated/expanded according to 

protocols previously established at iBB-IST. UCM MSC were isolated in hPL-supplemented 

medium according to the protocol described by de Soure et al78. BM MSC were isolated in 

hPL-supplemented medium by adapting the protocol for cell isolation using FBS-

supplemented medium described by dos Santos et al102. AT MSC were originally isolated in 
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FBS-supplemented medium according to Oliveira et al104, cryopreserved and later adapted for 

1 or 2 passages to hPL-supplemented medium. Originally, human tissue samples were 

obtained from local hospitals under collaboration agreements with iBB-IST (bone marrow: 

Instituto Português de Oncologia Francisco Gentil, Lisboa; adipose tissue: Clínica de Todos-

os-Santos, Lisboa; umbilical cord:  Hospital São Francisco Xavier, Lisboa, Centro Hospitalar 

Lisboa Ocidental, Lisboa). All human samples were obtained from healthy donors after written 

informed consent according to the Directive 2004/23/EC of the European Parliament and of 

the Council of 31 March 2004 on setting standards of quality and safety for the donation, 

procurement, testing, processing, preservation, storage and distribution of human tissues and 

cells (Portuguese Law 22/2007, June 29), with the approval of the Ethics Committee of the 

respective clinical institution. Human MSC from the different sources (BM, AT and UCM) were 

cryopreserved in a liquid/vapor-phase nitrogen container. 

2.3.2. MSC expansion in static conditions 
In general, MSC expansion in static conditions was performed as previously described79. 

In summary, previously isolated BM, AT and UCM MSC were thawed and plated on T-flasks 

(Falcon), at a cell density between 3000-6000 cell/cm2. MSC were cultured in low glucose (1 

g/L) DMEM (Gibco, Life Technologies), supplemented with 5% v/v of the hPL UltraGROTM-

PURE (AventaCell Biomedical) and Antibiotic-Antimycotic (1x) (Gibco, Life Technologies). 

Cells were maintained at 37°C and 5% CO2 in a humidified atmosphere and culture medium 

was changed every 3-4 days. At 70-80% cell confluence, MSC were detached from the flasks 

using the xeno-free cell detachment solution TrypLE™ Select (1x) (Gibco, Life Technologies) 

for 7 min at 37°C.  Cell number and viability were determined using the Trypan Blue (Gibco, 

Life Technologies) exclusion method. 

After thawing, MSC were passaged at least once before either final inoculation into T-flasks 

for EV production under static conditions or inoculation in VWBR. MSC were always plated at 

3000 cell/cm2.  For each cell source, MSC from three independent donors (n=3) in passages 

(P) from P4 to P5 were used to inoculate either the final T-flasks for EV production or the 

VWBR (specifically, BM1 (P4); BM2 (P5); BM3 (P4); AT1 (P4); AT2 (P4); AT3 (P5); UCM1 

(P4); UCM2 (P4); UCM3 (P5)) (Figure 2.1). 

2.3.3. MSC-EV production under static conditions 
For the production of MSC-EVs under static conditions, previously cultured MSC were 

passaged to T-175 flasks, at 3000 cells/cm2. Cells were cultured in the same conditions 

described before for MSC expansion under static conditions. When maximum cell confluency 

in the flasks was achieved (90-100%), cells were washed once with basal DMEM low glucose 

(i.e. supplemented only with Antibiotic-Antimycotic) and subsequently cultured for 48 h in 

basal DMEM low glucose (20 mL per T-175), for medium conditioning. At the end of the 48 h 
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period, the conditioned medium was recovered, centrifuged (360 x g, 10 min) to remove cell 

debris and stored at 4ºC for less than 1 week until processing for EV isolation.  

After recovery of the conditioned medium, MSC were detached from the flasks and cell 

number was determined as previously described. Cells were re-suspended in phosphate 

buffered saline (PBS) for pelleting and stored at -80ºC until further analysis (i.e. Western 

blots). 

2.3.4. MSC expansion and MSC-EV production in the bioreactor culture system 
Expansion of human MSC in VWBR was generally performed as previously described79. In 

summary, previously isolated and expanded human MSC were inoculated in a PBS	0.1 MAG 

bioreactor (PBS Biotech Inc.) with a working volume of 100 mL. Animal product-free SoloHill 

plastic microcarriers (PALL) were used in order to provide a surface for MSC to adhere and 

proliferate. Inoculation in the VWBR was performed in 60 mL of the same culture medium 

used for static conditions (i.e. DMEM low glucose, 5% v/v UltraGROTM-PURE, Antibiotic-

Antimycotic 1x), with an initial MSC number of 5x106 and 2 g of microcarriers. The VWBR was 

placed at 37°C and 5% CO2 in a humidified atmosphere. 

After an initial intermittent agitation regime, a continuous agitation mode was set at 25 rpm, 

as previously described79. This agitation rate was always maintained, except for AT MSC 

culture, which required an increment in the agitation rate to 30 rpm at day 2 or 3 of culture and 

to 35 rpm at day 4 or 5, due to increased medium viscosity and the subsequent formation of 

cell aggregates. 

After 2 days of culture, 40 mL of fresh culture medium with a glucose pulse (3 g/L) was 

added to the VWBR, achieving a final working volume of 100 mL. From this day onward, 25% 

v/v of culture medium was exchanged every 24 h, with the addition of fresh culture medium 

supplemented with a glucose pulse (3 g/L). Cell growth and viability were assessed every day, 

as previously described78. Growth rate was determined by performing an exponential fitting to 

experimental data corresponding to the exponential growth phase. Cell visualization on 

microcarriers was performed by staining the cells with 4′,6-diamidino-2-phenylindole (DAPI, 

Sigma, 1.5 μg/mL in PBS), as previously described78. 

When MSC cultures reached stationary growth and the maximum cell concentration was 

achieved, the MSC expansion stage of the process was concluded and the EV production 

stage started. The culture medium was removed from the VWBR, after a 10 min sedimentation 

of cells attached to microcarriers inside the vessel. The VWBR was washed with 60 mL basal 

DMEM low glucose medium, at 30 rpm agitation, in order to remove hPL components. The 

cells on microcarriers were sedimented once again for 10 min and the washing medium was 

removed. MSC were kept in culture in the VWBR for 48 h in 60 mL basal DMEM low glucose 
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medium, under the same conditions (i.e. agitation speed, temperature, O2 and CO2 

concentrations) used for MSC expansion.  

At the end of the 48 h period, the whole culture volume was recovered from the VWBR and 

transferred to 50 mL tubes (Falcon), where cells on microcarriers were sedimented for 10 min. 

The MSC conditioned medium was recovered and centrifuged at 360 x g for 10 min, to remove 

remaining microcarriers, cells and cell debris. Conditioned medium was stored at 4ºC for less 

than 1 week until processing for EV isolation. After recovery of the conditioned medium, cells 

attached to microcarriers were re-suspended in PBS and stored at -80ºC for further analysis 

(i.e. Western blots). 

2.3.5. Isolation of EVs from MSC cultures 
EVs were isolated using the Total Exosome Isolation reagent (Invitrogen, Life 

Technologies), according to the manufacturer instructions. Briefly, MSC conditioned medium 

was centrifuged for 30 min at 2000 x g, to remove cell debris and incubated overnight at 4ºC 

with the isolation reagent. This mixture was then centrifuged for 1 h at 10000 x g and 4ºC. The 

supernatant was discarded and the EV fraction was recovered by thoroughly washing the 

walls of the centrifuge tube with PBS 1x (Invitrogen, Life Technologies) in UltraPure™ 

DNase/RNase-Free Distilled Water (Invitrogen, Life Technologies). EV samples were re-

suspended in a PBS volume corresponding to a concentration factor of 20x to 70x relatively 

to the processed conditioned medium volume. EV samples were frozen at -80ºC in aliquots 

(50-100 µL), in order to minimize freeze-thawing cycles. 

2.3.6. Comprehensive characterization of manufactured EVs 

2.3.6.1. Protein quantification 
Total protein was quantified in EV samples using the PierceTM BCA Protein Assay Kit 

(Thermo Scientific), according to manufacturer instructions for the microplate procedure. 

Samples were quantified either undiluted or after a 2x dilution. Three replicates were 

quantified for each sample. Sample concentration was determined by applying a linear fit to 

the bovine serum albumin (BSA) standards and using the resulting equation to determine each 

sample concentration from its absorbance measurement. 

2.3.6.2. Nanoparticle tracking analysis 
EV size distribution profiles and concentration measurements were obtained by 

nanoparticle tracking analysis (NTA), using a NanoSight LM14c instrument equipped with a 

405 nm laser (Malvern) and NTA software version 3.1 (Malvern). Silica 100 nm microspheres 

(Polysciences, Inc.) were routinely analyzed to check instrument performance342. NTA 

acquisition and post-acquisition settings were optimized and kept constant for all samples. 
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These settings were established using silica 100 nm microspheres342 and subsequently 

adjusted for optimal detection of MSC-EVs. 

EV samples were diluted in 2 mL of PBS 1x in UltraPure™ DNase/RNase-Free Distilled 

Water, to obtain a final concentration in the range of 5x108 to 3x109 particles/mL. Samples 

were measured using a camera level of 13. Acquisition temperature was controlled and 

maintained at 20ºC. Each sample was recorded 10 times for 30 s, using fresh sample for each 

acquisition (by pushing the sample syringe). The detection chamber was thoroughly washed 

with PBS between each sample measurement. A threshold level of 7 was applied for video 

processing. Each video recording was analyzed to obtain the size and concentration of EVs. 

2.3.6.3. Western blot 
Cells were lysed with Catenin lysis buffer (1% Triton X-100, Sigma, 1% Nonidet P-40, 

Sigma, in PBS) supplemented with protease inhibitor (Sigma) and phosphatase inhibitor 

(Sigma) for 10 min on ice and then centrifuged at 14000 x g for 10 min at 4ºC to remove 

insoluble material. Supernatants were recovered and used as whole cell lysates (WCL). For 

CD63 and CD81 detection, cells and EV samples were lysed with RIPA lysis buffer (150 mM 

NaCl, 25 mM Tris pH 7.4, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate (SDS)) and sonicated (three rounds of 5 s, at 50% intensity). Total protein content in 

WCL and EV samples was quantified using the BCA kit as previously described. 

Both WCL and EV samples were mixed with sample buffer in reducing conditions and 

heated to 100ºC for 10 min. For CD63 and CD81 detection, urea containing sample buffer 

was used. All samples were loaded (6-30 µg of total protein) in 4-12% Bis–Tris polyacrylamide 

gels (Invitrogen, Life Technologies), in equal protein content for each gel, and subjected to 

electrophoresis. 

Proteins were transferred into nitrocellulose membranes using a Power Blotter System 

(Invitrogen, Life Technologies). Membranes were blocked with 5% w/v non-fat dry milk 

solution in tris-buffered saline (TBS) Tween 20 buffer 1x (Thermo Fisher Scientific), for 1 h 

with mild orbital agitation at room temperature and incubated with primary antibodies overnight 

at 4ºC. For CD63 and CD81 detection, membranes were blocked with 5% BSA solution in 

TBS Tween 20 buffer 1x. Finally, membranes were incubated with HRP conjugated secondary 

antibodies for 1 h at room temperature and PierceTM ECL Western Blotting Substrate (Thermo 

Fisher Scientific) was applied for membrane revelation. 

Primary antibodies included anti-Calnexin (1:1000, BD), anti-Syntenin (1:1000, Abcam), 

anti-CD63 (1:1000, Genetex), anti-CD81 (1:500, Abcam) and anti-GAPDH (1:1000, Santa 

Cruz). Secondary antibodies included Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary 

Antibody, HRP (1:5000, Invitrogen, Life Technologies) and Goat anti-Rabbit IgG HRP-
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conjugated (1:1000, R&D Systems). Image acquisition was performed on iBright™ CL1500 

Imaging System (Invitrogen, Life Technologies). 

2.3.6.4. Atomic force microscopy imaging 
EV samples were prepared for atomic force microscopy (AFM) imaging in freshly cleaved 

mica without any previous dilution. A volume ranging between 30-70 µL was used and 

samples were allowed to deposit during 30 min to 2 h. After this period, the samples were 

washed with filtered MilliQ water and air dried. AFM imaging was performed with a JPK Nano 

Wizard IV mounted on a Zeiss Axiovert 200 inverted microscope (Carl Zeiss). The AFM head 

is equipped with a 15 µm z-range linearized piezoelectric scanner and an infrared laser. 

Uncoated silicon ACL cantilevers from AppNano were used, with resonance frequencies and 

spring constants ranging between 160-225 kHz and 36-90 N/m, respectively. Scan speeds 

were between 0.1-0.3 Hz. Total areas with 10 x 10 μm were scanned with a 512 x 512 pixel 

resolution, in AC mode. Height and error images were recorded, and line fitted. Image 

processing was performed on JPK SPM data processing software version spm-6.0.55. 

2.3.6.5. Zeta potential 
EV samples were diluted to a final protein concentration of 25 µg/mL, in PBS. Samples 

were loaded into disposable zeta cells with gold electrodes and allowed to equilibrate for 15 

min at 37°C. Zeta potential measurements consisted in a set of 15 runs, each one resulting 

from an automatically defined number of subruns (ranging from 10 to 100) performed on the 

Zetasizer Nano ZS (Malvern), at a constant voltage of 40 V. 

2.3.7. Lactate dehydrogenase activity measurements 
Cell culture medium samples from VWBR cultures were recovered daily and centrifuged at 

360 x g for 10 min, to remove remaining microcarriers, cells and cell debris. Lactate 

dehydrogenase (LDH) activity was quantified in cell culture supernatants using the Pierce LDH 

Cytotoxicity Assay Kit (Thermo Scientific) by adapting the manufacturer instructions for the 

microplate procedure. The same procedure was applied to a positive control (1 µL LDH 

Positive Control in 10 mL of 10% BSA in PBS). Three replicates were quantified for each 

sample. The LDH activity was reported as the quotient between the LDH activity of each 

sample and the LDH activity of the positive control, according with the following equation. 

𝐿𝐷𝐻	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(%) =
𝐿𝐷𝐻6789:;

𝐿𝐷𝐻9<6.><?@A<:
×100 

2.3.8. Statistical analysis 
Statistical analysis was performed using GraphPad Prism 8 Software. Results are 

presented as mean ± standard error of the mean (SEM) of the values obtained from different 

MSC donors (i.e. biological replicates) or as mean ± standard deviation (SD) of the values 

from technical replicates. Paired t test was applied to evaluate the statistical significance of 
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the differences in EV concentration and specific EV concentration in the conditioned medium 

from MSC cultures in static and VWBR systems. These data sets passed normality tests. P-

values result from two-tailed tests with a 95% confidence interval. Differences were 

considered significant at P < 0.05 and statistical output was represented as **<0.01. 

2.4. Results 

2.4.1. MSC expansion and medium conditioning for MSC-EV production from 3 
different human sources (BM, AT and UCM) was achieved in the bioreactor 
culture system 

Bioreactors have been implemented as scalable platforms for MSC manufacturing. Building 

on previous work from our group79, a S/XF microcarrier-based culture system implemented in 

a VWBR originally targeting MSC expansion was adapted to the production of cell-derived 

products such as MSC-EVs and compared with traditional static culture systems (i.e. T-flasks) 

(Figure 2.1). 

 
Figure 2.1 - Workflow of the production and characterization of MSC-EVs in bioreactors and static systems. 
MSC were isolated from 3 different human tissue sources: BM, AT and UCM. Firstly, MSC were expanded in static 
conditions (i.e. T-flasks) in hPL supplemented DMEM. These cells were subsequently used to inoculate a VWBR 
(5M cells; 100 mL final working volume), as well as to maintain a static culture in T-175 flasks. For each cell source, 
MSC from three independent donors (n=3; BM1, 2, 3; AT1, 2, 3; UCM1, 2, 3) were used to inoculate either the final 
T-flasks for EV production or the VWBR, in passages from P4 to P5 (specifically, BM1 (P4); BM2 (P5); BM3 (P4); 
AT1 (P4); AT2 (P4); AT3 (P5); UCM1 (P4); UCM2 (P4); UCM3 (P5)). Upon reaching stationary growth phase in 
VWBR or maximum confluency in static, the culture medium was changed for supplement-free culture medium and 
culture was maintained for 48 h. Over this period, culture medium was enriched in EVs secreted by cultured MSC. 
This conditioned culture medium was recovered and EVs were isolated by precipitation using a commercially 
available kit. Finally, EV production was quantified in both static and dynamic systems and samples were 
characterized using multiple techniques. MSC - mesenchymal stromal cells. EV - extracellular vesicles. VWBR - 
Vertical-WheelTM bioreactor. hPL - human platelet lysate. BM - bone marrow. AT - adipose tissue. UCM - umbilical 
cord matrix. NTA - nanoparticle tracking analysis. AFM - atomic force microscopy. The cells, T-flask and Eppendorf 
cartoons were obtained from Smart Servier Medical Art (https://smart.servier.com). 

BM, AT and UCM MSC were successfully expanded in the VWBR system (Figure 2.2 A, 

upper panel). The expansion of BM MSC was the most heterogeneous among donors (n=3), 

with final post-expansion cell numbers ranging between 12.0 ± 3.6 x 106 and 53.4 ± 5.5 x 106, 

depending on BM donor. The expansion culture period also ranged from 7 to 11 days in BM 

MSC cultures. AT and UCM MSC expansion curves were more homogeneous, reaching an 
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average of 29.2 ± 1.7 x 106 and 19.9 ± 2.4 x 106 cells, respectively, at the end of the expansion 

period. This expansion period was 7 days for AT MSC and 9-10 days for UCM MSC. 

 
Figure 2.2 - MSC culture in the microcarrier-based bioreactor system. A) Evolution of cell number (upper 
panel) and cell viability (lower panel) over culture period time, for MSC from 3 different human tissue sources (bone 
marrow, adipose tissue and umbilical cord matrix). MSC from 3 different donors (i.e. 3 biological replicates) were 
used per tissue source, which are represented in 3 different shades of grey. Two data points are presented for the 
same day when the medium conditioning stage (i.e. EV production) started. Results are presented as mean ± SD 
of cell count for each time point. B) Representative images of microcarrier occupation by MSC throughout culture. 
Cell nuclei were stained with DAPI and images were acquired using a fluorescence microscope. In this case, EV 
production started on day 9 of culture and finished on day 11. Scale bar = 100 µm. C) LDH activity profile during 
the medium conditioning (i.e. EV production) stage in the VWBR system. Culture medium samples were taken at 
0, 24 and 48 h after medium conditioning started. Results from one experiment for each MSC source (BM, AT and 
UCM). Results are presented as mean ± SD (n=3). LDH - lactate dehydrogenase. VWBR - Vertical-WheelTM 
bioreactor. BM - bone marrow. AT - adipose tissue. UCM - umbilical cord matrix. 

Estimated adhesion efficiency of MSC to microcarriers after VWBR inoculation was higher 

for AT MSC (110 ± 12 %), followed by BM MSC (68 ± 17%) and UCM MSC (55 ± 4%) (Table 

2.1). AT MSC adhered and started proliferating in less than 24 h, which resulted in estimated 

adhesion efficiencies higher than 100%. BM MSC showed the highest average growth rate 
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(0.47 ± 0.05 day-1), which was very similar to AT MSC (0.45 ± 0.06 day-1), while UCM MSC 

showed the lowest growth rate (0.35 ± 0.09 day-1), as a consequence of the lower initial 

adhesion efficiency observed. 
Table 2.1 - Parameters from cultures of MSC from 3 different human sources (BM, AT and UCM) in bioreactors. 
Average initial cell adhesion efficiency, growth rate and duplication time for each MSC source. Adhesion efficiency 
was estimated by dividing the total cell number 24 h after inoculation (day 1) by the cell number used in bioreactor 
inoculation (day 0). Three biological replicates (i.e. MSC from 3 different human donors) were used for each MSC 
source (n=3). Results are presented as mean ± SEM. 

 Adhesion efficiency Growth rate (day-1) Duplication time 
(day) 

BM 68 ± 17% 0.47 ± 0.05 1.49 ± 0.13 

AT 110 ± 12% 0.45 ± 0.06 1.60 ± 0.19 

UCM 55 ± 4% 0.35 ± 0.09 2.30 ± 0.61 

 

In general, BM and AT MSC maintained cell viability close to 100% throughout culture 

(Figure 2.2 A, lower panel). Cell viability suffered more oscillations in UCM MSC cultures, 

especially in the first days of culture. 

Throughout the culture period, microcarrier colonization by cells increased progressively 

as MSC expanded (Figure 2.2 B). The increasing microcarrier occupancy was followed by 

microcarrier aggregation, as MSC expansion reached higher cell numbers. We observed that 

cell expansion stopped when large microcarrier aggregates were formed, likely due to lack of 

surface available to attach and proliferate (Figure 2.2 A and B).  

In some cultures, a significant decrease in cell number was observed at the start of the 

medium conditioning stage, immediately after the culture medium was changed from hPL-

supplemented medium to supplement-free culture medium. This can be explained, at least 

partially, by a possible removal of microcarriers during medium change operation, resulting in 

a loss of cells from the vessel. Additionally, it should be noticed that microcarrier aggregation 

might affect our estimation of cell numbers at this stage. In the medium conditioning stage, 

MSC were cultured for 48 h in a supplement-free medium, which could be a stress factor for 

cell culture. Although a decrease in the cell number was occasionally observed during the 48 

h medium conditioning period, this was an exception rather than the rule (Figure 2.2 A). High 

cell viabilities were maintained (Figure 2.2 A) and there were no visible differences in 

microcarrier occupancy during this stage (Figure 2.2 B). Still, in order to thoroughly assess if 

MSC were experiencing induced cell stress, the levels of LDH activity in culture were 

monitored during the 48 h conditioning period. LDH activity can be used as a readout of cell 

stress, as this toxic compound is released to cell culture medium upon plasma membrane 

damage343. LDH activity did not change significantly over this period for any of the MSC 
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sources (Figure 2.2 C). Therefore, there were no indications that MSC were experiencing 

significant stress in stirred culture due to the absence of hPL in the 48 h conditioning period. 

2.4.2. Characterization of MSC-EVs reveals improved properties upon 
bioreactor manufacturing 

EVs were successfully isolated from the conditioned medium of MSC cultures. We were 

able to identify the presence of EVs from static and bioreactor cultures of MSC, from the 3 

different sources (i.e. BM, AT and UCM) through AFM (Figure 2.3 A and Supplementary Figure 

2.1). Individual vesicles of different sizes were observed, as well as vesicle aggregates. The 

formation of aggregates and collapsed vesicles may be caused by sample processing 

techniques, which involve sample dehydration. Larger vesicles were observed for AT MSC 

(Figure 2.3 A). These vesicles may have a higher tendency to aggregate or even fuse together 

due to the higher medium viscosity observed in AT MSC cultures.  

The production of EVs was also confirmed by Western blot analysis (Figure 2.3 B and 

Supplementary Figure 2.2). The EV protein markers syntenin, CD63 and CD81 were 

successfully detected in EV samples, while the negative EV protein marker calnexin (a protein 

from the endoplasmic reticulum) was present in cells, but absent in EV samples, as expected 

(Figure 2.3 B i). In general, syntenin and CD63 presence were verified for MSC-EVs obtained 

from both static and bioreactor systems, using MSC from the 3 different tissue sources (Figure 

2.3 B ii). Interestingly, both syntenin and CD63 presence were increased when EVs were 

obtained from bioreactors. Contrarily to EVs, cells showed higher syntenin expression under 

static conditions compared to the bioreactor. CD81 was detected in EVs obtained from BM 

and AT MSC obtained from both static and bioreactor systems, but not from UCM MSC. CD81 

was detected in higher quantity in EVs obtained from AT MSC cultured in bioreactors, 

compared with static conditions. 

The surface charge of MSC-EVs was also quantified. MSC-EVs presented a negative 

surface charge, as determined through zeta potential measurements (Figure 2.3 C). Overall, 

no significant differences were observed in the zeta potential between samples obtained from 

static or bioreactor platforms, neither between different MSC tissue sources. The zeta 

potentials ranged between -15.5 ± 1.6 mV and -19.4 ± 1.4 mV. 
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Figure 2.3 - Characterization of MSC-EVs. A) Representative AFM images of MSC-EVs obtained in the VWBR 
system, using MSC from 3 different human tissue sources (bone marrow, adipose tissue and umbilical cord matrix). 
AFM height images (top) and respective 3D projections (bottom), capturing a total area of 10 x 10 μm. A close-up 
image focusing on a single EV is presented for each AFM height image. B) Western blots of MSC lysates and 
MSC-EV samples. i) Representative Western blot images of syntenin, CD63, CD81 and calnexin detection in MSC-
EVs and corresponding WCL (i.e. cells) obtained from VWBR cultures. ii) Western blot detection of syntenin, CD63 
and CD81 in MSC-EV samples and corresponding WCL (i.e. cells), obtained from BM, AT and UCM MSC after EV 
production in static and VWBR systems. Detection of the housekeeping protein GAPDH in the same WCL 
preparations. C) Zeta potential measurements of the surface charge of MSC-EVs (mV), obtained in either static or 
VWBR systems, using MSC from 3 different human sources (BM, AT and UCM). Results correspond to one 
representative experiment for each condition. Results are presented as mean ± SD. AFM - atomic force 
microscopy. WCL - whole cell lysates. BM - bone marrow. AT - adipose tissue. UCM - umbilical cord matrix. VWBR 
- Vertical-WheelTM bioreactor. 
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The size distribution of MSC-EVs was determined by NTA. In general, MSC-EV samples 

showed a size distribution profile mostly enriched in small EVs (<200 nm) (Figure 2.4 A and 

Figure 2.4 B).  Although EVs derived from AT MSC showed a more homogeneous size 

distribution when obtained from the bioreactor compared to static cultures, no significant 

difference was observed for other MSC sources. The sizes of EVs produced from AT MSC in 

the static platform were significantly larger, possibly due to vesicle aggregation or fusion. 

Therefore, the bioreactor system reveals potential to produce EVs with lower size dispersity, 

as observed for AT MSC-EVs. 

 
Figure 2.4 - Size distribution of MSC-EVs. A) Representative size distribution curves of EV samples obtained 
from BM, AT and UCM MSC, cultured in static or Vertical-WheelTM bioreactor systems. B) Box plots representing 
the size distribution profiles of EV samples obtained from BM, AT and UCM MSC, cultured in static or Vertical-
WheelTM bioreactor systems. The minimum, 1st quartile, median, 3rd quartile and maximum values are represented 
for each condition. MSC from 3 different donors were used for each tissue source (i.e. n=3 biological replicates). 
BM - bone marrow. AT - adipose tissue. UCM - umbilical cord matrix. 
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2.4.3. Bioreactor culture improves the production of MSC-EVs 
MSC-EVs produced in the bioreactor system were quantified by NTA after EV isolation and 

compared with MSC-EVs obtained from static cultures. When EVs were produced in the 

bioreactor system, their concentration was significantly increased (Figure 2.5 A), at an overall 

fold increase of 5.7 ± 0.9 (Table 2.2). When analyzed individually, we observed a fold increase 

of 4.0 ± 0.6 for BM MSC, 4.4 ± 1.2 for AT MSC and 8.8 ± 3.8 for UCM MSC, when EVs were 

produced in the bioreactor system (Table 2.2). Bioreactor cultured UCM MSC yielded the 

highest average EV concentration in the conditioned medium (6.9 ± 1.7 x109 particles/mL) 

(Figure 2.5 A). The average EV concentration in bioreactor cultures was similar for BM and 

AT MSC (4.6 ± 0.2 x109 and 5.1 ± 2.1 x109 particles/mL, respectively), although the latter 

presented higher heterogeneity between experiments. 

In order to evaluate if the conditions in the bioreactor might modulate the intrinsic capacity 

of cultured MSC for the production of EVs compared to static conditions, we estimated the EV 

productivity (i.e. specific EV concentration, per cell) by dividing the concentration of EVs (from 

NTA) by the cell concentration at the beginning of the conditioning period. When EVs were 

produced in the bioreactor system, EV productivity increased compared with static culture 

(Figure 2.5 B) at an overall fold increase of 3.0 ± 0.5 (Table 2.2). Although this difference was 

not statistically significant (which is likely due to the heterogeneities between the different 

tissue sources and donors used), the bioreactor system allowed an improved productivity of 

MSC-EVs for most of the MSC donors used (i.e. in six out of eight MSC donors). 

EV productivity increased in the bioreactor by a fold increase of 1.4 ± 0.3 for BM MSC, 3.7 

± 1.0 for AT MSC and 3.9 ± 1.4 for UCM MSC (Table 2.2), compared with static conditions. 

Bioreactor cultured UCM MSC yielded the highest average EV productivity (2.7 ± 0.6 x104 

particles/cell) (Figure 2.5 B). The average EV productivity in bioreactor cultures was similar 

for BM and AT MSC (1.6 ± 0.5 x104 and 1.7 ± 0.6 x104 particles/cell, respectively). 

A particle to protein ratio (PPR) was also determined by dividing the EV concentration 

(determined by NTA) by the total protein concentration in the same sample (determined 

through BCA protein assay). The PPR can be used to assess the purity of an EV sample, as 

the higher is this ratio, the lower is the amount of co-isolated protein contaminants, thus the 

higher is the sample purity344. EV samples from BM and UCM MSC cultures presented a more 

homogeneous PPR in the bioreactor system than in static conditions (Figure 2.5 C). EV 

samples from AT MSC cultures presented a homogeneous PPR for both culture platforms, 

but the average PPR was slightly higher in the bioreactor. Overall, the PPR was relatively 

constant in the bioreactor system, ranging between 1.63x108 and 3.40x108 particles/µg protein 

(Figure 2.5 C). PPR was much more heterogeneous in static conditions (i.e. T-flasks), ranging 

between 3.47x107 and 9.88x108 particles/µg protein. Additionally, the median PPR was higher 

for the EVs produced in the bioreactor system. 
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Figure 2.5 - Comparing MSC-EV production in bioreactor and static culture systems, using MSC from 
different sources. A) EV concentration (particles/mL) in the cell culture conditioned medium from BM, AT and 
UCM MSC cultures in static and Vertical-WheelTM bioreactor systems. MSC from 3 different donors were used for 
each tissue source (i.e. n=3 biological replicates). Results are presented as mean ± SEM (n=3). Upper-right panel: 
Summarized paired analysis comparing EV concentration in static and Vertical-WheelTM bioreactor systems, for 
each MSC donor. Paired statistical analysis (paired t test **P=0.0027) (n=9). B) Specific EV concentration 
(particles/cell) in the cell culture conditioned medium from BM, AT and UCM MSC cultures in static and Vertical-
WheelTM bioreactor systems. MSC from 3 different donors were used for each tissue source. In static cultures, 
each T-175 yielded 1.2 - 6.6 x 106 cells upon 4 - 9 days of expansion, regardless of the cell tissue source. Results 
are presented as mean ± SEM (n=3; n=2 for UCM-static). Upper-right panel: Summarized paired analysis 
comparing specific EV concentration in static and Vertical-WheelTM bioreactor systems, for each MSC donor. C) 
Particle to protein ratios (PPR) (particle/µg protein) of EV samples obtained from BM, AT and UCM MSC, cultured 
in static and Vertical-WheelTM bioreactor systems. MSC from 3 different donors were used for each tissue source. 
Results are presented as mean ± SEM (n=3). Upper-right panel: Violin plot of PPR of MSC-EV samples obtained 
in static and Vertical-WheelTM bioreactor systems. 
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Table 2.2 - Fold changes in EV concentration and EV productivity (i.e. specific EV concentration, per cell) in the 
cell culture conditioned medium from the bioreactor system compared to static conditions. Results from each of 
the 3 MSC sources used (BM, AT and UCM), as well as global fold change averages from all the sources. Three 
biological replicates (i.e. MSC from 3 different human donors) were used for each MSC source (n=3). For each 
MSC source, results are presented as the average of fold changes for each donor, in order to account for biological 
diversity. Global fold changes are presented as the average of fold changes from each MSC source. Results are 
presented as mean ± SEM. 

 
EV concentration 

fold change 
(bioreactor/static) 

EV productivity fold 
change 

(bioreactor/static) 

BM 4.0 ± 0.6 1.4 ± 0.3 

AT 4.4 ± 1.2 3.7 ± 1.0 

UCM 8.8 ± 3.8 3.9 ± 1.4 

Global 5.7 ± 0.9 3.0 ± 0.5 

 

2.5. Discussion 
MSC hold great promise for the development of cell-based therapies for a variety of 

disorders. MSC-derived products such as MSC-EVs offer the opportunity to develop new 

therapeutic products benefiting from MSC regenerative properties in cell-free formulations. 

These cell-free therapies are expected to present significant advantages, obviating the 

complexity and safety issues in utilizing cells themselves as therapeutic systems in a clinical 

context260,345. 

MSC-EVs can be used as intrinsically therapeutic products, by mediating some of the 

effects conveyed by MSC. MSC-EVs present therapeutic properties for neurological, 

cardiovascular, immunological, kidney and liver diseases, among others332,334,346. MSC-EVs 

have been described to reduce myocardial ischemia/reperfusion injury in mice246 and also 

allowed improved recovery from acute kidney injury248 and from stroke249. Indeed, there are 

multiple studies describing their pro-angiogenic236,237 and wound healing capacity238,239.  

Alternatively, EVs can be engineered towards the development of novel DDS. Drug loaded 

EVs can be used to transport and deliver therapeutic cargo to target diseased cells and 

tissues260,268. These natural DDS could be an appealing alternative to the more established 

synthetic DDS, by avoiding toxicity and rapid clearance from the organism, as well as a better 

membrane matching capacity260. Dendritic cell-derived EVs were able to deliver siRNA to the 

brain in mice, demonstrating their potential use as targeted therapy for neurological 

diseases257. Macrophage-derived EVs loaded with catalase provided increased 

neuroprotective effects in in vitro and in vivo models of Parkinson’s disease, compared to free 

catalase274. Recently, multiple studies have successfully developed EVs as DDS for cancer 

therapy265,271,279,292–294,347,348. Intravenously injected EVs from dendritic cells delivered 
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doxorubicin specifically to tumor tissues in mice, leading to the inhibition of tumor growth with 

lower toxcicity271. MSC incubated with a high paclitaxel concentration secreted EVs loaded 

with this drug, successfully inhibiting tumor growth in vitro279. Additionally, EVs can be further 

engineered to improve specificity and retention on target cells and tissues292–294. 

 Despite the promising potential of EVs for therapeutic applications, large EV doses are 

expected to be required to achieve therapeutic effects in clinical settings. This requires the 

development of robust manufacturing processes that could increase the consistency and 

scalability of EV production, which are currently lacking. 

The present work aimed to establish a scalable culture platform for the manufacturing of 

MSC-EVs in S/XF culture conditions. This was achieved by building on previous work from 

our group where a S/XF microcarrier-based culture system was implemented in single-use 

bioreactors (VWBR), employing a hPL culture supplement (UltraGRO™-PURE) for MSC 

expansion79. In the present study, EVs were produced by MSC isolated from 3 different human 

tissue sources (BM, AT and UCM) in a process that comprises a cell expansion stage and a 

culture medium conditioning stage. 

S/XF culture conditions were implemented by exclusively applying products without any 

animal components, namely hPL as a culture supplement used in the cell expansion stage, 

instead of the more commonly used FBS, as well as animal product-free plastic microcarriers 

and TrypLE as a cell detaching solution. Multiple studies have revealed hPL-supplemented 

media to be efficient for the isolation and expansion of MSC from various origins75–77,  cultured 

both in static and dynamic systems78,79, as well as for the expansion of other cell types82–85. 

However, the fact that hPL products originate from human donors presents some constraints, 

such as the risk of transmission of human diseases by viruses, ill-definition and the possibility 

of triggering immune responses86. The ideal option for production of clinical-grade cell based 

therapies would be a chemically defined, animal component-free medium (including human). 

However, there are very few of these options available, namely for MSC culture. Therefore, 

presently, hPL seems to be the most promising and cost-effective alternative to FBS 

supplementation in cell culture medium for now, being more readily translatable to a clinical 

setting, especially considering that gamma irradiated hPL products allowing significant viral 

reduction have already been developed87. 

Culture medium supplements such as FBS and hPL have a large amount of protein and 

vesicle contents, presenting an additional challenge for their use in EV manufacturing. These 

components are prone to be co-isolated with the EV fraction, thus contaminating the end 

product349. For this reason, we removed hPL at the end of the MSC expansion period and 

hPL-free medium was used for the medium conditioning period. MSC were cultured for 48 h 

in this supplement-free medium, which could be a stress factor for cell culture. However, we 

did not observe any significant reduction in cell number, cell viability or microcarrier occupancy 
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during this stage. Furthermore, LDH activity did not change significantly over this period for 

any of the MSC sources. Therefore, there were no indications that MSC were experiencing 

significant stress in culture, due to the absence of hPL in the 48 h conditioning period. Still, 

MSC might potentially undergo some alterations over this period. Minimal identity criteria 

commonly used to define multipotent MSC could suffer modifications, namely their in vitro 

multilineage differentiation capacity or their immunophenotype (i.e. expressing CD73, CD90 

and CD105, lacking the expression of hematopoietic and endothelial markers CD11b, CD14, 

CD19, CD34, CD45, CD79a and HLA-DR)350. Of notice, MSC expanded in the VWBR system 

maintain the typical MSC immunophenotype, as previously reported by our group79. Further 

work could be performed by comparing the MSC features before and after the culture medium 

conditioning period. 

Bioreactor systems such as VWBR present several advantages for the manufacturing of 

cell-based therapies. Cell culture on microcarriers in suspension inside a bioreactor allows an 

increase of available surface area per volume ratio, enabling higher cell concentrations in 

culture. Bioreactors also allow the implementation of culture monitoring and control systems, 

providing an additional advantage to optimize culture conditions, by adjusting feeding regimes 

and physicochemical parameters (e.g. O2 concentration and pH) according to real-time culture 

measurements. 

In this work, we established a bioreactor process in 100 mL VWBR vessels. This process 

can be scaled-up to VWBR with a working volume of 3 L or higher (up to 500 L), which include 

an integrated control system, allowing for a controlled manufacturing process. To the best of 

our knowledge, this study is the first to establish a S/XF microcarrier-based culture system in 

bioreactors for the manufacturing of MSC-EVs, using MSC from 3 different human tissue 

sources (BM, AT and UCM). It is also the first to implement the VWBR configuration for EV 

production. Cell expansion in this bioreactor culture system allowed an increase in EV 

concentration in the conditioned medium when compared to traditional static systems (5.7 ± 

0.9 global fold increase), partly due to higher cell concentrations obtained in VWBR. However, 

in addition to that, the EV productivity (i.e. specific EV concentration) also increased in 

bioreactors (3.0 ± 0.5 global fold increase), meaning that each cell secreted more EVs when 

MSC were cultured in the VWBR, compared to static conditions. Although this difference was 

not found to be statistically significant, this was likely due to the heterogeneities between 

different tissue sources and donors. For example, if we had not considered the results from 

one of the BM MSC donors (for which EV productivity decreased in the bioreactor, 

contradicting the observed general tendency of our study), this difference would be statistically 

significant. This reinforces the relevance of testing MSC from multiple tissue donors in order 

to account for intrinsic biological variability. Of notice, this study was performed using MSC 

from 3 different donors for each tissue source, comprising a total 9 random human donors. 
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Still, further work may be performed with additional donors in order to more thoroughly account 

for donor variability and its impact. Altogether, the higher EV concentrations achieved in 

VWBR were due to higher cell densities, as well as to higher EV productivities by MSC. 

Overall, in the conditions of our study, UCM MSC allowed the highest EV concentration 

and EV productivity in the bioreactor system. They also showed the highest fold increase in 

both parameters when compared to static systems. Therefore, UCM seems to be the MSC 

source that benefits the most from cultivation in the VWBR system, being the most promising 

of the three tissue sources studied for scalable MSC-EV production. This is in line with 

previous work where UCM MSC have been described to allow higher EV productivity than BM 

and AT MSC in static culture351. 

Nonetheless, the real applicability of these MSC-EVs depends on their biological function. 

Given their different tissue origins, we can expect that EVs obtained from cells derived from 

each MSC source will have different functional characteristics. Indeed, different intrinsic 

therapeutic features have been described for MSC derived from different tissues40. In order to 

develop therapeutic products, based on the MSC-EVs manufactured in this work, additional 

functional studies will be required. These could include, for example, (i)  scratch assays or 

tube formation assays using endothelial cells to determine the ability of MSC-EVs to promote 

angiogenesis in the context of vascular repair237 or (ii) cell uptake assays to determine EV 

uptake by target cancer cells, to assess their potential as drug delivery vehicles for cancer 

therapy292. 

The increase observed in EV productivity in VWBR can be explained by multiple reasons. 

EV secretion by MSC may have been stimulated by fluid flow, promoted by the VWBR mixing 

system. Fluid flow has already been described to stimulate EV secretion in osteocytes through 

a Ca2+-mediated response352. Additionally, when MSC were cultured in the bioreactor system, 

cells attached to the surface of plastic microcarriers and proliferated. Later in culture, 

microcarrier aggregates were formed and, consequently, MSC formed aggregates as well, as 

previously observed353,354. MSC culture in spheroids has been described to lead to higher 

secretion of paracrine factors355,356, as well as to an increased secretion of microvesicles357. 

Hence, aggregate formation could be leading to an increased EV secretion in the VWBR 

system. Finally, MSC cultured in the VWBR system are likely to be exposed to lower oxygen 

concentrations than in static platforms. The VWBR agitation system allows mixing of the cell 

culture medium, achieving a homogeneous oxygen concentration. However, there is no 

aeration system in the 100 mL VWBR, so oxygen exchange occurs only at the surface gas-

liquid interface. Considering the differences between the geometries of the VWBR vessel and 

the T-flask, oxygen concentration would be expectedly lower in the VWBR system than in 

static. This could potentially be a contributing factor for the observed increase in EV secretion 

when cells were expanded in the bioreactor system. Previous studies have demonstrated an 
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increase in EV secretion when different cell types (including MSC) were cultured under 

hypoxic conditions (ranging from 0.1% to 3% O2, compared to controls)327,358,359. Although all 

of these factors might lead to an increased EV productivity in the VWBR, additional studies 

would be needed to determine their actual contributions. 

Zeta potential measurements revealed that the surface charge of obtained MSC-EVs were 

generally similar, regardless the production platform and MSC source used, ranging between 

-15.5 ± 1.6 mV and -19.4 ± 1.4 mV. These surface charges are moderately negative, as it was 

expected considering that EVs are cell-derived nanoparticles, therefore containing negatively 

charged phospholipids. The values of zeta potential obtained herein were in line with other 

studies reporting zeta potential measurements for EVs derived from cell culture360–363. 

Further EV characterization revealed that bioreactors improved not only EV quantity but 

also their purity, as assessed by Western blot and PPR. Western blot analysis revealed that 

syntenin, CD63 and CD81 (key proteins involved in EV biogenesis and commonly used as 

protein markers) were in general more abundant in EVs obtained from bioreactors than from 

their static counterparts (Figure 2.3 B ii). Therefore, EVs from bioreactors seem to have a 

higher purity than EVs obtained from static system, since a higher amount of syntenin, CD63 

and CD81 were detected for the same amount of total protein. This observation corroborates 

the increased EV concentration in VWBR identified by NTA. The fact that bioreactor EV 

samples showed increased levels of EV protein markers validates the hypothesis that the 

increased concentration of particles detected by NTA corresponds to an increased 

concentration of EVs and not of protein aggregates. 

EV purity was also assessed by estimating the PPR for each EV sample344. PPR was more 

homogeneous and reproducible in EV samples obtained from bioreactors compared to those 

produced under static conditions and the median PPR was higher in the bioreactor system 

(Figure 2.5 C). A more homogeneous environment in VWBR offers a more reproducible 

process for different sources and donors. Constant agitation provides the cells with a more 

homogeneous access to nutrients, thus allowing a more robust MSC-EV manufacturing 

process. Therefore, the bioreactor platform established in this work is expected to allow the 

robust production of MSC-EVs at higher purities, compared to static systems. 

In our previous work focused on the establishment of a S/XF microcarrier-based culture 

system in single-use bioreactors (VWBR)79, an economic evaluation revealed that the 

application of this culture system allowed a cost reduction for MSC manufacturing when 

compared to static cell culture using T-flasks. Therefore, it can be expected that the application 

of this bioreactor system will also allow a cost reduction for the production of MSC-EVs, 

compared to static platforms. 

A few manufacturing processes for the production of EVs have been previously studied. 

The Integra CELLine culture system is a static platform that has been used to optimize EV 
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production364. This is a two-compartment culture flask with a semi-permeable membrane 

separating a cell-containing compartment from a larger medium compartment. When 

mesothelioma and NK cells were cultured in this system, a 12-fold and a 8-fold increase in EV 

(protein) concentration was observed, respectively, compared to traditional T-flasks364. This 

system also allowed a 13- to 16-fold increase in EV (protein) concentration from bladder 

carcinoma cells365. The CELLine system allows culture medium change while EVs are retained 

in the cell compartment, enabling higher EV concentrations. However, this static system has 

limited scalability, thus not being the most suitable option for large-scale EV production. 

Watson and colleagues developed a hollow-fiber bioreactor platform for the production of 

HEK-derived EVs366. The authors reported a 10-fold increase in EV concentration compared 

with static culture, which was sustained by an increased purity (both increased PPR and 

protein marker expression). However, EV size distribution profiles were more dispersed in the 

bioreactors, which is the opposite from what we observed in our study with the VWBR system. 

Mendt and colleagues manufactured BM MSC-derived EVs in a closed system, hollow-fiber 

bioreactor, named Quantum333. They were able to achieve 1.04x1010 particles/mL on average, 

which was higher, but comparable with the EV concentrations we obtained in the VWBR 

system (5.5 ± 0.8 x 109 particles/mL) herein. 

Hollow-fiber bioreactors (i.e. without mechanical agitation) provide surface immobilization 

of cells on the fibrous material and represent a suitable configuration to obtain an increased 

EV concentration in culture, since culture medium can be recirculated while EVs are retained 

by the hollow-fiber membranes. However, stirred bioreactors as the VWBR may allow a better 

fine-tuning of EV production by manipulating process parameters. For example, agitation may 

play an important role in EV secretion, since fluid flow seems to have impact on this process. 

Further studies may be developed in the VWBR, testing the impact of agitation on EV 

production. Other process parameters, such as oxygen concentration, temperature and pH, 

are also likely to play a role in EV secretion by cultured MSC and are more easily controlled 

in a VWBR, especially when integrated with a control system. Further studies addressing the 

impact of these parameters on EV production using the VWBR system would be relevant to 

fine-tune and optimize MSC-EV production. 

In conclusion, we have successfully developed a scalable S/XF microcarrier-based 

bioreactor culture system for the robust production of MSC-EVs, using MSC from 3 different 

human tissue sources (BM, AT and UCM). This system allowed the production of MSC-EVs 

at higher concentration and productivity when compared to traditional static culture systems. 

It also allowed to obtain a more robust MSC-EV manufacturing process, regarding their purity. 

Further developments of this system will need to take into consideration a proper balance 

between EV production and function. Additional studies will be required to characterize the 

therapeutic potential of these MSC-EVs. The MSC-EVs obtained through this scalable 
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platform are promising for the development of multiple therapeutic products and DDS, 

targeting a variety of diseases. 
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2.6. Supplementary material 
 
 

 
Supplementary Figure 2.1 - Representative AFM image of MSC-EVs obtained in static conditions (in this 
particular case EVs were obtained from AT MSC cultures). AFM height image (top) and respective 3D projection 
(bottom), capturing a total area of 10 x 10 μm. A close-up image focusing on a single EV is presented. AFM - 
atomic force microscopy. 

 
Supplementary Figure 2.2 - Western blot detection of calnexin in MSC lysates (i.e. cells) and MSC-EV samples 
obtained from BM, AT and UCM MSC after EV production in static and Vertical-WheelTM bioreactor systems. BM - 
bone marrow. AT - adipose tissue. UCM - umbilical cord matrix. 
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3.1. Summary 
EVs have been receiving interest for therapeutic application both as drug delivery vehicles 

and intrinsically therapeutic agents for regenerative medicine, due to the ability to mediate 

therapeutic effects from their parental cells. In particular, a growing body of evidence suggests 

that several therapeutic features of MSC are mediated by EVs, including cardiac regeneration 

and the ability to stimulate angiogenesis. MSC showed different therapeutic activity depending 

on the tissue source they were isolated from, thus EVs obtained from cells derived from each 

MSC source are likely to have different functional attributes as well. 

In this work, we studied and compared the functional activity of MSC-EVs obtained from 

different human tissue sources, namely BM and UCM, by investigating their impact on 

angiogenesis. MSC-EVs were produced in conditions readily translatable to a clinical setting, 

by combining S/XF conditions and a scalable and selective EV isolation method that combined 

TFF with SEC. The potential to stimulate angiogenesis was assessed by studying the effect 

of MSC-EVs on endothelial cells in different in vitro assays, namely a scratch wound assay, a 

3D spheroid sprouting assay and by investigating their ability to activate ERK1/2 and Akt 

pathways. 

We observed a functional effect of MSC-EVs from both BM and UCM in the 3D sprouting 

assay, confirming the capacity of these EVs to promote angiogenesis. Results from scratch 

wound assay and ERK/Akt activation assay were inconclusive. Both BM and UCM MSC-EVs 

increased the total sprouting length per spheroid by 1.9-fold, revealing a similar pro-

angiogenic potential. However, the number of new sprouts formed and their elongation was 

different between both types of EVs, suggesting that MSC-EVs obtained from different tissue 

sources might stimulate angiogenesis through different mechanisms. 

Overall, we produced MSC-EVs derived from different human tissue sources in conditions 

closely translatable to a clinical setting that are promising for regenerative medicine 

applications. 

3.2. Background 
MSC hold great promise for cell-based therapies due to their inherent immunomodulatory 

and trophic activities14,15. Increasing evidence suggests that several MSC-associated 

therapeutic features are exerted in a paracrine manner and mediated by EVs241,243,246–248. 

These vesicles play a role in intercellular communication by transferring their cargo of 

biomolecules, including proteins, lipids and nucleic acids (e.g. miRNA and mRNA), which 

trigger alterations on recipient cells, or by initiating signaling pathways through cell surface 

interactions153–155. EVs are non-replicative and non-mutagenic, relieving some of the safety 

concerns associated with cell therapies. Thus, EV-based therapies are expected to present 
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advantages over cell therapies by conveying some of the therapeutic effects from their 

producing cells while obviating the complexity and safety issues in utilizing cells themselves 

as therapeutic systems in a clinical context. 

MSC-EVs can be used as intrinsically therapeutic agents, by mediating some of the effects 

conveyed by MSC. MSC-EVs present therapeutic properties for cardiovascular, neurological, 

immunological, renal and hepatic diseases, among others332,334,346. MSC-EVs have been 

described to reduce myocardial ischemia/reperfusion injury in mice246 and also allowed 

improved recovery from acute kidney injury248 and from stroke249. Indeed, several studies have 

described their anti-inflammatory230,231, pro-angiogenic236,237 and wound healing capacity238,239.  

The therapeutic applicability of MSC-EVs may depend on the tissue source from which 

MSC are obtained. We have previously observed that the production yields and the 

biochemical and biophysical characteristics of MSC-EVs can vary between different MSC 

tissue sources (Chapter 2)367. Similarly, EVs obtained from cells derived from each MSC 

source are likely to have different functional characteristics. Indeed, different intrinsic 

therapeutic features have been described for MSC derived from different tissues40,368. 

In this work, we investigated the functional activity of MSC-EVs obtained from different 

human tissue sources, namely BM and UCM, produced under S/XF conditions by studying 

their impact on angiogenesis. We isolated EVs from MSC cell cultures through a SEC method, 

previously described to allow the production of EVs with higher functionality compared with 

more traditional EV isolation methods369. The potential to stimulate angiogenesis was 

assessed by studying the effect of MSC-EVs on endothelial cells in different in vitro assays. A 

scratch wound assay was used to study the impact of MSC-EVs on endothelial cell migration 

and wound-healing237, while an endothelial spheroid sprouting assay was used to study the 

impact of these EVs on formation of vasculature in a 3D configuration237,370. The mitogen-

activated protein kinase1/2 (MAPK1/2)–extracellular signal-regulated kinase1/2 (ERK1/2) 

pathway is known to play an important role in cell survival, migration and angiogenesis during 

wound healing371,372. Similarly, the protein kinase B (Akt), a key protein in the PI3K-Akt 

pathway, plays multiple relevant roles, including cell survival, growth, proliferation, 

angiogenesis, metabolism, and migration373. Thus, EV-induced ERK1/2 and Akt 

phosphorylation (i.e. the active forms of both kinases) were also used as a read-out to evaluate 

the possible functional effect of MSC-EVs369,374.  

We observed a functional effect of MSC-EVs from both BM and UCM, particularly in the 3D 

sprouting assay, confirming the capacity of this EVs to promote angiogenesis. However, 

additional experimental work will be required to fully elucidate the functional activity of MSC-

EVs in the context of angiogenesis. 
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3.3. Materials and methods 

3.3.1. Cell culture 
Human microvascular endothelial cells (HMEC-1) (CDC, Atlanta, GA) were cultured on 

0.1% gelatin coated flasks (Sigma) in MCDB-131 medium (Gibco) supplemented with 10% 

FBS (Gibco), 1x Penicillin-Streptomycin (Gibco), hydrocortisone (Sigma H6909-10), human 

endothelial growth factor (EGF, 10 ng/mL, Peprotech/Invitrogen 016100-15-A) and L-

glutamine (5x, Gibco, 25030-024) as previously described370,374. Cells were incubated at 37°C 

and 5% CO2 in a humidified atmosphere and passaged at 80–90% confluency using 0.25% 

trypsin digestion374. 

MSC were obtained and isolated from human samples as previously described (Chapter 

2)367. MSC were cultured as previously described for cell expansion in static conditions as well 

as to obtain MSC conditioned medium for isolation of MSC-EVs (Chapter 2)367. 

3.3.2. EV isolation from MSC cultures 
EVs were isolated using TFF combined with SEC. MSC cell culture conditioned medium 

(CM) was precleared from cell debris by centrifugation at 2000 x g for 15 min, followed by 

filtration using a 0.45 µm bottle top filter unit with PES membrane (Nalgene, ThermoFisher). 

Then, CM was concentrated by TFF using a Minimate 100 kDa MWCO Omega Membrane 

(PALL) to a volume of 5 mL. EVs present in the CM were isolated by SEC, using an HiPrep 

16/60 S-400 Sephacryl column connected to an AKTA Start chromatography system (both GE 

Healthcare) as previously described369. EV-containing fractions were pooled after elution, 

sterilized by syringe filtration using a 0.45 µm SFCA membrane (Corning) and concentrated 

using a 100 kDa MWCO Amicon Ultra-15 centrifugal filter unit (Merck MilliPore). The entire 

isolation protocol was performed at 4ºC in order to preserve the integrity of EVs. EVs were 

stored at 4ºC for less than one week until further use, or stored at -20ºC until further analysis 

by Western blot. 

3.3.3. Comprehensive characterization of MSC-EVs 

3.3.3.1. Nanoparticle tracking analysis 
EV size distribution profiles and concentration measurements were obtained by NTA, using 

a Nanosight NS500 instrument (Malvern) equipped with a 405 nm laser and NTA software 

version 3.4 (Malvern). Samples were diluted in PBS to obtain a final concentration in the range 

of 5x108 to 2x109 particles/mL. NTA acquisition and post-acquisition settings were kept 

constant for all samples. Using a scripted control function, each sample was recorded 3 times 

for 30 s. Fresh sample was measured for each acquisition, by pumping fresh sample into the 

detection chamber.  Samples were measured using a camera level of 16 and acquisition 

temperature was controlled and maintained at 25ºC. For post-acquisition analysis, all post-
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acquisition settings were set to “Auto”, with the exception of a fixed detection threshold of level 

5. Each video recording was analyzed using the NTA software. 

3.3.3.2. Protein quantification 
Total protein was quantified in EV samples using the Micro BCA™ Protein Assay Kit 

(Thermo Scientific), according to manufacturer instructions for the microplate procedure. EVs 

were previously lysed in 1x RIPA buffer for 10 min at room temperature. Two replicates were 

quantified for each sample. Sample concentration was determined by applying a linear fit to 

the BSA standards and using the resulting equation to determine each sample concentration 

from its absorbance measurement. All samples and standards were prepared in the same 

final RIPA buffer concentration. 

3.3.3.3. Western blot 
Cells were lysed in 1x RIPA buffer (Merck Milipore) supplemented with protease and 

phosphatase inhibitors (Roche) and then centrifuged at 12 000 x g for 15 min at 4ºC to remove 

insoluble material. Supernatants were recovered and used as whole cell lysates (WCL). Total 

protein content in WCL and EV samples was quantified using the Micro BCA kit as previously 

described. 

Both WCL and EV samples were mixed with sample buffer in reducing conditions (except 

for CD63 detection, where non-reducing conditions were used) and heated to 95ºC for 10 min. 

All samples were loaded in 4-12% Bis–Tris polyacrylamide gels (Invitrogen, Life 

Technologies), in equal protein content for each gel lane (1 µg of total protein), and subjected 

to electrophoresis. 

Proteins were transferred into PVDF membranes using an iBlot 2 Dry Blotting System 

(Invitrogen, Life Technologies). Membranes were blocked with 5% BSA solution in tris-

buffered saline (TBS) for 1 h at room temperature and incubated with primary antibodies 

diluted in a solution of 0.5% BSA in TBS with 0.1% Tween-20 (TBST) overnight at 4ºC. Finally, 

membranes were incubated with secondary antibodies diluted in 50% v/v Odyssey Blocking 

Buffer (LI-COR Biosciences) in TBS for 1 h at room temperature. Proteins were visualized 

using an Odyssey Infrared Imager (LI-COR Biosciences) at 700 and 800 nm. 

Primary antibodies included ALIX 1:500 (Thermo Fisher Scientific, MA1-83977), Calnexin 

1:1000 (GeneTex, GTX101676), CD9 1:500 (Abcam, ab92726), CD63 1:1000 (Abcam, 

ab8219), CD81 1:1000 (Santa Cruz Biotechnology, sc-166029), TSG101 1:1000 (Abcam, 

ab30871) and β-actin 1:2000 (Sigma-Aldrich, 014M4759). Secondary antibodies consisted of 

either anti-mouse IgG conjugated to AlexaFluor 680 (Thermo Fisher Scientific, A-21057) or 

anti-rabbit IgG conjugated to IRDye 800CW (LI-COR Biosciences, 926-32211) and were 

applied at a 1:10 000 dilution in staining buffer. 
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3.3.4. Functional assays with endothelial cells 

3.3.4.1. Sprouting assay 
Endothelial cells (HMEC-1) were used to make spheroids as described before237,370. For 

this, 1000 cells/well were seeded in low-binding 96-well round-bottom plates in 0.1% 

methylcellulose (Avantor) in MCDB-131 medium. After 24 h, the spheroids were embedded in 

non-supplemented MCDB-131 medium containing 1 mg/mL collagen (Advanced Biomatrix), 

in 48-well plates, with or without the addition of EVs. MCDB-131 medium supplemented with 

20% FBS was used as positive control. Three wells from 48-well plates were prepared for 

each condition, each well containing c.a. 10-12 spheroids. Cells were incubated at 37°C and 

5% CO2 in a humidified atmosphere. Bright field microscopy images were acquired after 24 h. 

In vitro sprouting was quantified by measuring the length of the tubular outgrowth and the 

number of tubes (i.e. sprouts), using ImageJ software to perform a blinded analysis. Form 

these measurements, the total sprout length, sprout number and average sprout length were 

calculated for each spheroid. 

3.3.4.2. Scratch assay 
The effect of MSC-EVs on scratch wound closure was determined following previously 

described protocols237. Endothelial cells (HMEC-1) were seeded in 48-well plates and cultured 

in complete culture medium. When a confluent cell monolayer was achieved (24 - 48 h latter), 

a scratch was made using the tip of a 200 µL pipet tip. Floating cells were removed and the 

medium was replaced with non-supplemented MCDB-131 medium, with or without the 

addition of EVs. MCDB-131 medium supplemented with 20% FBS was used as a positive 

control. Triplicates were prepared for each condition. Cells were incubated at 37°C and 5% 

CO2 in a humidified atmosphere. Bright field microscopy images (2 images per well) were 

acquired immediately after exposure (t=0 h) and 6 h latter. Image J was used to determine the 

scratch wound area and length. By dividing the scratch wound area by the length we obtained 

the average scratch width for each acquired image. Cell migration was determined by 

calculating the difference in the average scratch width between the initial and final time points, 

while the wound closure percentage was determined by dividing the average migration width 

(i.e. the previously described cell migration parameter) by the initial average scratch width. 

3.3.4.3. ERK/Akt assay 
The effect of EVs on ERK1/2 and Akt phosphorylation in endothelial cells was determined 

as described before369,374. Briefly, endothelial cells (HMEC-1) were seeded on 48-well plates 

and cultured in complete culture medium. When a confluent cell monolayer was achieved (24 

- 48 h latter), cells were starved in basal MCDB-131 medium for 3 h. Then, EVs were added 

to the culture medium (PBS was added as control) and cells were cultured for 30 min. 

Duplicates were prepared for each condition. Cells were lysed using lysis buffer supplemented 
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with protease and phosphatase inhibitors (Roche) for 5 min on ice, followed by centrifugation 

at 14 000 x g for 10 min at 4ºC. Protein levels of phosphorylated ERK1/2 and Akt, as well as 

total ERK1/2 and Akt were assessed using Western blotting as previously described. Samples 

were normalized on total protein content and the maximum amount of total protein possible 

was used. Primary antibodies included pERK1/2 (1:1000, Cell Signaling, 9101), ERK1/2 

(1:1000, Cell Signaling, 9102), pAkt (1:1000, Cell Signaling, 4060) and Akt (1:1000, Cell 

Signaling, 9272). Membranes were incubated in goat anti-rabbit Immunoglobulins/HRP 

secondary antibody (1:2000, Dako, P044801) diluted in a solution of 5% milk in TBST. To 

visualize proteins a chemiluminescent peroxidase substrate (BioLedgend, 426303) was used. 

Image acquisition was performed on ChemiDocTM MP Imaging System (Bio-Rad). Signal 

intensity was quantified on ImageJ software using the “Gels” analysis tool. 

3.3.5. Statistical analysis 
Statistical analysis was performed using GraphPad Prism 8 Software. Results are 

presented as mean ± SEM. Ordinary one-way ANOVA test with Turkey’s multiple comparisons 

test were applied to evaluate the statistical significance of the differences in relative values of 

each parameter from the endothelial sprouting assay (i.e. total sprout length, sprout number 

and average sprout length) between different conditions. Alternatively, Brown-Forsythe and 

Welch ANOVA tests with Dunnett's T3 multiple comparisons test were applied when significant 

differences in SD between data sets were observed. These data sets passed normality tests. 

P-values result from two-tailed tests with a 95% confidence interval. Differences were 

considered significant at P<0.05 and statistical output was represented as follows: P≤0.0001 

(****); 0.0001<P≤0.001 (***); 0.001<P≤0.01 (**); 0.01<P≤0.05 (*); P>0.05 (ns). 

3.4. Results 

3.4.1. EV isolation through size exclusion chromatography is appropriate for 
functional studies 

EVs were isolated from BM and UCM MSC cultures in static conditions using SEC. 

According with MISEV guidelines375, Western blot analysis was used to confirm the presence 

of EV protein markers (in BM MSC-EVs). CD81 and CD63 were successfully detected and 

enriched in EV samples (Figure 3.1 A). However, TSG101, ALIX and CD9 were not detected 

in EV samples. The organelle marker calnexin was present in cells but not in EVs, confirming 

the absence of cellular contamination in EV isolates. 

BM and UCM MSC-EVs showed a size-distribution profile typical of small EVs (i.e. diameter 

generally bellow 200 nm), with average diameters of 103 ± 3 nm (n=4) and 101 nm (n=1), 

respectively (Figure 3.1 B and Table 3.1). Generally, UCM MSC allowed higher EV yields than 

BM MSC, showing a higher number of EVs per volume of conditioned medium as well as more 



 73 

EVs secreted per cell (Table 3.1). Still, both MSC sources originated EV samples at similar 

purity assessed by their PPR. 

 
Figure 3.1 - Characterization of MSC-EVs isolated by SEC. A) Western blots of whole cell lysates (WCL) and 
EV samples, obtained from BM MSC. Detection of common EV markers (CD9, CD63, CD81 ALIX and TSG101), 
EV-negative marker calnexin and housekeeping protein 𝛽-actin. B) Representative NTA size distribution curves of 
EV samples obtained from BM and UCM MSC. SEC - size exclusion chromatography. NTA - nanoparticle tracking 
analysis. BM - bone marrow. UCM - umbilical cord matrix. 

Table 3.1 - Comparison of MSC-EV isolations from different tissue sources (BM and UCM), using cells from only 
one donor for each source. Values of average and mode of EV sizes, EV concentration in conditioned medium, 
number of EVs generated per cell and per each T-flask and particle per protein ratio. Results are presented as 
mean ± SEM. BM - bone marrow. UCM - umbilical cord matrix. CM - conditioned medium. PPR - particle per protein 
ratio. 

EV producing cells BM MSC (n=4) UCM MSC (n=1) 

Avg. size (nm) 103.0 ± 3.4 100.6 

Mode of size (nm) 71.5 ± 3.3 73.8 

EV conc. in CM 
(part./mL) 2.38 ± 1.05 x 10

8
  4.68 x 10

8
 

EV productivity 
(part./cell) 2.01 ± 0.89 x 10

3
 7.57 x 10

3
 

EV number per T-175 
(part./flask) 4.77 ± 2.11 x 10

9
 9.37 x 10

9
 

PPR (part./μg protein) 3.02 ± 1.46 x 10
9
 3.76 x 10

9
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The performance of SEC for isolation of MSC-EVs was compared with previous data from 

MSC-EV isolation using a commercial precipitation kit (Chapter 2). EV yields (i.e. number of 

EVs per volume of conditioned medium) were 4-fold lower using SEC, while EV purities (i.e. 

PPR) were 15 to 22-fold higher using SEC (Table 3.2). EV isolation using SEC resulted in EV 

samples with lower EV sizes compared with previous isolations using the commercial 

precipitation kit, as observed through lower average and mode of EV sizes (Table 3.2). 

Moreover, a comparison between Western blot analysis reveals a more significant enrichment 

in EV protein markers CD81 and CD63 in EVs isolated through SEC, thus corroborating a 

higher EV purity obtained with this method (Figure 3.1 A and Figure 2.3 B). In spite of reduced 

EV yields, a much higher EV purity obtained through SEC isolation will be relevant to study 

the functional activity of MSC-EVs more rigorously.  
Table 3.2 - Comparison of MSC-EV isolations using two different isolation methods (TEI kit and SEC). 
Comparisons using the same BM donor and the same UCM (i.e. only one donor per source). TEI - Total Exosome 
Isolation. SEC - size exclusion chromatography. NTA - nanoparticle tracking analysis. BM - bone marrow. UCM - 
umbilical cord matrix. CM - conditioned medium. PPR - particle per protein ratio. 

MSC 
source 

Isolation 
method 

EV conc. in 
CM 

(part/mL) 

PPR 
(part/μg 
protein) 

Avg. size 
(nm) 

Mode of 
size (nm) 

No. 
isolations 

BM 

TEI kit 9.50x10
8
 2.04x10

8
 171 124 n=1 

SEC 2.38x10
8
 3.02x10

9
 103 72 n=4 

UCM 

TEI kit 1.86x10
9
 1.71x10

8
 144 121 n=1 

SEC 4.68x10
8
 3.76x10

9
 101 74 n=1 

 

3.4.2. MSC-EVs improve the angiogenic capacity of endothelial cells in vitro 
Increasing evidence has proposed EVs as mediators of many of the MSC-associated 

paracrine therapeutic features, including cardiac regeneration and the ability to stimulate 

angiogenesis237,246. The functional activity of MSC-EVs was investigated by studying their 

angiogenic effect on endothelial cells in different in vitro assays. 

A 3D in vitro assay using endothelial spheroids was applied to study the angiogenic 

potential of BM and UCM MSC-EVs. Endothelial cell (HMEC-1) spheroids were treated with 

MSC-EVs previously isolated by SEC. Both BM and UCM MSC-EVs significantly enhanced 

sprouting in an endothelial spheroid assay, increasing the total sprouting length per spheroid 

by 1.9-fold compared to controls after 24 h of treatment (Figure 3.2). EVs from both cells 

enhanced the number of sprouts formed, but UCM MSC-EVs led to a significantly higher 

increase (2.0-fold) than BM MSC-EVs (1.4-fold). BM MSC-EVs improved the average sprout 

length (by 1.4-fold) but UCM MSC-EVs did not have a relevant impact in this parameter. 
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Figure 3.2 - Sprouting assay. A) Representative microscopy images of endothelial spheroids embedded in a 
collagen matrix at the beginning of the assay (t=0 h) or 24 h after treatment with different EV conditions. Either 
2x1010 or 4x1010 (i.e. x2 dose) EV particles were added per well of a 48-well plate. PBS was used for negative 
controls and 20% FBS was used for positive controls. Scale bar = 400 µm. B) Total length of sprouts formed per 
spheroid relative to negative controls; Number of sprouts formed per spheroid relative to negative controls; Average 
sprout length per spheroid relative to negative controls. Results are presented as mean ± SEM. Between 2-3 wells 
with c.a. 10 spheroids each were used per condition; the cumulative n (total number of spheroids analyzed per 
condition) varied between 16 and 28. Ordinary one-way ANOVA test with Turkey’s multiple comparisons test or 
Brown-Forsythe and Welch ANOVA test with Dunnett's T3 multiple comparisons test; P-value output represented 
in the following way: P≤0.0001 (****); 0.0001<P≤0.001 (***); 0.001<P≤0.01 (**); 0.01<P≤0.05 (*); P>0.05 (ns). 

The effect of EV dosage was studied by exposing endothelial spheroids at twice the dose 

of UCM MSC-EVs (i.e. 2x1010 vs. 4x1010 particles/well). Increasing the EV dose did not show 

any significant impact on endothelial sprouting (Figure 3.2). 

A scratch wound in vitro assay using the same endothelial cells (HMEC-1) was also applied 

to study the angiogenic potential MSC-EVs. Scratches were made on HMEC-1 monolayers 

followed by treatment with UCM MSC-EVs for 6 h at two doses (2x1010 and 4x1010 

particles/well). No differences were observed in scratch wound closure upon EV treatment 

(Figure 3.3). Moreover, no differences were observed in positive controls (20% FBS 

treatment), which was unexpected. Poorly defined scratch margins and floating cells 
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hampered image analysis. This may have led to an unreliable image analysis and may justify 

the lack of any observed effects. 

 
Figure 3.3 - Scratch assay. Representative microscopy images of scratch wounds on endothelial cell monolayers, 
at the beginning of the assay (t=0 h) or 6 h after treatment with UCM MSC-EV at different concentrations. Either 
2x1010 or 4x1010 EV (i.e. x2) particles were added per well of a 48-well plate. PBS was used for negative controls 
and 20% FBS was used for positive controls. Scale bar = 1 mm. Relative endothelial cell migration and wound 
closure percentage over 6 h of treatment. Relative migration only considers the absolute distance migrated by cells 
to close the scratch wound, while wound closure is affected by the initial scratch area. Results are presented as 
mean ± SEM (n = 3 technical replicates). 

Activation of ERK1/2 and Akt signaling in endothelial cells was also used as a readout to 

evaluate the functional effect of MSC-EVs. HMEC-1 cells were treated for 30 min with BM 

MSC-EVs previously isolated by SEC. Protein levels of phosphorylated ERK1/2 and Akt, as 

well as total ERK1/2 and Akt were determined using Western blotting. No clear increase in 

ERK1/2 or Akt phosphorylation was observed with BM MSC-EVs treatment (Figure 3.4). Upon 

EV treatment pERK/ERK ratio was similar, while pAkt/Akt ratio increased slightly.  
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Figure 3.4 - ERK/Akt assay. Western blot analysis of ERK1/2 and Akt expression and their respective 
phosphorylated forms (pERK1/2 and pAkt) in endothelial cells cultured with or without the addition BM MSC-EVs 
(1x1010 EV particles were added per well of a 48-well plate).  Results are presented as mean ± SEM (n = 2 technical 
replicates). 

3.5. Discussion 
Following decades of research and investment aiming to apply MSC for numerous 

therapeutic purposes and with only a few MSC-based products already commercially 

available, MSC-EVs are rising as the new promise for several therapeutic applications. Intense 

research over the past decade has revealed EVs as the mediators of many MSC therapeutic 

features, with promising applications in regenerative medicine. Recently established clinical 

trials have been studying their application for the treatment of type 1 diabetes (NCT02138331), 

macular holes (NCT03437759) and chronic kidney disease253 and very recently for COVID-19 

treatment (e.g. NCT04798716, NCT04602442). 

EVs can be isolated from cell culture conditioned medium of in vitro expanded cells through 

multiple techniques. In spite of extensive research in the field, no EV isolation method 

developed so far could be deemed as ideal376. Each isolation method presents a different 

recovery yield and different specificity (i.e. EV purity), which are typically inversely 

proportional, considering that the higher the specificity of a certain technique, the lower 

recovery can be expected375. High recovery, low specificity methods include commercially 

available precipitation kits that concentrate both vesicular and non-vesicular material. 

Other techniques such as ultracentrifugation (e.g. differential centrifugation or density 

gradient centrifugation), affinity methods or SEC allow more specific isolation of EVs, which is 

particularly relevant for studying the functional activity of EVs. In particular, SEC allows a 

scalable EV isolation, unlike ultracentrifugation methods, as well as preventing aggregation 
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and EV collapse caused by high centrifugation speeds377. SEC allows to separate components 

from cell culture conditioned medium according to their size, resulting in the elution of EVs 

before free proteins, which typically have a lower size. This allows a more reliable study of EV 

function with less influence of co-isolated free-protein contaminants.  

In this work, we investigated the functional activity of MSC-EVs obtained from two different 

and clinically relevant human tissue sources (BM and UCM) by studying their impact on 

angiogenesis. MSC-EVs were produced in S/XF conditions using hPL as a culture supplement 

(similarly to Chapter 2)367 and isolated using a scalable and selective EV isolation method that 

combines TFF with SEC378, as an alternative to the previously used precipitation-based 

method. By employing S/XF cell culture conditions we avoided traditional animal-based cell 

culture supplements like FBS that present significant limitations for application in a clinical 

setting (e.g. risk of contamination with virus and prions, ability to transmit xenogeneic-

antigens, supply limitations and ethical concerns)65,66. 

Clinical application of EVs will require the production of very high numbers of EVs (e.g. 

each patient may require 0.5 - 1.4 x 1011 EVs338). Therefore, in order to manufacture EV-based 

products for therapeutic purposes, robust and scalable processes need to be implemented. 

Most of the studies in the EV field use ultracentrifugation-based methods for EV isolation379, 

which have very limited scalability. SEC is a more scalable process, considering the possibility 

to increase manufacturing capacity, scaling-up the operation by changing the column 

dimension (i.e. increasing its width) as well as scaling-out by increasing the number of 

columns. Additionally, SEC is a more reproducible method since it is less dependent on the 

operator. Thus, by combining S/XF manufacturing conditions with scalable processes we 

aimed to study the functional activity of MSC-EVs in conditions that are more readily 

translatable to a clinical setting. 

We were able to reproducibly obtain EV preparations from both MSC sources at a relatively 

high purity, estimated by their PPR (c.a. 3x109 particles/µg protein), as well as an enrichment 

of typical EV markers (CD81 and CD63) in EV samples, in line with previous results using a 

comparable SEC protocol for isolation of MSC-EVs380. EV preparations also presented a well-

defined size distribution profile, with particle diameters generally bellow 200 nm. These 

observations confirm that the employed isolation process allowed a selective isolation of EVs, 

reproducibly obtaining samples suitable for functional studies. 

Higher EV yields were obtained from UCM MSC than BM MSC, regarding both the number 

of EVs per volume of conditioned medium and the number of EVs secreted per cell. This is in 

line with previous results we have obtained using a commercial precipitation kit for EV isolation 

(Chapter 2)367. This result seems to corroborate our previous conclusion that UCM MSC were 

likely able to secrete more EVs than BM MSC. However, in order to make a rigorous 

comparison between the EV productivity of both MSC sources using this isolation protocol, 
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more EV isolations need to be performed, preferentially including MSC from additional tissue 

donors, since only one donor for each tissue source was studied in the present work. 

One of the best-established therapeutic activities of MSC-EVs is their ability to regenerate 

damaged tissue, particularly in cardiovascular injury. The first report revealed that MSC-EVs 

were able to reduce myocardial ischemia/reperfusion injury in mice246. Since then, multiple 

studies reported the tissue regeneration potential of MSC-EVs in diverse contexts using in 

vivo models, including improved recovery from acute kidney injury247,248, stroke250, hepatic 

injury252 and pulmonary hypertension230. 

We observed that both BM and UCM MSC-EVs stimulated angiogenesis in a 3D in vitro 

model, improving sprouting of endothelial spheroids. This pro-angiogenic capacity of MSC-

EVs is in line with previous reports in the literature236,237,327,328,381. MSC-EVs were able to 

enhance VEGF expression in tumor cells by activating ERK1/2 pathway381 and were able to 

promote angiogenesis in a rat myocardial infarction model236. Although several studies 

reported MSC-EVs to play a key role in angiogenesis, this role is still controversial since some 

contradictory results can be found in the literature describing also an anti-angiogenic effect by 

MSC in certain conditions382,383. A study reported that MSC-EVs were able to suppress 

angiogenesis both in vitro and in vivo, by downregulating VEGF expression in tumor cells, 

describing that miR-16 transfer by MSC-EVs was partially responsible for this effect382. 

Apparently different factors can be involved in the regulation of angiogenesis by MSC-EVs 

and their effect could depend on the specific context, such as the nature or environmental 

stimuli of cultured MSC (e.g. MSC tissue source or oxygen concentration) or the target cells 

studied (e.g. different types of endothelial cells or cancer cells). As a result, MSC-EVs are 

potentially able to support or suppress angiogenesis and contradictory roles of MSC-EVs in 

regulating angiogenesis have been attributed to heterogeneity between MSC and differences 

in the angiogenesis models used382. 

Interestingly, although MSC-EVs from both MSC tissue sources revealed a similar potential 

to induce angiogenesis overall (i.e. similar improvement of total sprout length per spheroid), 

this was achieved in different ways. While BM MSC-EVs improved the total sprout length by 

stimulating both the formation of new sprouts (i.e. increased sprout number) and their 

elongation (i.e. increased average sprout length), UCM MSC-EVs only stimulated the 

formation of new sprouts, but to a higher level than BM MSC-EVs. This suggests that MSC-

EVs may induce angiogenesis through different mechanisms depending on the MSC tissue 

source. More studies would be required to elucidate the mechanisms involved in angiogenic 

stimulation by MSC-EVs and the differences between distinct MSC sources. Multiple 

mechanisms have been proposed for the modulation of angiogenesis by MSC-EVs obtained 

from different MSC tissue sources384. These include the transfer of miRNA (e.g. miR-125a385 

and miR-31386), proteins (e.g. VEGF387, PDGF-D388 and EMMPRIN237) and transcription 
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factors (e.g. STAT3389), as well as the activation of signaling pathways such as NF-κB390 and 

Wnt4/β-catenin391. Therefore, a combination of some of these mechanisms, and possibly 

others not yet described, were responsible for stimulating angiogenesis in the 3D in vitro assay 

performed in this work. 

In contrast with results from the endothelial sprouting assay, no indication of angiogenic 

stimulation from MSC-EVs was observed in the ERK/Akt assay, since no clear increase in 

ERK1/2 or Akt phosphorylation in endothelial cells was observed upon treatment with BM 

MSC-EVs. This was unexpected since both ERK1/2 and Akt are involved in several processes 

associated with tissue regeneration such as cell survival, growth, proliferation, angiogenesis, 

and migration371–373, all of them previously reported to be stimulated by MSC-EVs in multiple 

models230,237,249,252,381. A possible explanation could be the fact that negative controls seemed 

to reveal unusually high signals of both phosphorylated forms. Considering this, it is likely that 

endothelial cells were accidentally stimulated for some reason during the experimental 

procedure. Therefore, this assay would need to be repeated, similarly to the scratch assay, in 

order to obtain conclusive results. 

Further work using these angiogenesis in vitro assays would be relevant to better establish 

dose-response profiles of MSC-EV treatment, as well as to elucidate on anticipated 

differences between MSC-EVs from different MSC tissue sources. Here, no differences were 

observed when we duplicated the dose of UCM MSC-EVs (in either sprouting or scratch 

assays). This could mean that we were already observing the maximum functional effect in 

the sprouting assay at the standard dose used (i.e. 2x1010 EVs per well of a 48-well plate), or 

alternatively we would need to increase the EV dose even further to observe an improved 

functional outcome. A wider dose range would need to be applied with several different EV 

doses in order to understand the dose-response profile of MSC-EV treatments in these 

conditions. 

It would also be relevant to compare the angiogenic potential of MSC-EVs with EVs 

obtained from other cells. Different cells secrete EVs capable of inducing angiogenesis with 

promising therapeutic application including endothelial cells392,393, platelets394,395 and 

cardiomyocyte progenitor cells (CPC)237,396. Interestingly, a similar pro-angiogenic effect was 

described between EVs obtained from CPC and MSC, isolated through differential 

centrifugation237. It would be interesting to see if this observation would be maintained using 

the present SEC isolation protocol. In fact, preliminary work developed in collaboration with 

colleagues at UMC Utrecht revealed that CPC-EVs and MSC-EVs isolated by SEC showed 

similar effect in the endothelial sprouting assay (data not shown). In addition to the therapeutic 

potential of their secreted EVs, each cell source has different relevant features such as the 

availability and easiness to isolate from human tissue sources, cell expansion ability and the 
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EV secretion capacity. Therefore, each factor should be considered when selecting a cell 

source to produce EVs for therapeutic application. 

The use of EVs as therapeutic products faces several challenges. One of them is the need 

to produce a large number of EVs so as to obtain a significant functional effect upon 

administration. In this work, relatively high doses (2x1010 EVs per well of a 48-well plate) were 

used to obtain functional effects in vitro, which required large numbers of cultured MSC (c.a. 

10 million BM MSC or 2.6 million UCM MSC to obtain 2x1010 EVs). In a clinical context this 

type of therapy will likely require doses a few orders of magnitude higher and multiple 

administrations in order to achieve a significant efficacy. For this reason, the need to 

implement scalable EV production platforms becomes even more crucial. Scalable 

manufacturing processes such as the one developed by our group (Chapter 2)367 using a 

microcarrier-based bioreactor culture system and by others using hollow-fiber bioreactor 

systems333,366 offer promising options for scalable EV production from cell culture conditioned 

medium. These strategies will be particularly promising when combined with scalable EV 

isolation processes such as the one used in this work, combining TFF and SEC. 

Efficient delivery of EVs into target tissues to elicit a functional response is another 

challenge in the field. Although EVs offer promising benefits for therapy compared with 

synthetic nanoparticle formulations, they still present similar limitations regarding off-target 

accumulation in tissues such as the liver and spleen397. Improving EV specificity and retention 

in target tissues may be a necessity for most clinical applications and multiple strategies have 

already been developed for this purpose, typically involving either genetic engineering of EV 

producing cells or anchoring targeting moieties to EVs after their isolation257,283,294. 

The therapeutic potential of EVs secreted by MSC or other cells may also be improved by 

modulation of EV secreting cells or their microenvironment. Different strategies have been 

implemented to improve the therapeutic capacity of MSC by preconditioning these cells with 

specific physicochemical or biochemical cues89,139,356,398–400. For example, our group has 

recently reported that ex vivo culture of UCM MSC in a dynamic microcarrier-based culture 

platform as well as under hypoxic conditions (2% O2) improved the in vitro angiogenic potential 

of MSC conditioned culture medium400. In fact, shear stress had been previously observed to 

improve the angiogenic potential of human AT MSC through stimulation of VEGF secretion139 

and hypoxia preconditioning also increased the secretion of angiogenic factors by MSC242,401. 

Thus, similar preconditioning strategies might improve the angiogenic activity of MSC-EVs. 

In this work, we studied and compared the angiogenic activity of MSC-EVs using MSC from 

two different human tissue sources (i.e. BM and UCM). MSC-EVs were manufactured through 

a process closely translatable to a clinical setting by employing S/XF conditions and using a 

scalable and selective EV isolation method that combines TFF with SEC. MSC-EVs originated 

from both MSC tissue sources revealed similar pro-angiogenic potency overall in a 3D in vitro 
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assay by stimulating sprouting in endothelial cell spheroids. Nevertheless, the number of new 

sprouts formed and their elongation was different between both types of EVs, suggesting that 

MSC-EVs obtained from different tissue sources may stimulate angiogenesis through different 

mechanisms. Further studies will be required in order to elucidate the mechanisms involved 

in angiogenic stimulation by MSC-EVs and possible differences between distinct MSC 

sources. MSC-EVs obtained through the clinically relevant manufacturing conditions used in 

this work are promising for regenerative medicine applications. 
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4. Surface modification of mesenchymal stromal 
cell-derived extracellular vesicles with the 
azurin-p28 peptide for cancer-targeted therapy 
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4.1. Summary 
EVs have been increasingly recognized as promising drug delivery vehicles for the 

treatment of numerous diseases, due to their inherent ability to shuttle messages between 

cells, supporting their use to transport and deliver therapeutic molecules to diseased cells. 

Multiple strategies have been used to engineer EVs to deliver therapeutic cargo to diseased 

cells and tissues, including the display of targeting moieties on the surface of EVs.  

In this work, we modified the surface of MSC-EVs by anchoring the p28 peptide derived 

from the bacterial protein azurin to their surface, aiming for a targeted anti-cancer drug delivery 

vehicle. This p28 peptide has been described to preferentially enter a variety of cancer cells 

compared with normal matched-tissue cells and to trigger apoptosis. Thus, we hypothesized 

that EV decoration with p28 would improve EV targeting to cancer cells. 

Human BM MSC-EVs were produced in conditions readily translatable to a clinical setting, 

by combining S/XF conditions and a scalable and selective EV isolation method that combined 

TFF with SEC. We designed a novel conjugated peptide by fusing the cancer-targeting p28 

peptide with the CP05 peptide, previously described to anchor to the transmembrane EV 

protein CD63. This CP05-p28 conjugated peptide was successfully anchored to previously 

isolated EVs, after incubation at different peptide to EV ratios and using different incubation 

protocols. Anchoring of p28 peptides to the surface of EVs led to a 2.4-fold increase in the EV 

uptake by breast cancer cells.  

Therefore, we propose the use of p28-decorated MSC-EVs, manufactured in conditions 

closely translatable to a clinical setting, for the development of novel EV-based DDS applied 

to cancer therapy. Further work focusing on loading EVs with chemotherapy agents or anti-

cancer RNA molecules may reveal enhanced functional drug delivery by p28-decorated EVs 

with subsequent improved anti-cancer activity. 

4.2. Background 
EVs are increasingly being considered as promising natural drug delivery vehicles for the 

treatment of multiple diseases. EVs are lipid membrane enclosed structures naturally secreted 

by cells, with sizes ranging from 50 to 1000 nm. These vesicles are able to transfer their cargo 

of biomolecules, including proteins, lipids and nucleic acids (e.g. miRNA and mRNA) triggering 

alterations in recipient cells153–155. 

Their small size and resemblance to the cell membrane makes EVs ideal candidates to 

cross biological barriers, while providing high biocompatibility to target cells156,257,331. Thus, 

EVs have emerged as promising DDS, presenting advantageous features that may allow them 

to outperform synthetic nanocarriers. Due to their biological origin, EVs present generally low 

immunogenicity and toxicity, allowing to overcome safety issues associated with synthetic 
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nanocarriers261,262,270,402. Some EVs possess inherent targeting ability and display tropism for 

particular cells or tissues213,283,284. In fact, EVs have been recently described to deliver 

functional RNA more efficiently than state-of-the-art synthetic RNA nanocarriers403. 

Drug loaded EVs can be used to transport and deliver a diverse array of therapeutic cargo 

to diseased cells and tissues260,266,268. Examples of EV-mediated drug delivery include the 

transport of small molecules (e.g. curcumin or chemotherapeutic drugs), proteins and different 

RNA molecules (e.g. siRNA, miRNA and mRNA), which have been applied mainly for the 

treatment of several types of cancer and neurological diseases, but have the potential to 

deliver drugs to any diseased tissue257,263–267. 

Moreover, EVs can be further engineered to improve specificity and retention on target 

cells and tissues283. Genetic modification of parental cells enables the production of EVs with 

specific targeting moieties. For example, a protein abundant on the surface of EVs named 

Lamp2b has been successfully fused to targeting moieties specific for brain, tumor cells and 

their angiogenic endothelium or IL3 receptors on chronic myeloid leukemia cells to target EVs 

to these respective tissues and cells257,287,404. 

In spite of several examples successfully targeting EVs to target cells, methods relying on 

genetic manipulation of EV-producer cells are still challenging and time-consuming, requiring 

multiple steps of cloning, transfection or viral transduction and selection, which can be 

particularly challenging in primary cells405. In alternative to genetic modification, targeting 

moieties can be directly anchored to the surface of EVs after EV production and isolation. 

Several different strategies have been applied in this context (reviewed in Chapter 1), 

including post-insertion of lipid-conjugated molecules into EV membranes294,295,297, 

electrostatic interactions between polymers and EVs296, protein-lipid interactions292 and click 

chemistry293,298. Recently, phage display was used to obtain a peptide (named CP05) that 

binds to the EV surface protein CD63300. When this peptide was conjugated with a muscle 

targeting peptide, EVs were successfully decorated with the conjugated peptide and efficiently 

delivered therapeutic cargo to muscle tissue in a mouse model of muscular dystrophy. 

MSC are a particularly interesting source of EVs for therapeutic application. These cells 

are regarded as immune evasive and the safety of their administration has already been 

confirmed in clinical trials326. MSC also show great ability for expansion when cultured ex vivo 

and robust expansion platforms have already been established89,120–124. In fact, scalable 

production of MSC-EVs in platforms readily translatable for clinical settings has been recently 

reported by our group (Chapter 2)367 and others333. 

In this work, we modified MSC-EVs by anchoring the peptide p28 to their surface, aiming 

for a targeted anti-cancer drug delivery vehicle. The peptide p28 is a 28 amino acid fragment 

from the bacterial protein azurin, secreted by P. aeruginosa302,303. This peptide has been 

described to show preferential entry into cancer cells when compared to equivalent non-
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cancerous cells306,313. So we hypothesized that EV decoration with p28 would improve EV 

targeting to cancer cells. The p28 peptide also has the ability to trigger apoptosis on cancer 

cells by binding to the tumor suppressor protein p53, stabilizing it and leading to cell-cycle 

arrest317,318. Additionally, p28 is also able to enhance the cytotoxic activity of multiple 

chemotherapy drugs319. 

Here, we obtained EVs secreted by human BM MSC cultured under S/XF conditions and 

isolated EVs through a previously described method employing SEC378. We fused the cancer-

targeting p28 peptide with the CD63-anchoring peptide CP05. This CP05-p28 conjugated 

peptide was successfully anchored to MSC-EVs and allowed an improved EV uptake by 

cancer cells. 

4.3. Materials and methods 

4.3.1. Cell culture 
Human breast cancer cells MDA-MB-231 were cultured in DMEM (Gibco) with L-Glutamine 

(Gibco) supplemented with 10% FBS (Gibco) and 1x Penicillin-Streptomycin (Gibco). Cells 

were incubated at 37°C and 5% CO2 in a humidified atmosphere and passaged at 80–90% 

confluency using 0.25% trypsin digestion374. 

MSC were obtained and isolated from human samples as previously described (Chapter 

2)367. MSC were cultured as previously described for cell expansion in static conditions as well 

as to obtain MSC conditioned medium for isolation of MSC-EVs (Chapter 2)367. 

4.3.2. EV isolation from MSC cultures 
EVs were isolated from MSC cell culture conditioned medium using TFF combined with 

SEC, as previously described (Chapter 3). 

4.3.3. Peptide synthesis 
The conjugated peptide CP05-p28 was synthesized and provided with >95% purity by 

DGpeptides Co., Ltd. Upon receiving, peptides were dissolved in PBS to a final concentration 

of 4 mg/mL and stored at -20°C until further use. Detailed peptide sequences are shown in 

Table 4.1. 
Table 4.1 - Nomenclature, sequence and molecular weight of the conjugated peptide used. 

Name Amino acids sequence 
Molecular 
weight (g/mol) 

CP05-(GGGGS)2-Myc-p28 CRHSQMTVTSRL-GGGGSGGGGS-EQKLISEEDL-
DDPKLYDKDLGSAMGDTVVGQMDAATSL 

6130.77 
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4.3.4. Peptide anchoring to EVs 
Previously isolated MSC-EVs were incubated with conjugated peptides for 6 h at 4ºC or for 

2 h at room temperature as previously described300. Unbound peptides were removed by 

washing this mixture 3-4 times with 4 mL PBS and filtered until a final volume of c.a. 100 µL, 

using a 100 kDa MWCO Amicon Ultra-15 centrifugal filter unit (Merck MilliPore). EV-peptide 

incubation was performed at pre-determined ratios (50 μg peptide/1x1010 particles or 5 μg 

peptide/1x1010 particles). EVs were incubated with PBS as controls. 

4.3.5. Peptide detection (dot blots) 
EV samples were lysed in Triton X100 0.01%, for 10 min at room temperature. Free 

peptides and EV samples were heated for 10 min at 95ºC. Then, each was spotted on a 

nitrocellulose membrane using a dot blot apparatus (Bio-Rad). Membranes were blocked with 

Odyssey Blocking Buffer for 2 h at room temperature, followed by overnight incubation at 4°C 

with mouse-anti-Myc primary antibody (1:4000, 9E10 from MYC 1-9E10.2 hybridoma, ATCC). 

Membranes were incubated with IRDye 800CW anti-mouse secondary antibody (1:7500, LI-

COR Biosciences, 926-32212) diluted in Odyssey Blocking Buffer for 1 h at room temperature. 

Membranes were visualized using an Odyssey Infrared Imager at 800 nm. Signal intensity 

was quantified on ImageJ software using the “Gels” analysis tool. 

4.3.6. EV uptake studies 
MSC-EVs were labeled with the fluorescent dye AlexaFluor 647 NHS ester (Invitrogen, 

Thermo Fisher, A37573). Lyophilized dye was dissolved at a concentration of 10 mg/mL in 

dimethyl sulfoxide (DMSO). EVs were mixed with sodium bicarbonate (pH 8.3, 100 mM final 

concentration) and 0.625% v/v AlexaFluor 647 NHS ester (10 mg/mL in DMSO), and 

incubated for 1 hour at 37°C in a shaker incubator at 450 rpm. EVs were then diluted in PBS 

and quenched in 100 mM Tris-HCl for 20 min at room temperature with regular agitation, in a 

final volume of 1 mL. EVs were purified from unbound dye through SEC using a XK-16/20 

column (GE Healthcare) packed with Sepharose CL-4B (Sigma) according to instructions from 

the manufacturer292. The column was connected to a refrigerated ÄKTA Start chromatography 

system (GE Healthcare). EV-containing fractions were pooled after elution, sterilized by 

syringe filtration and concentrated as previously described in the EV isolation section (Chapter 

3). 

AlexaFluor 647 NHS ester-labeled EVs were decorated with CP05-p28 conjugated 

peptides as previously described in the “peptide anchoring to EVs” section. Briefly, peptides 

and EVs were incubated for 2 h at room temperature, at a ratio of 50 μg peptide/1x1010 

particles and unbound peptides were removed as previously described. 

MDA-MB-231 cells were cultured in flat-bottom 96-well plates in their normal growth 

medium. After 24 h, when a confluency of 80–90% was reached, previously labelled and 
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peptide-decorated EVs were added and cells were incubated for 4 h at 37°C to allow EV 

uptake292. At the end of this period, cells were imaged on a fluorescent microscope (EVOS 

FL, Life Technologies). Then, cells were washed once with PBS, trypsinized, resuspended in 

culture medium and transferred to round-bottom 96-well plates. Plates were centrifuged for 5 

min at 350 x g to pellet cells, after which cells were resuspended in ice-cold FACS buffer (1 

mM EDTA and 2% heat-inactivated FBS in PBS). Cells were analyzed on a CytoFLEX 

(Beckman Coulter) flow cytometer and further analyzed using FlowJo software. 

4.4. Results 

4.4.1. Design of an EV anchoring CP05-p28 conjugated peptide 
Multiple strategies have been used to engineer EVs in order to deliver therapeutic cargo to 

diseased cells and tissues, including the display of targeting peptides on the surface of EVs. 

Here, we designed a conjugated peptide that allows anchoring p28 to the surface of MSC-

EVs after their isolation. For this purpose, we used a previously described strategy that 

enables direct anchoring of peptides to the surface of EVs, which relies on anchoring the CP05 

peptide to the EV transmembrane protein CD63300. We designed a peptide fusing CP05 and 

p28, expecting that CP05 would anchor to EVs, thus exposing p28 on their surface (Figure 

4.1 A, Table 4.2). 

The region comprising the N-terminal 18 amino acids of p28 has been described as the 

minimal motif for p28 internalization, being expected to be the most influential region for cancer 

cell uptake306. Thus, in order to promote the interaction of this sequence with target cancer 

cells, the p28 amino acids sequence was placed so that its C-terminal would follow the CP05 

sequence, thus allowing its N-terminal to be freely exposed. 

Additionally, in order to prevent steric hindrance between CP05 and p28, possibly limiting 

interaction of p28 with target cancer cells, a (GGGGS)2 linker was included in the peptide 

design. Myc-tag was inserted in the middle of the peptide sequence, so that it would not 

compromise the interaction of CP05 with CD63 on the EV side, neither the interaction of p28 

with target cancer cells. Although placing Myc in the middle of the peptide sequence could 

compromise its detection, previous work has been able to successfully detect Myc-tag in the 

middle of a larger protein sequence406. In the end, we obtained the final peptide sequence 

CP05-(GGGGS)2-Myc-p28 (Figure 4.1 A, Table 4.1). 

Peptide detection through immuno-detection of their Myc reporter was tested by dot blot. 

Peptides were loaded on a dot blot apparatus at different concentrations and Myc was 

detected by immunoblotting. Different sample preparation conditions were tested. Samples 

were treated with or without SDS and subjected to heat treatment or not. We were able to 

detect the conjugated peptide (i.e. CP05-(GGGGS)2-Myc-p28) regardless of sample preparation 
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conditions (Figure 4.1 B). Generally, higher signal intensities were obtained when more 

peptide was loaded on the dot blot apparatus, as expected. 

 
Figure 4.1 - Design of an EV anchoring CP05-p28 conjugated peptide. A) Schematic representation of the 
surface modification of EVs with a CP05-p28 conjugated peptide (not to scale). The final peptide design contains 
a peptide sequence (CP05) that anchors to CD63 present on EV surface, a (GGGGS)2 linker a Myc-tag reporter 
and the p28 peptide (i.e. the 28 amino acid sequence Leu50-Asp77 from the protein azurin). Figure created with 
BioRender.com. B) Detection of the previously designed CP05-p28 conjugated peptide through Myc immuno-
detection in a dot blot. Different peptide quantities were loaded into the dot blot (i.e. 5, 2, 1 and 0.3 µg). Different 
sample preparation protocols were tested. Samples were treated with or without 2% SDS and subjected to heat 
treatment at 95ºC for 10 min or not. PBS was used as a negative control and subjected to the same sample 
preparation procedures. A previously developed fusion protein (R2-C1C2) containing the same Myc-tag was used 
as a positive control292. R2-C1C2 was loaded into the dot blot at an equivalent amount of peptide molecules as 0.3 
μg CP05-p28 conjugated peptides.  R2-C1C2 was kindly provided by Sander Kooijmans (UMC Utrecht, The 
Netherlands). 

Table 4.2 - Description of the peptide sequences used to prepare the CP05-p28 conjugated peptide able to anchor 
to the surface of EVs. Peptides are exhibited from the N-terminal (left) to the C-terminal (right). 

Name Sequence 

CP05 CRHSQMTVTSRL 

p28 LSTAADMQGVVTDGMASGLDKDYLKPDD 

Myc EQKLISEEDL 

Linker (GGGGS)2 
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4.4.2. MSC-EV decoration with the CP05-p28 conjugated peptide 
The ability of the previously designed CP05-p28 conjugated peptide to anchor to the 

surface of MSC-EVs was then investigated. Previously isolated BM MSC-EVs (previously 

characterized by NTA, micro BCA and Western blot in Chapter 3) were incubated with CP05-

p28. Unbound peptides were removed through several rounds of washing with PBS followed 

by ultrafiltration through a 100 kDa MWCO membrane and EVs were analyzed by dot blotting. 

EVs and peptides were incubated either for 2 h at room temperature or for 6 h at 4ºC, as 

previously described300. CP05-p28 successfully anchored to MSC-EVs (Figure 4.2 A). Indeed, 

both incubation protocols yielded similar peptide anchoring efficiencies. Peptide anchoring 

was dose-dependent, since a higher amount of anchored peptide was detected when 50 µg 

of the peptide was incubated with 1x1010 EVs than when 5 µg of the peptide was incubated 

with the same number of EVs. However, estimated peptide anchoring efficiency was lower at 

the higher peptide to EV incubation ratio of 50 µg peptide/1x1010 EVs (4.0% and 3.6%, at 4ºC 

and at room temperature, respectively), than at 5 µg peptide/1x1010 EVs (6.4% and 8.8%, at 

4ºC and at room temperature, respectively). 

Unbound peptide removal after each washing step was also determined by dot blotting. 

Free peptide was detected in ultrafiltration washouts, in decreasing quantities after each 

washing step, as expected (Figure 4.2 B). Most of the free peptide was removed in the first 

washing step (between 95% and 99%). The remaining free peptide was removed in the 

second and third washing step, while no free peptide was detected in the fourth washing step. 

Free peptide was detected in washouts when 50 µg peptide was used in the incubation step, 

but not when 5 µg peptide was used, probably because it was below the detection limit of the 

method used. 
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Figure 4.2 - MSC-EV decoration with CP05-p28 conjugated peptides. A) Detection of CP05-p28 conjugated 
peptides anchored to MSC-EVs through Myc immuno-detection in a dot blot. MSC-EVs were incubated with p28 
conjugated peptides either at 4ºC for 6 h or at room temperature for 2 h. Either 50 or 5 μg peptide were incubated 
with 1x1010 EV particles (determined by NTA). As controls, both a 50 μg free peptide sample and 1x1010 EV 
particles in PBS were subjected to the same processing as the EV-peptide incubated samples. As additional 
controls, PBS (negative control) and 0.5 μg free peptide (positive control) were loaded directly in the dot blot. 
Quantifications of peptide mass anchored to EVs as well as peptide anchoring efficiency in each incubation 
condition estimated by extrapolation from signal intensity of positive control and PBS negative control and corrected 
for false signal detection in EVs. B) Detection of CP05-p28 conjugated peptides present in the filtrate (i.e. 
washouts) of ultrafiltration operations using 100 kDa MWCO Amicon centrifugal filter units to remove free-peptide 
from anchoring experiments. Four rounds of washing were performed. i) Peptides were detected through Myc 
immuno-detection in a dot blot. ii) Relative quantification of peptide detected in the washouts normalized per total 
Myc signal in the dot blot. iii) Relative quantification of peptide detected in the washouts normalized per condition. 

The estimated average number of peptide molecules anchored to each EV ranged between 

3000 and 20 000, depending on the incubation conditions (Table 4.3). In order to estimate 

these values, the total number of anchored peptide molecules was calculated from the 

estimated mass of anchored peptides, as detected in the dot blots (Figure 4.2 A), considering 

the molecular weight of this peptide (Table 4.1). This value was divided by the number of EVs 

used for incubation with peptides (i.e. 1x1010 particles for all the conditions), based on NTA 

measurements of EV concentration. 
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Table 4.3 - Estimated average number of peptide molecules anchored to each EV, depending on the incubation 
protocol and peptide to EV ratio used. 

Incubation protocol 50 µg peptide/1x1010 EVs 5 µg peptide/1x1010 EVs 

4ºC, 6 h 1.97 x 104 3.15 x 103 

RT, 2 h 1.77 x 104 4.32 x 103 

 

4.4.3. EV uptake by cancer cells increased when the CP05-p28 conjugated 
peptide was anchored to MSC-EVs 

We studied the impact of EV surface modification with p28 on EV uptake by breast cancer 

cells (MDA-MB-231). For this purpose, previously isolated BM MSC-EVs were stained with a 

fluorescent dye (AlexaFluor 647 NHS ester), followed by free dye removal through SEC. 

Labeled EVs were then incubated with CP05-p28 as before. Previously cultured MDA-MB-

231 cells were exposed to labelled EVs for 4 h at 37ºC. After incubation, cells were observed 

by fluorescence microscopy and analyzed by flow cytometry. 

EV uptake was observed by virtually all cells comparing EV treated conditions with non-EV 

treated cells, both through fluorescence microscopy and flow cytometry (Figure 4.3). 

Fluorescence intensity is expected to be proportional to the number of EVs inside each cell. 

Thus, the median fluorescence intensity (MFI) from each condition was used as a relative 

measurement of EV uptake. EV uptake by MDA-MB-231 cells increased by 2.4-fold when 

CP05-p28 was anchored to EVs, compared with peptide-free EVs (Figure 4.3), confirming the 

ability of p28 to improve EV uptake by cancer cells. 
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Figure 4.3 - Surface decoration of MSC-EVs with CP05-p28 conjugated peptides improved EV uptake by 
breast cancer cells. A) Representative images of EV uptake by MDA-MB-231 cells treated with an EV-free PBS 
control, naive MSC-EVs and MSC-EVs decorated with a CP05-p28 conjugated peptide (in equivalent doses). 
Merged bright-field and fluorescence microscopy images. AlexaFluor 647 NHS ester-labeled EVs shown in red. 
Pictures were taken using 20x and 40x objectives. B) Flow cytometry analysis of EV uptake by MDA-MB-231 cells. 
EV fluorescence height (x) vs. side scatter height (y) plots. C) Median fluorescence intensities (MFI) of flow 
cytometry measurements and relative EV uptake based on MFI values. Mean ± SEM (n=2 technical replicates). 

4.5. Discussion 
EVs have been explored as drug delivery vehicles for the treatment of numerous diseases, 

relying on their favorable safety profile, intrinsic targeting capacity and ability to transport 

therapeutic molecules and deliver them to target cells with high efficiency.  In particular, a few 

clinical trials have already been established aiming to study their application for the treatment 

of different types of cancer using EVs for the delivery of curcumin (NCT01294072), 

chemotherapeutic agents (NCT01854866) or siRNA (NCT03608631). 
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In addition to their ability to pack therapeutic molecules, EVs can be engineered to enhance 

their targeting to specific tissues. This has been achieved either by genetic engineering of 

parental cells in order to express a targeting moiety fused to an EV transmembrane protein or 

by anchoring targeting ligands to the surface of EVs after their isolation. 

Both strategies present advantages and limitations. While genetic engineering allows to 

create a cell line stably expressing a certain targeting moiety that will be incorporated on the 

surface of EVs, the number of successfully modified EVs will be limited by the efficiency of the 

genetic modification and the number of targeting moieties displayed on the surface of each 

vesicle will be limited by the availability of the chosen transmembrane protein. In addition, the 

generation of such cell lines is still time-consuming and particularly challenging in primary 

cells405. Direct anchoring of targeting moieties on the surface of EVs can be faster to obtain 

and easier to achieve in primary cells, as well as possibly allowing to display targeting moieties 

at a higher density. However, additional reagents will be necessary, as well as separation 

processes after EV modification, increasing the complexity of the manufacturing process and 

possibly limiting its scalability. Therefore, either strategy could be appropriate depending on 

the therapeutic application and on the EV-secreting cells to be used. 

In this work, we sought to enhance the targeting of human MSC-EVs to cancer cells by 

anchoring the p28 peptide from the bacterial protein azurin to their surface. For that purpose, 

p28 was conjugated with CP05, a peptide previously found to bind to the EV transmembrane 

protein CD63300. Human BM MSC-EVs were produced in S/XF conditions using hPL as a 

culture supplement367 and isolated using a scalable and selective EV isolation method that 

combines TFF with SEC378 (as in Chapter 3), establishing this work in conditions that are more 

readily translatable to a clinical setting. 

By employing this EV surface modification strategy, anchoring CP05-p28 conjugated 

peptides to EVs after they were isolated, we were able to rapidly and easily establish this 

proof-of-concept study, validating that EV decoration with p28 has the potential to improve EV 

uptake by cancer cells. However, alternative strategies might present as more useful for the 

development of a DDS using EVs decorated with p28. In this strategy, CP05 establishes an 

interaction with CD63 but does not bind covalently to the surface of EVs, which could result in 

some instability and possible detachment of p28 molecules from the surface of EVs. A strategy 

allowing to covalently bind targeting moieties to the surface of EVs was recently described, 

whereby protein ligating enzymes were used to bind an EGFR-targeting peptide or 

nanobodies targeting EGFR or HER2 to the surface of EVs in order to target cancer cells 

expressing these receptors301. Other previously developed strategies that could be considered 

include post-insertion of lipid-conjugated molecules into EV membranes294,295,297 and click 

chemistry293,298. In the future, genetically engineering MSC to stably express p28 conjugated 
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with an EV surface protein (e.g. Lamp2b257,287,404, PDGFR291 or a GPI-anchoring peptide288) 

could be considered, but this is still challenging to perform in primary cells. 

Engineering EVs to target cancer cells has usually relied on EV surface modifications with 

peptides, nanobodies or aptamers targeting receptors overexpressed in specific cancer cells 

(e.g. HER2301, IL3 receptor287, PSMA297) or more broadly overexpressed across different 

cancer types (e.g. EGFR288,291,292,301). Here we propose the use of a natural peptide to target 

cancer cells, which does not have a specific receptor mediating its uptake described yet. 

Although such a receptor may eventually be disclosed in the future, this peptide is able to 

preferentially enter a wide range of cancer cells306, thus showing potential to be applied to 

target a variety of tumors.  

Evidence suggests that p28 may enter both cancerous and normal cells through a receptor-

mediated endocytic process including caveolin-1, the ganglioside GM-1, and the Golgi 

complex306,307,313. Considering the p28 uptake kinetics, which evidences that it preferentially 

accumulates in cancer cells, and that a substantial fraction of p28 penetrates the plasma 

membrane via caveolae, an increased presence of caveolin-specific proteins (e.g. caveolin-

1) on the surface of cancer cells has been proposed to at least partially mediate this 

preferential entry306. Nevertheless, p28 is also able to enter cells through clathrin- and 

caveolin-independent pathways independent on membrane bound GAGs306. Interestingly, 

chemical inhibition of N-glycosylation reduced p28 penetration across cell membranes306. 

Abnormal glycosylation (including N-glycosylation) on cell surface receptors is associated with 

changes in cancer progression and metastasis407–409, suggesting a role of N-glycosylated 

membrane receptors as a route for preferential entry of p28 into cancer cells. 

Azurin and specially its peptide p28 have been proposed for the treatment of different types 

of cancer312, with two phase I clinical trials already completed using p28, showing positive 

outcomes in adult patients with various tumors321 and in children with tumors from the central 

nervous system (CNS)322. Here we proposed for the first time the use of p28 to decorate EVs, 

using it as a targeting moiety to direct EV-based DDS to tumors. The results obtained in this 

work revealed that EV decoration with p28 improved EV uptake by cancer cells, showing the 

potential of p28 to improve EV targeting to cancer cells and subsequently improve EV-

mediated anti-cancer drug delivery. 

We observed that CP05-p28 peptides were able to associate with MSC-EVs, in principle 

by anchoring to their surface. As expected, the amount of peptide anchored to EVs was higher 

at a higher peptide/EV ratio, since a larger number of peptide molecules was available to 

interact with the surface of EVs and consequently anchor to them. We also estimated a range 

of 3000 to 20 000 peptides anchored per EV, depending on incubation conditions. These 

values seem too high, since each EV surely displays a much smaller number of CD63 proteins 

on its membrane available for anchoring of the CP05 portion of the conjugated peptides. 
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Nevertheless, these are rough estimations aiming to help understanding what is happening at 

the nanoscale where peptide-EV interactions occur and to guide further research. In fact, NTA 

measurements are prone to underestimate the number of EVs, which could have led to an 

overestimation of this ratio. 

Additionally, we do not know whether the observed peptide anchoring to EVs was mediated 

by p28 instead of CP05. Further work may allow to study the anchoring of CP05-p28 to MSC-

EVs in more detail. Comparing the anchoring of CP05-p28 to EVs with a similar peptide but 

with a scrambled p28 sequence (p28Scrbl) will allow to determine if the observed anchoring 

occurred mainly through CP05. If CP05-p28Scrbl would be able to bind to EVs at similar levels 

compared with Cp05-p28, it would mean that CP05-p28 binds to EVs mainly through an 

interaction between CP05 and CD63 as expected, and not through p28. Additionally, 

incubation of Myc-tagged CP05 and p28 peptides with EVs could allow to compare the 

tendency of each peptide to anchor to EVs and determine if p28 could interfere in the 

orientation with which CP05-p28 anchors to EVs. 

Further work including uptake experiments using MSC-EVs modified with p28Scrbl 

peptides would allow to validate if the observed improvement of EV uptake by cancer cells 

was due to the p28 peptide specifically and not just due to an unselective presence of peptides 

on the surface of EVs. If p28 is required to improve EV uptake by cancer cells, then the uptake 

of EVs decorated with p28 would be significantly higher than EVs decorated with p28Scrbl. 

We observed an improved uptake of p28-decorated EVs by a breast cancer cell line, but 

p28 could improve the uptake of EVs into multiple cancer cell types. Considering the ability of 

p28 to preferentially enter a variety of solid tumor cells, compared to equivalent non-cancerous 

cells306, further research would benefit from including different cancer cell lines and 

comparable normal cells. This would allow to determine the specificity of cancer targeting as 

well as which types of cancer would be more suitable to target using this strategy. 

Further research loading p28-decorated EVs with anticancer drugs (e.g. chemotherapeutic 

agents or siRNA) and delivering them to cancer cells could allow to establish novel EV-based 

DDS. Interestingly, p28 also has the ability to trigger apoptosis on cancer cells317,318 and 

enhance the cytotoxic activity of multiple chemotherapy drugs319. Thus, delivering 

chemotherapy drugs to cancer cells inside p28-decorated EVs could hypothetically boost their 

anticancer efficacy, due to the synergistic behavior with p28. However, this could be hard to 

achieve, since p28 would be bound to the outside of EV membranes and therefore may not 

be released to the cytoplasm and subsequently to the cell nucleus where it exerts its apoptotic 

effect in cancer cells (i.e. through binding with p53). Additional engineering strategies, 

reversibly anchoring p28 to the EV surface or even loading p28 into the lumen of EVs could 

be required for this purpose. 
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Moreover, p28 may also improve the functional delivery of therapeutic RNA molecules (e.g. 

siRNA or miRNA) to cancer cells via EVs. A recently established reporter system of EV-

mediated functional transfer of RNA revealed that knock-down of caveolin-1 but not flotillin-1 

decreased substantially reporter activation410. Therefore, p28 could be used to direct EV 

uptake through caveolin-1, improving the functional transfer of therapeutic RNA molecules 

into cancer cells. Considering that EVs have been recently described to deliver RNA more 

efficiently than state-of-the-art synthetic RNA nanocarriers403, this strategy could considerably 

improve the efficacy of current RNA-based DDS for cancer therapy and potentially for other 

conditions. 

In conclusion, aiming to develop a DDS for targeted cancer therapy, we hypothesized that 

decorating EVs with the cancer targeting peptide p28 from the bacterial protein azurin would 

improve EV uptake by cancer cells. A novel CP05-p28 conjugated peptide was designed and 

successfully anchored to the surface of MSC-EVs. We manufactured human BM MSC-EVs 

through a process closely translatable to a clinical setting by employing S/XF conditions and 

using a scalable and selective EV isolation method that combines TFF with SEC. Indeed, 

isolated MSC-EVs decorated with p28 revealed an improved EV uptake by breast cancer cells. 

Further studies elucidating the nature of p28 interaction with cancer cells and subsequent 

internalization will aid in the application of this peptide for EV-mediated drug delivery. The 

p28-decorated MSC-EVs obtained through the clinically relevant manufacturing conditions 

used in this work are promising for the development and application of novel DDS for cancer 

therapy with improved cancer targeting and eventually more efficient drug delivery capabilities. 
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5.1. Concluding remarks 
EVs have been the focus of great attention over the last decade due to their promising 

application both as inherent therapeutics in regenerative medicine and as drug delivery 

vehicles. In particular, MSC represent a promising source for the production of EVs for 

therapeutic applications, considering the extensive track record of beneficial therapeutic 

properties attributed to these cells, as well as to their favorable safety profile already 

evidenced in numerous clinical trials. In spite of the promising potential of EVs for therapeutic 

applications, limited efforts have been made in establishing scalable and standardized 

methods for EV manufacturing. 

In Chapter 2, we developed a scalable microcarrier-based bioreactor culture system for the 

production of MSC-EVs under S/XF conditions. We were able to produce EVs using MSC 

isolated from three different human tissue sources (BM, AT and UCM). This was the first time 

that the production of MSC-EVs from different tissue sources were compared using a scalable 

bioreactor system411. We also made a contribution to the field by applying a different bioreactor 

configuration, featuring easy scalability and available as single-use technology (i.e. a Vertical-

Wheel™ bioreactor) for EV production. Production of MSC-EVs in bioreactors improved 

manufacturing yields compared to static systems and remarkably stimulated the secretion of 

more EVs per cell. However, the EV isolation method used (i.e. a commercial precipitation kit) 

presents limitations in terms of selectivity and scalability, prompting further studies using an 

alternative isolation procedure able to achieve both higher selectivity and scalability. 

In Chapter 3, we studied and compared the functional activity of MSC-EVs obtained from 

two different human tissue sources (BM and UCM) in conditions closely translatable to a 

clinical setting. We cultured MSC in S/XF conditions and in static systems, and utilized a 

scalable and selective EV isolation method that combined TFF with SEC. The functional 

activity of MSC-EVs was studied by investigating their impact on angiogenesis in vitro. Both 

BM and UCM MSC-EVs improved sprouting of endothelial spheroids in a 3D in vitro model, 

validating their pro-angiogenic capacity, in line with previous studies236,237,327,328,381. This 

supports the use of MSC-EVs for regenerative medicine applications using clinically relevant 

manufacturing conditions. Subtle differences using MSC-EVs from each tissue source 

suggested different mechanisms involved in their pro-angiogenic activity and are worthy of 

further investigations. 

In Chapter 4, we studied the application of MSC-EVs decorated with the p28 peptide on 

their surface to develop anti-cancer DDS. This peptide from the bacterial protein azurin is able 

to preferentially enter a variety of cancer cells and trigger apoptosis306,317,318. Although two 

clinical trials were already completed using p28 for cancer therapy with promising results321,322, 

here we proposed for the first time the use of p28 to decorate EVs, using it as a targeting 
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moiety to direct EV-based DDS to tumors. We observed that EVs decorated with p28 after 

their isolation showed improved EV uptake by breast cancer cells. As in Chapter 3, MSC were 

cultured in static systems under S/XF conditions and EVs were isolated by SEC, revealing the 

possibility to use p28-decorated MSC-EVs, manufactured in conditions closely translatable to 

a clinical setting, for the development of novel EV-based DDS for cancer therapy. 

The work developed in this thesis can be taken to the next level by combining bioreactor 

culture systems, such as the one used in Chapter 2, with scalable isolation methods like the 

one used in Chapters 3 and 4 (and keeping S/XF culture conditions used in all chapters), 

which would allow to establish a fully scalable EV production process (i.e. from upstream to 

downstream processing), essential for translation into clinical settings.  

In particular, it would be relevant to study the angiogenic potential of MSC-EVs (from 

different MSC tissue sources) manufactured in the bioreactor culture system developed in 

Chapter 2. EV isolation through SEC would be advantageous for this purpose, since it would 

allow a scalable process, as well as a selective EV isolation, avoiding limitations presented by 

the use of commercial precipitation kits. 

In addition to the production of EVs using scalable manufacturing systems, complementary 

strategies can be implemented and optimized in order to increase EV production. Cells 

respond to stimuli from their environment, which can affect EV secretion. Therefore, it is 

possible to improve the number of EVs secreted per cell by manipulating cell culture 

conditions. This could be achieved through manipulation of physicochemical parameters such 

as oxygen concentration, agitation (i.e. shear stress promoted by fluid flow), temperature, pH 

or altered nutrient composition. Several studies have demonstrated an increase in EV 

secretion when different cell types (including MSC) were cultured under low oxygen 

concentration (i.e. hypoxic conditions) ranging from 0.1% to 3% O2, compared to controls 
327,358,359. Additionally, previous work from our group revealed that MSC culture in hypoxic 

conditions (2% O2) promoted faster cell growth102 and secretion of pro-angiogenic factors400 

compared with normoxia, supporting the use of hypoxic conditions for the manufacturing of 

MSC-EVs. Fluid flow has been described to stimulate EV secretion in osteocytes through a 

Ca2+-mediated response352. In Chapter 2 we also observed an improved EV secretion by MSC 

in our bioreactor system, likely due to fluid flow and resulting shear stress promoted by the 

bioreactor agitation system367. More recently, mechanical stimulation of UCM MSC increased 

EV secretion in a rotary cell culture system at higher agitation speeds and improved the 

osteochondral activity of these EVs412. A human metastatic melanoma cell line revealed an 

increased exosome release and uptake at acidic pH (pH 6.0) when compared with neutral pH 

(pH 7.4)413. Exosome secretion was 3-fold higher after 3 days in acidic pH and 8-fold after 4 

days. EV secretion also seems to be stimulated by thermal stress, as observed for cancer 

cells cultured at high temperatures (e.g. 40 - 42ºC)414,415. 
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EV secretion can also be stimulated in culture through addition of chemical reagents. 

Agents that alter the pH of intracellular compartments (e.g. chloroquine and bafilomycin A1) 

enhance EV secretion by reducing acidification of MVE416–418, which is required for degradation 

of internalized components in lysosomes and autophagosomes. Therefore, these agents act 

as inhibitors of the degradative route of MVE, shifting the balance of the endosomal pathway 

towards a secretory route, thereby enhancing exosome secretion. EV secretion can also be 

stimulated by agents that increase intracellular calcium levels such as ionophores (e.g. 

monensin419–421, A23187419 and ionomycin365) and inhibitors of calcium-ATPase pump (e.g. 

thapsigargin419). However, the use of these strategies must be addressed with caution since 

they may alter cell physiology and lead to secretion of EVs with altered composition and 

functional properties. 

Intrinsic EV heterogeneity presents an additional challenge towards EV therapy. Different 

EV subpopulations, are prone to have different functional effects, depending on their 

biogenesis, biophysical properties, morphology, intraluminal content or surface 

components422–424. Subpopulation studies, where distinct EV subpopulations are isolated and 

studied separately, will be relevant to determine the exact contributors for a certain functional 

effect, such as the pro-angiogenic activity observed in Chapter 3. Then the most relevant 

subpopulation could be isolated for each therapeutic purpose. This would also allow to obtain 

a more reproducible and better-defined product, which is important for clinical translation. 

In Chapter 3 we assessed the pro-angiogenic activity exerted by MSC-EVs, an effect that 

has been extensively reported in the literature using different models236,237,327,328,381. 

Considering that the ability to induce angiogenesis is one of the hallmarks of cancer206, 

whereby tumor-associated vasculature is generated ensuring a steady supply of oxygen and 

nutrients to the tumor as it grows, this pro-angiogenic effect must be approached with caution 

in order to safely apply MSC-EVs as DDS for cancer. The anti-cancer activity of drugs 

delivered by MSC-EVs must largely outweigh their potential intrinsic pro-angiogenic 

properties. This could be assessed by combining studies using in vitro cancer and 

angiogenesis models, as well as using in vivo models where tumor-associated vasculature 

could be evaluated. Considering the reconfigurable nature of EVs, a way to circumvent pro-

angiogenic effects of MSC-EVs and enhance their anti-cancer activity could include loading 

these EVs with anti-angiogenic agents (e.g. VEGF or HGF siRNA295,425,426) and use them in a 

combined manner together with additional anti-cancer drugs (e.g. anti-proliferative agents), as 

previously done with synthetic nanoparticles427. 

In this context, decoration of MSC-EVs with p28 offers additional opportunities regarding 

tumor-associated angiogenesis. Besides its preferential entry in cancer cells and cancer 

apoptotic effect, p28 is able to preferentially enter endothelial cells and inhibit angiogenesis 

within the TME320. Thus, p28-decorated MSC-EVs developed in Chapter 4 could also be 
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loaded with anti-angiogenic drugs targeting tumor-associated vasculature. This would endow 

p28-decorated EVs with the ability to modulate the TME by disrupting tumor-associated 

angiogenesis, enhancing the efficiency of these EV-based DDS. Additionally, the ability of p28 

to preferentially enter endothelial cells could ultimately improve the ability of p28-decorated 

MSC-EVs to cross tissue barriers such as the BBB. Once these EVs reached the brain, they 

could be internalized by brain endothelial cells mediated by p28 and transported across the 

interior of these cells, crossing the BBB trough transcytosis and then reach target brain tumors 

to deliver therapeutic cargo. 

Overall, in this thesis we demonstrated the possibility of using manufacturing strategies 

closely translatable to clinical settings to obtain MSC-EVs applicable both for regenerative 

medicine, by demonstrating their inherent pro-angiogenic capacity, as well as for drug 

delivery, due to the possibility to modify MSC-EVs to target specific cells and tissues in this 

case for cancer therapy. 

5.2. Future perspectives 
In spite of significant advances made in the field of EVs over the last decade, the translation 

of EV-based therapies into clinical settings still faces several challenges ahead (Figure 5.1). 

Some of these are common to the challenges faced by cell therapies339 due to the cellular 

origin of EVs, while others are specific to the nature of EVs. 

Establishing efficient but safe and reproducible methods for EV drug loading and to 

engineer EV targeting is still challenging and will certainly continue to be the focus of further 

research. Methods used for exogenous EV loading show low efficiencies, while genetic 

modification of EV secreting cells for EV modification (either for drug loading or targeting 

purposes) is still troublesome and difficult in primary cells. Additionally, novel strategies have 

been developed over the last few years aiming to modify the surface of EVs after their isolation 

with significant progresses, a trend expected to continue in the following years. 

 
Figure 5.1 - Key factors for translation of EV-based therapeutics into clinical settings. Adapted from 240. 
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The selection of appropriate EV secreting cells and the tissue where the cells are originated 

from needs to be carefully considered since each cell type will originate EVs with different 

properties (e.g. proteins and RNA packaged inside them). In addition, each cell source 

presents different features including the availability and easiness to isolate from human tissue 

sources, cell expansion ability and EV secretion capacity. 

Appropriate cell culture conditions need to be implemented in order to assure reproducibility 

and GMP compliance. Scalable processes need to be implemented for EV production in order 

to achieve production of high numbers of EVs required for clinical application. Bioreactors of 

different geometries and configurations offer several options in order to achieve this goal411 

(Figure 1.3). The use of S/XF culture conditions, will also be advantageous for clinical 

translation. Similarly, EV isolation processes will need to assure reproducibility, GMP 

compliance and scalability, whilst balancing suitable EV purity and yields. Novel strategies 

with promising application for scalable EV isolation include combining SEC with bind-elute 

chromatography, whereby smaller contaminants penetrate beads and bind to its core, allowing 

EVs to flow through at high recovery yields428. Affinity methods are also able to recover EVs 

at high purity and are amenable to be performed in scalable platforms (e.g. affinity 

chromatography429,430). Affinity isolation strategies could include immuno-affinity capture of 

EVs displaying known protein markers (e.g. tetraspanins431) or affinity-binding to lipids present 

on EVs432–434. In the future, EV manufacturing could even benefit from integrated production 

and isolation processes under continuous operation in order to improve productivity and 

reduce costs, similarly to other biopharmaceutical products (e.g. monoclonal antibodies)435–

438. 

Envisaging their use as off-the-shelf products, appropriate storage conditions for EV 

products must be clearly defined and their stability must be assured. Strategies may be 

implemented in order to prolong stability and shelf-life of EVs, such as the addition of trehalose 

to EV suspensions. This natural sugar that stabilizes proteins, cell membranes and liposomes, 

decreases intracellular ice formation during freezing and prevents protein aggregation is 

widely used in food and drug industry and revealed the capacity to prevent aggregation and 

cryodamage of EVs439,440. 

The translation of EV products to clinical practice will require establishing standardized 

identity criteria and potency assays for EVs, allowing cross comparison between different 

laboratories, thereby supporting the development and validation of EV-based therapies and 

their progression to clinical testing. Motivated by this need, a consortium of researchers 

recently established identity criteria including quantifiable metrics for MSC-EVs349 and also 

presented requirements for the development of standardized potency tests for therapeutic 

application of these EVs441. It is important to clearly define the mechanisms of action of EV-

based therapeutics for clinical translation and these should be reflected in suitable potency 



 106 

assays. However, fully elucidating the therapeutic mechanism of EVs is challenging since it 

will be multifaceted and vary between disease models. 

Afterwards, appropriate preclinical models must be selected to characterize the safety and 

toxicology of therapeutic EVs as well as their pharmacokinetic and pharmacodynamic 

profiles240. Information from these studies will be relevant to determine proper doses for clinical 

studies, which will be challenging given the current heterogeneity of EV preparations and their 

different therapeutic potency depending on the targeted disease. Importantly, pre-clinical 

studies and current clinical trials indicate that EVs are generally safe and well 

tolerated261,262,270,402. 

To conclude, there is a long road ahead for the application of EV therapeutics in the clinical 

setting as the field of EVs is still at its infancy. Nevertheless, it is already clear that EVs will 

likely give rise to relevant new therapeutic solutions, given their unique set of characteristics 

compared with synthetic nanocarriers, cell therapies, chemical and biological products. We 

expect that the work presented in this thesis will contribute to advance the implementation of 

bioprocessing strategies suitable for clinical application of EV-based products to both 

regenerative medicine and drug delivery, with a main focus in developing novel therapeutic 

solutions able to improve healthcare for cancer patients. 
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