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1 INTRODUCTION 

1.1 Kidney disease 

Kidney disease (KD) is a global public health problem that affects more than 750 

million of the worldwide population and causes 5 to 10 million deaths each year 1, 2. 

KD is considered the third fastest-growing cause of death worldwide and has a 

continuous rise in age-related mortality and socioeconomic conditions 3. Various 

pathologies including obesity, diabetes and hepatitis B virus infections can cause 

kidney problems. At the same time, the progression of KD in turn becomes a risk 

factor for cardiovascular diseases 4, stroke and peripheral vascular disease and 

cancer 5.  

Guidelines for the improvement of overall renal disease outcomes divide KD into two 

sub-classes: acute kidney injury (AKI) and chronic kidney disease (CKD) 6, that differ 

from each other in the duration of the disease, respectively <3 or >3 months. By 

definition, AKD precedes CKD, but AKD may also be overlapping on pre-existing 

CKD, due to another disease or due to an aggravation of the same disease 7. 

Chronic Kidney Disease 

Criteria for defining a kidney problem as a CKD are progressive and irreversible loss 

of kidney function evidenced by an estimated glomerular filtration rate (eGFR) of <60 

ml/min per 1,73 m2, the persistent presence of manifestations indicators of renal 

damage (proteinuria, active urinary sediments, histological damage, structural 

abnormalities or a history of kidney transplantation), or both, lasting more than 3 

months 8.  

The incidence of CKD is correlated with age; over 60% of people aged 80 have CKD, 

which increases their risk of developing cardiovascular disease and death 9. The 

development of CKD is influenced by risk factors such as diabetes mellitus (DM), 

hypertension and obesity, patients with CKD are at increased risk of acute kidney 

injury (AKI), but at the same time, repeated episodes of AKI contribute to CKD 

progression 10. 
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Acute Kidney Injury 

AKI is a clinical syndrome that includes all pathological conditions characterized by a 

reduction within 48h of kidney function, defined by an absolute increase in creatinine 

levels 0.3 mg/dl and/or a percentage increase in creatinine 1,5 times the basal value 

and/or a reduction in diuresis to values < 0,5 ml/KG /h for at least 6h or presence of 

anuria for at least 12h 11. 

AKI affects 30-60% of seriously ill patients and is associated with acute morbidity and 

mortality 12 partly due to the absence of early diagnostic markers that lead to a delay 

in diagnosis and the application of preventive measures that can reduce the 

consequences of kidney damage. 

Also, AKI is a very heterogeneous syndrome with varying etiology, pathophysiology 

and clinical presentation makes it difficult to search for a specific treatment 13. 

1.1.1 Nephrocitotoxity 

Kidneys receive about 25% of cardiac output, underlining their important role in 

physiology. As excretion organs, kidneys are naturally exposed to a large portion of 

circulating drugs and chemicals that may harm the kidney 14. Nephrotoxicity results 

from a rapid decline in excretory mechanisms within the kidney, which promotes the 

accumulation of waste products generated during protein metabolism including urea, 

nitrogen and creatinine 15. 

Due to the complexity of the kidneys, defining the pathophysiology of AKI is very 

difficult. A decrease in glomerular filtration rate can be caused by local alterations 

causing reversible tubular stress/tubular necrosis injury 16, or from already persistent 

diseases such as diabetes mellitus, hypertension and heart failure 17. 

Ischemia/reperfusion (I/R) is the main cause of AKI, due to arterial occlusion during 

surgery, congestive heart failure or kidney transplantation 18. I/R is characterised by a 

reduction in blood supply to the kidney followed by a restoration of perfusion. This 

reduction in oxygenation results in reduced ATP levels, metabolic impairment, 

apoptosis, and reactive oxygen species (ROS) production, and aggravate during the 

reperfusion period, causing sterile inflammation, vasoconstriction, and oxidative 

damage 19.  

The most vulnerable site to injury due to hypoxia, toxic compounds, proteinuria, 

metabolic disorders and senescence, is the tubular epithelium. Tubular cell lesions 

can be lethal (causing cell death) or sub-lethal (cell injury can release pro-
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inflammatory or pro-fibrotic mediators). Typically, after the insult follows a recovery 

phase characterised by the activation of protective and regenerative mechanisms in 

surviving cells that restore the properties and functions of epithelial cells 9. If these 

mechanisms do not occur, the extent of damage can promote renal fibrosis and the 

progression of CKD. In CKD, loss of podocytes replaced by extracellular matrix 

protein (ECM), tubular cell lesions and subsequent tubular interstitial fibrosis, 

contribute to nephron loss 20. 

The final stage of CKD is when irreversible loss of kidney function requires dialysis or 

kidney transplantation. The latter comes with high costs and significant limitations in 

organ availability 21, 22. Therefore, to prevent renal injury from progressing to even 

end-stage (ESRD), it is crucial to identify more effective therapeutic strategies to 

attenuate renal injury 23.   

1.1.2 Cisplatin 

The kidneys are the major targets for the toxic effects of various chemical agents and 

thus drug-induced AKI is a frequent entity in clinical medicine. The incidence of 

nephrotoxic AKI is difficult to estimate due to the variabilities of patient populations 

and criteria of AKI, however it is reported to contribute to about 20% of patients 

treated with cisplatin 24. 

Cisplatin (cis-diamminedichloroplatinum II) is a platinum-containing antineoplastic 

drug, first approved for clinical use in 1978. It is used alone or in combination with 

other therapy extensively to treat different malignancies 25. However, the major 

limiting factors in the use of cisplatin are the side effects in normal tissues, which 

include neurotoxicity, ototoxicity, nausea and vomiting, and nephrotoxicity 26, 27.  

Nephrotoxicity was reported in initial clinical trials of cisplatin chemotherapy 28. 

Cisplatin nephrotoxicity occurs in about one-third of the patients undergoing cisplatin 

treatment 29, 30. Clinically, cisplatin nephrotoxicity is often observed after 10 days of 

cisplatin administration and is manifested as reduced glomerular filtration rate, 

increased serum creatinine, and reduction of serum levels of magnesium and 

potassium. 

The nephrotoxic effect produced by cisplatin is caused by its accumulation in the 

kidney, it is concentrated and reabsorbed by renal tubular cells (five times more than 

in the blood) 31, mainly in the S3 segment of the proximal tubules. Here the high 

density of negatively charged mitochondria in proximal tubular cells attracts the 
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positively charged cisplatin hydrolysed complexes 32. Consequent mitochondrial 

dysfunction contributes to the lethal lesion of renal tubules and the subsequent loss 

of renal function. Still, the exact mechanism of the cisplatin action is not completely 

understood. However, it is known that cisplatin interacts primarily with genomic DNA, 

specifically the N7 position of guanine bases, causing inter- and intra-strand DNA 

crosslinks which perturb DNA synthesis and result in apoptosis, autophagy, nuclear 

and mitochondrial DNA damage and production of reactive oxygen species 33, 34. 

The pathophysiology of cisplatin-induced AKI involves 4 major mechanisms (Fig. 1):  

 

- Apoptosis 

The dosage of cisplatin determines whether cells die from necrosis or apoptosis 35. In 

cell culture studies, it is shown that the use of high concentrations of cisplatin causes 

necrotic cells, on the contrary, apoptosis is caused by low concentrations. However, 

in vivo, cisplatin appears to induce both necrosis and apoptosis 36. There are many 

pathways involved in apoptosis, but the intrinsic mitochondrial pathway is identified 

as the primary one responsible for cisplatin-induced nephrotoxicity. Cellular stress in 

the intrinsic pathway results in the activation of the pro-apoptotic B-cell lymphoma 2 

(Bcl-2) family proteins, Bax and Bak, which form porous defects in the outer 

membrane of mitochondria, resulting in the release of apoptotic factors from the 

organelles 34, 37. 

 

- Oxidative stress  

Typical mechanisms of cisplatin-induced AKI are the generation of ROS, 

accumulation of lipid peroxidation products and suppressed antioxidant systems in 

the kidneys 38. Inside the cell, cisplatin is converted into a reactively elevated form 

that reacts quickly with antioxidant molecules increasing oxidative stress. Or, cisplatin 

can compromise the respiratory chain with increased ROS production and cause 

mitochondrial dysfunction  39. 

 

- Inflammation  

Cisplatin, due to its pro-inflammatory nature, induces phosphorylation and 

subsequent translocation of nuclear transcription factor-kappa B (NF-𝜅B) in the 

nucleus through the degradation of its protein inhibitor I𝜅Bα. Within the nucleus, NF-

𝜅B activates the transcription of inflammatory mediators including tumour necrosis 
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factor alpha (TNF-alpha) which in turn, induces the expression of other inflammatory 

cytokines and the recruitment of inflammatory cells in the kidney 24. 

 

- Vascular injury in the kidney. 

An additional component that characterizes the pathophysiology of cisplatin induced 

by AKI is renal vasoconstriction caused by endothelial dysfunction 40. Cisplatin 

induces acute ischemic damage with a reduction in the medullary blood flow resulting 

in tubular cell injury. These renal hemodynamic changes may be associated with 

increased cytosolic calcium in glomerular arterioles 41. 

Although many experimental therapies have been developed for the prevention and 

treatment of cisplatin-induced AKI, current clinical practice only includes supportive 

measures such as hydration, replacement of electrolyte losses and avoidance of 

other potentially nephrotoxic drugs, while waiting for renal function to recover 24. 

Cisplatin has been used for decades in animal experiments to induce AKI, and it 

represents a commonly used model to study the therapeutic effects of mesenchymal 

stromal cell (MSC) 42. 

 

  

Figure 1. Pathway activated by the presence of cisplatin in renal epithelial cells. 
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1.1.3 Current therapy 

End-stage kidney disease (ESRD) treatments currently only include dialysis and 

kidney transplantation 43. The latter option is made even more difficult by the 

shortage of kidneys available for donation and an increase in the prevalence of 

people in need of a transplant 44. The average waiting period for a kidney transplant 

varies between 3 and 7 years 45, while the age of people on dialysis is increasing 46.  

Nevertheless, kidney transplantation seems to be the treatment with a better quality 

of life and increasing life expectancy compared with the dialysis treatment 47. But at 

the same time, complications may occur after kidney transplantation such as the 

development of interstitial fibrosis and tubular atrophy, which may evolve into 

progressive kidney dysfunction also associated with vascular occlusion and 

glomerulosclerosis 48. 

The limited effects of current therapy for KD underline the need for the development 

of novel therapeutic agents. At the moment, the protective effects of possible 

therapies such as the use of anti-inflammatory drugs, small interfering RNAs, remote 

ischemic preconditioning and MSC are being evaluated. MSC-based therapy appears 

to be an innovative approach to intervention with enormous potential for KD 

management, but the complexity of the mechanisms involved does not yet allow 

MSC to be used for large-scale clinical treatment 4, 49. 

 

1.2 The Renaltoolbox Consortium 

Chronic kidney disease is a serious disease that affects 850 million people 

worldwide. Only dialysis or kidney transplantation is available to replace kidney 

function, but alternative therapies such as cell-based regenerative medicine therapies 

(RMTs) are being considered. However, progress is currently limited because, for 

many RMTs, a lot of work is still needed to assess safety and efficacy and make safe 

therapy available to patients.  

MSC are one of the mainly studied cell types for cellular-based therapies, thanks to 

their heterogeneous modes of action they are commonly studied in various diseases. 

Currently, the therapeutic use of stem cells poses some challenges because the 

underlying mechanism of action of transplanted cells is largely unknown. In addition, 

the results of MSC therapy can be influenced by several variables, such as the 

experimental setting (MSC dose, treatment time, animal model) and the intrinsic 
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factors of transplanted cells plus the unpredictable crosstalk with various factors and 

cell types within the body upon transplantation, that may prime and alter the MSC 

functions. 

For these reasons, a better understanding of the properties and behaviour of these 

stromal cells and their mechanism of action can contribute to the development of 

targeted therapies. 

In line with this, cell-based therapeutics present intrinsically distinctive difficulties for 

development and application of potency assays.  

Potency is defined in the International Conference on Harmonisation of Technical 

Requirements for Registration of Pharmaceuticals for Human Use Q6B guidelines as 

“the measure of the biological activity using a suitably quantitative biological assay 

(also called potency assay or bioassay), based on the attribute of the product which 

is linked to the relevant biological properties”. (Guidance for Industry Potency Tests 

for Cellular and Gene Therapy Products. U.S. Department of Health and Human 

Services Food and Drug Administration Center for Biologics Evaluation and 

Research; 2011). 

We expect rapid progress in the development of combinatorial potency tests based 

on increased knowledge of MSC biology and their mecahnisms of action, hopefully 

allowing for the formulation of tests that facilitate and speed up the transition from 

preclinical studies to clinical trials safer. 

To address these challenges, a network of 15 academic, industry and charitable 

organisations was established, called RenalToolBox (RTB). The RenalToolBox 

network encomprised 15 early-stage researchers (ESRs) that worked in three 

interdisciplinary teams to address the following scientific objectives (Fig. 2 and 3):  

1. Develop novel tools for diagnosing kidney disease and assessing renal 

function (Work Package 1). 

The main goal was to develop novel electronic devices, mathematical tools, 

molecular biomarkers and near-infrared tracers to diagnose and stage kidney 

disease, and to monitor disease progression and regression. 

2. Develop and apply cutting-edge imaging technologies to evaluate the 

safety and efficacy of MSC-based RMTs in a rodent model of kidney 

disease (Work Package 2).  

By leveraging complementary imaging technologies for whole animals and 

image probes, the aim was to monitor the biological distribution of MSC and 
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study its safety with final tissue analysis. For the evaluation of efficacy, new in 

vivo imaging strategies and analysis tools were applied to monitor renal 

function and morphology longitudinally in the animals themselves. In 

particular, the 'clearing' technology, that makes the organs transparent, 

allowed for validation of the results in vivo of bio-distribution and accurately 

quantifiedthe extent of morphological damage. 

3. Establish the optimal source of MSC, develop a matrix of potency assays 

and explore therapeutic mechanisms (Work Package 3). 

The aim was to compare the properties and therapeutic potential of adipose 

mesenchymal stromal cell (A-MSC), bone marrow mesenchymal stromal cells 

(BM-MSC) and umbilical cord mesenchymal stromal cell (UC-MSC) to develop 

a matrix of potency assays and to understand repair mechanisms. Moreover, it 

was decided to investigate secreted factors, microRNAs, immunomodulatory 

mechanisms and the role of mitochondrial transfer to underlie the mechanisms 

of action. 

 

 

Figure 2. The RenalToolBox brochure that sums up the key points of the RTB network and specific 
research aims (taken from 50). 

 
 
 
 



INTRODUCTION 

12 

 
 
Figure 3. Overview of the research programme. The red box indicates my position in the programme. 

(The image was taken from the proposal application n°813839). 

 

1.3 Mesenchymal Stromal Cell 

Mesenchymal Stromal Cell (MSC) are non-hematopoietic, multipotent stromal/stem 

cells, that are present in almost all tissues and organs, including the bone marrow, 

periosteum, adipose tissue, pulp, synovium, umbilical cord, placenta and amniotic 

fluid 51, 52. They were first identified in bone marrow by Friedenstein in the late 1960s 

and described as fibroblast-like cells, adherent to plastic, forming clones, with the 

ability to self-renew in vitro and differentiate into osteoblasts, chondrocytes and 

adipocytes 53. Heterogeneity and discordances in terminology and criteria for 

stromal/stem cell, however, spread with increased research in the field. Therefore, 

the International Society for Cellular Therapy (ISCT) suggested the term “multipotent 

mesenchymal stromal cells” as consensus nomenclature 54. 

1.3.1 Biological characteristics of MSC 

The ISCT suggested minimal criteria to define MSC: (1) MSC must adhere to plastic 

under standard culture conditions; (2) more than 95% of the cells must express 

specific cell surface markers, notably CD73, CD90 and CD105, while lacking the 

expression of hematopoietic stem cell markers and autologous transplant rejection 

antigens such as CD45, CD34, CD14, CD11b, CD79α, CD19 and human leukocyte 

antigen (HLA)-DR; (3) in vitro, these cells must have the capacity to be induced to 

differentiate into adipocytes, osteoblasts and chondrocytes 55.   
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MSC demonstrate to have multi-lineage differentiation potential; in vitro, they can 

differentiate into the mesoderm lineage (bone, cartilage, fat, and connective tissues). 

Initially there have been some reports that these cells may even trans-differentiate 

into ectodermal (nerve and epithelial tissues) and endodermal cells (muscle and liver 

cells) 56, 57. 

As a result of their ability to self-renew and differentiate into different cell lines, MSC 

perform regenerative functions by replacing dying cells in various tissues and for this 

reason, have become the favourite seed cells for tissue engineering, eventually even 

for kidney tissue engineering. Some studies demonstrate a successful differentiation 

of MSC into kidney cells. In mice, bone marrow-MSC (BM-MSC) isolated from 

transgenic mice for green fluorescence protein (GFP) and injected into a C57BL/6j 

syngeneic model have demonstrated the potential to differentiate into glomerular 

cells 58. 

An important feature of MSC is their low immunogenicity. They show low expression 

of major histocompatibility complex (MHC) class I molecules but do not express MHC 

class II and costimulatory molecules, including B7-1 (CD80), B7-2 (CD86) and CD40 

59, unless stimulated. This is considered as an advantage allowing for allogeneic 

transplantation overcoming the HLA allogeneic barrier. However, many in vitro 

studies have shown that MSC can induce an immune response from allogeneic 

lymphocytes 60 . At the same time, in vivo experiments confirm that MSC do not 

induce an immune response after allogeneic transplantation 61. 

1.3.2 MSC mechanism of action  

1.3.2.1 Immunomodulation 

 
A very important function of MSC is the capacity to modulate immune responses. 

MSC have the ability to regulate mechanisms of both innate, as well as adaptive 

immune responses, through the modulation of cellular responses and the secretion of 

inflammatory mediators. The immunomodulation process takes place in many stages 

and includes recognition of the inflammatory response and migration of MSC to the 

site of injury, “licensing” or activation of MSC, if necessary, removal of pathogens and 

modulation of inflammation 62.  

MSC-mediated immunosuppression is induced by pro-inflammatory cytokines 

present in the inflammatory microenvironment. Exposure of MSC to interferon (IFN)-γ 

increases the immune suppressive activity by stimulating the production of inhibitors 
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of inflammation, for example, indoleamine-pyrrole 2,3-dioxygenase (IDO), factor H, 

prostaglandin E2 (PGE2), transforming growth factor β (TGFβ) and hepatocyte 

growth factor (HGF). This licensing has been demonstrated in vitro, where the pre-

treatment with IFN-γ stimulates MSC to secrete IDO in a dose-dependent manner, 

which inhibits the proliferation of CD8+ T cells 63. This activation step has also been 

shown in vivo in a Graft vs Host Disease (GvHD) model, since recipients of IFN -γ 

−/− T cells did not respond to MSC treatment and succumbed to GVHD 64.  

Interacting with macrophages, MSC promote their polarization from the M1 pro-

inflammatory phenotype to M2 anti-inflammatory cells, reduce the production of pro-

inflammatory cytokines such as tumor necrosis factor- α (TNF-α), interleukin-1 (IL-1), 

interleukin-6 (IL-6), interleukin-12p40 (IL-12p40), IFN- γ, and increase the secretion 

of anti-inflammatory cytokines, including interleukin-10 (IL-10) 65, 66. Some in vitro 

observations have been confirmed in in vivo studies, showing the important role of 

MSC in educating macrophages and promoting tissue repair during injury resolution. 

For instance, applying MSC to treat renal damage after ischemia mitigated the 

infiltration of macrophages and increased the proportion of M2 macrophages, 

combined with an increase in IL-1/6 production and secretion of IL-10 at ischemic 

sites 67. 

In the setting of kidney transplantation, there are several underlying mechanisms 

critically involved in MSC-induced graft protection. MSC injection reduced IFNγ and 

IL-6 levels in serum while increasing IL-10 as anti-inflammatory cytokine, suggesting 

that MSC reset the balance between T helper 1 and 2 cells. Furthermore, MSC 

infusion induces regulatory T cells (Treg), which significantly prolongs graft survival 

by Treg-dependent mechanisms and suppresses the receptor tyrosine kinase in 

monocyte/macrophage cells, preventing monocyte infiltration and acute rejection 68. 

In general, these data suggest that MSC prevent kidney graft rejection due to a shift 

of T cells toward an immune suppressive phenotype.  

1.3.2.2 Homing and Hemocompatibility 
 
One of the key benefits of MSC-based therapies is their ability to preferentially 

migrate to damaged tissues exhibiting inflammation 69. Here, the transplanted MSC 

are considered to act as a ‘‘drug store’’ to support recovery or tissue regeneration 70 

rather than by engrafting, integrating and differentiating per se within the tissue. 

If transplanted locally at the target tissue, MSC can be directed to the site of injury via 

a chemokine gradient. Upon intravenous infusion, MSC can escape the bloodstream 
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via a multi-step process, exit the circulation and migrate to the injury site. The initial 

tethering phase is mediated by selectins expressed by endothelial cells and CD44 

expressed by MSC. The interaction between these two factors makes it easier for 

MSC to start rolling along the vascular wall. The second phase, activation, is 

facilitated by protein-coupled chemokine G receptors, generally in response to 

inflammatory signals. Next, the integrins responsible for the arrest phase intervene 

and then the phase of transmigration or diapedesis begins, where MSC cross the 

endothelial cell layer and the basal membrane. To do this, MSC secrete matrix 

metalloproteinases (MMPs) to break down the endothelial basal membrane. Finally, 

MSC, attracted by chemotactic signals released during damage, migrate through the 

interstitium to the site of injury 71. 

One of the biggest challenges facing in A-MSC therapies is improving their homing 

efficiency. In diverse kidney disease models such as AKI, I/R 72 and cisplatin-induced 

AKI 73, no significant evidence of cell migration to the kidney was found despite the 

therapeutic effect observed. The percentage of intravenously administered MSC that 

reach the target tissue was low, most of them tended to accumulate in the lung, 

spleen or liver (filter organs) 74, risking getting trapped as microemboli 75. However, it 

has also been suggested that the MSC that home to certain organs such as the 

spleen may reduce inflammatory infiltrating cells. In contrast, a local transplantation 

to injured sites delivers a larger amount of MSC to the kidney that enhances 

endogenous renal stem cell proliferation but may promote capillary obstruction 18, 76. 

 

In recent years there has been concern regarding thrombotic events in response to 

intravascular MSC therapy. Thromboembolic events can occur for several reasons, 

the relative large MSC that can be entrapped and occlude small vessels  77. Or the 

expression of procoagulant molecules such as tissue factor (TF) can trigger the 

clotting cascade 78. Thus, several studies recommend selecting for TF-negative MSC 

and to incorporate suitable anticoagulation strategies into clinical protocols, to 

mitigate any risk of thrombotic events 78.  

In addition, in a previous study carried out by my research group, it is shown that 

MSC do not induce platelet activation and thereby thrombus formation, but through 

the activity of CD73 to generate antithrombotic adenosine to inhibit the overactivation 

of platelets 79. 
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1.3.2.3 MSC therapy in the treatment of kidney disease 
 

Pre-clinically, MSC therapy has been shown to positively affect kidney function and 

survival of the graft 80, 81. Since the first successful clinical application of MSC in 2004 

82, research on therapeutic applications of MSC has expanded to currently record 

more than 500 clinical trials 83. Among them, nine clinical trials use MSC as cell 

therapy in kidney transplantation.  

The benefits of allogeneic MSC in cisplatin-induced AKI treatment are documented in 

several studies, where different cell sources, administration routes and approaches 

are tested to better understand the mechanisms of action involved 84-86. In animal 

models of cisplatin-induced AKI, MSC therapy has shown encouraging therapeutic 

effects, mainly involving reno-protective trophic effects (Fig. 4). Is largely 

demonstrated that the anti-apoptotic mechanism is one of the main effects mediated 

by MSC, even though further analyses are necessary to clarify how this is 

accomplished.  

In xenogenic studies, good results in terms of survival rate, kidney function and 

morphology were achieved through the application of different types of MSC. For 

example, the therapeutic effect of A-MSC was demonstrated for the first time in a 

cisplatin-induced AKI model in 2012 by Kim et al. where cells and their paracrine 

factors were tested, resulting in a reduction of renal tissue damage and an increase 

in survival rate 73. Infusion of A-MSC has resulted in a vast therapeutic effect, 

including reductions in apoptotic cell death and the release of paracrine factors that 

exert an anti-inflammatory action by suppressing the release of TNF-α and IL-1 from 

renal tubular cells.  

Other studies have proposed that A-MSC cells, when transplanted together with 

hematopoietic stem cells, show greater efficiency than when transplanted alone 87. 

Or, pre-transplant A-MSC combined with hematopoietic stem cells, minimized the 

overall application of immune suppressants in kidney transplantation 88, 89. 

Phase I of a pilot study started in 2011 90 aiming to test the safety and efficacy of ex-

vivo MSC to repair the kidney and improve renal function in patients with solid organ 

cancer who develop AKI after treatment with cisplatin. In this study, the patients were 

treated with a single systemic infusion of allogeneic BM-MSC with a 1-month follow-

up. 

Although many clinical trials have demonstrated promising outcomes of MSC-based 

therapy, the best source of MSC, the optimal timing, dosage, route and frequency of 
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administration, as well as long-term post-transplantation safety remain unclear. 

Nevertheless, it is expected that MSC will contribute substantially to the success of 

human kidney transplantation, while large-scale, multi-centre clinical trials are 

needed to further validate their clinical effects 91. 

 

 

 

Figure 4. Schematic representation of MSC mechanism of action in kidney disease. This image was 

created using BioRender. 

 

1.3.2.4 Paracrine effects 
 
Until the early 20th century the use of MSC in regenerative medicine seemed the 

right choice given their ability to home at injury sites and to differentiate into different 

cell types, contributing to tissue repair. This theory was revised however when 

Gnecchi and colleagues revealed that MSC mediated their therapeutic effects by 

release/secretion of trophic molecules, now known as secretome. In 2005, it was 

described for the first time that the MSC-conditioned culture medium (MSC-CM) was 

capable of reproducing cardio-protective effects of MSC transplantation in myocardial 
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infarction 92, indicating that therapeutic efficacy can be mediated by the secreted 

factors alone, being able to activate the repair and regeneration of the damaged 

tissue. 

Consequently, several clinical studies have infused MSC secretome in its entirety or 

individual paracrine factors to elicit a positive benefit in a wide range of therapeutic 

and immunomodulatory applications, including the treatment of skin wounds, 

distraction osteogenesis, and kidney injury 93, 94. Confirmation comes from in vivo 

studies where both MSC and their conditioned medium (CM) were able to enhance 

kidney function 95. In addition, the therapeutic power of CM has been associated with 

drug-induced cytotoxicity, MSC-CM inhibited epithelial-mesenchymal transition and 

improved renal fibrosis in kidney epithelial cells under cisplatin treatment 96. 

MSC’s secretome is described as a complex mixture of soluble products composed 

of protein-soluble fractions such as enzymes, cytokines and growth factors and a 

vesicular fraction including extracellular vesicles (EVs), microvesicles (MVs) or 

exosomes which are involved in the transfer of proteins and genetic material (e.g., 

microRNAs) to other cells, with promising therapeutic effects 97.  

Several studies have shown that MSC support renal recovery through the release of 

growth factors such as vascular endothelial growth factor (VEGF), insulin-like growth 

factor 1 (IGF-1) and Hepatocyte Growth Factor (HGF). VEGF is also involved in 

angiogenesis, immunomodulation and cell survival. instead TGF-β is known to 

potentiate immunomodulation, cell growth, proliferation and differentiation, and 

wound healing. And HGF has been reported to be involved in immunomodulation, 

cell migration, development, and apoptosis 98, 99.  

Data presented by Villegas and co-workers demonstrated that VEGF can act directly 

on renal epithelial cells via the vascular endothelial growth factor receptor 2 (VEGFR-

2) receptor stimulating proliferation and promoting survival 100. 

Cell-free therapy is now more and more discussed as alternative to cell-based 

therapies due to its advantages:  

(1) Paracrine factors can be bioengineered and scaled to specific dosages.  

(2) The nature of the secretome allows it to be stored and transported efficiently 101.   

(3) The use of MSC secretome is more economical and practical for clinical 

applications, as it avoids invasive cell collection procedures.  
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(4) The administration of bioactive factors as a therapeutic product represents a safer 

alternative, without the risks of tumour development or emboli formation, entrapment 

in lung microvasculature, and less immunogenicity 102. 

(5) The secretome or its components are beginning to be considered a potential 

active pharmaceutical component, where its vesicular component has revealed 

promising features e.g. for use as a drug delivery system.  

The EVs can be designed to increase the levels of active molecules (proteins or 

RNA) already present in the EVs, or through transfection of the stem cells change 

their cargo. Furthermore, biodistribution/stability can be altered by changing the 

composition of surface molecules 103.  

However, the main concern raised by various authors remains the absence of a 

standard protocol for MSC isolation/expansion, secretome production, collection, and 

bioprocessing 104. 

 

1.4 Extracellular Vesicle 

 
The term extracellular vesicle (EV) is commonly used in the scientific community to 

identify a heterogeneous population of vesicles delimited by a lipid bilayer. Typically, 

they are classified according to their origin and size 105.  

EVs, especially exosomes, carry a wide range of bioactive factors such as proteins 

and lipids, as well as transcription factors, messenger RNA (mRNA), microRNA 

(miRNA), long non-coding RNA (lncRNA), DNA, and signal transduction molecules 

106, 107. The region of origin of EVs determines their phenotype, but mainly their 

function. Although MSC from different tissues, such as adipose tissue, human 

umbilical cord and bone marrow, share common therapeutic effects, the efficiency 

and regulatory pathways triggered by EVs can vary among the MSC subtypes. 

Indeed, MSC from tissues of different origins are not used identically for some 

diseases and target organs. Preclinical studies of MSC-EV typically select a source 

tissue that is closely associated with the organ where the disease is occurring or 

affected. The identification of miRNAs and protein markers based on unique 

expressions in the respective source tissue, has allowed to identify pathways where 

EVs are most involved. For example, BM-MSC-EVs have been shown to play an 

important anti-apoptosis and astrocyte differentiation role. A-MSC-EVs showed 

strong effects on phagocytosis, cell motility and osteoblast differentiation. Finally, UC-
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MSC-EVs are reported to be involved in angiogenesis, improvement of spinal cord 

injury and regulation of various signalling pathways, such as IL-17 and TGF-beta 

signalling 108. 

Exosomes and macrovesicles are part of the EV category and are often mixed up in 

literature, therefore the International Society of Extracellular Vesicles (ISEV) unified 

the nomenclatures and the methodologies for the isolation and characterization of 

EVs 105. The “minimal information for studies of extracellular vesicles (MISEV)” 

provide a list of requirements for extracellular vesicles to be classified as vesicles. 

The main ones are (1) to quantify the number of cells secreting EV, (2) to determine 

the number of EV particles, (3) to define the presence of constituents associated with 

EV and (4) to define the existence of co-isolated components (Fig. 5). The correct 

characterization of EV is crucial to associate functions uniquely to EV rather than 

their co-isolated particles 109. 

 

 

Figure 5. Overview of commonly used EV isolation and characterization methods. Some EV 

isolation methods are shown in the graph, ultracentrifugation and size exclusion chromatography are 
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the techniques used to isolate EV. The characterisation methods described are those we use in our 

work. NTA= indicates Nanoparticle Tracking Analysis; TEM= transmission electron microscopy. This 

image was created using BioRender. 

 

Exosomes are the most characterized and widely studied EVs 110. They are 

distinguished from macrovesicles by their size range (50-150 nm) and biogenesis. 

They are generated from the inward budding of late endocytic compartments, called 

multivesicular bodies (MVBs) and subsequently secreted to the extracellular 

environment as membranous vesicles upon fusion with the membrane plasma. Also, 

exosomes are characterized by the presence of evolutionarily conserved proteins, 

like tetraspanins (CD9, CD63 and CD81), heat shock proteins (HSP60, 70 and 90), 

MHC I and II classes, Alix and Tsg101.  

Macrovesicles are in the range of 100-1000 nm and are formed through the direct 

budding of the plasma membrane. Their release is independent of MVB and does not 

require exocytosis. Finally, apoptotic bodies are large-size vesicles from 1 mm up to 

5 mm and are shed by blebbing off the plasma membrane of apoptotic cells (Fig. 6) 

103. 

 

Figure 6. Classification of Exosomes, microvesicles and apoptotic bodies according to ISEV criteria . 

This image was created using BioRender. 

 

EVs have been shown to have key roles in cell-cell communication in health and 

disease.  
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EVs transmit information to the receptor cells through different mechanisms. One of 

these mechanisms is endocytosis, where the EV fuses with the membrane of the 

organelles and discharges their content in the cytoplasm. They may also merge with 

the membrane of the recipient cell to release their charge intracellularly, directly or 

through specific receptors. Finally, the membrane surfaces of EVs can trigger 

signalling cascades through receptor/ligand interactions without internalization 111.  

EVs can provide various factors, which can regulate a range of biological functions, 

including cell proliferation, anti-apoptosis, anti-fibrosis, anti-inflammation, and 

angiogenesis 112. For example, EVs isolated from MSC have demonstrated a 

therapeutic effect on kidney disease through immunomodulation and regeneration 

113.  

1.4.1 MSC-EVs in kidney disease  

 
Like for other organs, several pre-clinical studies demonstrate that stromal/stem cell-

derived EVs promote tissue repair and reduce inflammation in kidney disease 114. In 

2009, Bruno et al. proved that EVs isolated from human bone marrow MSC support 

epithelial cell survival in acute renal failure, stimulating their proliferation and 

preventing apoptosis 115. In an animal model of renal I/R injury, EVs show to 

decrease epithelial tubular cell damage, increase cell proliferation and kidney 

function 116, 117. Some data suggested that EVs have the ability to induce 

neovascularization in the kidney. It has been noted that the infusion of EV improves 

capillary renal density and reduces renal fibrosis in a rat model of an AKI 118. 

Moreover, MSC-EV also have a beneficial effect in the treatment of toxic nephropathy 

induced by cisplatin and gentamycin by inhibiting mitochondrial apoptosis in epithelial 

tubular cells and cell proliferation induction 119 or ameliorated renal function and 

reducing the histological lesion of the disease 115. 

It is well known that EV activity mainly involves the horizontal transfer of biologically 

active molecules and genetic information such as mitochondria, proteins, lipids, 

microRNAs (miRs), messenger RNAs (mRNAs) and transfer RNAs (tRNAs), 

influencing the function of the target cells 103, 120.  

Among the various molecules present in the EV cargo, miRNAs have been 

considered critical elements in renal cell reprogramming. Their role has been 

highlighted with Drosha knockdown in stem cells that abolished the protective effect 

of EVs 121. 
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EVs also contain a protein component, Kim et al. reported the proteomic analysis of 

human bone marrow MSC-EVs by the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) software and indicated that MSC-EVs contain 730 

proteins, and these proteins are mainly involved in cell cycle, proliferation, migration, 

adhesion (for instance fibronectin, ezrin, Ras GTPase-activating-like protein IQGAP1, 

and integrin), signalling molecules (for instance mitogen-activated protein kinase 

(MAPK)1 and CDC42) and morphogenesis 122.  

Translation of EV-based therapy into clinical practice requires clarification of several 

critical issues. Identifying optimal protocols for EV is the primary consideration for 

production, isolation and storage 123. Nevertheless, prof-of-principle studies have 

been performed already in patients with chronic kidney disease (CKD) 103. One trial 

was designed by Nassar et al. to assess the safety and therapeutic efficacy of 

umbilical cord MSC-EVs in ameliorating the progress of chronic kidney disease. In 20 

patients with CKD an improvement of renal function was observed with amelioration 

of glomerular filtration and reduced blood urea and serum creatinine, one year after 

EV administration (2 doses). Moreover, patients showed a reduction in TNF-α levels 

and an increase TGF-1 and IL-10 in plasma 124. 

Through the use of more advanced techniques in production and isolation, large-

scale production of EV has been established. EVs can be easily stored for long 

periods and transported as cryovials or even lyophilized. The possibility of EV 

bioengineering allows the design of treatments customized according to the 

pathophysiological aspects of the patient’s kidney. Moreover, unlike drug delivery 

systems, such as liposomes and polymer micelles, the use of EVs has advantages in 

structural stability, non-toxicity, and low immunogenicity which are related issues with 

synthetic nanoparticles 125. 

Although these cell-free therapies might promise to treat kidney lesions, clinical use 

still has challenges. The heterogeneity of MSC secretions obtained from different 

tissues could strongly influence the therapeutic potential. In addition, some 

preconditioning stimuli can affect the quality and quantity of trophic factors in the 

MSC-EV. Other important challenges are their safety, the analysis of MSC cell 

sources, the standardization of EV production and the development of methods to 

control the quality and safety of therapeutic EVs 103, 112, 126. To identify the 'active 

substance/component' responsible for the biological activity of novel EV therapeutics, 

it is necessary to have a better understanding of their specific mechanisms. 
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1.5 microRNAs 

One part of the various mechanisms by which MSC and EVs are considered to 

mediate their therapeutic effects is via the transfer of microRNAs. RNA transcripts 

include messenger RNA and non-coding RNA. The latter is divided into two main 

categories: small non-coding RNA (<200 nucleotides) and long non-coding RNA 

(lncRNA, >200 nucleotides). Some small non-coding RNAs, housekeeping RNAs, 

such as ribosomal RNA (rRNA) and transfer RNA (tRNA), are essential for cell 

physiology 127. Another group of small RNAs, present in all eukaryotic organisms, 

negatively controls the expression of unwanted genetic material. Based on their 

length (20-30 nucleotides) and association with proteins of the Argonaut family 

(AGO), small RNAs have been classified into three classes: miRNA, small interfering 

RNA (siRNA), and piwi-interacting RNA (piRNA) 128. MiRNA and siRNA are similar in 

both biochemical and functional terms: both are 19-20 nucleotides (nt) long; they 

have a 5'-phosphate and a 3'-hydroxyl end and are part of the RNA-induced 

suppression complex (RISC) that inhibits the expression of a specific gene. These 

molecules are distinguished by their original region: the miRNAs derive from a 60-70 

nt long double-stranded region and siRNAs from long double-stranded RNA. They 

are also distinguished by their mechanism of action on target messengers: siRNA 

has a perfect base-pair that induces target cutting and degradation, while miRNA has 

imperfect base-pairing, with one or more mismatches in sequence complementarity; 

thus it blocks the translation of their respective target 129. 

The latest release of the miRbase database (v22) contains 2654 human mature 

miRNAs sequences, which confirms their importance in gene expression regulation.  

In the majority of organisms, miRNA is less abundant than mRNA and protein, 

because a single miRNA can regulate hundreds of messengers and, vice versa, a 

single mRNA can be regulated by several different miRNAs 130. About 60% of human 

genes are cooperatively regulated by multiple miRNAs 131. miRNAs were originally 

considered the "waste DNA" product, however, we know now that they are involved 

in the regulation of about 30% of all mammalian protein-coding genes and that they 

have different roles in the cell cycle, apoptosis, tissue development, division of stem 

cells and development of degenerative diseases 132, 133. 
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1.5.1 miRNA`s biogenesis 

The biogenesis of miRNA is mediated by multiple steps: transcription of primary 

miRNA transcripts, nuclear processing by Drosha, nucleocytoplasmic export, 

cytoplasmic processing by Dicer, and formation of RNA-induced silencing complex 

(RISC) with Argonaute (Ago) proteins 134. 

MiRNAs are generally synthesized as long primary transcripts, called pri-miRNA, 

from RNA polymerase II or III (Fig. 7). miRNAs are encoded as individual miRNA 

genes (monocistronic), as miRNA clusters (polycistronic), or in introns of protein-

coding genes (intronic) 135. Pri-miRNA (primary miRNA) are polyadenylated at the 3' 

and bind a 7-methylguatin at the 5'. Also, they maintain an internal hairpin-loop 

structure that will be recognized and processed within the nucleus by a tandem of 

interacting proteins: the RNA-binding protein DiGeorge syndrome critical region 8 

(DGCR8) and nuclear enzyme RNase III Drosha. DGCR8 protein binds double-

stranded RNA (dsRNA) recognizing the apical region of the hairpin and 

simultaneously stabilizes the Drosha binding that will process the dsRNA segment 

136.  

Once the pre-miRNA (precursor miRNA) is produced, it is exported from the nucleus 

via exportin-5, (XPO5)/RanGTP complex. Once in the cytoplasm, pre-miRNA is 

released from exportin-5 after GTP hydrolysis 137. 

In the cytoplasm, pre-miRNA hairpin is processed by the Dicer ribonuclease, a type 

III endonuclease consisting of 2 double strand binding domains and two catalytic 

RNAse III domains, including Paz domain responsible for the first binding with pre-

miRNA.  

Paz recognizes the 3'OH at the free end of the pre-miRNA and this allows Dicer to 

bind with its double-strand binding domain. The two RNase III domains (the ones that 

will cut) are positioned at such a distance from the double strand and the Paz domain 

that produce 20-22 nt fragments with staggered ends of 2 nucleotides. 

After cleavage, only one filament of the dsRNA is incorporated into the RISC 

complex. The selection of one or the other filament is based on the thermodynamic 

properties of the dsRNA: the less stable filament at 5' is the one that is usually loaded 

into AGO, and is deemed the guide strand. The unloaded strand is called the 

passenger strand, is cleaved by AGO2 and degraded by cellular machinery 138.  

The post-transcriptional silencing of the target mRNA is due to the components of the 

RISC complex activated by the miRNA/mRNA pairing. The key protein components 
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of this complex are members of the Argonaut family consisting of a domain PAZ (Piwi 

Argonaute Zwille), involved in the link with miRNA, and a domain PIWI, involved in 

cutting. In humans, Ago2 is the only Argonaut protein capable of endonucleolytic 

cleavage 139. Argonaute associated with miRNA binds to the 3′-untranslated region 

(3′-UTR) of mRNA and prevents the production of proteins in different ways. The 

recruitment of Argonaute proteins to targeted mRNA can induce deadenylation of the 

polyadenylated 3′-end and induce mRNA degradation. The Argonaute–miRNA 

complex can also affect the formation of functional ribosomes at the 5′-end of the 

mRNA by competing with translation initiation factors and/or abrogating ribosome 

assembly (translation initiation). In addition, the Argonaute–miRNA complex can alter 

protein production by recruiting cellular factors (peptidases, post-translational 

modifying enzymes) that will target the degradation of the growing polypeptides 

(translation elongation) 134, 140. 
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Figure 7. MiRNA biogenesis. Overview of microRNA (miRNA) biogenesis. This image was created 

using BioRender. 

 

1.5.2 microRNAs in nephrotoxicity  

In mammals, microRNAs are estimated to control the activity of ~50% of all protein-

coding genes 141. Here, microRNAs control different physiological processes such as 

metabolism, apoptosis, cell proliferation, stem cell division, muscle differentiation and 

brain morphogenesis. Accordingly, aberrations in their expression are related to a 

variety of pathologies, ranging from tumours to autoimmune diseases 142.  
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In recent years, the the involvement of miRNA in kidney disease has been gradually 

recognized. Wei et al. reported for the first time the essential involvement of miRNAs 

in ischemic AKI by using a proximal tubule-specific Dicer knockout mouse model. In 

the proximal tubule, microRNAs appear to promote cellular injury because a selective 

loss of Dicer in animals after three weeks of age confers resistance to ischemia-

reperfusion injury 143.  

Another study by Zhu et al. demonstrated changes in microRNA expression during 

renal IRI in laboratory rats. Using a gene microarray assay, it has been observed that 

cisplatin-induced kidney injury caused an upregulation in 36 miRNAs and 

downregulation in 8 miRNAs. One of these miRNA was mir-146b, which through its 

inhibition has been shown to play a role in the regulation of apoptosis 144. 

In addition to mir-146b, another apoptosis-related miRNA is mir-34a. In addition, this 

miRNA was found to be a new downstream target of p53 making it important for 

therapeutic purposes. Its correlation with p53 has been demonstrated in vitro in 

mouse proximal tubular cells, the treatment with cisplatin upregulates the expression 

of mir-34a, and an inhibition of p53 abolishes its up-regulation. It has also been 

shown that if an antisense for mir-34 is used, apoptosis will increase and cell survival 

will be reduced 145. 

Numerous studies have demonstrated that miRNAs can be released into extracellular 

fluids. Extracellular miRNAs can be used as biomarkers for a variety of diseases. The 

extracellular miRNAs can be delivered to target cells and they may act as autocrine, 

paracrine, and/or endocrine regulators to modulate cellular activities. MSC have been 

verified to be a safe and effective delivery vehicle for therapeutic miRNA treatment, 

through EVs 112. 

An in vitro study reports the protective role of mir-1184 carried by EVs and released 

in target cells. A bioinformatics analysis was performed on the different expressions 

of miRNA in human kidney 2 (HK2) cells treated with 20 µM cisplatin for 48 h. 

Through this analysis, mir-1184 has been identified, which is also expressed in the 

MSC. With the transfection of the MSC, they produced an EV expressing mir-1184. 

Treatment of HK2 cells with these EVs showed a reduction of apoptosis through 

FOX1 and p27 kip1 which induces the G1 phase of the cell cycle 146. 

 

MicroRNAs are highly conserved RNA non-coding between species, making them 

potential biomarkers in addition to their specific expression in different tissues or 
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pathological states, relatively simple laboratory methods for their analysis and 

stability in different body fluids (e.g., blood and urine, commonly used as samples 

because they can be collected using minimally invasive procedures) 147, 148.  

For example, miR-21 in urinary and plasma was strongly associated with severe AKI 

149 and miR-494 level in urinary was elevated earlier than serum creatinine level after 

I/R 150. Mir-192 151 or Mir-378a, 1839, 140, 26b, and let-7g 152 have been commonly 

modified into in vivo models of cisplatin-induced tubular lesions and considered 

biomarkers for nephrotoxicity 153, 154. 

A potential clinical application would be to measure their expression and be able to 

predict the pathological condition of AKI or to distinguish a patient with AKI from one 

without.  

The therapeutic approach includes two possibilities: the use of therapeutic miRNAs, 

through the use of a mimic one may be able to restore the expression of miRNA and 

therefore its biological function. Vice versa one may consider using miRNA inhibitors 

(anti-miRNA) to reduce the expression of upregulated miRNAs during pathogenesis. 

There are already examples for clinical applications, in e.g. wound healing: A Phase 

2 clinical trial was recently completed to test the effects of a miR‐29 mimic drug 

(MRG‐201; remlarsen) to prevent the formation of a fibrotic scar (hypertrophic scar or 

keloid) or cutaneous fibrosis 155. In addition, Phase 1 and 1b clinical trials have been 

completed to test the effects of a miR‐92a antagomir (MRG‐110) in wound healing 155 

and a miR‐21 antagomir (CDR132L) to treat the effects of heart failure 156.  

1.5.3 MiR-181a’s family 

A family of miRNA is a group of miRNAs that are derived from a common ancestor. 

Normally, members of a miRNA family are functionally similar but are not necessarily 

preserved in the primary sequence of the secondary structure. The miR-181 gene 

family is an ancient family that originated in the invertebrate urochord species. 

Phylogenetic analysis of the Mir-181 family in vertebrates has shown that the 

expansion of this gene family has occurred through gene duplication 157. 

The miR -181 family has four members (Mir-181a, Mir-181b, Mir-181c and Mir-181d). 

Their binding region is complementary to a few hundred mRNAs identified so far, 

allowing members of the miR-181 family to regulate their target genes either by 

inhibitory binding to their mRNA or by activating the silencing complex and causing 

degradation of the target mRNA 158.  
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The mir-181 family recognizes the coding sequence for the C2H2 domain of zinc 

finger (ZNF) genes and down-regulates the expression of ZNFs, the regulators of 

transcription 159. Thanks to this sequence recognition, the mir-181 family has access 

to the regulation of numerous cellular pathways. They are important in cellular 

development and differentiation, evidenced by their aberrant expression in cancers 

and autoimmunity 160. 

A member of the miR-181 family, miR-181a, is described as a mitochondrial miRNA 

in human kidneys 161, 162. Overexpression of miR-181a could enhance cell 

proliferation and as well reduce apoptosis of clear cell renal cell carcinoma via the 

down-regulation of Krüppel-like factor 6 (KLF6) expression 163. Furthermore, HK-2 

cells treated with cisplatin show a significant increase of miR-181a, which contributed 

to cell apoptosis and cell death by directly regulating target genes such as Bcl-2 and 

Bax. Inhibition of miR-181a promotes the expression of Bcl-2 and suppressed Bax, 

accompanied by the protection of proximal tubular cells from cisplatin injury 164. Mir-

181a also plays a protective role in chronic kidney disease, its over-expression 

reduces glomerular sclerosis and renal tubular epithelial injury in rats 165. 
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2 AIM OF THE STUDY 

Cell-based regenerative medicine therapies based on MSC are opening new 

perspectives for treatment of numerous diseases. Still, despite the promising results, 

translation into the clinical scenario has not shown the expected results. Our limited 

understanding of the underlying mechanisms of cell-based RMTs is a barrier that 

makes it difficult to ascertain why some RMTs work well in animal models, but not so 

well in patients.  

To understand the mechanisms of action of MSC and to be able to study its effects in 

the context of renal injury in vitro, we designed our work to answer 3 questions. 

 

AIM 1. Is it possible to identify a specific source of MSC that is better suited for 

therapeutic applications? 

 

AIM 2. Is the secretome as efficacious as MSC and if so, which part of the secretome 

reproduces the therapeutic effect?  

 

AIM 3. Do microRNAs play a role in the protective effect of MSC? 

 

AIM 1. Is it possible to identify a specific source of MSC that is better suited for 

therapeutic applications? 

In an collaborative approach within the RTB consortium, we compared MSC from 

three different tissue sources to understand whether one or the other is better suited 

for therapeutic applications. Here, we pursued the following experiments: 

- harmonize culture conditions 

- ship the cells to the different centers to perform basic manufacturing and 

characterization steps, mimicking different decentralized production centres. 

We hypothesised that using a common protocol could reduce site-to-site variation 

whilst maintaining the tissue and donor-specific differences. In the second part of the 

study, each centre performed individual assessments of the three MSC types. While 

the lab in Galway focused on the regenerative capacity of MSC, the lab in Liverpool 

assessed their homing capacity and in our lab we addressed immunomodulatory 

activities. 
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AIM 2. Is the secretome as efficacious as MSC and if so, which part of the 

secretome reproduces the therapeutic effect? 

As introduced, various studies suggest that the secretome is as potent as the MSC 

themselves. Thus we asked whether it is the EV-enriched component or rather the 

secreted/protein-rich fraction which is active. To address this, we first established a 

AKI in vitro model based on cisplatin injury. Then we compared the EVs obtained 

using different isolation methodologies and the protein-rich fraction with the entire 

secretome to identify the component that had the maximum effectiveness in a multi-

matrix assay of cisplatin-injury. 

 

AIM 3. Do microRNAs play a role in the protective effect of MSC? 

The final goal of the project was to validate and explain the molecular mechanisms 

behind the therapeutic effects of MSC derivatives in an in vitro injury model. We 

hypothesized that MSC-derived secretome exerts a protective effect, among others, 

modulating the expression of miRNA in post-transcriptional gene regulation in injured 

target cells. In particular, we focused on studying the change of microRNAs induced 

by the presence of the MSC-CM. For this purpose, first we tested the efficiency of 

MSC-CM in our cisplatin injury model, then we carried out a screening of microRNA 

identifying a possible microRNA sensitive to the action of MSC-CM. Finally, we tested 

its role in the protective effect of MSC-CM in an in vitro apoptosis assay. 
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3 MATERIALS AND METHODS 

3.1 Material 

3.1.1 Cells 

 

3.1.1.1 Cell culture products 
 

Product Company Catalog No. 

DMEM  PAN Biotech P04-01500 

RPMI 1640 Lonza 12-918F 

DMEM-F12  ThermoFisher 11039047  

Cell type Source / Manufacturer 

Adipose derived human 
mesenchymal stromal cells  

(A-MSC) 

Mannheim: Self isolated in laboratory. 

 Mannheim Ethics Commission II (vote number 
2006-192 N-MA); 

Bone marrow derived human 
mesenchymal stromal cells  

(BM-MSC) 

Galway 

Obtained from Lonza (Basel, Switzerland) 

Umbilical cord blood-derived 
human mesenchymal stromal 

cells  
(UC-MSC) 

Liverpool 

Isolated and obtained from NHS Blood and 
Translant in accordance to Declaration of 

Helsinki, before being transferred to University of 
Liverpool. 

Human peripheral blood 
mononuclear cells (PBMC) 

Previously isolated in laboratory leukapheresis 
samples. 

Provided kindly by the German Red Cross Blood 
Donor Service in Mannheim, Germany. 

Leukapheresis samples: Mannheim Ethics 
Commission II (vote number 2018-594N-MA). 

Conditionally immortalized 
proximal tubular epithelial cells 

Purchased from Cell4Pharma 

Human umbilical vascular 
endothelial cells (HUVEC) 

Previously isolated in laboratory 

Ethical vote: MA-2023-567N-MA 
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α-MEM Gibco 2561029 

EndoGRO-LS Complete 

Culture Media Kit  
Sigma-Aldrich SCME001 

Mesenchymal Stem Cell 

Adipogenic Differentiation 

Medium 

Promocell 

 

C-28016 

Mesenchymal Stem Cell 

Osteogenic Differentiation 

Medium 

C-28013 

Supplement mix Adipogenic 

Differentiation Medium 
C-39816 

Supplement mix Osteogenic 

Differentiation Medium 
C-39813 

 Opti-MEM Gibco, Thermo Fisher Scientific 31985062 

Hoechst 33342 Invitrogen 917368 

Adipored assay reagent Lonza PT-7009 

OsteoImage™ Mineralization 

Assay 
Lonza PA-1503 

Collagenase NB 6 GMP Grade Serva Electrophoresis 17458 

Human allogeneic serum 

pooled from healthy AB donors 

(AB serum) 

German Red Cross Blood Donor Service, Institute 

Mannheim 

Fetal Bovine Serum (FBS 

serum) 
Gibco 

10270-106 (Lot 

2Q7096K) 

Penicillin/Streptomycin 

PAN Biotech 

P06-07100 

L-glutamine P04-80100 

Trypsin/EDTA P10-024100 

EDTA Applichem A3145,0500 

DPBS (1X) Gibco 14190-094 

HBSS Sigma-Aldrich H8264 

Dymethylsulphoxide (DMSO) Wak-chemie Medical GmbH WAK-DMSO-10 

IL-2 human recombinant PromoCell C-61240 

Phytoemagglutinin-L (PHA) Merck Millipore M5030 
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Interferron-y human 

recombinant (IFNγ) 
R&D Systems 285-IF 

VEGF Peprotech 100-20-10UG 

ZM32381 ChemCruz  

Accutase 

Sigma-Aldrich 

 
Insulin-Transferrin-Sodium 

Selenite Supplement (ITS) 
11074547001 

Epidermal Growth Factor (EGF) 

human recombinant 
E9644 

Hydrocortisone H0135 

Triiodothyronine (I3) T5516 

PrestoBlueTM HS Invitrogen P50200  

Fibronectin PromoCell C-43060 

Apotracker Biolegend 427401 

Lipofectamine RNAiMAX Thermo Fisher Scientific 13778075 

Cisplatin Teva®  

Antimicin A Sigma-Aldrich 1397-94-0 

 

3.1.1.2 Cell culture media 
 

Media Composition 

Mesenchymal Stem Cell growth 

media (Part 1) 

500 ml α-MEM  

10% FBS 

100 U/ml penicillin and 10mg/ml streptomycin 

4mM L-glutamine 

Mesenchymal Stem Cell growth 

media (Part 2 and 3) 

500 ml DMEM 

10%AB serum 

100 U/ml penicillin and 10mg/ml streptomycin 

4mM L-glutamine 

DMEM FBS  
500 ml DMEM  

10% FBS  
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1% Penicillin/Streptomycin 

2% L-glutamine 

CiPTEC Complete Culture Media 

500 ml DMEM-F12 

5 µg/ml Insulin, 5 µg/ml Transferin, 5ng/ml 

Sodium Selenite 

10 ng/ml EGF 

36 ng/ml Hydrocortisone 

40 pg/ml I3 

10% FBS 

CiPTEC Serum Free Media (SFM) 

500 ml DMEM-F12 

5 µg/ml Insulin, 5 µg/ml Transferin, 5ng/ml 

Sodium Selenite  

10 ng/ml EGF 

36 ng/ml Hydrocortisone 

40 pg/ml I3 

PBMC Media 

500 ml RPMI 

100 U/ml penicillin and 10mg/ml streptomycin 

4mM L-glutamine 

10% FBS 

Huvec Media 

500 ml EndoGRO-LS medium 

10% FBS 

 

 

3.1.2 Flow cytometry 

3.1.2.1 Flow cytometry solutions 
 

Name Composition 

FACS Buffer 

1L DPBS 

0.4% BSA 

0.02% NaN3 
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Adjust to pH 7,4 

 

3.1.2.2 Flow cytometry Antibodies 
 

Antibody Fluorochrome Clone Manufacturer 
Catalog 

No. 

Anti-IDO PE eyedio eBioscience 
12-9477-

42 

Human MSC characterization 

Anti-CD44 PE  

BD Biosciences 

BD StemflowTM 

Human MSC 

Analysis Kit 

562245 

anti-CD73 APC  

anti-CD90 FITC  

anti-CD-105 PerCP-CyTM  

h-MSC Positive 

Isotype Cocktail 

control 

  

h-MSC Negative 

Isotype Cocktail 

control 

PE  

h-MSC Positive 

Cocktail control 
  

h-MSC Negative 

Cocktail control 
PE    

 

3.1.2.3 Flow Cytometry buffers and reagents 
 
 

Product Company Catalog No. 

Cell wash BD Biosciences 349524 

IC Fixation Buffer eBioscience 00-8222-49 

Permeabilization Buffer 10x Invitrogen 00-8333-56 

Cytotell Green ATT Bioquest 22253 

FcR blocking reagent (human) Miltenyi 130-059-901 

Fixable Viability dye eFluor450 

(eF450) 
Invitrogen 65-0863-14 
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Precision Count beads BioLegend 424902 

 

3.1.3 Western blot 

3.1.3.1 Western blot solutions 
 
 

Name Composition 

Tris buffer saline (TBS) 10x 

1L DPBS 

6.05g Tris 

8.76g NaCl 

Adjust to pH 7,6 

Tris buffer saline 1x + Tween (TBS-T) TBS + 0.1% Tween 20 

Towbin buffer 

70% deionized water 

20% methanol 

10% 10X TGS 

Blocking buffer 5% BSA in TBS-T 

 
 

3.1.3.2 Primary Antibodies 
 

Antibody Dilution Clone Species Manufacturer 
Catalog 

No. 

Anti human-

Calnexin 
1:500 E-10 Mouse Santa Cruz sc-46669 

Anti-human p53 1:100 DO-1 Mouse Santa Cruz Sc-126 

Anti human-

GAPDH 
1:1000 

 
Rabbit Abcam Ab9485 

 

3.1.3.3 Secondary Antibodies 
 

Antibody Dilution Clone Species Manufacturer 
Catalog 

No. 
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 Anti-mouse 
HRP 

1:5000 Polyclonal Goat 
GE Healthcare 
Bio-science AB 

P0447 

Anti-rabbit HRP 1:5000 Polyclonal Goat 
GE Healthcare 
Bio-science AB 

P0448 

 
 

3.1.3.4 Western blot solutions and material 
 

Product Company Catalog No. 

Run buffer, Tris/Glycine/SDS 

(TGS) 
Bio-Rad 1610772 

4x Laemmli sample buffer Bio-Rad 161-0747 

β-mercaptoethanol Sigma Aldrich M7522-100ml 

Page Ruler Plus Thermo Fisher 26619 

Precision plus protein, Dual 

colour standards 
Bio-Rad 1610374 

Pierce RIPA Buffer Thermo Fisher 89900 

Halt protease inhibitor single-

use cocktail (100x) 
Thermo Fisher 78430 

Tween 20  Serva 37470.01 

10X TGS Bio-Rad 161-0772 

Methanol Carl Roth 8388.5  

10X TGS Bio-Rad 1610732  

Nitrocellulose blotting 

membrane 

GE Healthcare Bio-science 

AB 
1060000 

Filter paper (Whatman) Sigma Aldrich WHA10537138 

Mini Trans-blot filter paper Bio-Rad 1703932 

Page blue Thermo Fisher #26616 

Albumin fraction V (bovine 

serum albumin) 
Carl Roth 8076.2 

Mini-PROTEAN TGX Precast 

gels, 4-15% 
Bio-Rad 456-1083DC 

Criterion XT Precast gels; 4-

12% 
Bio-Rad 345-0124 
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3.1.3.5 Protein detection Reagents 

 

3.1.4 qPCR Kits and Reagent 

Product Company Catalog No. 

      miRneasy Micro kit Qiagen 217084 

SensiFAST TM cDNA Synthesis 

Kit 
Bioline BIO-65054 

QIAzol Lysis Reagent Qiagen 79306 

miRNA 1st-Strand cDNA 

Synthesis Kit 
Agilent #600036 

miRNA QPCR Master Mix Agilent #600583 

RT2 Profiler PCR Array for 

nephrotoxicity 
Qiagen #330231 

LNA_181a-5p inhibitor 

miRCURY LNA miRNA 

Qiagen 

# 339131 

negative control inhibitor # 339136 

LNA_181a-5p mimic # 339173 

negative control mimic # 339173 

 
 

Product Company Catalog No. 

L-Kynurenine Santa Cruz sc-202688 

Trichloroacetic acid Fluka Riedel-de Haen  33209 

4-(Dimethylamino) 

benzaldehyde 
Santa Cruz sc-202888 

Sodium nitrite AppliChem A7014,0500 

Sulfanilamide AppliChem A3971,0100 

N-(1-Napthyl)-ethylendiamine 

dihydrochloride (Naphtylamine) 
Carl Roth 4342.1 

Double distilled water Carl Roth 3478.1 
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3.1.4.1 qPCR primer 
 

microRNA Primer Sequence (5'-3') 

hsa-miR-181a-5p 5’-AACATTCAACGCTGTCGGTGAG-3’ 

hsa-miR-125a-5p 5’-CCTGAGACCCTTTACCTGTG-3’ 

hsa-miR-146a-5p 5’-TGAGAACTGAATTCCATGGGTT-3’ 

hsa-U6 5’-CGCAAGGATGACACGCAAATTC-3’ 

 

3.1.5 Kits 

Product Company Catalog No. 

BD Biosciences StemFlow 

Human MSC Analysis Kit 
BD Biosciences 562245 

CellTiter-Glo® Luminescent Cell 

Viability Assay 
Promega G7570 

Pierce BCA Protein Kit Thermo Fisher 23227 

 

3.1.6 Other solutions 

Name Composition 

PBS/EDTA 
500 ml DPBS 

2mM EDTA 

Stopping Medium 
50 ml DPBS 

10% FBS 

Freezing Medium 
FBS 

10% DMSO 

PFA 4% 
50 ml DPBS 

4% PFA 

 
 

3.1.7 Consumable laboratory material 

Product Company Catalog No. 

25 cm2 cell culture flasks Thermo Fisher 156367 

75 cm2 cell culture flasks Thermo Fisher 156499 

175 cm2 cell culture flasks Thermo Fisher 159910 

6-well cell culture plate Thermo Fisher 140675 
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12-well cell culture plate Thermo Fisher 150628 

24-well cell culture plate Thermo Fisher 142475 

96-well cell culture plate Eppendorf 0030 790.119 

96-well black cell culture plate Perkin Elmer 6005550 

ImageLock 96 well plate Essen BioScience 4379 

Wound marker  Essen BioScience 4563 

15 ml Cell star tubes Greiner Bio-one 188271 

50 ml Cell star tubes Greiner Bio-one 227261 

10-20 μl sterile filter tips Star Lab S1120-3710 

200 μl sterile filter tips SurPhob VT0243X 

1000 μl sterile filter tips SurPhob VT0263X 

1.25 ml Precision Dispenser (PD) 

sterile tips 
Brand 702386 

2.5 ml PD sterile tips Brand 702388 

5 ml PD sterile tips Brand 702390 

10 ml PD sterile tips Brand 631060 

5 ml serological sterile pipettes Star Lab 180806-069 

10 ml serological sterile pipettes Star Lab 180720-070 

25 ml serological sterile pipettes Star Lab 190105-071 

50 ml centrifuge tube Greiner bio-one 227261 

15 ml centrifuge tube Greiner bio-one 188271 

100 kD MWCO concentration filter Sartorius VS2042 

Cell strainer, 70µm Sarstedt 83.3945.070 

Cell strainer, 100µm Sarstedt 83.3945.100 

50 ml syringe Dispomed 21050 

10 ml syringe Dispomed 20010 

5 ml syringe Braun 4606051 

1 ml syringe BD Biosciences  300013 

Rotilabo syringe filters 0.22 μm  Carl Roth SE2M035I07 
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Syringe filters 0.45µm NeoLab 3-1904 

0.2 ml thin-walled tubes with flat 

caps 
Thermo Fisher AB0622 

Cryopreservation tubes Greiner Bio-one 122278 

1.5 ml tubes  Eppendorf 0030 125.150 

1.6 ml tubes (Low binding, DNA-

DNase, RNase free) 
Biozym Scientific 710176 

5 ml Polystyrene round bottom 

FACS tubes 
Corning 352052 

CASY cup OMNI Life Science 5651794 

Gloves Hartmann 3538071 

Pursept A Xpress Schülke SMH 230131 

Scalpels Braun 10567364 

PCR plate Genaxxon bioscience I2207.0050 

qEV10 35nm Column IZON #SP710799 

 
 

3.1.7.1 Laboratory equipment 
 

Device  Model Manufacturer 

Live imaging microscope  IncuCyte SX5  
Essen BioScience, 

Ltd. 

Live imaging microscope IncuCyte Zoom 
Essen BioScience, 

Ltd. 

Thermal Cycler PTC0200 
Bio-Rad Laboratories 

GmbH 

Light Cycler  Light Cycler® 960 Roche 

Centrifuge ROTINA 420 Hettich Zentrifugen 

Centrifuge ROTINA 420R Hettich Zentrifugen 

Centrifuge 5415R Eppendorf 

Small Centrifuge Minispin Eppendorf 

Cell counter CASY OMNI Life Science 

Microscope Axiovert 100 ZEISS 



MATERIALS AND METHODS 

44 

Microscope Axiovert 40C ZEISS 

Microscope Camera AxioCam M Rc ZEISS 

Sterile laminar flow hood Hera safe 
Thermo Fisher 

Electron Cooperation 

Chemical flow hood Airflow-Control EN14175 
Caspar and Co. 

Labora  

Cell culture incubator CB210 Binder 

Cell culture pump Vacusafe Comfort Integra Biosciences 

Cell culture shaker Lab Dancer IKA 

Water bath WNE 7 Memmert 

Hollow Fiber Bioreactor FiberCell systems C2025D 

pH-Meter pH 211 Hanna Instruments 

Microplate reader TECAN infinite M200PRO TECAN 

Flow cytometer BD FACS Canto II BD Biosciences 

Chemiluminescent detector 
FusionCapt Advanced Solo 

4 
Vilbert Lourmat  

Horizontal shaker Thermo Mixer C Eppendorf 

Rotator SB2 Stuart 

Chamber shaker UniHood 650 Edmund Bühler  

Precision scale EW 2200-2NM Kern & Sohn 

Precision scale ABJ 22-4M Kern & Sohn 

Nitrogen tanks Biosafe UN 1977 Cryotherm 

Autoclave V-150 Systec 

Zetaview 
PMX 220 ZetaView TWIN 

Laser 
Particle Metrix 

 
 

3.1.8 Software for data analysis 

Software Version Company 

FlowJo 10 
FlowJo, LLC, Ashland, 

OR, USA 

GraphPad Prism 9 GraphPad Software Inc. 
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San Diego, USA 

Word 

Microsoft 10 Redmond, WA, USA Excel 

PowerPoint 

i-Control 1.10 TECAN 

Image-J 
 

NIH 

IncuCyte 2020B Software 
 

Essen BioScience, Ltd. 

IncuCyte ZOOM 2018A 
 

Essen BioScience, Ltd. 

GeneGlobe Data Analysis 
 

Qiagen 

R-studio 4.2.2 RStudio Inc. Posit, PBC 

Cytoscape 
 

Institute for System 

Biology 

 
 

3.2 Methods 

 

3.2.1 AIM 1: Inter-laboratory study on the comparison of different MSC 

sources: study design 

The first part of this thesis is a study running within the context of the RenalToolBox 

EU ITN Network, where my colleague and I contributed.  

Within this study, we collaborated with researchers from the University of Liverpool 

(Liverpool, UK) and the University of Galway (Galway, Ireland) to assess the 

biological and therapeutic properties of MSC derived from bone marrow (BM-MSC, 

Galway), adipose tissue (A-MSC, Heidelberg), and umbilical cord (UC-MSC, 

Liverpool) in an inter-laboratory comparative study.  

Within each centre, we isolated and expanded three different donors from one tissue 

source following the respective in-house standard procedures. Isolated and 

expanded MSC were then cryopreserved and internationally shipped to all the 

centres. 

When all the centres received all the MSC types, the cells were thawed and 

expanded using harmonised culture conditions. These included, α-MEM basal 
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medium with 10% FBS (one batch for all centres, prechecked with the RenalToolBox 

consortium) and optimised seeding densities (300 cells/ cm2 for A-MSC and 3,000 

cells/cm2 for BM- and UC-MSC) at 37 C with 5% (v/v) CO2 and controlled humidity.  

Part one of the inter-laboratory study was to compare the growth kinetics, the 

differentiation ability and the immunophenotype of all the MSC in each centres to 

assess the degree of variability of different handling, despite harmonized protocols. 

Part two of the study was that each centre analysed different functional attributes of 

the MSC to identify eventaual source-specific capacities. Specifically, we performed 

an assay to assess the inhibitory effect of MSC on proliferation of PBMCs, stimulated 

by the mitogen phytohemagglutin (PHA). 

 

 
 
Figure 8. Schematic representing study design and assay distribution across centres. UHEI= 

University of Heidelberg, NUIG= University of Galway and UOL= University of Liverpool. This image 

was created using BioRender. The figure has been modified from 166. 
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3.2.1.1 Adipose-derived mesenchymal stromal cell isolation 

 
Adipose-derived mesenchymal stromal cells (A-MSC) were isolated from healthy 

donors after obtaining informed consent (Mannheim Ethics Commission II; vote 

numbers 2010-262 N-MA, 2009-210 N-MA, 49/05 and 48/05). Raw lipoaspirate 

samples were washed with sterile PBS to remove cellular debris and red blood cells 

by centrifugation at 420g for 10 minutes.  

Samples were resuspended in DMEM (ratio 1:1) containing 0.15 PZU/ml NB6 

collagenase for 45-60 min at 37°C with gentle agitation. At the end of incubation time, 

the collagenase was inactivated by adding an equal volume of DMEM/10% FBS, then 

centrifugated at 1200g for 10 minutes to obtain a high-density stromal vascular 

fraction (SVF) pellet. The supernatant was discarded and the pellet was incubated for 

10 minutes at room temperature with erythrocyte lysis buffer to remove red blood 

cells. After a centrifugation step, the SVF pellet was resuspended in DMEM and 

filtered through a 100µm nylon mesh filter before centrifuging the filtrate at 1200g for 

10 minutes to obtain the enriched SVF pellet. The pellet was resuspended in DMEM 

AB plated in a T25 or T75 culture flask (dependent on pellet size) and incubated 

overnight at 37°C, 5% CO2. On the following day, we performed extensive washings 

with PBS of the plates to remove non-adherent and red blood cells, before media 

change. Cell morphology was constantly monitored by microscope observation and 

the media was changed two times for week. The resulting population of A-MSC cells 

were harvested and seeded in a new flask at a density of 300 cells/cm2. Once 70-

80% of confluence were reached, the cells were harvested with trypsin/EDTA, 

counted with the CASY cell counter and seeded again with a density of 300 cells/cm2 

for further experiments.  

3.2.1.2 A-MSC culture and cryopreservation 
 
A-MSC were expanded until passage 3 at a density of 300 cells/cm2 supplemented 

with 10% FBS serum 1% penicillin/streptomycin (100,000 U/ml penicillin and 10 

mg/ml streptomycin; and 4 Mm L-glutamine in α-MEM. When the culture reached 70-

80% of confluence, the cells were harvested with trypsin/EDTA and cryopreserved in 

FBS with 10% of DMSO. The cryovials were conserved in liquid nitrogen before 

being shipped to UOL and NUIG on dry ice. 
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3.2.1.3 BM and UC-MSC isolation and culture 
 
BM- and UC-MSC, as for the A-MSC, were isolated in the respective institute and 

sent to the other centres. When all the institutes received the MSC, cells were 

thawed and cultured under harmonized culture conditions (Table 1) the basic MSC 

characterization was done and the results were compared between the centres and 

between the tissue sources. 

 

Table 1. Harmonised culture conditions for RTB interlab study. 

 

 

3.2.1.4 Growth kinetics 
 
To assess the proliferation kinetics of the MSC, population doublings and doubling 

times of MSC from the three tissues sources were compared. A-, BM- and UC-MSC 

were thawed and cultured for at least one passage before their growth kinetics 

curves were calculated. After recovery from the cryopreservation, A-MSC were 

seeded at 300 cells/cm2 density, while BM- and UC-MSC were seeded at 3000 

cells/cm2. Growth rate values were calculated following the equations of Population 

Doublings (PD) and Population Doubling Time (PDT), where Fcn stands for final cell 

number and Icn for Initial cell number. 

 

Population Duublings (PD) =
𝐿𝑜𝑔10 (𝐹𝑐𝑛) − 𝐿𝑜𝑔10 (Icn)

𝐿𝑜𝑔10 (2)
 

 

Population doubling Time (PDT) =
𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑃𝐷
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3.2.1.5 Adipogenic differentiation 
 
MSC were tested for their adipogenic differentiation capacity. 5.700 cells/well were 

seeded in a 96-well plate and after 48h, cells were cultured in adipogenic 

differentiation media for 14 days. α-MEM 10% FBS condition was used as a negative 

control.  

On the last differentiation day, MSC were fixed with 4% PFA for 30 minutes, washed 

and incubated with Hoechst-33342 (nuclear dye, 1:100 final concentration) for 

another 30 minutes. Hoechst fluorescence (excitation: 354 nm/emission: 442nm) was 

measured on a plate reader and taken as baseline to account for the cell numbers 

and to normalize the adipogenic signal against. To test for adipogenic differentiation, 

the AdipoRed assay was performed following the manufacturer’s instructions. 

AdipoRed is a solution of Hydrophilic Stain Nile Red that when partitioned in a 

hydrophobic environment, it becomes fluorescent, which allows to quantify the 

intracellular lipid droplets typical of adipocytes. 

After washing with PBS, AdipoRed (5 μl/well in a 96-well plate), was added to the 

plate containing 200 µl of PBS and incubated in the dark for 15 minutes.  

Following incubation, AdipoRed fluorescence was measured on a plate reader at 

485/572 nm. The AdipoRed signal was normalized against the Hoechst signal and 

presented as a fold change of the undifferentiated condition. 

3.2.1.6 Osteogenic differentiation 
 
MSC were tested for their osteogenic differentiation capacity, 2.900 cells/well were 

seeded in a 96-well plate and after 48h, cultured in osteogenic differentiation media 

for 14 days. As for the adipogenic differentiation, αMEM 10% FBS condition was 

used as a negative control.  

On the last differentiation day, MSC were fixed with 4% PFA for 30 minutes, washed 

and incubated with Hoechst-33342 (1:100 final concentration) for another 30 

minutes. Hoechst fluorescence (excitation: 354 nm/emission: 442nm) was measured 

on a plate reader. To test for osteogenic differentiation, the Osteoimage 

mineralization assay was performed following the manufacturer’s instructions.  

The OsteoImage™ Mineralization Assay is a rapid, fluorescent in vitro assay for 

assessing bone cell mineralization, which is based on specific binding of the 

fluorescent OsteoImage™ Staining Reagent to the hydroxyapatite portion of bone-

like nodules deposited by cells. 
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After washing with wash buffer, Osteoimage staining reagent (1:100 final dilution in 

Staining Reagent Dilution Buffer) was incubated with the cells for 30 minutes at RT. 

Following incubation, the staining solution was removed and three consecutive 

washing steps were performed with a wash buffer. Osteoimage fluorescence was 

measured on a plate reader at 492/520 nm. The Osteoimage signal was normalized 

on the Hoechst signal and presented as a fold change of the undifferentiated 

condition. 

3.2.1.7  Immunophenotyping analysis 
 
To define their immunophenotype and assess similarities and eventual differences in 

marker expression, BM--, UC and A-MSC were characterized by flow cytometry. 

When the confluence reached the 70-80%, the cells were harvested and washed 

once with PBS and 1x105 cells were collected in FACS tubes, resuspended in 100 µl 

of FACS buffer. 10 µl of FcR blocking reagent was added in each tube and let 

incubated at 4°C for 5 minutes. The MSC immunophenotype was measured using 

the BD StemflowTM Human MSC Analysis Kit (containing FITC Anti-Human CD90, 

PE Anti-Human CD44, PerCP-CyTM 5.5 Anti-HumanCD105, APC Anti-Human CD73, 

h-MSC Positive Isotype Cocktail control, PE h-MSC Negative Isotype Cocktail 

control, h-MSC Positive Cocktail control, PE h-MSC Negative Cocktail control) 

according to the manufacturer’s instructions.  

Staining was performed for 30 minutes in the dark at 4°C after which cells were 

washed twice with Cell wash and analysed. A total of 10,000 events were acquired 

with BD FACS Canto and fcs files were exported and the percentage of positive cells 

for the surface marker was obtained with FlowJo software.  

3.2.1.8 PBMC proliferation assay 
 
To assess the immunomodulatory capacity of MSC, their ability to inhibit the 

proliferation of PBMCs in co-culture has been studied. PBMCs used in our 

experiments was isolated from leukapheresis samples from healthy donors, provided 

by the German Red Cross Blood Donor Service in Mannheim (Mannheim Ethics 

Commission; vote number 2018-594N-MA) and cryo-preserved in liquid nitrogen for 

further use. 

MSC were seeded in a 96-well plate with a seeding density of 10,000 cells/well in α-

MEM 10% FBS and allowed to attach overnight. The next day we started the co-

culture with cryo-preserved PBMC. PBMCs were washed twice with PBS and stained 
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with the proliferation dye Cytotell Green (final concentration of 1:500 dilution from 

stock) to be able to follow the number of cell division by dye dilution. After 15 min 

incubation at 37°C, cells were washed 3 times with PBS, centrifuged and 

resuspended in a concentration of 105 cells/200 µl in RPMI, supplemented with 10% 

FBS, L-glutamine, P/S, and 200 U/ml IL-2. 105 PBMS were added directly on top of 

the MSC with a ratio of 1:10 MSC: PBMCs. To stimulate the PBMC’s proliferation,  

PHA was added to the culture to a final concentration of 4,8 µg/ml. PBMCs cultured 

alone without MSC in the absence and presence of PHA served as negative and 

positive controls, respectively. After day 5, Cytotell green cells were harvested from 

co-culture and control conditions, technical replicates were pooled and collected in 

FACS tubes, washed and resuspended in FACS Buffer. PBMC proliferation was 

measured using a FACS Canto II and the fcs files were exported and analyzed with 

FlowJo. 

3.2.1.9  IFN-y stimulation and intracellular indoleamine 2,3-dioxygenase 

staining 

 
Indoleamine 2,3-dioxygenase (IDO) -mediated tryptophan degradation suppresses T 

cell proliferation as already described in a previous study performed in our lab 167. To 

assess whether MSC from the different sources differed with respect to their IDO 

production, we measured this after stimulation with interferon gamma. 

MSC were seeded in a 6-well plate at a density of 5.000 cells/cm2 in full α-MEM 10% 

FBS. Once seeded, cells were allowed to attach overnight and then were treated for 

24 hours with IFN-γ (concentration 25 ng/ml), to assess specific IDO secretion. As 

negative control MSC were cultured in the absence of IFN-γ. After the treatment, 

MSC were harvested, washed with PBS and collected in FACS tubes and stained 

with Fixable Viability dye eF450 (1:4.000 final dilution) and incubated for 30 minutes 

at 4°C. The cell suspension was then incubated with IC fixation buffer for 30 minutes 

at room temperature. After washing/centrifuging samples twice with 1X 

permeabilisation buffer, cells were stained with PE-conjugated anti-IDO in 1X 

permeabilisation buffer for 30 minutes. Following this step, cells were washed twice 

and analyzed immediately at BD FACS Canto II and the FCS files were exported and 

analyzed with FlowJo. Data are represented as median fluorescence intensity (MFI) 

and percentage of positive cells.   
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3.2.2 AIM 2: Comparison of A-MSC bioproducts 

Within AIM 2 of this thesis, the EVs, the protein fraction and the MSC-CM were 

compared to each other. The cells used in this study were the adipose-derived 

mesenchymal stromal cells (A-MSC) from lipoaspirates from three donors, processed 

at our lab at Medical Faculty Mannheim (University of Heidelberg) using ⍺-MEM 

media and 10% fetal bovine serum at 37 ℃ with 5% CO2 and controlled humidity.  

These three A-MSC batches were shipped as cryo-aliquots to the other two RTB 

centres which contributed to this study (the University of Galway and the University of 

Turin) to be cultured under identical harmonized culture conditions as described 

before. The bioproducts were derived from the conditioned medium of A-MSC in 3D 

culture (see below), purified by size exclusion chromatography (SEC) to produce (1) 

EV-SEC or the (2) protein-rich fraction or 2D culture cells, treated with 

ultracentrifugation to produce (3) EV-UC or after concentration to produce (4) the 

conditioned medium (CM) or (5) the respective washing (CM-WO) (Fig. 9) 
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Figure 9. Schematic representing the study design and the distribution of performed assays 

across the centres. The A-MSC were cultured in 2D culture fasks in a serum-free medium for the 

production of bioproducts. (a) The supernatant was collected and then purified by ultracentrifugation 

EV-UC, (b) for EV-SEC, the A-MSC were cultured in a 3D hollow fiber bioreactor (HFBR), from which 

the supernatant was collected, concentrated and processed by SEC. EVs and protein fraction were 

concentrated with a 100 kDa filter. (c) Conditioned medium and wash-off: Finally, the A-MSC were 

cultured in 2D culture flasks, the supernatant was collected and concentrated with a 3 kDa filter and 

the conditioned medium and wash-of were collected during the process. The figure has been modified 

from 168. 
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3.2.2.1 3D culture of A-MSC and collection of media 
 
As in the first part, three different donors of A-MSC from lipo-aspirate were cultured 

at the density of 3,000 cells/cm2 in α-MEM supplemented with 10% FBS serum 1% 

penicillin/streptomycin (100,000 U/ml penicillin and 10 mg/ml streptomycin; and 4Mm 

L-glutamine until passage 3. When the culture reached 70-80% of confluence, the 

cells were harvested with trypsin/EDTA and cryopreserved in FBS with 10% of 

DMSO. The cryo-aliquots were conserved in liquid nitrogen before being shipped to 

Turin and Galway on dry ice. A-MSC were cultured in all the centres under identical 

harmonized culture conditions and used from passages 4-6. 

To gain a high amount of MSC-CM, we established a 3D culture of A-MSC within a 

hollow-fiber bioreactor. This allows for seeding a large amounts of cells on the basis 

of its hollow fiber technology, increases the area of seeding density and allows to 

harvest a CM rich in EV derived from millions of cells every day. A further advantage 

of this system is the reproduction of a more in vivo like environment compared to 2D 

cultures in flasks 169. 

When the cells in passage 3 reached 80% confluence, A-MSC were harvested with 

trypsin/EDTA, counted and 14 × 106 cells were seeded in a hollow-fiber bioreactor 

cartridge (20 kDa MWCO, 450 cm2, C2025D). Before injecting the cells, ‘pre-culture 

steps’ were carried out to initiate and activate the bioreactor, first PBS for 24 h, 

followed by fibronectin coating (concentration 30 µg/ml) overnight and 24h with only 

media without serum. After the pre-culture process, A-MSC were seeded in α-MEM 

without FBS in the extra-capillary space, instead, the serum was used in the 

circulating medium, at 37 °C with 5% CO2 and controlled humidity for seven days 

without harvesting the supernatant, with regular monitoring of glucose levels. A-MSC 

were cultured for 4 weeks in the bioreactor and during this period, the supernatant 

was collected daily. Every day the supernatant was collected from the extra-capillary 

space, centrifuged for 5 min at 420 × g to remove cell debris, and stored at -80 °C. 

After 4 weeks, cells were harvested and counted to calculate the bio-product per 

producer cell concentration. 
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3.2.2.2 EV isolation by size exclusion chromatography 

Each A-MSC-CM collected previously and stored at -80°C was thawed at 4°C. Before 

starting the isolation procedure, the CM was centrifuged for 10 min at 300 x g and 20 

min at 4,000 x g. After, the supernatant was filtered through a 0.2 µm syringe filter 

and concentrated with a 100 kD MWCO concentration filter to a final volume of 10 ml. 

The qEV10-IZON column 35 mm was washed with sterile PBS before adding 10 ml 

of the sample. Following the manufacturer's instruction, the EV fraction (EV-SEC) 

and the protein fraction (protein-rich fraction) were collected in falcon tubes and then 

concentrated to the final volume of 1,5 ml (Vivaspin 20, 100.000 MWCO PE). Each 

EV sample and the resultant supernatant containing the protein-rich-fraction were 

stored at -80°C until use in further experiments. 

3.2.2.3 EV/CM treatment 
 
A-MSC-derived bioproducts were used at a ratio of 2:1 and 20:1, meaning ‘two’ or 

‘twenty’ MSC cell equivalent bioproducts per each recipient cell. To calculate the cell 

equivalents, we counted the number of cells after harvesting and we used it to relate 

the number of particles/volumes generated of EVs and CM respectively for each 

bioproduct. For example, one bioreactor run generated 1.5 ml of EV-SEC from 

14,000.000 A-MSC,  converted into cells producing the bioproduct corresponds to 

9,400 cell per ml (producer cell concentration). 

3.2.2.4 ZetaView analysis 
 
Particle number and size distribution were measured with light scattering technology, 

NTA. One microliter of concentrated EV was diluted in 0.22 µm sterile-filtered PBS in 

a 1:1,000 dilution, EVs were visualized using the ZetaView device, kindly provided by 

the Deaprtment of Urology, Medical Faculty Mannheim. The device-specific 

configuration was as follows: 80% sensitivity, shutter 100, 11 positions were 

measured and 2 measurement cycles were performed. Amongst all measurements, 1 

to 3 positions from a total of 11 were removed for analysis due to some values being 

out of range.  

3.2.2.5 Western blot analysis of EV markers 
 
Proteins extracted from Hela cells were used as cellular control, and the pellet was 

resuspended in RIPA buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% Triton X-
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100, 1% Na-deoxycholate, 0.1% SDS, 0.1 mM CaCl2, and 0.01 mM MgCl2 

supplemented with protease inhibitor cocktail, incubated 30 min in ice vortexing every 

10 min and centrifuged 20 min at 20.000 × g.  

An equal volume of bioproducts and cell lysate (38 µl) was loaded and separated on 

4–15% Mini-PROTEAN TGX Precast Gels. Bioproducts and cell lysates were 

resuspended in protein loading dye (Laemmli sample buffer with freshly added β-

mercaptoethanol 10%; v/v) and boiled for 5 min at 95 °C before be separate by 

sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) in  Run 

buffer (composed by Tris/Glycine/SDS (TGS)). Proteins were subsequently blotted to 

a nitrocellulose blotting membrane (0.2 µm) in Towbin buffer (composed by 70% 

deionized water, 20% methanol and 10% 10X TGS). Membranes were blocked in 5% 

BSA in 0.1% Tween in TBS (TBS-T). After blocking, blots were probed against 

Calnexin (anti-calnexin antibody 1:500 dilution, E-10), diluted in 5% BSA/TBS-T. After 

overnight incubation at 4 °C, membranes were washed 3 times with TBS-T and 

subsequently incubated with the secondary antibody anti-mouse IgG HRP (1:5000 

dilution) for 1 h at room temperature followed by washing. Blots were then developed 

using Western Bright ECL and protein bands were detected using the FusionCapt 

Advanced Solo 4.  

3.2.2.6 Effect of MSC bioproducts on PBMC proliferation  

The capacity of MSC or their bioproducts to inhibit the induced proliferation of 

PBMCs was analysed as described in chapter 3.2.1.7. PBMC labelled with 

proliferation dye Cytotell Green ( were seeded at a 1:10 MSC/bioproduct: PBMC ratio 

in RPMI, supplemented with 10% FBS, 2% L-glutamine, 1% penicillin/streptomycin, 

and 200 U/ml IL-2. PBMC proliferation was stimulated with PHA (4.8 µg/ml). PBMCs 

cultured alone without MSC/bioproduction in the absence and presence of PHA 

served as negative and positive controls, respectively. After 5 days, PBMC 

proliferation was measured based on the dilution of Cytotell Green dye using a FACS 

Canto II (BD Biosciences) and the data were analysed with FlowJo Software. 

3.2.2.7 Effects of MSC bioproducts on A-MSC cell migration  

To assess the migratory capacity of MSC, we made use of the so called wound 

scratch assay analysed by live cell microscopy. In this assy, cells are seeded as 

monolayer. Upon confluence, a scratch was made using a specific wound scratch 
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maker tool (96-well Wound Maker, Sartorius) to create precise and reproducible 

wounds in all the wells. The migration of the cells closing the wound was captured by 

live-cell imaging and then analysed using a specific analysis tool (IncuCyte, Essen 

Bioscience, Sartorius). 

Specifically, 20.000 A-MSC were seeded in a 96-well Essen ImageLock™ plate and 

cultured overnight. Then, the cells were scraped with the 96-well Wound Maker. After 

creating the wounds, the monolayer were washed 2 times with PBS and A-MSC bio-

products were added in different concentrations. Plates were then cultured and 

monitored using the IncuCyte ZOOM™ device; every 3 hours images were taken. 

These images were analysed 24 hours later using the Relative Wound Density 

algorithm to report data. 

 

Figure 10. Analysis of cell migration using a live cell imaging wound scratch assay (Incucyte) 

(a) ciPTEC stage image taken at t = 0h post injury, yellow indicates the confluent mask and the orange 

area correspondsto the initial scratch wound mask. (b) ciPTEC phase image taken at 2 days, the blue 

area indicates the wound scratch area.  (c) The purple color corresponds to the scratch wound mask 

indicating the overlap of wound scratch position after 2 days (blue) with the initial mask of the 

scratched wound (orange). 

3.2.2.8 Effects of MSC bioproducts on capillary tube formation 
 
We have previously shown that MSC-CM can promote capillary tube formation of 

HUVEVS on an extracellular matrix 170, 171. Accordingly, we aimed to evaluate 

whether the MSC bioproducts differ in their potential to recapitulate this.  

Human umbilical vascular endothelial cells (HUVEC) were thawed and cultured until 

passage 6 in EndoGRO-LS Complete Culture Media Kit. In vitro, the formation of 

capillary-like structures was performed on growth factor–reduced Matrigel (Galway 
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and Turin) or geltrex (GeltrexTM LDEV-free reduced growth factor matrix; Heidelberg) 

HUVEC cells were treated with EVs or CM as described before, seeded at a density 

of 10x103 cells/well on a 96 well plate. Positive control was full EndoGro-LS medium, 

negative control medium without VEGF and FBS (as used for all the conditions).  

Galway and Heidelberg also tested the ability of the protein-rich fraction and CM to 

induce angiogenesis in the presence of VEGF inhibitor adding 1µM of ZM32381 to 

the culture. 

Cells were periodically observed with a Nikon TE2000E inverted microscope and 

experimental results were recorded after 16 h; 3 images were taken per well (Galway 

and Turin). In Heidelberg, we used live cell imaging (IncuCyte Zoom) to monitor the 

network formation. Image analysis was performed with the ImageJ software v.1.53c, 

using the Angiogenesis Analyzer 172. The data from three independent experiments 

were expressed as the mean ± SD of tube length in arbitrary units per field. 

 

3.2.3 Part 3: Role of microRNAs in the protective effect of A-CM in n kidney 

injury model 

3.2.3.1 Proximal tubular epithelial cell culture and cisplatin-induced cell injury 
  

To finally assess the effects of MSC, MSC bioproducts and specifically miRNAs on 

kidney injury, we first established a cell culture model of kidney injury. We focussed 

on human proximal tubule epithelial cells and used an immortalaized cell line, 

previously established by one of the collaboration partners within RTB 173. We used 

conditionally immortalized PTEC (ciPTEC) obtained from Cell4Pharma (Oss, The 

Netherlands). This is a human renal cell line that mimics the proximal tubule cells of 

the kidney. Conditionally immortalised means that by changing the culture 

temeperature, cells can be transferred from proliferation (33 °C) to differentiation 

(37°C, reduced proliferation). 

The ciPTECs were growing in phenol red-free Dulbecco’s Modified Eagle’s Medium 

F12 supplemented with 5 µg/mL insulin, 5 µg/mL transferrin, 5 µg/mL selenium, 35 

ng/mL hydrocortisone 10 ng/mL epidermal growth factor, 40 pg/mL triiodothyronine 

and 10% (v/v) fetal bovine serum. ciPTECs were grown and expanded at 33° C, for 

the experiment, and were cultured overnight at 33° C  the cells attached at the 

surface and the day after were moved at 37° C for 7 days of maturation.  
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To mimic the in vivo damage and establish an in vitro injury model, ciPTECs were 

exposed to different concentrations of cisplatin (15-250 µM), Antimycin A (2,5 nM-25 

µM) or hydrogen peroxide (0,1 µM-0,6 µM) for 24 hours. Cell viability, metabolic 

activity and cell migration were then analyzed.  

To study the protective role of A-CM, ciPTEC were treated with 15 µM cisplatin for 

1h, after that time the medium was replaced with A-CM containing 15 µM cisplatin 

and treated for 23h. Cell viability, p53 expression, migration and apoptosis were 

analysed (see below). ciPTEC treated with control medium (ciPTEC SFM) served as 

the untreated (CTRL) and cisplatin-treated control (Cisplatin), respectively. 

3.2.3.2 A-MSC isolation, culture and preparation of A-MSC-conditioned 

medium 

 
A-MSC were processed from the lipoaspirate of healthy donors after informed 

consent and in concordance with The Mannheim Ethics Commission II (vote 2011-

215 N-MA), as previously described 79. A-MSC were cultured using Dulbecco’s 

Modified Eagle’s Medium normal glucose (supplemented with 10% of pooled human 

allogeneic serum from five AB donors (German Red Cross Blood Donor Service 

Baden-Wurttemberg — Hessen, Institute Mannheim, Germany), 1% 

penicillin/streptomycin and 4 mM of L-glutamine. A-MSC were expanded, seeding 

300 cells/cm2 at 37 °C with 5% CO2 and controlled humidity. For preparing the CM, 

the A-MSC were seeded in a T175 flask with a seeding density of 3000 cells/cm2 and 

once 60% confluent, the cells were washed 2 times with PBS. Then DMEM F12 

without serum (SFM) was added for 24h. After 24h, the supernatant/CM was 

collected and centrifuged for 10 minutes at 300 × g and 20 minutes at 2,000 × g at 

4°C. Thereafter, the CM was filtered through a 0.2 µm syringe filter and stored at -80 

°C until further use. As a control medium, ciPTEC SFM was incubated in cell-free 

empty culture flasks at 37°C, 5% CO2, for 24 h and subjected to the same harvesting 

process described above. 

3.2.3.3 Assessment of ciPTEC viability 
 
The viability of ciPTEC was measured using PrestoBlue™ HS probe after 24h of 

treatment with different concentrations of different compounds.  



MATERIALS AND METHODS 

60 

Presto Blue is a cell permeable resazurin-based solution that functions as a cell 

viability indicator. When added to live cells, the cell-reducing environment reduces 

resorufin to resazurin, a red compound and highly fluorescent. 

ciPTECs were seeded at the density of 15.488/ well in a 96-well plate and treated for 

24h with either cisplatin, antimycin A or hydrogen peroxide, after that the cells were 

washed once with HBSS and incubated for 30 minutes at 37 with 10 µl of 

PrestoBlue® cell viability reagent (diluted 1:10 in serum-free culture medium), in the 

dark. Fluorescence was measured using a microplate reader with ex/em: 560/590 

nm. The results are presented as the fold change to the untreated ciPTECs. 

3.2.3.4 Assessment of ciPTEC metaboloc activity 
 
To assess the metabolic activity of ciPTECs and the toxicity of different compounds, 

the intracellular ATP concentration was measured. The CellTiter-Glo® substrate was 

first reconstituted with CellTiter-Glo® buffer to obtain the complete reagent. 30 

minutes before the assay, the kit and the culture plate were equilibrated at room 

temperature. After 24 h of treatment, the reagent was added with the same volume 

as the media in each well. To induce cell lysis, the cell culture plate was placed on an 

orbital shaker for 2 min and subsequently incubated at room temperature to stabilise 

the luminescent signal for 10 minutes. The signal was then read using a microplate 

reader (TECAN, M200). The results are presented as the fold change to the 

untreated ciPTECs. 

3.2.3.5 Assessment of ciPTEC migratory capacity 
 
To assess ciPTEC migratory capacity, the cells were seeded as described before 

(chapter 3.2.2.7) in a 96-well Essen ImageLock™ plate, cultured and treated as 

described. To analyze the impact of cisplatin on cell migration, the 96-well 

WoundMaker tool was used to scratch precise and reproducible wounds in all the 

wells. After wound scratching, the medium was removed, the cells were washed 2 

times with HBSS and fresh SFM or A-CM without cisplatin was added to the 

respective wells. The plate was then monitored using live cell imaging (IncuCyte 

Zoom, Essen BioScience, Sartorius), and every 3 hours pictures were taken with the 

software. The results were analyzed after 72 h. The relative wound density (%) 

algorithm was used to report data. 
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3.2.3.6 Assessment of ciPTEC apoptosis  
 
To assess the cytotoxic effect on ciPTEC, an live cell imaging apoptosis assay was 

used. As we have shown previously that cisplatin induces mainly apoptosis and not 

necrosis/necroptosis 174, we focused on apoptosis in this study.  

ciPTEC were seeded as described above (chapter 3.2.2.7). Then cells were pre-

treated with/without cisplatin for 1h, and then with/without A-CM /SFM as control 

(plus cisplatin, respectively) for other 23 hours. To analyse the amount of apoptotic 

cells, the cisplatin-containing medium was removed after a total of 24 h, and new 

SFM or CM with 40 nM of Apotracker dye was added to the cells. The plate was then 

cultured and analysed using live cell imaging (IncuCyte SX5, Sartorius), and every 3 

h a picture was taken over a period of 72 h. Using a defined processing definition, the 

total integrated intensity of green fluorescence (GCUxµ2/image) was measured and 

normalized against the cell confluence (%). The data were displayed as relative value 

to cisplatin-treated ciPTEC in SFM (labelled as Cisplatin in the graphs). 

 

 

 

Figure 11. The live cell imaging apoptosis assay. a) ciPTEC phase image with green fluorescence 

indicating the apoptotic cells positive for the Apotracker dye. b) The yellow contours correspond to the 

mask that recognizes the ciPTEC and is used to calculate the cellular confluence. c) Along with the 

mask of the cells, purple indicates the mask that recognizes apotracker –positive cells, to measure the 

total integrated intensity of green fluorescence. 
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3.2.3.7 p53 detection by Western blot 
 
As second parameter for cell apoptosis, the level of p53 was measured by western 

blot. The pellet from ciPTEC (and Hela cells used as control) was resuspended in 

RIPA buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% Triton X-100, 1% Na-

deoxycholate, 0.1% SDS, 0.1 mM CaCl2, and 0.01 mM MgCl2 supplemented with 

protease inhibitor cocktail, incubated 30 min on ice vortexing every 10 min and 

centrifuged 20 min at 20,000 × g. The protein concentration was determined using 

the Pierce BCA Protein Assay Kit, following the manufacturer's instructions. 10 µg of 

each sample were loaded and separated on 4–15% Mini-PROTEAN TGX Precast 

Gels. Cell lysates were treated with protein loading dye with freshly added β-

mercaptoethanol 10%; v/v; and boiled for 5 min at 95 °C before SDS-PAGE. Proteins 

were subsequently blotted to a nitrocellulose blotting membrane (0.2 µm). 

Membranes were blocked in 5% BSA in 0.1% Tween in TBS (TBS-T). After blocking, 

blots were probed with the following primary antibodies diluted in 5% BSA/TBS-T: 

p53 (mouse, 1:100 dilution, DO-1,) and GAPDH (rabbit, dilution 1:1000, ab9485). 

After overnight incubation at 4 °C, membranes were washed 3 times with TBS-T and 

subsequently incubated with the secondary antibody dilution: polyclonal goat anti-

mouse HRP (1:5000 dilution) and polyclonal goat anti-rabbit HRP (1:5000 dilution) for 

1 h at room temperature followed by washing. Blots were then developed using 

Western Bright ECL and protein bands were detected using the FusionCapt 

Advanced Solo 4 . The protein bands were quantified with ImageJ software v.1.53c. 

The protein bands were quantified with ImageJ software v.1.53c. and normalise 

against the correspondent GAPDH values. 

3.2.3.8  Analysis of ciPTEC mRNA and miRNA expression 
 
We further analysed gene expression of ciPTEC in response to cisplatin/A-CM 

treatments. First, a nephrotoxicity PCR array was performed to assess gene 

expression changes, second a sequencing of small RNAs to detect differentially 

expressed miRNAs. 3 independent technical replicates were used for the analysis. 

 RNA isolation for the RT-qPCR array 
 
To isolate total RNA, including small RNAs, the miRNeasy Micro kit was used. After 

24h of treatment with cisplatin and MSC-CM, ciPTEC were harvested from a 12-well 

plate using 700 µl QIAzol Lysis Reagent homogenized by resuspension and 
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incubated for 5 minutes at room temperature. 140 µl of chloroform were added to 

each sample and shaken vigorously for 15 seconds, then incubated for 3 minutes at 

room temperature. Once the solution had homogenized, the samples were 

centrifuged at 4° at 12,000 xg for 15 minutes. The upper aqueous phase was 

transferred to a new collection tube, trying to avoid transferring any interphase. Next, 

1.5 volumes of 100% ethanol were added to the aqueous phase and mixed 

thoroughly by pipetting. At that point, the samples were pipetted into an RNeasy 

MinElute spin and centrifuge at 8000 x g for 15 seconds at room temperature and 

after the flow-through was discarded. Now that the RNA is bound to the column, a 

series of washes was done, the first with 700 µl Buffer RWT followed by 

centrifugation at 8000 x g for 15 seconds. After discarding the flow-through, 500 µl 

Buffer RPE was added to the column, centrifuged at 8000 x g for 15 seconds and the 

flow-through discarded. Another wash step was performed with 500 µl of 80% 

ethanol and centrifuged for 2 min at ≥8000 x g. The RNeasy MinElute spin column 

was moved in a new 2 ml collection tube and centrifuged at full speed for 5 min with 

an open lid to dry the membrane.  Finally, 14 µl RNase-free water was added directly 

to the centre of the spin column membrane and centrifuged for 1 min at full speed to 

elute the RNA. 

The concentration of RNA was measured using a NanoQuant PlateTM and a 

microplate reader at 280 nm. The ratio of absorbance at 260 nm and 280 nm was 

also calculated and always exceeded the value of 2,0 indicating good purity. The 

samples were then stored in -80 ˚C freezer until further use. 

3.2.3.9 Polyadenylation Reaction and cDNA synthesis for qPCR 
 
The synthesis of cDNA was performed using a miRNA 1st-Strand cDNA synthesis kit. 

The first step was the polyadenylation reaction, by adding the following components 

to separate RNase-free 0.5-ml microcentrifuge tubes as shown in Table 2. 

 

Table 2. Components of polyadenylation reaction 

 

Component Volume per reaction 

RNase-free water to a final volume to 20 μl 

5× poly A polymerase buffer 4 μl 

rATP (10 mM) 1 μl 
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200 ng of total RNA X µl 

E. coli poly A polymerase 1 μl 

 

Briefly, the reaction was centrifuged to collect the contents at the bottom of the tubes 

and then incubated at 37°C for 30 minutes and after at 95°C for 5 minutes to 

terminate the adenylation. At the end of the reaction, all samples were immediately 

transferred to ice. 

The second step was the 1st-Strand cDNA synthesis reaction. For each RNA 

sample, we prepared a cDNA synthesis reaction by adding the following components 

to RNase-free microcentrifuge tube, as shown in Table 3. 

 

Table 3. Component of cDNA synthesis reaction 

Component Volume per reaction 

RNase-free water to bring the final volume to 20 μl 

10× AffinityScript RT buffer 2 μl 

Polyadenylation reaction 4 μl 

dNTP mix (100 mM) 0.8 μl 

RT adaptor primer (10 μM) 1.0 μl 

AffinityScript RT/RNase Block enzyme 

mixture 

1.0 μl 

 

The reactions were mixed and briefly centrifuged before the incubation at 55°C for 5 

minutes, at 25°C for 15 minutes, at 42°C for 30 minutes to allow reverse transcription 

of 1st-strand cDNA and at 95°C for 5 minutes to terminate reverse transcription. 

Then, 280 μl of RNase-free water was added to each reaction and stored in -20 ˚C 

freezer for future use. 

3.2.3.10 Quantitaive PCR 
 
qPCR was performed to determine the expression of miRNA. U6 small nuclear RNA 

was used as an endogenous control for miRNA analysis. The primers used are listed 

in Table qPCR primer (3.1.4.1). The miRNA QPCR master mix was used and the 

reagents were added as shown in Table 4. 
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Table 4. Components of QPCR amplification reaction 
 

Component Volume per reaction 

RNase-free water to bring the final volume to 25 μl 

2× miRNA QPCR master mix 12.5 μl 

3.125 μM universal reverse primer 1.0 μl 

3.125 μM miRNA-specific forward primer 1.0 μl 

cDNA sample 1.0 μl 

 
The qPCR was run using a Roche Light Cycler® 96 with the following cycles: 1 cycle 

for 10 minutes  at 95°C  and 40 cycles for 10 seconds at 95°C, 15 seconds at 60°C 

and  20 seconds at 72°C. The comparative 2-∆Ct method was used for relative 

quantification and statistical analysis. 

 

3.2.3.11 Sequencing and bioinformatics analysis 
 
CiPTEC mRNA was harvested 24h after cisplatin treatment with or without CM from 

n= 3 replicates and isolated using the miRNeasy Kit, after the isolation the samples 

were sent in service for sequencing. The small RNA sequencing was outsourced and 

performed at Novogene Corporation (Cambridge, UK). Before sequencing, the 

company monitored RNA degradation and contamination on 1% agarose gels. RNA 

purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, 

USA). RNA integrity and quantitation were assessed using the RNA Nano 6000 

Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). 

All samples fulfilled the quality criteria.  

Briefly, 3 µg of total RNA were used for library preparation and sample indexing with 

NEB Next Multiplex Small RNA Library Prep Set for Illumina (NEB USA). Library 

quality was assessed on the Agilent Bioanalyzer 2100 system using DNA High 

Sensitivity Chips.  

The clustering of the index-coded samples was performed on a cBot Cluster 

Generation System using TruSeq SR Cluster Kit v3-cBot-HS (Illumina) for 

subsequent single-end 50 bp sequencing on the Illumina NovaSeq 6000 platform. 

Each library yielded an average of 13.44 +/- 2.12 million (mean +/- S.D.) reads per 

sample. Raw data were processed for adapter trimming and the obtained clean 

fragments were aligned using Bowtie software on the reference genome provided in 

miRbase 20.0. and checked for quality using FAST QC online tool. The percentage of 
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aligned reads was 71,10 +/- 1,26 % (mean +/- S.D.). MiRNA expression levels were 

estimated by TPM (transcript per million) through the following criteria 175: 

Normalization formula: Normalized expression = mapped readcount/Total 

reads*1000000. Once we received raw data from Novogene, we continued with the 

analysis of differentially expressed miRNAs. 

Differentially expressed miRNAs were evaluated using the DE-Seq R package. The 

P-values was adjusted using the Benjamini & Hochberg method. A corrected P-value 

of 0.05 was set as the threshold for significantly differential expression by default.  

The graphical representation of data was performed on the average log10 

transformed TPM of the Differentially expressed microRNAs (DEmiRNA) using the 

Pheatmap package in R 176. The clustering analysis was performed on the Euclidean 

distance value which was normalised by row in the graphical representation. Each 

column is the result of three independent replicates.  

The network building was performed using the Cytoscape online tool with the 

embedded KEGG pathway analysis, starting from the list of differentially expressed 

miRNAs. 

3.2.3.12 MiRNA transfection 
 
To study the role of miR-181a-5p in the ciPTEC apoptosis, we inhibited or 

overexpresses the miRNA using a mix (called siRNA mix) composed of 20 pmol 

LNA_181a-5p inhibitor (inhibitor) or negative control (NC-inhibitor) (miRCURY LNA 

miRNA) or 10pmol LNA_181a-5p mimic (mimic) or negative control (NC-mimic) 

(miRCURY LNA miRNA), diluted in Opti-MEM. The siRNA mix was diluted with a 

second mix consisting of Opti-MeM medium containing lipofectamine (0,3 μl/100 μl 

Optimem) (Lipofectamine® RNAiMAX mix), at a 1:1 ratio and incubated at room 

temperature for 5 minutes, according to the manufacturer’s instruction.  

ciPTECs were treated for 1h with/without cisplatin, and then the medium was 

replaced for 23 h with/without A-CM containing 15 µM of Cisplatin and the respective 

181a-5p inhibitor or 181a-5p mimic (or control). After 24h, the medium was 

discarded, the cells were washed twice with HBSS and fresh SFM or CM (without 

cisplatin) containing 40 nM of Apotracker was added to each well. As described 

before (chapter 3.2.3.6), ciPTEC apoptosis was monitored using live cell imaging for 

3 days with 3h intervals and the total integrated intensity of green fluorescence 

(GCUxµm2/image) and ciPTEC confluence (%) was measured.   
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3.2.3.13 Statistics 
 
Statistical analysis was performed using GraphPad Prism v9.4.2. Data were 

presented as mean ± standard deviation unless specified. N refers to the biological 

replicates for each donor per cell type, and n indicates the independent technical 

replicates. The statistical analyses run for each data set and the number of replicates 

are indicated in the figure legends. Statistical significance is indicated as the 

following: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.. Additional 

information are reported in the corresponding figure legends. 
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4 RESULTS 

4.1 AIM 1: Inter-laboratory study on the comparison of different MSC sources 

A better understanding of cell-source differences/similarities would ease the road to 

overcoming some of the current challenges that the field is facing. 

Until now, there is limited knowledge on which factors and to which extent induce 

variability in different MSC batches, tissue sources, culture conditions (media, serum 

source, seeding densities), culture plastics and so on and to which extent operator-

based handling affects this. To address this, we performed an interlaboratory study 

within the RTB consortium to a) compare adipose (A-MSC), bone marrow (BM-MSC), 

umbilical cord (UC-MSC) MSC in an interlaboratory approach and b) to check 

additional quality attributes of the MSC which eventually could favour one tissue 

source against the others.   

This work has been done together with my fellow PhD student Erika. 

4.1.1 Cell culture harmonisation 

The methods used by the three working groups in Heidelberg, Galway and Liverpool 

were harmonised to ensure reproducibility across centres. A common manufacturing 

protocol was defined, which included selecting a batch of fetal bovine serum, culture 

media, a defined cell seeding density and defined cryopreservation conditions.  

The first step to harmonize cell culture protocols for MSC was to select a common 

plating density, as it can be critical for cell growth and change proliferation kinetics as 

MSC is a primary culture and has limited mitotic expansion potential 177. To account 

for donor-to-donor variability, three individual batches (isolates from different donors) 

of each MSC source have been expanded and distributed within the network. 

MSC from A-, BM- and UC-MSC were seeded at either 300 cells/cm2 or 3,000 

cells/cm2 and cultured for at least 2 passages. Population doubling times were 

measured over time. Our results showed that A- and BM-MSC had lower cumulative 

population doublings when grown at high density (Fig. 12 b,c) and therefore a 

prolongation in their expansion time (Fig. 12 a). On the contrary, UC-MSC showed 

higher cumulative population doublings at 3,000 cells/cm2 (Fig. 12 d), which 

translated to an decrease in doubling times. 
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Figure 12. Seeding density affects proliferation potential of MSC from different tissue sources 

    

Population doubling times of all MSC and both seeding density (a). Cumulative population doublings 

of (b) A-MSC  (c) BM-MSC (d) UC-MSC seeding at 300 (empty symbols) and 3,000 cells/cm2 (filled 

symbols) in all three different centres. All graphs N=3. The figure has been modified from 166. 

 

4.1.2 Characterization of t MSC from different tissue sources 

Growth kinetics 
 
To assess whether proliferation capacity differs with respect to the tissue source, 

population kinetics were monitored for MSC grown between passages four and 

seven. A-, BM- and UC-MSC, each from three different donors, initiated in one 

laboratory, were shipped as cryopreserved aliquots to the three centres.  

At these centres, each aliquot was thawed and cells were cultured according to the 

harmonised culture protocol (Table 5), for three passages in all the centres to 

determine their growth kinetics (Fig. 13 a).  
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Table 5. Harmonised and not harmonised conditions used in our experiment set-up 

 

 

Despite MSC being isolated in different laboratories and shipped internationally, 

there was a trend of consistent growth kinetics across all centres.  

In all three centres, BM-MSC displayed lowest proliferation rates (PDT 90.81 ±10.57 

hours, 66.78 ± 16.32 hours, 95.72 ± 28.02 hours in Heidelberg, Galway and Liverpool 

respectively). A-MSC proliferated fastest (43.17 ± 3.84 hours, 37.25 ± 1.64 hours, 

51.10 ± 1.25 hours in Heidelberg, Galway and Liverpool respectively) followed by 

UC-MSC (68.07 ± 9.11 hours, 38.06 ± 1.04 hours, 46.06 ± 9.47 hours in Heidelberg, 

Galway and Liverpool respectively). 

Site-to-site variations were also observed, especially for A- and UC-MSC where the 

doubling times were statistically significantly different when compared between 

different centres (Fig. 13 a). 

 

Adipogenic and osteogenic differentiation potential 

MSC are commonly identified by their ability to differentiate towards mesodermal 

lineages. Cell cultures were induced to undergo adipogenic and osteogenic 

differentiation using in-house protocols. Analysing their differentiation capacity, we 

found high levels of variability, mainly related to the inter-lab handling, tissue origin, 

and donor intrinsic factors. Our results showed that A- and BM-MSC were the two 

cell types capable of differentiating into adipocytes and osteocytes, while UC-MSC 

showed no differentiation potential into both lineages (Fig. 13 b). 

In general, BM-MSC have shown a greater ability to differentiate in both lineages, 

although they demonstrated a high degree of variability when comparing both inter-

laboratory data and donor-donor results. A-MSC showed similar levels of 

differentiation in all centers, except for one isolate. Comparing centres, data from 

Heidelberg and Liverpool were quite similar regarding the degree of differentiation 

against the undifferentiated control, whereas in Galway the differentiation of all MSC 
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remained relatively modest. There also the differences in the fold-change was more 

modest as within Heidelberg and Liverpool (Fig. 13 b and c). 

 

Immune phenotype 

Typically, MSC are defined by a combination of phenotypic characteristics, positive 

and negative markers, that are evaluated by flow cytometry 55. All MSC sources 

showed consistently high levels (> 95%) of positive MSC markers, including CD73, 

CD90 and CD105 across all three centres (Fig. 13 d, e and f). Only A-MSC showed 

high levels of CD34 (10.21 ± 12.96% in Heidelberg and 18.40 ± 11.69% in Liverpool) 

and CD45 (10.81 ± 7.77% in Liverpool). Noticeable levels of HLA-DR were also 

observed in BM-MSC in Liverpool and Heidelberg (3.70 ± 3.36% and 7.33± 6.51% in 

Heidelberg and Liverpool, respectively), but not in Galway. 
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Figure 13. Site and tissue-source dependent differences in proliferation kinetics, differentiation 

potential and marker expression MSC across independent laboratories. (a) Doubling times of  A- 

BM- and UC-MSC divide for site. (b,c) A-, BM- and UC-MSC differentiation capacity in adipogenic and 

osteogenic assay. (g-i) Analysis of the immunophenotype of A-, BM- and UC-MSC by flow cytometry. 

Data displayed as mean ± SD, N=3. One-way ANOVA with Tukey’s multiple comparison corrections, * 

= p < 0.05, ** = p < 0.001, ** = p < 0.001, **** = p < 0.001. The figure has been modified from the 166. 
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4.1.3 Functional activity of different MSC sources 

To investigate whether and to which extent MSC of different tissue sources differ, we 

assessed key functional characteristics. Immunomodulatory functions were tested in 

the site in Heidelberg, pro-angiogenic and pro-migratory function in the site in 

Galway. Further, the site in Liverpool performed an in vivo tracking of luminescently 

labelled MSC. 

4.1.3.1 Angiogenic and endothelial wound healing properties 
 
In regenerative medicine, MSC have been suggested as a cell-therapy strategy 

because of their capacity to repair tissue and promote angiogenesis 178.  

Our colleague in Galway addressed the pro-angiogenic and pro-migratory capacity of 

MSC-CM on human umbilical vein endothelial cells (HUVECs). 

The angiogenic properties of conditioned media (CM) produced by A-, BM-, and UC-

MSC respectively, were comparatively assessed in vitro by testing the ability of their 

secreted factors to stimulate tube-formation of endothelial cells when seeded on a 

MatrigelTM substrate. HUVEC treated with BM-CM formed a larger and more complex 

tubular network with a significant number of segments (Fig. 14 a), junctions (Fig. 14 

b) and closed circuits (Fig. 14 c) compared to A- and UC-CM. Large donor-to-donor 

variability was observed across all cell sources, significant for BM-MSC. To quantify 

the amount of angiogenic factors in the MSC-CM, an antibody array was used . While 

all sources secreted comparable levels of angiogenic factors, there were differences 

in key factors like VEGF and IGFBP-1 and 2, which were higher in BM-MSC, or IL-8 

and MCP-1, which were higher in UC-MSC (Fig. 14  e). 
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Figure 14. MSC-CM exerts, source-dependently, pro-angiogenic activity. (a-c) The graph reports 

the number of tubules, junctions and closed loops induced by treating HUVECs with CM from A-, BM- 

and UC-MSC, respectively. α-MEM served as negative control and EGM as positive control. (d) 

Representative phase contrast images of tubule-like networks in culture. (e) Differential angiogenic 

proteomic profile for each MSC-CM using an antibody array. Data is expressed as a fold change of the 

reference spots. Data is displayed as mean ± SD, N=3, n=3. Two-Way ANOVA with Tukey’s multiple 

comparison corrections, * = p < 0.05, ** = p < 0.001, ** = p < 0.0001, **** = p < 0.00001. # Significance 

relative to negative control. The figure has been modified from 166 . 

 

Subsequently, my colleague tested the ability of MSC-CM to induce endothelial cell 

migration in an in vitro wound healing scratch assay. As depicted in Figure 15, the 

addition of BM-CM resulted in a significant reduction in the scratch gap after 8 (35.03 

± 6.8 %) and 24 hours (58.3 ± 10.36 %) compared to the negative control (MEM-
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Alpha) (13.73 ± 1.26 % at 8 hours and 3.5 ± 3.3 % at 24 hours). BM-CM was 

significantly superior to A-CM at 24 hours (22.4 ± 2.9 %) and UC-CM at 8 (18.01 ± 

1.7 %) and 24 hours (18.1 ± 6.15) (Fig. 15 e-f). Noticeably, donors with enhanced 

endothelial wound healing properties were also prone to exhibit superior angiogenic 

properties. 

 

 

 

 

Figure 15. BM-MSC-CM is superior to A- and UC-MSC-CM in inducing HUVEC migration in an in 

vitro wound scratch assay 

(a) A-, BM- and UC-CM induced endothelial cell migration in an in vitro wound healing model at and 24 

hours after injury. (b) Representative phase contrast images at time 24 hours after scratch; yellow 

lines show the wound width at time 0 hours and white lines at time 8 hours after scratch. Data 

displayed as mean ± SD, N=3, n=3. Two-Way ANOVA with Tukey’s multiple comparison corrections, * 

= p < 0.05, ** = p < 0.001, ** = p < 0.0001, **** = p < 0.00001. # Significance relative to negative 

control (serum-free α-MEM medium was used as negative control, α-MEM media with FBS was the 

positive control). The figure has been modified from 166 . 
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4.1.3.2 Immunomodulatory properties 
 
Immunomodulation is a key MSC therapeutic effect 178. The ability to inhibit PHA-

driven PBMC proliferation is often taken as a measure of immunomodulatory strength 

179, 180. To investigate the immunomodulatory capacity of MSC from different sources, 

their ability to inhibit PBMC proliferation upon PHA stimulation was tested in a co-

culture setting. These experiments were performed in Heidelberg by my colleague 

Erika and me. Figure 16 a shows that all MSC were able to suppress PBMC 

proliferation, as reflected by a decrease in the number of proliferating PBMC when 

co-cultured with MSC compared to those cultured alone. A-MSC exhibited the 

highest degree of proliferation inhibition (0.17 ± 0.52 fold), followed by BM- (0.52 ± 

0.07 fold) and UC-MSC (0.61 ± 0.21 fold). In addition, we compared the ability of 

MSC to inhibit PBMC proliferation with their ability to secrete IDO upon IFN-𝛾 

stimulation 167. The level of intracellular IDO, indicated by the mean fluorescence 

intensity (MFI) value, was highest in A-MSC, followed by BM- and UC-MSC. In 

addition, A-MSC showed greater donor-to-donor variability (Fig. 16 b). The 

percentage of cells positive for IDO staining showed the same order, A-MSC followed 

by BM- and UC-MSC; however, there was a decrease in variability in donor-to-donor 

variability observed in all MSC sources. (88.77 ± 12.04%, 76.17 ± 6.52% and 59.77 ± 

14.15 % for A-, BM-, UC-MSC, respectively; Fig. 16 c). 



RESULTS 

77 

 

Figure 16. A-MSC exert highest immunomodulatory capacity.  

(a) PBMC proliferation upon PHA stimulation after five days co-culture with MSC . All values were 

normalised to PHA-stimulated monocultured PBMCs. (b) Mean fluorescence intensity of intracellular 

IDO of MSC after being treated with IFN- γ for 24h. (c) The percentage of cells positive for IDO 

intracellular staining. Data are displayed as mean ± SD from N=3, n = 3. Two-Way ANOVA with 

Tukey’s multiple comparison corrections, * = p < 0.05. The figure has been modified from 166 . 

 

4.1.3.3 In vivo biodistribution in healthy mice  
 
Finally, Liverpool compared the biodistribution of luc2 firefly luciferase positive MSC 

(FLuc+)  following their intravenous administration to healthy C57BL/6J albino mice. 

The bioluminiscence images show that - immediately after administration - all the 

signals from the injected cells were directed towards the thoracic region of the body, 

which is the equivalent of the lungs, (Fig. 17 a). On day 0, all 3 cell sources showed 

a comparable signal for A, BM and UC cells respectively; fig. 17 b). 24h after 

infusion, the signal was strongly reduced and there was no sign of migration of the 
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cells from the lungs to other sites or organs. At this time point, the signal coming from 

the BM-MSC seemed lower than the signal coming from the two other cell types (Fig. 

17 a). Three days after the administration, while most mice receiving BM cells did not 

show any signal, still a limited signal was detected in mice having received A- and 

UC-MSC, (Fig. 17  a). After seven days, no mice showed detectable 

bioluminescence (Fig. 17 a), and also the quantitative analysis of the 

bioluminescence signal showed no signal anymore (Fig. 17 b).  

 

 

 
 

Figure 17. In vivo biodistribution of MSC. All MSC were entrapped in the lungs and were short-lived 

following IV administration. (a) Representative bioluminescence images of mice administered with 

FLuc expressing A-, BM- and UC-MSC on the day of administration of the cells (day 0), and after 1, 3 

and 7 days (radiance scale from 0.2× 105 to 1× 106 p/s/cm2 /sr). (b) Light output (flux) as a function of 

time (days) from the three different types of MSC. (c) Signal at day 1, day 3, and day 7 normalised to 

day 0 signal. Data in charts are displayed as mean ± SD from three donors for each type of MSC (4 
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animals used per donor). Two-Way ANOVA with Tukey’s multiple comparison corrections, *p<0.05. 

The figure shows the results obtained in Liverpool. The figure has been modified from 166. 

 

4.2 AIM 2: Comparison of A-MSC bioproducts 

As introduced, some researchers favour a paradigm shift, moving from cell-based 

therapies to the therapeutic application of the cells secretome, or bioproducts 

contained therein. From a clinical perspective, the CM  appears advantageous, 

especially regarding safety and logistic issues such as ease of manufacturing, quality 

control and logistics. Recently, EVs emerged as candidate mediators of therapeutic 

activities within the secretome of MSC 103, 181.  

In this part of the thesis, we have tried to deepen our knowledge on the differential 

effects of A-MSC bioproducts, analysing EVs isolated with different methods, the 

protein-rich fraction and the complete secretome in a multicenter comparative study 

as part of the RTB consortium activities. This work has been performed together with 

my colleagues in Galway and Turin (for details, see Fig. 9). 

4.2.1  Impact of isolation method on EV phenotype 

The first step was the characterisation of EVs obtained by UC or SEC from three 

different A-MSC donors. Both EV preparations, the CM and the protein-rich fraction 

were first measured by nanoparticle tracking analysis (NTA) in two centers using 

either the Nanosight or the Zetaview NTA, using established in house protocols.  

Particle concentration per cell was comparable between donors and within one 

method (Table 6 a). The particle concentrations of EV-SEC, protein-rich fraction, and 

CM samples were similar in both centers and among each other. Even though the 

methods were different, the particles were all within the expected size range of EVs 

(70 nm - 300 nm), with EV preparations showing a smaller mean particle diameter of 

128.98 and 167.2 nm compared to the protein-rich fraction with 134.17 and 246.93 

nm respectively (Table 6 b). 
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Table 6. The nanoparticle tracking analysis of EV-UC, EV-SEC, the protein-rich fraction, CM and CM-

WO (indicates the flow-through resulted from the concentration step of CM) samples each derived 

from 3 different A-MSC donors. The table has been modified from the article 168. 

 

The composition of the EV populations were analysed and compared with the 

remainder of the samples via flow cytometry in Turin using a defined protocol (Fig. 18 

a). No EV marker expression was found in the CM-WO, demonstrating the non-

specificity of the particle count obtained by the nanodrop NTA analysis with these 

samples. Based on published recommendations 105, EVs shall express certain 

markers, such as the tetraspanins CD9, CD63 and CD81 105. EV-SEC and the CM 

showed higher expression of CD9 and CD63 compared to UC-EV. The protein-rich 

fraction showed higher expression of all tetraspanins than EV-UC. CD81 was weakly 

positive in CM, followed by the protein-rich fraction, while EVs were negative. Both 

EV preparations and CM were positive for the MSC markers CD44 and CD29, but 

their corresponding protein-rich fraction had no detectable MSC markers. Other 
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markers such as CD49e, CD146 and CD105 were almost exclusively present on the 

EV-UCs (Fig. 18 a). Analyzing the immunological markers, we observed similar 

levels of CD29, Melanoma (MCSP), and tyrosine-protein kinase transmembrane 

receptor ROR1 for all bioproducts, while CD142 (tissue factor, TF) was only present 

in EV-UC and CD133-1 on EV-SEC.  

Characterisation of the surface markers and particle size was confirmed by super-

resolution microscopy, staining for the tetraspanins CD9 (blue) and CD81 (red), and 

the MSC marker CD44 (green). All particles were positive for CD44 and tetraspanin 

expression, but the marker compositions of EV-SEC preparations were different from 

those of EV-UC and CM. Most particles were single tetraspanin positive, with EV-UC 

and CM were mainly CD81 positive and EV-SEC CD9 positive (Fig. 18 b). 

As expected, the measurement of protein concentration in the bioproducts showed 

CM and protein-rich fraction with a higher amount of protein while a low amount was 

found in the EV-UC and non-detectable in EV-SEC and CM-WO (Fig. 18 c). As 

further proof of the purity of our EVs, with the western blot analysis, we confirmed the 

absence of subcellular components that may have contaminated the preparations, 

only the protein-rich fraction and positive control of Hela cell lysate were positive for 

the cytoplasmic marker Calnexin (Fig. 18 d) 
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Figure 18. Characterization of A-MSC bioproduction. (a) FACS analysis using the MACSPlex 

exosomal kit. EV-UC, EV-SEC, Protein-rich fraction, CM and CM-WO were tested for 39 surface 

markers divided into groups based on their origin and function (embryonic cells, pro-coagulation 

activity, neurite growth, cell adhesion, hematopoietic cells, immune system regulation, immune cells, 

mesenchymal cells, tetraspanins and two controls). Data represented as a heatmap with the mean 

fluorescence intensity of N = 3 A-MSC donors per marker. (b) Representative super-resolution 

microscopy pictures of EV-UC, EV-SEC, CM. The samples are stained with CD81 red, CD44 green 

and CD9 blue. The scale bar is 100 nm. (c) Protein content analysis of EV-UC, EV-SEC, Protein-rich 

fraction, CM and CM-WO. (d) Western blot analysis of Calnexin of EV-UC, EV-SEC, Protein-rich 

fraction, CM-WO, CM. Cell lysates of Hela cells were used as a positive control.  



RESULTS 

83 

Flow cytometry and super-resolution microscopy analysis was performed in Turin, protein 

concentration was measured in Galway and western blot analysis was performed in Heidelberg. 

The figure has been modified from 168. 

 

4.2.2 Differential immunomodulatory activities of A-MSC bioproducts 

As described before, one key therapeutic feature of MSC is their immunododulatory 

capacity. Accordingly to compare the thereputic potency of the different A-MSC 

bioproducts, we first analyzed their immunosuppressive activity using two different 

assays. To best as possible adjust the concentration of the bioproducts, a cell 

equivalent dose for each factor was calculated and applied within the experiments. 

Confirming previous observations 167, 182, the proliferation of mitogen-stimulated 

PBMC was inhibited exclusively by MSC being present in a direct co-culture. In 

contrast, no decrease in proliferation was seen when adding any of the EV 

preparations or the CM (Fig. 19 a). This showed that the lack of inhibitory activity was 

independent of the manufacturing mode of EVs, as both ultracentrifugation and SEC-

isolated EVs lacked inhibitory strength. The flow-through resulting from the 

concentration step (CM-WO) was used as a control, likewise with no inhibitory 

activity.  

However, when analysing the phagocytic activity of THP-1 monocyte-derived 

macrophage cells after LPS stimulation, different effects were seen. These 

experiments have been performed in Galway. The protein-rich fraction and the CM 

significantly enhanced the phagocytic activity of macrophages compared with the 

negative control (non-stimulated cells). It was superior to the EV-UC preparation, and 

also the EV-SEC stimulated a phagocytic capacity superior to the negative control 

and similar to that of the CM (Fig. 19 b). 

Given the effectiveness of the EV-SEC, we tried to increase the concentration of both 

EVs and proteins by 10-fold and added 2 and 20 EVs (cell equivalents): THP1 cell. 

The higher EV concentration significantly enhanced the efficacy of both EV 

preparations, 10%/16.6% for 1:2/1:20 for EV-UC and 16.2%/24.2% for EV-SEC (Fig. 

19 c), suggesting an immunomodulatory ability by EVs that depends on the dose and 

the isolation method used. 
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Figure 19. Immunomodulatory properties of A-MSC bioproducts. (a) PBMC proliferation after five 

days of co-culture with MSC under PHA stimulation. All values were normalized to PHA-stimulated 

monoculture PBMCs. (b) Phagocytic activity of LPS-stimulated THP-1 with EV: THP-1 cells ratio to 

2:1, (c) phagocytic activity with increase of the EV: THP-1 cells ratio to 20:1. Data are represented as 

the mean ± SD of N = 3 A-MSC donors and n = 6 technical replicates. Statistical analysis was 

performed using Two-Way ANOVA with Tukey’s multiple comparison test; * = p < 0.05, ** = p < 0.001, 

*** = p < 0.0001, **** = p < 0.00001. # Significance versus the negative control. The phagocytosis 

assay was performed in Galway. The figure has been modified from 168.  

 

4.2.3 Effects of A-MSC bioproducts on cell migration 

Next, we decided to investigate whether the methodology of isolation and preparation 

of the different bioproducts could also influence other key properties of MSC such as 

the induction of cell migration. The ability to induce cell migration was tested using 
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the in vitro wound scratch assay on endothelial cells (in Galway) and A-MSC (in 

Heidelberg).  

The CM and the protein-rich fraction significantly enhanced endothelial cell migration 

after 8 hours of injury to levels of the positive control (to 8-fold and 7-fold compared 

to control, respectively) (Fig. 20 a). Although to a lesser extent, both EV preparations 

showed a similar impact on cell migration by increasing it by 4-fold compared to the 

control, while CM-WO stimulated migration only 3.1-fold. 

The same effect was observed for all bioproducts promoting MSC migration. 

Although differences did not reach statistical significance, CM, the protein-rich 

fraction, and the EV-UC bioproducts showed a trend to enhance MSC migration (Fig. 

20 b), while EV-SEC was less effective. As for the phagocytosis assay, by increasing 

the concentration it was possible to stimulate migration of MSC, this time the EV-UC 

showed a dose-dependent trend, instead EV-SEC at higher concentrations exerted 

only a marginal increase in MSC migration (Fig. 20 c). 
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Figure 20. Enhancement of cell migration by A-MSC bioproducts. (a) Migratory capacity of 

endothelial cell migration in an in vitro wound healing model after 8h of the scratch. concerning the 

EndoGro-LS medium without FBS was used as  negative control and EndoGro-LS medium with FBS 

and VEGF as positive control. (b) Migratory capacity of A-MSC in vitro wound healing model after 24 h 

after injury, ⍺-MEM media without FBS was used as negative control and ⍺-MEM media with FBS as 

positive control. (c) Migratory capacity of A-MSC with increasing  in the ratio of EV:MSC. Data are 

represented as the mean ± SD of N = 3 A-MSC donors and n = 6 technical replicates. Statistical 

analysis was performed using Two-Way ANOVA with Tukey’s multiple comparison test; * = p < 0.05, ** 

= p < 0.001, *** = p < 0.0001, **** = p < 0.00001. # Significance versus the negative control. Wound 

scratch assy on endothelial cell was performed in Galway, wound scratch assy on MSC was 

performed in Heidelberg. The figure has been modified from 168. 
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4.2.4 Effects of A-MSC bioproducts on angiogenesis  

So far we have been able to observe marked differences in the efficacy of MSC 

bioproducts, in particular we have shown how different isolation methods can 

influence their function. Finally, we tested the bioproducts for their ability to induce 

angiogenesis/vascular tube formation. Arguing whether the international shipment of 

samples may have compromised their potential therapeutic effects, these assays 

were run again as a multicenter approach, in all three expert centres participating in 

this study using their established in-house methods. The angiogenic capacity of A-

MSC bioproducts was taken as the ability to induce the formation of tubule-like 

structures in endothelial cells seeded on an extracellular matrix, either MatrigelTM or 

Geltrex. Results were normalized to the negative control (serum-free medium) and 

compared among centers, VEGF was added and used as positive control. 

In general, the rates of angiogenesis induction were consistent across centers. CM 

and protein-rich-fraction induced tube-like formation to the highest degree, 

comparable to levels induced by VEGF, whereas EV-UC and EV-SEC induced only a 

moderate angiogenic effect (Fig. 21 a and b). The lack of angiogenic induction 

achieved by the EV preparations was confirmed when increasing the dose 10-fold. 

Despite a mild increase in tube formation generated by EV-SEC, all populations 

displayed comparable rates to that of the negative control (Fig. 21 c). 

Based on these results, and to confirm the active role of VEGF in angiogenesis, we 

measured the levels of VEGF present in each of the bioproducts. As expected, VEGF 

was detected only in CM samples and protein-rich fraction, but not in EV and CM-WO 

populations (Fig. 21 e), similar to the total protein amount (Fig. 21 c). Moreover, 

upon adding ZM323881, a VEGFR2 inhibitor, the capacity of CM and the protein-rich 

fraction to stimulate tube formation (Fig. 21 g-h) was significantly reduced, thus 

confirming the critical role of VEGF in the tube formation assay. 
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Figure 21. Angiogenic properties of A-MSC-derived bioproducts. Tube formation assay was 

chosen as inter-center comparison between centers. (a) Ability of A-MSC bioproducts to stimulate tube 

formation in vitro is represented as the relative tube formation of the negative control (EndoGRO-LS 

medium without VEGF). Dot colours represent the individual data from the 3 centers. (b) 

Representative phase contrast images of tubule-like networks in culture. (c) Tube formation assay with 
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increasing in the EV ratio to 20:1 (d) Measured of VEGF concentration in all bioproduction. (e) Tube 

formation assay with addition of 1 µM of ZM32381 in the CM and the protein-rich fraction preparations, 

this assay was performed in 2 centers.  Data are represented as the mean ± SD of N = 3 A-MSC 

donors and n = 3 technical replicates per center. Statistical analysis was performed using One-Way 

ANOVA (D, E). * p <0.05, ** p <0.01, *** p <0.001. The figure has been modified from 168. 
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4.3 AIM 3: Role of microRNAs in the protective effect of A-CM in an in vitro 

kidney injury model 

4.3.1 Cisplatin cytotoxicity 

In the third and final part of the thesis, we established an in vitro model capable of 

mimicking kidney cell damage. As a cellular model of acute kidney injury, the 

conditionally immortalised proximal tubule epithelial cell line (ciPTEC) was used for 

the experiments. We aimed to test the protective capacity of the A-MSC secretome in 

this injury model and then to identify the molecular mechanism activated by the 

presence of the secretome. We hypothesized that miRNAs are involved. 

To establish the best nephrotoxicity model for our analysis, ciPTECs were treated 

with three compounds: cisplatin, antimycin A, and hydrogen peroxide. Each 

compound was tested at increasing concentrations in various read-outs; viability, 

apoptosis, intracellular levels of p53 and migration in the wound/scratch assay were 

chosen being reproducible and easy to quantify (Fig. 22). 

Our goal was to find a concentration capable of moderate toxicity in order to test the 

capability of recovery induced by the A-CM. We observed the most robust and 

reproducible results using cisplatin as the toxic agent. After 24h of cisplatin treatment, 

all the biological functions were dose-dependently reduced (Fig. 22 a,d,g). Antimycin 

A, on the other hand, showed some impact only on cell viability (Fig. 22 b), though in 

a dose-independent manner. It did not compromise the metabolic and migratory 

activity, except for the higher concentration where we observed a reduction in cell 

migration (Fig. 22 h). A similar trend was found after treatment with hydrogen 

peroxide but only reducing cell viability, while metabolic activity and migration did not 

seem to have been affected by treatment (Fig. 22 c,f, i).  

The treatment with a concentration of cisplatin of 15 µM was chosen for further 

experiments, it lowered viability significantly but not dramatically (25%), reduced 

metabolic activity (20%), and migration (36%). 
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Figure 22. Establishment of the in vitro injury model 

(a) Schematic overview of experimental set-up. CiPTECs were treated for 24h with different 

concentrations of cisplatin (Cis), antimycin A (AA) and hydrogen peroxide (H2O2). Viability (b,c,d), and 

metabolic activity (ATP production) (e,f,g) were evaluated after 24h of treatment. Data are displayed 

as normalised values against the untreated control (CTRL). To assess their migratory capacity(h,i,l), 
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24 h post-treatments, the ciPTEC monolayer was scratched and the compounds-containing medium 

was discarded and replaced with fresh SFM. The closing of the wound was monitored using live cell 

imaging and quantified 3 days after the wound was made. Wound scratches were presented as 

relative wound density in %. n=3 independent experiments were performed. Data are displayed with 

mean ± SD. *p≤ 0.05, **p≤ 0.01, ***p ≤ 0.001 as calculated using One-Way ANOVA with Tukey’s 

multiple comparisons test. 

 

4.3.2 A-MSC-conditioned medium protects renal cells from cisplatin toxicity in 

vitro injury model. 

Once we had chosen cisplatin and its concentration, we investigated the effect of A-

MSC secretome on cisplatin-treated ciPTECs (Fig. 23).   

For this purpose, ciPTEC were treated with cisplatin for 1h. Then A-CM was added to 

the cells for 23 hours. Overall by this a incubation with cisplatin for 24 hours was 

performed, allowing us to test the protective effect of A-CM. Cisplatin slightly, but 

significantly, reduced the viability of ciPTEC by 10% compared to untreated ciPTEC 

(Fig. 23 b). Cells treated with CM and cisplatin showed lowered viability as well. 

When analysing the expression of p53 a pronounced amelioration of cisplatin-

mediated p53 induction by A-CM was observed (Fig. 23 c). Cisplatin significantly 

raised levels of p53 compared to untreated conditions (CTRL and A-CM), while the 

combination of cisplatin with A-CM (Cis-A-CM) tended to bring the expression levels 

of p53 back to normal (A-CM). 

Although we have previously shown that EVs were not able to reproduce the effect of 

the secretome (chapter 4.2), we tested EVs in this experiment setup. Here, 5x108 

particles/ml of EV (same volume of protein) or the protein were added and incubated 

with/woithout cisplatin for 23 hours. 

The EV fraction was not able to protect the ciPTEC from the cytotoxicity of cisplatin, 

unlike the protein fractions that were able to revert cell viability to levels comparable 

to the untreated ciPTECs (Fig. 23 d). 

The protective effect of A-CM was obvious when assessing apoptosis and migratory 

activity of ciPTEC. The treatment with only cisplatin significantly increased the 

number of apoptotic cells, but the addition of the CM reduced apoptosis by 64 % 

(Fig. 23 f). CM not only prevented cell death, but also promoted the migration of 

ciPTEC (Fig. 23 g). CM per se induced cell migration, slightly reduced upon cisplatin 

addition. 
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Figure 23. A-CM protected ciPTEC from cisplatin toxicity. (a, e) Schematic overview of the 

experimental set-up. The effect of A-CM, derived from A-MSC was evaluated on the (b) viability and 

(c) levels of p53 protein in ciPTECs treated or untreated with only cisplatin for 1 hour and then in the 

presence or absence of A-CM for a total of 24 hours (n=4). In addition, (d) EVs and protein 

components derived from A-CM were tested on the viability of ciPTECs treated or untreated with 

cisplatin (n=3). Values were normalised against the untreated control cultured in a serum-free medium 

(CTRL). The following day, the cisplatin-containing medium was replaced with either CM or CTRL 

medium containing Apotracker to monitor the ciPTEC apoptosis for an additional 72 h. Apoptosis was 

quantified after 96h from the cisplatin treatment and normalised by the cell confluence (n=4) (f). To 

measure the migratory capacity, ciPTEC monolayer was scratched after 24h of cisplatin treatment and 

the wound closing was monitored for 72h. Data are displayed as individual values with mean ± SD. 

*p≤ 0.05, **p≤ 0.01, ***p ≤ 0.001, as calculated using ordinary one-way ANOVA Tukey’s multiple 

comparisons test.  

 

4.3.3 Cisplatin cytotoxicity changes miRNA profiles in renal proximal tubule 

cells 

We postulated that A-CM exerted its protective effect by modulating miRNA 

expression in injured kidney cells. To prove this, small RNA from ciPTECs treated 

with/without cisplatin and with/without A-CM was isolated and small RNA-sequencing 

analysis was performed. Differentially expressed microRNAs (DEmiRNAs) were 

calculated using the DEseq2 algorithm. The highest number of significant DEmiRNAs 

was found when comparing A-CM and Cis-A-CM samples, suggesting that the effects 

observed might be due to miRNAs regulation. For further grouping the miRNAs with 

at least 1,000 reads and differentially expressed in at least one of the comparisons 

were selected (Fig. 24 a). From the obtained list of 37 miRNAs, we performed a 

bibliographic search looking for links between the various miRNAs within the list and 

the apoptosis pathway and on kidney related cellular systems. This approach led to 

three miRNA candidates: miR-181a-5p, miR-146a-5p and miR-125a-5p. 

Bioinformatic search for the gene targets by these miRNAs and involvement in the 

p53 pathway revealed a partial overlap, suggesting a potential role of the miRNAs in 

modulating apoptosis via p53.  

The read counts data of the selected miRNAs showed downregulation in cisplatin-

treated ciPTEC in both SFM and A-CM (Fig. 24 c-e). However, miR-181a-5p showed 

the highest reduction upon cisplatin treatment. This modulation was validated by RT-

qPCR (Fig. 24 f). The differences observed in miR-146a-5p and miR-125a-5p did not 
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reach statistical significance (Fig. 24 g-h). Accordingly, we focused our attention on 

miR-181a-5p for subsequent functional analyses. 
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Figure 24. Cisplatin cytotoxicity changes miRNA profiles in ciPTEC. (a) The normalised log10 

transformed miRNA read count data values are represented in the heatmap, the graph was generated 

using R-pheatmap package. Heat maps are showing the cluster of miRNA differentially expressed in 

ciPTEC treated with/without cisplatin and with/without A-CM. The colour scale indicates the expression 

level of the miRNA, with blue and red colours indicating low and high expression respect all the 

values. CTR and Cisplatin n=2; A-CM and Cis-A-CM n=4. (b) Based on the KEGG database, a 

network graph made with Cytoscape software shows that the selected miR-181a, miR-146-a and miR-

125-a interact with each other within the p53 pathway. The read-count average obtained from the 

sequencing data showed the different expressions of (c) miR-181a-5p, (d) miR-146-a-5p and (e) miR-

125-a5p in all the groups, the statistical analysis was performed to compare the treatment with the 

corresponding untreated control. Independent validation of sequencing results using RT-qPCR of (f) 

miR-181a (g) miR-146a and (h) miR-125a. Data are represented as the mean ± SD. N=3. Statistical 

analysis was performed using Student’s t-test * p <0.05. 

 

4.3.4 MiR-181a regulates genes involved in nephrotoxicity 

In a previous work conducted by my colleague Erika, a nephrotoxicity PCR array was 

performed to study the molecular pathways through which cisplatin and A-CM exert 

their effect. It has been shown that cisplatin affected ciPTECs gene expression 

profile, inducing nephrotoxicity, but this effect was largely recovered by CM. Genes 

affected by cisplatin and modulated by CM mainly included genes involved in 

apoptosis and oxidative stress 183. I screened the data to identify that some of the 

genes in the nephrotoxicity PCR array were miR-181a targets. Figure 25 a illustrates 

that miR-181a-5p is involved in regulating genes involved in apoptosis (orange) and 

genes involved in nephrotoxicity (green).  

Interestingly, the analysis of the specific mir-181a-5p target genes did not reveal any 

protective effect of A-CM as observed before (Fig. 25 b-h) 183, but the effect of 

cisplatin was still observed for CYR61, GAMT and VCAM-1 genes.  

In addition, it was possible to associate gene expression levels with regulation by 

miR-181a. The upregulation of GAMT and CYR61 in Cis-A-CM group was compatible 

with the decrease of miR-181a-5p thus suggesting a de-repression of their 

expression at the post transcriptional level. Instead, VCAM, like miR-181a, showed a 

down regulation and this indicates that there is no microRNA regulation. 

CYR61, SPP1, although statistically not significant, showed in trend to be 

downregulated by A-CM compared to cisplatin alone. 
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Figure 25. MiR-181a’s targets are involved in nephrotoxicity. (a) Based on the KEGG database, a 

network graph made with Cytoscape shows miR-181a’s target genes involved in the p53 pathway 

(orange) and nephrotoxicity (green). (b) Heat maps showing the results from a nephrotoxicity PCR 

array of mir-181a’s target gene differentially expressed in ciPTEC treated with/without cisplatin and 
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with/without A-CM. The colour scale indicates the expression level of the genes, with blue and red 

colours indicating low and high expression respect all the values. Nephrotoxicity PCR array displayed 

as fold change versus the untreated control of (c) SPP1, (d) VCAM1, (e) IPMK, (f) GAMT, (g) CYR61, 

(h) UCHL1. N = CTRL=2, Cisplatin=2, A-CM=4 and Cis-A-CM=4. Data are represented as the mean ± 

SD. Statistical analysis was performed using Two-Way ANOVA with Tukey’s multiple comparisons (e, 

f). * p <0.05, ** p <0.01. CTRL= untreated control, Cisplatin= cisplatin treatment, A-CM= adipose 

stromal cells conditioned medium, Cis-A-CM= cisplatin and conditioned medium treatment. 

 

4.3.5 MiR-181a is involved in the protective role of A-CM reducing cisplatin 

apoptosis 

To support our notion that miR-181a-5p is involved in the activity of A-CM rescuing 

ciPTEC from cisplatin-induced apoptosis, we performed functional experiments and 

inhibited or overexpressed miR-181a-5p by using an antisense inhibitor RNA or a 

miRNA mimic, respectively.  

As schematized in the figure (Fig. 26 a), first we tested that our cells were 

transfected and that the expression of miR-181a was sensitive to the oligonucleotides 

added. Both the inhibitor (variation of 50% compared to the control) and the mimic 

(variation of 150 % compared to its control) modified the expression of miR-181a as 

expected (Fig. 26 b and c).  

Assessing the effect on apoptosis upon cisplatin and A-CM treatment, we observe 

that lowering miR-181a expression by half led to an significant overall reduction of 

cisplatin-induced apoptosis, both in the cisplatin-only and in the cisplatin + A-CM 

group. In the cisplatin + A-CM group, an additive effect was seen (values: cisplatin + 

NC = 1.13+/- 0,22, cisplatin + inhibitor 0.50+/- 0,27, cisplatin + A-CM +NC: 0.71+/- 

0,17, with inhibitor 0.10 +/-0,08) (Fig. 26 e).   

This confirms data reported in literature where both in vitro and in vivo data showed a 

reduction in apoptosis related to the inhibition of mir-181a-5p 164, 184. The CM further 

accentuated the miR-181a-5p anti-appototic effect due to the added inhibition of miR-

181a-5p.  

Based on published data, we expected to observe an increase in apoptosis upon 

miR-181-5p mimic addition/overexpression. However, our results failed to confirm 

this. The presence of miR-181-5p mimic in our system did not increase or decrease 

apoptosis, but interestingly the protective effect of the CM compared to the SFM was 

rather lost, and apoptosis rates were comparable to those in the respective cisplatin 

NC control (Fig. 26 f). 
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Overall, these data indicate that the MSC-CM can only influence the expression of 

miR-181a in combination with cisplatin. Only in this condition MSC-CM mediates a 

reduction in miR-181a expression, which probably activates signal cascades that 

reduce apoptosis. 
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Figure 26. Role of miR-181a in cisplatin toxicity. (a-d) Schematic overview of the experimental set-

up. (b) QPCR of inhibitor and (c) mimic effects on miR-181a-5p expression. Apoptosis assay 
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displayed as fold change of delta values (treated-untreated) with the presence of (e) miR-181a-5p 

inhibitor and (f) 181a-5p mimic. Data are represented as the mean ± SD. Statistical analysis was 

performed using One-Way ANOVA with Tukey’s multiple comparison test * p <0.05, ** p <0.01, *** p 

<0.001. (ciPTEC) n=4  and A-CM=3. SFM= basal medium, NC-mimic= negative control-mimic, NC-

inhibitor= negative control-inhibitor, A-CM= adipose stromal cells conditioned medium, blank= basal 

medium with lipofectamine. GCU= green calibrated unit. 
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5 DISCUSSION 

5.1 AIM 1: Inter-laboratory comparison of different MSC sources 

MSC are used for different clinical applications, but the lack of standardisation and 

harmonisation of manufacturing protocols between laboratories hinders the clinical 

translation and comparability of therapeutic products 185.  

MSC isolated from different tissue sources have unique and intrinsic properties 

depending on their origin and donor characteristics, making it difficult to standardise 

them 186. Elucidating what makes each tissue source unique could help in predicting 

clinical potency and identifying the most effective MSC source in promoting 

regeneration and/or boosting the host endogenous repair mechanisms. Therefore, is 

necessary to understand their therapeutic potential to guarantee successful clinical 

translation. 

For that purpose, work package 3 within the RenalToolBox ITN Network had one 

objective to biologically compare adipose (A-MSC), bone marrow (BM-MSC), 

umbilical cord (UC-MSC) mesenchymal stromal cells. Our specific aim in this work 

package was to investigate differences at phenotypic level and to compare 

mechanisms of action between MSC derived from different sources, with the future 

purpose of being able to identify the similarities and differences specific for the tissue 

source and application/assay. To achieve this goal we have designed an 

experimental plan (Fig. 8) where first we aimed to assess the impact of different 

decentralised production sites on MSC characteristics and second to understand 

differences in tissue source-specific properties. 

Stroncek and colleagues have shown that and how variations in cell culture 

procedures affect the functional and molecular characteristics of cells to a much 

greater extent than the source material itself 187. Considering these results, we tried 

to limit the variability given by different operators, media, culture protocol and donors, 

using predefined harmonised conditions by culturing all three MSC types in the same 

α-MEM medium supplemented with the same lot of FBS. Moreover, to properly 

compare the different sources, a seeding density optimal for the expansion of each 

cell type was identified and adopted across centres (Table 1). The original idea was 

to find a common growth density to grow all cell types, but this was not possible. The 

diversity due to the different tissues of origin was evident immediately, the A-MSC 

have shown to prefer a lower growth density than BM and UC-MSC.  
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Our study demonstrated that protocol harmonisation reduces but does not eliminate 

the centres variation while maintaining tissue and donor-specific differences.  

In the biological comparison, the variability between centres and donor-donor 

continued to present in the kinetic results of growth, BM-MSC showed the longest 

doubling time and the highest inter-donor variability, and A-MSC consistently showed 

the least donor-to-donor variation regardless of where they were cultured (Fig. 12). 

However, a greater heterogenicity in cellular behaviour was obtained in the analysis 

of both adipogenic and osteogenic differentiation.  

The analysis of adipogenic and osteogenic potential confirmed the known inter-donor 

variability that was consistent in all centres (Fig. 13). Despite the use of harmonized 

differentiation protocols and kits, the quantitative results varied considerably, 

demonstrating the great influence exerted by the operator. UC cells behaved similar 

in different centers showing no adipogenic or osteogenic potential. The reduced or 

whole lack of adipogenic differentiation potential has been repeatedly reported for 

perinatal MSC 188, 189. However, the whole absence of in vitro osteogenic 

differentiation was rather unexpected, probably stressing the different needs of UC-

MSC for osteo-induction 190. 

In contrast, expression of surface markers (including CD73, CD90 and CD105) and 

lack of hematopoietic markers (including CD11b, CD19, CD34 and CD45) and major 

histocompatibility complex (MHC) class II (HLA-DR), showed uniformity in the results. 

Some variability was observed for the negative marker, in particular, A-MSC showed 

increased expression (>2%) of CD34 (Heidelberg and Liverpool) and CD45 

(Liverpool) (Fig. 13). This variability may arise from affinity variables when using 

several monoclonal antibodies, as was previously reported in CD34 positivity of A-

MSC early in culture 191-193. Or similar initial expression of CD45 disappearing after 

prolonged culture observed in BM-MSC 194. 

The site-to-site variation observed in the first part of our study may result from 

several factors independent of the use of standard protocols and which are difficult to 

predict: for example, diversity of operators, manual management of cell count and 

assessment of confluence for harvest. Another factor that could explain the variability 

is the shipment of cells in dry ice, the different times of shipping between centres may 

have affected cellular behaviour. To confirm our hypothesis studies are showing that 

cryopreservation not only affects cell proliferation 195, but also affects the 

differentiation potential 196 and immunosuppressive properties 197. 



DISCUSSION 

104 

At the moment, there is limited knowledge about the specific properties of tissue that 

can predict clinical efficacy of MSC. Considering the significant effect that the origin 

tissue can have on functional properties, we provided a comparison of different 

sources of MSC, evaluating their basic characteristics. This comparison was 

performed in a single expert centre.  

In Galway, the angiogenic profile of CM obtained from 3 different sources was 

evaluated. CM from BM-MSC showed superior abilities to form tubule-like structures 

and induce endothelial cell migration in vitro (Fig. 14). Moreover, the overall 

presence and concentration of angiogenic factors within the CM were found to be 

superior in BM preparations with increased relative levels of tubulogenesis-driving 

factors such as VEGF 98, 198. The variability of the donor is a well-known phenomenon 

that we have observed also within our study, influencing the variability of reports in 

the literature. For example, studies show higher proangiogenic capacities 199 and 

higher secretion of VEGF in BM-MSC cultures 51 as in our case, while others 

reported increased tube formation and angiogenic bioactivity in the A-MSC 

secretome 200, 201. This phenomenon underlines the need to dissect the donor 

characteristics and variability in autologous and allogeneic contexts to obtain 

favourable clinical results 202 The same trend was observed when analysing the 

migratory ability, BM-CM displayed a superior ability to induce endothelial cell 

migration followed by A-CM and finally UC-CM (Fig. 15). 

 

Many studies have shown the ability of MSC to modulate the activation, proliferation 

and function of various immune cells of MSC and to produce cytokines in response to 

different stages of the inflammation process 203.  

MSC-mediated effects on T cell proliferation depend on different mechanisms, which 

also involve IDO activity 69. IDO has been implicated as the key factor responsible for 

inhibiting PBMC proliferation from tryptophan catabolism to kynurenine 204. 

In a previous study conducted in our laboratory, we demonstrated that the 

suppression of T cell proliferation in vitro matched the increased secretion of IDO in 

A-MSC, resulting in a reduction in tryptophan and an increase in kynurenin levels in 

their conditioned media 167. The immunomodulatory activity of MSC is influenced by 

stimuli present in the microenvironment, it has been shown that the stimulation of 

MSC with IFN-γ, has resulted in the up-regulation of IDO that has enhanced the 

suppressive potential of MSC on PBMC stimulated 205, 206. 
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In the literature, there are several studies in which MSC derived from different tissues 

are compared, but the results are very often conflicting. In a comparison between BM 

and A-MSC, for example, A-MSC exerted more potent immunomodulatory effects 

because they exhibited greater IDO activity and stronger expression of IFN-γ 207. In 

another study comparing MSC from BM, A and Wharton’s jelly, again, A-MSC 

resulted to be the most potent population in inhibiting allogeneic-induced T cell 

proliferation 208.  

With our study, we reproduced this data. A-MSC had the highest ability to inhibit 

PBMC proliferation, and showed the highest level of intracellular IDO expression 

upon IFN-γ stimulation, followed by BM and UC-MSC (Fig. 16). These data 

supported previous data from our group, where A-MSC exerted the highest 

immunomodulatory strength, followed by BM and in that case umbilical cord blood-

derived MSC 167. However, there are also conflicting data proposing BM-MSC as the 

cellular source to have a superior immunosuppressive effect over A-MSC 209, or MSC 

from umbilical cord/Wharton’s jelly possesses the strongest inhibitory effect on T cell 

proliferation compared to A-MSC, BM-MSC, and placenta-MSC 210. Our data clearly 

demonstrate that data comparability is hard in MSC, as there is a huge impact of 

handling and processing. The manufacturing process may change cellular behavior 

even further. Thus it might be more important to optimize, harmonise and standardize 

manufacturing processes individually, a) for the cellulr source and eventually more 

importantly b) for the clinical indication. 

It should also be noted that in vitro data cannot represent the complex in vivo 

situation 211. The inflammatory context is defined by a variety of cell types and 

stimulating factors that affect the behaviour of MSC and modify their interaction with 

the immune system 203. Therefore, future studies should be designed to understand 

whether the similarities/disparity of in vitro results are related to similar functions in 

vivo and whether it is possible to predict cellular behaviour in vivo by studying its 

biological properties. 

 

One important part of our RTB study was to compare the biodistribution of MSC 

following their administration to healthy mice. For these experiments we decided to 

test intravenous administration of MSC. This is the technique commonly used in 

clinical trials 212, although it is known that most cells tend to accumulate in the lung, 

spleen or liver as filtering organs 74. Further risks of this administration technique are 
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the possibility of forming (micro)emboli 75, 213, and the reduction of the actual number 

of cells capable of reaching the affected site 214. For example, 83% of administered 

MSC were found in the lungs instead of the heart one hour after intravenous 

administration in a mouse myocardial infarction model 215.   

We also noticed the trapping of cells in the lungs - immediately after infusion - 

independent of the tissue source. A significant drop in the bioluminescence signal 

from the lungs was observed in the first 24 hours after injection. Luminescence 

signals from both BM and UC-MSC disappeared early. Only A-MSC appeared to 

reside in the lungs for a slightly longer period, here a weak signal was still observable 

on day 3 post-infusion, but no signal was detected 7 days after injection. The 

bioluminescence signal was only detected in the lungs and no other organs, 

indicating trapping and subsequent degradation (Fig. 17). The decrease in signal 

observed after 24h probably suggests the death of the injected cells, as 

demonstrated earlier by Haolu Wang et al. They found that 30 minutes after 

intravenous injection the MSC were trapped in the microvessels of the lungs and 

liver, and only 28% of these survived after 24 hours 216. It would be of interest to 

perform these experiments within an injury model, as previous reports showed that 

upon presence of an injury, MSC can egress the lung after initial entrapping and 

migrate towards the inflammatory cues 217. This result is consistent with various 

reports 218, 219 and confirms that this effect is not influenced by the origin of MSC. 

Trapping in the lung has discussed initially to be of risk for the patient, due to 

pulmonary embolism for instance. However, the safety profile of infused MSC is very 

high, this is now well documented by the various clinical studies. Still unknown is 

whether lung entrapment may limit therapeutic success 75, 212, 220-222 or rather trigger 

MSC to release trophic factors 223. In fact, the cell death 24h post-infusion is not 

necessarily a bad result, indeed it seems to be a necessary step for the activation of 

the immune system. This is now called the “hypothesis of dying stem cells". The 

apoptosis of transplanted MSC modulates innate and adaptive immune responses 

219, 224. A study on GVHD revealed that patients with immune cells that could induce 

MSC apoptosis responded to MSC therapy, suggesting that MSC apoptosis plays a 

role in the clinical response 225.  

  

With our inter-laboratory study, we highlighted the importance of comparing different 

types of MSC, which may have benefits in specific therapeutic contexts. A-MSC have 
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shown improved immunoregulatory abilities, BM-MSC had superior angiogenic 

properties and wound healing, while UC-MSC appeared to be the least potent of all 

three sources within the analysis performed. However, the proposed assays cannot 

capture all the properties and attributes from each tissue source and need further 

validation in specific injury models in vitro and in vivo to confirm their ability to predict 

therapeutic potency. More importantly are our interlab comparison data that clearly 

indicate the impact of individual processing. To overcome this issue, a strict 

harmonisation and training is required to train operators within one center but also 

across centers, to increase reproducibility and reliability and to allow comparison of 

clinical data. This is most important to move the field forward and speed up 

translation and patients access to novel MSC-based therapies. 
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5.2 AIM 2: Comparison of A-MSC bioproduction  

In the context of MSC products, potency assays are typically designed to evaluate a 

paracrine regenerative or reparative mechanism because it is widely accepted that 

these represent the predominant mechanisms by which MSC exert their effects, 

rather than through direct engraftment or differentiation of the cells towards a cellular 

lineage. 

More and more studies in recent years attribute the main therapeutic effects of MSC 

to their paracrine factors, secretome and extracellular vesicles, which represent a 

new and safer method of treating medical conditions than direct cell-based therapies.  

Their non-living nature gives them a therapeutic advantage for their stability, lower 

immune response, and ease in terms of transport and storage 101. The term 

secretome includes several components of a different nature that are involved in 

different pathways, for this reason being able to identify the component that can have 

a therapeutic impact in a specific application would make cell-free therapy even more 

effective.  

Due to their role in cellular communication, EVs are the secretome component in the 

focal point of research across multiple scientific fields. The ability of EVs to carry and 

deliver molecular messages across distances within the body positions them as 

central players in both normal physiology and disease. Despite growing interest, 

much remains unknown about EV biogenesis and mode of action 226.  

5.2.1 The importance of isolation and characterization protocols of bio-

products 

There are discrepant data in the literature regarding the effectiveness of cell-free 

MSC bioproducts. Whereas some researchers claim that the secretome or the EVs 

therein can recapitulate the entire therapeutic effects of MSC and used them as cell-

free therapies 227, 228, our data do not support this theory, at least regarding EVs. 

In this part of the thesis, we wanted to investigate the A-MSC secretome in more 

detail studying the different components and testing their efficiency in vitro, analysing 

several aspects involved in tissue regeneration. To our knowledge, our work 

represents one of the few studies characterizing and comparing EVs obtained with 

different isolation methodologies and the protein-rich fraction to the whole secretome 

to identify the component that had the greatest efficacy in a variety of assays and in 

an inter-laboratory approach (Fig. 9). 
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Protocols for the isolation and characterisation of EVs are subject to discussion.  

The choice of EV isolation methods should be based on an assessment of several 

factors, as well as the specific research issue(s) and experimental design, as 

explained by Poupardin R. et al. The authors, combining the results published in the 

field of EV research over the last ten years, have identified the connections between 

the source of EV, the isolation method, cargo and function, highlighting the 

complexity of their interrelationship 229. 

Researchers can select from a wide range of commercial and in-house isolation 

methods, each with their advantages and disadvantages 230, 231. For example, for 

differential ultracentrifugation, there are reports on how variables such as run time, 

centrifugation speed, and rotor type impact both EV yield and contamination with 

non-EV material 232, 233. In an inter-laboratory EV isolation comparison, in which our 

research group participated, a predefined differential centrifugation protocol was 

used to analyse separately the degree of reproducibility between the participants in 

each isolation cycle rather than between the different independent isolations. It has 

been shown that, regardless of the use of standardised protocols, the variability of 

results remained, due to the use of different equipment and operators. They also 

highlighted the consolidated impact of storage conditions and freeze-thaw cycles on 

isolated vesicles 234. The study, however, did not account for the eventual loss of 

efficiency of EVs due to breaking/degradation of the EVs due to the massive 

ultracentrifugation force 235.  

Accordingly, the initial hypothesis of our study was that the EVs isolated by 

ultracentrifugation might be ineffective due to shear-rate induced degradation, 

instead, the use of SEC could lead to more functional EVs.  

 

In accordance with the international guidance 105, the bioproducts were analysed and 

evaluated for their concentration, diameter, specific membrane and intracellular 

markers (Fig. 18). However, the results derived from the quantification of particle 

number surprised: we observed a large difference in particle concentration when 

measuring the same sample with two different NTA systems (Table. 6). This shows 

that differences in the technology, the setting, the accuracy and precision of different 

NTA technologies plus eventually the shipping of frozen EVs can affect the final 

results 236. This underlines the need for transparent reporting of experimental details, 
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as asked for by the Society for Extracellular Vesicles 237. A few authors, including us, 

suggest calculating and reporting cell equivalents rather than particle concentrations, 

especially for dose-effective studies. Comparing EV concentrations of different 

preparations within one NTA system documented that the different culture systems 

(bioreactor vs 2D flask) yielded higher EV numbers, consistent with previous reports 

that showed improved production of EVs in the bioreactor 238. 

Despite the NTA results, we expected to achieve a higher particle concentration with 

the use of the bioreactor. A 3-D hollow fiber bioreactor has the advantage over a 2D 

culture of presenting more in vivo as an environment for cultured cells, and the 

possibility of collecting CM in a small volume 169. As per protocol and as reported in 

other studies, we collected CM from the bioreactor every day 239, 240, in our study for 3 

weeks, expecting to obtain a higher concentration of EV than what was obtained. 

One possible explanation could be the concentration steps of CM before and after 

isolation with the SEC. It has been shown that EVs have different binding capacities 

to the various membrane filters and this during the concentration process could 

cause the "loss" of some of them. One possible explanation for these results may be 

that we used PES 100kDa as membrane, which may have negatively affected the 

concentration of EVs. One study compared the binding capacity of EVs with different 

types of membranes indicating that centrifugal filters with a regenerated cellulose 

membrane and a pore size of 10kDa are required to concentrate EVs without a 

significant loss 241.  

 

Our results have confirmed our hypothesis regarding EV-UC.I In our in vitro tests we 

did not see a beneficial effect as often reported in the literature. Although commonly 

used, this isolation technique has disadvantages such as the damage to EVs caused 

by various ultracentrifuge steps. In addition, another problem is the formation of EV 

aggregates from ultracentrifugation and high-speed pellet compaction which can 

reduce the efficiency of EV insulation 242. 

In contrast, EV-SEC is considered to maintain their integrity, biological activity and 

initial abundance during gel filtration, moving with the fluid flow under a small 

differential pressure; however, the vesicle fraction obtained is diluted and requires 

additional concentration steps 242. 

Unlike hypothesized, we have not been able to demonstrate a higher efficiency of 

EV-SEC, they have only marginally outperformed EV-UC and only in some aspects in 
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our in vitro tests. Our idea of more efficient EV-SEC was further refuted in a recent 

work has classified EV isolation procedures into three arbitrary groups based on the 

combination of yield and purity of the final sample her, the SEC was classified 

together with UC as “the isolation methods with medium yield and purity“. This may 

explain why we have not found major differences between the two methods 243. In 

this study, the ultimate goal was to compare two isolation methods, but a future 

approach could be the use of EV derived by combining the two methods. Considering 

the complexity of finding a single standardized approach for EV separation from any 

fluid, a new strategy is combining orthogonal isolation methods to achieve the ideal 

mixture of purity and recovery for the intended EV use 243.  

5.2.2 EVs exert functional activity dose-dependently, but only in certain 

assays 

The only test in which all bioproducts failed was the analysis of T-cell proliferation, 

they were unable to suppress T cell proliferation (Fig.19). While studies show that EV 

successfully suppresses mitogen-induced T-cell proliferation, others (ourselves 

included) failed to reproduce such observations 182. In our previous work, we 

demonstrated that the vesicular component does not mediate the inhibition of PBMC 

but rather the secretome of MSC, yet only once the cells were previously stimulated 

with IFNγ, which stimulates the MSC to secrete IDO into the conditioned medium 63, 

167. Also, Papait and co-workers reported recently that A-MSC-derived EV, isolated 

by ultracentrifugation, did not inhibit anti-CD3-driven T cell proliferation or modulated 

Th1/Th2/Th17/Treg differentiation 244. 

Some studies, in contrast to our results, have shown the capacity of EVs to modulate 

the immune cell response 245-251. 

This discrepancy is probably due to a different experimental setting. As our previous 

studies suggest, at least in our setting suppression of T cell proliferation is largely 

based on an IDO-dependent mechanism and therefore our EVs, unlike cells, showed 

no effect. In addition, some reports prefer to pre-condition MSC to obtain more 

functional EVs. For example, IDO-overexpressed MSC-derived exosomes promoted 

renal self-recovery after IR-induced AKI by the regulation of macrophage polarization. 

The repair ability was significantly higher than the parental MSC-Exo 251. In addition 

to the isolation method that can affect the efficiency of EVs, there is also the 

heterogeneity of donors from which they are isolated. To confirm, MSC-EV 
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preparations isolated from different donors differentially affected the CD4+ and CD8+ 

T cell subset responsiveness and in addition, they noted that only one preparation of 

EV suppressed the proliferation of T cells 245. 

 

EVs, however, have been shown to enhance the phagocytic activity of macrophages. 

Carceller et al. found that EVs can increase the phagocytic activity of LPS-stimulated 

macrophages 252. In our case, we have noticed that it was the protein component that 

had a greater effect on macrophages. With lower efficiency, even both EV 

preparations activated macrophages in higher dose. In particular, the SEC method 

seemed to approach the CM effect (Fig.19). These data are supported by findings by 

Papait et al, who also compared A-MSC conditioned medium in toto, the EV-free and 

the EV-UC preparation on macrophage differentiation. They suggest that the ability of 

the secretome to modulate the immune cell response is mediated mainly by factors 

not carried by EV. These authors demonstrated the ineffectiveness of EV preparation 

in macrophage polarization to M1 or M2 despite the use of four different doses (100 - 

10μl with an EV concentration mean of 9.9 x105 EV/μl) unlike the EV- free fraction 

which instead showed an efficiency comparable to the secretome in whole 244.  

 

There may be different explanations for why in some studies EV modulates the 

immune system and in others not.  As discussed above, these discordant results may 

depend on different experimental setting. Another factor to consider is the 

heterogeneity of MSC, which may secrete heterogeneous types of EV with distinct 

proteomic profiles suggesting distinct biological functions 253. Therefore, a specific 

function cannot be generalized to all EVs secreted by the same type of MSC.  

Or, a strong impact on the functions of MSC-derived EVs is given by MSC culture 

conditions used to produce CM from which EVs are isolated. The extracellular 

microenvironment indeed affects the composition of EVs and the resulting biological 

activities 254.  

In our case growth factors/cytokines are more likely to be responsible for the 

immunomodulatory effect. The immunomodulatory property of MSC has been 

attributed to several factors, among which the most studied are IL-10 255, IDO 63 

(previously discussed), HGF 256, TGF-b 223 and PGE2 257. 
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Further we also evaluated the angiogenic properties of our A-MSC bioproducts in an 

in vitro tubulogenesis assay (Fig. 21) given that in all three participating labs 

respective assays were established 258. To minimize variability, we however tried to 

harmonize the assay protocol and the endothelial cells culture. Nevertheless, we 

observed large variety in data, most likely because different extracellular matrix-like 

(ECM) substrates were used, different matrigel batches and geltrex, and different 

endothelial cell donors. Despite these variances, we observed  a similar trend. EVs, 

regardless of the isolation method and different operators, did not show an 

angiogenic effect. Given that CM and the protein fraction were highly active, we 

speculated that VEGF is important, as shown before by our group 170. We observed 

increased angiogenic ability in samples with high levels of VEGF (protein-rich fraction 

and in CM), compared to EV preparations where levels were low (Fig.18). Further 

confirmation was obtained by inhibiting VEGF-receptor 2 in both protein-rich fraction 

and CM, resulting in a diminution of angiogenic efficiency (Fig. 21) 259.  

 

5.2.3 The non-purity of EV can lead to a misattribution of their therapeutic 

effect 

The effectiveness of EVs has been questioned in recent years, studies show that the 

beneficial effect seen with the use of EVs is actually due to contamination with the 

protein fraction. Whittaker E. et al. show that the presence or absence of EVs in CM 

does not influence in vitro angiogenesis and wound healing efficiency. Importantly, 

this study discusses that efficacy can be explained when EV preparations were not 

purified to a high degree. It also discusses that very high concentrations are required 

to show effects, far higher than those at which they were found in the conditioned 

medium 260. 

Vice versa, Forteza-Genestra et al. demonstrated in a model of chondrocyte 

differentiation that the contaminating factors had negative effects on EV efficacy, the 

impurities co-isolated with the EV caused deleterious effects on extracellular matrix 

component expression in chondrogenic cells 259.  

In addition, EV and the protein fraction isolated with SEC were compared with EV-UC 

in an in vitro functional study, noting that treatment with EV-UC had similar effects on 

the expression of ECM components from the protein fraction treatment. It has been 

demonstrated that the deleterious effect is caused by contamination with co-



DISCUSSION 

114 

precipitated elements when isolated by ultracentrifugation; this contamination can be 

removed by using a purification method such as SEC 259.  

When we talk about contamination of EVs, however, a distinction must be made 

between contamination with soluble factors or with the proteins that constitute the 

external layer named corona 261. 

This protein coating significantly influences the EV's interactions with cells, tissues, 

and the immune system. It can also affect recipient cells' stability, the uptake of EVs 

and also seems to be relevant for the EV function 262. 

Some studies have shown the involvement of corona proteins in angiogenesis and 

immunomodulation. It has been shown that EV isolates with tangential flow filtration 

(TFF) lose their angiogenic function after being further purified with UC 263 which is 

known to be a method that depletes the corona of synthetic nanoparticles 264. Also, it 

has been demonstrated that EVs with a reconstituted protein-corona of known growth 

factors are more effective in stimulating angiogenesis than either EVs or growth 

factors alone 265. Interesting results have been obtained for immunomodulation. 

Dose-dependent inhibition of T cell proliferation was observed only with cells and 

their corona-bearing TFF-EVs but not by TFF-separated soluble factors. In contrast, 

further separation with the SEC reduced the immunomodulatory capacity of EV-SEC, 

but showed a significant immunomodulatory activity of the late fractions in which they 

probably contain the corona protein 265. 

From the literature, it would appear that SEC 265, 266, together with UC, are isolation 

methods that remove corona proteins from EVs. Based on this evidence, we can 

speculate that one reason why we have not found EV functionality was the removal 

of corona proteins. Probably, if we had used a 'gentle' approach to the insulation of 

electric vehicles, such as TFF, we would have obtained a higher power of EV than 

methods like the SEC that produce EV as well but less functional. 

The presence of a protein corona can complicate the study of EVs as it can interfere 

with the interpretation of their behavior in different experimental setups. 

Also, the application of different EV quantification methods such as protein 

concentration or absolute EV counts with NanoSight makes it difficult to identify the 

possible effective dose and replicate the results reported in literature. 

Our data clearly indicate that conditioned medium is effective in a variety of in vitro 

assays. 
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I certain assays we could identify the most important soluble factors, IDO, for 

instance in mediating inhibition of T cell proliferation, or VEGF in mediating 

angiogenic tube-like formation. 

In the setting of cisplatin injury, we also figured out that CM is highly active 

preventing from cisplatin-mediated apoptosis. EVs were not involved in this setting as 

depletion of EVs had no neutralizing effect 183. My colleague Erika figured out that the 

free thiol content was important acting as ROS scavengers. Early data indicated a 

correlation between the free thiol content in the CM and the protection from cisplatin-

induced apoptosis 183.  

A more detailed investigation adding a variety of different inhibitors, however, 

indicated that MSC CM inhibits apoptosis by different mechanisms, most likely 

involving suppression of oxidative stress and subsequent regulated cell death 174.  

 
In our study, we proposed an MSC-conditioned medium as a valid alternative to its 

cellular counterpart. However, several challenges must be overcome to make this 

technology clinically available and utilise the MSC secretome as a cell-free 

therapeutic. It is a very dynamic and complex component that varies according to the 

tissue from which the cells are isolated, to the donors and in response to different 

culture conditions 101, 267, 268. Importantly, in the choice of secretome component to be 

used, it must also be considered that the secretome of MSC contains proteins and 

RNA, which can alter the genome of the cells of the recipient, some of which may be 

oncogenic 269. 

To properly characterize and assess the therapeutic potential of the MSC secretome, 

our data strengthen the requirements for standardization of protocols for the 

expansion of MSC cultures, the collection, storage and transport of the secretome, 

and the isolation of defined components and subsequent characterization 267.  

 
 

5.3 AIM 3: Role microRNA in the protective effect of A-CM in injury model  

The previous chapters highlighted already that the mechanisms of action of MSC are 

multifaceted, complex, and responsive to the local milieu and involve both a cellular 

and humoral response.  

So far our work has been based on predicting the behaviour of MSC or their 

bioproducts in a series of different assays that reflect the major mechanisms of action 
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of MSC. The data indicated that the MSC secretome is an important mediator and the 

exact mechanism will be hard to identify- if at all.  

5.3.1 A-MSC-conditioned medium protects proximal tubular epithelial cells 

from cisplatin-cytotoxicity 

Within a previous study, we investigated the therapeutic effect of MSC, in that 

specific case ABCB5+ skin-derived MSC, in an in vivo model of cisplatin 

nephrotoxicity. MSC grafted intravenously and intraperitoneally into a cisplatin-

induced AKI murine model modulated mRNA expression toward an anti-inflammatory 

and pro-regenerative state. This happened despite an apparent lack of amelioration 

of renal damage at physiological, metabolic, and histological levels 174. Accordingly, 

we postulated that the timepoint of infusion was too late to rescue from the high 

degree of injury. 

For the in vitro model, we thus adapted the protocol to assess the preventive, rather 

than the therapeutic activity. Whereas my colleague Erika analyzed in detail the anti-

apoptotic/anti-oxidative and immunomodulatory function of A-CM in this model 183, I 

hypothesized that A-CM, especially the EVs contained therein, can ameliorate 

cisplatin toxicity by modulating miRNAs. 

5.3.2 Cisplatin nephrotoxicity affects the expression of microRNAs 

First, we recapitulated the protective role of A-CM in preventing cisplatin-induced 

apoptosis in ciPTEC evaluating the expression status of protein p53, the so called 

"genome guardian", after 24h and apoptosis at day 3 (Fig. 23). P53 is one of the first 

proteins activated in a condition of cellular stress and promotes apoptosis by 

increasing the expression of genes leading to the permeabilization of the 

mitochondrial outer membrane and the release of apoptogenic factors 270. Our data 

showed that cisplatin activated p53, as already demonstrated 24, and that the A-CM 

prevented cisplatin-induced p53 upregulation in line with apoptosis reduction. Unlike 

initially hypothesized, EVs were not involved in this protective action as EV depletion 

did not neutralize the protective effect of the CM on inhibiting apoptosis 183. 

In contrast to other studies, we focused our analysis on the molecular response in the 

injured cells treated with MSC-CM. Previous studies working with EVs typically 

addressed the miRNA cargo of  the EVs 229, 271. We, however, postulated that factors 
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delived by the MSC-CM may modify the miRNA composition in the responder cells, 

by this mediating protection from the injury. 

 
The comparative sequencing analysis of miRNA in ciPTEC treated/untreated with 

cisplatin or the combination of cisplatin and A-CM revealed that miRNAs were indeed 

modulated during the injury and affected by CM treatment. In particular, our 

screening allowed us to identify three candidates: mir-181a, mir-146a and mir-125a, 

whose expression has been documented to be cisplatin sensitive and involved in 

cancer and apoptosis pathways (Fig. 24). 

mir-146 expression, for instance, was down-regulated in non-small cell lung cancer 

compared to parental cells making them resistant to cisplatin, but the over-expression 

reversed this situation 272. In a mouse AKI model, the overexpression of miR-146 

decreased the levels of serum creatinine and blood urea nitrogen and the apoptosis 

of renal cells, suggesting its protective role in renal function 273.  

MiR-125a upregulation, observed in cisplatin-resistant non-small cell lung cancer 

cells, reduced the resistance to cisplatin, proliferation, migration, invasion and 

epithelial-mesenchymal transition and also promoted apoptosis 274. 

The miR-181s family has recently been recognized to play a vital role in many 

cancers, including multiple myeloma 275, breast cancer 276, leukaemia 277, and 

hepatocellular carcinoma 278. The dysregulation of miR-181a-5p has been implicated 

in various types of cancer and functions as an oncomiR or tumour inhibitor. The 

function of miR-181a-5p does not depend on a specific target, but rather on the 

collective impact of its targets, which may include both tumour suppressors and 

oncogenes 279. 

Mir 181a-5p has been indicated as a possible novel potential biomarker in human 

diseases and tumours 280, 281 and its expression has also been associated with drug 

resistance including cisplatin-resistance  282, 283. Expression of miR181a has been 

shown to be sensitive to cisplatin treatment in HK-2 cells, inhibition of microRNA-

181a led to a reduction in the number of apoptotic cells upon cisplatin treatment 164 . 

5.3.3 MiR-181a-5p is involved in the apoptotic pathway 

Having observed that cisplatin and A-CM affected expression of some miRNAs, we 

focused on miR-181a-5p due to its well-described role in nephrotoxicity and 

apoptosis (Fig. 25). It was also the miRNA that was independently validated by RT-

qPCR to have a significant expression change, downregulated in the presence of 
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cisplatin plus A-CM (Fig. 24). In our system, the inhibition of miR-181a reduced cell 

death, especially in the cisplatin group treated with A-CM. The inhibition of miR-181a 

caused a reduction of apoptosis both in the ciPTEC treated with basal medium and 

CM (Fig. 26), confirming the data reported in literature where both in vivo and in vitro 

showed a reduction of apoptosis-related inhibition of mir-181a-5p 184. Also, Han-Yu 

Zhu et al. demonstrated the involvement of mir-181a in HK-2 cell apoptosis after 

cisplatin treatment. They noted that the treatment with cisplatin induced apoptosis 

and miR-181a levels, but the apoptosis was reduced upon addition of a microRNA-

181a inhibitor with Bcl-2 up-regulated and Bax down-regulated 164 (Fig.27).  

 

 

 

Figure 27. Schematic version of the two possible roles of miRNA involved in apoptosis.  

Inhibition of a miRNA may be associated with a reduction in apoptosis levels, conversely, an increase 

in miRNA results in an increase in apoptosis. This phenomenon may be due to an indirect control of 

miRNA on pro-apoptotic protein. Inhibition of miRNA induces an increase in its target which in turn 

causes a decrease in pro-apoptotic proteins and consequently a decrease in apoptosis. The reverse 

phenomenon is achieved by an increase in miRNA expression. Instead in a situation of direct control 

of miRNA on pro-apoptotic proteins, inhibition/increase of miRNA causes an increase/decrease in 

levels of pro-apoptotic proteins with an increase/decrease in apoptosis. 

 

Checking the PCR data of my colleague Erika for specific miR-181a-5p targets, 

however, did not reveal a clear change. Thus, we proceeded assessing the effect of 

down- and upregulation of miRNA-181a-5p. Our results showed that the conditioned 

medium accentuated the anti-apoptotic effect due to the inhibition of miR-181a-5p, in 

contrast, the mimic did not influence the cell death, moreover a protective effect of 

CM was not observed. From these data we can assume that the CM protects cells 

from cisplatin cytotoxicity by the downregulation of miR-181a. However, the increase 

in miR-181a-5p expression seems to interfere with the action of the CM. 

 

Considering the in vitro data and our sequencing data, we hypothesized that there 

may be a correlation between miR-181a and p53. The reduction of apoptosis can be 

explained by the link between miR-181a and p53. Infusion of A-MSC reduced 
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apoptosis in the kidney by acting on the mitochondrial apoptosis pathway, 

attenuating the activation of p53 and consequently decreasing the expression of pro-

apoptotic molecule Bax and cleaved caspase-9 and -3 73. Liu et al. revealed that 

miR-181a inhibition reduced the expression of p53 and Bax, while also increasing the 

expression of Bcl-2, which led to a reduction in apoptosis. A miR-181a mimic 

increased the expression of p53 and Bax and reduced the expression of Bcl-2 284. 

Other researchers proposed a binding of miR-181a to p53 which consequently 

regulates apoptosis 285. 

To test this hypothesis, we crosschecked data from our previous study. Here, human 

xenogeneic ABCB5 + MSC grafted into a cisplatin-induced nephrotoxicity in a rat 

model, modulated cisplatin-induced changes in gene expression. The GSEA analysis 

showed 49 significant differentially expressed pathways. Cisplatin led to the 

upregulation of apoptosis and modulation of the p53 signalling pathways. Normalized 

enrichment scores of the p53 pathway were found 2.1 and 1.9-fold increased by 

microarray and RNA seq, respectively upon cisplatin treatment. Upon ABCB5 

treatment, however, a number of genes were downregulated in the p53 signalling 

pathway 174 (Fig. 28). 

 

 

 



DISCUSSION 

120 

Figure 28. Changes in gene expression in the p53 pathway in response to treatment with ABCB5+ 

MSC. Downregulated protein are displayed in green, and upregulated proteins in red. Data generated 

by Christina Daniele. 

 

An interesting report explains the correlation between miR-181a and p53. Tsang et 

al. propose that miR-181 is involved in a type II circuit with p53. Two self-regulation 

cycles of miRNA and their targets are described, called feedback and feedforward 

cycles, or type I and type II circuits, respectively 286 (Fig. 29). In a type I circuit, both 

the miRNA and its target are positively regulated; this loop type is probably 

responsible for homeostasis and steady levels of proteins. Contrary, a type II circuit 

describes a miRNA that negatively regulates its target (positive feedback loop) while 

its target directly or indirectly suppresses the transcription of the respective miRNA. 

Less target means less inhibitory action on the miRNA, a pathway that ultimately 

shuts down target expression, contrary to the type I circuit, where a balance is the 

result 287. 

 

 

 

 

Figure 29. Different autoregulatory loops of miRNAs and their targets. (a) Type I circuit: miRNA 

inhibits the expression of its target, whereas the target acts as a transcription factor that activates the 

miRNA. (b) Type II circuit: the target has a negative effect on the miRNA expression, which leads to 

further inhibition of target expression. 

 

Yet, most likely additional proteins act as a bridge between mir-181a and p53 (Table 

7). Liu et al. revealed that miR-181a regulates p53 degradation, ubiquitination, and 

transcriptional activity by targeting BIRC6, a known regulator of p53. They showed 

that the inhibition of miR-181a ameliorates 5- Fluorouracil-induced renal cell 

cytotoxicity. Mir-181a inhibition leads to increased expression of its target BIRC6, 
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which can induce p53 degradation, therefore mitochondrial-dependent apoptosis is 

not activated 284. 

Another possible linker between mir-181a and p53 is SIRT1 which contributes to the 

induction of P53 deacetylation, and inhibition of p53-dependent apoptosis 288. In 

temporomandibular joint osteoarthritis, the increase of miR-181a-5p expression 

induced a reduction of its direct target SIRT1, inducing the activation of p53-

dependent chondrocyte apoptosis 289. 

Our data suggest a protective role of A-CM targeting the miR-181a - apoptosis axis 

activated by cisplatin (Fig.30). A variety of studies indicate that MSC/ A-MSC could 

directly transfer miR-181a-5b via extracellular vesicles and by this regulate the 

immune balance but also control differentiation 290, 291. Here, however, we did not 

investigate the miRNAs transferred by MSC/MSC-CM or their extracellular vesicles, 

but rather the response profile of ciPTEC treated with A-CM. In addition, we observed 

a reduction of miR-181a-5p, however significantly changed only in the cisplatin plus 

A-CM treatment group. This suggests another player to be involved responsible for 

miR-181-5p downregulation. One candidate which eventually could be involved is 

lncRNA-P21, its role was analysed in a model of sepsis-induced acute lung injury. 

MSC-derived exosomal lncRNA-P21 was upregulated after LPS treatment and was 

able to inhibit lung cell apoptosis and repair lung lesions induced by LPS acting as a 

mir-181a sponge. Mir-181a down-regulation allowed the up-regulation of SIRT1 and 

consequently a reduction of apoptosis 292. 

 

Table 7. In this table we have summarized the role of miR-181a in apoptosis, reporting possible 

targets that function as a bridge between miRNA and apoptotic proteins. 

MiRNA 
regulation 
expression 

 
Target 

 
Cell type 

 
Outcome 

 
Reference 

Mimic of  
miR-181a  

Decrease 
of KLF6  

Glomerular 
mesangial cell  

Promote apoptosis of GMCs 
stimulated by high glucose 

293
 

knockdown  
of miR-181a  

Increase of 
BIRC6 

Mesangial 
cells  

Ehanced 5-Fluorouracil -
induced apoptosis through p53-
dependent mitochondrial 
pathway 

284 
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Increase of  
miR-181a 

Decrease 
of SIRT1 

Temporomand
ibular joint 
osteoarthritis 
mice model 

Activation of p53-dependent 
chondrocyte apoptosis  

289 

Increase of  
miR-181a 

Decrease 
of CBLB 

Human 
esophageal 
cancer cell 
line OE19 

Increase in cisplatin-induced 
apoptosis 

294 

Mimic of  
miR-181a 

Inhibition of 
PVT1 

Human non-
small cell lung 
cancer 

Enhanced responses of 
combination of Xiaoji Decoction 
and cisplatin on inhibition of cell 
lung cancer 

295 

Upregulation 
of miR-
181a-5p  

Inhibition of 
SP1  

Human non-
small cell lung 
cancer 

Increase the sensitivity to 
cisplatin and reduce the tumor 
size and weight  

295 

     
 

 

 

Figure 30. Different models for the mechanism of A-CM mediated protection against cisplatin 

injury via the regulation of miR-181a-apoptosis axis. (a) miR-181a is involved in direct relationship 

with p53. The down-regulation of miR-181a counteracts the activation of p53 by cisplatin, thus 

activating a type II circuit. (b) We propose that mir-181a is involved in an indirect relationship with p53 

involving eventually a third protein that acts as a bridge between the two. A-CM reduces the levels of 

mir-181a, this allows its target (X) to inhibit p53. Inhibition of p53 induces the expression of anti-

apoptotic proteins such as Bcl-2 and prevents the expression of apoptotic proteins such as Bax. As a 

consequence, A-CM mediates a protection from cisplatin-induced apoptosis, increasing the vitality and 

migratory capacity of ciPTECs. This graph was constructed using BioRender. 
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Identifying the cascade of signals that change according to microRNA expression is a 

challenge. A microRNA can have multiple targets and the target genes of a 

microRNA can change under different experimental conditions. It has been reported 

that miR 181a-5p is environment-dependent, especially in tumours. The binding of 

miR 181a-5p to multiple targets (which may be oncogenes or tumour suppressor 

genes) and their different expression patterns in various cancer types often leads to 

conflicting results 279. Due to this uncertainty, more research are needed to provide a 

detailed understanding of miR 181a-5p, its role in apoptosis and why it is significantly 

changed only in the combined setting cisplatin plus A-CM. 

5.3.4 A-CM protects from cisplatin injury but may interfere with cisplatins 

cytostatic therapeutic action 

The data presented here and in our previous studies suggest that A-CM can 

ameliorate the cytotoxic effects of cisplatin, preventing apoptosis and as shown 

previously polarizing macrophages to the pro-regenerative and anti-inflammatory 

phenotype.  

Therefore, a therapeutic scenario could be to administer A-CM to patients 

concomitantly with cisplatin to prevent any nephrotoxic side effects. However, this 

kind of therapy may eventually intervene with the desired anti-cancer benefit of 

cisplatin.  

It is now known that cross-talk between MSC and cancer cells causes both pro-

tumour and anti-tumour effects, raising safety concerns for clinical application in 

oncology 296. MSC that help with tissue repair and regeneration may also support 

tumor functions. MSC release cytokines and growth factors that may act as 

oncogenic factors altering the recipient cells and promoting immunosuppressive 

effects 101. Or, in response to soluble factors secreted by cancer cells, they can 

differentiate into cancer associated fibroblasts, a type of cell in the tumour 

microenvironment capable of promoting tumorigenesis 297. At the same time, these 

cells have potent tumor-suppressive effects that have been exploited as cancer 

therapeutics. For example, the release of cytotoxic agents, such as TNF-Related 

Apoptosis-Inducing Ligand (TRAIL) or inflammatory mediators, such as the 

multifunctional cytokine TGFβ, can induce the apoptosis in different types of cancer 

298. Eventually, a specific tissue-targeting strategy could be a solution, one that 
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delivers protective MSC-secretome components to the tissue that needs protected 

and chemotherapy-enhancing factors to the tumor site.  

To overcome the problems related to cell use, it is proposed to follow a safer 

approach that includes the use of secretome and its components. The advantage of 

using nonliving components is that they are more stable, can be sterilized, are less 

immunogenic and are easy to transport and store. However, protocols for isolation, 

characterisation, storage and delivery need to be standardized to ensure effective 

quality control, as we discussed above extensively 101. 

Nanoparticle-based drug delivery systems have also gained attention. Microcapsules 

designed with alginate, cellulose and agarose have shown benefits in cell-based anti-

cancer therapies 299, 300. For example, by administering alginate-encapsulated cells 

that express soluble leucine-rich repeats and immunoglobulin-like domains 1, tumor 

growth in orthotopic patient-derived glioblastoma xenograft mice model was inhibited 

300. Biomaterials can be designed to have their own anti cancer activities. Gliadel, a 

biodegradable medical plant made of polyfeprosan, is inserted into the resection 

cavity and slowly releases the anti-cancer agent, bringing small benefits to patients 

who receive surgical removal of brain tumors 301. 

Nanotherapies have a greater therapeutic effect because they can target multiple 

pathways, are less dependent on doses of drugs and thus mitigate adverse effects. 

They also have the ability to increase the bioavailability and solubility of different 

drugs by facilitating their dispersion and accumulation in cancer tissues while 

minimizing toxic effects in benign tissues 63.  

 

In conclusion, we first highlighted the protective role of A-CM against the cytotoxic 

effect of cisplatin. 

In addition, we identified one pathway through which CM can protect kidney cells, 

namely through the down-regulation of miR-181a-5p, which in turn attenuates 

apoptosis by regulating p53. This, in line with our previous data documents both the 

anti-apoptotic and immunoregulatory properties of the MSC secretome in reducing 

cisplatin cytotoxicity. However, before suggesting a clinical implementation, safety 

studies are required to understand whether the protective mechanisms may interfere 

with the actual intention of cisplatin use, the anticancer treatment. 
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With our study, we confirmed the preventive effect of A-CM towards apoptosis 

induced by cisplatin, and also identified mir-181a as its target. Our data confirm the 

involvement of miRNA in apoptosis and are limited to a theoretical description of 

possible targets involved in the process.  

A future step would be to analyze how the p53 protein varies in the presence of miR-

181a inhibitor and downstream signal cascade proteins such as Bcl-2 and Bax. Then, 

based on the results, it could be further investigated whether the link between miR-

181a and p53 is direct or indirect. 

We are aware that our results are limited to an in vitro experimental condition, it might 

be interesting to test in vivo the role of miR-181a in the apoptosis pathway.  
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6 SUMMARY 

Kidney disease is a serious health problem worldwide, with an increasing prevalence. 

New research has made it possible to better understand the pathophysiology of 

kidney disease. However, there are still limited treatment options to stop or reverse 

the progression of the disease. Therefore, the development of new strategies for the 

treatment of kidney diseases is a critical area of research. In this context, cell-based 

therapy could be a promising strategy and is currently the focus of preclinical studies. 

Within an International Training Network entitled RenalToolBox, we investigated 

whether MSC could offer a novel cell-based therapy modality. Many questions 

remain open and in our study we addressed three: 

1. Is it possible to identify a specific source of MSC that is better suited for 

therapeutic applications? 

2. Is the secretome as efficacious as MSC and if so, which part of the secretome 

reproduces the therapeutic effect? 

3. Do microRNAs play a role in the protective effect of MSC? 

 

In Aim 1, we established harmonised tissue culture conditions for the expansion of 

adipose, bone marrow and umbilical cord MSC between three independent centres to 

study the reproducibility of these procedures and their impact on their biological 

characteristics and functionality both in vitro and in vivo. With this inter-laboratory 

study, we were able to accentuate the importance of adopting harmonised protocols 

that reduce, but do not eliminate, site-to-site variation, while specific differences in 

tissues and donors remain evident. Despite the use of a common protocol, the 

different types of MSC demonstrated individual properties, which can have benefits in 

specific therapeutic contexts. 

 

In Aim 2, we focused on the study of secretome to understand which component was 

able to replicate the therapeutic effect. Our goal was to test the in vitro efficacy of 

different secretome components regarding different aspects of tissue regeneration 

and at the same time to understand how the different isolation methodologies can 

influence the final results. Extracellular vesicles (EVs), regardless of the method of 

isolation, failed to replicate the results obtained by the secretome, in contrast, the 

protein fraction showed an effect very close to that of the secretome. We have shown 
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that depending on the isolation method, contamination with protein residues can alter 

the results and misinform about the true efficiency of EVs. On the other hand, 

increased EV concentration in some applications increased effectiveness, indicating 

that purity and dose affect the final functionality.  

 

In Aim 3 we aimed to test the secretome in a situation of cellular damage in order to 

identify the beneficial effects and the molecular mechanisms involved to propose a 

therapeutic strategy. The administration of the conditioned medium protected the 

kidney cells by reducing cisplatin cytotoxicity. The conditioned medium acted on 

different cellular aspects, maintaining cell viability, maintaining p53 levels low, 

reducing apoptosis and, also, stimulating cell migration. We demonstrated that the 

conditioned medium reduced cell death by inhibiting the expression of mir-181a. We 

propose a so-called type II regulatory circuit by which A-MSC CM and cisplatin affect 

p53 expression/apoptosis and the counteracting miR-181a expression.  
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