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Abstract 

Extracellular vesicles (EVs) facilitate intercellular communication by transferring molecules 

from a donor to a recipient cell. It is proposed that EVs from regenerative cells as a therapeutic 

tool can help to overcome the leading role of cardiovascular diseases as cause of death. 

Accordingly, this thesis aimed to evaluate the suitability of EVs from regenerative human 

cardiac-derived adherent proliferating (CardAP) cells as an allogenic cell-free approach to treat 

heart diseases. For that purpose, we isolated EVs by differential centrifugation from the 

conditioned medium that was derived either in the presence or absence of a pro-inflammatory 

cytokine cocktail (IFNγ, TNFα, and IL-1β). Afterwards, isolated EVs were analysed in vitro for 

their phenotypical characteristics, therapeutic effects, and immunological compatibility.  

Isolated EVs from CardAP cells exhibited vesicular structures with diameters mostly of 

exosomes (d < 100 nm), known EV-associated proteins (e.g. tetraspanins) as well as miRNAs 

(e.g. miRNA 146-5p). Interestingly, cytokine stimulated EVs were observed to have significantly 

smaller diameters and a greater repertoire of transported miRNAs than their unstimulated 

counterpart. Nevertheless, both unstimulated as well as cytokine stimulated EVs were equally 

internalized by murine cardiac cells, namely HL-1 and MHEC5-T cells, and protected murine 

cardiomyocytes from reactive oxygen species or starvation induced apoptosis. Virus induced 

apoptosis was, however, only reduced by treatment with unstimu-lated EVs. Deviations 

between both EVs were also determined for their pro-angiogenic effect. Human umbilical vein 

endothelial cells (HUVECs) increased the release of different pro-angiogenic factors when 

treated with unstimulated EVs (e.g. VEGF) or cytokine stimulated EVs (e.g. IL-8). Nonetheless, 

both EVs were capable to amplify the tube formation capabilities of treated HUVECs. The 

exposure of both EVs to unstimulated peripheral blood mono-nuclear cells (PBMCs) did 

neither induce T cell activation, T cell proliferation nor the release of IFNγ. Additionally, 

isolated EVs demonstrated immune modulating features in induced immune responses of 

stimulated PBMCs as observed by diminished T cell proliferation, higher frequencies of 

regulatory T cells, and a weakened inflammatory milieu (e.g. decreased IFNγ concentrations). 

Moreover, it was shown that CD14+ cells are essential for this desired immune modulating effect 

of isolated EVs. In particular, isolated EVs interacted predominantly with CD14+ cells, which 

consequently acquired a regulatory immune phenotype (e.g. reduced expression of HLA-DR, 

increased expression of PD-L1). Moreover, EVs solely modulated induced immune responses 

of isolated T cells when EV-primed CD14+ cells were present. 

Overall, EVs derived from CardAP cells appear to convey beneficial characteristics that could 

contribute to an enhanced regeneration in damaged cardiac tissue by limiting unwanted 

inflammatory processes, enhancing angiogenesis, decreasing apoptosis and their immune-logical 

compatibility. Future in vivo studies are necessary to validate this indicated suitability of EVs as 

cell-free allogenic therapeutic approach. In addition, some molecules transported by EVs (e.g. 

galectin-1 or miRNA 302d-5p) are hypothesized to contribute to the observed beneficial 

features. In future, these molecules could be used to achieve a more efficient therapeutic 

approach by further selection of isolated EVs.   

Keywords: cardiac EVs, regenerative therapies, immunomodulation, angiogenesis 



 

 

 

Zusammenfassung 

Von einer Spenderzelle freigesetzten extrazellulären Vesikel (EVs) können wichtige Prozesse in 

einer Empfängerzelle beeinflussen. Es wird angenommen, dass durch die Behandlung mit EVs 

regenerativer Zellen die führende Stellung von Herz-Kreislauf-Erkrankungen als Todesursache 

reduziert werden könnte. In diesem Zusammenhang untersuchte die vorliegende Dissertation, 

ob EVs von regenerativen humanen kardialen adhärenten proliferierenden (CardAP) Zellen 

geeignet wären Herzerkrankungen in einem allogenen zellfreien Ansatz zu behandeln. Dazu 

wurden EVs aus dem konditionierten Medium von CardAP Zellen, die mit oder ohne pro-

inflammatorischen Zytokin-Cocktail (IFNγ, TNFα und IL-1β) kultiviert wurden, durch 

Differentialzentrifugation gewonnen. Im Anschluss wurden die isolierten EVs in vitro bezüglich 

ihrer phänotypischen Eigenschaften, therapeutischen Wirkungen und immunologischen 

Verträglichkeit charakterisiert. 

Generell besaßen die isolierten EVs vesikuläre Strukturen, hauptsächlich mit Durchmessern 

von Exosomen (d <100 nm), bekannte EV-assoziierte Proteine (z.B. Tetraspanine) und 

miRNAs (z.B. miRNA 146-5p). Interessanterweise wiesen stimulierte EVs kleinere Durch-

messer sowie ein größeres Repertoire an transportierten miRNAs gegenüber unstimulierten 

EVs auf. Dennoch wurden EVs beider Biogenesebedingungen gleichermaßen von kardialen 

Mauszellen internalisiert und sie reduzierten sowohl die durch reaktive Sauerstoffspezies als 

auch durch Nährstoffmangel induzierte Apoptose von murinen Kardiomyozyten. Im Gegen-

satz dazu konnten ausschließlich unstimulierte EVs die Virus-induzierte Apoptose verringern. 

Ebenso zeigten humane Endothelzellen der Nabelschnurvene (HUVECs) Unterschiede in der 

Freisetzung proangiogener Faktoren nach Kontakt mit unstimulierten EVs (z.B. vaskuläre 

endotheliale Wachstumsfaktor) oder stimulierten EVs (z.B. IL-8). Allerdings konnten EVs 

beider Biogenesebedingungen die Netzwerkausbildung von HUVECs in vitro deutlich erhöhen. 

Immunzellen, die mononuklearen Zellen des peripheren Blutes (PBMCs), reagierten auf 

isolierte EVs weder mit einer Aktivierung noch einer Proliferation von T Zellen oder der 

Freisetzung von pro-inflammatorischem IFNγ. Allerdings, konnte die induzierte 

Immunantwort von PBMCs durch beide EVs moduliert werden, was sowohl die verminderte 

Proliferation von T Zellen, den erhöhten Anteil regulatorischer T Zellen und ein gemindertes 

entzündliches Milieu umfasste. Es wurde zudem gezeigt, dass die untersuchten EVs vor allem 

mit CD14+ Zellen in PBMC Kulturen interagierten und diese Zellen infolgedessen einen 

regulatorischen Immunphänotyp annahmen (z.B. verringerte Expression von HLA-DR, 

erhöhte Expression von PD-L1). Darüberhinaus konnte die induzierte Immunreaktion von 

isolierten T Zellen nur in Anwesenheit von EV-behandelten CD14+ Zellen moduliert werden.  

EVs von CardAP Zellen erscheinen durch ihre immunmodulativen, pro-angiogenen und anti-

apoptotischen Effekte bei gleichzeitiger immunologischer Kompatibilität durchaus geeignet, 

geschädigtes Herzgewebe zu regenerieren, was in künftigen in vivo Studien zu validieren ist. 

Darüber hinaus wurden Moleküle (z.B. Galectin-1 oder miRNA 302d-5p) identifiziert, die 

vermutlich diese gewünschten Eigeneschaften vermitteln. Dies bietet die Möglichkeit EVs mit 

potentiell erhöhter Funktionalität spezifisch aufzureinigen. 

Schlagwörter: kardiale EVs, Regenerative Therapie, Immunmodulation, Angiogenese
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1. Introduction 

1.1 Cardiovascular diseases 

Disorders of the heart and blood vessels, such as arrhythmia, stroke, thrombosis, or heart 

failure, are summarized as cardiovascular diseases (CVDs). Although some CVDs appear as an 

acute event, their underlying cause can be of chronic nature. A pre-existing atherosclerosis, for 

example, can eventually lead to the acute blockage of blood vessels in the heart (= myocardial 

infarction), brain (= stroke) or other parts of the body (= thrombosis, acute kidney disease, 

etc.). In contrast, bacteria or virus induced myocarditis are examples of actual acute CVDs. 

Accordingly, therapies range from antibiotic treatment to address bacterial causes to anti-

coagulating drugs, bypass surgeries, application of stents to support the interrupted flow of the 

blood, as well as long term behavioural changes of the patient itself [1,2]. One disadvantage of 

the current therapies for CVDs is that they can solely limit or halt disease progression [3,4]. 

Thus, final options for severely damaged cardiovascular tissue are narrowed down to remove 

non-essential parts, replace it by artificial devices, or by donor organs. Although the number of 

donors increased in Germany in the last two years, the demand outnumbers available donor 

organs [5]. For that reason, the life of these patients is not only considerably deteriorated but 

also comes along with a poor prognosis. Indeed, CVDs are the worldwide leading cause of 

death, which is illustrated by the fact that in 2016 more than 40,800 people died daily due to a 

CVD and estimates even predict to surpass 53,000 daily deceased in 2030 [6,7]. Moreover, the 

economic burden caused by CVDs weighs heavy on society. Health costs, productivity losses 

of patients and relatives as informal care takers are predicted to exceed the mark of US$ 1,000 

billion of worldwide annual CVD related expenses already in 2025 [8]. What this all amounts to 

is that there is an urgent need to overcome these multiple harms caused by CVDs. 

1.2 Ways to minimize damages of CVDs 

In general, the impact of CVDs on communities and indiduals is intended to be reduced via two 

general strategies. On the one hand, an approach concentrates on the prevention of CVDs, for 

example by highlighting and educating people about the impact of risk factors, such as obesity 

or smoking [6]. On the other hand, the focus is put on improving existing or developing novel 

therapies. As such, pre-clinical and clinical trials are investigating how damaged tissue can be 

replaced with 3D printed grafts, decellularized or biologically inactive tissue that was, for 

example, obtained by improved cryopreservation techniques [9–13]. Additionally, the 

application of regenerative cells is a widley studied therapeutic approach that is hypothesized to 

represent an treatment option with disease reverting properties [4,11,14–16]. Herein, different 

traits were identified to influence the regenerative process in damaged cardiovasculatere tissue, 

which are in the following exemplarily discussed for heart tissue affected by an acute myocardial 

infarction and the subsequent following resolution phases. This particular disease was chosen 

as a representative, because it is not only one of the most frequent CVDs but also has a high 

incidence to manifest heart failure as subsequent illness [17].  
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1.2.1 Myocardial infarction and its untreated resolution  

The acute event of a myocardial infarction describes the clogging of the coronary artery or 

arteries by atherosclerotic plaques. It abruptly obstructs the blood flow and consequently 

disrupts the supply with oxygen and nutrients [2]. This ischemic condition causes oxygen-

sensitive cells to perish immediately. For example Cheng et al. showed that up to three million 

cardiomyocytes had died in the infarcted cardiac tissue of rats during the first two hours [18]. 

Consequently, the heart function is impaired due to the death or apoptotsis of cardiomyocytes 

in animal models as well as humans [2,18]. Other cells, like cardiac fibroblasts, survive this 

ischemic environment by adapting their metabolism respectively [19]. In order to resolve the 

caused injury in the affected cardiac tissue, different processes will take place that can roughly 

be summarized as three phases: the inflammatory, the proliferative, and the remodelling phase 

(Figure 1). 

 

 
Figure 1: Schematic illustration how scar tissue is formed after an acute myocardial infarction. 
Myocardial infarction leads to the interruption of oxygen and nutrient supply (= ischemia) of the affected cardiac 
area. For the resolution of the caused damage, three phases lead to a scar formation. At first, a pro-inflammatory 
phase takes place, which includes impaired heart function due to dead cardiomyocytes and the establishment of a 
pro-inflammatory immune response (e.g. infiltration of immune cells, polarization of pro-inflammatory immune 
cells, and release of pro-inflammatory cytokines/chemokines). Then, the proliferative phase leads to the exchange 
of immune cells by endothelial cells, fibroblasts and myofibroblasts. Accordingly, angiogenesis, migration, 
proliferation, and extracellular matrix (ECM) remodelling are major processes during that phase. Finally, a scar 
tissue will be formed in the remodelling phase. Here, myofibroblasts will vanish nearly completely, whereas the 
ECM will be strengthen via exchange of collagen type II with collagen type I and crosslinking. Surviving 
cardiomyocytes (mostly in the neighboring boarder zone) will enlarge.  

The inflammatory phase is characterized by the infiltration of neutrophils, monocytes and 

other immune cells that contribute to the clearance of apoptotic cells and extracellular matrix 

debris [20]. As a matter of fact, immune cells are attracted by released mediators of apoptotic 

cells, such as danger signals, the so-called danger/damage-associated molecular patterns, or 

chemokines and cytokines, like interferon γ (IFNγ) or the stromal cell-derived factor 1 α 

(SDF-1α) [21,22]. At the same time, cardiac fibroblasts express matrix metalloproteinases to 
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enable an enhanced accessibility of the damaged area for infiltrating immune cells [23]. It was 

shown that during this phase an increased number of pro-inflammatory M1-type macrophages 

were observed in the affected cardiac tissue [20]. Furthermore, concentrations of pro-

inflammatory cytokines, such as interleukin 1ß (IL-1ß), tumour necrosis factor alpha (TNFα) 

and IL-6, were elevated in the respective tissue and its periphery [20,24–26]. For the 

proliferative phase, it is vital that the inflammatory immune response is dampened, which 

consequently results in fewer infiltrated immune cells in the tissue [20,27,28]. In order to avoid 

a rapture of the ventricular wall due to the missing biomass of immune cells and the pressure 

of the still contracting heart, newly migrated or already present fibroblasts and myofibroblasts 

proliferate and additionally strengthen the affected cardiac wall by expressing extracellular 

matrix (ECM) proteins, such as collagen III [19]. Fibroblasts and myofibroblasts are supplied 

with oxygen and nutrients by newly formed vascularized networks that were formed by migrated 

and proliferated endothelial cells (Jaffer et al. 2006; Deb and Ubil 2014; Frangogiannis 2014). 

These endothelial cells are attracted and supported in their network formation by the still 

prevailing hypoxic condition that results in the release of pro-angiogenic factors, like vascular 

endothelial growth factor (VEGF) [21]. Additionally, anti-inflammatory M2-type macrophages 

are recruited or polarized towards this immune cell subset in the damaged cardiac tissue [20,29]. 

These immune cells contribute by releasing mediators, including growth factors and 

chemokines, to an environment that favours proliferation, migration, and enhanced 

angiogenesis [28,30,31]. Finally, the remodelling phase leads to the formation of a scar that 

allows for a higher stability to elevate the contraction capacity and strength, however, to a lower 

extent than before the acute myocardial infarction. Herein, a deposition of the ECM takes place, 

like the replacement of collagen type III with collagen type I or the LOX-catalysed crosslinking 

of ECM proteins [19]. On the cellular level, surviving cardiomyocytes will enlarge, while the 

number of myofibroblasts will significantely decrease [25].  

1.2.2 Desired regenerative effects 

Different complementing strategies can be chosen for a regenerative approach within the whole 

process of resolving the damage caused by myocardial infarction. Despite which approach is 

selected, cardiomyocytes are a crucial component for the overall therapeutic success.  Although, 

it was shown that new cardiomyocytes are formed at an annual rate of approximately 0.3 - 1% 

by hypoxic conditioned cardiomyocytes, this turnover of cardiomyocytes is, however, not 

sufficient enough to replace the dead cardiomyocytes in the damaged cardiac tissue [32]. Thus, 

the heart has, in contrast to the liver, only a very limited regenerative potential and vanished 

cardiomyocytes crucially contribute to the decreased heart function during and after myocardial 

infarction [2,18,33]. For that reason, it appears attractive for therapeutic approaches to either 

prevent apoptosis of cardiomyocytes, reduce already induced apoptosis of cardiomyocytes, or 

even to replace dead cardiomyocytes with viable ones. It was for example shown in a rodent 

myocardial infarction model by Wang and colleauges that the cardiac function improved 

significantely when patches of decellularized porcrine matrix with seeded embryonic cardiac 

progenitor cells were transplanted onto the outer surface of the myocardial affected tissue [34]. 

But in general, all three options are capable to diminish the level of impaired heart function, 

which would subsequently enhance the prognosis of myocardial infarction patients.  

https://link.springer.com/article/10.1007/s00441-016-2431-9#ref-CR52
https://link.springer.com/article/10.1007/s00441-016-2431-9#ref-CR23
https://link.springer.com/article/10.1007/s00441-016-2431-9#ref-CR32
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In order to influence the apoptosis of cardiomyocytes, treatments can increase the expression 

of survival signals, block the cascaded activation of caspases, or target other components of the 

intrinsic or extrinsic apoptotic pathway, for example via the delivery of micro ribonucelic acids 

(miRNAs) [35–37]. Such an apoptotic influencing feature also appears attractive to possibly 

enhance current therapies, like bypass surgeries or the application of stents. Although both 

treatment options help to resolve the shortage of nourishment in the infarcted area by 

reperfusion, they come along with a sudden oxygen increase and a subsequent formation of so-

called reactive oxygen species (ROS). These charged radicals can cause cells, especially 

cardiomyocytes, to undergo apoptosis in beforehand not severely damaged areas, so-called 

boarder zones, which can lead to a myocardial reperfusion injury [38,39]. Notably, apoptosis is 

not only induced via ROS but also by the ischemic condition in the infarcted cardiac area [21,40]. 

For that reason, the abolishment of ischemia by supporting angiogenesis, neovascularization, or 

endothelial repair would have beneficial therapeutic effects. This is also emphasized by studies 

showing that the later a treatment for a better oxygen and nutrient supply was initiated, the 

severer was the damage caused by CVDs [41,42].  

As previously mentioned, the immune system plays a key role in the resolution of the damage 

caused by myocardial infarction. The pro-inflammatory response is essential for the initiation 

of the processes, however, a persisting inflammation opposes the proliferative phase and 

consequently lead to a greater impairment of heart functions [27]. Regenerative therapies could 

therefore facilitate immunomodulation, which describes the capability to modify ongoing 

immune responses, mainly pro-inflammatory ones, towards a lesser inflammatory state or even 

to convert it towards an anti-inflammatory response. Herein, it would be possible that the 

therapeutic tool enhances the polarization or the infiltration of immune responses regulating 

immune cells, such as M2-type macrophages, tolerogenic DCs, or regulatory T cells, that were 

shown to contribute to enhanced regeneration of damaged tissue [20,29,30,43,44]. Lastly, the 

ECM plays a crucial role in strengthening the damaged cardiac tissue to resist rupturing due to 

the applied force by the steady contraction of the heart. However, the ECM remodelling can 

also develop very stiff tissue as a consequence of accelerated fibrosis that is susceptible towards 

increased heart pressure. Different approaches are working on the replacement of scar tissue 

with synthetically produced ECM, decellularized tissue, or regenerative tools that own anti-

fibrotic effects to avoid the unwanted stiffness of the tissue [19,45,46]. 

1.3 Cell therapy as a regenerative approach 

Researchers are trying to incorporate at least one of the above listed features for a therapeutic 

approach to diminish the caused cardiac damage. The administration of regenerative cells is one 

example of an approach that combines several principles of action.  

1.3.1 Autologous and allogenic cell therapy 

Human regenerative cells can be either obtained from the same person receiving the treatment 

(= autologous cell therapeutic approach) or from a donor (= allogenic cell therapeutic 

approach). Both options have advantages and disadvantages [47–50]. As such, autologous cells 

do vary across donors in their yield, purity and potency to influence regenerative effects, which 

is related to the fact that the biological starting material, like bone marrow, of each individual 
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patient comes in different qualities, quantities and with different donor-specific confounding 

factors, such as gender, disease status, or age. Additionally, the isolation of this starting material 

can bear risks for the patient itself due to invasive procedures. Instead, allogenic cells can be 

obtained without any invasive procedure, too, like from post-natal tissue of the placenta, the 

amniotic fluid or the umbilical cord blood. Furthermore, in contrast to autologous cells, 

allogenic ones appear relatively robust in their desired characteristics, purities and potencies. 

Additionally, allogenic cells are storable by cryopreservation. Thus, their immediate availability, 

also in acute situations, contrasts the time-consuming process of isolating and expanding 

autologous cells until their administration to the patient. However, the autologous cell 

therapeutic approach prevents the risks of pathogen transmission from donor to recipient as 

well as undesired immune rejections. Indeed, one of the major worries of an allogenic 

therapeutic cell approach is that the immune competent recipient will develop an immune 

response towards the applied allogenic cells, which could lead to severe complications [16].  

In general, the immune system is capable to distinguish between foreign antigens that could 

originate from bacteria or viruses, and antigens from the host itself. While auto-antigens shall 

not induce a reaction, foreign material will trigger a cascade of responses involving processes 

and cells of the naïve as well as of the adaptive immune system to eliminate the pathogen. In 

the case of an immune rejection, the administrated allogenic cells are recognized as foreign and 

danger material, which consequentely leads to a comparable processes as against pathogen 

invasions. Crucial for the induction of the immune response or rejection is the presentation of 

the foreign antigens by major histocompatibility complex (MHC) molecules, which are called 

human leukocyte antigen (HLA) in humans. All nucleated cells constitutively express MHC class 

I molecules (e.g. HLA-ABC), whereas immune cells, like professional antigen presenting cells 

(APCs), additionally express MHC class II molecules (e.g. HLA-DR). Non-professional APCs, 

like endothelial cells, were also shown to induce expression of HLA-DR in the presence of pro-

inflammatory cytokines [51].  

Three different proposed mechanisms about how foreign cells are recognized exist (Figure 2A): 

i) donor antigens (e.g. processed proteins) are presented either directly by HLA molecules of 

the donor APCs, ii) indirectly by MHC molecules of the recipient APCs, or iii) in a semi direct 

manner when recipient APCs present the antigen via HLA molecules that were transferred from 

donor APCs [52,53]. Importantly, antigens presented on HLA-ABC molecules will be 

specifically recognized by CD8+ T cells, whereas CD4+ T cell responses are triggered by the 

presentation via HLA-DR molecules. For a sufficient activation, not only the HLA molecule 

presenting the antigen will bind to the T cell receptor and to the CD4 or CD8 molecule, 

respectively, but also co-stimulating molecules from the APC side, such as CD80 or CD86, will 

interact with the co-receptor CD28 on the T cell side (Figure 2B) [54].  
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Figure 2: Schematic overview of 
ways immune reactions towards 
applied allogenic donors cells are 
initiated. 
Allogenic cells can be recognized as 
foreign cells by donor’s immune system. 
(A): Antigens (red) are presented via 
HLA molecules either directly (left) via 
antigen presenting cells (APCs) of the 
donor, in a semi direct manner (middle) 
via HLA molecules of the donor that 
were transferred to recipient APCs, or 
in-directly by the recipient APCs itself. 
(B): T cells are activated by the binding 
of different receptors to their ligands, 
including the T cell receptor (TCR) with 
the HLA molecule that presents the 
antigen, CD8 or CD4 with the HLA 
molecule, and co-stimulatory molecules 
(like CD80, CD86) with the co-receptor 
CD28.  

 

Thereafter, a pro-inflammatory T cell response against the administrated allogenic cells is 

induced. It includes the elevated release of pro-inflammatory cytokines, such as IFNy or TNFα, 

the activation and expansion of antigen specific T helper cells, and induced cytotoxicity of CD8+ 

T cells, while the activation state of T cells can be traced by the expression of certain surface 

molecules, namely CD69, CD25 and HLA-DR as early, intermediate, or late activation marker, 

respectively [55]. Also other immune cells, such as B cells and natural killer cells, are involved 

in the rejection response towards the applied allogenic cells. Overall, the immune rejection will 

not only lead to the clearence of donor cells but also impairs or even abolishes the desired 

therapy.  

1.3.2 Chronology of regenerative cell therapy 

Crucial for autologous and allogenic cell therapy was the discovery of mesenchymal stromal 

cells (MSCs). These cells, which were originally extracted from the bone marrow and later on 

from other sources, such as adipose tissue or umbilical cord blood, are adherent 

non-hematopoietic cells that were shown to own capacity to differentiate in the presence of 

specific growth factors into osteoblasts, chondrocytes, or adipocytes [50,56,57]. Soon after, 

investigators examined the heart for such a regenerative cell type with the rationale to derive 

with these cells a therapeutic tool that could replace vanished cardiomyocytes in damaged 

cardiac tissue. This step was necessary, since it was long thought that MSCs are not capable to 

differentiate into cardiomyocytes. As a matter of fact, it needed nearly 30 years until the 

discovery of MSCs to discover the exact supplements and conditions to derive cardiomyocytes 

from embryonic stem cells or MSCs [58]. Several different cardiac cells were isolated from 

human or rodent cardiac tissue, including cardiosphere-derived cells (CDCs), cardiac progenitor 

cells (CPCs), or human cardiac-derived adherent proliferating (CardAP) cells [59–62]. In 

contrast to MSCs, these cardiac cells have the advantage to be already primed by this particular 

tissue, the heart. Wang and colleagues could, for example, show that histone modifications of 

cardiac-specific genes differed between murine cardiac-derived cells and bone marrow derived 
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MSCs. Moreover, these changes correlated with a greater propability to induce 

cardiomyogenesis by cardiac derived cells than MSCs [63].  

Preclinical studies of CardAP cells, which were outgrown from endomyocardial biopsies, 

demonstrated that these cells supress apoptosis, support angiogenesis, and modulate induced 

immune responses in vitro [13,64,65]. Furthermore, their administration in rodent CVD disease 

models impaired immune responses and improved the cardiac function significantly [13,60]. 

Beside these beneficial effects, CardAP cells have an additional advantage in comparison to the 

other regenerative cardiac cell types. A retrospective analysis of a clinical study showed that the 

therapeutic benefit of administrated CDCs was negatively influenced by the expression of their 

membrane glycoprotein Cluster of Differentiation 90 (CD90) [66]. In contrast to other 

mesenchymal and cardiac mesenchymal-like cells, CardAP cells were found to be predominantly 

negative for CD90 [67]. But not only CardAP cells were shown to have cardio protective 

features. Also CPCs, CDCs, and other cardiac cell types exhibited desired features for the 

treatment of CVDs, including anti-fibrotic, pro-angiogenic, anti-apoptotic and immune 

modulating effects, in preclinical studies [3,11,14,61,62,68–70]. However, clinical trials showed 

solely limited to moderate effects of applied bone marrow cells, MSCs or CPCs [61,69,71,72]. 

For a better understanding, why results from clinical trials did not meet the expectations built 

by the encouraging results from previous preclinical studies, comprehensive mechanistic studies 

were conducted.  

In the beginning, it was mechanistically suggested that the applied regenerative cells differentiate 

into the desired cell type and integrate into the appropriate damaged tissue, like their 

differentiation into cardiomyocytes and integration into the damaged heart [73–75]. However, 

studies failed to show a sufficient retention of therapeutically applied cells in the myocardium 

[73,76] and no evidence could be provided for this theory. Moreover, it was shown that 

intravenous injected MSCs were rather trapped in lungs than at the site of the desired damaged 

organ [77]. Nowadays, it is considered that regenerative cells facilitate their beneficial effects in 

a paracrine manner. Initial investigations compared cells with their conditioned medium. In fact, 

it was observed that already the conditioned medium contained the information for enhanced 

regeneration in animal myocardial infarction models [78–80]. Later on, the different 

components of the conditioned medium, including cytokines, chemokines, growth factors, and 

extracellular vesicles (EVs), were investigated for their therapeutic potential of regenerative cells.  

1.4 Extracellular vesicles as regenerative cell-free approach 

In 1946, Cargaff and West observed pro-coagulated particles in platelet isolations, which Wolf 

referred to as “platelet dust” according to their appearance in electron microscopic images 

[81,82]. Today, these vesicular structures with a lipid bilayer are called EVs. 

In total, three types of EVs can be distinguished according to their biogenesis and size: apoptotic 

bodies, microvesicles, and exosomes (Figure 3) [83–89]. The largest EVs are apoptotic bodies 

(diameter (d) > 1000 nm), which occur as consequence of the programmed cell death in which 

the plasma membrane dissembles. Microvesicles range in their size between 100 to 1000 nm 

and therefore occupy the middle position in terms of diameter. This subset is budded directly 

from the plasma membrane into the extracellular space. The smallest EVs are the exosomes 
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with diameters less than 100 nm. They are generated intracellularly in the endosomal 

compartment, where exosomes are called intraluminal bodies contained in multivesicular bodies 

(MVBs). When MVBs eventually fuse with the plasma membrane, exosomes are released into 

the extracellular space. Although major progress was achieved in the research field of EVs, 

distinct proteins are still missing to distinguish between exosomes and microvesicles. 

Nevertheless, a number of EV-associated proteins were identified [85]. It includes next to 

transmembrane or plasma membrane anchored proteins, such as integrins or representatives 

from the tetraspanin family (e.g. CD9), also cytosolic proteins, like heat shock proteins (HSPs), 

syntenin, or annexins to name just a few. Apoptotic bodies additionally contain typical cell 

organelle proteins, such as calnexin, cytochrome C, or cytokeratin 18. Moreover, recent studies 

showed that the isolation by differential centrifugation purifies EVs together with a non-EV 

compartment, which includes next to apo-lipoproteins A1/2, also fibronectin or the RNA 

binding protein Argonaute-2 [90–92]. 

Figure 3: Schematic illustration of the biogenesis of the three EV types. 
EVs can be differentiated by their biogenesis and size into apoptotic bodies, microvesicles and exosomes. During 
apoptosis, the plasma membrane dissembles, which leads to the formation of apoptotic bodies (> 1,000 nm). A 
viable cell buddes microvesicles (100-1,000 nm) directly from the plasma membrane, whereas exosomes (<100 nm) 
are formed in endosomes as intraluminal bodies (ILB) contained in multivesicular bodies (MVBs). Fusion of MVBs 
finally release exosomes into the extracellular space.  

Interestingly, not only the most investigated mammalian cells but also parasites, gram-negative 

bacteria and fungi were observed to release these vesicular structures into the extracellular space 

[93,94]. The reason for such an omnipresent behaviour lies in the capability of EVs to function 

as intercellular communicator. Multiple processes, such as differentiation, angiogenesis, or 

migration, were shown to be influenced in recipient cells upon interaction with EVs and their 

transported molecules [95–97]. It has to be highlighted that EVs do not only carry lipids and 

proteins but also RNA molecules, such as messenger (mRNA) or micro RNA (miRNA), as well 

as small signalling molecules [88,89,98–102]. 

At present, EVs are evaluated for their potential as medical tool, including as biomarkers for 

diseases or as therapeutic option. In context of CVDs, several studies could already prove that 

EVs from MSCs, CPCs, and cardiac fibroblasts are capable to improve cardiac function in 

rodent MI disease models [37,40,100–103]. In these studies, mechanistic studies were included 

that demonstrated that the cardio protection could be attributed to EV-mediated reduction of 

fibrosis, inhibition of apoptosis, support of angiogenesis, and modulation of immune responses. 

As such, it was discovered that MSC-EVs diminished T cell proliferation[104–107], the release 

of pro-inflammatory cytokines, such as IFNy or IL-1ß [104–107], or enhanced the frequency of 

regulatory T cells [107,108] in induced immune reactions in vitro. Also APCs gained a tolerogenic 
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or anti-inflammatory phenotype when treated with EVs derived from MSCs as observed for 

dendritic cells, monocytes as well as macrophages [109–111]. Herein, this phenotype included 

an amplified expression of programmed cell death 1 ligand 1 (PD-L1), the macrophage mannose 

receptor (CD206) on their cell surface, while, in contrast, other surface proteins, such as the co-

stimulatory molecule CD86, HLA-DR or activation markers, like CD83, were significantly 

reduced.  

Yet, no satisfying answer can be given on how EVs from regenerative cells facilitate their 

beneficial effects. Some studies indicate that their transported RNA molecules have a superior 

role. The anti-apoptotic or proliferative inducing effect of MSC-EVs could be shown to be 

abolished when EVs were treated with RNase [112]. Likewise, Zou and colleagues could provide 

evidence that the RNase treatment of MSC-EVs also eliminated the pro-angiogenic effect [113]. 

In the last years, several miRNAs transported by EVs were identified as potential candidates to 

trigger beneficial effects, such as miRNA 126, miRNA 146 or miRNA 149 to name just a few 

[16]. But also mRNAs can be transferred from an EV to a recipient cell. Herein, it was 

demonstrated that murine cells expressed human proteins, like the DNA-directed RNA 

polymerase II 23 kDA polypeptide (POLR2E) or the small ubiquitin-related modifier 1 (SUMO-

1), when treated with human MSC-EVs [112]. Additionally, EVs were shown to transport 

proteins with crucial enzymatic function for immunomodulation. Clayton et al. showed that EVs 

from different human cancer cells (colon, breast and prostate) own ATP hydrolytic activity via 

their transported ectonucleoside triphosphate diphosphohydrolase-1 (CD39) and CD73 . 

Moreover, it was revealed that this enzymatic activity of EVs contribute to the modulation of 

induced immune responses, like the decrease of T cell proliferation or IL-2 production, in vitro 

[114]. Also the pro-angiogenic effect of EVs was shown to be influenced by their transported 

proteins, such as VEGF or other molecules [95,113]. Up to now, the field of EV transported 

lipids is scarely studied, but future investigations will elucidate whether lipids have an impact on 

beneficial therapeutic effects or on the delivery to certain target cells. Additionally, mechanistic 

analysis becomes increasingly complex when considering that the cell source and especially the 

milieu during the biogenesis of EVs determines which molecules will be transported. For 

example, EVs from MSCs cultivated under normoxic versus hypoxic conditions revealed that 

hypoxia enhances the pro-angiogenic feature of these generated EVs significantly in comparison 

to their normoxic counterpart [115]. Likewise, a pro-inflammatory stimulation with IL-3 

favoured the angiogenesis promoting features of EVs from endothelial cells [116].  

Investigations will also elucidate key molecules of these EVs and hopefully provide insight into 

the underlying mechanism for the various beneficial effects needed for treating CVDs. Most 

importantly, EVs derived from regenerative cells provide an attractive alternative for cell 

therapy. One advantage is that EVs do not, in contrast to their originating regenerative cell, bear 

the risk of teratoma formation. Additionally, it is proposed that EVs could be used as an 

“emergency” therapeutic tool, since they are storable and thus immediately available for 

administration to the patient without any time-consuming preparation. Nevertheless, before 

CVD patients can be treated with EVs from regenerative cells, certain challenges have to be 

explored. This includes question about dosing, delivery routes, and identity markers of EVs, but 

also innovations for isolation procedures that allow obtaining large amounts of EVs as well as 

evaluation of potential off-target effects of administrated EVs.  
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2. Aim and purpose 
Over the last decade, several regenerative mesenchymal cells have been demonstrated to release 

EVs that play an important role in mediating regenerative effects. Although cardio protective 

properties have already been shown in preclinical studies for human CardAP cells, it has not yet 

been clarified whether this specific cell type is able to mediate its regenerative effect through its 

released EVs. For that reason, the major aim of the present work was to evaluate the suitability 

of EVs from CardAP cells as a future allogenic cell-free treatment for heart diseases. It 

additionally included the assessment of two different EV biogenesis conditions, namely the 

presence or absence of a pro-inflammatory cytokine cocktail consisting of IFNγ, TNFα and IL-

1β in otherwise serum free medium. Both conditions were included to gather knowledge under 

what conditions CardAP cells release the most effective EVs in context of regenerative features.  

Therefore, the following aspects were addressed: 

• What are the characteristics of isolated EVs? 

Obtained EV preparations were studied for their concentration, diameter, transported 

repertoire of proteins and miRNAs, and subsequently these characteristics were 

compared between cytokine stimulated and unstimulated EVs.   

• Do EVs influence important processes of tissue regeneration in vitro? 

Obtained EV preparations were firstly assessed for their interaction capability with cells, 

and their intra- or extracellular location 24 h after an interaction with murine cells.  

Thereafter, isolated unstimulated and cytokine stimulated EVs were analysed in a 

comparative manner for their impact on the angiogenic behaviour of human endothelial 

cells, the induced apoptotic behaviour of murine cardiomyocytes, and on typical 

characteristics of induced immune responses (e.g. T cell proliferation). Furthermore, 

immune responses were not only investigated with stimulated human isolated peripheral 

blood mononuclear cells (PBMCs) but also with respective subpopulations of PBMCs, 

namely CD14+ and CD3+ cells, to provide further mechanistic insights.  

• Do EVs induce adverse immune reactions and contraindicate an allogenic 

approach? 

The exposure of unstimulated and cytokine stimulated EVs to otherwise unstimulated 

human immune cells was analysed for signs of adverse immune responses, which 

included next to T cell activation and T cell proliferation also a more detailed 

investigation of CD14+ cells. 
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3. Materials and methods 

3.1 Material 

3.1.1 Cells, cell medium and supplements for cell culture 

Table 1: Overview of all cells used during this study. 

Cells Acronym Supplier 

Human cardiac-derived adherent proliferating 

cells 

CardAP cells Isolated and kindly provided by lab group 

of Prof. Sittinger (Charité) 

Human umbilical vein endothelial cells HUVECs Cascade Biologics®, Thermo Fisher 

Scientific, Rochester, NY, USA and 

Lonza, Wakersville, MD, USA 

Human immune cells: 

• Peripheral blood mononuclear cells 

• Monocytes 

• T cells 

 

PBMCs 

CD14+ cells 

CD3+ cells 

 

All immune cells are isolated from 

healthy blood donors either freshly or 

from Buffy coats 

Murine atrial tumour cells HL-1 cells Both cell line kindly provided by the lab 

group of PD Dr. Van Linthout (Charité) Murine cardiac endothelial cells MHEC5-T cells 

 

Table 2: Cell culture medium, supplements, and coating reagents used during this study. 

Components for culture culture Supplier  

Animal free human epidermal growth factor 

(rhEGF)  

PeproTech Germany, Hamburg, Germany 

Animal free human fibroblast growth factor 

(rhFGF) 

PeproTech Germany, Hamburg, Germany  

Claycomb medium Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA 

Corning® Matrigel® Basement Membrane 

Matrix, LDEV-Free 

Discovery Labware Inc., Bedford, MA, USA 

Coxsackievirus B3 (CVB3; Nancy strain) Kindly provided by lab group of Prof. Rauch (Charité) 

Dulbecco‘s Modified Eagle Medium 

(DMEM) 

Biochrom GmbH, Berlin, Germany 

EBM2 medium       Lonza, Wakersville, MD, USA 

EGM2 BulletKit (e.g. hEGF, VEGF, R3-

IGF-1) 

Lonza, Wakersville, MD, USA 

Fibronectin from bovine plasma Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Gelatin from bovine skin, type B Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Ham‘s F12 Medium Biochrom GmbH, Berlin, Germany 

Human IFNγ1b; IL-1ß; TNFß; and VEGF Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 

Human Serum  Kindly provided by lab group of Prof. Sittinger, Charité (here 

supplied from Deutsches Rotes Kreuz, Berlin, Germany) 

HyClone™ Foetal Bovine Serum (FCS) Lonza Group AG, Basel, Switzerland 

Iscove’s Modified Dulbecco‘s Medium 

(IMDM)  

Biochrom GmbH, Berlin, Germany 

L-Glutamine (L-Glut) 100x Gibco™  Thermo Fisher Scientific, Carlsbad, CA, USA 

Norepinephrine Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA 

Penicillin/Streptomycin (P/S) solution, 

100x, Gibco™  

Thermo Fisher Scientific, Carlsbad, CA, USA 

VLE-RPMI-Medium 1640 Medium Biochrom GmbH, Berlin, Germany 
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Table 3: Composition of the different cell culture media used during this study 

Cell Culture medium 

All cells Freezing medium: FBS + 10% DMSO 

CardAP cells Stock IDH medium mixture: Equal parts of IMDM, DMEM, and Ham´s F12 + 1% P/S; 

immediately before use + 0.2 µL/mL EGF (stock c 100 ng/µL) + 0.5 µL/mL FGF (stock 

c 20 ng/µL) 

Complete IDH medium (cIDH): IDH medium + 5% human serum  

Centrifuged IDH medium (cenIDH): IDH medium + 10% centrifuged human serum  

Isolation IDH medium (isoIDH ± cyt): IDH medium ± 10 ng/mL of each: IFNγ, TNFα, 

and IL-1β 

HL-1 cells 

 

complete Claycomb medium (cClaycomb): Claycomb medium + 1% P/S, + 1% L-Glut, 

+ 1% noradrenalin (stock c 10mM), + 10% FCS 

DMEM 11966 medium (starvation medium): DMEM11966 medium + 5mM glucose, + 

0.1% FCS 

HUVECs 

 

EGM2 medium: EBM medium + EGM-2 Bulletkit, + 1% P/S, + 10% centrifuged human 

serum 

EBM medium: EBM medium + 1% P/S, + 10% centrifuged human seru 

Immune cells Complete RPMI medium (cRPMI): RPMI medium + 1% P/S, + 1% L-Glut, + 10% 

centrifuged human serum 

MHEC5-T cells Complete DMEM medium (cDMEM): DMEM medium + 1% P/S, + 1% L-Glut, + 10% 

FC 

 
3.1.2 Off-the-shelf solutions, buffers and kit-based test systems 

Table 4: Kit-based test systems used during this study 

Test  systems Supplier 

Advanced miRNA Assay, Applied Biosys-tems®, 

(human miRNAs: 494-3p, 146a-5p, 132-3p, 26b-5p, 

199a-3p, 186-5p, ans 302-3p) 

Life Technologies Corporation, Pleasanton, CA, USA 

Caspase-Glo®  3/7 Assay Kit Promega, Madison, WI, USA 

CFSE Cell Division Tracker Kit   BioLegend, San Diego, CA, USA 

ELISA kit, human IFNy, Max™ Deluxe Biolegend, San Diego, CA, USA 

ELISA kit, human IL-6, Max™ Deluxe Biolegend, San Diego, CA, USA 

ELISA kit, human IL-8, Max™ Deluxe Biolegend, San Diego, CA, USA 

FoxP3-Transcription Factor Staining Buffer Set, 

eBiosciences™ 

Thermo Fisher Scientifics, Waltham, MS, USA 

LEGEND Max™ Total TGF-β1 ELISA Kit with 

Pre-coated Plates 

BioLegend, Fell, Germany 

LEGENDplex™ human inflammation panel or 

human monocytes/macrophages panel 

BioLegend, San Diego, Ca, USA 

LEGENDplex™ human monocytes and 

macrophages panel 

BioLegend, San Diego, Ca, USA 

LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit, 

Invitrogen® 

Thermo Fisher Scientific, Eugene, OR, USA 

miRNeasy Micro Kit (50 samples) Qiagen GmbH, Hilden, Germany 

nCounter® Human v2 miRNA expression assay kit NanoString Technologies, Seattle, WA, USA 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Rockford, IL, USA 

PKH26 Red Fluorescent Cell Linker Kits for 

General Cell Membrane Labelling 

Sigma Aldrich Chemie GmbH, St. Louis, MO, USA 

Quantikine® ELISA kit for human VEGF-A R&D Systems, Biotechne brand, Mineapolis, MN, USA 

TaqMan™ Advanced miRNA cDNA Synthesis Kit, 

Applied Biosystems®  

Life Technologies Corporation, Pleasanton, CA, USA 
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Table 5: Off-the-shelf solutions and buffers used during this study 

Reagents Supplier 

7-amino-actinomycin D (7AAD) Viability 

Staining Solution 

BioLegend, San Diego, CA, USA 

Accutase® , StemPro®, Gibco™ Thermo Fisher Scientific, Carlsbad, CA, USA 

AnnexinV binding buffer BioLegend, San Diego, CA, USA 

Bicoll separation solution Biochrom GmbH, Berlin, Germany 

Descosept AF Dr. Schumacher GmbH, Malsfeld, Germany 

Dulbecco’s phosphate buffered saline (PBS), 

without calcium (Ca2+) and magnesium (Mg2+) 

Biochrom GmbH, Berlin, Germany 

ELISA stop solution (2N sulphuric acid) Sigma-Aldrich Chemie GmbH, St. Louis, Mo, USA 

Fix/Perm buffer, Perm buffer (both from 

FoxP3-Transcription Factor Staining Buffer 

Set), eBiosciences™ 

Thermo Fisher Scientifics, Waltham, MS, USA 

Hydrogen peroxide solution 30% (w/w)  Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Incidin™ Extra N Ecolab Deutschland GmbH, Monheim am Rhein, Germany 

QIAzol Lysis Reagent Qiagen GmbH, Hilden, Germany 

Softaskin® B. Braun Melsungen AG, Melsungen, Germany 

Sterillium® classic pure BODE Chemie GmbH, Hamburg (GER) 

TaqMan™ Fast Advanced Master Mix, 

Applied Biosysystems® 

Life Technologies Corporation, Pleasanton, CA, USA 

Trypsin 0.5% (Trypsin-EDTA solution 10 x) 

Gibco™ 

Thermo Fisher Scientific, Carlsbad, CA, USA 

Vybrant® DiD cell label solution (DiD = 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodi-carbo-

cyanine perchlorate)  

Invitrogen™, Molecular Probes, Eugene, OR, USA 

 

3.1.3 Consumables, reagents, prepared buffers and antibodies 

Table 6: Reagents used during this study 

 

 

Reagents Supplier 

AKASOLV Aqua Care (blue indicator) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Aldehyde/Sulphate Latex Beads (4% w/v; 

4 µm) 

Invitrogen™, Thermo Fisher Scientific, Eugene, OR, USA 

Ampuva water Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Chloroform Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Crystal violet Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA 

Ethanol 96% Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ethanol 70% Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ethylenediamintetra acetic acid (EDTA) Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Goat serum Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Isopropanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Paraformaldehyde (PFA) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

SDS Sigma-Aldrich Chemie GmbH, St. Louis , MO, USA 

Trifluoroacetic acid (TFA) Fluka, St. Louis, MO, USA 

Trypsin (in 50 mM ammonium bicarbonate) Promega, Madison, WI, USA 

Tween® 20 Sigma-Aldrich Chemie GmbH, St. Louis, MO, USA 
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Table 7: Consumables used during this study 

Consumable Supplier 

Amico filters (10kDA cut off)  Merck, Darmstadt, Germany 

BD Vacutainer® LH 170 I.U. Pluss Blood Collection 

Tubes 

Becton, Dickinson and Company (BD), Belliver 

Industrial Estate, Plymouth, UK 

BD Vacutainer® One Use Holder BD, Belliver Industrial Estate, Plymouth, UK 

BD Vacutainer® Safety-Lok™ Blood Collection Set BD, Franklin Lakes, NJ, USA 

Combi tips advanced® (5, 10, 12.5 mL) Eppendorf AG, Hamburg, Germany 

Corning® clear steril flat-bottom culture plates (96-, 46-

, 24-, or 6-well plates) 

Corning, Corning, NY, USA 

CryoPure tubes (1.6 mL) Sarstedt AG &Co., Nümbrecht, Germany 

Eppendorf tubes® (5 mL) Eppendorf AG, Hamburg, Germany 

Express Plus Stericup® filter systems (0.1 or 0.22 µm) Merck, Shanghai, China 

Falcon® Cell culture flasks (25; 75; 175 cm2)  Corning, Oneonta, NY, USA 

Falcon® FACS tubes (5 mL) Corning, Reynosa, Mexico 

Falcon® Polypropylene tubes (15; 50 mL) Corning, Tamaulipas, Mexico 

Falcon® Serological pipettes (5; 10; 25 mL) Corning, Corning, NY, USA 

Formavor-carbon coated EM grids Electron Microscopy Sciences, Hatfield, PA, USA 

MACS® separation coluums (LS) Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

MicroAmp® Optical 8-cap strip Applied Biosystems, Foster City, CA, USA 

MicroAmp™ Optical Adhesive Film Kit Applied Biosystems; Life Technologies 

Corporation, Carlsbad, CA, USA 

Mr. Frosty™  Thermo Scientific Nalgene, Schwerte, Germany 

Nunc™ MaxiSorp™ ELISA plates Thermo Fisher Scientific, Rochester, NY, USA 

Parafilm® M Bemis Company, Inc., Menasha, WI, USA 

Pipette tips (10; 200; 1000 µL) Eppendorf AG (Hamburg)/ Sarstedt AG &Co. 

(Nümbrecht) /Greiner Bio-One GmbH 

(Frickenhausen); all three from Germany 

Safe Seal Tips Premium steril (2.5; 10; 200; 1000 µL) Biozym Scientific GmbH, Oldendorf, Germany 

Safe-lock tubes (0.5; 2; 1.5 mL) Eppendorf AG, Hamburg, Germany 

SafeSeal low binding micro tubes (1.5 mL) Sarstedt AG &Co., Nümbrecht, Germany 

Steriflip® filter systems (0.22 µm) Merck, Shanghai, China 

Transfer pipettes (6 mL) Sarstedt AG &Co., Nümbrecht, Germany 

Ultra-Clear tubes for centrifugation Beckman Coulter, Inc., Brea, CA, USA 

White flat-bottom 96-well plates Greiner Bio-One GmbH, Frickenhausen, Germany 

 

Reagents and consumables used either for electron microscopy were kindly provided by the 

Charité Electron Microscopy Core facility or for liquid/electron ionization mass spectrometry 

(L/ESI-MS) were kindly provided by the Charité Cardioproteomic Unit, such as trypsin, TFA 

and others. 

Table 8: Buffers that were prepared during this study. 

Buffers Composition of buffers 

FACS buffer PBS + 1% FCS  

MACS buffer PBS + 1% FCS, + 2mM EDTA 

4% PFA solution 500 µL H2O + 0.4g PFA, + 25 µL 1N NaOH and 9.5 mL PBS 

0.5% PFA fixation solution Dilution of 4% PFA with FACS buffer, e.g. 100µL + 700µL respectively 

Blocking buffer FACS buffer + 5 % goat serum 
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Table 9: Antibodies used during this study, while the exact dillutions for cell, EVs, EV-cell interaction is 
enlisted in the following sections, respectively. 

Supplier Human specific antibodies (if not indicated otherwise) 

Biolegend  AnnexinV-FITC, CD105 FITC, CD106 PE, CD120b PE-Cy7, CD127 APC-Cy7, 

CD144 PE, CD163 FITC, CD206 APC, CD25 PerCP-Cy5.5, CD273 (PD-L2) APC, 

CD274 (PD-L1) PE-Cy7, CD3 FITC, CD4 APC, CD54 APC, CD54 FITC, CD62L 

APC-Cy7, CD8a PE-Cy7, CD81 FITC, CD81 PE, CD86 PE, CD9 FITC, CD90 

APC, HLA-ABC FITC, HLA-ABC APC-Cy7, HLA-DR APC, HLA-DR PR, HLA-

DR APC, (isotype controls: IgG1 FITC, IgG1 PE, IgG2a FITC, IgG1 APC-Cy7)  

BD Biosciences CD14 APC-Cy7, CD19 V450, CD3 PerCPCy5.5, CD44 PE, (isotype control: IgG1 

PErCPCy5.5, IgG2a APC) 

Miltenyi Biotech CD69 PE, CD8 PE, (isotype control: IgG1 PE, IgG2a PE, IgG1 APC) 

R&D Systems CD121a APC 

Novus Galectin1 APC, GM130 (without fluorescence) 

Molecular Probes AF488 (anti goat; secondary antibody) 

 

3.1.4 Hardware, software, and databases 

Table 10: Software or data bases used during this study  

 

 

 

 

 

 

 

 

Software Supplier 

Axio Vision Release (Version 4.7.2) Carl Zeiss, Jena, Germany 

Columbus™ Image Data Storage Perkin Elmer, Waltham, MA, USA 

FACS Diva Software BD Bioscience, San Jose, CA, USA 

FlowJo for Windows 7/10 (Version: 10.4.2) TreeStar Inc., Ashland, OR, USA 

Functional Enrichment Analysis Tool 

(FunRich; version 3.1.3) 

Analysis tool developed at La Trobe University, Melbourne, 

Australia [117,118] (available at http://www.funrich.org)  

GraphPad Prism™ (Version: 5.03) GraphPad Software Inc, La Jolla/San Diego, CA, USA 

Harmony® Imaginang and analysis Perkin Elmer, Waltham, MA, USA 

ImageJ1.50i  Wayne Rasband, NIH, USA 

ImageSP Viewer (Version:1.2.7.11) SYS-PROG, Minsk, Belarus 

LEGENDplex™ version 7.1 VirgineTech Inc., Carlisle, MA, USA 

Mascot software (version number 2.2) Matrix Sience, Boston, MA, USA 

Mendeley Desktop (Version: 1.19.1) RELX Group, London, UK 

MikroWin Version 4.41 Berthold Technologies, Bad Wildbach, Germany 

MS® Office System 2016 Microsoft, Unterschleißheim, Germany 

nSolver software (version 4.0) NanoString Technologies, Seattle, WA, USA 

String database (version 10.5) ELIXIR Core Data Recources (available at http://string-

db.org) 

SwissProt database  For analysis: human 553474 sequences and 198069095 

residues, Cambridgeshire, UK 

http://www.funrich.org/
http://string-db.org/
http://string-db.org/
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Table 11: Hardware used during this study 

Hardware Supplier 

AxioObserver Zeiss, Jena, Germany 

CASY® Cell Counter & Analyzer OLS OMNI Life Science GmbH & Co KG, Bremen, 

Germany 

Centrifuges: i) Allegra™ X-15R, ii) Allegra™ X-

22R, iii) Ultracentrifuge L7-55, and iv) Optima L-

80 XP  

All from Beckman Coulter, Inc., Brea, CA, USA 

ESI-QTOF mass spectrometer  Impact II, bruker daltonics, Billerica, MA, USA 

FACS Canto II (flow cytometer) Becton Dickinson, Heidelberg, Germany 

Flow hood Hera Safe and Safe 2020 Thermo Fisher Scientific, Rockford,  IL, USA 

Freezer (-80°C) UF 756 Dometic WAECO International GmbH, Emsdetten, 

Germany) 

Freezer and fridges (4°C and/or -20°C) Liebherr-International Deutschland GmbH, Bierbach an 

der Riß, Germany 

Ice machine AF80 Scotsman Ice S.r.L., Milano, Italy 

Innova® CO2-incubator (CO-170) New Brunswick™, Eppendorf AG, Hamburg, Germany 

Liquid nitrogen tanks BIOSAFE® MD with 

BIOSAFE®-Control β 

Cryotherm GmbH & Co. KG, Kirchen/Sieg, Germany 

MACS Quant (flow cytometer) Miltenyi Biotec GmbH, Bergisch Gladbach, germany 

Microscope DMIL Leica Microsystems GmbH, Wetzlar, Germany 

Midi MACS Separator Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 

Mithras LB 940 micro-plate reader  Berthold Technologies GmbH & Co.KG, Bad Wildbad, 

Germany 

Multipipette HandyStep® Eppendorf AG, Hamburg, Germany 

NanoDrop 2000 spectrophotometer  Thermo Fisher Scientific, Waltham, MA, USA 

nCounter® Digital Analyzer NanoString Technologies, Seattle, WA, USA 

PIPETBOY/PIPETGIRL acu Integra Biosciences AG, Zizers, Switzerland 

Pipettes (2.5/ 10/ 20/ 100/ 200/ 1000 µL) Eppendorf AG, Hamburg, Germany 

QuantStudio 6 Flex Real-Time PCR machine  Applied Biosystems/Thermo Fisher Scientific, 

Darmstadt, Germany 

TissueRuptor Quiagen, Hilden, Germany 

UPLC Dionex Ultimate 3000 ThermoFisher, Waltham, MA, USA  

VacuSafe  Integra Biosciences AG, Zizers, Switzerland 

Vortex mixers: i) Vortex-Genie 2, ii) neoVortex® 

and iii) Sunlab® Mini Vortex Mixer (SU1900) 

i): Beckman Coulter, Inc., Brea, CA, USA; ii-iii): neoLab 

Migge GmbH, Heidelberg, Germany 

Water bath 1003 Gesellschaft für Labortechnik mbH, Burgwedel, Germany 

Zeiss LEO 906 Transmission electron microscope Carl Zeiss Microscopy GmbH, Jena, Germany 

ZETAView® Particle Metrix, Meerbusch, Germany 

Thermocycler Eppendorf AG, Hamburg, Germany 

Cell strainer (40; 70 µm) BD Biosciences, NJ, USA 
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3.2 Methods 

3.2.1 Cell biological methods  

3.2.1.1 Isolation of human cells 

Isolation of cardiac-derived adherent proliferating (CardAP) cells: Endomyocardial 

biopsies from the right or left ventricular side of the interventricular septum were obtained 

according to the local guidelines of the Charité-Universitätsmedizin Berlin and the study was 

approved by the ethics committee of the Charité-Universitätsmedizin Berlin (No. 

EA2/140/16). These biopsies were used to isolate CardAP cells by outgrowth culture 

conditions as previously published [67]. For this study, cryopreserved CardAP cells were kindly 

provided by the lab of Prof. Sittinger.  

Isolation of human immune cells: Human peripheral blood mononuclear cells (PBMCs) were 

derived from buffy coats (German Red Cross, Berlin, Germany) or from fresh blood of healthy 

volunteers with their written informed consent according to approved protocols by the ethics 

committee of the Charité-Universitätsmedizin Berlin (EA1/226/14, EA2/139/10). At the start, 

a 1:1 (v/v) mixture of blood and PBS was prepared and then layered on top of 15 mL Biocoll 

in 50 mL falcon tubes. After a centrifugation at 800 x g for 30 min at RT without breaks, 

erythrocytes and the majority of granulocytes were beneath the Biocoll, while PBMCs were 

present in an interphase between Biocoll and an upper phase consisting of plasma and 

thrombocytes. The PBMC interphase was cautiously collected into a 50 mL falcon tube already 

filled with 10 mL ice-cold PBS and centrifuged at 300 x g for 10 min and 4°C. The cell pellet 

was washed at least four times with ice-cold PBS and isolated PBMCs were either cryopreserved 

(see section 3.2.1.1), separated into different immune cell subtypes (see section 3.2.3.5), or 

experimentally used (see sections 3.2.1.4/5/6).   

3.2.1.2 Cell culture  

All cell culture experiments were performed in a laminar flow hood to enable sterile conditions. 

Furthermore, unsterile materials were autoclaved at 120°C and one bar before usage. Primary 

cells and cell lines were cultivated in aseptic incubators at 37°C, 21% O2, and 5% CO2 in their 

appropriate medium as enlisted in Table 3. In order to limit the influence of EVs from serum 

sources, ultracentrifuged human serum was used in the medium for functional assays or for the 

expansion of CardAP cells. 

Preparation of centrifuged human serum: Serum was mixed with the same volume of the 

appropriate medium needed for cell culture (isoIDH medium for CardAP cells, RPMI medium 

for PBMCs, EBM medium for HUVECs) and centrifuged for 24 h at 100,000 x g and 4 °C. The 

next day, the supernatant (= centrifuged human serum) was collected and stored at -20°C till 

further usage.  

Cell cryopreservation: Cells were regularly cryopreserved by taking them up in freezing 

medium (1 - 4 x 106 cells/mL). The cell suspension was immediately transferred into cryotubes, 

which were placed in Mr. Frosty™ freezing containers and stored at -80°C. The next day, 

samples were transferred to -160°C tanks for long-time storage. 
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Cell thawing: Cryopreserved cells were defrosted by shortly thawing them in a 37°C heated 

water bath. Then, the cells were transferred to a 50 mL falcon tube filled with 10 mL of the 

respective complete medium. The cryotube was rinsed with PBS for three to four times and 

transferred to the same 50 mL falcon tube. Then, the suspension was centrifuged for 10 min at 

300 x g and 4°C. The obtained cell pellet was taken up in 10 - 20 mL complete medium, and 

cell number and viability were accessed with a cell counter, namely Casy® Cell Counter. 

Cell passaging: Cultured cells were passaged when a confluence of approximately 80 % was 

reached, except for HL-1 cells. These cells were passaged at a confluence of 100 % to avoid 

their dedifferentiation. Suspension cells were collected immediately into a 50 mL falcon tube 

and centrifuged for 10 min at 300 x g and 4°C. Adherent cells needed to be detached from the 

surface of the culture plastic by treatment with trypsin or accutase. In general, the medium was 

removed and cells were washed once with PBS. Afterwards, cells were incubated at 37 °C either 

for three min in a trypsin/EDTA solution or for 30 to 45 min in an accutase containing solution. 

The proteolytic activity was inhibited by adding the double volume of the respective medium. 

Detached and floating cells were collected in 50 mL falcon tubes and centrifuged as previously 

described. Lastly, the obtained cell pellet was suspended in 10 - 20 mL medium and the cell 

number and viability were determined with a Casy® Cell Counter. 

3.2.1.2.1 Human cells 

Human cardiac-derived adherent proliferating (CardAP) cells: Cryopreserved CardAP 

cells from seven donors were thawed and cultured in cIDH medium at a density of 4,000 

cells/cm². Afterwards, CardAP cells were cultured and passaged at the same density for up to 

eight times with cenIDH medium, if not stated otherwise. Some characteristics of all used 

CardAP donors are displayed in Table 12.  

Table 12: Characteristics of the seven CardAP donors used during this study. 

CardAP donor IDs Frequency CD90+ cells Sex Age [years] 

36 14.5 % Male 49 

48 21.7 % Female 63 

52 23.2 % Female 39 

50 15.0 % Male 24 

63 26.4 % Male 57 

64 14.7 % Male 63 

69 15.5 % Female 52 

 

Human umbilical vein endothelial cells (HUVECs): Cryopreserved or cultured HUVECs 

were seeded at a density of 1,000 – 2,000 cells/cm² in EGM2 medium, if not stated otherwise. 

Cells were included into functional assays until passage six.  

Human immune cells: Cryopreserved or freshly isolated human immune cells were cultured 

in cRPMI medium. The exact cell concentrations are highlighted in the description of the T cell 

proliferation assay (see section 3.2.1.5) or regulatory T cell assay (see section 3.2.1.6), respectively.  
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3.2.1.2.2 Murine cells 

Murine cardiac endothelial cells (MHEC5-T cells): Cryopreserved or cultured MHEC5-T 

cells were grown in cDMEM medium and seeded at a density of about 10,000 cells/cm². During 

this study, MHEC5-T cells were used between passage three and six. 

Murine cardiomyocytes (HL-1 cells): Cryopreserved or cultured HL-1 cells were seeded at a 

density of 40,000 cells/cm² in cClaycomb medium on gelatine (0.2 mg/mL) and fibronectin 

(0.0125 mg/mL) coated culture dishes. The coating solution was prepared in two steps. Firstly, 

0.1 g gelatine was mixed with 50 mL PBS and heated in the microwave to solubilize. Secondly, 

44.375 mL PBS was mixed with 625 µL (1mg/mL) fibronectin and 5 mL of the previously 

prepared gelatine solution. This final coating solution was used to coat culture dishes for 30 min 

at 37°C. Afterwards, the remaining coating solution was collected and reused at least twice. 

Reused coating solution was stored at 4°C for up to six weeks, while stock solutions and unused 

final coating solutions were stored at -20°C. During this study, HL-1 cells were used between 

passages 24 and 29. 

3.2.1.3 Isolation of EVs by differential centrifugation 

Unlabelled as well as fluorescence labelled EVs were isolated via differential centrifugation of 

the conditioned cell culture medium (Figure 4) by an adapted protocol from Théry et al. [89]. 

 

Figure 4: Steps of differential centrifugation to isolate EVs 
from the conditioned medium of CardAP cells. 
CardAP cells were washed twice with PBS after a confluence of 
80% was reached. Then, isoIDH medium with or without pro-

inflammatory cytokines (10ng/mL of IFNγ, TNFα and IL-1β) was 
applied for 20 h. The conditioned medium was collected and 
subjected to a differential centrifugation protocol to isolate small 
EVs. Therefore, the supernatant was centrifuged at 300 x g for 10 
min (exclusion of cells and cell debris), at 2,000 x g for 20 min 
(exclusion of small cell debris and apoptotic bodies), at 12,000 x g 
for 45 min (exclusion of most microvesicles) and at 100,000 x g for 
165 min (small EV pellet). Protein contaminations were limited by 
washing the obtained small EV pellet with 0.1 µm filtered PBS. 
Finally, EVs were suspended in 0.1 µm filtered PBS and stored 
at -80°C until further analysis. 

 

 

Isolation of unlabelled EVs: CardAP cells were grown in cenIDH medium to a confluence 

of about 80%. Then, CardAP cells were washed twice with PBS and isoIDH medium with or 

without a pro-inflammatory cytokine cocktail (10 ng/mL of TNFα, IFNγ as well as IL-1β) was 

applied for 20 h. The conditioned medium was collected and stepwise centrifuged at 300 x g 

for 10 min, 2,000 x g for 20 min, 12,000 x g for 45 min and 100,000 x g for 165 min. Each step 

was performed to exclude cells, cell fragments, apoptotic bodies, and the majority of 

microvesicles (as indicated in Figure 4) to obtain mainly exosomes, the smallest EV type. To 

minimize protein contaminations, a washing step was performed by suspending the received 

EV pellet in 0.1 µm filtered PBS and repeating the last centrifugation step. Finally, EVs were 
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stepwise suspended in a total of 500 µL of 0.1 µm filtered PBS, transferred to low-binding tubes, 

and stored at -80°C till further usage.  

Isolation of fluorescence labelled EVs: Lipids of EVs were labelled with lipophilic 

fluorescent dyes, namely PKH26 or DiD. Therefore, the pellet of EVs after the first 100,000 x 

g centrifugation step was suspended in 6 mL PBS and supplemented with either 6 µL Vybrant® 

DiD cell label solution or 3 µL PKH26 for 10 min on ice prior to the final centrifugation step. 

Additionally, a negative control for each of the fluorescence dye was prepared to identify false 

positive signals by proceeding with unconditioned isoIDH medium. All samples were 

reconstituted in a total of 500 µL of 0.1 µm filtered PBS, transferred to low-binding tubes and 

stored at -80 °C till further usage. 

Importantly, CardAP cells were harvested by accutase treatment after each EV isolation 

procedure to determine the cell number by Casy® Cell Counter. Afterwards, cells were used for 

surface protein analysis by flow cytometry (see section 3.2.3.1.1) as well as for reseeding in cenIDH 

medium for the next EV isolation procedure until passage eight.  

3.2.1.4 EV-cell interaction assay 

The interaction of EVs with different potential target cells was accessed by using either 

fluorescence labelled or unlabelled EVs.  

EV-cell interaction assay with fluorescence labelled EVs: HUVECs, HL-1, or MHEC5-T 

cells were seeded according to Table 13 and allowed to adhere to the culture dish for 24 h. The 

next day, medium was discarded and fresh medium was added with either 6 µg/mL DiD or 

PKH26 labelled EVs or the equal volume of the negative control for DiD or PKH26. In 

contrast, PBMCs were seeded and immediately treated with 12 µg/mL of fluorescence labelled 

EVs and corresponding controls. After certain incubation times (Table 13), cells were either 

analysed by flow cytometry (see section 3.2.3.1) or by microscopy (see section 3.2.3.2).  

Table 13: Culturing conditions to investigate the interaction of DiD+ EVs with target cells and conducted 
staining for analysis by flow cytometry (FC) or by microscopy (M) 

 

EV-cell interaction assay with unlabelled EVs: HL-1 or MHEC5-T cells were seeded in 

48-well plates (2 × 105 cells/well). After 24 h, the medium was changed and cells were treated 

either with 6 µg/mL of unlabelled unstimulated or cytokine stimulated EVs or they were left 

untreated. After another 24 h, cells were harvested by accutase treatment and proceeded for 

Target cell Cells cultured Culture period [h] Staining 

PBMCs 
5 × 105 cells/well in    6-

well-plate 
48 (FC and M) 

M: DAPI (1:100) and 

CD14 APC-Cy7 (1:50) 

FC: CD14 PE, CD3 FITC, 

CD19 V450, CD56 PE-Cy7, 

liefe/dead marker V510  

HL-1 
2 × 105 cells/well in 48-

well-plate 

0, 2, 7, 19 and 24 (FC 

and M) 

M: DAPI (1:100) 

FC: Dead/viable marker 

MHEC5-T 
2 × 105 cells/well in 48-

well-plate 
0, 2, 7, 19 and 24 (FC) FC: Dead/viable marker 

HUVECs 
2 × 105 cells/well in 24-

well-plate 

24 (FC) 

0, 2, 24 (M) 

M: DAPI (1:100) 

FC: Dead/viable marker 
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analysis by flow cytometry to assess the occurrence of human EV proteins on the surface of 

cells by an extracellular staining or within murine cells by an intracellular staining (see sections 

3.2.3.1.1/3).  

3.2.1.5 T cell proliferation assay  

The immunogenicity or the immune modulating feature of EVs was determined by their 

capability to initiate or to alter T cell proliferation, respectively. By flow cytometry, the frequency 

of proliferated T cells was monitored via the fading fluorescent signal of carboxyfluorescein 

succinimidyl ester (CFSE). Two different set-ups were conducted for the T cell proliferation 

assay with either PBMCs (Figure 5A) or separated immune cell subtypes (Figure 5B).  
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Figure 5: The two configurations of  performed T cell proliferation assays. 
At the beginning of each assay, PBMCs were isolated from the blood of healthy volunteers by Biocoll gradient. 
Then T cell proliferation assays were performed either with PBMCs (A) or with separated immune cell 
subpopulations (B), namely CD14+ and CD3+ cells. (A): PBMCs were labelled with CFSE, cultured in 96-well 
plates (3x105 cells/well), treated with unstimulated or cytokine stimulated EVs, with PBS in equal volumes of EVs 
or they were left untreated. Furthermore, those cultures were either left unstimulated to examine the 
immunogenicity or immune responses were provoked with anti-CD3 stimulation to monitor immunomodulation. 
(B): CD3+ and CD14+ cells were isolated from PBMCs by magnetic activated cell sorting (MACS) and kept 
separately for two days. CD14+ cells were treated with unstimulated or cytokine stimulated EVs, PBS, or were left 
untreated, whereas CD3+ cells were left untreated after they had been labelled with CFSE. After two days, 
monocultures of CD3+ cells were treated with unstimulated or cytokine stimulated EVs, PBS or were left untreated. 
Additionally, a T cell response was induced by applying anti-CD3 as trigger. Besides, CD3+ T cells were co-cultured 
with beforehand primed CD14+ cells (ratio one to five) and treated with anti-CD3 or left untreated. After each 
assay, the conditioned medium was collected to determine cytokines and chemokine concentrations, while cells 
were harvested for analysis by Flow cytometry (e.g. T cell proliferation).  
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CFSE labelling: Prior to an assay, 1x106 PBMCs or CD3+ cells were labelled with 5.0 µM 

CFDA in 1 mL PBS for three min in the dark at RT. The reaction was inhibited by adding 5 

mL cRPMI medium and the suspension was centrifuged at 300 x g for 10 min at 4°C. After the 

cells were washed again in cRPMI medium, the cell number was determined and different assays 

were conducted as described in the following. 

T cell proliferation assay with PBMCs: CFSE+ PBMCs were seeded in 96-well plates (3 × 105 

cells/well) and stimulated with 12.5 ng/mL anti-CD3 for immunomodulation assays or left 

unstimulated to determine the immunogenicity. Additionally, these PBMC cultures were treated 

with up to 12 µg/mL unstimulated or cytokine stimulated EVs, PBS in equal volumes to EVs 

or they were left untreated. The needed amount of EV protein were initially investigated in 

establishment assays and later on solely conducted with one concentration. 

T cell proliferation assay with separated immune subsets: PBMCs from fresh blood of 

healthy donors were used to separate CD3+ and CD14+ cells by magnetic activated cell sorting 

(MACS, see section 3.2.3.5). Afterwards, CD14+ cells were seeded in 6-well plates (1x106 

cells/well) and additionally treated with 12 µg/mL of either unstimulated or cytokine stimulated 

EVs, PBS in equal volumes of EVs, or they were left untreated. CFSE+ CD3+ cells were seeded 

in 6-well plates (2 - 3 x 106 cells/well) without any further treatment. Both immune cell subtypes 

were then cultured for two days. It allowed CD14+ cells to interact with EVs and CD3+ cells to 

be completely free of contaminations with CD14+ cells, which were observed directly after 

MACS sort at highest frequencies of about 2 %. After this incubation, supernatants of CD14+ 

cells were collected and stored at -80°C until further investigation for their released cytokines 

and chemokines (see section 3.2.3.4). Then, CD14+ cells were harvested by accutase treatment, 

while CD3+ cells were harvested as suspension cells. The different pre-incubated CD14+ cells 

were co-cultured with CFSE+ CD3+ cells in a 48-well flat-bottom plate in a ratio of one to five 

(0.1 x 106 CD14+ cells with 0.5 x106 CD3+ cells/well). Furthermore, pre-incubated CD14+ cells 

were investigated for surface protein expression analysis of cells by flow cytometry (see section 

3.2.3.1.1). Additionally, a monoculture of CD3+ cells served as assay control. Therefore, CFSE+ 

CD3+ cells were seeded in 48-well plates (0.5 x106 cells/ well) and treated either with 12.0 µg/mL 

unstimulated or cytokine stimulated EVs, PBS in equal volumes of EVs or they were left 

untreated. Monocultures as well as co-cultures were either stimulated with 12.5 ng/mL anti-

CD3 or they were left unstimulated for three days.  

Analysis: After three days for immunomodulation assays or five days for immunogenicity 

assays, the supernatants were collected and stored at -80°C until further investigation of the 

released cytokines and chemokines (see sections 3.2.3.3/4). Then after, the cells were harvested by 

accutase treatment and proceeded for surface protein expression analysis by flow cytometry (see 

section 3.2.3.1.1). 

3.2.1.6 Regulatory T cell assay  

The immune modulating feature of EVs was furthermore characterized for their ability to affect 

regulatory T cells. Here, the frequency of viable CD3+ CD4+ CD127- CD25++ Foxp3+ cells was 

determined by flow cytometry in induced immune responses of immune cell cultures of T cell 

proliferation assays. The T cell proliferation assay of separated immune subsets was performed 
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as previously described, while total PBMCs were seeded in 48-well plates (0.6 x 106 cells/well), 

treated with either 12 µg/mL of unstimulated or cytokine stimulated EVs, PBS in equal volumes 

of EVs or they were left untreated and additionally stimulated with anti-CD3, as previously 

described. The immune response was allowed to take place for three days at 37°C and 5% CO2. 

Afterwards, immune cells were harvested by accutase treatment and proceeded for the 

investigation of intracellular and extracellular protein expression analysis by flow cytometry (see 

section 3.2.3.1.3). 

3.2.1.7 Apoptosis assay 

Apoptosis was determined via changes of the cell plasma membrane by flow cytometry or via 

the activity of caspases by luminescence. CardAP cells were investigated for the different culture 

conditions, while HL-1 cells were provoked via different triggers to undergo apoptosis. 

3.2.1.7.1 7AAD/AnnexinV-FITC detection assay  

By flow cytometry, AnnexinV-FITC was used to detect phosphatidylserine present on the 

extracellular side of early and late apoptotic cells, while 7AAD can solely cross the porous 

plasma membrane and intercalate with the DNA of late apoptotic or necrotic cells. 

Preparation HL-1 cells: Cultured HL-1 cells were passaged and reseeded in 6-well plates 

(1x106 cells/well). Additionally, these cells were treated with 6 µg/mL of either unstimulated or 

cytokine stimulated EVs, PBS in equal volumes of EVs or they were left untreated. After 24 h, 

HL-1 cells were washed once with PBS and then 1 mL 0.5 mM H2O2 containing cClaycomb 

medium was applied for 60 min at 37°C. A negative control was incorporated by adding solely 

cClaycomb medium to untreated HL-1 cells. Afterwards, the media was removed, HL-1 cells 

were washed twice with PBS and 1 mL cClaycomb medium was applied for 23 h.  

Preparation CardAP cells: CenIDH medium was used to seed CardAP cells in 6-well plates 

(1x106 cells/well). After 24 h, CardAP cells were washed once with PBS and then cultured for 

20 h in 1 mL of cenIDH, cIDH or iso IDH medium with or without cytokine cocktail.  

Procedure: The next day, suspension cells were collected in 5 mL FACS falcon tubes. Adherent 

cells were harvested by accutase treatment and collected into the respective falcon tube. The 

cells were centrifuged for 10 min at 300 x g and 4°C, followed by an additional washing step 

with AnnexinV binding buffer. Then, each cell pellet was suspended in 50 µL AnnexinV binding 

buffer containing 2 µL 7ADD and 2 µL AnnexinV-FITC. The staining was performed for 15 

min at RT in the dark and abolished by adding 250 µL ice cold AnnexinV binding buffer. 

Samples were acquired within 45 min at a flow cytometer (MACSQuant).  

Analysis: The frequency of apoptotic cells was determined with the help of FlowJo Software. 

Accordign to published guidelines, cell debris and solely single cells were incorporated in the 

analysis (Figure 6). In total, four different populations are possible to determine: non-apoptotic 

cells (7AAD- AnnexinV-FITC-), early apoptotic cells (7AAD- AnnexinV-FITC+), late apoptotic 

cells (7AAD+ AnnexinV-FITC+) and necrotic cells (7AAD+ AnnexinV-FITC-). 
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Figure 6: Gating strategy for evaluating cell death by flow cytometry via 7AAD and AnnexinV-FITC 
staining. 
Apoptosis of HL-1 cells or CardAP cells was determined by measuring the signal of AnnexinV-FITC and 7AAD 
via flow cytometry. For that purpose, harvested cells were stained with AnnexinV-FITC and 7AAD, measured at 
the MACSQuant and analysed by FlowJo Software. The gating strategy is shown representatively here for HL-1 
cell treated with 2 mM H2O2. Firstly, cell debris were excluded (left), single cells determined (middle) and then 
analysed for their fluorescence of AnnexinV-FITC and 7AAD (right). Herein, cells can be distinguished as non-
apoptotic cells (AnnexinV-FITC- 7ADD-), early apoptotic cells (AnnexinV-FITC+ 7ADD-), late apoptotic cells 
(AnnexinV-FITC+ 7ADD+), and necrotic cells (AnnexinV-FITC- 7ADD+). FCS = forward scatter, SCA = side 
scatter, -A = area, -H = height. 

3.2.1.7.2 Caspase 3/7 apoptosis assay  

Intrinsic and extrinsic apoptotic pathways lead to a cascaded activation of caspases, starting with 

caspase 8, 9 or 10, which will cleave and thereby activate effector caspases, such as caspase 3, 7 

and 6. For that reason, it is possible to determine apoptosis by the activity of caspases. In this 

study, the Caspase-Glo® 3/7 Assay from Promega was used to determine the activity of caspase 

3 and 7 by luminescence through a proluminescent caspase 3/7 DEVD-aminoluciferin 

substrate. 

Preparation: White as well as transparent gelatine and fibronectin coated 96-well plates were 

seeded with HL-1 cells and treated with either 6 µg/mL unstimulated or cytokine stimulated 

EVs, PBS in equal volumes of EVs or they were left untreated. Each treatment was at least 

performed in quadruplicates. Cell concentrations and further details are enlisted in Table 14 for 

each apoptotic trigger.  

Table 14: Experimental set-up for the different apoptotic triggers.   

 

After one day, HL-1 cells were washed once with PBS before applying the different apoptotic 

treatments, which are described in the following: 

• Reactive oxygen species (ROS): 100 µL 0.5 mM H2O2 containing cClaycomb medium 

was applied for 60 min to HL-1 cells at 37°C. Additionally, a negative control was 

incorporated by adding solely cClaycomb medium to untreated HL-1 cells. Afterwards, the 

Apoptotic trigger Executed by Seeded HL-1 cells 

Starvation Starvation medium 2x104 cells/well 

Virus infection Coxsackievirus B3 infection 2x104 cells/well 

Reactive oxygen species 0.5 mM H2O2 1x104 cells/well 
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media was removed, HL-1 cells were washed twice with PBS and 100 µL cClaycomb 

medium was applied for 23 h at 37°C. 

• Starvation: 25 µL starvation medium was applied for 60 min to HL-1 cells at 37°C. 

Afterwards, the media was removed, HL-1 cells were washed twice with PBS and 100 µL 

cClaycomb medium was applied for 23 h at 37°C. 

• Viral infection: Starvation medium was supplemented with coxsackievirus B3 (CVB3) at 

a 100,000 multiplicity of infection (m.o.i.). Then, 25 µL CVB3 containing starvation 

medium was applied for 60 min to HL-1 cells at 37°C. Afterwards, the media was removed, 

HL-1 cells were washed twice with PBS and 100 µL cClaycomb medium was applied for 

23 h at 37°C. 

Analysis: Caspase 3/7 reagent was freshly prepared by mixing same volumes of caspase-glo 

buffer with caspase-glo substrate. The equivalent volume of media (~ 100 µL) was added from 

the caspase 3/7 reagent to each well of the white 96-well flat-bottom plate. The plate was stored 

at RT and the luminescence was determined after 60, 120, or 180 min at the Mithras LB 940 

micro-plate reader. The determined luminescence of 120 min time point was related to the cell 

concentration, which was determined by crystal violet assays of transparent 96-well plates (see 

section 3.2.2.2).  

3.2.1.8 Endothelial cell tube formation assay 

Endothelial cells will form capillary-like structures and networks when they were applied to 

appropriate extracellular matrix, such as matrigel. This tube formation assay recreate the 

reorganization stage of angiogenesis in vitro and can help to identify compounds with enhancing 

or inhibiting properties. After several establishment assays, the tube formation assay was 

conducted as described in the following. 

Preparation: Thawed HUVECs were cultured in EGM2 medium at relatively low passage 

number (one till three) for up to five days and several culture medium changes. 24 h prior to an 

assay, HUVECs were passaged and 1 mL of cells in EGM2 medium were seeded in 6-well plates 

(1.9 x 105 cells/ well). Before cells were left for 24 h at 37°C in aseptic incubators, they were 

treated with either 6 µg/mL unstimulated or cytokine stimulated EVs, PBS in equal volumes of 

EVs or they were left untreated. 

Procedure: For the assay itself, a pre-cooled 24-well plate was coated with matrigel (200 

µL/well) on ice. The gel was then allowed to solidify for 30 min at 37°C. Pre-incubated 

HUVECs were harvested by accutase treatment and seeded in 400 µL cEBM medium (0.16 x 

105 cells/well) after wells were shortly washed with PBS. Each treatment was performed at least 

in duplicates. Untreated HUVECs were either left unstimulated or stimulated with 10 ng/mL 

VEGF during the tube formation assay. The matrigel-coated plates with the different stimulated 

HUVECs were put in the aseptic incubator for up to 24 h.  

Analysis: The formation of tubular structures was documented over the course of time by 

microscopy (AxioObserver microscope). Images of the 20 h time point were observed to be 

most suitable for the quantitative analysis by Angiogenesis Analyzer plugin of ImageJ software 

[119]. Therefore, five to eight random brightfield images were taken of each well, these images 

were converted into suitable formats (here: RGD) and the tubular network was quantified by 
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Angiogenesis Analyser with following settings: minimum object size = 10 pixel (px), minimum 

branch = 25 px, artifactual loop size = 850 px, isolated element threshold = 25 px, master 

segment size threshold = 30 px, and iteration number = 3. Two parameters, namely the number 

of junctions and the total branching length, were chosen and displayed in this thesis as 

quantification of thedetermined tube formation. 

3.2.1.9 Pro-angiogenic factor release assay 

Endothelial cells release factors that can enhance or reduce their angiogenic behaviour. Whether 

HUVECs change their secreted pro-angiogenic factors upon EV exposure was elucidated in 

pro-angiogenic factor release assays.  

Cultured HUVECs (passage number three) were seeded in 96-well plates (0.5 x 106 cells/ well) 

and treated in triplicates with either 6 µg/mL unstimulated or cytokine stimulated EVs, PBS in 

equal volumes of EVs or they were left untreated. After 24 h, the cells were washed once with 

PBS and fresh cEBM medium was applied for another 24 h. The conditioned medium was 

collected and stored in low binding tubes at -80°C until determination for IL-6, IL-8 and VEGF 

concentrations by ELISAs (see section 3.2.3.3), while the cells were used for crystal violet assays 

to determine a cell correction factor (see section 3.2.2.2). Relative concentrations of the different 

factors were obtained by relating determined concentrations to the corresponding cell 

correction factor.  

3.2.2 Molecular biological methods  

3.2.2.1 Bicinchoninic acid (BCA) protein assay  

The BCA protein assay uses the ability of proteins to reduce copper ions in alkaline solutions. 

This reduction can be tracked by a colorimetric detection of a purple coloured complex that is 

formed between bicinchoninic acid and reduced copper ions. Concentrations ranging from 

1,000 to 12.5 µg/mL of bovine serum albumin (BSA) were used for a standard curve that helped 

to determine the protein concentrations of EVs.  

Procedure: BSA standard stock solution (2,000 µg/mL) and BCA reagents were provided by 

the Pierce™ BCA protein Assay Kit. For each assay, a working solution was freshly prepared 

consisting of 50 parts of BCA reagent A (sodium carbonate, sodium bicarbonate, bicinchoninic 

acid and sodium tartrate in 0.1 M sodium hydroxide) and one part of BCA reagent B (4 % cupric 

sulphate). Per well and sample, 200 µL working solution was mixed with 25 µL of standards or 

EV preparations in transparent 96-well plates. After 30 min at 60°C with short shacking after 

each 10 min, the absorbance was measured at 570 nm with the Mithras LB 940 microplate 

reader. 

Analysis: The protein concentration of EV samples was calculated with the help of the BSA 

standard curve. Furthermore, the determined protein concentrations of EVs were normalized 

to 1x106 CardAP cells, since cell number varied within isolations. 

3.2.2.2 Crystal violet assay 
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Ribose type molecules, such as DNA, and proteins can be stained by crystal violet. Since the 

amount of staining is directly proportional to the amount of cells or the biomass, it is possible 

to use crystal violet assays in order to derive a cell correction factor.  

Procedure: Identical stimulations and treatments were performed in parallel for caspase 3/7 

assays (see section 3.2.1.7.2) or pro-angiogenic factor release assays (see section 3.2.1.9) in transparent 

96-well plates. At the end of the incubation time, the cells were fixed with 200 µL 4 % PFA 

overnight at 4 °C. The next morning, each well was washed twice with 200 µL H2O and then 

incubated with 100 µL 10% (w/v) crystal violet in H2O solution for 30 min at RT in the dark. 

Afterwards, each well was washed three times with H2O and then 100 µL 1 % SDS in H2O 

solution was applied for 60 min with short shacking after each 10 min at RT.  

Analysis: The absorbance was measured at 595 nm with the Mithras LB 940 microplate reader. 

The mean of at least triple determination (= cell correction factor) was used to calculate the 

relative luminescent unit (RLU) of caspase activity or the relative released concentrations of 

pro-angiogenic factors by HUVECs, respectively. 

3.2.2.3 Transmission electron microscopy (TEM) 

EVs were evaluated for its morphology and diameter by TEM at the electron microscopy facility 

of the Charité-Universitätsmedizin Berlin. All steps and measurements were performed together 

with Mrs. Petra Schrade, technician and person in charge of the EM facility at the Virchow 

Campus of the Charité Universitätsmedizin.  

Procedure: Unstimulated and cytokine stimulated EVs from three different CardAP donors 

(36, 48, and 50) as well as PBS controls were investigated by TEM according to an adapted 

method for positive-negatively stained EVs [89]. Formavor-carbon coated copper EM grids 

were incubated for 20 min with 20 µL of sample. Afterwards, following steps were performed: 

20 min in 2 % PFA solution, shortly wiping residual drops on a tissue, five min in 1 % 

glutaraldehyde, followed by six washing steps with H2O. Then the samples were positive-

negatively stained for 10 min in freshly prepared 4 % uranyl acetate 2 % methylcellulose solution 

in the dark at 4°C. After residual staining solution was wiped off, the samples were dried 

overnight in the dark at RT.  

Analysis: Samples were analysed with the transmission electron microscope Zeiss Leo 906. Up 

to 21 images of each sample were accessed for diameter of EVs by ImageSP Viewer. Here, 

vesicular structures exposing a lipid bilayer, visible as two distinct lines, were measured by 

drawing a line from both outer layers through the centre. These diameters are displayed as 

individual points as well as diameter distributions for each EV isolation condition in this study. 

3.2.2.4 Nanoparticle tracking analysis (NTA) 

Nanoparticle tracking analysis (NTA) is a method to determine the concentration and diameter 

of particles in a solution. The basic principle of this method is the dependency of a particle´s 

size and its Brownian molecular motion. By tracking the motion of each particle, for example 

through detecting scattered light, conclusions can be drawn about their diameters as well as 

concentrations. EVs from four different CardAP donors (36, 48, 50, and 46) were analysed at 

the ZetaView® with 14 different camera levels and according to the manufacture´s manual. 



Chapter III                                                                                                                      MATERIALS & METHODS 

 

28 

 

Water, 0.1 µm filtered PBS and a calibration with 100 nm sized styrolbeads was conducted 

before EV samples were characterized in at least two different dilutions (1 to 1,000 or 2,000) 

and in triplicate measurements. Determined particle concentrations of EVs were related to the 

derived number of CardAP cells after each isolation procedure, accordingly to protein amount 

determination of EVs. 

3.2.2.5 Liquid/electron spray ionization mass spectrometry (LC/ESI-MS) 

Liquid chromatography/electron spray ionization-mass spectrometry (LC/ESI-MS) was used 

to gather a broader overview of proteins transported by isolated EVs. Samples were processed 

and measured at the Cardioproteomics/Tissue Typing Unit at Charité Universitätsmedizin 

Berlin under the supervision of Dr. Oliver Klein.  

Procedure: EVs from three different CardAP donors (36, 48, and 69) either in unstimulated or 

cytokine stimulated conditions were transferred to 10 kDA cut off amico filters followed by an 

overnight digestion with trypsin at 37°C. Peptide samples were extracted with 0.1 % TFA and 

measured by a mass spectrometer (here: UPLC ESI-QTOF).  

Analysis: The obtained mass spectra were analysed by searching the SwissProt database with 

Mascot software. The following parameters were set for analysis: i) taxonomy = homo sapiens 

(human; 20175 sequences); ii) proteolytic enzyme = trypsin; iii) maximum of accepted missed 

cleavages = 1; iv) mass value = monoisotopic; v) peptide mass tolerance = 10 ppm; vi) fragment 

mass tolerance = 0.05 Da; and vii) variable modifications = oxidation. Afterwards, identified 

proteins were considered for further analysis if scores corresponded to p < 0.05 and if at least 

one detected peptide were determined in at least two from three donors. By String database, 

networks of interactions between the identified proteins were analysed and visualized as 

connecting line, when they fulfilled a high confidence interaction (0.77) of active interaction 

sources by experiments, databases, co-expression and co-occurrences. 

3.2.2.6 Micro RNA expression assays  

MiRNAs are a post-transcriptional tool of a cell to abolish the translation of mRNAs into 

proteins, which crucially influence thereby processes such as differentiation, proliferation or 

apoptosis [120]. Since EVs can also transport miRNAs to recipient cells, it was of interest to 

gather a broader overview of the transported miRNAs by EVs from CardAP cells. For that 

reason, total RNA was isolated and analysed by an nCounter miRNA expression assay. Some 

obtained miRNA results were additionally verified by quantitative real-time polymerase chain 

reaction (qPCR).  

3.2.2.6.1 Isolation of RNA from EVs  

Total RNA was isolated from unstimulated and cytokine stimulated EVs from three different 

CardAP donors (36, 48, and 50) by miRNeasy Mini Kit according to the manufacture´s protocol. 

EV pellets from the final centrifugation step during EV isolation were suspended in 700 µL 

QIAzol Lysis Reagent instead of filtered PBS. This suspension was homogenized for 25 sec on 

ice at highest level. The lysates were transferred to low binding tubes and stored at -80°C. After 

all samples were collected, the lysates were gently thawed at RT and mixed with 140 µL 

chloroform. After a centrifugation for 15 min at 12,000 x g and 4°C, the aqueous phase (upper 
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layer) was collected and transferred to RNeasy Mini columns. These columns were washed with 

different provided washing buffers until the RNA was eluted with 30 µL RNase free water. 

Absorbance at 260 nm and 280 nm were measured at a NanoDrop 2000 spectrophotometer to 

evaluate the purity and concentration of isolated RNAs.  

3.2.2.6.2 NCounter® Human v2 miRNA expression assay  

This method allows to identify the expression of almost 700 different miRNAs in one sample 

by four different steps at an nCounter® Digital Analyzer. Firstly, unique oligonucleotide tags are 

ligated to previously isolated miRNAs. Secondly, tagged miRNAs are hybridised to reporter and 

capture probes. Finally, unbound probes are removed and the expression of miRNAs can be 

detected through the previous barcoding of tagged miRNAs with bound probes. Those steps 

were kindly performed by Dr. Maria Schneider according to the manufacturer’s protocol.  

Analysis: The gathered raw data of detected miRNAs was analysed with the help of nSolver 

software (version 4.0, NanoString Technologies). Firstly, the data was normalized using the top 

100 most abundant miRNAs in all samples as well as the positive controls to normalize for any 

differences in preparation, hybridization, and processing efficiency. Secondly, the mean plus 

two standard derivations of the negative control was subtracted from each sample to derive 

normalized background corrected data. Finally, miRNAs were considered to be present in EVs 

when a count of ten or more copy numbers was measurable in at least two of the three donors 

from either unstimulated or cytokine stimulated conditions. Enrichment analysis, such as for 

biological pathways, was performed by an open-source software called Functional Enrichment 

Analysis Tool [117,118]. 

3.2.2.6.3 Quantitative real-time polymerase chain reaction (qPCR)  

Some selected miRNAs were additionally quantified for their expression level by a different 

method, the quantitative real-time PCR. This method allows the detection of specifically 

amplified target sequences by fluorescence in real-time. Here, the miRNA will be transcribed 

into complementary DNA (cDNA), which serves as template strands for the annealing and 

amplification phase of fluorescence labelled probes, binding forward and reverse primers in the 

PCR process. The annealed probe does not emit its fluorescence on the 5´-end due to a present 

quencher on the 3´-end. During the amplification, the DNA polymerase will not only synthesize 

the new strand but also cleave probes that hybridized to the template strand beforehand. 

Thereby, the fluorescence dye will be separated from its quencher, which can now be detected 

and monitored over a given time period and cycle numbers (CT). Since the emitted fluorescence 

is directly proportional to the amount of miRNA product in each PCR cycle, a retrograde 

quantification of the initial target miRNA expression is allowed.  

Preparation: 10 ng of the previously isolated total RNA from EV samples as well as a negative 

control (solely RNase-free water) was reverse transcribed into cDNA with TaqMan® Advanced 

miRNA cDNA Synthesis Kit according the manufacture´s protocol. At the start, the miRNA 

and negative control undergoes a poly(A) tailing reaction followed by an adaptor ligation 

reaction. Afterwards, the reverse transcription (RT) and the amplification of miRNAs was 

performed by using a miRNA primer mix. The obtained cDNA samples were stored at -20°C 

until further analysis or immediately diluted in TE buffer ( one to ten) for qPCR.  
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Procedure: TaqMan™ Fast Advanced Master Mix, seven different TaqMan™Advanced 

miRNA Assays (human miRNAs for 494-3p, 146a-5p, 132-3p, 26b-5p, 199a-3p, 186-5p, and 

302d-3p) and RNase-free water were mixed for each PCR mix (Table 15). Master mixes of each 

miRNA Assays were distributed to 384-well plates (15 µL/well), while three technical replicates 

were performed for each sample. Then after, cDNA samples were added (5.0 µL/well), the plate 

was sealed with an adhesive foil, shortly vortexed and centrifuged at 300 x g for 60 sec at 4°C. 

The plate was cautiously transferred to the QuantStudio 6 Flex Real-Time PCR machine and 

the PCR run was immediately started with the thermal cycling condition as shown in Table 16. 

After the run was finished, the CT threshold was set at 0.2 and the values were analysed as 

described in the following.  

Table 15: PCR reaction mix.       
 

 

 

 

 

Table 16: PCR thermal cycling conditions for QuantStudio 
 

 

 

 

 

 

 

Analysis: The delta-delta CT (∆∆ CT) method was used to analyse the expression data.  Firstly, 

samples, which were always performed as three technical replicates, were normalized (∆ CT) to 

the expression of the median of miRNA26b-5p and miRNA199a-3p. Both miRNAs were 

identified to be the most stable in EV preparations according to NormFinder [121]. Then the 

fold change (∆∆ CT) of target miRNA expression was calculated for unstimulated EVs in 

relation to the corresponding cytokine stimulated EV reference sample.  

3.2.3 Immunological methods  

3.2.3.1 Flow cytometry 

Flow cytometry allows the analysis of different features of a cells, including their size, granularity 

or presence of proteins when stained with fluorescence labelled antibodies. In a flow cell, 

suspension of cells or EV-bound particles is channelled through a micro-cuvette . It ensures the 

screening of single events by an optic system consisting of laser and diverse filters. The optical 

signals are converted into electrical signals, which are amplified and can be analysed with suitable 

software programs. 

3.2.3.1.1 Surface proteins on cells  

Detection of surface proteins can help to monitor changed expression upon different 

stimulations as well as to distinguish between different cell subsets. Although diverse cells were 

Component Mix for one reaction 

TaqMan™ Fast Advanced Master Mix (2x) 10 µL 

TaqMAn™ Advanced miRNA Assay (20x) 1 µL 

RNase-free water 4 µL 

PCR Reaction Mix 15 µL 

Step Temperature [°C] Time [sec] Cycles [#] 

Enzyme activation 95 20 1 

Denature 95 1 
40 

Anneal/Extension 60 20 

Stop 4 ∞ 1 
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investigated in this study, an identical procedure was conducted to elucidate the repertoire of 

surface proteins. 

Procedure: Harvested cells were collected in 5 mL FACS tubes (e.g. CardAP cells 2 x 104 

cells/tube). The cell suspension was topped up with up with 4 mL FACS buffer and centrifuged 

at 300 x g for 10 min at 4°C. Afterwards, the supernatant was discarded and cells were 

suspended in 50 µL FACS buffer with a mix of human specific fluorescence labelled antibodies. 

Furthermore, single staining for the incorporated fluorescence as well as an unstained control 

were conducted in parallel. The composition and dilutions of master mixes are shown in Table 

17 for immune cells of the conducted T cell proliferation assays or in Table 18 for CardAP cells 

after the EV isolation process.  

Table 17: Fluorescence labelled human specific antibody mixes for immune cells 

 
Table 18: Fluorescence labbeld human specific antibody mixes for CardAP cells 

 

Afterwards, cells were washed with 3 mL FACS buffer, fixed with 200 µL 0.5% PFA-

supplemented FACS buffer and stored in the dark at 4°C until measurement at the flow 

cytometer (Canto II). 

Analysis: Acquired flow cytometry data were in general analysed with the help of FlowJo 

Software by gating on the particular population of interest. As such, the frequency of 

proliferated CD4+ or CD8+ T cells (= diluted CFSE signal) was obtained by the gating strategy 

shown in Figure 7A. These obtained frequencies were related for each sample and individually 

for each assay to the respective untreated immune cell control (immunogenicity = unstimulated; 

immunomodulation = anti-CD3 stimulated). The geometrical mean fluores-cence intensity 

(MFI) served as value of the expression of surface proteins. Cells were at least gated on living 

single cells (Figure 7B) or when applicable for included subpopulations, like CD14+ cells in 

PBMC cultures (Figure 7A). These obtained MFIs were related to their respective unstained 

control and displayed as normalized MFIs. Additionally, the freuquency of the expressing 

Assay set-up Assay Antibody mix 

PBMCs, CD3+ cells, 

or CD3+ with CD14+ 

cells (anti-CD3 or 

unstimulated) 

 

T cell 

proliferation 

CD19 V450 (1:1000), CD14 APCCy7 (1:50), CD8 PECy7 

(1:50), CD4 PerCPCy5.5 (1:75), CD56 PacificBlue™ (1:50) 

and live/dead marker V510 (1:100) 

PBMCs 

(unstimulated) 

 

Expression 

analysis of CD14+ 

cell markers 

CD86 PE (1:100), PD-L1 PerCPCy5.5 (1:50), HLA-DR 

PECy7 (1:1000), CD206 APC (1:100), CD14 APCCy7 (1:50) 

and live/dead marker V510 (1:100); if cells were not CFSE 

labelled also CD163 FITC (1:50) was included 

Targeting Human specific antibody mix 

Tetraspanins CD63 PE (1:1000), CD81 FITC (1:1000),  CD81 PE (1:1000),  CD9 FITC (1:1000) 

Cytokine receptors CD120c PECy7 (1:50), CD119 PE (1:50) and CD121a APC (1:50) 

Immunological markers PD-L2 APC (1:50), PD-L1 PerCPCy5.5 (1:50), CD54 APC (1:50), HLA-ABC FITC 

(1:100), HLA-DR APC (1:50), CD86 PE (1:50), CD80 FITC (1:20), CD106 PE 

(1:100) 

Mesenchymal markers CD90 APC (1:50), CD44 PECy7 (1:100), CD73 APC (1:50), CD29 PE (1:200) 
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population were valuated (Figure 7B), when a clear positive and negative population was 

detectable. 

 

Figure 7: Gating strategies to measure T cell proliferation or expression of surface proteins. 
Flow cytometry allows, for example, to identify proliferated T cells as well as the expression of surface proteins in 
distinct subpopulations. (A): The gating strategy is shown here exemplarily for anti-CD3 stimulated PBMC cultures 
to determine T cell proliferation. Firstly, all detected events were narrowed down towards a lymphocyte gate. 
Afterwards, cell aggregates and dead cells were avoided by the shown gating for single and living cells. Other cell 
types than T cells were excluded (NK cells, B cells or monocytes and macrophages). CD4+ as well as CD8+ cells 
were identified and each subset individually subjected for their CFSE signal. The proliferating cell frequency was 
determined by using a gate for the fading/dilluted CFSE signal. (B): Expression of surface proteins was accessed 
by gating at least on single viable cells and determining the geometrical mean fluorescence intensity (MFI) of the 
invesitgated target (red line). The relation between unstained and stained sample gave clue about the expression. 
In some cases also the frequency of protein expressing cells was determined, when a clear differentiation between 
expressing and non-expressing cells was detectable (blue line). FCS = forward scatter, SSC = sideward scatter,  -A 
= area, -H = height. 

3.2.3.1.2 Surface proteins on EVs 

Specialized methods as well as equipment is recommended to measure EVs by flow cytometry. 

To overcome this issue, we chose an indirect measurement by binding EVs to beads before 

measurement. Therefore, two drops of aldehyde/sulphate latex beads were given to 4 mL PBS 

and centrifuged at 300 x g for 10 min. Afterwards, the supernatant was carefully discarded and 

the bead pellet was suspended in 400 µL PBS. For one staining, 15 µL of beads were incubated 

with 2 µg of EV protein for 15 min at RT. Afterwards, the solution was topped up with PBS to 

a total volume of 1 mL and incubated with 50 x rpm shaking for 60 min at RT. Afterwards, 

beads with or without bound EVs were centrifuged at 300 x g for 10 min, washed once in FACS 

buffer, and then stained with fluorescence labelled human-specific antibodies (Table 19) for 30 

min at 4 °C in the dark.  

 

 

 

CD14
-

 cells  Lymphocytes    Single cells 

x = FCS-A     
y = SSC-A 

CD4
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 or 

CD8
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 cells Proliferation 
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y = FCS-H 

x = FCS-A   
y = life/dead 

x = CD14 
y = FSC-A 
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y = CD4 or CD8 

CD19
- 

CD56
-

 cells 

x = CD4    
y = CD8 

Living cells 

Cells w/o 
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cells 

A 

B Single 
cells 
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MFI/Frequency 

stain protein A (MFI)  ___ 

stain protein B (frequency) ___ 
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y = SSC-A 
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x = fluorescence             
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Table 19: Fluorescence labelled human specific antibody mixes for EVs from CardAP cells 

 

Several controls were incorporated: i) stained beads without EVs to elucidate unspecific 

antibody binding, ii) unstained EV-bound beads to measure auto-fluorescence, and iii) EV-

bound beads stained with antibody´s appropriate isotype controls to evaluate unspecific 

binding/false positive results. Afterwards, all samples were washed, fixed in 0.5% PFA-

supplemented FACS buffer and stored at 4°C until measurement at the flow cytometer 

(MACSQuant). Acquired flow cytometry data were analysed by gating on single beads and 

extracting the MFI (as shown in Figure 8) with the help of FlowJo Software. The obtained 

MFIs were normalized/related to the respective unstained EV-bound bead control.  

 

 

 

 

 

 

 

Figure 8: Gating strategy for determining protein expression of EVs bound to beads. 
Different surface proteins were detected by flow cytometry on EVs that were previously bound to 
aldehyde/sulphate latex beads and then stained with human specific fluorescence labelled antibodies. The used 
gating strategy is shown. The geometrical mean fluorescence intensity (MFI, histogram on the right) were 
determined from single beads (left). Normalized MFIs were calculated by relating stained towards unstained bead-
bound EV samples. 

An exception from the general staining procedure was the determination of the presence of 

GM130 on EVs. Here, a two-step staining protocol was performed. Bead-bound EVs and 

controls were firstly stained with a polyclonal rabbit GM130 antibody (1:100) for 30 min at 4°C. 

After a washing step with FACS buffer, the samples were blocked with 5 % (v/v) goat serum 

supplemented FACS buffer. Secondly, the samples were labelled with a fluorescence labelled 

anti-rabbit antibody (goat anti-rabbit AF488; 1:100) for another 30 min at 4°C. Afterwards, they 

were washed, fixed, measured and analysed as previously mentioned. Additional controls served 

to determine false positive signals by solely performing the second staining step with samples. 

The general success of the staining for GM130 (Figure 9) was verified by performing the 

previous stated procedure with apoptotic bodies, collected after the 2,000 x g centrifugation 

step of the conducted EV isolation procedure, instead of EV preparations. 

 

Targeting Mix Human specific antibody mix 

Tetraspanins, 

immunological 

and mesenchymal 

proteins 

1 
CD81 PE (1:50), CD9 FITC (1:50), CD90 APC (1:50), PD-L1 

PerCPCy5.5 (1:50) 

2 CD63 PE (1:50), HLA ABC FITC (1:100), CD73 APC (1:50) 

3 CD29 PE (1:100),  PD-L2 APC (1:50), CD105 FITC (1:50) 

4 CD144 PE (1:50), CD54 APC (1:50)  

5 HLA-DR APC (1:50), CD44 PE (1:100), CD106 PE (1:100) 

Single beads                                 MFI 

Bead-bound EVs stained 
Bead-bound EVs unstained 
AB-negative control ….…...... 

x = FSC-A    x = fluorescence  
y = SSC-A         y = % of mode 
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Figure 9: Positive control for GM130 staining protocol. 
During the EV isolation process, a pellet of the apoptotic body fraction (2000 x g centrifugation step) was collected 
and stained for GM130 for analysis by flow cytometry. Here, the apoptotic bodies were bound to latex/sulphate 
beads, stained with the anti-GM130 antibody. Before the secondary antibody anti-rabbit AF488 was applied, a 
blocking step with goat serum containing FACS buffer was performed. Finally, the samples were washed, fixed in 
0.5% PFA-supplemented FACS buffer and measured at MACSQuant. GM130 was detected on apoptotic bodies 
bound to beads when staining was performed with primary and secondary antibody (red line), while no unspecific 
binding was detected for the staining with the secondary antibody alone (blue line) as compared to the unstained 
controls (apoptotic body-bound beads = black line, or beads alone = grey filled area).  

3.2.3.1.3 Intracellular proteins in cells and EVs 

Intracellularly located proteins, such as transcription factors, were investigated by permeablizing 

the cell´s plasma membrane in advance to the respective staining via the Foxp3/Transcription 

Factor Staining Buffer Set according to the manufacture´s manual. It was performed during this 

study for regulatory T cell assays (see section 3.2.1.6) as well as for EV-cell interaction of unlabelled 

EVs with murine cells (see section 3.2.1.4).  

Regulatory T cell assays: Immune cells were harvested by accutase treatment, washed with 

FACS buffer and stained on their surface for 15 min at RT with CD127 APC-Cy7 (1:50). Then, 

cells were additionally stained with CD3 FITC (1:200; when not CFSE labelled immune cells 

were used), CD19 V450 (1:50), CD56 Pacific Blue (1:20), CD11b V450 (1:100), CD8 PE-Cy7 

(1:100), CD25 PerCP-Cy5.5 (1:100), CD14 APC-Cy7 (1:100), CD69 PE (1:50) and live/dead 

marker 510 (1:100) for another 15 min at 4°C. After cells were washed in FACS buffer, 500 µL 

freshly prepared fixation/permeabilzation reagent was applied on the cells for 30 min at 4°C in 

the dark. Freshly prepared premeabilization buffer was used to wash cells and perform an 

intracellular staining with FoxP3 Alexa647 (1:400) for 30 min at 4°C in the dark. After two 

washing steps, the samples were immediately analysed at the flow cytometer (ContoII). The 

obtained data were analysed for the frequency of regulatory T cells according to the gating 

strategy shown in Figure 10 with the help of FlowJo software. Importantly, gates for CD127 

and FoxP3 were set with respect to conducted fluorescence minus one (FMO) controls. 

x = GM130, y = % of max 

GM130 + AF488 

AF488 
unstained 

beads 
alone 
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Figure 10: Gating strategy for determining the frequency of regulatory T cells in stimulated immune cell 
cultures by flow cytometry. 
Stimulated PBMCs or co-cultures of EV-primed CD14+ cells with CD3+ T cells were investigated by flow 
cytometry for the frequency of regulatory T cells. The gating strategy is shown here exemplarily for anti-CD3 
stimulated PBMC cultures. Firstly, all detected events were narrowed down towards a lymphocyte gate. Afterwards, 
cell aggregates and dead cells were avoided by the shown gating for single and living/viable cells. Other cell types 
than CD3+ T cells were excluded (NK cells, B cells or monocytes and macrophages). CD8+ cells and CD8- (and 
therefore respectively CD4+ T cells) were identified. The CD4+ subset was further excluded for expression of 
CD127 via fluorescence minus one (FMO) controls. Then the frequency of CD25++ FoxP3+ cells (= regulatory T 
cells) was determined as shown in the last flow cytometry dot plot. The signal for FoxP3 was gated with the help 
of FMO controls. FCS = forward scatter, SSC = sideward scatter,  -A = area, -H = height.  

EV-cell interaction: Murine cells were harvested by accutase treatment and washed with FACS 

buffer. Importantly, one sample was distributed in at least four different 5 mL FACS tubes 

(stained/unstained sample for either the intra- or extracellular protocol). For the extracellular 

staining, cells were stained with human-specific antibodies for CD73 APC, CD63 PE and CD81 

FITC (all 1:50), and a live/dead marker V510 (1:100) for 30 min and 4°C in the dark. For the 

intracellular staining, cells were firstly stained with the live/dead marker V510 as previously 

described. Secondly, washed cells were permeabilized as described beforehand. Finally, cells 

were stained intracellularly with the same antibodies used for the extracellular stain except the 

live/dead marker V510. Afterwards, stained cells were washed, fixed with 0.5 % PFA containing 

FACS buffer and immediately acquired at the flow cytometer (CantoII). The obtained data were 

analysed for the MFIs of human EV proteins on or within murine cells by gating on single viable 

murine cells with the help of FlowJo software (according to previously shown gating strategy in 

Figure 7 B). The MFIs were normalized to the respective unstained control. Furthermore, EV 

treated cells were stained by both protocols with isotope control antibodies (mouse IgG1, kappa 

APC for CD73 APC, mouse IgG1, kappa PE for CD63 PE, mouse IgG1, kappa FITC for 

CD81 FITC) to exclude false positive signals. 
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3.2.3.2 Immunofluorescence staining assay 

EV-cell interaction assays were not solely determined by flow cytometry but also by microscopy. 

In order to identify cells or specific cell subsets, an immunofluorescence staining was conducted 

by washing adherent cells twice with PBS. Then after, the cells were fixed with 4% PFA for 15 

min at RT. Afterwards, a staining with 4´, 6-diamidino-2-phenylindole (DAPI) was performed 

for 20 min at 4°C to visualize the nucleus of cells and human specific antibodies as stated for 

each individual assay in Table 13. Afterwards, the samples were carefully washed with PBS and 

examined at an AxioObserver microscope or the High Content Screener. 

3.2.3.3 Enzyme-linked immunosorbent assay (ELISA) 

In this study, concentrations of cytokines and other soluble factors were determined by enzyme-

linked immunosorbent assays (ELISAs). The soluble factors are bound by immobilized 

(monoclonal) capture antibodies and by detection antibodies, which are already enzyme-linked 

or can be spotted through enzyme-linked fusion proteins. The activity of enzymes can be 

tracked by a colorimetric approach or luminescence. In this study, commercially available 

ELISA kits were used according to the manufacturer’s protocol for different assays (Table 20).  

In brief, ELISA microplates were coated overnight with the capture antibody (1:200) and 

followed by several washing steps with 0.05% Tween 20 in PBS on the next day. Microplates 

were blocked with the blocking buffer for at least 180 min. Next, samples and freshly prepared 

standards were added to the wells for an overnight incubation at 4°C. On the next day, the plate 

was washed several times and the detection antibody (1:200) was applied for additional 120 min. 

After washing, the avidin-HRP conjugate (1:1000) was added to each well and washed away 

after 60 min by thorough washing. Fresh TMB substrate was added to the wells and incubated 

for 15 to 20 minutes. The reaction was stopped with stop solution and the absorbance was 

measured at 450 nm and 570 nm on a Mithras LB 940 microplate reader. Similar to the BCA 

protein detection assay, a standard curve for each individual cytokine or factor was used to 

calculate the concentrations in the collected conditioned medium, respectively. 

Table 20: Summary of used ELISAs during this study   

 

3.2.3.4 Multiplex bead-based soluble factor determination assay 

The principle of ELISAs was transferred towards a flow cytometry approach in so called 

multiplex bead-based assays. Here, capture and detection antibodies are labelled with 

fluorescence dyes, while capture antibodies are additionally coupled to beads (partially with 

different sizes). In this study, LEGENDplex™ bead-based assays were purchased from 

BioLegend, and partially customized for the purpose to investigate TNFα, IL-1β, IL-17a, and 

IL-10 concentrations in supernatants from diverse T cell proliferation assays. Supernatants from 

CD14+ cells incubated for 24 h with EVs from CardAP cells were subjected to a different set 

Conditioned medium samples from ELISAs Notes  

T cell proliferation assay 
Human IFNγ Samples were diluted 1:2 or 1:4 

Active human TGFβ Samples were used undiluted  

Pro-angiogenic factor release assay 

Human IL-6 Samples were diluted 1:5, 1:10 and 1:20 

Human IL-8 Samples were diluted 1:5, 1:10 and 1:20 

Human VEGF Samples were diluted 1:5 and 1:10 
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of cytokines and chemokines, namely IL12p70, TNFα, IL-4, MCP1, IL-10, IL1-ß, IL-8, TARC, 

IL-1RA, IL-6, IL-23, IFNγ, and IP-10. Samples as well as standards are proceeded according to 

the manufacturer’s protocol, and finally measured at a flow cytometer (CantoII). The analysis 

was conducted according to supplier´s protocol with the help of the provided software 

(LEGENDplex™ version 7.1). 

3.2.3.5 Magnetic activated cell sorting  

Magnetic bead-coupled antibodies allow the separation of desired subsets from a heterogenic 

population. This magnetic activated cell sorting (MACS) was used during this study to derive 

relatively pure population of CD14+ or CD3+ cells. Therefore, freshly isolated PBMCs were 

incubated with human specific CD3 or CD14 microbeads in MACS buffer for 15 min at 4°C 

(buffy coats: 1 mL MACS buffer + 250 µL microbeads). Then, the cells were washed and loaded 

on magnetically active LS Columns, which enabled a collection of negative and positive 

fractions. After several washing steps, the cells were counted and either used for T cell 

proliferation assays, cryopreserved, or stained for flow cytometry to determine the achieved 

purity. Indeed, purities for CD3+ cell isolation were obtained ≥ 97.5 % and for CD14+ ≥ 96.4 %. 

3.2.4 Statistical Analysis 

In this study, non-parametric data are shown as median with data range and parametric data are 

shown as mean with data range. Statistical analysis was performed using GraphPad Prism 6.0 

software. A parametric distribution of data was tested with Shapiro-Wilk normality tests for 

considering appropriate statistical analysis. It was further differentiated for either two or more 

than two groups with one variable. The performed statistical analysis are shown in Table 21. 

Results were considered significant with * p < 0.05, ** p < 0.01, *** p < 0.001.  

Table 21: Statistical analysis performed during this study 

 

Number of 

groups 

Paired or 

unpaired  
Distribution of data Analysis with following statistical test 

More than two 

Paired 

Non-parametric 
Friedma´s test with Dunn´s multiple comparison 

post hoc test 

Parametric 
Repeated measures ANOVA with Bonferroni´s post 

hoc test 

Unpaired Non-parametric 
Kruskal-Wallis test with  Dunn´s multiple 

comparison post hoc test 

Two 

 

Paired 

 

Non-parametric Wilcoxon matched-signed rank test 

Parametric  Paired T Test 

Unpaired 

 

Non-parametric Mann-Whitney test 

Parametric Unpaired T Test 
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4. Results 
Previous data from our and collaborating research groups emphasized the suitability of human 

CardAP cells as regenerative therapeutic tool to treat CVDs. For other regenerative cell types, 

such as MSCs, it was recently demonstrated that their released EVs play a major role for their 

therapeutic potential. It can be speculated that CardAP cells release EVs with beneficial 

therapeutic effects, which would enable a cell-free therapeutic approach. In order to answer this 

question, EVs were isolated from the conditioned medium of CardAP cells that were cultured 

for 20 h in serum free medium with or without a pro-inflammatory cytokine cocktail of IFNγ, 

TNFα as well as IL-1β (each 10 ng/mL). Both culture conditions were chosen, because a pro-

inflammatory milieu was present when CardAP cells exhibited its anti-apoptotic, immune 

modulating as well as cardio protective feature [13,60,65] but not when CardAP cells 

demonstrated their pro-angiogenic effect [64]. Furthermore, serum free medium was chosen to 

avoid contamination of EVs originating from the serum source. 

4.1 The influence of both EV biogenesis conditions on CardAP cells 

It was not yet known how CardAP cells respond towards the two applied EV biogenesisis 

conditions. For that reason, unstimulated and cytokine stimulated CardAP cells were 

characterized in more detail for their apoptotic behaviour, morphology, and expression of 

surface proteins. 

4.1.1 Both EV biogenesis conditions maintain the spindle-shaped 
morphology, while cytokine stimulation induces a mild apoptosis 
of CardAP cells 

Starvation and cytokines, like TNFα, can initiate a cell to undergo the programmed cell death. 

It was of interest whether apoptosis of CardAP cells is initiated upon such culture conditions 

applied to derive the further investigated EVs. In total, four different culture conditions were 

investigated: IDH medium with human serum (cIDH), centrifuged human serum (cenIDH), 

serum free isolation IDH medium with or without a pro-inflammatory cytokine cocktail 

(isoIDH ± cyt). The later two were used to derive conditioned medium for the EV isolation 

procedure, while both serum supplemented media were used for the thawing and expansion of 

CardAP cells. The frequencies of neither non-apoptotic (7AAD- AnnexinV-FITC-; Figure 11A) 

nor early apoptotic (7AAD- AnnexinV-FITC+-; Figure 11B) CardAP cells were significantly 

influenced upon either EV biogeneisis condition in comparison to both expansion media. 

However, cytokine stimulated CardAP cells displayed a trend of a reduced non-apoptotic cell 

population in comparison to the other three culture conditions, such as cenIDH cultured 

CardAP cells (median frequency of non-apoptotic cells: isoIDH + cyt = 79.30 %; cenIDH = 

86.00 %; Figure 11A). In fact, cytokine stimulation caused a significant increase in the frequency 

of late apoptotic (7AAD+ AnnexinV-FITC+; Figure 11C) cells in comparison to cenIDH 

cultured CardAP cells but not to cIDH nor isoIDH cultured CardAP cells (median frequency 

of late apoptotic cells (range): isoIDH + cyt = 5.22 (1.71 - 9.64) %; cenIDH = 1.70 (1.28 - 3.97) 

%; cIDH = 2.38 (1.62 - 4.14) %; isoIDH = 4.84 (2.28 – 5.40) %). Although apoptosis was mildly 

induced, the spindle-shaped morphology of CardAP cells was never affected by either of the 

conditions as determined by microscopy (Figure 11D).  
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Figure 11: CardAP cells preserved their morphology, while apoptosis was solely mildly induced in the 
presence but not in the absence of cytokine stimulation during the EV biogenesis. 
CardAP cells were cultured in 6-well plates (1x106 cells/well) with centrifuged serum IDH (cenIDH) medium. 
After 24 h, CardAP cells were washed twice with PBS and then cultured either in complete (cIDH), cenIDH, or 
serum free isolation IDH medium with or without cytokines (isoIDH ± cyt). After 20 h, the morphology of 
CardAP cells was analysed by light microscopy (AxioObserver). Afterwards, cells and cell debris were harvested, 
stained with AnnexinV-FITC and 7AAD for 15 min and immediately measured at a flow cytometer (Canto II) to 
determine the level of apoptosis by flow cytometry. (A-C): The individual frequencies of 7AAD-AnnexinV-FITC+ 
cells (A), 7AAD+AnnexinV-FITC+ cells (B) or 7AAD- AnnexinV-FITC- cells (C) are shown as median with data 
range for all four conditions (n = 5, four different CardAP donors). (D): Representative brightfield images are 
shown with 100 µm scale bars (n = 4; four different CardAP donors).Statistical analysis was performed by 
Friedman´s test with Dunn´s multiple comparison post hoc test; (*p < .05). Mild apoptosis of CardAP cells is solely 
induced by the EV biogenesis condition that was supplemented with cytokines (isoIDH +cyt), while the 
morphology appeared unaffected by the different applied biogenesis conditions. 

cIDH 

isoIDH 

cenIDH 

isoIDH + cyt 

D 
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4.1.2 The expression of surface proteins on CardAP cells differs 
between both EV biogenesis conditions  

Cytokine stimulated and unstimulated CardAP cells were further characterized for a set of 

surface proteins by flow cytometry after their exposure to both EV biogenesis conditionds. A 

responsiveness of CardAP cells towards the pro-inflammatory trigger was verified by the 

expression of IFNγ-receptor type I (IFNγ-RI), TNF-receptor type II (TNF-RII), and by a lower 

expression level for IL-1 receptor type I (IL-1-RI; Figure 12A). From these three receptor 

subunits solely TNF-RII showed a clear elevated trend in its expression under cytokine 

stimulation (median normalized MFI unstimulated versus (vs.) cytokine stimulated: TNF-RII: = 

3.01 vs. 5.52; IFNγ-RI = 7.93 vs. 8.51; IL-1-RI = 1.40 vs. 1.44; Figure 12B). In contrast, the 

expression of several immunological relevant surface proteins was significantly enhanced 

(Figure 12C), such as vascular cell adhesion protein-1 (CD106), programmed death ligand 1 

and 2 (PD-L1/2), or the intercellular adhesion molecule-1 (CD54;; median normalized MFI 

unstimulated vs. cytokine stimulated: CD106= 1.13 vs. 6.57; PD-L1 = 6.50 vs. 14.93; PD-L2 = 

5.67 vs. 22.21 ; CD54 = 31.07 vs. 72.69). HLA-ABC solely showed an increased trend in its 

expression (median normalized MFI unstimulated vs. cytokine stimulated = 15.07 vs. 20.80). 

Moreover, CardAP cells from both conditions displayed an absence or very low expression for 

HLA-DR as well as for the co-stimulatory molecules CD80 and CD86 (highest normalized MFI: 

HLA-DR = 1.40; CD80 = 1.71; CD86 = 1.17). Typical mesenchymal surface proteins, such as 

ecto-5’-nucleotidase (CD73), integrin ß1 (CD29), and an adhesion molecule CD44 were 

detected on the surface of CardAP cells (Figure 12D). Upon cytokine stimulation the 

expression was just by trend increased for CD44 or decreased for CD73, whereas CD29 

exhibited comparable expression levels under both EV biogenesis conditions (median 

normalized MFI unstimulated vs. cytokine stimulated: CD44 = 56.15 vs. 98.23; CD73 = 262.90 

vs. 166.30; CD29 = 192.2 vs. 198.6). In contrast to other mesenchymal cells, CardAP cells 

exhibited very low CD90 expression independent of the culture condition (highest normalized 

MFI = 7.58; Figure 12D), which is also reflected by low CD90+ cell frequencies of maximal 

26.4 % (Table 12). Within the analysed set of molecules of the tetraspanin family, solely CD9 

was significantly lower expressed on cytokine stimulated CardAP cells in comparison to their 

unstimulated counterpart (median normalized MFI unstimulated vs. cytokine stimulated = 24.60 

vs. 10.70; Figure 12D). Two other tetraspanins, namely CD63 and CD81, showed solely a 

comparable trend for reduced expression upon cytokine stimulation (median normalized MFI 

unstimulated vs. cytokine stimulated: CD63 = 73.29 vs. 34.95; CD81 = 50.26 vs. 32.53; Figure 

12D).  
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Figure 12: The expression of several surface proteins differed between unstimulated and cytokine 
stimulated CardAP cells after applying both EV biogenesis conditions. 
Cultured CardAP cells were exposed for 20 h to isoIDH medium with cytokines (cytokine stimulated) or without 
cytokines (unstimulated). EVs were isolated from the conditioned medium, while CardAP cells were harvested by 
accutase treatment and analysed by flow cytometry. Therefore, 2x104 harvested CardAP cells were stained with 
human specific fluorescence labelled antibodies. After a washing step, cells were fixed with 0.5% PFA and 
measured at a flow cytometer (CantoII). Detected geometrical mean fluorescence intensities (MFI) of surface 
proteins were normalized to the unstained control by calculating the ratio between stained and unstained sample. 
The normalized MFI for the unstained control (MFI = 1) is indicated as dotted line in the graph. (A): 
Representative histograms are shown for stained and unstained CardAP cells cultured under unstimulated 
condition for the cytokine receptor subunits IFNy-RI, TNF-RII and IL-1-RI. (B-D): Individual normalized MFIs 
are shown as median with data range for the cytokine receptor subunits (n = 6 - 10; four different CardAP donors; 
(B)), for the immunological relevant proteins CD106, PD-L1/2, CD54, HLA-ABC/DR, CD86, and CD80 (n = 6 
- 10, four different CardAP donors; (C)), for the mesenchymal proteins CD90, CD44, CD73, and CD29, as well 
as proteins of the tetraspanin family, namely CD63, CD81, and CD9 (n = 6 - 10; four different CardAP donors; 
(D)). Statistical analysis was performed with Mann-Whitney U test (*p<.05; **p<.01; ***p<.005). CardAP cells 
replied upon cytokine stimulation by enhancing or inducing the expression of immunological relevant proteins, 
whereas mesenchymal proteins exhibited equal expression levels. 
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4.2 The Phenotype of EVs 

4.2.1 Cytokine stimulation causes the release of smaller but not more 
EVs from CardAP cells 

Isolated EVs from both EV biogenesis conditions were examined for their diameter (d) by TEM 

and NTA to obtain information whether they belong to the exosome (d < 100 nm), microvesicle 

(d = 100 - 1000 nm) or apoptotic body (d > 1000 nm) compartment. Morphological analysis by 

TEM revealed sphere-like shapes of dehydrated unstimulated as well as cytokine stimulated 

EVs, while no structures nor shapes were detectable in corresponding PBS controls (Figure 

13A). The diameters of EVs were assessed for both EV biogenesis conditions from three 

different CardAP donors for a quantitative analysis. Here, an asymmetrical distribution of EV 

diameters demonstrated that most unstimulated EVs (77.9 %) as well as cytokine stimulated 

EVs (90.9 %) are smaller than 100 nm (Figure 13B). Strikingly, unstimulated EVs presented 

significantly larger diameters overall in comparison to their cytokine stimulated counterpart 

(median diameter (range): EVs = 64.4 (6.3 - 875.8) nm; EVs(cyt) = 39.5 (6.2 - 853.2) nm; Figure 

13C). This difference between both conditions was able to be verified by NTA for different EV 

sample preparations. Unstimulated EVs peaked at an larger particle diameter than cytokine 

stimulated EVs, although the correlation between diameter and amount of particles contrasted 

previous TEM results by displaying a normal distribution with less than one third of 

unstimulated EVs (28.9 %) or cytokine stimulated EVs (31.4 %) smaller than 100 nm in their 

particle diameters (Figure 13D). Nevertheless, unstimulated EVs were significantly larger than 

cytokine stimulated EVs in the measurements of their mean particle diameter (mean particle 

diameter (± SD): EVs = 125.2 (± 12.2) nm, EVs(cyt) = 118.8 (± 10.5) nm; Figure 13E).  
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Figure 13: Smaller EVs are released by CardAP cells under cytokine stimulation, while dehydrated EVs 
of both EV biogenesis condition displayed sphere-like shapes in TEM. 
Unstimulated (EVs) and cytokine stimulated (EVs(cyt)) EVs were fixed on cupper formavor grids, stained positive-
negatively and analysed by TEM at the Zeiss Leo electron microscope. (A): Representative images are shown for 
EVs (left), EVs(cyt) (middle) and PBS (right) as an overview and enlarged region of interest (white square) with scale 
bars of 100 nm. (B-C): The diameters of EVs determined by ImageSPViewer Software from at least 18 individual 
images per sample are shown for its distribution (B) as histograms for EVs (light blue) and EVs(cyt) (dark blue) or 
as individual data points (C) summarized as median with data range (n = 7770, three different Card-AP donors). 
Additionally, the diameter of particles was measured by NTA. Here, EV samples were diluted 1000-fold and 
analysed on up to 12 different camera levels at the ZetaView. (D-E): The mean of diameter of particles is plotted 
as histograms (D) in correlation to the number (#) of particles for EVs (light blue) and EVs(cyt) (dark blue; n = 8, 
four different CardAP donors). From each camera level a mean particle diameter was recorded after each 
measurement. These individual results (E) are summarized for both EV types as mean with data range (n = 100; 
four different CardAP donors). The statistical analysis was performed for parametric data by unpaired T test, or 
for non-parametric by Mann Whitney U Test (***p < 0.001). TEM and NTA results emphasize the higher 
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proportion of smaller diameters of vesicles in cytokine stimulated EV preparations than in comparison to the 
unstimulated counterpart. 

NTA not only allowed to characterize EV preparations for their particle diameters but also for 

their particle concentration. Since the number of CardAP cells varied after each isolation 

procedure, the examined concentrations were correlated to 1x106 CardAP cells. This was also 

conducted for an additional mean of concentration by accessing the protein content of EV 

preparations with the help of BCA protein assays. Neither the EV protein amount (Figure 14A) 

nor the particle concentration (Figure 14B) released by 1x106 CardAP cells was statistically 

different between unstimulated and cytokine stimulated EV preparations (median protein 

amount: EVs = 2.16 µg; EVs(cyt) = 2.16 µg; median particle concentration: EVs = 8,875 

particles*cm-3; EVs(cyt) = 6,953 particles*cm-3). 

Figure 14: The amount of released EVs was comparable between both biogenesis conditions. 
Unstimulated (EVs) and cytokine stimulated EVs (EVs(cyt)) were investigated for their protein content by BCA 
assay as well as for their particle concentration by NTA. (A): The individual EV protein amounts that were released 
from 1x106 CardAP cells under either of both conditions are shown as median with data range (n = 10-21, six 
different CardAP donors). (B): Individual particle concentrations released by 1x106 CardAP cells under either of 
both conditions are presented as median with data range (n = 6, four different CardAP donors). Statistical analysis 
was performed with Mann-Whitney U test. Neither of both EV biogenesis condition influenced the amount of 
released EVs. 

4.2.2 The majority of transported proteins are identical between 
unstimulated and cytokine stimulated EVs 

CardAP cells were already shown to alter their protein expression upon cytokine stimulation. In 

order to elucidate if similar changes occur on their released EVs, this set of surface proteins was 

analysed on EVs bound to latex/sulphate beads by flow cytometry. Likewise to their originating 

cell, surface proteins, such as CD73, CD29, CD44, and all three tetraspanins, but not HLA-DR 

were possible to detect on EVs released from CardAP cells (Figure 16). Although all the above 

mentioned proteins were not significantly altered between both EV biogenesis conditions, a 

reduced trend for their protein levels were recognizable for CD9, CD81, CD29, and CD73 on 

cytokine stimulated EVs in comparison to unstimulated EVs (median normalized MFI EVs vs. 

EVs(cyt): CD9 = 6.13 vs. 4.32; CD81= 6.20 vs. 2.86; CD29 = 75.1 vs. 44.9; CD73 = 7.86 vs. 4.82). 

Notably, CD63 showed not only one of the highest determined normilized MFIs but also no 

difference between both applied conditions (median normalized MFI EVs vs. EVs(cyt) = 64.5 vs. 

61.8). In contrast to their originating cells, other immunological proteins, namely HLA-ABC, 
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CD106, and PD-L1, were not or only at very low levels detectable on EVs and did not show 

any difference between both EV biogenesis conditions (Figure 15). A significant change was 

solely observed for CD54, which was significantly decreased on unstimulated EVs in 

comparison to cytokine stimulated EVs (median normalized MFI EVs vs. EVs(cyt) = 1.21 vs. 

3.53). Three additional surface proteins were included for a more thorough analysis of isolated 

EV preparations. A potential contamination with cell organelles was investigated by staining for 

a Golgi matrix protein, namely golgin subfamily A member 2 (GM130). In fact, GM130 was 

not detectable on neither unstimulated nor cytokine stimulated EVs (Figure 15) but on 

apoptotic body preparations, which served as positive control (Figure 9). Furthermore, two 

proteins with potential beneficial therapeutic effects, namely galectin 1 (Gal-1) and CXC-motive 

chemokine receptor 4 (CXCR4, CD184), were observed at comparable levels on unstimulated 

and cytokine stimulated EVs from CardAP cells (median normalized MFI EVs vs. EVs(cyt): 

CD184 = 3.12 vs. 2.22; Gal-1 = 1.81 vs. 1.62; Figure 15).  
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Figure 15: Solely CD54 was significantly increased on cytokine stimulated EVs in comparison to 
unstimulated EVs from a total of 15 investigated surface proteins. 
Unstimulated (EVs) and cytokine stimulated EVs (EVs(cyt)) were analysed by flow cytometry for a set of surface 
proteins. EVs were bound to aldehyde/sulphate beads, stained with human specific fluorescence labelled 
antibodies and then measured at a flow cytometer (MACSQuant). Normalized geometrical mean fluorescence 
intensities (normalized MFI) for each fluorochrome/surface protein were calculated as ratio of stained to the 
corresponding unstained bead-bound EV sample. The dotted line (y = 1) indicates the normalized MFI of the 
unstained control itself. The results are presented for individual data points summarized as median with data range 
for proteins of the tetraspanin family (CD9, CD63, and CD81), immunological relevant proteins (CD54, PD-L1, 
CD106, Gal-1, CD184, HLA-ABC, and HLA-DR), mesenchymal proteins (CD29, CD73, CD44, and CD90), and 
the Golgi matrix protein GM-130 (n = 3 - 21; three up till six different CardAP donors). Statistical significance was 
tested by Mann Whitney U-test (*p < 0.05). Typical EV-associated proteins were detected on both unstimulated 
and cytokine stimulated EVs, while just CD54 was determined at significant higher levels on cytokine stimulated 
EVs. 

A liquid chromatograph/electron spray ionisation mass spectrometry (LC/ESI-MS) approach 

for unstimulated and cytokine stimulated EVs from three different CardAP donors revealed a 
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broader overview of the transported proteins. The majority of proteins (164 out of total 

identified 186 proteins) were identical for both EV biogenesis condition, while only 15 or seven 

proteins were exclusive for unstimulated or cytokine stimulated EVs, respectively (Figure 16A). 

35 proteins were selected for a comparative illustration via their determined exponentially 

modified protein abundance index (emPAI). Indeed, some proteins, such as CD73 or integrins, 

were omnipresent despite donor variabilities and some proteins were exclusive for each EV 

biogenesis condition (Figure 16B). TNFα inducible protein 3 was for example only detectable 

in cytokine stimulated EVs, while tyrosine-protein kinase Yes was observed exclusively in 

unstimulated EV preparations. All identified proteins were further explored via a String network 

database analysis, which not only allowed one to visualize the interaction between each protein 

as grey connecting lines but also allowed suggestions about the localization and involvement in 

biological processes of each protein (Figure 17; all listed in Appendix Table 1). As anticipated, 

the majority of proteins (156 out of 186 proteins) could be assigned to the extracellular exosome 

compartment, of which some were connected to therapeutic beneficial effects, such as 

angiogenesis (e.g. heparan sulphate proteoglycan 2, neuropillin), wound healing (e.g. endoglin, 

annexin-5), or the regulation of immune system processes (e.g. annexin-1 or Gal-1; Figure 17).  
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Figure 16: Most transported proteins were shared by 
both EV biogenesis conditions. 
Unstimulated EVs (EVs) and cytokine stimulated EVs 
(EVs(cyt)) from three different CardAP donors were 
prepared for liquid chromatograph/electron spray 
ionisation mass spectrometry (LC/ESI-MS). EVs were 
loaded on amicon filters and digested by trypsin in an 
overnight step. The derived peptides were then analysed 
by LC/ESI-MS. The obtained mass spectra were 
evaluated by MASCOT software searching for protein 
matches in the SwissProt 51.9 database. A protein was 
considered to be present in unstimulated (EVs) or 
cytokine stimulated EVs (EVs(cyt)), when at least two of 
three CardAP donors exhibited a signal. (A): All 
identified proteins (n = 187) are illustrated in a Venn 
diagram to display shared as well as exclusively identified 
proteins in EVs and EVs(cyt). (B): The obtained 
exponentially modified protein abundance index (emPai) 
values of 35 selected proteins are shown as heatmap for 
the individual three CardAP donors (D1, D2, and D3). 
Undetected proteins correspond to an emPAI value of 0 
(black).. ANAXA1/2/5/6 = annexin I/II/V/VI; G3P = 
glyceraldehyde-3-phosphate dehydro-genase; RALA = 
Ras-related protein Ral-A; 5NTD = CD73; AMPN = 
aminopeptidase N; ITAV = integrin α-V; ITB1 = integrin 
β-1; HSP7C = heat shock cognate 71 kDA protein; 
GNAI3 = guanine nucleotide-binding protein G(i) 
subunit α; PGBM = basement membrane-specific 
heparin sulfate proteoglycan core protein; PPIA = 
peptidyl-prolyl cis-trans isomerase A; MVP = major vault 
protein; SDCB1  = syntenin-1; LEG1 = galectin-1; 
LG3BP = galectin-3-binding protein; MOES = moesin; 
NRP1 = neuropilim-1a; PRDX5 = peroxiredoxin-5; 
PXDN = peroxidasin homolog; EGLN = endoglin; 
RAB13 = Ras-related protein Rab-13; SYWC = 
tryptophan-tRNA ligase; DPP4 = Dipeptidyl peptidase 4; 
TNAP3 = TNFα induced protein 3; TNFA = TNFα; 
NIBL1 = niban-like protein 1; LOXL2 = lysyl oxidase 
homolog 2; 1433G = 14-3-3 protein γ; YES = tyrosine-
protein kinase Yes; RAB34 = ras-related protein Rab-34; 
TCPB = T-complex protein 1 subunit β. In general, most 
identified proteins are identical between unstimulated 
and cytokine stimulated EVs 
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Figure 17: By LC/ESI-MS identified proteins of EVs can be mainly assigned to the extracellular exosome 
compartment with diverse predicted biological function. 
Unstimulated and cytokine stimulated EVs from three different CardAP donors were analysed by LC/ESI-MS. 
The interaction of all identified proteins (186) was visualized with the help of String network database analysis, 
where proteins are shown as nodes and known protein interactions are shown as grey connecting lines. The colour 
of the node represents biological processes or the localisation as following: extracellular exosome = red, positive 
regulation of cellular process = green, angiogenesis = yellow, wound healing = blue, regulation of immune system 
process = magenta. Isolated EVs of CardAP cells transport proteins belonging to extracellular exosome 
compartment and possibly mediate desired biological functions for treating CVDs. 

 

4.2.3 More miRNAs are transported by cytokine stimulated EVs 

An overview of transported miRNAs by unstimulated and cytokine stimulated EVs was 

achieved by nCounter® Human miRNA expression assay. In total 205 human miRNAs were 

identified in EVs (all listed in Appendix Table 2) from an assay that allows the detection of 

nearly 800 human miRNAs. Interestingly, cytokine stimulated EVs showed more miRNAs (n 

= 89) than unstimulated EVs (n = 14) that were exclusive to the respective EV biogenesis 

condition (Figure 18A). The comparative illustration of 40 selected miRNAs for their obtained 

copy number revealed that several miRNAs, such as miRNA 125b-5p or miRNA 146a-5p, were 

omnipresent in unstimulated as well as cytokine stimulated EVs at comparable high copy 

numbers despite of donor variabilities. Other miRNAs were solely observed in unstimulated 

EVs, such as miRNA 148b-3p, or observed at higher expression levels than in cytokine 

stimulated EVs, such as miRNA 302d-3p. Vice versa, miRNA 494-3p was solely determined in 

cytokine stimulated EVs. Seven selected miRNAs were validated by real-time qPCR (Figure 

18C). In accordance to previous results of the nCounter miRNA expression assay, the miRNA 

302d-3p could also be shown by qPCR to be significantly enhanced in unstimulated EVs related 

to the cytokine stimulated counterpart (median relative expression of EVs to EVs(cyt) (range) = 

2.48 (1.12 – 5.59)). Although miRNA 494-3p was detectable in unstimulated EVs by qPCR but 

not by nCounter® miRNA expression assay, cytokine stimulated EVs exhibited a significantly 

enhanced relative expression level for this particular miRNA (median relative expression of EVs 
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to EVs(cyt) (range) = 0.61 (0.14 – 1.04)). Other miRNAs were determined at similar levels in 

unstimulated and cytokine stimulated EVs, including miRNA 186-5p, 146-5p, and 132-3p 

(median relative expression of EVs to EVs(cyt): miRNA 186-5p = 1.19; miRNA 146-5p = 1.06; 

miRNA 132-3p = 0.85). 

Figure 18: Cytokine stimulation increased the repertoire of miRNAs transported by EVs, while the 
expression of individual miRNAs, like miRNA 302d-3p, varied significantely between both EV biogenesis 
conditions. 
Unstimulated EVs (EVs) and cytokine stimulated EVs (EVs(cyt)) were analysed for their miRNA content by 
nCounter® Human miRNA expression assay according to the manual. The obtained data of miRNA copies was 
analysed with the help of nSolver software (version 4.0, NanoString Technologies) by firstly normalizing it to the 
top 100 most abundant miRNAs in all samples as well as the positive controls, followed by a background correction 
via subtracting the mean plus two standard derivations of the negative control from each sample. Finally, a miRNA 
was considered to be present in either EV biogenesis condition, when at least two from three CardAP donors 
exhibited more than 10 copies.  (A): All identified miRNAs (n = 205) are illustrated in a Venn diagram to display 
shared and exclusively identified miRNAs in EVs and EVs(cyt). (B): 40 selected miRNAs are displayed for their 
expression (as log2 data) as heatmap for the individual three CardAP donors (D1, D2, and D3), including 
undetected miRNAs (un, black). (C): Additionally, seven miRNAs were validated by qPCR. By NormFinder 
analysis two miRNAs, miRNA26b-5p and miRNA199a-3p, were identified to be most suitable for normalization. 
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The relative expression of miRNAs, as determined by ΔΔCt analysis for unstimulated EVs in correlation to EVs(cyt) 

(black dotted line), is shown as median with interquartile range (n = 8–9, three different CardAP donors). Statistical 
analysis was performed with a Wilcoxon signed rank test (** p < 0.01, * p< 0.05). More individual miRNAs were 
identified in cytokine stimulated EV preparations, whereas the expression level of individual miRNAs could differ 
between both EV biogenesis conditions. 

By a comparative analysis with FUNRICH software, differences in potential biological pathways 

were revealed between the miRNA sets of cytokine stimulated versus unstimulated EVs. Indeed, 

cytokine stimulated EVs were highly enriched in biological pathways of signal regulatory protein 

(SIRP) family interactions and tumour necrosis factor related apoptosis inducing ligand 

(TRAIL) signalling, whereas being depleted in diverse other biological pathways to unstimulated 

EVs, such as cytosolic sulfonation of small molecules, AKT-mediated inactivation of forkhead 

box protein O1 (FOXO1A), cyclic AMP-reponsive element binding protein (CREB) 

phosphorylation or epidermal growth factor receptor (EGFR) interaction with phospholipase 

C-γ (PLC-γ; Figure 19A). Furthermore, FUNRICH analysis allowed to identify genes that could 

be potentially affected by the determined miRNAs of either unstimulated or cytokine stimulated 

EVs. Both sets of genes could be assigned to different entities in processes and pathways of the 

immune system, including the adaptive and innate immune system as well as the cytokine 

signalling in the immune system, but also of the ECM organization and apoptosis by performing 

an overrepresentation analysis with the reactome.org platform (Figure 19B). Interestingly, more 

than 40% of total registered entities were influenced in the processes of apoptosis and ECM 

organization. Additionally, comparable levels of overrepresentation in the individual processes 

were observed for both unstimulated and cytokine stimulated EVs. 
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Figure 19: Identified miRNAs of both EVs from CardAP cells seem to influence important  processes for 
regeneration.  
Unstimulated (EVs) and cytokine stimulated EVs (EVs(cyt)) from three different CardAP donors were ana-lysed for 
its transported miRNA content by nCounter® Human miRNA ex-pression assay according to the manual. These 
identified miRNAs were then analysed for their plausible impli-cation in biological processes. (A): The miRNA 
repertoire of EVs(cyt) was analysed versus the repertoire of EVs by FUNRICH analysis for their impact on specific 
biological pathways. The fold change is presented for the most affected pathways to show enriched processes for 
EVs (light blue) or EVs(cyt) (dark blue). (B): Target genes of both miRNA sets were identified by FUNRICH 
analysis and further used for an overrepresentation analy-sis via the reactome.org plat-form. Here, entities in 
different pathways were identified that could be influenced by EVs (light blue) or by EVs(cyt) (dark blue) in 
comparison to all registered entities (grey). Both unstimulated and cytokine stimulated EVs from CardAP cells 
seem to influence therapeutic relevant pathways in recipient cells via their transported miRNAs. 
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4.3 EV-cell interaction 

The capability of an EV to interact with a recipient cell marks an essential step for its paracrine 

action. As the focus of this study lay on the evaluation of a therapeutic approach for CVDs, 

well-characterized murine cardiac cell lines, representing cardiac endothelial cells (MHEC5-T 

cells) or cardiomyocytes (HL-1 cells), were used to investigate the interaction with fluorescence 

labelled or unlabelled EVs.   

4.3.1 Fluorescence labelled EVs get in contact with different murine 
cardiac cell types 

For the conduction of a time series analysis of EV-cell interaction, DiD labelled EVs (DiD+ 

EVs) were applied to cultured murine cells for various time points and subsequently analysed 

by flow cytometry. In fact, the frequency of DiD+ HL-1 cells as well as DiD+ MHEC5-T cells 

constantly increased in the course of time (Figure 20A). After one day, nearly all HL-1 cells as 

well as MHEC5-T cells displayed a DiD+ signal (median frequency (range): DiD+ HL-1 cells = 

93.5 (73.7 - 95.6) %; DiD+ MHEC5-T cells = 93.7 (90.4 - 97.7) %; Figure 20B). Additionally, 

cells were treated with a DiD negative control, which was derived by labelling differential 

centrifuged unconditioned medium with DiD in the same manner as EVs. No or very low levels 

of DiD (highest determined frequency of DiD+ cells = 0.024 %) were recorded for the DiD 

negative control at the different time points (Figure 20B). 

Figure 20: EVs 
interacted equally with 
murine cardiomyocytes 
and cardiac endothelial 
cells.  
DiD labelled EVs (DiD+ 

EVs) as well as DiD nega-
tive con-trols (DiD neg. 
ctrl.) were applied to cul-
tured HL-1 or MHEC5-T 
cells in 48-well plates (2 × 
105 cells/well). At dif-
ferent time points (0, 2, 7, 
19, and 24 h) cells were 
washed, harvested by ac-
cutase treatment, labelled 
with a dead/viable mar-
ker, and analysed by flow 
cytometry at the Canto II. 
(A): Representative dot 
plots are shown for HL-1 
cells (upper raw) and 
MHEC5-T cells (lower 
raw) treated either with 
DiD+ EVs or DiD neg. 
ctrl. for different time 
points. (B): The frequen-
cy of DiD+ HL-1 cells 
(right, n = 4, four different 

CardAP donors) and DiD+ MHEC5-T cells (left, n = 6, three different CardAP donors) is shown in relation to the 
time (h) as median with interquartile range for treatment with either DiD+ EVs (blue) or DiD neg. ctl. (black). 
Murine cardiac cells were shown to accumulate the signal of fluorescence labelled EVs after one day. 
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For an equivalent approach by fluorescence microscopy, lipids of EVs were labelled with 

PKH26 instead of DiD to optimize sensitivity towards EV detection. Likewise to flow 

cytometry, an increase of PKH26+ EVs but not for the fluorescence negative control (PKH26 

neg. ctrl.) was detectable over the time period of one day (Figure 21). Interestingly, some HL-1 

cells showed an accumulation of separate single PKH26+ signals for EVs in the proximity of 

their nucleus at the end point, while other cells displayed no signal (ROI in Figure 21).  

 

Figure 21: EVs seemed to 
accumulate in some murine 
cardiomyocytes after one 
day.  
HL-1 cells were labelled with 
DiD and seeded in 48-well 
plates (2 × 105 cells/well). 
After 24 h, DiD+ HL-1 cells 
were treated with PKH26 
labelled EVs (PKH26+ EVs) 
and PKH26 negative controls 
(PKH26 neg. ctrl.). At differ-
rent time points (2, 7, and 24 h) 
cells were washed with PBS, 
fixed with 4% PFA and stained 
with DAPI. The EV-cell inter-
action was analysed by fluores-
cence microscopy. Represen-
tative images are shown for 
each time point with scale bars 
of 50 µm as overlay of HL-1 
cells (DiD+, pink), nucleus 
(DAPI, grey pseudo-coloured) 
and EVs (PKH26+, yellow) or 
as overlay of the brightfield 
(BF) images with EVs 

(PKH26+, yellow). Additionally, a region of interest (dotted rectangle in 24 h PKH26+ EVs) is shown for detected 
EV signals (white arrows) with a 20 µm scale bar (n = 3, two different CardAP donors). Isolated EVs from CardAP 
cells seem to accumulate in some but not all murine cardiomyocytes after one day. 

 

4.3.2 EVs are taken up by murine cells 

A more thorough insight of the observed EV-cell interaction was achieved by integrating a novel 

flow cytometry method in EV research. Key component of this method is to use recipient cell 

and EV releasing donor cells of different species. Thus, it is possible to discriminate the location 

of EVs whitin or on recipient cells by appropriate staining methods that use fluorescence 

labelled antibodies species specific for proteins of the donor cell and consequently their released 

EVs.  

In this study, murine HL-1 and MHEC5-T cells were treated with EVs from human CardAP 

cells for one day. Afterwards, they were stained with human specific fluorescence labelled 

antibodies, which were already shown in the phenotypical characterization to be present on 

isolated EVs. Indeed, human proteins, such as human CD63, were solely detected when HL-1 

or MHEC5-T cells have been treated with EVs (Figure 22A). Strikingly, the signal of human 
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CD63, CD73, and CD81 was observed rather intracellularly than on the surface of EV treated 

HL-1 cells (median normalized MFI intracellular vs. extracellular: CD63 EVs = 19.05 vs. 1.38; 

CD63 EVs(cyt) = 8.68 vs. 1.24; CD73 EVs = 1.67 vs. 1.12; CD73 EVs(cyt) = 1.28 vs. 1.09; CD81 

EVs = 1.53 vs. 1.10; CD81 EVs(cyt) = 1.40 vs. 1.05; Figure 22B). Likewise, the treatment of 

MHEC5-T cells with EVs resulted in an enhanced detection of all three human proteins within 

than on the surface of these murine cardiac endothelial cells (median normalized MFI 

intracellular vs. extracellular: CD63 EVs = 3.01 vs. 1.05; CD63 EVs(cyt) = 2.80 vs. 1.05; CD73 

EVs = 2.56 vs. 0.87; CD73 EVs(cyt) = 2.56 vs. 0.97; CD81 EVs = 1.41 vs. 1.05; CD81 EVs(cyt) = 

1.43 vs. 1.04; Figure 22C). The intracellular detection of these human proteins did not differ 

significantly between unstimulated and cytokine stimulated EVs, although a tendency for lower 

normalized MFI values for cytokine stimulated EVs in HL-1 cells were detected in comparison 

to the unstimulated EV treated counterpart. Additionally, higher normalized MFIs for CD63 

were detected within HL-1 cells for both treatments with EVs than the respective samples of 

MHEC5-T cells (Figure 22B and C). 
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Figure 22: EVs were internalized by cardiac murine cells after an exposure of one day.  
HL-1 or MHEC5-T cells were seeded in a 48-well plate (2 × 105 cells/well). After 24 h, cells were treated with 
unstimulated (EVs), cytokine stimulated (EVs(cyt)) EVs, or left untreated. After 24 h, harvested cells from each 
condition were distributed to at least four different FACS tubes. They served either as unstained/stained sample 
for the intracellular or a cell surface staining with human specific fluorescence labelled antibodies. After samples 
were measured at a flow cytometer (Canto II), the mean fluorescence intensity (MFI) of each investigated protein 
was normalized to the respective unstained control. (A): Representative histograms of HL-1 (upper row) or 
MHEC5-T cells (lower row) treated with EVs (blue line), EVs(cyt) (dark blue line) or they were untreated (dotted 
black line) are displayed for human CD63 via intracellular (left) or surface (right) staining in comparison to the 
isotype control (EVs + isotype control, grey filled area). (B-C): Individual normalized MFIs are shown for human 
CD63 (left), CD73 (middle) and CD81 (right) on or within HL-1 (B) or MHEC5-T cells (C) for the three different 
treatments as median with interquartile range (n = 4 -5, three different CardAP donors). Statistical analysis was 
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performed by Kruskal-Wallis test with Dunn’s post hoc test (* p < 0.05; **p < 0.01). After one day, EVs from human 
cardiac cells are found rather in murine cardiac cells than on their surface. 

4.4 The influence of EVs on apoptotic cell behaviour 

The reduction of the programmed cell death in damaged cardiac tissue would be one of the 

desired effects for a therapeutic approach to treat CVDs. For that reason, isolated EVs were 

investigated for their capability to influence the in vitro apoptotic behaviour of murine 

cardiomyocytes. For that purpose, HL-1 cells were allowed to sufficiently take up the isolated 

EVs or its vehicle control (here: PBS) for one day prior to an assay. Then, the apoptosis was 

provoked by three different apoptotic triggers and the apoptosis was monitored after an 

additional cultivation day.  

4.4.1 EVs exhibit a general anti-apoptotic effect although cytokine 
stimulated EVs failed to reduce virus induced apoptosis 

One scenario in the heart that leads to apoptosis of cells, is the formation of  radical oxygen 

species. It was recreated in in vitro experiments through the timely limited supplementation of 

the culture medium with hydrogen peroxide (H2O2). The ROS induced apoptosis was 

characterized by changes of the cell´s plasma membrane as detected by flow cytometry, which 

allowed to determine the frequency of apoptotic (AnnexinV-FITC+ cells) and non-apoptotic 

cells, respectively (7AAD- AnnexinV-FITC- cells; Figure 23A). The treatment with 

unstimulated EVs led to a significant reduction of apoptotic cells as well as to a significant 

increase of non-apoptotic cells in comparison to the PBS control, while the treatment with 

cytokine stimulated EVs displayed a likewise trend of diminished or enhanced cell population, 

respectively (median frequency of  apoptotic cells (range): PBS = 33.1 (14.1 - 38.6) %; EVs = 

24.7 (8.3 - 32.2) %; EVs(cyt) = 28.8 (9.8 - 35.9) %; median frequency of anti-apoptotic cells 

(range): PBS = 61.1 (55.3 - 70.9) %; EVs = 68.7 (60.0 - 77.35) %; EVs(cyt) = 63.6 (55.0 - 70.2) 

%; Figure 23B). Nevertheless, cytokine stimulated EVs demonstrated an anti-apoptotic effect 

when apoptosis was determined by a different method. The measurement of the caspase3/7 

activity showed significantly reduced levels in HL-1 cells treated with cytokine stimulated EVs 

as well as unstimulated EVs in comparison to the PBS controls (median caspase 3/7 activity 

(range): PBS = 1.15 (0.88 - 1.90) RLU; EVs = 0.85 (0.71 - 1.35) RLU; EVs(cyt) = 0.83 (0.42 - 

0.96) RLU; Figure 23C).  

Another investigated apoptotic trigger was the lack of nutrients, which was mimicked in vitro by 

applying starvation medium for one hour. Likewise to ROS-induced apoptosis, the treatment 

of HL-1 cells with unstimulated as well as cytokine stimulated EVs reduced significantly their 

caspase 3/7 activity in comparison to PBS treated controls (median enzyme activity (range): 

PBS = 1.08 (1.00 - 1.54) RLU, EVs = 0.84 (0.38 - 1.15) RLU, EVs(cyt) = 0.76 (0.56 - 0.96) RLU; 

Figure 23C). The third investigated apoptotic trigger was the infection of HL-1 cells with the 

Coxsackievirus B3 (CVB3). This apoptotic trigger was chosen, because CVB3 are the major 

viral cause of sever myocarditis in humans [122]. Moreover, a previous study already 

demonstrated that CardAP cells themselfes limited CVB3 induced apoptosis in vitro and in vivo 

[13]. Interestingly, this anti-apoptotic effect was solely reproducible for EVs from CardAP cells 

derived under the absence of cytokine stimulation. In fact, the caspase activity was significantly 
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reduced in HL-1 cells treated with unstimulated EVs but not with cytokine stimulated EVs in 

comparison to the PBS treated controls (median enzyme activity (range): PBS = 1.08 (0.50 - 2.4) 

RLU; EVs = 0.74 (0.17 - 1.4) RLU; EVs(cyt) = 1.09 (0.48 - 2.29) RLU; Figure 23C). 

 

Figure 23: EVs reduced apoptosis 
in murine cardiomyocytes.  
HL-1 cells were seeded in 6-well plates 
(1x106 cells/well) for flow cytometry 
analysis or in 96-well plates (1-2x105 
cells/well) for caspase 3/7 activity 
determination, treated with 6 µg/mL 
of unstimulated EVs (EVs), cytokine 
stimulated EVs (EVs(cyt)), PBS in 
corresponding volumes of EVs (PBS), 
or they were left untreated. The next 
day, apoptosis was induced by ROS 
(0.5 mM H2O2), starvation (starvation 
medium), or virus (CVB3; at a 100,000 
m.o.i.) for 60 min. Then after, washed 
cells recieved cClaycomb medium for 
another 23 h. For flow cytometry 
analysis ROS induced HL-1 cells were 
stained with AnnexinV-FITC and 
7AAD and analysed at a flow 
cytometer (MACSQuant). (A): 
Representative AnnexinV-
FITC/7AAD dot plots are shown of 
ROS induced apoptotic HL-1 cells 
treated with either PBS (left), EVs 
(middle) or EVs(cyt) (right). (B): The 
individual frequencies of apoptotic 
cells (AnnexinV+ cells) as well as non-
apoptotic cells (7AAD- AnnexinV- 

cells) are shown as median with data 
range for ROS induced apoptotic HL-
1 cells, while the median of the 
untreated con-trols is indicated as 
dotted line (n = 7, five different 
CardAP donors). For analysis of 
caspase 3/7 activity, HL-1 cells of all 
three apoptotic triggers received 
proluminate caspase3/7 sub-strate 
(100 µL/well) and the luminescence 
was measured after 120 min at a 
microplate reader (Mithras). The 

luminescence was related to the cell concentration factor (absorbance of crystal violet stained cell lysates) as relative 
luminesce unit (RLU). (C): The individual caspase 3/7 activity as RLU is shown as median with data range for 
ROS induced apoptotic HL-1 cells (n = 6, five different CardAP donors), starved HL-1 cells (n = 7, four different 
CardAP donors), and virus infected HL-1 cells (n = 7, four different CardAP donors). Statistical analysis was 
performed by Friedman´s test with Dunn´s multiple comparison post hoc test (*p < 0.05; **p < 0.01). ROS, 
starvation and virus induced apoptosis of HL-1 cells was lessened by treatment with unstimulated EVs, while 
cytokine stimulated EVs solely reduced starvation, ROS but not virus induced apoptosis of HL-1 cells. 
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4.5 Influence of EVs on angiogenesis 

Another desired beneficial therapeutic effect for the treatment of CVDs would be the support 

of angiogenesis in the damaged cardiac tissue. Interestingly, the conditioned medium of CardAP 

cells was already shown to support angiogenesis in vitro, thus, first evidence is provided for a 

paracrine mechanism [64]. In order to clarify whether their released EVs convey a pro-

angiogenic feature, tube formation assays were conducted with human endothelial cells (here: 

HUVECs). 

4.5.1 EVs enhance tube formation capabilities of HUVECs 

In order to allow time for a sufficient EV-cell interaction, HUVECs were treated with either 

unstimulated EVs, cytokine stimulated EVs, or PBS, which served as EV vehicle control, one 

day prior to an assay. Indeed, the success of this EV-cell interaction could be verified when DiD 

labelled EVs (DiD+ EVs) were applied for the same time to HUVECs (Figure 25A). The DiD 

signal of HUVECs significantly enhanced in EV treated speciments in comparison to the DiD 

negative control (median frequency of  DiD+ HUVECs (range): DiD+ EVs = 97.3 (62.1 – 99.4) 

%; DiD+ EVs(cyt) = 96.5 (87.7 – 99.7) %; DiD negative control = 0.7 (0.04 – 5.8) %; Figure 

25B).  

Figure 24: DiD labelled EVs were capable to interact with HUVECs.  
HUVECs were seeded in 6-well plates (1.9 × 105 cells/well) and treated with DiD labelled EVs derived from 
unstimulated (DiD+ EVs) or cytokine stimulated conditions (DiD+ EVs(cyt)) or with a DiD negative control (DiD 
neg. ctrl.). After 24 h, HUVECs were washed twice with PBS, harvested, and labelled with a dead/viable marker 
(V510) for 20 min and fixed with 0.5% PFA after a washing step. All samples were measured at a flow cytometer 
(CantoII) and analysed by flow cytometry. (A): Representative histograms are shown for HUVECs of all three 
different treatments. (B): The individual frequencies of DiD+ HUVECs are shown as median with interquartile 
range for the three different treatments (n = 6 - 13, four different CardAP donors). Statistical analysis was 
performed by Kruskal-Wallis test with Dunn´s multiple comparison post hoc test (*** p < 0.001). After one day, 
nearly all HUVECs showed an interaction with fluorescence labelled EVs from CardAP cells despite of their EV 
biogenesis condition. 

For the tube formation assay itself, treated HUVECs were harvested, seeded on Matrigel-coated 

wells, and their tube formation was documented for the next 20 hours by light microscopy. As 

shown in representative images, HUVECs formed more networks when treated with 

unstimulated or cytokine stimulated EVs in comparison to the PBS control (Figure 25A). 
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Quantitative analysis revealed that the total branching length as well as the number (#) of 

junctions was significantly increased for HUVECs treated with unstimulated or cytokine 

stimulated EVs in comparison to the PBS control (mean number of junctions (± SD): PBS = 

38 (± 19); EVs = 58 (± 21); EVs(cyt) = 51 (± 13); mean total branching length (± SD): PBS = 

6,416 (± 3,158) px; EVs = 9,302 (± 2,757) px; EVs(cyt) = 8,232 (± 1,907) px; Figure 25B). 

Interestingly, unstimulated EVs showed a trend towards a greater pro-angiogenic effect than 

their cytokine stimulated counterpart. 

 

Figure 25: EVs enhanced the tube 
formation capability of HUVECs.  
HUVECs were seeded in 6-well 
plates (1.9 × 105 cells/well) and then 
treated with 6 µg/mL of 
unstimulated (EVs), cytokine 
stimulated EVs (EVs(cyt)), or PBS in 
corresponding volumes of EVs 
(PBS). After 24h, harvested 
HUVECs were applied to Matri-gel 
coated 48-well plates (0.16 × 105 
cells/well). The tube forma-tion was 
documented after 20 h by light 
microscopy and images were 
analysed quantitatively with the help 
of the ImageJ Angiogen-esis Plugin. 
(A): Representative images are 
shown for HUVECs of the three 
different treatments with scale bars 
representing 500 µm.  (B): The 
quantitative analysis of the tube 
formation is repre-sented for the 
individual total branching length and 
number (#) of junctions as median 
with data range (n = 16, six different 
Card-AP donors). Statistical analysis 
was performed by repeated mea-
sures ANOVA with Bonferroni post 
hoc test (*** p < 0.001, * p < 0.05). 
HUVECs treated with unstimulated 
or cytokine stimulated EVs showed 
elevated tube formation capabilities. 

 

4.5.2 HUVECs release different pro-angiogenic factors upon treatment 
with either unstimulated or cytokine stimulated EVs 

In a next step, it was investigated whether and how the EV treatment influences the release of 

typical pro-angiogenic factors by HUVECs. In order to reflect a similar experimental set-up as 

in the performed tube formation assays, HUVECs were treated with PBS, unstimulated or 

cytokine stimulated EVs for one day. Then after, cells were washed and fresh medium was 

applied for another 20 hours. This derived conditioned medium was investigated for the 

concentrations of VEGF, IL-6, and IL-8, while HUVECs were used to determine the cell 

correction factor by crystal violet staining.  
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Remarkably, the conditioned media from HUVECs treated with unstimulated EVs contained 

significantly more VEGF (increase by 1.7-fold) than the PBS control, while the respective 

sample for cytokine stimulated EVs solely exhibited a trend of higher VEGF concentrations 

(median VEGF concentration (range): PBS = 60.6 (53.3 – 66.28) pg/mL; EVs = 103.1 (75.0 – 

153.8) pg/mL; EVs(cyt) = 68.3 (59.5 – 74.5) pg/mL; Figure 26). However, cytokine stimulated 

EVs directed to a nearly 4-fold significant increase of released IL-8 by HUVECs in comparison 

to PBS controls, whereas unstimulated EVs induced merely a moderate but not significant 

increase of IL-8 concentrations in the respective sample (median IL-8 concentration (range): 

EVs = 493.4 (394.0 – 1,279.0) pg/mL; EVs(cyt) = 1,564.0 (350.7 – 2,348.0) pg/mL; PBS = 399.0 

(163.4 – 476.0) pg/mL; Figure 26). Although both EV treatments significantly increased the 

IL-6 secretion by HUVECs in comparison to PBS treated HUVECs, cytokine stimulated EVs 

appeared to have a greater impact than their unstimulated counterpart (median IL-6 

concentration (range): EVs = 250.3 (138.1 - 929.3) pg/mL; EVs(cyt) = 669.5 (79.0 - 1074) pg/mL; 

PBS =97.5 (80.7 - 120.9) pg/mL; Figure 26).  

 

 

Figure 26: The interaction of HUVECs with unstimulated or cytokine stimulated EVs triggered the 
release of different pro-angiogenic factors.  
HUVECs were seeded in 6-well plates (1.9 × 105 cells/well) and treated with 6 µg/mL of either unstimulated 
(EVs), cytokine stimulated EVs (EVs(cyt)) or PBS in volumes corresponding to that of the EVs. The next day, 
HUVECs were washed twice and fresh medium was applied for 20 h. Then, the medium was collected for detecting 
IL-6, IL-8, and VEGF by ELISA. The cell correction factor was determined by crystal violet staining. The 
individual cytokine concentrations in relation to the cell correction factor are shown for VEGF (left; n = 4, four 
different CardAP donors), IL-6 (middle; n = 7, four different CardAP donors), and IL-8 (right; n = 7, four different 
CardAP donors) as median with interquartile range. Statistical analysis was performed by Friedman´s test with 
Dunn´s multiple comparison post hoc test (*** p < 0.001, ** p < 0.01, * p < 0.05). HUVECs enhance their release 
of different pro-angiogenic factors upon treatment with unstimulated EVs (VEGF and IL-6) or cytokine stimulated 
EVs (IL-6 and IL-8) from CardAP cells. 

In order to illustrate the potential of one of the investigated factors, tube formation assays were 

performed with untreated HUVECs that were stimulated with 10 ng/mL human recombinant 

VEGF (+VEGF) or HUVECs were left unstimulated (un). As anticipated, the addition of 

VEGF supported the tube formation capabilities of HUVECs, as shown in representative 

images (Figure 27A). In fact, the total tube length as well as number (#) of junctions was 

significantely increased in VEGF stimulated HUVECs in comparison to the unstimulated 

counterpart (mean of total tube length (± SD): + VEGF = 8,138 (± 3,573) px; un = 6,108 (± 

3,725); mean of junctions (± SD): + VEGF = 53.3 (± 24.6); un = 37.2 (± 22.9); Figure 27B). 
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Figure 27: Treatment with VEGF enhanced the tube formation capabilities of HUVECs.  
HUVECs were seeded in 6-well plates (1.9 × 105 cells/well) and harvested the next day to be reseeded on Matrigel-
coated 48-well plates (0.16 × 105 cells/well). HUVECs were either left unstimulated (un) or treated with 10 ng/mL 
VEGF (+ VEGF). After 20 h, images were taken by light microscopy to document the tube formation and images 
were analysed quantitatively with the help of the ImageJ Angiogenesis Plugin. (A): Representative pictures are 
shown for unstimulated or VEGF stimulated HUVECs with scale bars representing 500 µm. (B): Individual data 
points are shown for the total branching length (left) and for the number (#) of junctions (right) as median with 
interquartile range (n = 17). Statistical analysis was performed by paired T test (*** p < 0.001, ** p < 0.01). The 
addition of VEGF during a tube formation assay resulted in increased network formation of HUVECs. 

4.6 Influence of EVs on human immune cells and immune 
responses  

Two features in the context with the immune system are very important for a future allogenic 

therapeutic application of EVs from CardAP cells. On the one hand, the therapy shall not 

induce any adverse immune reactions in the recipient and thus avoid unwanted side effects. On 

the other hand, the modulation of immune responses aid to vanquish the inhibiting effect of 

chronic inflammation for the regenerative process in damaged tissue. In order to estimate the 

immunogenicity and the immune modulating capabilities of isolated EVs, appropriate human 

immune cell assays were conducted., which were already described as a useful instruments in 

regenerative medicine [123,124]. 

4.6.1 EVs display a low immunogenicity 

From healthy donors isolated human PBMCs were exposed for up to five days to either 

unstimulated EVs, cytokine stimulated EVs, PBS in equal volumes to EVs, or immune cells 

were left untreated. Thereafter, the immunogenicity of isolated EVs was valuated by 

determining possible induced immune cell reactions of PBMCs towards the isolated EVs. 

Herein, neither CD4+ nor CD8+ T cell proliferation was induced in these immune cell cultures 

due to the exposure with unstimulated EVs nor cytokine stimulated EVs in comparison to the 

PBS or untreated control (median frequency of proliferated CD8+ T cells: un = 1.40 %; PBS = 

1.35 %; EVs = 1.16  %; EVs(cyt) = 1.41 %; median frequency of proliferated CD4+ T cells: un = 

1.12 %; PBS = 0.83 %, EVs =0.82 %, EVs(cyt) = 1.10 %; Figure 28A). While pro-inflammatory 

IFNγ was not detectable in neither of these immune cell cultures (data not shown), significant 
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enhanced concentrations of IL-10 were determined in PBMC cultures treated with unstimulated 

as well as cytokine stimulated EVs in comparison to controls (median IL-10 concentration 

(range): un = 40.26 (8.24 - 47.57) pg/mL; PBS = 38.86 (6.74 - 120.6) pg/mL; EVs = 210.5 

(61.80 - 537.80) pg/mL; EVs(cyt) = 547.80  (172.3 - 768.2) pg/mL; Figure 28B). 

 

 
Figure 28: Isolated EVs did not induce T cell proliferation but elevated concentrations of IL-10 in 
otherwise unstimulated PBMC cultures after five days. 
PBMCs were seeded in 96-well plates (3x105 cells/well) and treated with 12 µg/mL unstimulated (EVs), cytokine 
stimulated EVs (EVs(cyt)), PBS in equal volumes as EVs (PBS), or they were left untreated (un). After five days, 
cells were harvested, stained with human specific fluorescence labelled antibodies and measured at a flow cytometer 
(Canto II) to obtain frequencies of proliferated T cells by flow cytometry. (A): Individual data are shown as median 
with data range for CD4+ T cells (left) as well as for CD8+ T cells (right; n = 8, five different CardAP donors). (B): 
Supernatants from unstimulated PBMCs were determined for the concentration of IL-10 by ELISA. Individual 
data points are shown as median with data range (n = 6; four different CardAP donors). Statistical analysis was 
performed by Friedman´s test with Dunn´s multiple comparison post hoc test (* p < 0.05). Neither unstimulated nor 
cytokine stimulated EVs induced T cell proliferation but enhanced significantly the concentration of IL-10 in 
otherwise unstimulated PBMC cultures. 

Furthermore, control and EV treated PBMC cultures were examined for the expression level of 

surface proteins on CD4+ T cells that are associated with the activation status of T cells (Figure 

29). These proteins included the early T-cell activation antigen p60 (CD69), the IL-2 receptor 

subunit α (CD25) as intermediate activation marker, as well as an late activation marker, namely 

HLA-DR. Notably, neither of these markers were increased in response towards the exposure 

of unstimulated or cytokine stimulated EVs in comparison to PBS and untreated controls 

(median normalized MFI HLADR: un = 1.35; PBS = 1.32; EVs = 1.43; EVs(cyt) = 1.46; median 

MFI CD25: un = 5.50; PBS = 5.22; EVs = 5.70; EVs(cyt) = 5.32; median MFI CD69: un = 1.74; 

PBS = 1.63; EVs = 2.22; EVs(cyt) = 1.58). Nevertheless, the frequency of CD25+ CD4+ T cells 

was significantly enhanced in PBMC cultures treated with unstimulated EVs in comparison to 

PBS treated controls, while treatment with cytokine stimulated EVs solely displayed a likewise 

trend (median frequency of CD25+ CD4+ T cells (range): un = 4.05 (1.76 - 6.05) %; PBS = 4.07 

(1.44 - 5.17) %); EVs = 5.11 (2.33 - 7.91) %; EVs(cyt) = 5.82 (2.86 - 7.86) %; Figure 29). In 

contrast, the frequencies of HLA-DR+ or CD69+ CD4+ T cells were comparable between EV 

treated PBMCs and the respective controls (frequency of HLA-DR+ CD4+ T cells: un = 6.75 
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%; PBS = 6.47 %; EVs = 8.19 %; EVs(cyt) = 6.86 %; frequency of CD69+ CD4+ T cells: un = 

1.49 %; PBS = 1.69 %; EVs = 1.87 %; EVs(cyt) = 1.74 %). 

 

Figure 29: CD4+ T cells were 
unchanged in their surface 
expression of activation 
markers when exposed to 
isolated EVs in unstimu-
lated PBMC cultures. 
PBMCs were seeded in 96-well 
plates (3x105 cells/well), treated 
with 12 µg/mL unstimulated 
(EVs), cytokine stimulated EVs 
(EVs(cyt)), PBS in equal volumes 
as EVs (PBS), or they were left 
untreated (un). After five days, 
cells were harvested and ana-
lysed by flow cytometry. The 
expression as geometrical mean 
fluorescence intensity (MFI) 
and frequency of CD69, CD25, 
and HLA-DR were determined 
for the CD4+ T cell population 
in these unstimulated PBMC 
cultures. The obtained MFIs 
were additionally normalized to 
the respective unstained 
control. Individual data point 
of the normalized MFI (upper 
row) or frequencies (lower row) 

are shown as median with data range for CD69 (left), CD25 (middle) and HLA-DR (right; n = 8, five different 
CardAP donors). Statistical analysis was performed by Friedman´s test with Dunn´s multiple comparison post hoc 
test (* p < 0.05). Exposure of unstimulated and cytokine stimulated EVs did not induce the expression of typical 
activation molecules on CD4+ T cells.  

Further analysis revealed that the increase of CD25+ CD4+ T cells correlated with a co-

expression of L-selectin (CD62L) in this particular immune subset (Figure 30A). The treatment 

with unstimulated EVs as well as cytokine stimulated EVs significantly enhanced the frequency 

of the CD62L+ CD25+ CD4+ T cell compartment in comparison to the PBS and untreated 

control (median frequency of CD62L+ CD25+ CD4+ T cells (range):  un = 3.73 (3.01 – 4.68) %; 

PBS = 3.70 (3.29 – 3.07) %; EVs = 5.42 (4.91 – 6.83) %; EVs(cyt)= 5.54 (5.06 – 7.57) %; Figure 

30B). Coherently, significantly enhanced CD62L+ frequencies were obtained for CD4+ T cells 

in PBMC cultures treated with unstimulated or cytokine stimulated EVs in comparison to the 

PBS control (median frequency of CD62L+ CD25+ CD4+ T cells (range):  un =  78.29 (75.63 – 

78.37)%; PBS = 77.71 (77.21 – 78.22) %; EVs = 79.66 (77.81 – 80.61) %; EVs(cyt) = 79.78 (78.67 

– 83.20) %; Figure 30B). 
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Figure 30: Unstimulated and cytokine stimulated EVs significantly enhanced the frequency of CD25+ 
CD62L+ CD4+ T cells in otherwise unstimulated PBMC cultures. 
PBMCs were seeded in 96-well plates (3x105cells/well) and treated with 12 µg/mL unstimulated (EVs), cytokine 
stimulated EVs (EVs(cyt)), PBS in equal volumes as EVs (PBS), or they were left untreated (un). After five days, 
cells were harvested and analysed by flow cytometry. (A): Representative dot plots of all four different groups are 
shown for the expression of CD62L and CD25 on single living CD3+ CD4+ T cells. (B): The summarized 
individual frequencies of CD62L+ or CD62L+ CD25+ CD4+ T cells are shown as median with data range (n = 5, 
four different CardAP donors). Statistical analysis was performed by Friedman´s test with Dunn´s multiple 
comparison post hoc test (** p < 0.01, * p < 0.05). The frequency of CD62L+ CD25+ CD4+ T cells was significantly 
enhanced in PBMC cultures that were exposed to either unstimulated or cytokine stimulated EVs. 

 

4.6.2 EVs modulate induced immune responses 

The immune modulating capacity of isolated EVs were accessed in pro-inflammatory immune 

responses that were induced by stimulation with anti-CD3. A comparative analysis and the 

determination of affected parameters, such as T cell proliferation, was enabled by treating these 

PBMC cultures simultaneously with either unstimulated EVs, cytokine stimulated EVs, PBS in 

equal volumes to EVs, or these stimulated PBMC cultures were left untreated. The frequencies 

of proliferated CD4+ as well as CD8+ T cells were significantly reduced in anti-CD3 stimulated 

PBMC cultures treated with both unstimulated or cytokine stimulated EVs from CardAP cells 

in comparison to the PBS control (Figure 31A). Interestingly, cytokine stimulated EVs 

diminished normalized CD4+ and CD8+ T cell proliferation even greater than their unstimulated 

counterpart, although both EV treatments exhibited significant diminishing effects in 

comparison to the PBS control (median normalized CD4+ T cell proliferation (range): PBS = 

0.983 (0.764 – 1.23), EVs = 0.928 (0.524 – 1.00), EVs(cyt) = 0.855 (0.548 – 0.983), ; median 

normalized CD8+ T cell proliferation (range):  PBS = 1.00 (0.711 – 1.16); EVs = 0.903 (0.472 – 

0.993); EVs(cyt) = 0.929 (0.544 – 1.06); Figure 31B). 
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Figure 31: EVs diminished anti-CD3 
induced T cell pro-liferation in PBMC 
cultures. 
CFSE labelled PBMCs (3x105 cells/well) 
were stimulated with anti-CD3, and 
treated with 12 µg/mL unstimulated 
(EVs), cytokine stimulated EVs (EVs(cyt)), 
PBS in equal volumes as EVs (PBS), or 
they were left untreated. After five days, 
harvested cells were analysed by flow 
cytometry. Obtained T cell proliferation 
frequencies were normalized to the 
untreated control. (A): Representative 
flow cytometry plots display the 
frequencies of proliferated CD4+ and 
CD8+ T cells in anti-CD3 stimulated 
PBMCs. (B): The normalized CD4+ or 
CD8+ T cell proliferation in anti-CD3 
stimulated PBMC cultures is presented as 
median with data range (n = 9; four 
different CardAP donors; five different 
PBMC donors). Statistical analysis was 
performed by Friedman´s test with 
Dunn´s multiple comparison post hoc test 
(*** p < 0.001, * p < 0.05). Unstimulated 
and cytokine stimulated EVs reduce the T 
cell proliferation in anti-CD3 provoced 
immune responses of human isolated 
PBMCs. 

 

 

CD4+ T cells of anti-CD3 stimulated PBMC cultures were analysed in more detail for some 

activation markers. As anticipated, the expression of CD25 as well as CD69 was enhanced on 

CD4+ T cell in anti-CD3 stimulated PBMC cultures (Figure 32A) in comparison to previous 

results in unstimulated PBMC cultures (Figure 29). Notably, treatments with unstimulated or 

cytokine stimulated EVs did not changed neither the expression level nor the frequency of these 

activation markers in comparison to PBS treated or untreated controls (median normalized MFI 

CD69: un = 2.61; PBS = 2.76; EVs = 2.74; EVs(cyt) = 2.49; median normalized MFI CD25: un 

= 14.78; PBS = 14.33; EVs = 16.82; EVs(cyt) = 14.96; median normalized frequency CD69: un 

= 18.25; PBS = 25.74; EVs = 18.59; EVs(cyt) = 20.70; median normalized frequency CD25: un 

= 91.40; PBS = 88.20; EVs = 90.70; EVs(cyt) = 90.70; Figure 32A). Since the activation of CD4+ 

T cells was obtained at comparable levels between all treatments, it was of further interest 

whether the subset of regulatory T cells were affected by the treatment with isolated EVs. This 

is alo reasoned by the fact that this specific subset of T helper cells would be beneficial for the 

treatment of damaged cardiac tissue with prolonged or chronic inflammation. Indeed, PBS 

treated PBMC cultures exhibited lower frequencies of Tregs (viable, single CD3+ CD4+ CD127- 

CD25+ Foxp3+) in comparison to both EV treatments (Figure 32B). Although both EVs 

significantely enhanced the frequency of Tregs, unstimulated EVs exhibited a greater trend to 

enhance frequency of regulatory T cells than cytokine stimulated EVs (median frequency of 
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Tregs (range): PBS = 1.68 (1.05 – 2.68) %; EVs = 2.55 (1.96 – 3.38) %; EVs(cyt) =2.40 (1.75 – 

2.81) %; Figure 32B). 

 

Figure 32: EVs increased the frequency of regulatory T cells, while CD4+ T cells showed comparable 
expression of activation markers in anti-CD3 induced PBMC cultures. 
CFSE labelled PBMCs (6x105 cells/well) were stimulated with anti-CD3 treated with 12 µg/mL unstimulated 
(EVs), cytokine stimulated EVs (EVs(cyt)), PBS in equal volumes as EVs (PBS), or they were left untreated (un). 
After three days, cells were harvested and analysed by flow cytometry. (A): The frequency and expression as 
geometrical mean fluorescence (MFI) were determined for CD25 and CD69 in the CD4+ T cell population in these 
anti-CD3 stimulated PBMC cultures. The obtained MFIs were additionally normalized to the respective unstained 
control. Individual data point of the normalized MFI (upper graphs) or frequencies (lower graphs) are shown as 
median with data range for CD69 (left), CD25 (middle) and HLA-DR Obtained individual geometrical mean 
fluorescence intensities (MFI) are displayed as median with data range for an early activation (CD69), mediate 
activation (CD25). (B): Representative flow cytometry plots (left) show the frequencies of regulatory T cells 
(CD25+ Foxp3+ T cells with previous gating on viable single CD3+ CD4+ CD127-) in anti-CD3 stimulated PBMCs. 
The individual frequencies of regulatory T cells (viable single CD3+ CD4+ CD127- CD25+ Foxp3+ T cells) as 
median with data range (n = 8; five different CardAP donors; five different PBMC donors). Statistical analysis was 
performed by Friedman´s test with Dunn´s multiple comparison post hoc test (* p < 0.05). Unstimulated and 
cytocine stimulated EVs enhanced the frequency of regulatory T cells without affecting the general activation level 
of total CD4+ T cells in anti-CD3 stimulated PBMC cultures. 

Moreover, the treatment with isolated EVs contributed towards a reduced pro-inflammatory 

cytokine profile in anti-CD3 stimulated PBMC cultures (Figure 33). Two pro-inflammatory 
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cytokines, namely IFNγ and TNFα, were significantly lowered up to 30% in its concentration 

in anti-CD3 stimulated PBMCs treated with unstimulated EVs or cytokine stimulated EVs in 

comparison to the PBS treated control (median IFNγ concentration (range): PBS = 28.82 (9.17 

- 77.93) µg/mL;  EVs = 18.49 (5.78 - 80.24) µg/mL; EVs(cyt) = 21.86 (5.08 - 44.56) µg/mL; 

median TNFα concentration (range): PBS = 1.36 (0.32 - 2.92) µg/mL; EVs = 0.76 (0.20 - 1.66) 

µg/mL; EVs(cyt) = 0.49 (0.12 - 1.98) µg/mL). Not only concentrations of pro-inflammatory but 

also anti-inflammatory cytokines were affected in these stimulated immune responses. Anti-

CD3 stimulated PBMC cultures exhibited significantly more active TGFβ in cultures treated 

with unstimulated EVs or cytokine stimulated EVs in comparison to the PBS control (median 

TGFβ concentrations (range): PBS = 15.06 (2.2 - 20.57) pg/mL; EVs = 22.57 (3.56 - 26.29) 

pg/mL; EVs(cyt) = 22.84 (7.38 - 26.47) pg/mL). Interestingly, significantly more IL-10 was 

measured upon treatment with cytokine stimulated EVs in anti-CD3 stimulated PBMC cultures 

in comparison to the respective PBS control, while unstimulated EVs enhanced solely by trend 

the IL-10 concentration in the respective samples (median IL-10 concentrations (range): PBS = 

159.10 (23.76 - 369.10) pg/mL; EVs = 204.70 (23.66 - 369.10) pg/mL; EVs(cyt) =  232.40 (37.90 

- 379.90) pg/mL; Figure 33). In addition IL-17a and IL-1ß were also investigated for the 

respective concentrations. While comparable results were determined for IL-17a, a reduced 

tendency of IL-1ß concentrations were detected in anti-CD3 stimulated PBMC cultures treated 

with unstimulated or cytokine stimulated EVs (median IL-1ß concentrations: PBS = 660.80 

pg/mL; EVs = 496.40 pg/mL; EVs(cyt) = 469.30 pg/mL; median IL-1ß concentrations: PBS = 

164.10 pg/mL; EVs = 188.10 pg/mL; EVs(cyt) = 197.4 pg/mL; Figure 33).  

 

Figure 33: EVs attenuated the in-flammatory milieu in anti-CD3 stimulated PBMC cultures. 
PBMCs (3x105/well) were stimulated with anti-CD3, treated with 12 µg/mL unstimulated (EVs), cytokine stimula-
ted EVs (EVs(cyt)), PBS in equal volumes as EVs (PBS), or they were left untreated. After three days, the conditioned 

medium was collected and the concentrations of released cytokines investigated by ELISAs (IFNγ, active TGFβ) 

or bead-based Multiplex assay (IL-10, TNFα, IL-17a, IL-1β). The obtained individual cytokine concentrations are 
displayed as median with data range (n = 8, four different CardAP donor, four different PBMC donors). Statistical 
analysis was performed by Friedman´s test with Dunn´s multiple comparison post hoc test (** p < 0.01, * p < 0.05). 
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Treatment with unstimulated and cytokine stimulated EVs resulted in a reduced pro-inflammatory cytokine milieu 
of anti-CD3 stimulated PBMC cultures. 

4.6.3 EVs modulate induced immune responses in a CD14+ cell 
dependent manner 

As an initial step to understand how EVs facilitate the immune modulating feature, it was 

investigated with which immune cells EVs are interacting in PBMC cultures. For that reason, 

EV-cell interaction assays were performed with DiD labelled EVs (DiD+EVs), DiD negative 

control (DiD neg. ctrl.) and unstimulated PBMCs. The interaction was allowed for one day, as 

previous results from murine and human cells emphasized a sufficient interaction. The included 

DiD negative control exhibited solely neglectable signals of PBMC cultures as analysed by flow 

cytometry (highest determined frequency of DiD+ cells = 0.22 %; Figure 34A). Interestingly, 

the same analysis by flow cytometry revealed that DiD+EVs were predominantly interacting 

with CD14+ cells rather than with CD14- cells in these unstimulated PBMC cultures (median 

frequency of DiD+ cells (range): CD14+ cells = 90.9 (86.0 – 96.9) %; CD14- cells = 1.9 (1.5 – 

3.4) %; Figure 34A). Additionally, this observation could be verified by a co-localization of 

CD14 and EV signal in a fluorescence microscopic approach (Figure 34B).  

 
Figure 34: EVs interacted predominantly with CD14+ cells in PBMC cultures. 
PBMCs were seeded in 6-well plates (1x106 cells/well) and treated with 20 µg/mL DiD labelled EVs (DiD+ EVs) 
or DiD negative control (DiD neg. ctrl.). After 24 h, this EV-cell interaction was analysed by microscopy or flow 
cytometry. (A): Representative histograms and summarized individual frequency of DiD+ cells are shown for 
CD14+ and CD14- immune cells as determined by flow cytometry (n = 5; four different CardAP donors; three 
different PBMC donors). (B): Representative images are illustrating the co-localization (white arrows) of DiD+EVs 
(magenta) with CD14+ PBMCs (green) in total PBMCs (pseudo coloured white for DAPI) with scale bars 
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representing 10 µm (n = 3; three different CardAP donors, two different PBMC donors). Statistical analysis was 
performed with Mann Whitney U test (*** p <0.001). CD14+ cells are the major interaction partner of isolated 
EVs. 

As a next step, the effect of isolated EVs on their predominant recipient cell was analysed in 

detail. Firstly, it was observed that the frequency of CD14+ cells was significantly increased in 

unstimulated PBMC cultures treated with unstimulated EVs as well as with cytokine stimulated 

EVs in comparison to the PBS control (median frequency of CD14+ cells (range): PBS = 3.35 

(1.83 – 9.22) %, EVs = 7.39 (3.18 – 20.30) %, EVs(cyt) = 11.10 (3.56 – 29.20) %; Figure 35A). 

Secondly and foremost, these EV-primed CD14+ cells exhibited an intensely changed surface 

protein expression pattern in PBMC cultures. Antigen presenting proteins, namely HLA-DR 

and CD86, were significantly reduced on CD14+ cells upon EV treatment, (Figure 35B). The 

expression of HLA-DR was more than halved under treatment with unstimulated EVs or with 

cytokine stimulated EVs in comparison to the PBS control, while the expression of CD86 was 

halved by cytokine stimulated EVs and reduced by one third upon treatment with unstimulated 

EV in comparison to the PBS control (median normalized MFI HLA-DR (range): PBS = 1.08 

(0.74 – 1.23), EVs = 0.38 (0.13 – 0.78), EVs(cyt) = 0.25 (0.10 – 0.97); median normalized MFI 

CD86 (range): PBS = 1.03 (0.72 – 1.34); EVs = 0.67 (0.29 – 1.35); EVs(cyt) = 0.50 (0.29 – 1.02)). 

Unstimulated EVs also caused a significantly reduced surface expression of the scavenger 

receptor cysteine-rich type 1 protein M130 (CD163) on CD14+ cells as compared to the PBS 

treated CD14+ cells. The treatment with cytokine stimulated EVs, however, caused just by trend 

a reduced surface expression of CD163 (median normalized MFI CD163 (range): PBS = 1.05 

(0.74 – 1.20); EVs = 0.45 (0.27 – 0.98); EVs(cyt) = 0.46 (0.23 – 1.43)). Moreover, the treatment 

with either unstimulated as well as cytokine stimulated EVs significantly enhanced the 

expression of PD-L1, CD14 and the macrophage mannose receptor 1 (CD206) in comparison 

to the PBS treated control (median normalized MFI PD-L1 (range): PBS = 1.08 (0.85 – 1.31); 

EVs = 1.77 (0.84 – 3.6); EVs(cyt) = 2.07 (1.29 – 7.51); median normalized MFI CD14 (range): 

PBS = 0.91 (0.55 – 1.12); EVs = 1.40 (0.38 – 2.00); EVs(cyt) = 1.52 (0.51 – 1.93); median 

normalized MFI CD206 (range): PBS = 0.94 (0.64 – 2.24); EVs = 1.96 (0.95 – 5.22); EVs(cyt) = 

3.82 (1.37 – 6.95); Figure 35B). 
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Figure 35: CD14+ cells changed significantly their phenotype after interaction with EVs. 
PBMCs were seeded in 96-well plates (3x105 cells/well) and treated with 12 µg/mL unstimulated (EVs), cytokine 
stimulated EVs (EVs(cyt)), PBS in equal volumes as EVs (PBS), or they were left untreated (un). After three days, 
cells were harvested and analysed by flow cytometry. (A): The frequency of CD14+ cells in unstimulated PBMC 
cultures is shown as representative flow cytometry plots (left) and as summarized individual data as median with 
range (right; n = 13; six different CardAP donors; 9 different PBMC donors). (B): The expression as geometrical 
mean fluorescence (MFI) was determined on CD14+ cells in unstimulated PBMC cultures for HLA-DR, CD86, 
CD163, PD-L1, CD206, and CD14. The obtained MFI values were normalized to the respective unstained sample. 
The individual normalized MFIs are displayed as median with range (n = 10 – 13; at least five different CardAP 
donors; seven different PBMC donors). Statistical analysis was performed by Friedman´s test with Dunn´s multiple 
comparison post hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001). Unstimulated and cytokine stimulated EVs do not 
only enhance the frequency of CD14+ cells but also change the expression profile of different surface molecules 
on CD14+ cells. 

In order to unravel whether EV-primed CD14+ cells contribute to the previously observed 

immunomodulation, the immune modulation assay was adjusted. For that purpose, immune 

responses of purified CD3+ T cells were provoked with anti-CD3 either in a monoculture set-

up or as co-culture set-up together with CD14+ cells that interacted with isolated EVs two days 

prior to an assay. Additionally, purified CD3+ T cell monocultures treated with isolated EVs 

simultaneously with the stimulating agent served as control. Monocultures of CD3+ T cells 

treated with either unstimulated or cytokine stimulated EVs exhibited comparable normalized 
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CD4+ or CD8+ T cell proliferation levels compared with the PBS control (median normalized 

CD4+ T cell proliferation: PBS = 0.957; EVs = 0.960; EVs(cyt)= 0.988;  median normalized CD4+ 

T cell proliferation: PBS = 0.975; EVs = 0.936; EVs(cyt) = 0.939; Figure 36A). On the contrary, 

co-cultures of CD3+ T cells together with EV-primed CD14+ cells resulted in a significant 

reduction of normalized CD4+ as well as CD8+ T cell proliferation, while cytokine stimulated 

EVs showed a greater influence than their unstimulated counterpart (median normalized CD4+ 

T cell proliferation (range): PBS =1.029 (0.951 – 1.056); EVs = 0.946 (0.835 – 1.005); EVs(cyt) = 

0.923 (0.839 – 0.987); median normalized CD4+ T cell proliferation (range): PBS = 1.017 (0.941 

– 1.035); EVs = 0.945 (0.916 – 1.008); EVs(cyt) = 0.932 (0.835 – 0.986); Figure 36B). 

 
Figure 36: EVs diminished T cell 
proliferation of purified CD3+ T cells 
solely in the presence of CD14+ cells. 
By MACS purified CD14+ and CD3+ cells 
from isolated PBMCs were cultured in 6-
well plates for two days. CD14+ cells (1x106 

cells/well) were additionally treated with 12 
µg/mL unstimulated (EVs) or cytokine 
stimulated (EVs(cyt)), PBS in equal volume 
of the EVs (PBS), or they were left 
untreated, while CD3+ cells were labelled 
with CFSE and left untreated (1x106 

cells/well). Afterwards, CD14+ cells were 
co-cultured one to five with CD3+ T cells 
and stimulated with anti-CD3. As control, 
monocultures of CD3+ T cells were 
stimulated with anti-CD3 and additionally 
treated with 12 µg/mL EVs, EVs(cyt), PBS 
in equal volume of the EVs, or left 
untreated. After three days, the cells were 
harvested and analysed by flow cytometry. 
(A-B): Representative flow cytometry plots 
display the frequencies of proliferated 
CD4+ and CD8+ T cells in anti-CD3 
stimulated monocultures of CD3+ cells (A) 
or co-cultures of CD3+ and EV-primed 
CD14+ cells (B). The T cell proliferation 
frequencies were normalized to the 
untreated control. These obtained 
normalized proliferation of CD4+ and 
CD8+ T cells in anti-CD3 stimulated 
monocultures of CD3+ cells (A) or in co-
culture CD3+ and EV-primed CD14+ cells 
(B) is presented for the three treatments as 
median with data range (n = 8 - 6; five 
differ-rent CardAP donors; five differ-rent 
PBMC donors). Statistical analysis was 
performed by Friedman´s test with Dunn´s 
multiple comparison post hoc test (*p < 0.05; 
**p < 0.01; ***p < 0.001). Unstimulated 
and cytokine stimulated EVs diminished T 
cell proliferation in a CD14+ cell dependent 
manner. 
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Coherently, the concentrations of released pro-inflammatory cytokines, namely IFNγ as well as 

TNFα, were diminished in co-cultures of CD3+ T cells with EV-primed CD14+ cells but not in 

the monoculture setting of CD3+ T cells (Figure 37A, B). Treatment with cytokine stimulated 

EVs significantly reduced the level of both cytokines in co-cultures, while unstimulated EVs 

exhibited solely a trend for reduced concentrations in comparison to the PBS control (median 

IFNγ concentration (range): PBS = 11.74 (3.62 – 17.62) µg/mL; EVs = 10.28 (0.24 – 10.74) 

µg/mL; EVs(cyt) = 3.87 (2.06 – 6.36) µg/mL; median TNFα concentration (range): PBS = 2.56 

(1.73 – 4.30) µg/mL, EVs = 2.21 (0.58 – 4.35) µg/mL, EVs(cyt) = 1.41 (0.74 – 2.95) µg/mL; 

Figure 37B). Interestingly, the IL-10 level was found to be significantly reduced in co-cultures 

with CD14+ cells that were primed by cytokine-stimulated EVs, whereas active TGFß was 

detectable on very low levels (median IL-10 concentrations (range): PBS = 322 (246 – 370) 

pg/mL; EVs = 286 (77 – 339) pg/mL; EVs(cyt) = 152 (97 – 279) pg/mL; Figure 37B). In anti-

CD3 stimulated CD3+ T cell monoculture neither pro-inflammatory nor anti-inflammatory 

cytokines were altered upon treatment with isolated EVs (median active TGFβ concentrations: 

PBS = 3.93 pg/mL, EVs =5.38 pg/mL, EVs(cyt) = 7.20 pg/mL; median TNFα concentrations: 

PBS =142.50 pg/mL; EVs = 90.89 pg/mL; EVs(cyt) = 116.00 pg/mL; median IL-10 

concentrations: PBS = 15.81 pg/mL; EVs = 9.89 pg/mL; EVs(cyt) = 11.93 pg/mL; median IFNγ 

concentration: PBS = 3.27 µg/mL, EVs = 2.89 µg/mL, EVs(cyt) = 4.09 µg/mL; Figure 37A). 
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Figure 37: EVs attenuate anti-CD3 
induced pro-inflammatory cyto-kine 
release only in co-cultures of CD14+ cells 
with CD3+ T cells but not in monocultures 
of CD3+ T cells. 
By MACS purified CD14+ and CD3+ cells 
from isolated PBMCs were cultured in 6-well 
plates for two days. CD14+ cells (1x106 

cells/well) were additionally treated with 12 
µg/mL unstimulated (EVs) or cytokine 
stimulated (EVs(cyt)), PBS in equal volume of 
the EVs (PBS), or they were left untreated, 
while CD3+ cells were labelled with CFSE and 
left untreated (1x106 cells/well). Afterwards, 
CD14+ cells were co-cultured one to five with 
CD3+ T cells and stimulated with anti-CD3. 
As control, monocultures of CD3+ T cells 
were stimulated with anti-CD3 and 
additionally treated with 12 µg/mL EVs, 
EVs(cyt), PBS in equal volume of the EVs, or 
left untreated. After three days, the 
supernatants were collected and cytokine 
concentrations were analysed by ELISA 

(IFNγ, active TGFβ) or by Multiplex bead-

based assays (IL-10, TNFα). (A-B): 
Concentrations for all tested cytokines are 
presented for anti-CD3 stimulated 
monoculture of CD3+ T cells (A) or co-
cultures of CD3+ T cells with CD14+ T cells 
(B) as median with data range (co-culture: n = 
6 - 7, five different CardAP donors, five 
different PBMC donors; monoculture: n = 7 - 
11; four different CardAP donors, four 
different PBMC donors). Statistical analysis 
was performed by Friedman´s test with 
Dunn´s multiple comparison post hoc test (* p 
< 0.05; ** p < 0.01). Pro-inflammatory 
cytokines were solely significantly reduced in 
anti-CD3 stimulated co-cultures of CD3+ T 
cells and CD14+ cells that were primed by 
cytokine stimulated EVs, while the 
corresponding culture with unstimulated EVs 
showed a likewise tendency.  

 

Additionally it was observed that the frequency of regulatory T cells was significantly enhanced 

in co-cultures with EV-primed CD14+ cells in comparison to the control setting of PBS-treated 

CD14+ cells (median frequency of Tregs (range): PBS = 3.39 (2.19 – 5.63) %; EVs = 4.65 (2.87 

– 8.42) %; EVs(cyt) = 4.43 (3.10 – 7.44) %; Figure 38A, B). Analysis of supernatants of the 

primed CD14+ cells showed that interleukin 1 receptor antagonist (IL-1RA) was significantly 

enhanced, while IL-1β, IFNγ and IL-10 were not detectable in those supernatants (median IL-

1RA concentrations (range): PBS = 236.7 (35.4 – 331.9) pg/mL; EVs = 330.5 (56.91 – 384.3) 

pg/mL; EVs(cyt) = 331.1 (39.6 – 397.1) pg/mL; Figure 38C). 
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Figure 38: The frequency of 
regulatory T cells is enhanced in 
anti-CD3 stimulated co-cultures of 
CD3+ cells with EV-primed CD14+ 
cells. 
By MACS purified CD14+ and CD3+ 
cells from isolated PBMCs were 
cultured in 6-well plates for two days. 
CD14+ cells (1x106 cells/well) were 
additionally treated with 12 µg/mL 
unstimulated (EVs) or cytokine 
stimulated (EVs(cyt)), PBS in equal 
volume of the EVs (PBS), or they 
were left untreated, while CD3+ cells 
were labelled with CFSE and left 
untreated (1x106 cells/well). 
Afterwards, CD14+ cells were co-
cultured one to five with CD3+ T cells 
and stimulated with anti-CD3. As 
control, monocultures of CD3+ T 
cells were stimulated with anti-CD3 
and additionally treated with 12 
µg/mL EVs, EVs(cyt), PBS in equal 
volume of the EVs, or left untreated. 
After three days, cells were analysed 
by flow cytometry. (A) Representative 
flow cytometry plots display the 
frequencies of regulatory T cells 
(single viable CD4+CD127-

CD25+Foxp3+ cells) in anti-CD3 stimulated co-cultures of CD3+ cells and CD14+ cells primed with PBS (left), 
EVs (middle) or EVs(cyt) (right). (B): Quantification of regulatory T cell frequency is shown for the individual 
frequencies as median with data range for the three different treatments (n = 6; four different CardAP donors; four 
different PBMC donors). (C): The supernatants of EV-primed CD14+ cells were investigated for the concentration 
of released IL-1RA, which is shown for the individual concentrations as median with data range (n = 7, four 
different CardAP donors, four different PBMC donors). Statistical analysis was performed by Friedman´s test with 
Dunn´s multiple comparison post hoc test (***p < 0.001, **p < 0.01, *p < 0.05). Unstimulated and cytokine 
stimulated EVs enhanced the release of IL-1RA by CD14+ cells and the frequency of regulatory T cells in co-
cultures of CD3+ cells and EV-primed CD14+ cells. 
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5. Discussion 
New therapeutic approaches with disease reverting properties are desperately needed to limit 

and evade the health-related but also sociological and economical burdens of CVDs. Different 

pre-clinical trials demonstrated that the application of diverse regenerative cells exhibited 

desirable effects including the inhibition of apoptosis, the modulation of pro-inflammatory 

immune responses, and the significant improvement of cardiac function [11,14,16,34,62,70]. 

However, clinical trials failed to reproduce the promised therapeutic potential or solely just 

demonstrated limited therapeutic success of some already tested regenerative cells, namely, bone 

marrow mononuclear cells, MSCs, and CPCs, in patients suffering from ischemic heart diseases 

[61,69,71,72]. Mechanistic analysis revealed that not the previously hypothesized integration of 

the cell itself into the damaged tissue contributed to the beneficial effects but rather paracrine 

mediators released by the applied cell source [78–80]. Thorough analysis of the conditioned 

medium disclosed that the contained EVs were the major driving force to diminish symptoms 

in animals suffering from myocardial infarction or other ischemic diseases [37,101,103,125–

127]. Since a pro-angiogenic feature was observed for the conditioned medium of CardAP cells 

[64], it seems likely that this regenerative cell type uses also a paracrine mechanism.  

In this thesis we assessed whether CardAP cells release EVs suitable for an allogenic cell-free 

approach to treat CVDs by performing a series of in vitro studies. For that purpose, EVs were 

isolated by differential centrifugation from the conditioned medium of CardAP cells cultivated 

either in the presence or absence of a pro-inflammatory cytokine cocktail. It was not clear yet 

under which condition CardAP cells release regenerative EVs. For that reason we chose these 

two EV biogenesis conditions, because CardAP cells exhibited immune modulating, anti-

apoptotic and in vivo cardio protective capacity [13,60,65] but not their pro-angiogenic effect 

[13,64] in an inflammation driven milieu. Furthermore, the immune modulating capacity of 

MSCs, cardiac derived cells and especially EVs from MSCs was boosted by pro-inflammatory 

stimulation [104,128–131]. It has to be highlighted that in order to avoid contaminations of EVs 

from the serum source, expansion of CardAP cells as well as all functional assays were 

consequently performed with centrifuged human serum. Additionally, any serum source was 

omitted during their EV biogenesis. For that reason, it can be excluded that further discussed 

experimental data are influenced by contaminations of EVs from a serum source. 

5.1 Does the biogenesis condition affect CardAP cells to release 
EVs with different characteristics? 

The general success of the performed EV isolation procedure could be confirmed by different 

observations, such as the visualization of small vesicular lipid bilayer structure by TEM or the 

detection of typical transported molecules, such as proteins and miRNAs, in generated and 

tested EV preparations. It was also observed that one million CardAP cells released comparable 

quantities of EVs despite of the applied biogenesis condition as neither protein amount nor 

particle concentrations differed between unstimulated and cytokine stimulated EV preparations 

(Figure 14). Studies from MSC EVs emphasize that the efficacy always needs an individual 

examination and do not follow a general pattern upon cytokine stimulation, as results range 
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from similar [107] or higher [132] protein content of EVs from IFNγ stimulated MSCs to a 

lower particle concentrations upon IFNγ/TNFα stimulation of MSCs [130]. 

In accordance with the guidelines from the international society of extracellular vesicles (ISEV) 

[83,85,89,133], it was indeed possible to detect anticipated EV proteins from different cellular 

locations in unstimulated as well as cytokine stimulated EVs from CardAP cells by flow 

cytometry or LC/ESI-MS. Three tetraspanins, namely CD9, CD63, and CD81, as well as 

different integrin proteins, such as CD29 or ITAV, are just some representatives from detected 

transmembrane proteins, while syntenin and proteins of the annexin family exemplify cytosolic 

proteins (Figure 15 and 16). Also, non-EV categorized proteins were co-isolated in our EV 

preparations as observed by the detection of fibronectin by LC/ESI-MS. Importantly, an 

intracellular protein, namely GM-130, was not detectable in unstimulated and cytokine 

stimulated EVs neither by flow cytometry nor LC/ESI-MS. The lack of GM-130 is especially 

vital when taking into consideration that CardAP cells displayed an increase of about 4% late 

apoptotic cells upon cytokine stimulation in comparison to its expansion medium. Although 

this mild apoptosis was induced, it seems doubtful that isolated EV preparations are containing 

apoptotic bodies. Firstly, GM-130 was solely detectable in apoptotic body fractions (Figure 9) 

but not in further investigated EV preparations (Figure 15). Secondly, diameters of EV 

preparations never grasped the size of an apoptotic body (d > 1,000 nm) as 875.8 nm was the 

biggest determined diameter of isolated EVs.  

A study by Jeppsesen et al. in 2019 achieved a better understanding about proteins transported 

by small EVs and their co-contaminations as a non-exosomal compartment from EV 

preparations derived from glioblastoma or colon cell lines [90]. Proteins of EVs from CardAP 

cells identified by LC/ESI-MS were composed of both the small EV (e.g. annexinA2/V, 

syntenin-1, ALIX, HSC70, aldolase A, enolase 1, CD73, ITGB1, or ITAV) and the non-

exosomal compartment (e.g. GAPDH, MVP, calthrin, histone h2a, or fibronectin; see Figure 

16 and Appendix Table 1). This observation can be accredited as a consequence of our applied 

isolation procedure, which did not include a gradient or affinity step to separate both 

components exclusively. Furthermore, studies of manufactured liposomes or nanovesicles 

showed that they are surrounded by a shell of proteins, also referred to as corona, after being 

exposed to protein containing liquid, such as plasma/serum [134–136]. Yet, it is not clear 

whether the proteins of the non-exosomal compartment reflect corona proteins of EVs, since 

this subject just gained attention in the last years of EV research [137]. In context of the current 

study, it seems likely that isolated EVs from CardAP cells are also surrounded by a protein 

corona. Firstly, EVs are released into a protein containing solution, since CardAP cells release 

next to EVs also soluble proteins into their conditioned medium. Secondly, the applied 

differential centrifugation allowed the reduction of protein contaminations but not its separation 

from small EVs, as indicated by the detection of the previously mentioned fibronectin.  

Nevertheless, it was possible to allocate the majority of LC/ESI-MS identified proteins (n = 

156/186) of EVs from CardAP cells by String Database analysis to the extracellular exosome 

compartment, while some proteins, such as TNFα induced protein 3 or Rab-34, were exclusively 

observed for cytokine stimulated or unstimulated EVs, respectively. The pro-inflammatory 

cytokine cocktail already caused CardAP cells to enhance or even induce the expression of 



Chapter V                                                                                                                       DISCUSSION 

 

 

77 

 

immunological relevant proteins on its surface, such as PD-L1, PD-L2, CD54 or CD106 

(Figure 12). In contrast, their released EVs solely exhibited a significant upregulation of CD54 

on cytokine stimulated EVs as measured by flow cytometry, while other markers, such as 

PD-L1, remained underneath the detection limit or exhibited minor alterations upon cytokine 

stimulation. Interestingly, CD54 was also shown to be enriched on EVs from IFNγ/TNFα 

stimulated MSCs in comparison to their unstimulated counterpart [130]. In a different study, it 

was revealed that a blockage of CD54 or its receptor impaired interaction of EVs from bone 

marrow derived dendritic cells with dendritic cells of a different mice strain [138]. However, the 

importance of the upregulation of CD54 on EVs from regenerative cell sources is still elusive 

and needs further investigations. 

Striking differences between unstimulated and cytokine stimulated EVs from CardAP cells were 

determined with respect to their transported miRNAs by nCounter® miRNA expression assay, 

which was used to study nearly 800 different human miRNAs. Half of the identified miRNAs 

(102 out of 205 miRNAs) were observed to be present in both unstimulated and cytokine 

stimulated EVs. Unstimulated EVs solely exhibited 14 uniquely detected miRNAs, while 89 

miRNAs were exclusively observed in cytokine stimulated EVs (Figure 18). Though, results by 

qRT PCR elucidated that a previously exclusive cytokine stimulated miRNA, miRNA 494-3p, 

was also to a lower extent detectable in unstimulated EVs. For that reason, it cannot be ruled 

out that the high number of 89 exclusively transported miRNAs by cytokine stimulated EVs 

will be corrected after additional experiments, such as including more CardAP donors or 

verifying all results by qRT-PCR. Recent studies showed that the separation of small EVs from 

its co-isolated proteins correlated with the identification of RNA binding proteins in the non-

EV compartment [90,91]. Thus, additional changes in the isolation procedure of our CardAP 

EVs will enable the differentiation whether miRNAs belong to the small EV or non-EV 

compartment. Nonetheless, it can be excluded that artefacts of miRNA from the serum source 

or available serum free supplements as previously reported  were determined in the current 

miRNA assays due to the fact that EVs from CardAP cells were released in serum free IDH 

medium [139,140]. Interestingly, the pro-inflammatory cytokine stimulation, most likely the 

TNFα stimulation, can be retraced in affected genes by miRNAs from cytokine stimulated EVs, 

as they were significantly enriched in tumour necrosis factor related apoptosis inducing ligand 

(TRAIL) signalling than genes from detected miRNAs of unstimulated EVs (Figure 19). 

Corroborating evidence for CardAP cells altering their released EVs upon cytokine stimulation 

was obtained by measuring diameters of isolated EVs. Although the majority of EVs from both 

biogenesis conditions exhibited diameters of exosomes (d < 100 nm) as measured by TEM, 

cytokine stimulated EVs were found to have a significantly smaller mean diameter than their 

unstimulated counterpart (Figure 13). NTA results likewise showed that the majority of 

cytokine stimulated EVs were smaller than unstimulated EVs (Figure 13). However, solely a 

minority of EVs of both biogenesis conditions appeared in NTA to be smaller than 100 nm in 

their particle diameter. The discrepancy between determined diameters of NTA and TEM are 

reasoned by several factors. Firstly, our TEM protocol included a dehydration step, which 

causes the dehydration of naïve EVs that consequently appeared as sphere-like shapes. 

Secondly, NTA allows the measurement of all contained particles in the solution that are bigger 
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than 40 nm, which includes next to isolated EVs also aggregates of EVs with each other or with 

proteins, protein aggregates and dust particles. Thirdly and most importantly, isolated EVs from 

CardAP cells were not separated from their protein corona. While TEM allows the measurement 

of the vesicle itself through its lipid bilayer, NTA does not distinguish between EVs and their 

surrounding protein corona [141]. Most likely, NTA measurements are even greater influenced, 

as the diameter of particles are determined in an aqueous solution (here PBS), which additionally 

adds a hydrate shape. In contrast to our observation, IFNγ stimulated MSCs were observed to 

release EVs with larger mean diameters than unstimulated MSCs as determined by TEM [132]. 

But, the diameter distribution illustrates that stimulated EVs conveyed two unequally distributed 

peaks instead of a single peak as observed for their unstimulated counterpart. Comparing the 

main peak (≥ 75% of determined EVs), it also seems that stimulated EVs would be smaller than 

unstimulated EVs, similar to our result, even if a different cell source and different settings for 

the acquisition of EVs were chosen. In another study from 2020, EVs were generated from 

umbilical cord mesenchymal stromal cells cultured in the presence or absence of the same 

cytokine cocktail as CardAP cells and additionally under hypoxia or normoxia [142]. Further 

analysis did not display differences between diameters obtained by NTA, while TEM data were 

solely shown for hypoxic and normoxic unstimulated EVs without any quantification. 

Excitingly, this study applied a highly sensitive proximity extension array to elucidate cytokines 

and chemokines transported by isolated EVs. Here, it was demonstrated that cytokine 

stimulated MSCs release EVs independent of the oxygen levels with significantly increased 

protein expression levels for CSF-1, MCP4, IL-13, IFNγ, CXCL5, as well as significantly 

reduced levels of CXCL10 in comparison to their unstimulated counterpart. It remains to be 

investigated whether isolated EVs from CardAP cells display similar changes upon cytokine 

stimulation, since our performed ESI/LC-MS approach did not cover the determination of 

either cytokines or chemokines. 

It can be hypothesized that the determined differences between unstimulated and cytokine 

stimulated EVs from CardAP cells are a result of a shift in the proportion of different released 

small EV species. Studies from other groups support this theory. Herein, small EV preparations 

were subjected to an additional gradient separation (e.g. top to bottom vs. bottom to top) or 

tetraspanin affinity purification. Qualitative and quantitative proteomic analysis revealed that 

some proteins were exclusively detected in one separated EV subset, while most proteins were 

omnipresent in all separated EV subsets [88,143,144]. For that reason, it is assumed that the 

term small EVs or exosomes relates to a rather heterogeneous than homogenous population of 

EVs. Although we do not know yet how many different populations of small EVs will be 

necessary to be considered in future, yet the current study clearly underlines that the milieu 

during EV biogenesis of CardAP cells has significantly influenced the phenotype of the released 

EVs as well as their composition of transported miRNA molecules. 
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5.2 Do CardAP cells release EVs under both EV biogenesis 
conditions that have valuable properties for an allogenic 
approach to treat CVDs? 

In order to use the generated EVs from CardAP cells as a cell-free allogenic therapeutic 

approach, two requirements are essential for their future clinical application. On the one hand, 

EVs have to own properties that may contribute to the improvement of the heart cell function. 

On the other hand, the therapy needs to be safe for the prospective patients. The risk of an 

allogenic approach would especially be an adverse immune reaction between donor and 

recipient. In the current study, both issues were in depth analysed via different in vitro approaches 

and are discussed in the following. 

5.2.1 Could both isolated CardAP EVs enhance the cardiac function by 
preventing apoptosis of cardiomyocytes and supporting vascular 
nutrient supply?   

Some characteristics of the used cellular source for the further investigated EVs would already 

favour them as therapeutic tool for treating CVDs. CardAP cells exhibited low expression levels 

of CD90 with at least 73% of CD90neg. cells (Figure 12 and Table 9). This unique feature of 

an otherwise mesenchymal-like phenotype might be valuable for their therapeutic usage, since 

the reduction of scar sizes after myocardial infarction was negatively correlated with CD90 

expression of administrated CPCs [66]. In the present study, we showed that released EVs from 

CardAP cells also presented either no CD90 or just very low levels on their surface as 

determined by flow cytometry (Figure 15). For EVs from MSCs, Di Trapiani et al. documented 

also CD90 on their surface [130]. However, due to methodological differences (e.g. isolation, 

flow cytometry) it cannot be evaluated whether EVs from CardAP cells show lesser or 

comparable levels of CD90 than EVs from MSCs.  

Also other surface proteins, which indicated beneficial effects for their intended therapeutic use, 

were assessed on EVs from CardAP cells by flow cytometry. One of them was CXCR4 

(CD184), which was equally detected on unstimulated and cytokine stimulated EVs from 

CardAP cells (Figure 15). Interestingly, this chemokine receptor is capable of binding SDF-1α, 

which is an overexpressed factor in ischemic tissues [22]. Thus, the presence of CXCR4 on 

isolated EVs might be advantageous for their delivery towards ischemic cardiac tissue in vivo. In 

fact, it was shown by Ciullo et al. that the overexpression of CXCR4 by CPCs generated EVs 

with higher efficiency to interact with damaged cardiomyocytes in vitro than EVs from 

unmodified CPCs [126]. Moreover, these CXCR4 modified EVs reduced ischemia/reperfusion 

symptoms in vivo more sufficiently than their unmodified counterpart. Since apoptotic cells 

contribute significantly to the impairment of heart function [2], this plausible functional 

mechanism was also investigated in this study by measuring the impact of EVs derived from 

unmodified or modified CPCs on staurosporine induced apoptosis of HL-1 cells. In line with 

their in vivo observations, EVs derived from CXCR4-overexressing CPCs exhibited an even 

greater anti-apoptotic effect than EVs from unmodified CPCs. In the current study, we were 

also able to demonstrate anti-apoptotic effects of unstimulated and cytokine stimulated EVs 

from CardAP cells (Figure 23). In contrast to Ciullo et al., three different triggers were tested 
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to induce apoptosis of HL-1 cells. On the one hand, HL-1 cells were starved to mimic the 

lacking nutrient supply caused by myocardial infarction, or they were treated with hydrogen 

peroxide to induce ROS formation. This scenario happens as consequence of bypass surgeries, 

which foster cells to perish in the boarder zones of the myocardial infarction by a sudden 

increase of oxygen and subsequently an increased formation of ROS [38,39]. Both starvation 

and ROS induced apoptosis were equally reduced in HL-1 cells treated with either unstimulated 

or cytokine stimulated EVs from CardAP cells. On the other hand, HL-1 cells were infected 

with CVB3, which is not only able to cause apoptosis but also severe myocarditis in humans 

[145]. It was already shown that CardAP cells are able to diminish CVB3 induced apoptosis in 

vitro and in vivio [13]. In the present work, we discovered that unstimulated but not cytokine 

stimulated EVs from CardAP cells are capable to significantly reduce caspase 3/7 activity 

(Figure 23). It seems likely that CXCR4 does not play a major role in reducing CVB3 induced 

apoptosis, since unstimulated and cytokine stimulated EVs exhibited similar protein levels on 

their surface and therefore are unlikely the reason for this discrepancy. Nevertheless, future 

experiments applying overexpression or knockdowns can elucidate whether the anti-apoptotic 

effect of ROS or starvation stimulated HL-1 cells are CXCR4 dependent. Other proteins 

identified in EVs from CardAP cells could also contribute to their anti-apoptotic effect. Heat 

shock proteins (HSP), namely HSP70 and HSP90, were identified in unstimulated as well as 

cytokine stimulated EVs from CardAP cells by LC/ESI-MS (Appendix Table 1). These two 

proteins have been shown to reduce the extrinsic apoptotic pathway of cells by different means, 

like promoting NF-κB activity, inhibition of pro-inflammatory cytokines or ROS-mediated 

apoptosis, including binding of apoptotic protease activating factor 1 (ARAF1) or other pro-

apoptotic factors to inhibit the respective signalling function [146]. Additionally, not only 

proteins but also miRNAs transported by EVs can transmit anti-apoptotic signalling in recipient 

cells. As such, a recent study revealed that murine MSCs transfected with miR-320d generated 

EVs that were capable to diminish apoptosis in a STAT3-dependent manner [147]. Interestingly, 

in this study apoptosis was induced in mice via atrial fibrillation and the isolated murine 

cardiomyocytes were afterwards treated with EVs. In the present study, this particular miRNA 

was also found in EV preparations from CardAP cells, while being predominantly detected in 

cytokine stimulated than in unstimulated EVs (Appendix Table 2). But further investigations 

are needed to elucidate whether this miRNA-320d or other miRNAs play a role in the working 

mechanism of EVs from CardAP cells to reduce apoptosis. However, it seems unlikely to reduce 

their anti-apoptotic effect to a single transported molecule after several molecule classes were 

identified in isolated EVs from CardAP cells.  

It could be argued that solely the detection of miRNAs in our isolated EVs is not enough 

evidence to proof their actual involvement in beneficial effects, since miRNAs need to be 

transferred into a recipient cell for influencing the transcription of proteins. In order to gather 

a better insight of EV-cell interaction, we established a novel methodology in EV research to 

define between uptake and surface interaction of EVs with cells. At first, we performed time 

series experiments with fluorescently labelled EVs (DiD+ or PKH26+ EVs). In accordance to 

previous studies [40,148,149],  an interaction with recipient cells was visualized by tracking the 

fluorescence signal in recipient cells by flow cytometry (Figure 20) or microscopy (Figure 21). 

In addition, the signal of labelled EVs amplified in treated cells over time and reached a plateau 
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after one day. The corresponding dye control did not exhibit a likewise effect, which is very 

crucial due to the fact that dyes, such as the utilized PKH26, were shown to form vesicle-like 

compartments and subsequently can cause false positive signals [148]. We also observed that 

the interaction of EVs took place independently of the species of the recipient cell and with a 

comparable efficacy. In a second step, we conducted an interaction study of the isolated human 

EVs with murine cell lines to answer whether EVs have crossed the plasma membrane of the 

recipient cell. Therefore, common methods for intracellular staining of transcription factors and 

extracellular staining of surface proteins were used to measure after one day human proteins 

within or on murine cells, respectively. Due to the initial phenotypic EV characterization it was 

already known that unstimulated and cytokine stimulated EVs present certain proteins, such as 

CD63 (Figure 15). It was indeed possible to detect these EV-originating proteins rather within 

than on the surface of murine cells treated with EVs (Figure 22). These observations would 

advocate for an internalization of CardAP EVs, which consequently would allow the delivery 

of their transported miRNAs to their cellular site of action.  

The intracellular uptake of isolated EVs from a human cardiac cell type does not appear to be 

limited to murine cells. This conclusion can be drawn from another investigated regenerative 

feature. In fact, unstimulated and cytokine stimulated EVs significantly enhanced in vitro tube 

formation capabilities of HUVECs by enhancing the release of different pro-angiogenic factors 

(Figure 25 and 26). One of the determined factors was VEGF, which was significantly 

enhanced by HUVECs treated with unstimulated EVs but not with cytokine stimulated EVs. 

Interestingly, unstimulated EVs were also observed to show significantly enriched miRNA 

302d-3p levels compared to cytokine stimulated EVs by miRNA expression assay and qRT PCR 

(Figure 18). A study from Jiang et al. demonstrated that this precise miRNA possessed pro-

angiogenic features [150]. Here, it was shown that HUVECs increased in response to miRNA 

302d-3p their tube formation capabilities and release of VEGF, which could be abolished by 

siRNA and specific pathway inhibitors. In context of the current study, one could assume that 

the higher copy number of miRNA302d-3p in unstimulated EVs correlates to their induced 

amplified VEGF release by HUVECs. Subsequently, this would imply that EVs from CardAP 

cells and their transported miRNAs were indeed internalized by the influenced human 

endothelial cells.  

Next to VEGF also IL-6 and IL-8 were investigated in the current study to elucidate the pro-

angiogenic effect from CardAP EVs, because all three factors were already described to support 

angiogenesis as well as being involved in EV transmitted pro-angiogenic effects [95,151,152]. 

Unstimulated EVs from CardAP cells mediated not only a significant increased release of VEGF 

by HUVECs in vitro but also of IL-6 (Figure 26). In contrast, cytokine stimulated EVs induced 

a significantly enhanced release of IL-6, IL-8 and solely a trend of augmented VEGF release by 

HUVECs (Figure 26). The fact that HUVECs also tended to release more VEGF under the 

treatment with cytokine stimulated EVs would further implicate the involvement of their 

transported miRNA 302-3p. This miRNA was found to be present in cytokine stimulated EVs, 

however, to a significantly lower amount than in unstimulated EV preparations (Figure 18). It 

has to be addressed in future experiments whether the induction of different pro-angiogenic 

factors is related to the tendency of cytokine stimulated EVs to enhance tube formation abilities 
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of HUVECs to a lesser extent than unstimulated EVs. Up to now, it could only be shown in 

the current study that the supplementation with VEGF resulted in enhanced tube formation 

capabilities of HUVECs in comparable manners as EV treatment (Figure 27). In addition, it 

cannot be excluded that HUVECs released other angiogenesis influencing factors after 

treatment with EVs from CardAP cells. In that case it would be intersting to investigate known 

supporters of angiogenesis, such as the epidermal growth factor or the platelet-derived growth 

factor (PDGF) [95,153]. Nonetheless, it has not yet been shown that for differently derived EVs 

from either cardiac cells or MSCs induce the release of different pro-angiogenic factors by 

HUVECs or other endothelial cells. 

It seems once more unlikely that a single molecule is exclusively accountable for this determined 

regenerative feature of EVs from CardAP cells. For instance, the miRNA repertoire impacting 

angiogenesis is not limited to miRNA 302-3p. Also, other candidates were determined in 

isolated EVs from CardAP cells, which included miRNA 146a-5p, 132-3p, 125a, 214, 126, and 

miRNA 210 (Figure 18 and Appendix Table 2). These miRNAs were already shown by other 

groups to impact angiogenesis via different ways, such as increased VEGF release, expression 

of PDGF receptor, or suppressing GTPase activating proteins RASA1 [36,154–156]. 

Interestingly, a miRNA with inconsistent roles in angiogenesis, namely miRNA 494-3p, was 

observed to be enriched in cytokine stimulated EVs as determined by nCounter® miRNA 

expression assay and qPCR (Figure 18). It is not clear under which condition this miRNA 

enhances or inhibits angiogenesis [157,158]. Neither is clear what function the miRNA executes 

in isolated EVs from CardAP cells or whether it might be accountable for the inferior pro-

angiogenic effect of cytokine stimulated EVs in comparison to unstimulated EVs. Beyond that, 

the angiogenesis supporting feature of CardAP EVs could also be facilitated by their transported 

proteins. One example is the tetraspanins CD63, which was detected on equally high levels on 

unstimulated and cytokine stimulated EVs by flow cytometry (Figure 15). Tugues et al. showed 

that the loss of CD63 expression in endothelial cells resulted in disturbed sprouting and tube 

structure formation during angiogenesis due to the missing promoting activity of CD63 to form 

complexes between VEGFR2 and Integrin ß1 [159]. It could be hypothesized that the uptake 

of CardAP EVs and their presented CD63 by HUVECs might be another plausible mechanism 

how an increased tube structures were induced. Although several other proteins, such as 

endoglin, neuropilin, Rab-13, or tenascin, to name just a few, in EVs from CardAP cells could 

be listed as proteins with angiogenesis supportive features as detected by LC/ESI-MS 

(Appendix Table 1), one particular protein attracted attention in the context of a regenerative 

approach using our isolated EVs. The carbohydrate-binding protein galectin 1 was confirmed 

to be equally present on unstimulated and cytokine stimulated EVs from CardAP cells as 

determined by flow cytometry as well as LC/ESI-MS (Figure 15 and 16). This protein does not 

only play a role in enhancing angiogenesis, migration, and growth but also in modulating 

immune responses [160–164]. An immune modulating feature would be a great benefit for a 

therapeutic approach, such as the application of allogenic EVs, to treat MI, heart failure or other 

CVDs involving a chronic inflammation [165]. This is reasoned by the fact that prolonged or 

chronic inflammation severely opposes the regenerative process in damaged cardiac tissue [27]. 

Hence, a reduced inflammatory milieu in the damaged cardiac tissue would subsequently 

increase the regenerative process and eventually also the cardiac function. 
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5.2.2 Could both isolated CardAP EVs enhance the cardiac function by 
modulating inflammatory immune responses?    

In order to investigate this important feature for the intended allogenic approach, the interaction 

of EVs from CardAP cells with cells of the immune system and their impact on key immune 

responses was analysed in detail by different in vitro settings.  

Indeed, a significantly reduced inflammatory immune response profile was observed for PBMCs 

treated with either unstimulated or cytokine stimulated EVs from CardAP cells when their T 

cell was engaged via the simultaneous application of anti-CD3. The main effects included next 

to reduced CD4+ and CD8+ T cell proliferation (Figure 31), increased frequencies of regulatory 

T cells (Figure 32), also reduced concentrations of pro-inflammatory cytokines, and enhanced 

concentrations of anti-inflammatory cytokines (Figure 33). Herein, cytokine stimulated EVs 

presented by trend a stronger attenuating effect on induced immune responses than their 

unstimulated counterpart. Furthermore, the immune modulating capability of EVs from 

CardAP cells does not seem to depend on the immune stimulating agent, since similar effects 

regarding cytokine profile and T cell proliferation have also been demonstrated in lectin 

stimulated PBMC cultures (Appendix Figure 1).   

In general, it is controversially discussed how EVs from regenerative cells influence T cell 

proliferation in induced immune responses, since they were shown to diminishing or unchanged 

the induced proliferation [62,105,107,109,110,127,130,166]. Despite heterogeneities within 

studies, likr different EV isolation procedures, assay settings, or sources of immune cells, all 

studies documented lowered pro-inflammatory cytokine concentrations of at least one of the 

following cytokines: IFNγ, TNFα, IL-1β, or IL-17 [108,127,130,167]. In accordance, EVs from 

CardAP cells were also significantly reducing the concentration of IFNγ, TNFα and by trend 

also IL-1ß (Figure 33). Moreover, EV treatment resulted in significantly enhanced 

concentrations of active TGFß, while cytokine stimulated EVs also significantly accelerated 

another anti-inflammatory cytokine, namely IL-10, in those induced immune responses (Figure 

33). Elevated IL-10 and TGFß concentrations are a well-described phenomenon in studies of 

stimulated immune cells treated with EVs from MSCs or glioma stem cells [108,110,166]. In vivo 

studies of CardAP cells itself documented that their application already enhanced IL-10 

concentrations [60], which in light of the current study seems to be facilitated in a paracrine 

manner by their released EVs.  

Furthermore, galectin 1 may play a crucial role in all these cumulative immune modulating 

observations. For example, Gieseke et al. revealed that otherwise immune modulating MSCs 

failed to reduce T cell proliferation or pro-inflammatory cytokine release in induced immune 

responses of PBMCs in vitro when their galectin-1 expression was abolished [164]. Moreover, 

the binding of galectin 1 to an early activation marker on T cells, namely CD69, was shown to 

initiate a signalling cascade that leads to the promotion of regulatory T cell development and 

reduced pro-inflammatory Th1/Th17 T cell activation as recently reviewed [168]. A likewise 

shift in the T helper cell population can be hypothesized for the treatment of stimulated PBMC 

cultures with EVs from CardAP cells. This is supported on the one hand by reduced pro-

inflammatory cytokine concentrations, which may originate from pro-inflammatory Th1/Th17 
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population. On the other hand, it was possible to show significantly increased frequencies of 

regulatory T cells (CD3+ CD4+ CD127- CD25++ Foxp3+ cells) upon treatment with CardAP EVs 

(Figure 32). The increased levels of IL-10 and active TGF-ß in anti-CD3 stimulated PBMC 

cultures upon CardAP EV treatment already hinted towards a possible increase of regulatory T 

cells, because both cytokines are known to be highly expressed by this certain T cell subset 

[169,170]. The application of CardAP cells itself in an angiotensin II systolic heart failure model 

significantly increased the number of regulatory T cells [60]. Taking results from the current 

study into consideration, it seems plausible that CardAP cells facilitated this effect also in a 

paracrine manner. Nevertheless, it is not a novel observation that EVs from regenerative cells 

boost regulatory T cell frequencies in immune cell cultures, as several studies illustrated this 

feature for EVs from MSCs [108,127,167]. However, our present study demonstrated that 

CD14+ immune cells are essential for the immune modulating feature of cardiac derived  EVs. 

CD14+ cells were not only observed to be the major recipient of fluorescently labelled EVs from 

CardAP cells in unstimulated PBMC cultures (Figure 34), but also that their surface expression 

profile changed significantly after exposure to EVs. Those changes included the significant 

upregulation of CD14, PD-L1, CD206 as well as the significant downregulation of HLA-DR, 

CD86, and CD163 (Figure 35). Co-cultures of fluorescently labelled MSCs with PBMCs in a 

trans-well culture system already showed that CD14+ cells are the main immune cell population 

that exhibited fluorescence signals of paracrine released factors from MSCs [130]. This 

observation was further corroborated by results from interaction analysis of isolated EVs from 

MSCs with PBMCs [108]. Moreover, studies from other groups presented similar changes of 

CD14 expressing monocytes or macrophages on protein or mRNA level of at least one of the 

above mentioned markers upon treatment with EVs from glioma stem cells [166] or MSCs 

[109,171]. IT for example includes the significantly increased CD206 expression on isolated 

macrophages upon treatment with EVs from MSCs [171]. Already the phagocytosis of MSCs 

shifted the monocyte phenotype towards a similar immune regulatory phenotype with higher 

mRNA expression levels for PD-L1 and CD206 [172]. Likewise, in a study by Dam et al. the co-

culturing of human CPCs with monocytes led to a significantly reduced expression of HLA-DR 

and CD86 [70]. Although the findings on those two proteins match our observations, a 

contrarily decreased expression for CD206 on the surface of monocytes was determined. 

Whether this observation is a consequence of a direct cell-cell interaction needs further 

exploration. However, it seems likely in reflection to our results that CPCs preferentially use a 

paracrine mechanism to downregulate HLA-DR and CD86. Interestingly, the study from Dam 

et al. also observed that the down-regulation was facilitated independent of a IFN pre-treatment 

of CPCs [70], which is consistent with our results of isolated EVs from a different regenerative 

cardiac cell type. The so far described in vitro effects were also possible to be verified in in vivo 

models by the application of MSC EVs [171]. Here, markers characteristic for anti-inflammatory 

macrophages, referred to as M2-type macrophages, were increased after the treatment with MSC 

EVs in a murine cardio-toxin induced injury model. Furthermore, the enhanced regenerative 

potential of skeletal muscles was associated with the induction of those macrophages by MSC 

EVs. 
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In the present study, also the treatment of CD14+ cells with either unstimulated or cytokine 

stimulated CardAP EVs induced a phenotype similar to anti-inflammatory macrophages. First 

of all, we did not hindered the differentiation of CD14+ cells within unstimulated PBMC 

cultures towards macrophages, which was for example prevented by others via blocking the 

adherence of monocytes to the tissue culture plate [172]. Secondly, the changed expression of 

surface proteins would support evidence of an M2-type of the CD14+ cells (Figure 35). In 

accordance to our flow cytometry results, other studies showed that M2-type macrophages 

significantly increased CD14 itself on mRNA level, significantly reduced the surface expression 

of HLA-DR and CD86, while expressing higher amounts of surface CD206 and PD-L1 

[30,31,43,173,174]. In the current study, the scavenger receptor CD163 was found to be 

significantly reduced in its expression. This observation does not necessarily contradict an 

induction of M2-type macrophages by CardAP EVs, since this receptor is not restricted to this 

macrophage subset [175]. Thirdly, PBMC cultures demonstrated significantly elevated IL-10 

concentrations when exposed to isolated CardAP EVs (Figure 33). This anti-inflammatory 

cytokine was shown to promote the polarization of M2-type macrophages and fibroblast 

activation in vivo [29]. Moreover, a rather anti-inflammatory environment is illustrated when 

taking into account that pro-inflammatory cytokines, such as IFNy, were not detectable in these 

immune cell cultures. Further evidence for a provoked M2-type macrophage type is provided 

by the treatment of purified CD14+ cells with isolated CardAP EVs. Although IL-10 was not 

detectable under a shorter treatment period, a significantly enhanced release of IL-1RA (Figure 

38) and a likewise phenotypical change (Appendix Figure 2) was determined for cultures of 

purified CD14+ cells treated with CardAP EVs. The immunosuppressive molecule IL-1RA is 

described to be used by M2-type macrophages itself [30] as well as by MSCs to polarize 

macrophages towards this macrophage type [176]. Overall, it would be advantageous for a 

potential therapeutic approach of CardAP EVs to facilitate a M2-type polarization, because 

these macrophages not only secrete anti-inflammatory cytokines and chemokines but also 

growth factors [177]. Moreover, it was shown that these macrophages and their released factors 

enhanced the myocardial repair including via resolved inflammation [28,29,178,179]. Despite of 

all these beneficial effects, further studies must be conducted to clarify the extent to which they 

have the potential to induce unwanted fibrosis. As such, it was shown for CD206+ macrophages 

to promote fibrosis [180], which can have detrimental effects on the heart function by enhanced 

stiffness of the tissue [45].   

This raises the question how CardAP EVs facilitated the M2-type macrophage polarization. 

Again, the identified galectin-1 on CardAP EVs may play a role, as monocytes or macrophages 

significantly diminished HLA-DR expression, diminished their NO and IL-6 release, and 

increased arginase release even in the presence of IFNγ stimulation when the medium was 

supplemented with galectin-1 [181,182]. In order to investigate whether galectin-1 transported 

by CardAP EVs contribute to the changes of CD14+ cells, competitive binding assays were 

performed by supplementing the culture medium with thiodigalactoside (TDG). It was already 

shown that the binding of TDG to galectin-1 supresses its feature in tumor progression or in 

the fat metabolism of adipocytes in vivo [183,184]. Although the expression of HLA-DR could 

be restored and even elevated in CD14+ cells treated with CardAP EVs by TDG addition, it 

cannot be concluded that galectin-1 inhibition was the trigger (Appendix Figure 2). This is 
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reasoned by the fact that already the treatment with TDG and its vehicle solution (here DMSO) 

increased the expression of HLA-DR on CD14+ cells. Likewise, CD206 was upregulated on 

CD14+ cells treated with CardAP EVs, however, the supplementation of TDG or DMSO alone 

showed already on its own an induction of this particular protein. Future experiments hopefully 

can overcome this issue, for example, by separating galectin-1 positive and negative EVs via 

affinity purification or  by performing similar assays with the recent published DNA aptomere 

inhibitor for galectin-1 [185] .  

It can be speculated that also other transported proteins are involved in priming M2-type 

macrophages by CardAP EVs, like annexin 1 that was identified by LC/ESI-MS. This particular 

member of the annexin family has been shown to enable a polarization towards M2-type 

macrophages [186,187]. The tetraspanins transported by EVs from CardAP cells could own a 

probable role, since they are involved in antigen-presentation and internalization of HLA-DR 

[188]. EVs derived from melanoma or glioblastoma stem cells demonstrated an upregulation of 

PD-L1 on macrophages or immature myeloid cells via phosphorylated STAT3 that was already 

transported by the EVs or in a TLR4 dependent manner [174]. Once more, next to proteins 

also different miRNAs were described to contribute to the process of macrophage polarization 

[43]. Different studies showed that M2-type macrophages upregulate miRNA 146a, miRNA 

132, miRNA 342-3p and miRNA 494 [189–191]. Interestingly, these miRNAs were also found 

in isolated CardAP EVs at comparable or for miRNA 494 at significantly increased levels in 

cytokine stimulated EVs as determined by miRNA expression assay and qRT-PCR (Figure 18). 

It could be hypothesized that the delivery of those transported miRNAs by CardAP EVs to 

CD14+ cells affects their polarization. EVs from MSCs and CPCs were also shown to transport 

diverse miRNAs including miRNA 146a [103,110,154,156,192]. The spectrum of transported 

miRNAs is not limited to affect monocytes, as such, miRNA 29a/b, which both were identified 

in CardAP EVs (Appendix Table 2), were shown to target T-bet, Eomes and IFNγ in T cells 

that subsequently suppressed the polarization towards the T cell subset of Th1 cells [193]. 

Although CardAP EVs were found to interact predominantly with CD14+ cells, an inferior 

interaction with T cells was detected (Appendix Figure 4). Thus, it appears plausible that 

miRNA could be transferred to T cells and thereby affecting this cell population directly.    

The consequences of CD14+ cell priming by CardAP EVs for induced T cell responses was 

investigated in the current study by an adaptation of the performed in vitro immunomodulation 

assay that used purified CD14+ and CD3+ cells instead of complete PBMCs. Anti-CD3 

stimulated monocultures of purified T cells failed to replicate the immune modulating effects 

under CardAP EV treatment as neither T cell proliferation (Figure 36) nor cytokine release 

(Figure 37) were affected. However, the immune modulating features of EVs were restored 

when anti-CD3 stimulated T cells were co-cultured with CardAP EV primed CD14+ cells. It 

included reduced CD4+ and CD8+ T cell proliferation (Figure 36) as well as reduced pro-

inflammatory cytokines (Figure 37). Cosenza et al. noted for murine MSC EVs a likewise effect 

in PBMCand purified T cell cultures [107]. Although no EV-cell interaction assays were 

conducted in this study, we could hypothesize that the missing T cell proliferation mediation by 

EVs from MSCs in purified T cell cultures is linked to the absence of CD14+ cells as major 

immune modulator of EVs. Murine melanoma EVs were recently shown to upregulate PD-L1 
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on mouse immature myeloid cells [194]. Interestingly, this upregulation was shown to contribute 

significantly to reduced CD8+ T cell proliferation in anti-CD3/anti-CD28 stimulated co-cultures 

of purified CD8+ T cells with primed immature myeloid cells. Also we observed a significant 

increased expression of PD-L1 on the surface of CD14+ cells treated with unstimulated and 

cytokine stimulated EVs from CardAP cells (Figure 35), which might be contributed to the 

observed reduced T cell proliferation in both PBMC cultures as well as in co-cultures of primed 

CD14+ cells with purified T cells. It is well-known that the binding of PD-L1 with the 

corresponding receptor PD-1 on T cells mediates the suppression of T cell proliferation and 

induction of apoptosis [195]. Although we were not able to detect PD-L1 on isolated CardAP 

EVs, it was indeed shown that EVs of MSCs present this molecule on their surface with a 

supposed function in immunomodulation [163]. Furthermore, the downregulation of HLA-DR 

and CD86 would impair the antigen-presenting features of monocytes/macrophages within co-

cultures with T cells or in complete PBMC cultures. Additionally, the suppression of immune 

responses might be mediated by primed CD14+ cells in a paracrine manner, which includes next 

to cytokines and chemokines also EVs released by the immune cell itself that interact with the 

other immune cell subsets [97]. In the current study, we were able to show that primed CD14+ 

cells elevated the concentrations of IL-1RA (Figure 38). Beside several other functions, this 

receptor antagonist has been also shown to induce regulatory T cell development [196]. Indeed, 

we were able to observe higher frequencies of regulatory T cells not only in PBMC cultures 

treated with CardAP EVs but also in cultures with EV primed monocytes cultivated with 

isolated T cells (Figure 38). This enhanced frequency appeared to be independent of accelerated 

IL-10 concentrations as this cytokine could not be detected in primed monocyte cultures and 

IL-10 was significantly reduced in co-cultures of T cells with CD14+ cells that were primed with 

cytokine stimulated EVs from CardAP cells (Figure 37). One study already proposed a 

monocyte-dependent mechanism how MSC EVs induce regulatory T cell 

proliferation/frequencies [167], which we could verify for EVs from cardiac mesenchymal-like 

cells.  

Overall, it seems like unstimulated as well as cytokine stimulated EVs from CardAP cells are 

potent immune modulators of inflammatory immune responses by promoting an anti-

inflammatory phenotype of CD14+ cells. For that reason it seems plausible that CardAP EVs 

can contribute to an enhanced regenerative process in damaged and chronic inflamed cardiac 

tissue. 

5.2.3 Would an allogenic approach be feasible for the isolated CardAP 
EVs? 

After several therapeutically valuable features were identified to be facilitated by isolated 

CardAP EVs, it remained to be answered whether they would be suitable for an allogenic 

approach. Already, CardAP cells itself indicated their usage as an allogenic therapeutic tool by 

their low immunogenicity. This was indicated by the absent surface expression of HLA-DR, 

which persists even after a three-day exposure to the pro-inflammatory cytokine cocktail of 

IFNγ, TNFα and IL-1β (data not shown). Indeed, this low immunogenic phenotype was 

preserved for their released EVs. Unstimulated as well as cytokine stimulated EVs showed very 

low levels of HLA-ABC and a complete absence of HLA-DR and other HLA molecules as 
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analysed by flow cytometry (Figure 15) or LC/ESI-MS (Appendix Table 1). Moreover, the in 

vitro exposure of EVs from different CardAP donors to diverse PBMC donors did not cause 

any pro-inflammatory immune response. Neither unstimulated nor cytokine stimulated CardAP 

EVs provoked the proliferation of CD4+ or CD8+ T cells in otherwise unstimulated PBMC 

cultures (Figure 28), which would strengthen the proof of a low immunogenicity of CardAP 

EVs. In accordance to our observation, also no induction of T cell proliferation was observed 

for EVs from MSCs in mouse spleenocyte cultures [167] nor in human PBMC cultures exposed 

to EVs from amniotic fluid stem cells [197]. Additionally, we investigated CD4+ T cells for 

changes of early (CD69), immediate (CD25) and late (HLA-DR) activation markers upon 

CardAP EV treatment. Indeed, neither unstimulated nor cytokine stimulated EVs from CardAP 

cells induced CD4+ T cell activation as no marker was altered in its expression level (Figure 

29). The absence of T cell activation additionally supports the lack of an adverse immune 

reaction towards allogenic EVs. Interestingly, the treatment of unstimulated PBMCs with 

CardAP EVs was accompanied by a significant enhanced frequency of CD4+ CD25+ CD62L+ 

cells (Figure 30). Earlier studies termed this subset “regulatory T cells” and demonstrated their 

immune modulating capacities by enhanced protection from severe graft versus host disease 

[198–200]. Further evidence for a safe use of CardAP EVs is indicated by the observation that 

the pro-inflammatory cytokine IFNγ could not be detected in neither unstimulated nor cytokine 

stimulated EV treated PBMC or purified CD14+ cultures. In contrast, anti-inflammatory 

molecules, such as IL-10 or IL-1RA, were determined in these cultures (Figure 29 and 38). 

Interestingly, higher frequencies of CD14+ cells were observed in PBMC cultures treated with 

EVs after five days (Figure 35). This is especially surprising when taking into account that IL-10 

concentrations were upregulated in those cultures. Normally IL-10 secretion triggers apoptosis 

of the secreting monocyte [201]. We hypothesize that the galectin 1 transported by EVs from 

CardAP cells abolishes the IL-10 induced apoptosis, as reports documented the anti-apoptotic 

feature of galectin-1 in this scenario in vitro [202]. So far, no information is available whether 

allogenic EVs from regenerative cells induce adverse effects in vivo. In initial experiments, we 

have not observed adverse effects in the application of two different concentrations of CardAP 

EVs to C57black/6 mice. The treated mice did not lose weight nor did their cardiac tissue 

exhibit elevated mRNA expression levels for pro-inflammatory cytokines or fibrotic markers 

(Appendix Figure 3). Thus, it seems as if CardAP EVs do not provoke an adverse immune 

reaction in vitro and in vivo, which would subsequently support an allogenic therapeutic approach.  

5.3 Summary & Outlook 

In conclusion, we could demonstrate that unstimulated as well as cytokine stimulated EVs from 

CardAP cells exhibit a low immunogenicity, are in vitro capable to modulate inflammatory 

immune responses, diminish apoptosis and enhance angiogenesis. This combination of features 

would enable their future safe usage in allogenic therapies for the treatment of cardiac diseases, 

such as myocardial infarct or heart failure. Moreover, their capability to derive a pro-regenerative 

phenotype of CD14+ cells as well as to enhance regulatory T cells could be valuable for the 

treatment of adverse immune processes. However, it needs to be further elucidated when a 

therapy is contraindicated. For example, do EVs have beneficial or tremendous effect for co-

morbidities of CVDs? What happens when the patient is suffering from an infection with 
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pathogens or cancer? Should it be avoided since the induced anti-inflammatory milieu 

contributes to the survival of pathogens or tumours due to a reduced immune defence? Only 

future experiments in different animal disease models will provide the final conclusion on 

whether clinical trials with CardAP EVs should be advanced and under which circumstances it 

would be contraindicated. Furthermore, potent targets, such as galectin 1, CXCR4, miRNA 

302d-3p, and others, were identified to play a major role in the induced beneficial effects by our 

current and other studies. A prospect advanced approach could probably enhance efficacy by 

selecting and enhancing those targets either via modifications of the cellular source or via 

adapted purification of EVs, e.g. positive negative selection for surface proteins. Moreover, new 

targets could be identified in isolated EVs from CardAP cells by evaluating other transported 

molecules, such as lipids, mRNA, growth factors, or chemokines, which were so far neglected 

in the current study. A methodological change in the isolation procedure would enhance the 

knowledge whether small EVs or their co-isolated proteins are the driving force for each 

beneficial effect. It seems likely that at least the immune modulating feature might be caused by 

the small EVs, since a recent study observed this feature for small EVs but not for their co-

isolated proteins [203]. However, the field of corona proteins will also gain more attention in 

the future of EV research, because the protein corona of synthesized particles has been 

observed to influence the efficiency as well as the delivery to target cells [135,136]. A targeted 

and sufficient delivery of EVs to the desired recipient cells might solve different obstacles in 

EV research. As such, it could help to overcome the need of great amounts of isolated EVs for 

therapeutic approaches, especially allogenic ones, in humans. 

In order to further characterize the functional effects of CardAP EVs, it would be interesting 

to elucidate whether they can affect tissue resident immune cells or so far neglected immune 

cell subsets, such as natural killer cells or eosinophils. A side by side comparison with EVs from 

CardAP cells and MSCs could deliver valuable information whether similar or different 

pathways are used to achieve the same beneficial effects. These results could probably enrich 

the repertoire of potent target molecules transported by EVs. Additionally, the application of 

different conditions during the EV biogenesis would be a promising future experiment. In the 

current study, we solely investigated the impact of an inflammatory milieu on released cardiac 

EVs. Other scenarios could for example include the reduction of oxygen. EVs from MSCs 

showed an even greater pro-angiogenic feature than their normoxic counterpart [115], which 

we could also demonstrate for EVs from another cardiac cell type (unpulished data). Current 

and future studies on EVs from regenerative cells will help to uncover their therapeutic potential 

and thus overcome the consequences of the pandemic of cardiovascular diseases.
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10. Appendix 
 

 

Appendix Figure 1: Unstimulated and cytokine stimulated EVs diminished PHA induced immune 
responses in PBMC cultures. 
CFSE labelled PBMCs (3x105 cells/well) were stimulated with 0.5 µg/mL PHA (Sigma Aldrich, St. Louis, MO, 
USA) and treated with 6 µg/mL unstimulated (EVs), cytokine-stimulated (EVs(cut)) EVs, PBS in equal volume of 
the EVs (PBS), or cells were left untreated. After three days, cells were investigated by flow cytometry, whereas the 
supernatant was colleted to be analysed by ELISA or bead-based Multiplex assay for cytokine concentrations. (A): 
Representative flow cytometry plots display the frequencies of proliferated CD4+ and CD8+ T cells in PHA 
stimulated PBMCs. T cell proliferation frequencies were normalized to the untreated control and the calculated 
normalized proliferation of CD4+ (left) and CD8+ (right) T cells in PHA stimulated PBMCs is presented as median 
with data range (PHA: n = 11; four different CardAP donors; five different PBMC donors). (B): The individual 
determined cytokine concentrations of IFNγ, TNFα, IL-10, and active TGFβ are displayed as median with data 
range for PHA stimulated PBMC cultures (n = 6 – 7; four different CardAP donors; five different PBMC donors). 
Statistical analysis was performed by Friedman´s test with Dunn´s multiple comparison post hoc test (*** p < 0.001, 
** p < 0.01; * p < 0.05). Unstimulated as well as cytokine stimulated EVs were capable to reduce T cell proliferation 
and lower the inflammatory cytokine milieu in PHA stimulated PBMC cultures. 
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Appendix Figure 2: Competitive binding of galectin-1 by Thiodiolgalectoside (TDG) could not be 
explicity shown to influence the impact of EVs on the phenotype of  isolated CD14+ cells.  
By MACS purified CD14+ cells from isolated PBMCs were cultured in 6-well plates (1x106 cells/well) and treated 
with 12 µg/mL unstimulated (EVs) or cytokine stimulated (EVs(cyt)), and PBS in equal volume of the EVs (PBS).  
Additionally, each of these groups were supplemented with TDG (Cayman Chemical, Ann Arbor, MG, USA) 
solved in DMSO as a competitive binding molecule and with DMSO alone. After two days, cells were harvested, 
stained with human specific fluorescence labelled antibodies, and analysed by flow cytometry. The expression of 
the surface proteins CD206 and HLA-DR are shown as the geometrical mean fluorescence intensity (MFI) for the 
respective treatments as median with data range (CD206: n = 5 - 8; three different CardAP donors, four different 
PBMC donors). Statistical analysis was performed by Friedman´s test with Dunn´s multiple comparison post hoc 
test (* p < 0.05; ** p < 0.01; *** p < 0.001). Unstimulated and cytokine stimulated EVs induced an altered 
expression of  CD206 and HLA-DR on CD14+ cells, but the influence of transported galectin1 by EVs could not 
yet be sufficiently clarified via a competitive binding assay with TDG. 
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Appendix Figure 3: The administration of isolated EVs to mice did not show signs of adverse effects. 
The in vivo compatibility of isolated EVs was investigated by administrating intravenous 10 µg or 30 µg of 
unstimulated EVs (EV batch of three CardAP donors) to six 8-week old C57BL6/j mice (Charles Rivers), while 
one day prior, mice received an intraperitoneal injection with PBS (day 0) as a control for the virus application 
group. The weight of animals was checked daily and after one week, mice were sacrificed and the left ventricle (LV) 
examined for the expression of mRNA, by homogenizing LV material, isolating RNA, performing a reverse 
transcription and performing real time qRT-PCRs with murine RNA specific primers, respectively. (A): Design of 
the animal experiment with indicated time line. PBS at day 0 was injected as a control for the virus application 
group throughout the entire animal study. (B): The difference of weights during the animal experiment as 
calculated by subtracting the starting weight from the weight after one week is displayed as individual data for all 
six animals per group as median with data range (n = 6, EVs were a batch of three different CardAP donors). (C):  
The relative expression is shown for mRNA of IL-1ß, TNFα, LoxL2 (lysyl oxidase homolog 2), and col3a1 (collagen 
alpha-1(III) for the individual data as median with data range (n =5 – 6; EVs were a batch of three different CardAP 
donors). Statistical analysis was performed by Friedman´s test with Dunn´s multiple comparison post hoc test. 
Unstimulated EVs did not cause severe side effects in mice that received two different concentrations of EVs. 
Application of two concentrations of unstimulated EVs into mice did not significantly changed the animal weight 
nor the expression of pro-inflammatory cytokines or important extracellular matrix proteins. 
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Appendix Figure 4: Fluorescence labelled EVs interacted with CD62L+CD4+ T cells in unstimulated 
PBMC cultures. 
Unlabelled PBMCs (3x105 cells/well) were treated with 6 µg/mL DiD labelled EVs, either unstimulated (EVs) or 
cytokine stimulated (EVs(cut)), PBS in equal volumes as EVs (PBS), or with a DiD negative control in equal volume 
as EVs (DiD neg. ctrl.). After two days, cells were measured at a flow cytometer (CantoII) and analysed for the 
occurrence of DiD signal of isolated EVs in PBMC cultures by flow cytometry. Representative flow cytometry 
plots display the frequencies of DiD + cells in the compartment of CD4+ CD62L+ T cells in otherwise unstimulated 
PBMC cultures (n= 2, two different CardAP donors, two different PBMC donors). Unstimulated as well as 
cytokine stimulated EVs were capable to interact to minor extent with CD4+ CD62L+ T cells in unstimulated 
PBMC cultures. 

 

 

Appendix Table 1: Isolated EVs were enriched with proteins of the extracellular compartment.  
Peptides were derived from unstimulated EVs and cytokine stimulated EVs of three different CardAP donors by 
an overnight digestion with trypsin. Mass spectra obtained by liquid chromatography/electron spray ionization 
mass spectrometry (LC/ES MS) were evaluated by MASCOT software searching for protein matches in the 
SwissProt 51.9 database. In total 186 proteins were identified, which were further analysed with the help of String 
database to acquire information of their localisation and their involvement in biological processes. Successful 
assignment to wound healing, positive regulation of biological processes, angiogenesis, regulation of immune 
system processes and extracellular exosome compartment is indicated by a blue cross (x). 
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CLH1   
   

x Clathrin heavy chain 1  

CN37   
   

x 2';3'-cyclic-nucleotide 3'-phosphodiesterase  

CO3 x x 
 

x x Complement C3  

CO6A1   
   

x Collagen alpha-1(VI) chain  

CO6A3   
   

x Collagen alpha-3(VI) chain  

COF1 x 
  

x x Cofilin-1  

CPNE1   x 
  

x Copine-1  

CPNS1   x 
  

x Calpain small subunit 1  

CTL2   x 
  

x Choline transporter-like protein 2  

CTNA1   
   

  Catenin alpha-1  

CTNB1   x x x x Catenin beta-1  

DEST   x 
  

  Destrin  

DPP4   x 
 

x x Dipeptidyl peptidase 4  

DSA2D   
   

  Putative dispanin subfamily A member 2d  

DYHC1   
   

x Cytoplasmic dynein 1 heavy chain 1  

DYSF x 
   

x Dysferlin  

EF1A1   
   

  Elongation factor 1-alpha 1  

EF2   x 
  

x Elongation factor 2  

EGLN x x x 
 

  Endoglin  

EHD2 x x 
  

x EH domain-containing protein 2  

ENOA   x 
  

x Alpha-enolase  

EVA1B   
   

  Protein eva-1 homolog B  

FAS   x 
  

x Fatty acid synthase  

FLNA x x 
  

x Filamin-A  

FSCN1   
   

x Fascin  

G3P   
   

x Glyceraldehyde-3-phosphate dehydrogenase  

G6PD   
   

x Glucose-6-phosphate 1-dehydrogenase  

GBG12   
   

x Guanine nucleotide-binding protein G(I)/G(S)/G(O) 

GDIB   x 
  

x Rab GDP dissociation inhibitor beta  

GELS x 
  

x x Gelsolin  

GNA11 x 
   

x Guanine nucleotide-binding protein subunit alpha-11  

GNA13 x x x 
 

x Guanine nucleotide-binding protein subunit alpha-13  

GNAI2 x x 
  

x Guanine nucleotide-binding protein G(i) subunit alpha-2  

GNAI3 x 
   

x Guanine nucleotide-binding protein G(k) subunit alpha  

GSTP1   x 
  

x Glutathione S-transferase P  

GTR1   
   

x Solute carrier family 2; facilitated glucose transporter member 1  

H90B2   
   

  Putative heat shock protein HSP 90-beta 2  

HS71A   x 
  

x Heat shock 70 kDa protein 1A  

HSP7C   
   

  Heat shock cognate 71 kDa protein  
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IQGA1   x 
  

x Ras GTPase-activating-like protein IQGAP1  

IST1   
  

x x IST1 homolog  

ITA5 x x x 
 

x Integrin alpha-5  

ITAV x x x 
 

x Integrin alpha-V  

ITB1 x 
 

x x x Integrin beta-1  

ITM2B   
   

x Integral membrane protein 2B  

K1C9   
   

x Keratin; type I cytoskeletal 9  

K22E   
   

x Keratin; type II cytoskeletal 2 epidermal  

K2C1   x 
 

x x Keratin; type II cytoskeletal 1  

K2C5   
   

x Keratin; type II cytoskeletal 5  

KAP0 x x 
  

  cAMP-dependent protein kinase type I-alpha regulatory subunit  

KPYM x 
   

x Pyruvate kinase PKM  

LAMA4   
   

  Laminin subunit alpha-4  

LAMB1   x 
  

x Laminin subunit beta-1  

LAMC1   x 
  

x Laminin subunit gamma-1  

LAMP1   x 
 

x x Lysosome-associated membrane glycoprotein 1  

LAMP2 x 
   

x Lysosome-associated membrane glycoprotein 2  

LDHA   x 
  

x L-lactate dehydrogenase A chain  

LDHB   
   

x L-lactate dehydrogenase B chain  

LEG1   
  

x x Galectin-1  

LG3BP   
   

x Galectin-3-binding protein  

LOXL2   x x 
 

  Lysyl oxidase homolog 2  

LRC4C   
   

  Leucine-rich repeat-containing protein 4C  

MAP1B   x 
  

  Microtubule-associated protein 1B  

MMP14   
 

x 
 

  Matrix metalloproteinase-14  

MOES   x 
 

x x Moesin  

MVP   
   

x Major vault protein  

MYH9 x x x 
 

x Myosin-9  

MYL6   
   

x Myosin light polypeptide 6  

MYL9 x 
   

  Myosin regulatory light polypeptide 9  

MYO1B   
   

x Unconventional myosin-Ib  

MYO1C   x 
 

x x Unconventional myosin-Ic  

NDKB   
   

x Nucleoside diphosphate kinase B  

NIBL1   
   

x Niban-like protein 1  

NID1   x 
  

x Nidogen-1  

NID2   
   

x Nidogen-2  

NRP1   x x 
 

  Neuropilin-1  

PA1B2   x 
  

x Platelet-activating factor acetylhydrolase IB subunit beta  

PAI1   
   

  Plasminogen activator inhibitor 1  

PCBP1   
   

x Poly(rC)-binding protein 1  

PCBP2   
  

x x Poly(rC)-binding protein 2  

PDC6I   x 
  

x Programmed cell death 6-interacting protein  

PDIA1   
   

x Protein disulfide-isomerase  

PDIA3   
   

x Protein disulfide-isomerase A3  

PGBM   
 

x 
 

x Basement membrane-specific heparan sulfate proteoglycan core 

protein  

PGK1   x 
  

x Phosphoglycerate kinase 1  

PLAK   x 
  

x Junction plakoglobin  

PLS1 x x 
 

x x Phospholipid scramblase 1  

PLST   
   

  Plastin-3  

PLXB2   x 
  

x Plexin-B2  

PPIA x x 
  

x Peptidyl-prolyl cis-trans isomerase A  

PRDX5   x 
  

x Peroxiredoxin-5; mitochondrial  

PROF1 x x 
  

x Profilin-1  

PSME1   
  

x x Proteasome activator complex subunit 1  

PXDN   
   

x Peroxidasin homolog  

RAB10   
   

x Ras-related protein Rab-10  

RAB13   
   

x Ras-related protein Rab-13  

RAB14   
   

x Ras-related protein Rab-14  

RAB1A   x 
  

x Ras-related protein Rab-1A  

RAB34   
   

x Ras-related protein Rab-34  

RAB35   
   

x Ras-related protein Rab-35  
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RAB3B   x 
  

x Ras-related protein Rab-3B  

RADI   x 
  

x Radixin  

RALA   x 
  

x Ras-related protein Ral-A  

RAP1A x x 
  

  Ras-related protein Rap-1A  

RB22A   
   

x Ras-related protein Rab-22A  

RFTN1   x 
 

x x Raftlin  

RHOA x x 
  

x Transforming protein RhoA  

RHOC x x 
  

x Rho-related GTP-binding protein RhoC  

RRAS   x 
  

x Ras-related protein R-Ras  

RRAS2   
   

x Ras-related protein R-Ras2  

S10AB   
   

x Protein S100-A11  

S10AG   
   

x Protein S100-A16  

S12A2   
   

x Solute carrier family 12 member 2  

S38A2   
   

  Sodium-coupled neutral amino acid transporter 2  

SCRB2   
   

x Lysosome membrane protein 2  

SDCB1   x 
  

x Syntenin-1  

SEPR x x x 
 

x Prolyl endopeptidase FAP  

SEPT2   
   

x Septin-2  

SERPH   
  

x x Serpin H1  

STOM   
  

x x Erythrocyte band 7 integral membrane protein  

SYG   
   

x Glycine--tRNA ligase  

SYWC   
 

x 
 

x Tryptophan--tRNA ligase; cytoplasmic  

TAGL2   
   

x Transgelin-2  

TBA1A   
   

x Tubulin alpha-1A chain  

TBB2A   
   

x Tubulin beta-2A chain  

TBB5   
   

x Tubulin beta chain  

TBB6   
   

  Tubulin beta-6 chain  

TCPB   
   

x T-complex protein 1 subunit beta  

TCPE   
   

x T-complex protein 1 subunit epsilon  

TCPZ   
   

x T-complex protein 1 subunit zeta  

TENA   x 
  

  Tenascin  

TERA   x 
  

x Transitional endoplasmic reticulum ATPase  

TGM2   x 
  

x Protein-glutamine gamma-glutamyltransferase 2  

TLN1 x 
   

x Talin-1  

TNAP3   x 
 

x x Tumor necrosis factor alpha-induced protein 3  

TNFA   
   

  Tumor necrosis factor  

TPIS   
   

  Triosephosphate isomerase  

TSN14   x 
  

  Tetraspanin-14  

TSN3   
   

x Tetraspanin-3  

TSP1 x x x x x Thrombospondin-1  

TTYH3   
   

x Protein tweety homolog 3  

UBA1   
   

x Ubiquitin-like modifier-activating enzyme 1  

VAT1   
   

x Synaptic vesicle membrane protein VAT-1 homolog  

VATB2   
   

x V-type proton ATPase subunit B; brain isoform  

VIME   x 
  

x Vimentin  

VINC x       x Vinculin  

VP37B   x 
  

x Vacuolar protein sorting-associated protein 37B  

WDR1 x x 
  

x WD repeat-containing protein 1  

YES x 
  

x x Tyrosine-protein kinase Yes  
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Appendix Table 2: More miRNAs were detected in cytokine than in unstimulated EVs. 
Unstimulated EVs (EVs) and cytokine stimulated EVs (EVs(cyt)) from three CardAP donors (D1, D2, and D3) 
were analysed for their miRNA content by nCounter® Human miRNA expression assay according to the manual. 
The obtained data of miRNA copies was analysed with the help of nSolver software (version 4.0, NanoString 
Technologies) by firstly normalizing it to the top 100 most abundant miRNAs in all samples as well as the positive 
controls, followed by a background correction via subtracting the mean plus two standard derivations of the 
negative control from each sample. These normalized and background corrected data are shown in the table as 
copy number for identified miRNAs  

EVs EVs(cyt)  
D1 D2 D3 D1 D2 D3 

hsa-miR-4454+hsa-miR-7975 4224 7429 2848 10484 6965 3454 
hsa-miR-125b-5p 2213 4998 2380 8714 4588 1437 
hsa-miR-100-5p 871 6140 1185 4617 3645 1134 
hsa-miR-29b-3p 443 7199 272 5626 3129 739 
hsa-miR-199a-3p+hsa-miR-199b-3p 387 5046 255 3134 1936 361 
hsa-let-7b-5p 1029 3801 738 6321 2915 1143 
hsa-miR-222-3p 35 2962 62 868 1173 146 
hsa-let-7a-5p 222 2561 166 3925 1819 421 
hsa-miR-23a-3p 447 1934 261 2172 1082 427 
hsa-miR-29a-3p 173 1842 134 2637 1223 193 
hsa-let-7i-5p 46 1772 122 1418 1252 394 
hsa-miR-146a-5p 268 1491 107 3277 1283 210 
hsa-miR-181a-5p 108 1280 156 1222 906 327 
hsa-miR-127-3p 132 1171 102 555 591 107 
hsa-miR-25-3p 134 871 146 1217 582 253 
hsa-miR-191-5p 247 671 155 723 425 164 
hsa-miR-16-5p 58 799 138 1207 742 303 
hsa-miR-22-3p 48 826 102 1010 641 193 
hsa-miR-150-5p 0 546 94 0 545 164 
hsa-miR-376a-3p 87 433 0 135 175 14 
hsa-miR-221-3p 304 379 42 1517 332 60 
hsa-miR-302d-3p 196 232 238 0 85 134 
hsa-miR-24-3p 99 318 0 454 300 41 
hsa-miR-93-5p 176 220 0 442 209 11 
hsa-miR-15b-5p 0 325 52 591 168 83 
hsa-miR-574-5p 0 327 45 188 139 114 
hsa-let-7d-5p 166 340 28 627 279 65 
hsa-miR-612 218 166 130 103 156 115 
hsa-miR-145-5p 223 111 0 578 240 0 
hsa-let-7g-5p 0 291 18 183 190 84 
hsa-miR-630 0 227 58 0 274 100 
hsa-miR-34a-5p 0 173 63 136 122 89 
hsa-miR-99b-5p 55 203 79 410 190 44 
hsa-miR-890 187 32 0 108 141 0 
hsa-miR-23b-3p 0 186 31 167 121 51 
hsa-miR-19b-3p 58 138 0 157 73 0 
hsa-miR-323b-3p 161 17 0 91 98 0 
hsa-let-7e-5p 0 148 13 273 159 33 
hsa-miR-551a 128 31 0 85 114 0 
hsa-miR-98-5p 67 92 0 150 126 11 
hsa-miR-532-5p 142 15 0 88 113 0 
hsa-miR-548q 0 40 111 0 50 80 
hsa-miR-151a-3p 97 53 0 152 94 0 
hsa-miR-363-5p 133 17 0 53 106 0 
hsa-miR-543 0 124 22 0 51 19 
hsa-miR-944 121 23 0 59 136 0 
hsa-miR-20a-5p+hsa-miR-20b-5p 74 70 0 120 89 0 
hsa-miR-892a 126 16 0 68 91 0 
hsa-miR-4286 70 99 42 253 74 28 
hsa-miR-606 124 13 0 37 89 0 
hsa-miR-186-5p 0 80 56 0 33 88 
hsa-miR-451a 37 98 0 0 95 0 
hsa-miR-548a-3p 89 44 0 41 85 0 
hsa-miR-98-3p 111 21 0 68 108 0 
hsa-miR-1290 0 49 83 0 48 100 
hsa-miR-3164 117 13 0 37 97 0 
hsa-miR-1910-3p 110 18 0 61 116 0 
hsa-miR-548l 95 30 0 48 95 0 
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hsa-miR-548n 82 44 0 44 97 0 
hsa-miR-875-3p 103 22 0 69 133 0 
hsa-miR-3180-5p 94 26 0 41 72 0 
hsa-miR-499a-5p 121 42 18 78 150 0 
hsa-miR-1180-3p 83 37 0 56 89 0 
hsa-miR-152-3p 82 37 0 43 79 0 
hsa-miR-708-5p 104 13 0 75 102 0 
hsa-miR-3690 103 14 0 46 117 0 
hsa-miR-1255a 0 29 88 0 30 102 
hsa-miR-193a-5p+hsa-miR-193b-5p 66 50 0 148 112 0 
hsa-miR-1244 101 12 0 54 101 0 
hsa-miR-342-3p 55 58 0 49 101 0 
hsa-miR-99a-5p 0 95 15 136 37 66 
hsa-miR-28-5p 0 70 39 0 35 39 
hsa-miR-1247-5p 95 11 0 29 56 0 
hsa-miR-548y 0 29 78 0 23 107 
hsa-miR-654-3p 90 16 0 39 74 0 
hsa-miR-31-5p 36 70 0 25 79 0 
hsa-miR-523-3p 92 12 0 74 58 0 
hsa-miR-548ah-5p 0 40 64 0 32 98 
hsa-miR-132-3p 0 75 26 27 97 42 
hsa-miR-520d-5p+hsa-miR-527+hsa-miR-518a-5p 88 13 0 44 61 0 
hsa-miR-374b-5p 70 29 0 43 48 0 
hsa-miR-105-5p 83 16 0 29 68 0 
hsa-miR-610 85 11 0 37 91 0 
hsa-miR-2117 76 19 0 100 90 0 
hsa-let-7f-5p 0 75 19 72 58 41 
hsa-miR-4521 76 18 0 44 73 0 
hsa-miR-1-3p 77 15 0 0 36 0 
hsa-miR-1183 72 18 0 0 56 0 
hsa-miR-299-5p 0 51 39 0 13 64 
hsa-miR-548d-5p 75 13 0 27 59 0 
hsa-miR-450a-1-3p 63 22 0 47 29 0 
hsa-miR-125a-5p 0 48 33 154 76 0 
hsa-miR-431-5p 63 17 0 56 52 0 
hsa-miR-3136-5p 68 11 0 20 90 0 
hsa-miR-548j-3p 57 22 0 37 50 0 
hsa-miR-1197 0 20 56 0 24 74 
hsa-miR-1260a 0 61 14 0 48 15 
hsa-miR-548e-5p 0 17 55 0 0 68 
hsa-miR-450a-2-3p 0 21 46 0 19 78 
hsa-miR-30e-5p 0 40 26 0 19 38 
hsa-miR-4458 54 10 0 0 35 0 
hsa-miR-1305 0 10 52 0 0 74 
hsa-miR-183-5p 0 22 37 0 27 91 
hsa-miR-328-5p 0 21 37 0 0 82 
hsa-miR-1228-3p 0 10 47 0 0 29 
hsa-miR-887-5p 0 16 40 0 40 105 
hsa-miR-939-5p 0 16 37 0 11 56 
hsa-miR-301a-5p 0 22 28 0 0 52 
hsa-miR-26b-5p 0 30 18 0 10 64 
hsa-miR-32-5p 29 16 0 0 53 0 
hsa-miR-873-3p 0 15 30 0 0 0 
hsa-miR-615-3p 0 16 29 0 15 69 
hsa-miR-1285-5p 0 12 31 0 0 52 
hsa-miR-155-5p 0 23 17 122 0 33 
hsa-miR-411-5p 0 16 14 0 0 23 
hsa-miR-148b-3p 0 12 13 0 0 0 
hsa-miR-494-3p 0 0 0 457 834 0 
hsa-miR-21-5p 0 1079 0 557 449 64 
hsa-miR-130a-3p 0 303 0 180 147 68 
hsa-let-7c-5p 0 125 0 189 76 37 
hsa-miR-382-5p 0 258 0 88 108 0 
hsa-miR-3614-3p 126 0 0 78 97 0 
hsa-miR-365a-3p+hsa-miR-365b-3p 0 60 0 174 39 34 
hsa-miR-15a-5p 0 94 0 80 76 0 
hsa-miR-524-3p 131 0 0 56 95 0 
hsa-miR-545-3p 95 0 0 55 96 0 
hsa-miR-92a-3p 86 0 0 87 62 0 
hsa-miR-1248 96 0 0 60 84 0 
hsa-miR-1910-5p 99 0 0 53 90 0 
hsa-miR-3192-5p 136 0 0 56 87 0 
hsa-miR-553 105 0 0 47 94 0 
hsa-miR-671-3p 83 0 0 69 70 0 
hsa-miR-520f-3p 72 0 0 44 95 0 
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hsa-miR-887-3p 112 0 0 37 102 0 
hsa-miR-1233-3p 97 0 0 39 98 0 
hsa-miR-5010-5p 88 0 0 55 80 0 
hsa-miR-617 76 0 0 17 116 0 
hsa-miR-601 86 0 0 49 82 0 
hsa-miR-874-5p 77 0 0 46 82 0 
hsa-miR-942-3p 104 0 0 52 76 0 
hsa-miR-548o-3p+hsa-miR-548ah-3p+hsa-miR-548av-3p 93 0 0 56 72 0 
hsa-miR-409-3p 0 63 0 60 64 0 
hsa-miR-619-3p 71 0 0 37 87 0 
hsa-miR-940 89 0 0 27 91 0 
hsa-miR-152-5p 97 0 0 50 67 0 
hsa-miR-596 100 0 0 36 81 0 
hsa-miR-1908-5p 74 0 0 30 85 0 
hsa-miR-1469 68 0 0 38 76 0 
hsa-miR-153-3p 70 0 0 31 82 0 
hsa-miR-767-3p 91 0 0 38 75 0 
hsa-miR-3918 92 0 0 56 54 0 
hsa-miR-561-3p 106 0 0 29 79 0 
hsa-miR-1291 97 0 0 32 76 0 
hsa-miR-580-3p 83 0 0 37 70 0 
hsa-miR-491-5p 90 0 0 18 89 0 
hsa-miR-3161 58 0 0 36 70 0 
hsa-miR-556-3p 108 0 0 26 79 0 
hsa-miR-130b-3p 73 0 0 39 66 0 
hsa-miR-513b-5p 70 0 0 41 64 0 
hsa-miR-4421 96 0 0 53 47 0 
hsa-miR-3202 81 0 0 20 80 0 
hsa-miR-199a-5p 0 88 0 79 46 24 
hsa-miR-490-5p 66 0 0 19 78 0 
hsa-miR-576-5p 94 0 0 18 77 0 
hsa-miR-4435 64 0 0 22 73 0 
hsa-miR-567 51 0 0 30 64 0 
hsa-miR-574-3p 0 11 0 60 0 33 
hsa-miR-374a-5p 0 216 0 34 66 34 
hsa-miR-539-5p 60 0 0 33 54 0 
hsa-miR-133b 66 0 0 13 73 0 
hsa-miR-1245b-3p 77 0 0 26 60 0 
hsa-miR-1288-3p 78 0 0 29 56 0 
hsa-miR-320d 79 0 0 32 52 0 
hsa-miR-1204 76 0 0 21 62 0 
hsa-miR-578 73 0 0 27 55 0 
hsa-miR-367-3p 39 0 0 21 61 0 
hsa-miR-1271-3p 61 0 0 21 60 0 
hsa-miR-3150b-3p 42 0 0 13 66 0 
hsa-miR-3140-3p 61 0 0 17 62 0 
hsa-miR-548ar-3p 0 0 35 0 10 66 
hsa-miR-6503-3p 47 0 0 13 62 0 
hsa-miR-615-5p 87 0 0 24 50 0 
hsa-miR-519e-3p 31 0 0 23 50 0 
hsa-miR-514a-5p 29 0 0 17 55 0 
hsa-miR-381-5p 49 0 0 14 58 0 
hsa-miR-196a-5p 60 0 0 15 55 0 
hsa-miR-1306-5p 62 0 0 19 50 0 
hsa-miR-124-3p 58 0 0 21 48 0 
hsa-miR-320b 57 0 0 17 51 0 
hsa-miR-3074-3p 0 0 0 33 35 0 
hsa-miR-4787-3p 73 0 0 25 42 0 
hsa-miR-1276 44 0 0 21 45 0 
hsa-miR-128-1-5p 50 0 0 10 53 0 
hsa-miR-525-5p 0 0 33 0 10 51 
hsa-miR-29c-3p 12 0 0 12 49 0 
hsa-miR-519b-5p+hsa-miR-519c-5p+hsa-miR-523-
5p+hsa-miR-518e-5p+hsa-miR-522-5p+hsa-miR-519a-5p 

61 0 0 15 44 0 

hsa-miR-1299 11 0 0 10 48 0 
hsa-miR-208b-5p 80 0 0 17 39 0 
hsa-miR-3196 65 0 0 12 44 0 
hsa-miR-525-3p 75 0 0 25 31 0 
hsa-miR-1306-3p 0 0 41 0 10 43 
hsa-miR-337-5p 0 140 0 0 24 21 
hsa-miR-26a-5p 0 39 0 0 16 21 
hsa-miR-331-3p 0 51 0 10 15 26 
hsa-miR-320e 0 0 15 0 12 14 
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