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I. Abstract 

 

Extracellular vesicles are cell- derived lipid membrane nanoparticles that serve as messengers of 

intercellular communication, transferring bioactive molecules such as DNA, RNA, proteins and 

lipids to recipient cells. EVs have a natural therapeutic potential with high flexibility and biosafety 

for employing natural and synthetic biomolecules as therapeutic delivery vehicles. Considering 

the importance of EVs, their isolation methods are still a bottleneck. To get insights into the tissue- 

specific cargo in vivo for complete exploitation of EVs as therapeutic, biomarker and diagnostic 

tools, EV purification methods are critical. This thesis was brought about to develop an efficient 

EV purification method both in vitro and in vivo and to further investigate EVs as therapeutic 

targets in cellular senescence.  

 

Firstly, to isolate tissue- specific EVs in vivo we developed recombinant EVs by genetically fusing 

snorkel-tag to the tetraspanin (CD81). The snorkel-tag enables on-column protease treatment for 

purifying EVs which does not rely on traditional immunoaffinity purification protocols using low 

pH or high salts solutions. We systematically evaluated the purification of EVs harboring snorkel-

tag by employing different methodologies. Our findings suggest that EVs harboring snorkel-tag 

indeed can be purified at high purity without altering EV characteristics and uptake. 

 

Secondly, we previously identified that senescent cells secrete relatively more EVs compared to 

their counterparts, quiescent cells. We further reported that senescent cell derived EVs are bona 

fide members of the SASP factors. Therefore, we explored if senescent cell- derived EVs might 

be a target for anti-senescence therapies. Considering the negative effects of senescent cell derived 

EVs on tissue microenvironment, we developed neutralizing antibodies for blocking the EV uptake 

into recipient cells. However, our results demonstrate an enhanced EV uptake when they are in 

complex with monoclonal antibodies against unknown antigens on EVs, contradicting our initial 

hypothesis. Henceforth, based on our results, we propose that binding of monoclonal antibodies to 

unknown antigens on EVs derived from fibroblasts, enhance their uptake into recipient cells. We 

are currently identifying the antigen to these monoclonal antibodies. 
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Finally, we are developing an in vivo model with recombinant CD81-snorkel-tag under p16ink4a 

promoter. This will provide us detail insights into the EV cargo secreted from senescent derived 

cells, by purifying EVs harboring snorkel-tag under pathophysiological conditions, allowing us to 

develop biomarkers and therapeutic tools. 

 

Summarized, we have here developed novel tools for studying content and function of EVs in the 

context of aging and disease. These tools will now pave the way for studying the molecular 

mechanisms underlying these EV functions in vivo. 

 

  



 
 
 
 

3 

II. Zusammenfassung 

 

Extrazelluläre Vesikel (EVs) sind von Zellen sekretierte Lipidmembran-Nanopartikel, die als 

Boten der interzellulären Kommunikation dienen und bioaktive Moleküle wie DNA, RNA, 

Proteine und Lipide an Empfängerzellen übertragen. EVs haben ein natürliches therapeutisches 

Potenzial mit hoher Flexibilität und biologischer Sicherheit um natürliche und synthetische 

Biomoleküle spezifische Zielgewebe oder -Zellen zu steuern. Trotz der hohen Bedeutung von EVs, 

sind derzeit bestehende Isolierungsmethoden immer noch ein Engpass. Diese sind allerdings 

unabdingbar um Einblicke in die gewebespezifische Beladung für die vollständige Nutzung von 

EVs als Therapie-, Biomarker- oder Diagnostikum zu gewinnen,. Diese Dissertation wurde erstellt, 

um eine effiziente Methode zur Reinigung von EVs in vitro und in vivo zu entwickeln und EVs als 

therapeutische Angriffspunkte in der zellulären Seneszenz weiter zu untersuchen. 

 

Um gewebespezifische EVs in vivo zu isolieren, entwickelten wir rekombinante EVs durch 

genetische Fusion des Schnorchel-Tags mit dem Tetraspanin CD81, einem EV Membranprotein. 

Der Schnorchel-Tag ermöglicht eine Protease-Behandlung auf der Säule zur Reinigung von EVs, 

die nicht auf herkömmlichen Protokollen zur Reinigung der Immunaffinität unter Verwendung 

von Lösungen mit niedrigem pH-Wert oder hohem Salzgehalt beruht. Wir haben die Reinigung 

von EVs mit Schnorchel-Tag systematisch anhand verschiedener Methoden bewertet. Unsere 

Ergebnisse legen nahe, dass EVs mit Schnorchel-tag in der Tat mit hoher Reinheit hergestellt 

werden können, ohne die Eigenschaften oder Funktionalität zu beeinträchtigen. 

 

Vorab konnten wir feststellen, dass seneszente Zellen mehr EVs als junge Zellen ausscheiden und 

dass diese EVs Mitglieder des ‚senescence associated secretory phenotypes‘ (SASP) sind. Daher 

untersuchten wir, ob von seneszenten Zellen abgeleitete EVs ein Ziel für Anti-Seneszenz-

Therapien sein könnten. In Anbetracht der negativen Auswirkungen von EVs, die von seneszenten 

Zellen sezernierte werden auf die Gewebemikroumgebung, haben wir neutralisierende Antikörper 

entwickelt, um die EV-Aufnahme in Empfängerzellen zu blockieren. Unsere Ergebnisse zeigen 

jedoch eine verbesserte EV-Aufnahme, was unserer ursprünglichen Hypothese widerspricht. 



 
 
 
 

4 

Basierend auf diesen Ergebnissen schlagen wir nun vor, dass die Bindung von monoklonalen 

Antikörpern an derzeit noch unbekannte Antigenen von EVs, die von Fibroblasten stammen, deren 

Aufnahme in Empfängerzellen verbessert. Wir identifizieren derzeit die Antigene für diese 

monoklonalen Antikörper. 

 

Schließlich entwickeln wir ein in-vivo-Modell mit rekombinantem CD81-Schnorchel-Tag unter 

p16ink4a-Promotor. Auf diese Weise erhalten wir detaillierte Einblicke in die EV Beladung, die 

aus alternden Zellen sekretiert wird, indem EVs mit Schnorchel-Tags unter pathophysiologischen 

Bedingungen gereinigt werden, um Biomarker und therapeutische Instrumente zu entwickeln. 

 

Zusammenfassend haben wir hier neue Werkzeuge entwickelt, um den Inhalt und die Funktion 

von EVs im Kontext von Alterung und Krankheit zu untersuchen. Diese Werkzeuge werden nun 

den Weg für die Untersuchung der molekularen Mechanismen ebnen, die diesen EV-Funktionen 

in vivo zugrunde liegen. 
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1. INTRODUCTION 

 

1.1. Background and general overview 

 

1.1.1. Cell-derived vesicles 

 

Intercellular communication is an important hallmark for cell-to-cell communication. Cells 

exchange information by direct interaction or by secretion of soluble proteins like growth 

hormones, cytokines, chemokines etc. In addition, cells release spherical particles enclosed 

by a phospholipid bilayer into the extracellular environment that can have impact on both 

neighboring and distinct cells. Body fluids such as blood, urine and saliva, but also 

conditioned cell culture media are enriched with these cell-derived vesicles. These cell-

derived vesicles can be purified from almost all mammalian cells, namely for example 

primary cells, stem cells, immune cells, tumor cells. Following the current opinion, 

importance of cell-derived vesicles is not restricted to higher eukaryotes but also to lower 

eukaryotes and prokaryotes like bacteria and fungi. The diameter of these cell-derived 

vesicles ranges from 30 nm-1m. Due to their heterogeneity and small size, their isolation, 

classification and detection is challenging. Although there are different types of cell-

derived vesicles have been identified, “exosomes” and “microvesicles” are commonly used 

terminologies in the literature.  

 

Recently, cell-derived vesicles have gained significant importance due to their innate 

ability to transfer cargo like DNA, RNA, proteins, lipids and metabolites from the donor 

cell to recipient cells within or between tissues either by paracrine or endocrine mode of 

communication. Since then, cell-derived vesicles have also been actively investigated 

under pathophysiological conditions. Recent developments have shown that these cell-

derived vesicles secreted in the periphery can enter the central nervous system (CNS), pass 

the blood-brain barrier (BBB) and thus provide possible prospects for diagnostics and 
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treatment of neuroinflammatory/neurodegenerative diseases. Cell-derived vesicles, mainly 

exosomes and microvesicles are broadly considered as extracellular vesicles (EVs) which 

are intensively studied in normal biological processes as well as in diseased conditions to 

develop potential diagnostic markers and therapeutic interventions. 

 

 

1.1.2. History 

 

The first discovery of EVs dates back to 1940, describing the clotting factor isolation via 

high-speed centrifugation from plasma and modulation of clotting time (CHARGAFF and 

WEST 1946). Almost two decades later, in 1967 Wolf et. al., published the first evidence 

of cell-derived vesicles, originating from platelets and termed “platelet dust”(Wolf 1967). 

Electron microscopy images revealed that the size of these platelet dust particles was 

between 200 and 500 Å. In 1975, Dalton described that the fetal calf serum contains 

“extracellular microvesicles” with a diameter between 30-60 nm. Two years later, in 1981 

Trams et al. proposed the term “exosomes” for the vesicles derived from plasma membrane 

(Trams et al. 1981). A couple of years later, studies on the transferrin receptor, a membrane 

protein, suggested that exosomes are formed in multivesicular bodies (MVBs) for 

segregating and that plasma membrane proteins are secreted via exosomes (Johnstone et 

al. 1987). Consequently, the term “exosomes” came into existence and has been widely 

accepted in the scientific community. Thereafter, EV research was largely neglected as 

cell-derived vesicles were considered being the “garbage bags” of cells until the 

functionality of EVs was shown. In 1996, Raposo et al. described that  exosomes secreted 

from B lymphocytes carrying MHC class II are able to trigger T cell response, pointing 

towards a functional role of EVs in cell-to-cell communication (Raposo et al. 1996).  

 

In the following years, important milestones in EV-research were the discoveries of 

horizontal transfer of genetic material like mRNA and microRNA between cells (Ratajczak 

et al. 2006), as well as EVs from periphery being able to cross blood-brain-barrier (EL 

Andaloussi et al. 2013). These discoveries paved the way for enormous and diverse EV-
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research over several fields decoding the cargo carried by EVs in natural biological 

processes and pathophysiological conditions to exploit the underlying potential for 

therapeutic purposes. 

 

 

1.2. Extracellular vesicles 

 

Ever since the discovery of cell-derived vesicles, their reputation in the scientific field has 

changed from being the cells’ garbage bags to being described as “extracellular vesicles”, 

implying knowledge on their mode of secretion and most importantly their role as natural 

carriers of cargo. Hand in hand goes the constant urge for improved tools and methods for 

EV isolation and quantification. Investigations on extracellular vesicles have become a 

common object, literally in every field of biomedicine. EVs are ubiquitous, they are 

released from bacteria as well as from every single cell in multicellular organisms. EVs as 

a natural delivery vectors have the ability to transfer nucleic acids, proteins, lipids and 

metabolites to neighboring cells and are thus regulating the function of the recipient cells. 

In the pioneering text from Gould and Hildreth, they hypothesized about the similarities 

between retroviral and EV biogenesis; secretion and uptake, proposing “The Trojan 

exosome hypothesis” (Gould, Booth, and Hildreth 2003).  

In recent years, explosion of new data on EVs paved the way for new fields of research. In 

spite of the guidelines set by the International Society for Extracellular Vesicles (ISEV) 

aiming at unifying nomenclature, isolation methods, characterization and information on 

EV profiles (subsumized under the term ‘MISEV’),  there is still a lack of standardization 

and consensus among researchers, as many aspects of EV research like their release 

mechanisms, terminologies and classification, cargo incorporation and delivery of 

bioactive molecules to recipient cells still remain a mystery. Here, I discuss the actual status 

quo on EV research with regard to their classification, terminologies, secretion 

mechanisms, isolation methods, mode of uptake and their therapeutic potential. 
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1.2.1. EV classification and terminology 

 

Due to the heterogeneity in size and difficulties with the detection, all secreted membrane 

vesicles are generically termed EVs. Based on current knowledge about their size and 

biogenesis, EVs are classified into two categories, namely “exosomes” and 

“microvesicles”. Due to multidisciplinary research fields, sometimes the classification is 

also based on their specific function or the type of the cell or tissue they originate. For 

example, EVs derived from prostate are termed as “prostasomes” (Stegmayr and Ronquist 

1982), the term “dexosomes” (Le Pecq 2005) is used for exosomes released from dendritic 

cells, “tolerosomes” (Karlsson et al. 2001) are exosomes which induce immunological 

tolerance to dietary antigens, “synaptic vesicles" are shedded by neurons (G. Fischer et al. 

1990), the term “oncosomes” is used for vesicles that are derived from tumor cells (Li et 

al. 2012; Sedgwick et al. 2015), “apoptotic bodies” are formed by dying cells (Théry, 

Ostrowski, and Segura 2009; Mathivanan, Ji, and Simpson 2010), “migrasomes” are 

vesicles that transport cytoplasmic contents during cell migration (Ma et al. 2015). 

 

As mentioned above, based on biogenesis, EVs are in general broadly classified into 

exosomes and microvesicles. Exosomes are intraluminal vesicles (ILVs) formed within 

multivesicular bodies (MVBs) via inward budding of their membrane and are released into 

extracellular space by fusion of MVBs to the plasma membrane. Typically, their size 

ranges between 30-120 nm in diameter. Microvesicles range in size from 100-1000 nm in 

diameter and are formed by budding of the plasma membrane into the extracellular 

environment. In case of oncosomes, they can have a size of up to 10m. Apoptotic bodies, 

which are considered as one of the EV subgroups, originate from plasma membrane 

blebbing and carry contents from deriving from endoplasmic reticulum as well as nuclear 

fragments and their size ranges between 1000- 5000 nm. 
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Figure 1: Schematic view of different EV subpopulations.  

From Chuo et al. journal of Biomedical Science (2018) 21:91 

 

Zhang et al. described the new subtypes of EVs such as small-exosomes (Exo-S), large-

exosomes (Exo-L) and exomeres (H. Zhang and Lyden 2019). Using the state-of-the-art 

asymmetric flow field-flow fractionation (AF4) technology, they were able to separate two 

subpopulations of exosomes and discovered non-membranous nanoparticles termed as 

“exomeres” that exhibit distinct molecular and biophysical properties. The exomeres (~35 

nm) showed different biophysical properties compared to Exo-S (60-80 nm) and Exo-L 

(90-120 nm) derived from endosomal sorting (H. Zhang et al. 2018). Results also 

demonstrate that single subtypes of EVs are enriched with specific cargo in terms of nucleic 

acids, lipids, proteins and their glycosylation patterns. These discoveries further opened 

new avenues in unraveling the role of different subtypes of EVs in cellular and organ 

function. Furthermore, the increasing number of reports on EV subtypes, nomenclature and 

characterization led to a good deal of confusion concerning nomenclature and data 

interpretation. In the light of these issues and to circumvent the confusion with 

nomenclature and data interpretation, ISEV established the so called Minimal Information 
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for Studies of Extracellular Vesicles (MISEV 2018) (Théry et al. 2018), a comprehensive 

guidelines provides a minimal set of biophysical, biochemical and functional standards that 

should be met to determine the subtype or specific biological cargo or function of EVs. At 

last, sophisticated nomenclature is required considering the EV subtype biogenesis and 

their functional implication on recipient cells. Here, I use the generic term EVs to refer to 

all the cell-derived membranous nanoparticles except for apoptotic bodies. 

 

 

1.2.2. EV biogenesis and secretion 

 

A major part of communication within the cells is achieved by the vesicles between 

different compartments of cells via intracellular-vesicle transport. Vesicular transport 

enables exchange of cargo between different cell compartments. Two major pathways 

involving vesicular transport are exocytic and endocytic pathways. In the exocytic 

pathway, proteins or metabolites which are synthesized within the cytoplasm or different 

organelles are carried by intracellular vesicles and released to the extracellular environment 

by fusion of the vesicles to the plasma membrane. This also enables the transport of plasma 

membrane proteins, which are synthesized in endoplasmic reticulum, to its destiny 

(Chieregatti and Meldolesi 2005; Verhage and Sørensen 2008; Liang, Wei, and Chen 

2017). On the other hand, in the endocytic pathway, proteins and membranes are 

internalized forming clathrin-coated vesicles. Later, these clathrin-coated vesicles proceed 

to form early and late endosomes (Elkin, Lakoduk, and Schmid 2016). The cargo from late 

endosomes is sorted to the plasma membrane, recycled, or transported to the lysosomes for 

degradation (Pryor and Luzio 2009). During the latter process, the late endosomes 

accumulate ILVs in their lumen. The ILVs that are formed by inward budding of late 

endosomal membranes, during this process the membrane proteins, lipids and cytosol 

components like nucleic acids, proteins are specifically sorted into these vesicles. These 

late endosomes containing a multitude of small vesicles are termed MVBs. The main fate 

of MVBs is to fuse to lysosomes where their contents get degraded due to the acidic nature 

of lysosomes (Piper and Katzmann 2010). However, some MVBs escape endosomal 
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degradation routes which ultimately leads to the release of exosomes into the extracellular 

milieu (Vidal & Stahl 1993). The discoveries of these degradation escape routes of the 

endosomal system revealed a number of different components involved in exosome 

biogenesis. 

 

 

1.2.2.1. Exosome Biogenesis 

 

The formation of exosomes in the MVBs is driven mainly by the endosomal sorting 

complex required for transport (ESCRT) or by tetraspanin CD63. However, reports show 

that inactivation of ESCRT also led to the formation of MVBs suggesting ESCRT-

independent mechanism. Therefore, the exosome biogenesis is mainly driven by two 

intracellular pathways: ESCRT-dependent and -independent pathways.  

 

ESCRT-dependent pathway: ESCRT-dependent exosome biogenesis is driven by 

approximately 30 proteins building four complexes (ESCRT-0, -I, -II, -III) which are 

further associated with proteins like AGL-2-interacting protein X (ALIX/PDCD6IP), 

syntenin, syndecan and VPS4. Recent studies revel downregulation of syntenin, syndecan 

and ALIX impairs the exosome release and overexpression of syntenin induces an increase 

in ALIX-dependent exosome release.  Furthermore, ESCRT-dependent exosomes release 

is depend on the function of ESCRT-I, -II, -III and VPS4 and their associated protein 

(syntenin, syndecan and ALIX). Possible mechanisms for ESCRT-driven MVB formation 

were well described in many studies (Hanson and Cashikar 2012) outlining the 

involvement of different components of ESCRT-0, -I, -II and-III complexes. The 

components of ESCRT-0, Hepatocyte growth factor–regulated tyrosine kinase substrate 

(HRS) (Tamai et al. 2010; Gross et al. 2012) and signal transducing adaptor molecule 

(STAM) (Colombo et al. 2013) are involved in the recognition and binding of ubiquitinated 

cargo protein on the endosomal outer membrane upon stimulation by phosphatidylinositol 

3-phosphate (PIP3) (Shields et al. 2009; Katzmann, Babst, and Emr 2001; Fernandez-Borja 

et al. 1999). Tumor susceptibility gene 101 (TSG101), a component of ESCRT-I complex 
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is recruited by HRS (Bache et al. 2003), upon which MVB protein 4A (CHMP4A) 

components of the ESCRT-III, associates with TSG101 via ESCRT-II or ALIX (Baietti et 

al. 2012). Therefore, ESCRT-I and -II are considered as the initiators of the intraluminal 

membrane budding (Henne, Stenmark, and Emr 2013). Formation of ESCRT complex on 

the endosomal membrane recruits deubiquitinating enzymes, which removes the ubiquitin 

from the cargo proteins before sorting them into ILV. Finally, AAA- ATPase suppressor-

of-potassium-transport-growth-defect-1 protein (SKD1) is involved in the recycling of the 

ESCRT machinery (Bishop and Woodman 2001; Liégeois et al. 2006). 

 

The importance of the ESCRT machinery in MVB formation is well understood due to 

knockdown studies. Reports suggests that HRS-depletion in dendritic cells (Tamai et al. 

2010) and HEK293 cells (Gross et al. 2012) showed reduced exosome secretion. A 

comprehensive study by Colombo et. al gives an overview of individual proteins involved 

in MVB formation (Colombo et al. 2013). The results show that silencing of the 

components of ESCRT-0/I (HRS, STAM and TSG101) in HeLa cells decreased exosome 

secretion and associated proteins (CD63, MHC II) but also these proteins might act 

differently during exosome biogenesis and secretion (Colombo et al. 2013). Depletion of 

HRS resulted in reduced secretion of exosomes with a diameter between 50-200 nm, 

whereas depletion of STAM1 decreased the secretion of particles with 30-100 nm diameter. 

These results suggest that individual components of ESCRT-0 are involved in the secretion 

of different population of exosomes. Silencing TSG101 on the other hand resulted in 

vesicles devoid of CD63 and MHC II in all size categories, suggesting that it is mainly 

involved in sorting the cargoes into ILVs. On contrary, depletion of VPS4B resulted in 

increased exosome secretion of all sizes without altering their composition, whereas 

depletion of ALIX led to an increase in MHC II levels in exosomes without affecting the 

levels of exosome secretion. Further, Baietti et al. showed that the depletion of ALIX 

decreases the exosome secretion and that overexpression of syntenin enhances the increase 

in exosome biogenesis and secretion in MCF7 cells (Baietti et al. 2012). Syndecan-

syntenin-ALIX mediated exosome biogenesis is suggested to be an alternative ESCRT 

pathway (Baietti et al. 2012). Here the biogenesis of exosomes is dependent on heparinase 
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stimulation and ILV budding is controlled by ADP ribosylation factor 6 (ARF6) and 

phospholipase D2 (PLD2). 

 

In summary, ESCRT-dependent exosome biogenesis involves multiple mechanism which 

as a result determines the type of exosomes and their composition. MVB associated 

proteins like syntenin, HRS, TSG101 and ALIX play a crucial role in exosome biogenesis 

and cargo sorting. This highlights the molecular and mechanistic heterogeneity of the 

different types of EVs secreted from different cell types.  

 

 

ESCRT-independent pathway: Stuffers et al. reported that the inactivation of all four 

ESCRT complexes by combinatorial knockdown did not alter the MVB formation and 

exosome secretion, suggesting the existence of an ESCRT-independent exosome 

biogenesis(Stuffers et al. 2009). Similarly,  Trajkovic et al. 2008 demonstrated that 

exosome biogenesis can occur independently of the ESCRT complex in oligodendroglial 

cells (Trajkovic et al. 2008). The knockdown of TSG101, ALIX or HRS neither had 

influence on inward budding of PLP nor on colocalization of proteolipid protein (PLP) and 

LAMP1. In experiments, where cells were treated with GW4869, a neutral 

sphingomyelinase (nSMase; enzyme required for ceramide synthesis) inhibitor, treated 

cells showed reduced exosomes release (Trajkovic et al. 2008). The hydrolysis of 

sphingomyelin to ceramide by nSMase leads to a negative curvature on the membranes and 

subsequently to generation of subdomains similar to lipid rafts initiating ILVs in MVBs.  

 

Recent studies have also shown that CD63-dependent ILV formation is independent of 

ESCRT and ceramide pathways. CD63 is a tetraspanin protein mainly enriched in lipid 

microdomains that has the potential to recruit ESCRT-independent components for ILV 

formation. It was shown that CD63 is not only involved in sorting of PMEL protein (Theos 

et al. 2006) into ILVs but also in their formation.  
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To conclude, exosome biogenesis is certainly complex, influenced by different stimuli. 

Several mechanisms could act concomitantly or sequentially in the formation of MVBs 

and could be targeted by different sorting machineries. The complexity of the mechanisms 

of exosome biogenesis can help to explain the heterogeneity of EVs originating from a 

single cell or different cell type. However, it also highlights the need for better techniques 

to differentiate between those EVs derived by the various biogenesis pathways to then also 

have ultimately a clear nomenclature for these still heterogeneously appearing particles. 

 

 

Figure 2: Biogenesis of extracellular vesicles.  

 

Several sorting machineries are involved in the different steps required for generating exosomes 

and microvesicles. First, lipids and membrane- associated proteins are clustered in discrete 

membrane microdomains of the plasma membrane for microvesicles (top) and of the limiting 

membrane of the multivesicular endosome (MVE) for exosomes (bottom) (step 1). Such 

microdomains certainly also participate in the recruitment of soluble components, such as cytosolic 
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proteins and RNA species, that are fated for sorting in extracellular vesicles (step 2). Altogether, 

formation of these clustered microdomains together with additional machineries promotes 

membrane budding followed by a fission process either at the plasma membrane towards the 

extracellular medium or at the limiting membrane of the MVE towards the lumen of the MVE (step 

3). Transmembrane proteins sorted on exosomes and microvesicles keep the same topology as at 

the plasma membrane. Mechanisms of exosome biogenesis are fairly well understood and 

importantly involve subunits of endosomal sorting complex required for transport (ESCRT), 

although to different degrees — ESCRT- III is required for the scission of the intraluminal vesicles 

(ILVs) into the MVE lumen, but cargo clustering and membrane budding can occur by either 

ESCRT- dependent or ESCRT- independent mechanisms. From Niel et al. Nat Rev Mol Cell Biol. 

2018 Apr;19(4):213-228. 

 

1.2.2.2. Microvesicle biogenesis 

 

MV biogenesis is far less complex and less defined than that of exosomes. MVs or plasma 

membrane-derived vesicles are formed by outward budding and fission of the plasma 

membrane and the mechanisms involved in their secretion have recently started to emerge. 

The biogenesis of microvesicles involves a cascade of events such as phospholipid 

rearrangements, change of Ca2+ levels, Ca2+ dependent enzymatic processes and 

cytoskeletal remodeling (Akers et al. 2013). Membrane asymmetry is achieved by a 

combination of factors that induce the activation of aminophospholipid translocases 

(flippases and floppases) which drive the exposition of phosphatidylserine from inner 

leaflet to the outer leaflet of the plasma membrane. This causes physical bending and 

cytoskeletal remodeling underneath the plasma membrane (Hugel et al. 2005). In addition, 

ARF6 and myosin light chain kinase (MLCK) are involved in actin-myosin restructuring 

which triggers the release of MVs (Muralidharan-Chari et al. 2009). It has recently been 

shown that RAB22A promotes the release of MVs in tumor cells under hypoxia (T. Wang 

et al. 2014). Interestingly, a recent study provided evidence for the presence of TSG101, a 

component of the ESCRT-I complex in MVs, suggesting a possible role of TSG101 in MV 

secretion in addition to the one in exosome secretion. For this, interaction of TSG101 
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with arrestin domain–containing protein 1 (ARRDC1) at the plasma membrane promotes 

the outward budding of EVs (Nabhan et al. 2012). As for the cargo of MVs, the cytoplasmic 

components fated for secretion are anchored to the inner leaflet of the plasma membrane 

either by palmitoylation, prenylation or myristoylation. It is still unclear how nucleic acids 

are targeted to the plasma membrane and sorted into MVs. Figure 2 illustrates the 

biogenesis of exosomes and microvesicles. 

 

1.2.2.3. Secretion of extracellular vesicles 

 

The secretion mechanisms for microvesicles are generally fast and simple, once they are 

generated, they pinch off from the plasma membrane into the extracellular milieu, whereas 

secretion of exosomes is characterized by complex mechanisms involving additional 

regulatory checkpoints. Primarily, MVBs have been considered locations of lysosomal 

degradation, however, recent discoveries of lysosomal degradation escape routes sheds 

light on how balance is kept between targeting MVBs for degradation and secretion. 

Similar to exosome biogenesis, a variety of mechanisms are proposed for the secretion of 

exosomes. The secretion of exosomes requires tightly regulated steps of transport, docking 

and fusion of MVBs to the plasma membrane. Targeting MVBs to the plasma membrane 

occurs by anterograde transport via the microtubule network. The ubiquitylation statues of 

RAB7 determines the fact of MVBs either to lysosomes or to plasma membrane. 

Interestingly, exosomes released by breast tumor cells via RAB7 are enriched for ALIX 

and syntenin (Baietti et al. 2012). Althought RAB27A and RAB27B are the main regulators 

for exosome secretion (Ostrowski et al. 2010), a number of Rab GTPases are recognized 

as a key players, including RAB11 (Savina et al. 2005) and RAB35 (Hsu et al. 2010). 

RAB27B regulates the motility of MVBs to the plasma membrane and RAB27A promotes 

docking and fusion to the plasma membrane. The exosomes released via RAB27A and 

RAB27B are enriched with late endosomal proteins like ALIX, CD63 and TSG101 

whereas, the exosome release facilitated by RAB11 and RAB35 are enriched for flotillin 

and cell-specific proteins like Wnt, PLP and Transferrin receptor (TfR) (Laulagnier et al. 

2004). 
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Once the MVBs reach the vicinity of the plasma membrane, the final steps of the exosome 

release require docking and fusion to the plasma membrane. SNAREs [for soluble N-

ethylmaleimide-sensitive fusion attachment protein (SNAP) receptors], are well studied in 

the synaptic vesicle exocytosis; secretion of neurotransmitters and 

peptides/neuromodulators at nerve terminals. In general, v-SNARE (a vesicle membrane 

protein) and t-SNARE (a target membrane protein) form complexes with SNAPs docking 

the vesicles to membrane. Following the trigger by Ca2+ influx the docked vesicles fuse to 

the plasma membrane. Accumulating evidence suggests that SNAP23 at the plasma 

membrane and VAMP7 on lysosomes promote Ca2+-regulated MVB exocytosis in 

epithelial cells and neutrophils (Rao et al. 2004; Logan et al. 2006). The diversity involved 

in exosome secretion, depending on the cell type and MVB subtype, distinct SNAREs 

maybe involved in regulating exosome release. The role of SNAREs in exosome release 

so far is poorly studied and a better understanding certainly requires new techniques and 

tools to follow the docking and fusion mechanisms. 

 

Thus, secretion of MVBs involves complex mechanisms regulated by different proteins 

and lipids. Additionally, different MVB subclasses add an extra layer of complexity to the 

process as these themselves can contain different population of ILVs. 

 

 

1.2.3. Molecular composition of EVs 

 

EVs, a heterogenous group of cell-derived vesicles, are important mediators for 

intercellular communication via transfer of functional biomolecules, including proteins, 

lipids and nucleic acids. The first breakthrough in the field of determining EVs as a natural 

carrier happened in 2007, when Valadi et al. demonstrated that mRNA and miRNA shuttled 

via exosomes regulate the recipient cells (Valadi et al. 2007). Since then, there is an 

increasing research in understanding the cargoes of EVs, which has resulted in the 
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assembly of three different databases (Exocarta (Mathivanan et al. 2012; Mathivanan and 

Simpson 2009; Keerthikumar et al. 2016; Simpson, Kalra, and Mathivanan 2012), 

Vesiclepedia (Kalra et al. 2012), and EVpedia (D. K. Kim et al. 2013)) collecting datasets 

from various EV studies. These databases include information on proteins, lipids and 

nucleic acid content in EVs alongside with their isolation and purification procedures used. 

However, the nature and abundance of EV cargos is determined by the mechanisms of EV 

biogenesis, cell-type or vesicle-specific per se and often influenced by the patho-

physiological state of the donor cell.  Hereafter, the EV cargo with respect to proteins, 

lipids and nucleic acids composition will be discussed in more detail. Molecular 

composition of exosomes and microvesicles are represented in brief in Figure: 3 

 

1.2.3.1. Proteins 

 

Proteins are the most abundant biomolecules in EVs and are often related to the cell-type 

and mode of biogenesis. Proteomic analysis techniques allowed large-scale identification 

of nonpredetermined in EV preparations. The abundance of proteins in EVs is often 

exploited for the characterization and for determining the purity of EVs after different 

preparations, because of their heterogeneity in types and varying composition from EVs 

derived from the same cell. Furthermore, different isolation and purification methods 

enriches different mixtures of EV subgroups. Nevertheless, it is often recommended to 

probe for a combination of surface and luminal markers for the characterization of isolated 

EVs. 
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Figure 3: Main features of extracellular vesicles  

General molecular composition of microvesicles (top) and exosomes (bottom). From Niel et al. Nat 

Rev Mol Cell Biol. 2018 Apr;19(4):213-228. 

 

The protein content in EVs is determined by their mode of biogenesis. Almost all exosomes 

which are secreted via the endosomal pathway contain proteins related to MVB biogenesis 

(ALIX, TSG101, syntenin, CD9, CD63, CD81) and proteins involved in MVB transport 

and fission (Rab GTPases, flotillin, VAMP7). However, presence of CD9, CD63 and CD81 

are regularly observed in plasma-membrane derived EVs (Reka A. Haraszti et al. 2016a). 

Proteomic studies showed that exosomes contain both, cellular proteins involved in their 

biogenesis and also proteins from endosomes, plasma membrane and cytosol. Proteins 

from other cellular compartments such as the endoplasmic reticulum, mitochondria and 
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nucleus are often absent in EVs. To determine the purity of EVs it is recommended to probe 

for the absence of markers from other cellular compartments; Calnexin and HSP90B1 for 

ER; GP130 for the golgi complex and cytochrome C for mitochondria (Théry, Ostrowski, 

and Segura 2009; Théry et al. 2001). Nevertheless, ER-derived chaperones (HSPs) and 

nuclear markers like histones are still frequently detected in EVs contributing to their 

physiological phenomenon. Exosomes secreted via ESCRT mechanisms are generally 

enriched with proteins associated to ESCRT complexes like ALIX, TSG101, CHMP4B, 

syntenin and syndecan. The protein composition of different EV subtypes shows a large 

overlap, however, some proteins are highly enriched in one subtype, suggesting the 

importance of the isolation techniques. 

The sorting of the protein cargos into EVs is dependent on their post-translational 

modifications like ubiquitination, phosphorylation, sumoylation, glycosylation and 

ISGylation. Kowal J et al., performed comprehensive comparative proteomic analysis of 

different subtypes of EVs secreted from HeLa-CIITA and DC cells to define novel markers 

for EV subtypes (Kowal et al. 2016). EVs isolated via density gradient from a 100K pellet 

of ultracentrifugation showed two subtypes, namely s-EVs and l-EVs with syntenin- 1, 

TSG101, ADAM10, and EHD4 as markers for s-EVs; actinin-4 and mitofilin qualified as 

markers for the large- and medium-sized EVs. Immuno-isolation of EV subtypes using 

anti-tetraspanin antibodies (targeting CD9, CD63 and CD81) from 100K pellets of 

ultracentrifugation are significantly enriched with proteins involved in the endosomal 

pathway. These results emphasize that sEVs not bearing tetrapanins do not correspond to 

the original definition of exosomes (Kowal et al. 2016).  

On the other hand, MVs carry proteins that are involved in their budding process such 

as AARDC1, ARF6 and cytoskeletal remodeling proteins. Using SILAC quantitative 

proteomics analysis, Palmisano et al., compared the proteome of exosomes and 

microvesicles (Palmisano et al. 2012). The study identified that MVs are highly enriched 

with proteins with post-translational modifications like glycosylation and phosphorylation. 

All the studies mentioned above show that vesicular protein compositions differ between 
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different subtypes and highlights the importance of standardizing isolation and 

quantification methods for identifying reliable EV protein components. 

1.2.3.2. Lipids 

 

Just like proteins, lipids play an important role in EV biogenesis and uptake mechanisms. 

A comparative lipidome analysis of exosomes and microvesicles identified 1961 lipid 

species and showed that lipid enrichment in EVs is cell type specific. In general, EVs are 

enriched with sphingomyelin, PS, cholesterol, ganglioside GM3, and ceramide or its 

derivatives. In addition, enrichment of lipid classes and species in EVs varies in different 

settings. Two independent studies (Brzozowski et al. 2018; Llorente et al. 2013) show that 

sphingomyelin, glycerophospholipids, cholesterol and phosphatidylserine are enriched in 

exosomes secreted from metastatic cells. These results demonstrate the presence of 

subdomains on EVs with features similar to PM lipid rafts, which is consistent with the 

presence of lipid raft-associated proteins, flotillins and GPI-anchored proteins (Wubbolts 

et al. 2003). Although the MV lipid composition is similar to the PM of the donor cell, 

recent observations have unraveled that the enrichment of phosphatidylserine in MVs is 

less compared to that of the exosomes. The differences in the lipid composition in different 

types of EVs reflect their biogenesis, cell type and pathophysiological conditions. Unlike 

the characterization of protein and nucleic acids in EVs, the EV lipidome is poorly studied 

so far and deeper understanding of EV lipid species such as 

lysopalmitoylphosphatidylcholine (Pils V et al. in preparation) may represent an unique 

biomarkers for different diseases. 

 

1.2.3.3. Nucleic acids 

 

Ever since the first report on functional EV cargo, transfer research in understanding the 

cargoes of EVs has been exploded. In 2007, Jan Lötvall and colleagues demonstrated that 

exosomes from MC/9 and HMC-1 (mouse and human mast cell lines, respectively) 

and primary bone marrow-derived mouse mast cells contain large amounts of mRNA, 

including miRNAs and small RNAs (Valadi et al. 2007). Microarray assessment revealed 
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the presence of ~1300 gene transcripts in exosomes, and out of which 270 mRNA 

transcripts were exclusively present in the exosomes and not in the cytoplasm of the donor 

cell. Importantly, the packaged mRNA was functional, as new mouse protein in human 

mast cells after the transfer of exosomes from mouse mast cells was observed. Henceforth, 

RNA packaged and shuttled to distinct cells via exosomes was termed as “exosomal shuttle 

RNA” (esRNA). These observations boosted the field and led to further explore on 

understanding the transfer of functional cargo via EVs. In general, EVs contain potentially 

active RNA species such as mRNA, miRNA, rRNA, mtRNA (mitochondrial RNA), coding 

and non-coding RNA, piwi-interacting RNA, tRNA, small nuclear and nucleolar RNA, 

VT-RNA (vault RNA) and Y-RNA, along with RNA binding proteins that are probably 

involved in RNA selection and sorting.  

 

EV encapsulated RNA transfer has gained significant importance due to the profound 

impact on the regulation of the recipient cell, resulting in the novel protein production via 

mRNA or miRNA mediated regulation of gene expression (Valadi et al. 2007; Skog et al. 

2008; Van Der Vos et al. 2016). RNA packing mechanisms into EVs are still poorly 

understood. After initially random packaging was the common understanding, later on, it 

was revealed that sorting of miRNA into vesicles is driven either by Ago2 protein or by 

ribonucleoproteins. Bioinformatic analysis identified specific RNA nucleotide motifs that 

are enriched in the RNAs sorted to exosomes (Van Der Vos et al. 2016) followed by 

identifying RNA binding proteins like e.g. NSUN2 [tRNA (Cytosine(34)-C(5))-

Methyltransferase] and Y-B1 [Y-box binding protein] that bind to these motifs on 

exosomal mRNA and miRNA (Kossinova et al. 2017). miRNA packaging into EVs could 

also be driven by RNA-binding protein, as for instance in T-cells, where hnRBPA2B1 

(heterogenous RNA-binding protein A2/B1) binds to GGAG motifs (EXOmotifs) on 

miRNA. Moreover, hnRBPA2B1 is sumoylated in exosomes and consequently, the 

interaction between sumolyated hnRBPA2B1 and EXOmotifs on miRNAs and its high 

affinity to ceremide-rich regions in the lipid rafts drives sorting of miRNAs into exosomes 

(Villarroya-Beltri et al. 2013). Santangelo et al. identified SYNCRIP (synaptotagmin-

binding cytoplasmic RNA-interacting protein; also known as hnRNP-Q or NSAP1) with 
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binding affinity to miRNAs sharing GGUC as EXOmotif and influencing their exosomal 

compartmentalization. Mutations in the GGUC sequence impaired the binding of 

SYNCRIP to miRNAs and an insertion of the GGUC motif significantly increased 

exosome/cellular ratio (Santangelo et al. 2016). In addition, Terlecki-Zaniewicz et al. 

showed differentially loading of miRNAs into exosomes is not only cell type specific but 

also on cell condition (Terlecki-Zaniewicz et al. 2018). These results confirm that RNA 

packing into exosomes is well regulated mechanism and cell type specific. However, 

improved understanding of RNA composition and sorting mechanisms into EVs is crucial 

in order to develop RNAs, especially miRNAs as a potential biomarkers for diagnostic of 

different diseases (Weilner, Schraml, et al. 2016). 

 

1.2.4. Mechanisms of EV uptake  

 

Seeing EVs as natural carrier vehicle in the cell-to-cell communication implies that EVs 

secreted into extracellular space must interact with the recipient cell and/or deliver their 

contents to have an impact on recipient cell physiology. EV-mediated cell-to-cell 

communication requires docking at the plasma membrane, activation of surface molecules, 

followed by internalization or fusion to the plasma membrane of the recipient cell. So far, 

it has been proposed that the internalization of EVs is mediated via endocytosis or direct 

fusion of the vesicles to the plasma membrane and consequent release of their contents. 

Endocytosis of EVs can involve different mechanisms depending on the surface molecule 

interactions. Nevertheless, it has been proposed that endocytosis of EVs can be categorized 

into different types such as caveolin-, clathrin-, lipid raft-mediated endocytosis, 

phagocytosis and macropinocytosis (Figure 4). In some cases, the surface interaction of 

EVs with the target cell is sufficient to lead to the physiological changes. Understanding 

the mechanisms involved in EV uptake is gaining its importance alongside with insights 

into the cargo loading machinery in order to improve the development of EV therapeutics.  
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1.2.4.1. Docking or surface molecule interaction 

 

The first step in EV uptake is the interaction of surface molecules from EVs and the plasma 

membrane. The fate of EVs is determined by their surface molecule composition and by 

the receptors on the target cell plasma membrane. A wide range of molecules such as 

intracellular adhesion molecules (ICAMs), integrins, extracellular matrix components, 

lipids, lectins, heparan sulfate proteoglycans and MHCs act as interaction mediators 

between EVs and the plasma membrane. For instance, interaction of ICAMs (ICAM-1) on 

EVs with the integrins (αv or β3 integrins) on the plasma membrane of the recipient cell 

promotes the docking of EVs for internalization (Morelli et al. 2004). Integrins on the 

surface of the EVs can enhance the docking with the plasma membrane by interacting with 

extracellular matrix components (Sung et al. 2015; Purushothaman et al. 2016). In addition, 

specific exosomal integrins on EVs drive them to specific target organs in vivo. For 

example, presence of ITGαvβ5 direct tumor exosomes to fibronectin-rich liver 

microenvironments, whereas tumor exosomal ITGα6β4 and ITGα6β1 promotes binding to 

laminin-rich lung microenvironments preparing a pre-metastatic niche (Hoshino et al. 

2015). These findings suggest that integrins could dictate the organotropism of EVs and 

could serve as a potential biomarker. 

 

Exosomal tetraspanins can promote docking and internalization of EVs either by 

interacting with integrins (Rana et al. 2012) or with other surface proteins (Nazarenko et 

al. 2010; Rana et al. 2011). Interaction between the leptin receptor Siglec (CD169) on 

macrophages captures the splenocyte EVs bearing α2,3-sialic acid promoting the EV 

uptake in vivo (Saunderson et al. 2014). A proteoglycan, Glypican-1 (GPC1) on tumor 

derived EVs is involved in docking to the cell membranes, furthermore, GPC1 carrying 

EVs may serve as a screening and diagnostic tool to detect early pancreatic cancer (Melo 

et al. 2015). Galectin-5 on the EV surface binds to C-type lectin receptors on the 

macrophages promoting clathrin-mediated endocytosis (Barrès et al. 2010). On the other 

hand, lipid composition of EVs can also have an impact on targeting EVs. PS which recruits 

lipid binding proteins such as lactadherin that induce docking of EVs to the plasma 
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membrane is known to be enriched on the outer leaflet of EV membranes (Morelli et al. 

2004).   

 

Taken together, target specificity of EVs is determined by their surface molecule 

composition and specific interactions with the target cell membranes. Target specificity of 

EVs can also be achieved by engineering the EV surface proteins, thus exploiting their 

therapeutic potential. For example, engineered dendritic cell (DC) EVs bearing a neuro-

specific RVG peptide on Lamp2b are specifically targeted to neurons, microglia and 

oligodendrocytes in the brain (Alvarez-Erviti et al. 2011).  

 

1.2.4.2. EV Uptake or fate of EVs in recipient cells 

 

The second step of the EV uptake is internalization into the recipient cell. The mechanism 

of EV internalization solely depends on the molecules localized on the membranes of EVs 

and acceptor cells such as integrins, proteoglycans, immunoglobulins, tetraspanins and 

lipid compositions which contribute to the EV target specificity and uptake. Although 

many studies report about the internalization of EVs, it is still unclear whether the uptake 

of EVs is through specific receptor mediated mechanisms, or through non-specific 

macropinocytosis. EV internalization and release of its contents into cells determines their 

functionality. The mode of entry can occur through clathrin-dependently in macrophages 

(Barrès et al. 2010), through PI3-kinase-, actin polymerization, TIM4-, dynamin2-

dependent phagocytosis in macrophages (Barrès et al. 2010), lipid raft- and caveolae-

dependent endocytosis in epithelial and endothelial cells respectively (Nanbo et al. 2013; 

Svensson et al. 2013). Recent evidences suggest that most of the EV internalization occurs 

via macropinocytosis to support engulfment of large aggregates of EVs. A study by Raghu 

Kalluri and colleagues demonstrated that engineered EVs carrying therapeutic cargo are 

internalized in pancreatic cells via macropinocytosis (Kamerkar et al. 2017).  

 

The fate of the EVs is determined by the specific molecular composition on both, EV 

surface and the recipient’ plasma membrane. For instance, when it comes to EV surface 
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composition, exosomes subtypes enriched with CD63 are targeted to neuronal and glial 

cells, while presence of APP (amyloid precursor protein) on exosomes targets them to 

neurons (Laulagnier et al. 2018), and presence of CD47 (‘do not eat me’ signal) on EVs 

increases their half-life in circulation preventing phagocytosis by monocytes and 

macrophages (Kamerkar et al. 2017). On the other hand, the molecular composition on the 

plasma membrane can play an important part in determining the fate of EVs. For example, 

a specific lipid composition such as presence of lipid rafts on the plasma membrane 

promotes the EV internalization, while depletion of its components such as cholesterol 

reduces the EV uptake (Escrevente et al. 2011).  

 

Following the uptake of EVs by different mechanisms mentioned above, the EVs deliver 

their contents into the target cell. In case of plasma membrane derived EVs, studies suggest 

that they directly release cargo directly into the cytoplasm by fusing to the plasma 

membrane. For EVs internalized via clathrin-dependent or -independent mechanism, 

engulfed vesicles fuse to the lysosomes and inherently undergo degradation pathways. In 

order to deliver functional molecules, the EVs’ cargo need to escape the endosomal 

degradation and enter cytosol, a process still poorly understood. However, a few studies 

reported target specific delivery of functional nucleic acids being achieved both, in vitro 

and in vivo (Loughmiller and Klintworth 2011; Kamerkar et al. 2017).  
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Figure 4: Fate of extracellular vesicles in recipient cells.  

From Niel et al. Nat Rev Mol Cell Biol. 2018 Apr;19(4):213-228. 

 

Cargo delivered via EVs leads to various responses in recipient cells, For example 

internalized epithelial EVs are processed in the endosomal compartments of dendritic cells 

for antigen presentation (Mallegol et al. 2007; Morelli et al. 2004). In some cases, 

internalized EVs are processed in endosomes and secreted into the extracellular space. A 

study revealed such findings showing that CD81+ EVs secreted by fibroblasts are 

internalized by breast cancer cells (BCCs), loaded with BCC-associated Wnt11 and 

recycled back into the extracellular milieu promoting BCC motility and metastasis (Luga 

et al. 2012). However, the main characteristic feature of EVs is to deliver functional 

molecules such as nucleic acids which can regulate the processes in target cell. Many 

reports demonstrated the transfer of RNA and DNA via EVs thus regulating the recipient 

cells. For example, the protective effect of MSC-EV on kidney disease is driven by transfer 

of mRNA and miRNA, which is well reviewed by Rani et al., (Rani et al. 2015). 

Sometimes, interactions of EV surface molecules with receptors on the plasma membrane 

is sufficient to trigger responses in the recipient cells, for instance exosomes derived from 

B cells and dendritic cells carry MHC-peptide complexes for antigen presentation to 

antigen-specific T cells (Segura et al. 2007); promoting anchorage-dependent growth of 
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non-transformed fibroblasts by fibronectin carrying tumor-derived microvesicles 

(Antonyak et al. 2011). To conclude, different cell types can internalize EVs using various 

mechanisms which is further depending on the surface molecular composition of EVs and 

cell membranes. Yet, the development of new imaging techniques and standard methods 

will help for better understanding the fate of cargo in recipient cells. Overview of uptake 

mechanisms is shown in Figure 4. 

 

1.2.4.3. Methods to study EV uptake or cargo transfer in vitro and in vivo 

 

Monitoring EV uptake generally relies on fluorescent or luminescent reporters in vitro and 

in vivo. Different fluorescent lipophilic dyes/lipid-anchored fluorophores (LAFs) such as 

PKH26, PKH67, DiR, DiI and rhodamine (Alvarez-Erviti et al. 2011)(Cao et al. 2019; 

Peinado et al. 2012a; Zhuang et al. 2011; Silva et al. 2013; Dabrowska et al. 2018) are used 

on purified EVs to track the EV fate in target cells or tissues. However, the use of lipophilic 

dyes is associated with several pitfalls. The half-life of these dyes can range from 5 to >100 

days compared to the half-life of EVs ranging between 2 minutes to 24 hours. Dye-labelled 

EVs may be degraded or recycled in vivo but the dye itself remains intact in the cells or 

tissues, resulting in inaccurate outcomes in studying the fate of EVs in vivo. The second 

major issue with LAFs is that they don’t selectively label EVs but also other aggregates 

and lipoproteins which are co-isolated with EVs, leading to false results (C. P. Lai et al. 

2015). To circumvent these issues, the approach of genetically encoded fluorescent 

reporters such as CD63-eGFP or CD63-mCherry, CD81-eGFP which are enriched in EVs 

is widely common and enables to study the uptake dynamics of EVs at single particle level 

in target cells (Cossetti et al. 2014; Heusermann et al. 2016). However, the use of 

fluorescent reporters to study the fate of EVs is very much limited to cell cultures. Recent 

advances in imaging techniques made the tracking of the fluorescent labelled EVs in vivo 

possible. Using multiphoton intravital microscopy (MP-IVM), Lai et al. could show the 

EV trafficking in solid tumors stably expressing GFP or tdTomato with palmitoylation 

signal at the N-terminus (C. P. Lai et al. 2015).  
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Figure 5: Approaches Used to Analyze EV- Mediated Transfer in vivo.  

From Tkach M et al. Cell. 2016 Mar 10;164(6):1226-1232. 

 

In an in vivo setting, lipophilic fluorescent dyes have widely been used to study the fate of 

EVs, accompanied by various pitfalls as mentioned above. To exploit the therapeutic 

potential of EVs, understanding the biodistribution of systemically injected EVs is, 

however, of utmost importance. Despite their drawbacks, the use of lipophilic fluorescent 

dyes gave some insights into the biodistribution of EVs. A comparative study evaluated 

how the routes of injections, cellular origin of EVs and different EV doses affect the 

biodistribution in vivo (Wiklander et al. 2015a). Besides, apart from fluorescent reporters 

and lipophilic fluorescent dyes, bioluminescent reporters such as Renilla luciferase (Rluc) 

and nano-luciferase (Nluc) tagged to tetraspanins have been used to study the fate of EVs 

in vitro and in vivo. Recent reports demonstrate that using bioluminescent reporter systems 

enables noninvasive imaging of EV biodistribution in vivo (Gangadaran, Li, et al. 2017; 

Hikita et al. 2018), paving a way for developing EV-based theranostic strategies. 
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In an in vivo setting, it is important to have a system which can discriminate between cells 

that have taken up the EVs with functional cargo and the ones that have not. Zomer et al., 

designed the Cre-loxP system to demonstrate the functionality of EVs upon their 

internalization. In brief, the color switch, from DsRed to eGFP in the reporter expressing 

cells that take up the EVs carrying Cre recombinase transcript from Cre expressing cells 

(Zomer et al. 2015). However, this approach demands the generation of donor- and 

recipient reporter systems and is a highly sensitive method demonstrating the functionality 

of EVs. Still, loading of Cre mRNA into EVs has unclear efficiency, especially if using 

stable Cre transfected cell lines. 

 

  

1.2.5. EV isolation methods 

 

The natural therapeutic potential of EVs has paved the way for explosive research in 

studying the mechanisms of their biogenesis and macromolecule loading, on EV uptake 

mechanisms and functional cargo delivery. In addition, increasing attention has been paid 

on developing methods for EV isolation. Considering EVs as being omnipresent, every cell 

has the ability to secret EVs into the extracellular milieu. EVs are commonly isolated from 

conditional cell culture medium and from biological fluids such as blood, urine, 

cerebrospinal fluid, milk and saliva. Apart from EVs, these materials are highly complex, 

containing non-vesicular macromolecules such as lipoproteins, protein aggregates along 

with cell debris and apoptotic bodies. Considering the EVs’ size and heterogeneity and the 

complexity of their surrounding environment, their isolation and method of choice is a 

challenging obstacle. 

 

The starting material is of utmost importance for chosing the right method, since any 

starting material will have significant amounts of non-vesicular components that can be 

co-isolated with EVs. For instance, the presence of additional EVs in cell culture media 

originating from fetal bovine serum (FBS), apoptotic bodies or from other media 

supplements poses a high risk of misinterpreting the results. It is advised to remove cell 
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debris and apoptotic bodies by centrifugation at 300-700 x g and 2,000-3,000 x g 

respectively. A recent study demonstrates that EVs derived from FBS can induce 

phenotypic and behavioral changes in cell cultures (Shelke et al. 2014). The removal of 

EVs and other macromolecules via 18-hours centrifugation protocol leads to a depletion of 

95% of EVs from serum. Of note, while using EV-depleted media or serum free media for 

culturing cells, one should consider the effect of EV-depleted media or serum free media 

on cell phenotype and behavior.  

 

Conditioned cell culture medium is rather well defined, compared to the complex nature of 

biological fluids, which demands different approaches for the removal of contaminants to 

achieve pure EV preparations. Plasma, for example, contains high amounts of lipoproteins 

such as low- and high-density lipoproteins along with EVs, posing a high risk for 

incorrectly interpreting the results (Yuana Yuana et al. 2014; Sódar et al. 2016). For 

example, the majority of circulating RNAs is extravesicularly either bound to proteins like 

AGO or to lipoproteins and is co-purified with EVs, posing further challenges in 

understanding EV mediated effects. Thus, not only robust methods for isolation and 

purification are in great need, but also after isolation, carefully monitoring the analysis is 

needed to correctly interpret the results. A few EV isolation methods based on their 

physical and chemical properties, which are widely employed, are discussed below. 

1.2.5.1. Isolation methods based on physical characteristics 

 

1.2.5.1.1. Ultracentrifugation 

The invention of the ultracentrifuge in the early 20th century led to the development of 

separation techniques including the application for EVs. To date, ultracentrifugation (UC) 

for EV isolation has been employed for all kinds of starting material (from conditioned cell 

culture media to biological fluids) and is widely considered as a golden standard method. 

The method involves sequential centrifugation steps from low- to high speed, where cell 

debris is removed by centrifugation at 300-700 x g for 5-10 min and apoptotic bodies at 

2,000-3,000 x g. For the isolation of MVs, the supernatant is subjected to sterile 0.8 m 
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filtration, followed by centrifugation at 10,000-20,000 X g. To enrich exosomes, the 

supernatant is sterile filtered with 0.22 m and further processed with high-speed 

ultracentrifugation at 100,000-120,000 x g for 90-120 min. Schematic representation of 

ultracentrifugation based EV isolation Figure: 6 

 

Figure 6: Schematic representation of differential ultracentrifugation procedure. 

 

However, due to the heterogeneity of EVs concerning size and density, high speed 

ultracentrifugation cannot achieve absolute separation of particles. Smaller particles which 

are at a higher distance from the bottom of the tube may not sediment. Secondly, high speed 

centrifugation steps cause aggregation of particles in the pellet which can impact their 

biological function. Thirdly, protein aggregates, lipoproteins and other contaminants with 

similar sizes to EVs tend to co-sediment in the EV pellets. Hence, protein measurements 

of EV-containing pellets cannot determine the recovery of EVs. In order to remove 

impurities at least to some extent, EV pellets can be resuspended in sterile PBS and 

recentrifuged. Of note, repeating wash steps will lead to the loss of particles and it is 

absolutely difficult to get rid of all the impurities and to achieve pure EV preparations by 

this method alone.  
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1.2.5.1.2. Density-gradient separation 

 

Due to the differences in biogenesis and cargo, different subtypes of EVs have different 

densities. To remove impurities/contaminants from EV pellets after UC, by applying 

density gradient centrifugation, one can efficiently separate different impurities such as 

protein-RNA aggregates from EVs (Raposo et al. 1996; Théry et al. 2006). Commonly 

used gradients are sucrose and iodixanol, allowing separations of particles between 1.1 and 

1.19 g/ml according to their densities. However, this method is still not feasible to separate 

EV subclasses with the same densities. By employing density gradient centrifugation in 

combination with UC, one can achieve pure EV preparations. 

 

1.2.5.1.3. Size-exclusion 

 

Size exclusion-based techniques are widely used for the separation of biomolecules such 

as proteins, polysaccharides and proteoglycans and can also be employed for separating 

EVs from conditioned cell culture media or from biological fluids. A brief overview of EV 

isolation techniques which are employed in the study such as column-based size exclusion 

chromatography (SEC), ultrafiltration and tangential flow filtration (TFF) (commercially 

available crossflow filtration) are discussed hereafter. 

 

Size exclusion chromatography/gel filtration: 

 

The separation of EVs using SEC is recommended for biological fluids such as plasma or 

urine and for samples which are ultracentrifuged. Size exclusion chromatography allows 

for sequential elution of fractions based on their size. The principle relies in trapping the 

smaller particles in the porous beads and allowing large particles such as EVs to elute 

earlier. SEC is increasingly practiced in the EV community, due to the results that show 

improved purity, integrity and functionality of the isolated EVs. SEC has been used for 

isolating EVs from biological fluids such as serum and saliva. EVs isolated via SEC are 

relatively pure and mostly depleted for proteins and lipoproteins such as HDLs (Böing et 
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al. 2014). Recently, commercially packed columns such as qEV (IZON Science Ltd., 

United Kingdom) (An et al. 2018), Exo-SpinTM Midi Columns (CellGS; Cambridge, UK) 

(Welton et al. 2015) are gaining popularity considering the robustness, purity and 

reliability. Furthermore, SEC has more advantages compared to the widely applied UC. 

Having no risk of protein contamination or EV aggregation, SEC gained increasing 

popularity. Yet, the method is constrained in its scalability and applicable for smaller 

sample size only, restricting large-scale isolations for clinical applications. However, when 

combined with other high throughput methods, such as filtration, UC or TFF, one can 

achieve relatively pure, clinical grade EVs in large numbers. 

 

Ultrafiltration: 

 

Filter-based methods in particular serve as an alternative for UC or as an additional step to 

gel filtration. When isolating EVs by ultrafiltration, the pore size of the filters often matters 

for the separation of EVs. Commercially available ultrafiltration columns, such as 

Amicon® Ultra 15 ml/50 ml Centrifugal Filters (Merckmilipore) are widely in use 

(Merchant et al. 2010; Nordin et al. 2015), filter membranes with fixed molecular weight 

cut-off (MWCO) of 100 kDa can retain EVs with particle sizes below 200 nm, allowing 

other components such as proteins to pass through the membrane. However, these can only 

be employed for smaller sample volumes. Additionally it was shown that the composition 

of some exosome subpopulations may promote stable binding of EVs to the membranes, 

leading to a decline in recovery (Cheruvanky et al. 2007). 

 

Tangential flow filtration (TFF): 

 

Although gel filtration and ultrafiltration provide reasonably pure exosomes, scalability 

and obtained yield are major setbacks. Recently, a commercially available TFF system has 

gained popularity for isolating large-scale clinically grade EVs from conditioned cell 

culture supernatants. The TFF method is based on a crossflow filtration with modified 

Polyethersulfone (mPES) membrane filters which have fixed molecular weight cut-off 
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(MWCO) limits. Pores in the membrane allow the smaller particles to pass through, 

following concentrated EVs in the circulation (Figure 7). This method enables large scale 

isolation of EVs, which are intact and biologically active with minimal batch-to-batch 

variations (Corso et al. 2017). A few recent studies compared the clinical potency of TFF 

isolated EVs with EVs derived from ultracentrifugation. Results demonstrate that  EVs 

isolated via TFF are highly potent in delivering therapeutic molecules to target cells (Reka 

Agnes Haraszti et al. 2018), implying the importance of TFF for clinical grade applications. 

 

 

    Figure 7: Schematic illustrating of TFF.  

Adapted from Busatto et al. Cells 7(12). 

 

 

1.2.5.2. Isolations methods based on biochemical characteristics 

 

1.2.5.2.1. Immunoaffinity isolation 

 

The presence of a characteristic surface molecule composition on different subtypes of EVs 

has been exploited for the immunoaffinity isolation of EVs. The antibodies against the EV 
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surface molecules are covalently bound to magnetic-, agarose-beads or to other matrices 

enabling enrichment/trapping of a specific population and facilitating separation through 

affinity interactions. So, the abundance of specific EV surface molecules such as CD9, 

CD63, CD81, EpCAM and PS is employed for the isolation of specific subtypes of EVs. 

One can isolate EVs secreted from a specific cell type depending on the availability and 

specificity of the antibodies. Commercially available pan-tetraspanin immunoaffinity 

isolation kits (from miltenyi Biotec) are widely used for both, qualitative and quantitative 

determination of EVs (Koliha et al. 2016).The major advantage of using immunoaffinity 

based techniques is that tissue specific EVs can be isolated. For instance, paramagnetic 

beads coated with HLA DP, DQ, DR antibodies can be used for isolation of exosomes 

secreted from B-cells (Clayton et al. 2001). In addition, several magnetic bead based 

isolations have been employed, for example the use of heparin coated beads for isolation 

of abundant populations of EVs (Balaj et al. 2015), binding affinity of Tim4 to PS has been 

exploited for isolating EVs (Miyanishi et al. 2007; Nakai et al. 2016). In general, compared 

to gold-standard methods, affinity isolation of EVs reduces isolation time, elevates the 

purity of EVs isolated and can improve tissue specific EV isolations. However, this method 

also comes with its own pitfalls, is not applicable for large scale isolations and can be 

expensive.   

 

1.2.5.3. Other isolation methods  

 

Recent advances in EV research led to the development of new techniques based on 

physical and biochemical characteristics of EVs. For instance, hydrophobic polymers such 

as PEG (polyethylene glycol) have widely been used for precipitating EVs. Some of the 

commercially available reagents based on PEG precipitation are- ExoQuick (System 

Biosciences, United States), Total Exosome Isolation Reagent (Invitrogen, United States) 

and ExoPrep (HansaBioMed, Estonia). Others employ different microfluidic devices based 

on the immunoaffinity principle (Zhao et al. 2016) or with the use of microporous filtration 

systems (Davies et al. 2012).  
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Given the complexity and heterogeneity of EVs, a wide variety of approaches for their 

isolation has been developed. Cell culture derived EV preparations are mostly uniform 

compared to biological material due to the complex nature and limited sample volume. On 

the other hand, scalability is a major issue with cell culture material. Overall, it might not 

be possible to develop a universal method for isolating EVs but, one should carefully 

consider the starting material and downstream application of the isolated EVs for finding 

the method of choice. 

 

 

1.2.6. Characterization of EVs 

 

To access the results of EV isolation and to demonstrate the biological significance of EVs, 

their characterization via multiple techniques is important. Therefore, the ISEV provided 

guidelines by releasing a series of position papers (Lötvall et al. 2014; Théry et al. 2018; 

Witwer et al. 2017), providing the minimal experimental needs and clarifying the definition 

of cell- derived vesicles. 

The assessment of the quality of EVs is defined by their size, density, morphology and 

molecular features such as the presence of EV-associated proteins. Important 

characterizations and techniques involved in evaluating the EV preparations are discussed 

hereafter. 
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1.2.6.1.  Physical analysis of EVs 

 

Determining the size, concentration and morphology of EVs is a main parameter for 

characterizing EV types (exosomes, microvesicles and apoptotic bodies). A few studies 

reported that circulating EV/plasma EV size and concentration vary from normal to 

pathological conditions, implying that the physical characteristics of EVs could potentially 

be useful as clinical diagnostic tools (Magdalena Derbis 2012; Baran et al. 2010). Most 

commonly used EV characterization techniques either directly by high-resolution imaging 

such as EM (electron microscopy) and AFM (atomic force microscopy) or indirectly using 

optics such as NTA (nanoparticle tracking analysis) and DLS (dynamic light scattering). 

 

1.2.6.1.1. Electron microscopy (EM)  

 

Due to the high resolution obtained by EM, it is a widely used technique to determine the 

size and morphology of EVs at single EV level. The most widely used EM technique for 

determining the size and morphology is TEM (transmission-EM)(Park et al. 2016; Linares 

et al. 2014; Böing et al. 2014) and in a few cases SEM (scanning-EM) (Sokolova et al. 

2011; Nanou et al. 2018; Casado, Del Val Toledo Lobo, and Paíno 2017). Sample 

preparations for TEM involves heavy metals like uranyl acetate, osmium tetroxide or 

phosphotungstic acid increasing the contrast of the samples. However, the use of heavy 

metals and fixation agents like glutaraldehyde, leads to dehydration of the samples, 

resulting in deformation or shrinking of EVs and to a cup-shaped distinct morphology on 

grids, which was initially considered as a characteristic feature of EVs. Recently, the use 

of cryo-TEM techniques for characterizing EVs revealed that in fact, the cup-shaped 

morphology observed in TEM imaging is a mere artifact of sample preparation. Because 

the samples are snap-frozen in liquid nitrogen for cryo-TEM, and free from dehydration 

and fixation, EVs in cryo-TEM morphologically appear in their native state with their 

distinct lipid-bilayer (Yuana Yuana et al. 2013; Linares et al. 2014). Additionally, cryo-

TEM offers the possibility to investigate the heterogeneity of EVs in biological fluids. For 

example, in a recent report, cryo-TEM imaging of blood plasma revealed the presence of 
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tubular and spherical structures of EVs, providing novel insights into the size, morphology  

and phenotype of EVs (N. Arraud et al. 2014). Furthermore, presence of specific surface 

molecules on different subsets of EVs enables their identification by using immunogold 

labeling. For instance, Brisson et al. combined immunogold labelling and cryo-TEM, 

providing the possibility of quantitative analysis to identity different subset of EVs 

(Brisson et al. 2017). Currently, cryo-TEM is regarded as the state-of-art method for 

characterization of EV size and morphology.  

 

Although TEM and cryo-TEM provide vital information about the morphology and size of 

EVs, EM techniques are rather limited when used to estimate the concentration of EVs in 

a given sample. According to ISEV guidelines (Théry et al. 2018), it is suggested to obtain 

an overview image and close-up image to show the abundance and heterogeneity of EVs 

in the samples.  

 

1.2.6.1.2. Atomic force microscopy 

 

Atomic force microscopy (AFM) is a reliable surface-based imaging technique for 

characterizing EV size and their mechanical stiffness. The sharp tip at the end of the 

cantilever interacts with the surface of the sample leading to a deflection of the cantilever 

allowing to image the topology in nanometer resolution. The advantage of AFM is that it 

involves minimal sample preparation allowing to measure EVs in liquid suspension (Hardij 

et al. 2013) or even in fixed state (Biggs et al. 2016) where the mica coated with antibodies 

for specific EVs to be imaged (Sharma et al. 2010; Y. Yuana et al. 2010; Sebaihi et al. 

2017). Additionally, the AFM technique is suitable to understand the mechanical properties 

of EVs, such as stiffness and elasticity (Vorselen, Marchetti, et al. 2018), providing insights 

into EVs differing between normal to physiological conditions, which consequently could 

help in the characterization and development of EV-based approaches in nanomedicine 

(Vorselen, van Dommelen, et al. 2018).  Furthermore, Casado et al. recently applied AFM 

to study the dynamics of bulges on the plasma membrane of ASCs and the release of 

exosomes correlating to the size of the EVs produced by SEM (Casado, Del Val Toledo 
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Lobo, and Paíno 2017). However, the technique is of limited use due to the lack of expertise 

and equipment availability. 

 

1.2.6.1.3. Dynamic light scattering 

 

Dynamic light scattering (DLS), provides the average size of the particles by measuring 

the diffusion coefficient of scattering particles in a medium. Unlike EM and AFM that 

resolve the size of single EVs, DLS analyses the collective size of EVs by measuring the 

scattered laser light dispersed by EVs. The principle behind DLS is particle Brownian 

motion in the solution, resulting in time-dependent fluctuations in scattered light intensities 

which is directly converted to the diffusivity to determine the hydrodynamic diameter of 

particles by applying the Strokes- Einstein equation (Sitar et al. 2015). The simplicity and 

speed of measurements gives DLS an advantage over other methods. However, DLS 

measurements are used for quantitative analysis of EVs with relatively homogenous nature. 

DLS is used to determine the size of EVs in many studies involving high-throughput 

measurements (Palmieri et al. 2014; Baddela et al. 2016). The application of DLS is quite 

limited to biological samples as due to their complex nature the readouts can be misread. 

Although a few studies report using DLS for characterizing EVs from plasma (Lawrie et 

al. 2009), but by coupling DLS measurements for EVs isolated by SEC (Varga et al. 2014) 

or asymmetrical flow field flow fractionation (AF4) (Petersen et al. 2014) achieving pure 

and homogenous EV preparations. 

 

1.2.6.1.4. Nanoparticle tracking analysis 

 

Nanoparticle tracking analysis (NTA) is the most widely used technique to determine the 

hydrodynamic diameter and concentration of EVs. NTA allows tracking of EVs at 

individual level replacing DLS for characterizing EVs in recent times. The principle behind 

NTA analysis is the same as in DLS, which records Brownian motion of particles. 

Furthermore, the scattered light from particles is recorded by a camera which enables 

visualization of single particles in the solution. This enables individual particle size 
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calculation using a special algorithm. Currently, commercial instruments such as Malvern 

(Nanosight) and ParticleMetrix (ZetaView) are extensively used to determine the size and 

concentration of EVs. However, the presence of contaminants such as protein aggregates 

and lipoproteins in the sample can misrepresent the size and concentration distribution in 

the sample. Recent advancements in technology allows the use of EV specific antibodies 

or fluorescent dyes that can discriminate between EVs and contaminants. However, one 

should consider bleaching of the fluorescent dyes due to high laser beams and chose photo-

stable fluorescent dyes (Lobb and Mo 2017; Dragovic et al. 2011). Nevertheless, NTA 

provides robust quantification of EV size and concentration. Although one should take care 

of using standards to ensure for reproducibility and correct data interpretation (Vestad et 

al. 2017; C. M. Maguire et al. 2017) 

 

1.2.6.2. Biochemical analysis of EVs 

 

Determination of protein concentrations in the EV preparations by micro-bicinchoninic 

acid (BCA) or by Bradford assay is a straightforward characterization of EVs. However, 

the protein contaminants in the preparations limit the accuracy of the measurements. EVs 

are heterogenous in physical and molecular characteristics which mainly depend on their 

origin and biogenesis. As mentioned before in the EV biogenesis section (1.2.2), different 

proteins and lipids are involved in EV biogenesis mechanisms and cargo sorting. With the 

current knowledge on biogenesis mechanisms, molecular profiles available for 

physiological or pathological status, certain biomarkers can serve as a component for 

molecular characterization of EVs. Probing for specific EV markers via immunoblotting 

or by flow cytometry is commonly used to evaluate the molecular composition. Here, I 

summarize the most commonly used biochemical characterization methods, namely 

immunoblotting and flow cytometry and recent advancements in the molecular 

characterization of EVs. 

 

1.2.6.2.1. Immunoblotting 
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Immunoblotting is a most widely used analytical method for detection of EV specific/EV-

associated protein enrichment in EV preparations. EVs purified by UC are subjected to 

lysis and released proteins are separated on SDS-PAGE and probed for specific EV 

associated proteins. One can use the total protein concentrations or particle concentrations 

as a loading constant. According to the guidelines set by ISEV in the recent position paper 

MISEV2018 (Théry et al. 2018), it is recommended to analyze the enrichment of at least 

one of the tetraspanins (CD9, CD63, CD81), transmembrane proteins associated to EVs 

(van Niel et al. 2011; Verweij et al. 2011) and one of the intravesicular proteins (ALIX, 

TSG101, Syntenin) in EV samples. Additionally, EVs are enriched with proteins involved 

in their biogenesis and secretion  such as flotillin-1, ARF6, annexins, Rab GTPases, 

syndecans and cytoskeletal proteins (actin and tubulin), chaperones (HSP70, HSP90), 

metabolic enzymes (enolase, GAPDH, peroxidases) and ribosomal proteins (RPL12, 

RPS18) (Statello et al. 2018; Choi et al. 2015). Plasma membrane derived EVs are often 

enriched with proteins such as integrins, lectins, fibronectin (discussed in section 1.2.4), 

specific plasma membrane receptors such as EGFR (epidermal growth factor receptors) 

(Graner et al. 2009; Al-Nedawi et al. 2009) and cell adhesion molecules such as CD24, 

CD44 and EpCAM (epithelial cell adhesion molecule) (Tauro et al. 2013; Im et al. 2014), 

which can be used as EV biomarkers under normal and pathological conditions. However, 

to assess the purity of EVs isolated from biological fluids such as plasma, saliva and urine, 

it is highly recommended to quantify for contaminants (apoproteins, albumins) which are 

often co-purified with EVs. Furthermore, the presence of not expected EV proteins from 

ER (HSP90B1, calnexin), Golgi (GM130), mitochondria (cytochrome C) and nucleus 

(histones) should be checked for determining the purity of EV samples. Immunoblotting 

enables the simple detection of EV associated proteins. However, it requires bulk amounts 

of EVs which often limits its applicability for biological fluids. Moreover, immunoblotting 

doesn’t provide complete information of heterogeneity within EVs and individual EV 

protein content. 

 

1.2.6.2.2. Flow cytometry 
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For exploiting the surface molecular composition of EVs, flow cytometry (FC) is the most 

commonly used technique. However, most of the conventional flow cytometers can only 

detect particles above 500 nm in diameter due to the limitation concerning sensitivity. MVs 

with diameter ranging from 100 nm to 1000 nm, facilitates the use of FCs by many research 

groups (Chandler 2016; Nolan and Jones 2017). Additionally, the use of fluorescent labels 

or fluorescent antibodies enables discrimination of specific EV populations from 

contaminants or from EVs from other sources (Nicolas Arraud et al. 2016; Ayers et al. 

2011; Fendl et al. 2016; Wisgrill et al. 2016). Importantly, the detection of small EVs is 

underestimated or if detected, they are collectively counted as a single event which is called 

swarm detection (Van Der Pol et al. 2012). By using immune capture of EVs on magnetic 

beads coated with tetraspanin specific antibodies enable highly sensitive detection of 

specific population of EVs (Campos-Silva et al. 2019). Recently, Koliha et al. developed a 

multiplex bead-based platform to detect up to 37 EV surface markers in one sample 

providing an EV protein surface signature (Koliha et al. 2016). Furthermore, Wiklander et 

al. systemically evaluated the multiplex bead-based flow cytometry assay to detect, 

quantify and compare EV protein surface signatures from different cell-types (Wiklander 

et al. 2018). The introduction of imaging flow cytometers (IFC) allowed to discriminate 

EVs from protein aggregates by combining flow cytometry with fluorescent imaging. 

However, until now, the use of IFC was limited only for characterizing larger EVs 

(Erdbrügger et al. 2014; Headland et al. 2014; Lannigan and Erdbruegger 2017). Lately, 

Görgens et al. demonstrated the usability of IFC for small EVs by comprehensive stepwise 

validation and optimization (Görgens et al. 2019). Recent advancements in the field of flow 

cytometry enabled the characterization of small EVs with 40 nm in diameter. Nano flow 

cytometer (NanoFCM) is the only flow cytometry device with a versatile platform enabling 

both, physical (size) and molecular characterization of EVs (Ye Tian et al. 2018).  

 

The molecular composition of EVs mainly reflects the biogenesis mechanisms involved 

and the originating cell-type. Unlike proteins, lipids characterization of EVs is poorly 

studied. However, employing mass spectrometric analysis of the global EV proteome 

(Kreimer et al. 2015; Choi et al. 2015) and lipidome (Llorente et al. 2013; Reka A. Haraszti 
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et al. 2016b) shed light on functional activities of EV cargo, biogenesis and cargo sorting. 

Apart from proteins and lipids, EVs are highly enriched with nucleic acids. The presence 

of RNA and DNA in EVs can be detected by using fluorescent dyes such as SYTO 13 

(Ullal, Pisetsky, and Reich 2010). Several studies have reported specific and non-specific 

loading of RNA into EVs (Bæk et al. 2016; Crescitelli et al. 2013; Nolte’T Hoen et al. 

2012; Villarroya-Beltri et al. 2013; Vojtech et al. 2014). In some instances, extracellular 

RNA (Deregibus et al. 2007) or DNA (Németh et al. 2017; Thakur et al. 2014) bound to 

the outer surface of the EV membrane can induce functional responses in recipient cells 

leading to misinterpretation. Hence, for EV RNA and DNA analysis (quantitative reverse 

transcription PCR (RT-PCR), microarrays, next-generation sequencing) its recommended 

to include RNAse and DNAse combined with protease treatment to specifically define the 

EV nucleic acid composition (Théry et al. 2018; Hill et al. 2013).  

 

The availability of databases greatly expanded our understanding of the molecular 

composition and characterization of EVs (Mathivanan et al. 2012; Kalra et al. 2012; D. K. 

Kim et al. 2013; Simpson, Kalra, and Mathivanan 2012; Keerthikumar et al. 2016; 

Mathivanan and Simpson 2009). However, the small size, heterogeneity and our poor 

knowledge on EV biology made a real challenge for EV characterization.  

 

 

1.2.7.Therapeutic potential of EVs 

 

EVs have an innate ability to transfer cargo either by paracrine or endocrine manner, 

enabling EVs to potentially outperform their counterparts (liposomes and synthetic 

nanovesicles) as therapeutic carrier vehicles. EVs have a natural therapeutic potential. For 

instance, in tissue regeneration, EVs from stem cells have the potential to stimulate cell 

proliferation (Gatti et al. 2011) and angiogenesis (Deregibus et al. 2007) in quiescent 

endothelial cells and cell reprogramming by horizontal transfer of bioactive molecules 

(Ratajczak et al. 2006). The therapeutic potential of stem cells has been widely exploited 

for many clinical studies so far. The discovery of reprogramming  mouse fibroblasts to 
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pluripotent cells was the turning point in stem cell-therapy (K. Takahashi and Yamanaka 

2006). From then on, stem cell-therapy has been carried out in many pre-clinical and early 

stage clinical studies for treating different diseases. MSCs (mesenchymal stem cells), used 

as a potential cellular therapy have been widely employed in many clinical studies in 

regenerative medicine (Le Blanc et al. 2008; Trounson and McDonald 2015; Tompkins et 

al. 2017). However, there have also been reports about MSC cell therapy with negative 

implications on many diseases (Trounson and McDonald 2015). Some of the reasons for 

the failure of MSC clinical trials are the loss of the therapeutic potential (N. Kim and Cho 

2015), the induction of immunogenicity (N. Kim and Cho 2015), limited direct access to 

disease sites (U. M. Fischer et al. 2009) and lack of validation for individual diseases. 

Recent studies have shown promising application for MSC derived EVs as potential 

therapeutic agents because of their apparent natural ability to deliver active biomolecules 

by crossing the physiological barriers such as the blood-brain barrier (EL Andaloussi et al. 

2013). The discovery of cardioprotective effects of MSC-derived EVs led to great interest 

in their therapeutic potential. From then on, increasing studies have demonstrated the 

therapeutic potential of MSC-derived EVs in different pathological conditions. From here 

on, I discuss in brief the therapeutic application of EVs in different diseases, EVs as natural 

vehicles for drug delivery and engineered EVs for potential targeting. 

 

1.2.7.1.  EVs as therapeutic agents 

 

The potential use of EVs as therapeutic agents has been exploited widely after the 

discovery that dendritic cell-derived exosomes carrying antigen presenting MHC I and II 

molecules could suppress tumor growth by activating T-cells (Zitvogel et al. 1998). This 

was soon followed by the production of clinical grade DC-derived exosomes (Dex) 

(Lamparski et al. 2002) and their administration in phase I clinical trials to patients with 

metastatic melanoma or non-small cell lung carcinoma, showing low toxicity and 

feasibility of exosome vaccination (Morse et al. 2005; Escudier et al. 2005). The potential 

of DC-derived exosomes in phase II trial failed to reach the primary end point in 50% of 

the patients (Besse et al. 2016). However, these studies triggered scientific interest towards 
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the therapeutic potential of EVs. The advantages of EVs over cell-based therapies is that 

they possess less immunogenicity than cells when administered as they harbor only a few 

of MHC molecules (Ong and Wu 2015) and have a longer shell life compared to parent 

cell.  

 

The therapeutic application of MSC-derived EVs in many pre-clinical studies for the 

treatment of diseases and pathological conditions has been reported. However, further 

progress has to be made with regard to their isolation, characterization, production and 

routes of administration. Nevertheless, the therapeutic application of MSC-derived EVs 

attracts lots of interest simply because EVs can be produced from MSCs isolated from 

patients’ bone marrow and their ability to circumvent the immune responses in regenerative 

medicine. On contrary, EVs can also modulate immune responses which is beneficial for 

cancer immunotherapy (Zitvogel et al. 1998). In regenerative medicine, the therapeutic 

effects of MSC-derived EVs in circumventing the adverse effects of diseases rely on their 

cargo, activation of vital signaling pathways by their interactions with membrane receptors, 

suppression or promotion of immune responses or by promoting angiogenesis (R. C. Lai 

et al. 2010; Zitvogel et al. 1998; Cosenza et al. 2018; Liu et al. 2017; Gangadaran, 

Rajendran, et al. 2017; J. Zhang et al. 2015). The treatment of graft-versus-host disease 

(GvHD) using bone marrow derived MSC EVs has shown improvements in clinical GvHD 

symptoms within a week of EV therapy and patients remained stable for the next four 

months (Kordelas et al. 2014). A few studies have investigated the clinical safety and 

efficacy of MSC EVs. An application of human cord blood derived EVs to ameliorate the 

progression of grade III and IV CKD (chronic kidney disease) in a randomized, placebo-

controlled, phase II/III pilot study showed that human cord blood derived EVs are safe, 

have immunomodulatory functions and can improve kidney function in phase III and IV 

CKD patients (Nassar et al. 2016). The same group conducted a phase I clinical trial to 

evaluate the modulation of inflammation and pancreatic -cell mass modulation along with 

glucose control in T1DM (type 1 diabetes mellitus) patients by human umbilical cord 

blood–derived MSC-EVs (ClinicalTrials.gov; identifier NCT02138331). However, until 

now no further information on this trial is available. Furthermore, another ongoing phase I 
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clinical trial is assessing the safety and efficacy of MSCs and MSC-derived exosomes for 

the healing of large and refractory macular holes (MHs) (NCT03437759).  

 

Apart from MSC EVs, EVs derived from other cell types with stem cell-like properties, or 

from other regenerative and immunomodulatory cell sources have been harnessed for 

therapeutic applications. So far there are no direct comparisons of parent cell therapy with 

EVs to evaluate the therapeutic potential of EV based therapies. However, a few reports 

have shown minimal potency of EV therapy compared to parent cell therapy (Xie et al. 

2017). Ultimately, EVs for therapeutic applications also depend on several factors such as 

their parent cell culture conditions which can alter the EV properties (Eguchi et al. 2018). 

 

1.2.7.2.  EVs as therapeutic targets 

 

Given the importance of the therapeutic potential of EVs to ameliorate the disease 

progression, EVs also play a crucial role in promoting disease pathogenesis. For instance, 

concerning the role of EVs in tumor biology, various studies have implicated the role of 

EVs in driving the pre-metastatic niche formation by stimulating cell proliferation, 

angiogenesis, matrix remodeling, modulating T-cell activation and inducing metastasis 

(Rak and Guha 2012; Peinado et al. 2012b; Sidhu et al. 2004; Jeong et al. 2005; Al-Nedawi 

et al. 2008; Skog et al. 2008; Al-Nedawi et al. 2009). The role of EVs in tumor progression 

was elegantly demonstrated by Al-Nedawi et al. by showing EV mediated horizontal 

transfer of epidermal growth factor receptor (EGFRvII) from glioma cells to adjacent 

tumor cells including blood, promoting angiogenesis by stimulating expression of vascular 

endothelial growth factor (VEGF) (Al-Nedawi et al. 2008). Furthermore, the blocking of 

oncogenic EGFR harboring EVs by annexin V derivatives (e.g: diannexin) leads to 

antitumor growth and antiangiogenic effects (Al-Nedawi et al. 2009). These studies 

collectively represent oncogene harboring EVs as a therapeutic target in cancer. Beyond 

cancer, EVs play an important role in neurodegenerative diseases (Lee and Kim 2017) and 

in the spread of pathogens (Rodrigues et al. 2018). In the context of aging, we have 

observed negative effects of EVs from senescent cells on cell differentiation in bone and 
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skin (Weilner, Schraml, et al. 2016; Terlecki-Zaniewicz et al. 2018, 2019; Weilner, Keider, 

et al. 2016). However, four strategies could be applied to target EV-driven pathologies. 

Considering the EV biology, composition and mode of action; EVs can be targeted either 

by inhibiting their biogenesis, release, uptake or a specific component of the EVs that could 

contribute to disease progression. 

 

EV/exosome biogenesis is driven by ESCRT-dependent or -independent, CD63- and 

ceramide dependent pathways. The molecules involved in EV biogenesis and cargo sorting 

define the molecular nature. Inhibition of one of the components involved in biogenesis 

results in reduced EV secretion. For instance, silencing of ESCRT-0/1 complex 

components such as hepatocyte growth factor regulated tyrosine kinase substrate (HRS), 

signal-transducing adaptor molecule 1 (STAM1), and TSG101 in HeLa cells reduces the 

EV secretion (Colombo et al. 2013). In another instance, the inhibition of neutral 

sphingomyelinase 2 (sMase2), an enzyme that regulates the biogenesis of ceramide by a 

small molecule GW4869, decreased the exosome secretion both in vitro (Trajkovic et al. 

2008; Kosaka et al. 2010) and in vivo (Fabbri et al. 2012). Similarly, inhibition of 

endocyclic vesicle recycling by dimethyl amiloride decreased membrane-associated heat 

shock protein 72 (HSP72) harboring tumor-derived exosome secretion and their 

immunosuppressive effects in both mice and humans (Chalmin et al. 2010). RNA-mediated 

interference (RNAi) of syntenin, syndecan or ALIX reduced the secretion of exosomes 

suggesting a possible strategy for therapeutic targeting of EVs (Baietti et al. 2012). On the 

other hand, many proteins such as Rab GTPases and Arf6 are involved in the release of 

exosomes and can provide an opportunity for targeting EV release. One such example is 

reduced exosome secretion (Ostrowski et al. 2010) after RNAi knockdown of RAB27A. 

RAB27A blockade resulted in decreased tumor growth and metastasis in vivo (Bobrie et 

al. 2012). Apart from RAB27A and RAB27B, other Rab GTPases such as RAB11 and 

RAB35 have been involved in docking of MVBs to the plasma membrane. The inhibition 

of RAB11 or RAB35 leads to an accumulation of MVBs in cells,  thus impairing exosome 

secretion (Hsu et al. 2010; Savina et al. 2005). 
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Several mechanisms have been proposed for the uptake of EVs into recipient or target cells. 

However, detailed knowledge on uptake mechanisms for specific subtypes of EVs is still 

lacking. Nevertheless, with the current knowledge, one could block the uptake of EVs by 

targeting the EV surface molecules or the receptors on the recipient cells. For instance, 

blockade of phosphatidylserine on EVs with diannexin leads to antitumor and 

antiangiogenic effects (Al-Nedawi et al. 2009). Blocking specific signaling molecules on 

EVs is sometimes sufficient to inhibit the disease progression. For example, antibodies 

targeting FASL1 to reduce tumor growth (Cai et al. 2012) or knockdown of MET by RNAi 

can help to diminish the metastatic effect of melanoma derived exosomes (Peinado et al. 

2012b). Importantly, inhibition of components of EV biogenesis or release can have 

beneficial effects in cancer therapy. However, this can affect normal cell function. 

Moreover, developing targeted approaches for the clearance of tumor-derived EVs or 

neutralizing their uptake can be promising and needs further deep understanding of EV 

cell-to-cell communication and their uptake mechanisms. 

 

1.2.7.3.  EVs as a novel drug delivery vehicles 

 

The innate ability of EVs to transport cargo across biological barriers is an intriguing 

feature which can be exploited for drug delivery. The fact that almost all cells secret EVs 

which are loaded with biomolecules such as RNA, DNA, lipids and protein and are 

transferred to the recipient cells and protect their cargo from extracellular environment, 

makes them especially interesting for this application. Employing EVs as drug delivery 

vectors has advantages over the conventional drug delivery vectors such as liposomes. In 

contrast to liposomes, EVs are natural transporters with less immunogenicity and their 

ability to cross natural barriers such as the BBB, engineer or modify the EV surface for 

targeted delivery.  Loading EVs with therapeutic biomolecules can be achieved in two 

ways; exogenously or endogenously. Exogenous loading of small molecules/RNAs is 

achieved either by electroporation (Mendt et al. 2018; Alvarez-Erviti et al. 2011), freeze-

thaw cycles (Akuma, Okagu, and Udenigwe 2019) or by sonication (Lamichhane et al. 

2016). These techniques were employed for loading EVs with small molecules such as 
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curcumin (Akuma, Okagu, and Udenigwe 2019) and doxorubicin (Yanhua Tian et al. 

2014). Alternatively, the parent cell can be engineered to produce therapeutically potential 

bioactive molecules which can be naturally incorporated into EVs.  

 

One of the first reports to demonstrate targeted drug delivery via EVs was an in vivo study 

by Alvarez-Erviti et al. In this study, engineered DC-derived EVs were loaded with siRNA 

by electroporation. Intravenously injected EVs carrying siRNA could then knockdown the 

BACE1 gene in the brain, responsible for Alzheimer’s disease pathogenesis (Alvarez-

Erviti et al. 2011). Subsequently, a similar in vivo study performed by Raghu Kalluri and 

colleagues could target exosomes carrying drugs to pancreatic cancer. Here, exosomes 

derived from fibroblast-like mesenchymal cells were loaded with siRNA/shRNA specific 

to oncogenic KrasG12D, a mutation commonly seen in pancreatic cancers(Kamerkar et al. 

2017). Partly, the efficacy of iExosomes is due to the presence of the CD47 molecule 

(‘don’t eat me’ signal) on exosomes which helps exosomes to escape from being 

phagocytosed by immune cells (Kamerkar et al. 2017). Eventually, they were able to 

produce clinical grade exosome for targeting specifically oncogene Kras (known as 

iExosomes) in pancreatic cancer (Mendt et al. 2018) and recently registered a clinical trial 

to target pancreatic cancer by using iExosomes (NCT03608631). Loading efficiency of 

siRNA into exosomes by electroporation still remains controversial. Studies report that 

electroporation of siRNA into exosomes leads to the formation of siRNA/exosome/metal-

ion precipitates which decrease the efficacy of therapeutic exosomes (Kooijmans, Vader, 

and Schiffelers 2017; Kooijmans et al. 2013). There is an urgent need for the improvement 

of using electroporation techniques for drug loading; in-depth characterization of the 

composition; reproducibility and potency of the resulting therapeutically active EVs. 
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         Figure 8: EV engineering and loading strategies.  

    From Wiklander et al., Sci. Transl. Med. 11, eaav8521 (2019) 

 
 

1.2.7.4. Engineered EVs   

 

Exogenous loading of EVs using electroporation, sonication and freeze thaw cycles has 

many pitfalls which can decrease the efficacy of the resulting EVs. However, endogenous 

loading or engineering the parent cell to produce therapeutically active EVs can be more 

efficient and maintains the integrity and target specificity of EVs. In the pioneering work 

by Alvarez-Erviti et al., they demonstrated the engineering of parent cells (dendritic cells) 

to produce EVs with targeting peptide RVG (rabies viral glycoprotein) by fusing RVG 

to lysosomal- associated membrane protein 2 (LAMP2b; also known as CD107b). 

Henceforth, the RVG peptide is displayed on the surface of the EVs (RVG-exosomes). 

Furthermore, loading of RVG-exosomes with a gene drug (siRNA) by electroporation and 

subsequent intravenous injection into mice resulted in specific gene knockdown in the 

target site (brain) (Alvarez-Erviti et al. 2011). RVG-exosomes loaded with miRNA-124 
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are used for protecting from ischemia injury by systemic administration (Yang et al. 2017). 

Based on this, a phase I/II clinical trial to treat acute ischemic strokes has been 

registered (NCT03384433). Other strategies such as, tumor-homing peptide, iRGD 

(CRGDK/RGPD/EC) specific to v integrin (Sugahara et al. 2009),  fused to LAMP2b 

targets the EVs loaded with doxorubicin to tumors resulting in tumor growth reduction 

(Yanhua Tian et al. 2014); parent cell expressing GE11 peptide (YHWYGYTPQNVI) 

fused to transmembrane domain of platelet-derived growth factor (PDGF) receptor secretes 

EVs harboring GE11 peptide fusion protein can specifically target EGFR expressing tumor 

cells (Ohno et al. 2013); ARRDC-1 mediated microvesicles (ARRMs), can efficiently 

package and deliver functional molecules such as suppressor p53, RNA molecules, 

CRISPR-Cas9/gRNA complexes which can carry out specific biological functions in 

recipient cells (Q. Wang et al. 2018). Figure 8 illustrates the general engineering of EVs 

and loading strategies.  

 

Additionally, expressing suicide gene mRNA and protein–cytosine deaminase (CD) fused 

to uracil phosphoribosyltransferase (UPRT) in MV donor cells, leads to the production of 

MVs with CD-UPRT mRNA/protein which can serve as a novel tool for the treatment of 

diseases (Mizrak et al. 2013). Alternatively, there are EXOtic devices (engineered exosome 

producer cells) applied for boosting EV secretion, customized specific mRNA packaging 

and targeted delivery (Kojima et al. 2018). Furthermore, engineered EVs are employed in 

understanding the biodistribution of EVs in vivo. For instance, engineered EVs carrying 

the Gaussia luciferase reporter system are used for evaluating the biodistribution and 

clearance of intravenously administered EVs (C. P. Lai et al. 2014). Another prominent 

strategy in gene therapy is the use of AAVs (Adeno-associated vectors) as a tool to target 

a variety of diseases. However, the use of AAVs has its limitations, as high doses of AAVs 

trigger immune responses and often lead to the production of neutralizing antibodies. EVs 

carrying AVVs termed as vexosomes (vector-exosomes) (C. A. Maguire et al. 2012), EV-

AAV (EV-associated AAV) (György et al. 2014) or exo-AAV (exosome-associated AAV) 

(Meliani et al. 2017) can potentially be employed to deliver a transgene to a specific target 

by evading immune responses.  
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In summary, the natural therapeutic potential of EVs has paved a way for modifying EVs 

which triggers huge interest in EVs as biomarker, diagnostic tools, gene expression 

regulators and biomolecule drug delivery vehicles. Due to the lack of standardization in 

their isolation, characterization methods and the lack of knowledge in EV biodistribution 

and clearance in vivo after administration, poor understanding of therapeutic EV efficacy 

hampered the development of EV therapeutics. 

 

 

1.3. Aging and cellular senescence 

 

Aging can be seen as the progressive loss of cellular function, eventually at organismal 

level, leading to many age-associated diseases such as cancer, cardiac diseases and diabetes 

(Flatt 2012). In 1961, Hayflick and Moorhead first demonstrated replicative senescence, 

meaning that somatic mammalian cells have a finite cell division capacity and proposed 

the so called ‘Hayflick limit’ for the ‘passage potential’ of mammalian diploid cells 

(Hayflick and Moorhead 1961). Given the complexity of the factors influencing aging 

processes, nine candidate hallmarks have been proposed contributing to aging process, 

cellular senescence being one of them (Figure 9) (López-otín et al. 2013). Cellular 

senescence is characterized by an irreversible growth arrest, resistance to cell death and 

secretion of many factors which promote tissue failure and inflammation (Campisi and 

D’Adda Di Fagagna 2007; Kuilman et al. 2010; He and Sharpless 2017). The factors 

secreted by senescent cells are collectively called the ‘senescent associated secretory 

phenotype’ (SASP) (J. P. Coppé et al. 2008). Multiple factors trigger cellular senescence, 

either by naturally occurring telomer shortening or by external stimuli such as oncogene 

activation, epigenetic changes, oxidative stress, mitochondrial dysfunction and 

accumulation of DNA damage.  
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       Figure 9: The Hallmarks of Aging.  

     From López-Otín et al. Cell. 2013 June 6; 153(6): 1194–1217. 

 

 

1.3.1.Characteristics of cellular senescence 

 

Cellular senescence, an irreversible growth arrest of metabolically active cells, is triggered 

by persistent DNA damage response (DDR) mechanisms, by constitutive activation of 

p16ink4a-retinoblastoma (RB) and/or p19ARF-p53 signaling pathways (Serrano et al. 1997). 

Progressive telomere erosion triggering activation of the ATM-p53-p21 axis, preventing 

permanent cell cycle arrest (Alcorta et al. 1996; Beauséjour et al. 2003). Apart from DDR, 

other factors such as oncogenic Ras overexpression(Di Micco et al. 2006), UV or gamma 

radiation (Webley et al. 2000) and chemotherapeutics (e.g: Doxorubicin) (Maejima et al. 

2008) can lead to an activation of the ATM-p53-p21 axis. On the other hand, p16ink4a-

mediated growth arrest is mediated by CDK4 and CDK6 via inactivating RB. p16ink4a can 

act independently or in combination with p21-p53 pathways (Van Deursen 2014). The 

elevated levels of p16ink4a, p19ARF, p53 and p21 are often seen in senescent cells or aging 

tissues compared to quiescent or normal tissues (Krishnamurthy et al. 2004). 
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Other than cell-cycle regulators, senescent cells exhibit elevated activity of lysosomal -

galactosidase which facilitates the identification of senescent cells in culture and tissue 

samples (Dimri et al. 1995). Henceforth, this senescence marker is termed as senescence-

associated -galactosidase (SA--gal) activity. Senescence-associated changes in gene 

expression are often related to cell-cycle and metabolism related genes along with changes 

in secretory proteins which constitute the SASP. SASP factors majorly constitute of 

signaling molecules (cytokines, chemokines and growth factors), extracellular matrix 

remodeling proteins (matrix metalloproteinases (MMPs), serine proteases) and 

extracellular insoluble proteins (fibronectin, laminins, collagens) (J.-P. Coppé et al. 2010; 

Lämmermann et al. 2018). SASP factors are known to alter the tissue microenvironment 

by stimulating cell invasion, proliferation, migration and modulating immune response, 

therefore impacting aging itself and age-associated diseases. As aforementioned, 

considering the nature of the SASP factors, their ability to alter intercellular 

communication is considered as being one of the candidate hallmarks of aging. 

 

 

1.3.2. Clearance of senescent cells 

 

It is known that senescent cells accumulate in tissues and organs with age and that their 

secretome influences age-associated pathologies. However, many studies reported that the 

clearance of senescent cells from the system can improve the healthy life span of an 

organism. One such study from Baker et al. elegantly demonstrated that the genetic 

inactivation of p16ink4a and p19ARF in BubR1 progeroid mice increases the life span in mice 

by removal of p16ink4a positive senescent cells (Baker et al. 2008). For the proof-of-

principle, a drug inducible transgene INK-ATTAC (apoptosis through targeted activation 

of caspase) was expressed under 2, 617 bp fragment of the p16ink4a gene promoter (W. 

Wang et al. 2001). A synthetic drug, AP20187 can then induce dimerization of a 

membrane-bound myristoylated FK506-binding-protein–caspase 8 (FKBP–Casp8) and 

eliminates p16ink4a positive senescent cells by inducing apoptosis. Removal of senescent 
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cells from BubR1 mice increased their life span and delayed the onset of age-related 

diseases (Baker et al. 2011, 2016). Since senescent cells accumulate with aging and are 

considered as a primary factor influencing aging. However, the primary role of senescent 

cells in the system is to get rid of damaged tissue or oncogenic cells or the suppression of 

atherosclerosis.  

  

  

1.3.3. Cellular senescence and EVs 

 

The senescent cell secretome (SASP factors) constitutes of growth factors, chemokines, 

cytokines, matrix metalloproteinases (MMPs) and extracellular matrix components 

(fibronectins, laminins and collagens). In addition, EV secretion is influenced by various 

stress stimuli and the pathological status of cells/tissues. SASP factors are known to induce 

senescence in neighboring cells and alter tissue microenvironment. It’s still unclear how 

SASP factors regulate senescence. Until now, only a handful of studies report about 

enhanced EV secretion in senescent cells compared to non-senescent counterparts 

(Lehmann et al. 2008; Effenberger et al. 2014; Terlecki-Zaniewicz et al. 2018; Jeon et al. 

2019; A. Takahashi et al. 2017). However, EVs as SASP mediators are still poorly studied. 

Very recent studies report that EVs secreted from senescent cells harboring biomolecules 

such as nucleic acids and proteins which can influence the initiation of senescence in 

neighboring cells in a paracrine fashion (Terlecki-Zaniewicz et al. 2018; Borghesan et al. 

2019). Senescent cells selectively sort the cargo such as miRNAs with anti-apoptotic and 

senescence inducing properties into EVs (Terlecki-Zaniewicz et al. 2018, 2019). 

Furthermore, activation of DDR pathways in senescent cells results in the accumulation of 

harmful nuclear DNA in the cytoplasm which is further sorted and secreted via exosomes. 

Additionally, it has been shown that senescent cell secreted exosomes have the potential to 

activate DDR pathways in recipient non-/pre-senescent cells (A. Takahashi et al. 2017). 

Taken together, EVs secreted from senescent cells are part of the SASP factors and possess 

therapeutic potential. Blocking or clearance of the senescent cell secreted EVs can 
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minimize the spreading of senescence in aging tissues. However, for all this work, better 

isolation strategies and in vivo tracing methods are necessary. 
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2. AIMS 

 

Although there has been accelerating increase in studies of EV biogenesis, molecular 

composition and therapeutic applications, the fundamental problem still remains to be 

solved regarding isolation of tissue or cell-specific EVs from biological fluids, their purity 

and the efficiency of the purification method. The main aim of this study is therefore to 

develop and evaluate a novel affinity based EV purification method using snorkel-tag 

(Brown et al. 2013); Snorkel-tag based Extracellular Vesicle Affinity Chromatography 

(StEVAC). Snorkel-tag was especially designed to study membrane proteins where N- and 

C-termini of the proteins are inside the lumen. We genetically fused the snorkel-tag to the 

C-terminus of CD81, which enables tags to be displayed on the surface of the EVs. Finally, 

using affinity based chromatography, EVs are purified by on-column proteolytic cleavage. 

In addition, we systematically evaluated the StEVAC method by using multiple EV 

characterization techniques (Part A).  

 

Striking evidences have been reported on clearance of senescence cells in improving 

healthy life span in mice. EVs being the members of SASP are great potential targets for 

therapeutic intervention. For this purpose, (Part B) we wanted to evaluate monoclonal 

antibodies produced against human dermal fibroblast derived EVs for their neutralizing 

effects. In the next step we planned to identify the epitope of novel monoclonal antibody 

and its role in EV internalization (Part B).  

 

Finally, we planned to generate an in vivo model with CD81-snorkel-tag expressed under 

p16ink4a promoter to get insights in the EV cargo under pathophysiological conditions. 
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3. RESULTS 

 

PART A 

 

3.1. Establishment of Snorkel-Tag based Extracellular Vesicle 

Affinity Chromatography (StEVAC) method for 

recombinant EV purification 

 

3.1.1. Design of recombinant tetraspanins for the production of 

recombinant EVs 

 

To isolate cell- or tissue-specific EVs, we fused tetraspanins (CD81) with a snorkel-tag, 

enabling mild isolation and tracking of EVs harboring these recombinant tetraspanins. For 

this, we designed different constructs with the snorkel-tag fused to either the C- or N-

termini of CD81. Additionally, components of the snorkel-tag are fused either to the small 

extracellular loop or to the large extracellular loop to a truncated CD81 (TMD1 or TMD4 

truncations). Schematic representation of the different snorkel-tag constructs is depicted in 

Figure 10A. Accordingly, snorkel-tags were fused to either C- or N- terminus of CD81 

represented in Figure 10B. Complete structural representation of the different CD81 

constructs are shown in supplementary figure 1  
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Figure 10: Schematic representation of different snorkel-tags (A), and snorkel-tags fused to CD81 

full length or truncated versions (B). 

 

All four different constructs were cloned into pcDNA 3.1 plasmid and stably expressed in 

Hela cells. Hela whole cell extracts were analyzed for components of the fusion proteins 

with snorkel-tag by immunoblotting. We observed all the versions of CD81-snorkel-tag 

detected at the desired size except for N-terminal truncation version (Figure 11). Next, we 

confirmed the localization of CD81-snorkel-tag versions by immunofluorescence. We 

found that the membrane localization is impaired when snorkel-tag was fused to N-

terminus of CD81 (data not shown). Therefore, we decided to select CD81-C-terminal 

snorkel tag for all further experiments.  
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To evaluate if the PreScission protease cleavage site is accessible when CD81-snorkel-tag 

is bound to anti-HA affinity matrix, we incubated the total cell lysate of  Hela cells 

expressing CD81-C-terminal snorkel-tag overnight at 4ºC and applied PreScission protease 

of 5 l (10 units) for overnight digestion. Post incubation, the beads were separated, and 

lysate was loaded onto SDS-PAGE for immunoblotting. Immunoblot results revealed 

PreScission protease site was not accessible when bound to anti-HA matrix (Figure 12).  

 

 

Figure 11: Western blot for snorkel-tag epitope (HA-tag) from HeLa cell lysates expressing all 

variants of CD81-snorkel-tag. 
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Figure 12: Confirmation of PreScission protease cleavage site accessibility on snorkel-tag bound 

to anti-HA affinity matrix.  

100 g of Hela cell lysates expressing CD81-snorkel-tag was incubated with anti-HA affinity 

magnetic beads overnight. Flow through was collected and beads were washed twice with PBS. 

Beads were incubated with PreScission protease overnight. Elutes were collected by separating 

magnetic beads. All the samples including anti-HA magnetic beads were processed and loaded on 

to SDS-PAGE for immunoblotting. Western blot for HA-tag and CLIP-tag is shown. WCL: whole 

cell lysate; ‘*’ represents unspecific band. 

 

Hence, we decided to introduce flexible G4S linkers on either side of PreScission protease 

site and a rigid linker between the transmembrane domain and FLAG-tag. The schematic 

representation of C-terminal snorkel tag and CD81-snorkel-tag with linkers is depicted in 

Figure 13. We used the new version of snorkel-tag with linkers for developing the StEVAC 

method.  
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Figure 13: schematic representation of snorkel-tag with G4S linker on either side of PreScission 

protease and rigid linker between transmembrane domain (TMD) and FLAG-tag (A), and snorkel-

tag fused to C-terminal of CD81 full length (B). 

  

 

3.1.2. Characterization of a CD81-snorkel-tag harboring EV producer 

cell line 

 

To produce recombinant EVs harboring the snorkel-tag on their surface, we stably 

expressed the selected construct of snorkel-tag fused to the C-terminus of CD81 in HeLa 

cells. Therefore, it was cloned into pBMN plasmid which allows for retroviral packaging, 

produced in phoenix cells, and retroviral non-replication competent virus was used to 

transduce HeLa cells for stable expression. Whole cell extracts were analyzed for the 

recombinant protein containing the snorkel-tag by immunoblotting using an anti-HA 

antibody to detect the HA epitope, an anti-CLIP antibody to detect the CLIP epitope and 

an anti-FLAG antibody to detect the FLAG epitope. Furthermore, an anti-CD81 antibody 

could detect wild type (WT) and recombinant CD81 (CD81-snorkel-tag). A prominent 

band at ~50 kDa was detected for all the components carrying the snorkel-tag, whereas for 

CD81 two prominent bands, one for WT (~24 kDa) and the other for recombinant CD81 

(~50 kDa) were detected (Figure 14A).  

  

Furthermore, flow cytometry analysis was performed on HeLa cells expressing CD81-

snorkel-tag with a membrane impermeable CLIP substrate (CLIP-SurfaceTM 647) to 

validate the functionality of the CLIP-tag. Indeed, we observed covalently labelled CLIP 

substrates in the flow cytometry analysis (Figure 14B) proofing that the snorkel-tag fused 

tags are displayed on the surface of the cell. For localization of CD81 and the snorkel-tag, 

we performed confocal imaging on membrane permeabilized and non-permeabilized cells. 
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We observed localization of the snorkel-tag on the plasma membrane in non-permeabilized 

cells and intracellular localization in permeabilized cells. These results indicate that fusion 

of the snorkel-tag to CD81 enables tags to be displayed on the surface of the cell membrane 

(Figure 15) and therefore correct localization of the fusion protein. 

 

 

Figure 14: Evaluation of CD81-snorkel-tag in stably expressing HeLa cell.  

(A) Western blot for snorkel epitopes (HA, CLIP, FLAG), CD81 proteins of HeLa-WT and HeLa-

CD81-snorkel-tag lysates. (B) Flow cytometry analysis for CLIP-tag functionality by covalent 

labeling of CLIP-SurfaceTM 647. 

 

Aforementioned, PreScission protease cleavage site was introduced to the snorkel-tag 

between CLIP-tag and HA-tag. PreScission protease enables specific, simple and on-

column elution by cleavage during affinity purification at low temperatures. PreScission 

protease specifically cleaves between the Gln and Gly residues of the recognition sequence 

LeuGluValLeuPheGln/GlyPro (Kinloch et al. 2008; Todi et al. 2010). To check the 

specificity of PreScission protease, we treated 100 g of whole cell lysate from HeLa-

CD81-snorkel-tag at different time points at 4º C. We observed that overnight treatment of 
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PreScission protease cleaves off >95% of the HA-tag (Figure 16). This confirmed that 

proteins or EVs carrying snorkel-tag can be cleaved and thus might indeed allow on-

column cleavage using PreScission protease. 

 

Figure 15: CD81-snorkel-tag expressing HeLa cells display snorkel-tag on the surface of the cell 

membrane.  

Right two panels: Immunofluorescence (IF) for CD81 and HA-tag in non-permeabilized HeLa 

cells, Left two panels: IF for CD81 and HA-tag in permeabilized HeLa cells. Counterstaining with 

Hoechst 33342 for DNA. 
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            Figure 16: Specificity of PreScission protease activity.  

Western Blot of HeLa cells expressing CD81-snorkel-tag treated with PreScission protease for 

indicated time periods mentioned above. The blots were probed with antibodies against HA-tag 

and CLIP-tag. The mean intensity of the bands was quantified and the ratio of the HA-tag vs. CLIP-

tag is shown. 

 

 

3.1.3. Isolation of EVs using tangential flow filtration (TFF) and 

characterization  

 

Differential ultracentrifugation (UC) is the most commonly used technique for purifying 

EVs. However, some of the pitfalls using UC for purifying EVs are that it is time 

consuming, not feasible for large-scale isolations, leads to co-isolation of contaminants and 

formation of EV aggregates. Tangential flow filtration can be used for large-scale EV 

isolations in less time and can avoid aggregation of EVs. For this, we collected the 

conditioned media (CM) from HeLa-WT and HeLa-CD81-snorkel-tag expressing cells 

after 48 hours of cultivation. CM was subjected to differential centrifugation to remove 

cell debris at 700 x g and larger vesicles at 2000 x g, filtered through 0.22  filter followed 

by a step for concentration, using TFF with a 300 kDa MWCO hollow fiber. Schematic 

representation of the workflow for TFF based EV isolation is depicted in Figure 17A. 

Concentrated EVs were characterized for size and concentration via nanoparticle tracking 

analysis (Figure 17: B, C). We observed there is no significant difference in the size WT 

and CD81-snorkel-tag carrying EVs (Figure 17D).  
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Figure 17: Isolation of EVs using TFF and characterization.  

(A) Schematic overview of workflow. Processed conditioned media (CM) were concentrated by 

TFF with 300 kDa hollow fiber system to 10th of initial volume and further to 1 ml by ultrafiltration 

using 100 kDa amicon centrifuge tubes. (B, C) Representative particle size distribution and 

concentration for HeLa-WT and HeLa-CD81-snorkel-tag cell line derived EVs analyzed using 

nanoparticle tracking analysis (NTA) (n=3). (D) Mean size of the particles was assessed to check 

the reproducibility. Unpaired t-test was applied on raw values; nsP > 0.05. 

 

To assess the purity of the EVs isolated by TFF and check the enrichment of EV-associated 

proteins in the EV preparations, we performed immunoblotting. All EV-associated proteins 

such as TSG101, ALIX and syntenin were detected (Figure 18A). Furthermore, to test for 
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cytoplasmic contaminations, blots were analyzed for calnexin (ER protein) presence, a 

protein known to be excluded from EVs (REF). Indeed, calnexin was detected only in cell 

lysates and not in the EV preparations (Figure 18A). To assess the size and morphology of 

the EVs, transmission electron microscopy (TEM) was performed. TEM showed intact 

cup-shaped EVs on electron micrograph with similar sizes quantified by NTA (Figure 15B, 

C). Also, no size difference between HeLa-WT EVs (Figure 18B) and HeLa-CD81-

snorkel-tag EVs were observed, indicating that the recombinant CD81 does not change 

principle morphology of the EVs. In order not to be biased and as recommended by the 

MISEV guidelines, an overview image to show the abundance of EVs with a 1 m scale-

bar is presented for HeLa-CD81-snorkel-tag EVs (Figure 18C, left image).  



 
 
 
 

71 

 

Figure 18: Characterization of EVs for purity, size and morphology.  

(A) Western blot of HeLa-WT and HeLa-CD81-snorkel-tag cell lysates and EV lysates for EV-

associated proteins such as syntenin, TSG101 and ALIX and non-EV associated protein calnexin. 

(B) Transmission electron microscopy (TEM) images for HeLa-WT EVs. EVs are within the range 

of 50-100 nm in diameter. (C) TEM images for HeLa-CD81-snorkel-tag carrying EVs. Overview 

image (Left, scale bar 1 m) shows the abundance of EVs in the preparation and image showing 

(right, scale bar 200 nm) the size of the EVs ranging between 50-200 nm. 
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In addition, we performed multiplex bead-based flow cytometry to evaluate if the surface 

protein composition of EVs might be changed by snorkel-tag CD81 overexpression. The 

multiplex bead-based flow cytometry provides a robust and semi-quantitative analysis of 

37 different potential EV surface proteins to investigate the heterogeneity of EV subtypes. 

Our results demonstrate that TFF isolated EVs from HeLa-WT and HeLa-CD81-snorkel-

tag conditioned media (CM) possess a similar EV protein surface signature when detected 

by pan-tetraspanin detection antibodies. Both EV preparations showed enrichment for all 

tetraspanins (CD9, CD63 and CD81). Besides tetraspanins, other HeLa-cell specific 

markers such as CD24, CD44, CD146 and MCSP showed strong signals in our 

preparations. Other marker proteins like CD29, CD105 and HLA-ABC showed 

intermediate- or low-level signals for both HeLa-WT and HeLa-CD81-snorkel-tag EVs 

(Figure 19). However, we observed a slight signal with CD56 in samples with CD81-

snorkel-tag EVs which is below detection level in WT EVs. This could be because of its 

unspecific nature of CD56 capture beads which we repeatedly observed in consecutive 

experiments. Taken together, our results indicate that with the methods used so far, we do 

not observe differences in the EV surface composition induced by snorkel tag CD81. 
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Figure 19: Multiplex bead-based flow cytometry assay for detection of EV surface protein 

signature.  

Representative quantification of media APC fluorescent intensity for all the bead populations after 

background correction with PBS control. HeLa-WT EVs (Left panel) and HeLa-CD81-snorkel-tag 

carrying EVs (right) show no difference in their surface protein signature. For results after 

analyzing HeLa-WT and HeLa-CD81-snorkel-tag EVs compared to PBS control. 

 



 
 
 
 

74 

To explore further insights into the EV protein surface signature, we evaluated it for EVs 

isolated from different primary cell lines such as HUVEC, ASCs and HDFs. EVs from 

different cell sources are enriched for EV/exosome markers like CD9, CD63 and CD81 

followed by other markers which are cell-specific. Analysis of the EV surface protein 

signature by multiplex bead-based flow cytometry revealed that EVs from different cell 

sources carry different surface protein signatures (Figure 20).  

 

Furthermore, to check for donor variability, we compared HDF76 and HDF164-hTert 

overexpressing cell line derived EVs for EV markers. Our results demonstrate that there is 

no change in the EV surface marker detection between two different donors. In addition, 

the EV purification technique can have an influence on the subtype of EVs isolated. To 

check for this, we analyzed HDF76 EVs isolated by TFF and ultrafiltration by multiplex 

bead-based flow cytometry (Supplementary Figure 2). Our results confirm that there is no 

variability in the EVs isolated by TFF and ultrafiltration. These results demonstrate the 

sensitivity and reproducibility of the assay for the quantification of EVs. 
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Figure 20: Multiplex bead-based flow cytometry assay for detection of EV surface protein signature 

for EVs derived from different cell lines.  

(A) HUVEC derived EVs. (B) ASC derived EVs. (C) HDF76 derived EVs. (D) HDF164-hTert 

overexpressing cell derived EVs.  

 

 

3.1.4. Confirmation of snorkel-tag presence on the recombinant EVs 

 

In order to confirm the presence of the snorkel-tag on EVs derived from CD81-snorkel-tag 

overexpressing cells, we performed several experiments. Firstly, immunoblot analysis of 

EVs derived from HeLa-WT and HeLa-CD81-snorkel-tag overexpressing cells were used 

to reveal the presence of snorkel-tag components in EV lysates from HeLa-CD81-snorkel-

tag overexpressing cells only, whereas syntenin, an EV-associated protein used as positive 

control for EV isolation was detected in control and snorkel-tag carrying EV lysates (Figure 

21A). In addition, TEM with immunogold labeling against CD81 and the HA-tag contained 

in the snorkel-tag using differently sized gold particles to differentiate between these two 

was performed. Indeed, we observed clear labeling for both snorkel-tag and CD81 on the 

EVs derived from HeLa-CD81-snorkel-tag (Figure 21C), whereas for wildtype EVs we 

only detected CD81 (Figure 21B). These results confirm the presence of the snorkel-tag on 

the surface of EVs.  

 

Furthermore, multiplex bead-based flow cytometry was performed – now using an HA tag 

detection antibody instead of the directly labeled pan-tetraspanin one. In brief, after 

capturing the EVs on capture beads coupled to all the single surface marker antibodies, 

anti-HA antibody (rabbit) followed by an anti-rabbit detection antibody (Dylight-649) was 

used for counterstaining. These results confirm the presence of the snorkel-tag on the 

surface of our recombinant EVs only, and further clearly show that the surface protein 

signature is still similar to the pan-detection shown above (fig. 19). However, in spite of 

using the same number of EVs (1 x 109 EVs) for both assays (Figure 22), the median 
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fluorescence intensities in the indirect labelling are lower compared to the pan-detection. 

This might be due to either the extra labeling step involved which might have led to the 

loss of EVs or the probability that not all EVs carry the snorkel tagged CD81 resulting in 

lower EV numbers bound to the beads.  

 

Figure 21: Characterization of EVs carrying snorkel-tag.  

(A) Western blotting analysis of TFF purified EVs derived from HeLa-WT and HeLa-CD81snorkel 

(5 × 109 particles loaded per well) for the snorkel tag components. (B, C, D) TEM images showing 

immunogold labeling against CD81 and snorkel tag for EVs secreted from HeLa-WT and HeLa-
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CD81-snorkel-tag cells. (B) HeLa-WT EVs detected only for CD81(scale bar: 200 nm), (C) HeLa-

CD81-snorkel EVs showing a wide field (scale bar: 1 μm) (D) a close-up/zoomed-in picture of (C) 

HeLa-CD81-snorkel-tag EVs detected for both CD81 and snorkel-tag (probed for HA-tag).White 

arrows label CD81 and red arrows label snorkel tag (scale bar: 100 nm).  

 

 

Figure 22: Multiplex bead-based flow cytometry by indirect labeling.  

EVs captured on antibody coated beads were labeled with anti-HA antibody (rabbit) followed by 

Dylight-649 conjugated anti-rabbit IgG antibody. Snorkel-tag carrying EVs show characteristic 

HeLa EV surface protein signature. As controls for the experiment we included pan-detection 

labeling for both HeLa-WT and HeLa-CD81-snorkel-tag EVs (Supplementary figure 3). 
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To summarize, we here show the presence of the snorkel-tag on the surface of EVs and 

successfully prove that EVs carrying the snorkel tag do maintain the surface protein 

signature as detectable by MACSplex using pan tetraspanin and HA-tag detection 

antibodies. 

 

 

3.1.5. Isolation of EVs by Snorkel-tag based EV Affinity 

Chromatography (StEVAC) 

 

EVs are commonly isolated using different techniques such as ultracentrifugation, TFF and 

size-exclusion. However, the use of these techniques results in an isolation of the total EV 

population. For isolating EVs from specific cell types one can choose immunoaffinity 

based isolation techniques. For this, knowledge of the EV surface composition is required 

to isolate cell- or tissue-specific EVs. The main disadvantage of using immunoaffinity 

based methods is that these EVs can then only be used for quantitative purposes and not 

for functional studies as elution methods available so far rely on EV destroying low pH or 

high salt methods. To overcome these issues, we wanted to confirm that our snorkel-tag 

based EV affinity chromatography which involves on-column protease treatment for 

isolating EVs does result in functional EVs. For this, conditioned media was pre-cleaned 

and filtered through 0.22 m filter and concentrated to 1 ml using the ultrafiltration 

technique. Isolated EVs were quantified for their size and concentration using NTA (Figure 

23).  
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Figure 23: Quantification of EVs isolated by ultrafiltration.  

(A) Representative particle size and concentration for EVs derived from HeLa-WT and HeLa-

CD81-snorkel-tag cell lines (n=3). (B) Particle concentrations isolated from 75 ml conditioned 

media from 6 individual experiments. (C) Average particle average size was assessed for 

reproducibility. Unpaired t-test was applied on raw values; nsP > 0.05. 

 

EVs isolated using ultrafiltration were then captured by allowing them to bind to beads 

coated with an anti-HA antibody. After overnight incubation at 4ºC, the magnetic beads 

were collected by placing the tubes on magnetic rack followed by a washing step with 1x 

PBS. Magnetic beads were suspended in 1 ml of PBS and 5 l (10 units) of PreScission 

protease were added to the bead solution and gently mixed. The mixture was placed on 

shaking rack overnight at 4ºC for on-column cleavage of PreScission protease site allowing 
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mild and precise elution of snorkel-tag carrying EVs. To check for reproducibility, we kept 

the input concentration of particles (~2.5 x 1010/ ml) constant along with the capture bead 

solution (250 l). At every step of the process, the particle concentrations and sizes were 

quantified by nanoparticle tracking analysis (NTA). The workflow of snorkel-tag EV 

affinity chromatography (StEVAC) is shown in Figure: 24A. Schematic representation of 

on-column elution of EVs is shown in Figure 24B. Our results demonstrate that indeed we 

could specifically enrich EVs carrying the snorkel-tag (Figure 24B). Furthermore, the 

comparison of size profiles of the particles eluted and unbound particles showed no 

significant differences (Figure 24C). 
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Figure 24: Isolation of EVs using Snorkel-Tag based EV Affinity Chromatography (StEVAC).  

(A) Overview of workflow. (B) Schematic representation of StEVAC principle for EV isolation. 

(C) Nanoparticle tracking analysis (NTA) counts of purified EVs eluted after incubation with 

PreScission protease treatment overnight and a following wash step (n=7). (D) Particle size 

quantification revealed no significant size difference appeared during the isolation process (n=7). 

Unpaired t-test was applied on raw values; nsP > 0.05, **P < 0.01, ***P < 0.001. 

 

However, we observed a significant difference in the size of the particles eluted from HeLa-

WT and HeLa-CD81-snorkel-tag conditioned media. The reason for the bigger size of the 

particles in HeLa-WT eluted EVs is background due to no particles detected or 1 to 2 

particles per frame in NTA. In addition, to determine whether the binding of EVs to anti-

HA capture beads is specific, we preincubated the capture beads (anti-HA antibody coated) 

with HA-peptides for 2 hours, followed by washes to remove unbound HA-peptides. HA-

peptide bound capture beads were mixed with concentrated conditioned media and 

incubated overnight at 4ºC on rotospin test tube rotor. After overnight incubation, magnetic 

beads were collected on a magnetic rack and unbound particles were collected. The 

magnetic beads were further washed with 1X PBS and incubated with 5l (10 units) of 

PreScission protease overnight at 4ºC on a rotospin test tube rotor for on-column elution 

of EVs. NTA particle count demonstrates that the preincubation of capture beads with HA-

peptide leads to more unbound EVs as all the epitopes on the capture antibody are 

preoccupied by HA-peptides (Supplementary Figure 4). Blocking of the epitope on the 

capture antibody demonstrates the specificity of the method. 
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3.1.6. Characterization of EVs purified by StEVAC method 

 

To evaluate the purity of snorkel-tag carrying EVs isolated by StEVAC, we performed a 

wide range of characterization techniques to demonstrate the enrichment of EVs in the 

elution. Detection of the EV-associated protein, syntenin on EVs eluted by the StEVAC 

method by immunoblotting revealed enrichment for EVs, while calnexin was not detected 

in the eluted samples (Figure 25A).  To directly examine the size and morphology of the 

EVs purified by StEVAC, we performed TEM. EVs isolated via StEVAC showed an intact, 

cup shaped morphology, that had a size distribution of ~50-200 nm and has the typical size 

and morphology similar to that of the input samples isolated by ultrafiltration (Figure 25B) 

(Supplementary Figure 5). However, EV profiles of input and flow through samples 

appeared to electron-dense structures on the micrographs which could be protein 

aggregates or other contaminants. EVs eluted using the StEVAC method are devoid of 

these electron-dense structures (Supplementary Figure 6).  

 

In order to demonstrate that EVs purified by StEVAC still retain their surface protein 

signature, we performed multiplex bead-based flow cytometry on eluted EVs versus input 

EVs or unbound EVs from flow-through. The signal intensities detected by APC-

conjugated detection antibodies mainly relies on the number of EVs added to the assay. 

Hence the amount of EVs used in the assay is important to compare the signals detected 

between different samples. Therefore, we used 1 x 109 EVs from input and from flow-

through, while  for affinity purified EVs we used ~8 x 107 – 6 x 108 particles in 60 l assay 

reaction as  quantified by NTA. Of note, particle concentrations in HeLa-WT elution were 

below the detection level in NTA, here we took 60 l of elute for the assay. As expected, 

all the tetraspanins (CD9, CD63, CD81) and other HeLa specific protein markers like 

CD24, CD44, CD146 and MCSP were strongly detected in all the samples except for the 

HeLa-WT elution (Figure: 26A), corroborating the sensitivity and specificity of our 
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StEVAC method. Other HeLa specific protein markers like CD29, CD105, CD56 and 

HLA-ABC were detected at intermediate-positive APC fluorescence intensity levels 

(Figure 26B). However, in the elutions from snorkel-tag carrying EVs, other protein 

markers such as CD3, CD25, CD49e and HLA-DRDPDQ were detected at intermediate- 

to low fluorescence intensities as compared to input and flow through samples, where their 

detection levels remained low. We hypothesise that this is an indication of higher purity 

and/or enrichment of a subpopulation (or subpopulations) of EVs that carry snorkel tagged 

CD81 after StEVAC – in the latter case, the result might mean that CD81 is preferably co-

present on CD3, CD25, CD49e and / or HLA-DRDPDQ positive EVs. Another 

interpretation, as CD3 as the T cell co-receptor should be absent in HeLa cells, is that due 

to more CD81 present on EVs, more CD3 present in the media binds to it (Rocha-Perugini 

et al. 2013). Similarly, CD25 being a T cell antigen, overexpression of CD81 might slightly 

enrich these CDs. However, it is clear that further experiments are necessary to 

discriminate this. 
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Figure 25: Characterization of EVs purified by the StEVAC method.  

(A) Western blots for the EV-associated protein syntenin and non-EV marker calnexin (ER 

specific) in the elutes. (B) Transmission electron microscopic examination for size and morphology 

of the eluted EVs (left panel with overview image, scale bar 1m; right panel with close-up image, 

scale bar 200nm). 
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Figure 26: Multiplex bead-based flow cytometry assay to evaluate the StEVAC method.  

(A) Assay results for HeLa-WT; input, flow through (unbound EVs) and elution. (B) Assay results 

for HeLa-CD81-snorkel-tag; input, flow through (unbound EVs) and elution. 

 

 

3.1.7. Confirming StEVAC as a method for purifying EVs from mixed 

cell sources of EVs  

 

To further investigate the sensitivity of StEVAC purification, we mixed EVs from two 

different cell types; HeLa-CD81-snorkel-tag overexpressing cells and HDF76 primary 

cells in order to purify EVs only carrying only the snorkel-tag. In brief, ~2.5 x 109 HeLa-

CD81-snorkel-tag EVs were mixed with ~1-2 x 109 EVs derived from HDF76 cell line. 

The EV mixture was incubated with 250 l of capture bead solution overnight at 4ºC on a 

rotospin test tube rotor. After overnight incubation, magnetic capture beads were separated 

on a magnetic rack and washed with 1X PBS to remove unbound EVs. Magnetic beads 

were suspended in 1X PBS with 5 l (10 units) of PreScission protease overnight at 4ºC 

on a rotospin test tube rotor for on-column protease site cleavage. After overnight protease 

treatment, the elute was collected by placing the solution on a magnetic rack. All the 

samples were quantified for particle concentration and size distribution by nanoparticle 

tracking analysis (NTA). As a control we processed HeLa-CD81-snorkel-tag EVs 

(positive) and HDF76 EVs (negative) with the similar concentrations used in mixed 

population. NTA measurements demonstrate that we specifically purifed EVs carrying the 

snorkel-tag from a mixed EV population (Figure 27A). Mean size of the particles in all 

mixtures and elutes was assessed and did not show differences (Figure 27B). 
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Figure 27: Confirming StEVAC to purify EVs carrying snorkel-tag from mixed population of EVs.  

~2.5 x 109 EVs derived from HeLa-CD81-snorkel-tag cell line are mixed with ~1-2 x 109 EVs 

derived from primary HDF76 cells and the StEVAC method was applied to purify snorkel-tag 

carrying EVs. (A) NTA measurements for eluted EVs from mixed sample shows similar counts 

compared to that of the positive experimental control (HeLa-CD81-snorkel-tag) (n=3). (B) to check 

for reproducibility, average mean size of EVs was assessed. No significant difference was observed 

in the EV sizes. Eluted EVs fall within the range of 120- 150 nm in diameter (n=3). Unpaired t-test 

was applied on raw values; nsP > 0.05, *P < 0.05. 

 

Considering the sensitivity of the multiplex bead-based flow cytometry assay, we 

compared the EV surface protein signature of HeLa-CD81-snorkel-tag cell derived EVs 

and HDF76 cell derived EVs. In both of the EV types CD9, CD63, CD81 and CD44 were 

detected abundantly; in contrast, CD24, CD146 and HLA-ABC were specific to HeLa-

derived EVs and CD41b was specific to HDF76 derived EVs. Hence, we evaluated the EV 

elutes from the mixed population (Figure 28C) along with HeLa-CD81-snorkel-tag input 

EVs (Figure 28A) and HDF76 input EVs as positive and negative controls respectively 

(Figure 28C). For respective EVs analysis for flow through, elution and input samples are 

described in supplementary figure 7. Indeed, our results demonstrate that we specifically 

purified EVs carrying the snorkel-tag from mixed populations (Figure 28D). However, 

CD41b is detected at very low level in the elute which is very close to being negligible. 

This was also seen in the control elutes were HDF76 EVs are absent. In the end, as the 
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multiplex bead-based flowcytometry assay is semi-quantitative, we considered this slight 

detection of CD41b as being a mere background. 

 

In summary, using snorkel-tag based EV affinity chromatography we could specifically 

pull-down EVs carrying the snorkel-tag from a mixture of EVs derived from different cell 

sources. 
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Figure 28 | continued 
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Figure 28: Confirming purity of EVs from mixed populations after StEVAC using the multiplex 

bead-based flow cytometry assay.  

Comparison of EV surface protein markers eluted from mixed population for specificity of the EVs 

pulled down alongside with input and flow through samples. (A) HeLa-CD81-snorkel-tag cell 

derived EVs subjected to the StEVAC method of purification (positive control). (B) Assay results 

for the elutes from the mixture of HeLa-CD81-snorkel-tag EVs and HDF76 EVs. (C) Assay results 

for the elutes from HDF76 EVs. (D) Same experimental datasets shown in (A, B, C) sorted for 

individual marker. 

 

 

3.1.8. EV uptake studies for snorkel-tag carrying EVs 

 

The CD81-snorkel-tag is designed to purify and track EVs when expressed under a tissue-

specific promoter in in vivo models. However, it is crucial to confirm the functionality of 
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EVs carrying the snorkel-tag. For this purpose, we used the Cre-loxP method to study the 

functional transfer of EVs which was established by Zomer et al (Zomer et al. 2016).  

 

To study the functionality of EVs carrying the snorkel-tag, we stably overexpressed Cre 

recombinase along with the fluorescent marker CFP in HeLa cells expressing the CD81-

snorkel-tag (HeLa-Cre+ cells).  To study functional EV transfer, a reporter HEK293 cell 

line (color switch from red to green) was created using plasmid carrying a floxed DsRed-

Stop sequence followed by an eGFP gene. As reported, overexpression of Cre recombinase 

in HeLa Cre+ cells allows sorting of Cre mRNA into EVs. Upon the Cre mRNA carrying 

EV uptake into the recipient reporter cell, this results in the color-switch of the reporter 

cell by active Cre recombinase. To confirm, if HeLa-Cre+ cell derived EVs carry Cre 

mRNA, we isolated EVs from conditioned media of HeLa-Cre+ cells by 

ultracentrifugation. RT-PCR from RNA isolated from EV pellets confirmed the presence 

of Cre mRNA in the EVs secreted from HeLa-Cre+ cells (Supplementary Figure 8).  
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Figure 29: Cre-loxP method to study the functional transfer of EVs.  

(A) Confocal images of HEK293 reporter cells that have taken up EVs. (B) Co-culture experiment: 

Confocal images of Cre+ expressing cells co-expressing CFP (Cyan), reporter+ cells (Red), eGFP+ 

reporter cells (green with Cre activity). 

 

Next, in order to determine whether Cre from HeLa-Cre+ cells can be functionally 

transferred to reporter cells and to induce the color-switch, we isolated EVs from HeLa-

Cre+ cells and performed uptake studies on the HEK293-reporter cell line. HEK293-
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reporter cells were supplied with fresh EVs every 72 hours for ~10 days. We observed the 

color-switch in a few HEK293-reporter cells, demonstrating the functionality of the EVs 

(Figure: 29A) at a very low efficiency of estimated less than 1 %. In parallel, we co-cultured 

HeLa-Cre+ cells with HEK293 reporter cells in a ratio of 1 to 100 for ~2 weeks to confirm 

the functional transfer of EVs. Confocal images reveal functional transfer of EVs from 

HeLa-Cre+ cells to HEK293 reporter cells (Figure 29B). However, the percentage of 

eGFP+ reporter cells were very low as reported previously (Zomer et al. 2015). 

 

To evaluate whether EVs isolated by the StEVAC are taken up by recipient cells, we 

covalently labelled EVs with a membrane impermeable CLIP substrate (CLIP-SurfaceTM 

647) and performed uptake studies on Huh7 cells. Confocal images show that the EVs 

labelled with the CLIP substrate are taken up in recipient Huh7 cells after 2 hours (Figure 

30). We observe CLIP labelled EVs inside of Huh-7 cells when comparing EVs purified 

by ultrafiltration to StEVAC purified EVs as estimated from inspection of random visual 

fields.  
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Figure 30: StEVAC purified EV uptake in Huh7 cells.  

StEVAC purified EVs versus ultrafiltration purified EVs derived from HeLa-WT (negative control) 

and HeLa-CD81-snorkel-tag overexpressing cells (positive control) were labeled with CLIP 

substrate (CLIP-SurfaceTM 647) for 1 hr and incubated on Huh7 cells for uptake. Live-cell imaging 

show the co-localization of snorkel-tag carrying EVs with lysosomes (lysotracker: LyG26). 

Counterstaining with Hoechst 33342 for DNA. 

 

To sum up, StEVAC purification results in pure snorkel-tag positive EVs that differ only 

minimally in morphology, surface marker profiles, and uptake behavior.  
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PART B 

3.2. Evaluation of the neutralizing effect of monoclonal 

antibodies produced against human dermal fibroblast 

derived EVs 

 

3.2.1. Extracellular vesicles are part of SASP 

 

The senescence-associated secretory phenotype (SASP) is known to be a main driver of 

aging and age- associated diseases and hence an attractive therapeutic target to age-related 

dysfunctions and to promote healthy aging as outlined above in the introduction. In order 

to investigate whether EVs are part of the SASP, we induced premature senescence in 

primary human dermal fibroblasts (HDFs) from three different donors by exposing to H2O2 

repeatedly for 2 weeks. Onset of senescence was confirmed by senescence- associated -

gal staining and expression of senescent markers such as p21 (data not shown). To compare 

whether senescent cells secret more EVs compared to their counter parts quiescent cells, 

we isolated EVs from stress- induced premature senescent cells (SIPS) and quiescent cell 

(Q) supernatants at 7 days and 21 days of inducing senescence. Isolated EVs were 

characterized for their size and number by nanoparticle tracking analysis (NTA). The 

particle size analysis revealed that the size of the particles falls within the range of 15- 135 

nm (Figure 31A) and median size of the particles is between 65- 80 nm for both SIPS- and 

Q- derived EVs. In addition, we did not observe significant difference in median size of 

the particles between SIPS- and Q- derived EVs at 7 day and 21-day time points (Figure 

31B). Furthermore, we confirmed the morphology and size of EVs by transmission electron 

microscopy (TEM) (Figure 31C). Immunoblotting results showed the enrichment of EV-

associated protein TSG101 in the EV pellets of SIPS and Q (Figure 31D).  
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Finally, we compared the relative number of EVs secreted per cell from SIPS and Q of all 

the three donors. We observed SIPS cells secret 4-fold more EVs compared to quiescent 

cells (Figure 31E). Henceforth, considering the phenomenon of increased EV secretion 

from SIPS cells alongside of SASP factors, we proposed EVs as part of SASP factors which 

influence the tissue microenvironment by transporting its cargo (e.g.: miRNA) in a recent 

publication (Terlecki-Zaniewicz et al. 2018). 

 

Figure 31: EVs are part of the senescent‐ associated secretory phenotype (SASP).  

(A) NTA reveals a vesicle population below 220 nm. Size distribution of vesicles determined by 

NTA shows percentage (%) of total counted particles against size presented in categories. (B) 

Median size (X50) of the EVs range from 65 to 80 nm. X50 values from peak analysis of NTA are 

indicated +/- SEM. circle: Q, squares: SIPS. Statistical analysis using one-way ANOVA was 

performed: not significant (n.s) p > 0.05. (C) Transmission electron microscopy image of EVs 

isolated from HDF85 at D7 after induction of senescence is shown. (D) Western blot analysis for 

HDF85 donor SIPS and Q cell lysates and EV lysates for EV-associated protein TSG101 (top) and 

GAPDH (below). 20 μg of total protein content from cell lysates and EV lysates was loaded for 
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analysis. (E) Total number of particles tracked was normalized to the total cell number. Particle 

fold change secreted per cell, relative to Q control cells from D7, +/- relative SEM, are shown. 

Statistical analysis was performed using 2-way RM ANOVA tested for condition (p < 0.0001) and 

day (p = 0.28) following Bonferroni posttest. **p < 0.01; ***p < 0.01. (A-B and E) Averages from 

three biological triplicates (n = 3) and two different time points each SIPS and Q, were measured 

in technical triplicates (n = 18) +/- relative SEM. 

 

 

3.2.2. Evidence of extracellular vesicles in human skin 

 

Knowing that the senescent cell-derived EVs are members of SASP factors, we further 

provided evidence of EV cross-talk between dermal fibroblasts and keratinocytes in vitro 

in both 2D cultures and 3D skin equivalents (Terlecki-Zaniewicz et al. 2019).  Here, we 

wanted to provide evidence of EVs in in human skin ex vivo. For this, we performed 

transmission electron microscopy on human skin sections and TEM images revealed the 

presence of EV-like structures intracellularly within the MVBs (Figure 32A). To confirm 

if these EV-like structures are positive for EV-associated proteins, we performed 

immunogold labeling for CD63 on cryosections of skin. Indeed, we found positive staining 

for CD63 for these EV-like structures which confirms the presence of EVs in human skin 

(Figure 32B).  

 

Figure 32: Evidence of EV-like structures in skin sections.  
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(A) MVBs with ILVs in the basal layer of epithelial cells. (B) Immunogold labeling of skin 

cryosections detected positive for CD63 enriched EVs (arrows). 

 

Additionally, in order to isolate and characterize EVs from skin, we disintegrated the tissue 

biopsies from two independent donors using diapase and EVs contained in accessible 

material (crude extract) was pre-cleaned by differential centrifugation and sterile filtered 

with 0.22 M filter. The filtrate was further subjected to TFF with 300 kDa cut-off hollow 

fiber membrane. NTA analysis of the concentrated material revealed the media size of the 

particles is ~110 nm (Figure 33A). Furthermore, immunoblotting of TFF concentrated 

material showed positive for EV- associated proteins such as syntenin and TSG101 (Figure 

33B). However, the samples were also positive for calnexin, not expected EV protein. 

Therefore, using qEV columns we performed size exclusion chromatography (SEC) on 

TFF concentrated material and SEC fractions were pooled into two parts; fractions 1- 3 

(SEC 1- 3) and fractions 4- 6 (SEC 4- 6) for further EV characterization. Particle 

concentration and size in both fractions were quantified by using NTA (Figure 33C). NTA 

showed particles were highly enriched in SEC 1-3 fractions compared to SEC 4-6 fractions, 

however, median size of the particles did not differ (Figure 33D). Immunoblotting for 

Syntenin and calnexin revealed strong enrichment of syntenin and not for calnexin (Figure 

33E). 
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Figure 33: Characterization of EVs purified from tissue biopsies.  

(A) NTA measurements of EVs from human skin sections of two donors in triplicates. The size of 

the EVs enriched using TFF with a cut-off of 300 kDa show a median size of ~110 nm. (B) Western 

blot analysis for TFF purified EVs show enrichment for EV- associated proteins such as syntenin 

and TSG101 and also calnexin (non-EV protein). Fibroblast whole cell lysate (WCL) as a positive 

control and TFF flow through (FT) as a negative control. (C) Enriched EVs from (A) were further 

purified by SEC with eluted fractions 1- 3 (SEC 1- 3) and fractions 4- 6 (SEC 4- 6) were pooled. 

Particle concentration was measured by NTA. (D) The median size of the particles in SEC 1- 3 is 

~121 nm and for SEC 4- 6 is ~114. Each donor (•, ▪) was measured in triplicates. (E) 

Immunoblotting on SEC purified EVs confirmed the enrichment of EV-associated protein syntenin 

and not for calnexin. Fibroblast whole cell lysate (WCL) served as a positive control. 

 

These results strongly suggest the presence of EVs in human skin, which we were able to 

enrich using different isolation methods. These data also were included in the publication 

Terlecki-Zaniewicz, JID 2019, to which I am a co-author. 
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3.2.3. Characterization of EVs derived from human dermal fibroblasts 

for immunizing mice to produce monoclonal antibodies 

 

After giving evidence of EVs in human skin(Terlecki-Zaniewicz et al. 2019) and increased 

secretion of EVs from senescent cell modulating the surrounding tissue microenvironment 

(Terlecki-Zaniewicz et al. 2018), we proposed EVs to be members of the SASP. Previous 

reports suggest clearance of senescent cells can delay onset of age-associated disease and 

improves healthy life span in mice (Baker et al. 2011, 2016) and we showed recently that 

EVs from senescent cells have anti-apoptotic activity probably by their miRNA cargo 

(Terlecki-Zaniewicz et al. 2018). Hence, senescent cell- derived EVs can be a potential 

therapeutic target and their clearance could be beneficial. In order to neutralize the effect 

of senescent cell derived EVs, we aimed to produce monoclonal antibodies against primary 

human dermal fibroblast (HDF) derived EVs. For this, we isolated EVs from HDF5 

conditioned media using differential ultracentrifugation and characterized for particle 

concentration and size using NTA (Figure 34A). Transmission electron microscopy images 

confirmed the size of the EVs are ~100 nm in diameter (Figure 34B). Total EV protein 

concentration was quantified by using BCA method. Production of monoclonal antibodies 

against EVs was performed by our cooperation partner within the FP7 EU consortium 

‘SYBIL’, PRIMM, specialized in generating monoclonal antibodies against desired 

antigens. Finally, we received 17 monoclonal antibodies from PRIMM which were 

produced against HDF derived EVs (table 1). From hereafter, we characterized all the 

monoclonal antibodies for potential neutralizing effects on EV uptake.  
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Figure 34: Characterizations of EVs derived from HDF5 cells.  

(A) NTA measurements showed the particle size is ~120 nm in diameter. (B) TEM images reveal 

the size and morphology of the EVs (left overview image; scale bar 500 nm, Right zoom in image; 

scale bar 100 nm). 

 

 

Table 1: monoclonal antibody clones with respective concentrations. 

 

 

Clones Concentrations (mg/ml)

53E6-C7 0.33

53E6-D8 0.32

53E6-E9 0.33

53E6-G7 0.38

52F8-G4 0.3

52F8-G6 0.27

51B3-D10 0.32

51B3-D12 0.33

51B3-G11 0.21

51B3-H10 0.27

53F2-A1 0.39

53F2-C1 0.3

53F2-D6 0.3

53F2-E1 0.42

53F2-F2 0.31

52F8-A7 0.29

52F8-D7 0.36
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3.2.4. Characterization of monoclonal antibodies  

 

To evaluate whether all the monoclonal antibody clones produced against human dermal 

fibroblast (HDF) derived EVs can detect antigens in HDF cell lysate, we performed 

immunoblot analysis for all the monoclonal antibody clones from HDFs as well as from 

HeLa cell lysates to see specificity against human fibroblasts. We observed that indeed 

some of the clones detect antigens in HDF cell lysates only at ~30 kDa (Figure 35). Based 

on the immunoblotting results we selected a few monoclonal antibodies for further 

analysis. 
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Figure 35: Western blot analysis of 17 monoclonal antibodies against HDF and HeLa cell lysates. 

 

In addition, to identify if the monoclonal antibodies bind to HDF specific antigens or 

common EV-associated biomolecule, we performed flow cytometry analysis for all the 

selected monoclonal antibodies using different cell types (HDF164-hTert, HeLa, 

HEK293). To identify if the particular antigen is located on the cell surface or 

endogenously, we used permeabilized and non-permeabilized cells for labeling. The results 

from flow cytometry further substantiate the western blot results. The antigen for all the 

antibodies is specific to human dermal fibroblasts (HDFs) and not present or below 
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detection levels in HeLa and HEK293 cell lines (Fig 36 A-C). Interestingly, our flow 

cytometry results further demonstrate that the antigen detection was observed only in 

permeabilized cells, shedding light on the localization of antigen. However, colocalization 

experiments with MVB and lysosomal markers yet to be performed to understand the 

cellular localization of unknown antigen. 
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Figure 36: Flow cytometry analysis for monoclonal antibodies using different cell lines.  

Here, HDF164-hTert (A), HeLa (B), HEK293 (C) were either permeabilized or non-permeabilized 

before labeling with specific antibody. Anti-mouse Cy3 was used as a detection antibody. Median 
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PE fluorescence intensity values for all the samples after background correction (detection antibody 

values were subtracted from corresponding measurements). For non-permeabilized cells, dead cells 

were excluded by DAPI staining and doublets were excluded by forward scatter height versus area. 

Data represents one experiment. Supplementary Figure 9 A, B, C for details of the measurements 

and Supplementary table 1 A, B, C for sample ID’s.   

 

 

3.2.5. The effect of monoclonal antibodies on EV uptake 

 

Next, we evaluated if the monoclonal antibodies produced against HDF derived EVs have 

an effect on their uptake in recipient cells. For this, we stably expressed CD63-GFP fusion 

protein in HDF164-hTert overexpressing cells. We used tangential flow filtration (TFF) 

for isolation of EVs from conditioned media of HDF164-hTert cells stably expressing 

CD63-GFP fusion protein. Purified EVs were characterized for concentration and size in 

both scatter mode and fluorescence mode using NTA (Figure 37). No significant difference 

was observed with average size of the particles in scatter mode (~140 nm) and in 

fluorescent mode (~150 nm). However, concentration of the particles in fluorescent mode 

is 5 times lower to that of the scatter mode. This could be the result of fast quenching of 

GFP in fluorescent mode. For all the experiments performed using CD63-GFP EVs we 

considered EV numbers based on scatter mode. 

 

Figure 37: NTA measurements for EVs derived from HDF164-hTert cells expressing CD63-GFP. 
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(A) average size of particles against concentration in scatter mode. (B) average size of particles 

against concentration in fluorescent mode. 

To determine the amount of EVs and antibody concentrations to be used for uptake studies, 

we titrated the different EV concentrations (1 x 109, 5 X 109 and 1x 1010) with increasing 

different concentrations of 53F2-D6 clone (200 ng, 1 g, 2 g and 4 g) for EV uptake 

into the Huh7 cell line. In brief, specific amount of EVs were mixed with the above 

mentioned concentrations of the monoclonal antibody and incubated for 1 hour to allow 

the antibody- EV complex formation. Post incubation, the antibody-EV complexes were 

added to Huh-7 cells that had been seeded one day before with a density of 2,000 cells per 

well in a 96-well plate. Cells were incubated for 2 hours at 37ºC. Internalization of CD63-

GFP EVs in Huh-7 cells was evaluated using flow cytometry by analyzing the median 

fluorescence intensity normalized over the control (CD63-GFP EVs without antibody) 

(∆MFI). EVs were taken up in a dose-dependent manner for antibody concentrations 

regardless of the EV concentrations of EVs used. However, the higher percentage of EVs 

were internalized when higher concentrations of the antibody were used (Figure 38 A-C). 

Based on these results, we used 2.5 x 109 EVs for further follow up EV uptake studies. 

 

 

Figure 38: Titration of EV and 53F2-D6 clone antibody concentrations for EV uptake analysis by 

flow cytometry.  

Median fluorescence intensity normalized over the control (MFI) (n = 1). (A) 1 X 109 CD63-GFP 

EV uptake in Huh-7 cells. (B) 5 X 109 CD63-GFP EV uptake into Huh-7 cells. (C) 1 X 1010 CD63-

GFP EV uptake into Huh-7 cells. Data represents one experiment. Details of scatter plots 

A B C 
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correlating EV uptake (CD6-GFP Internalized EVs) with APC autofluorescence in Supplementary 

Figure 10 and Supplementary table 2 for sample ID’s.  

 

Next, we evaluated the effect of the selected monoclonal antibodies (52F8-G6, 53E6-D8, 

53F2-A1, 53F2-D6 and 53F2-E1) on the HDF derived CD63-GFP EV uptake in Huh-7 

cells. An anti-CD63 antibody and an anti-ALIX antibody were included as isotype controls. 

CD63-GFP EVs were incubated with antibodies at varying concentrations (200 ng, 1 g, 2 

g and 4 g) for 1 hours and added to Huh-7 cells and incubated for 2 hours. Huh-7 cells 

were evaluated for internalized CD63-GFP EVs by flow cytometry. Interestingly, we 

observed dose-dependent increase in the uptake for all the different monoclonal antibodies 

while anti-CD63 antibody did not increase EV uptake (Figure: 39 A-E).  

 

Considering the amount of EVs and antibody concentrations, we wanted to confirm the 

antibody effect on the EV uptake using 2.5 x 109 CD63-GFP EVs and 4 g of monoclonal 

antibody. In addition, 2 g of anti-CD63 antibody were used as an isotype control. As in 

the titration experiments, we observed a significant increase in CD63-GFP EV uptake when 

52F8-G6 and 53F2-D6 monoclonal antibodies were used (Figure 40). Unlike our 

monoclonals, anti-CD63 antibody blocked the uptake of EVs into Huh-7 cells. 
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Figure 39: Titration of monoclonal antibody concentrations for EV uptake analysis by flow 

cytometry.  
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2.5 X 109 CD63-GFP EVs were used, combined with different concentrations of monoclonal 

antibodies. Median fluorescence intensity normalized to the control (MFI) (A-E). Data represents 

one experiment. Details of scatter plots correlating EV uptake (CD63-GFP Internalized EVs) with 

APC autofluorescence in Supplementary Figure 11 and Supplementary table 3 for sample ID’s. 

 

 

Figure 40: 52F8-G6 and 53F2-D6 monoclonal antibodies for EV uptake analysis by flow 

cytometry.   

2.5 X 109 CD63-GFP EVs were used, combined with a 4 g concentration monoclonal antibodies. 

Median fluorescence intensity normalized over to the control (MFI) (n = 4). Unpaired t-test was 

applied on raw values; **P < 0.01, ****P < 0.0001. Details of scatter plots correlating EV uptake 

(CD63-GFP Internalized EVs) with APC autofluorescence in Supplementary Figure 12 and 

Supplementary Table 4 for sample ID’s. 
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These results indicate that monoclonal antibodies produced against HDF EVs enhance the 

uptake of HDF-derived EVs into Huh-7 cells, which was contradictive to our initial 

hypothesis. However, based on these results, we postulate a new hypothesis, which is still 

out for testing, that binding of mAbs against the unknown antigen on fibroblast derived 

EVs does mediate enhanced uptake. As a next step in the near future, identification of such 

antigens using mass spectrometry after affinity purification of the antigen using our mAbs 

is currently executed.  

 

  



 
 
 
 

113 

4. DISCUSSION 

 

4.1.  Establishment of the Snorkel-tag based Extracellular 

Vesicle Affinity Chromatography (StEVAC) method for 

recombinant EV purification 

 

Cell-derived vesicles or extracellular vesicles are small membrane vesicles derived either 

from the endocytic pathway or from blubbing from plasma membrane. These vesicles carry 

biomolecules from donor cell to recipient cell which can then affect the physiological state 

of the cell upon their delivery. Widely adapted nomenclature of EVs divides them into 

three groups based on their size and biogenesis: Exosomes, microvesicles and apoptotic 

bodies. Exosomes are small EVs derived from endocytic origin with the size ranging from 

30- 150 nm in diameter. Microvesicles are derived from budding of the plasma membrane 

with size the ranging from 100- 1000 nm. However, recent reports showed the presence of 

subtypes of exosomes with varying size and composition. For instance, density gradient 

separation of ultracentrifuged EV pellets results in two distinct subtypes, LD-Exo (low 

density- exosomes) with mode size of 117 nm and HD-Exo (high density- exosomes) with 

mode size of 66 nm with unique molecular composition (Willms et al. 2016).  In another 

recent study, in which AF4 was used for exosome isolation, two subpopulation of 

exosomes were revealed: Exo-S (60- 80 nm) and Exo-L (90- 120 nm) along with new 

subtype EVs called ‘exomeres’ (~35 nm) (H. Zhang et al. 2018). Considering the size of 

microvesicles (100- 1000 nm) and the method used for isolating EVs, there might also be 

a slight microvesicle contamination in the EV preparations (Patel et al. 2019). The size of 

the EVs/exosomes majorly depends on the method of isolation applied. In our study, we 

majorly used tangential flow filtration and ultrafiltration using spin columns with pre-

cleaning at low centrifugation steps for EV purification. Due to the ambiguity concerning 

the nature of EVs purified we used the generic term ‘extracellular vesicles (EVs)’ rather 

than ‘exosomes’. 



 
 
 
 

114 

 

Tetraspanins are the largest members of transmembrane proteins and are believed to play 

a pivotal role in cell-cell interactions and in the physiology of mammals. For instance, 

knockout of or mutations in tetraspanins can have a major impact on the physiology of 

organisms (Schroder et al. 2009; Crew et al. 2004; Claude Boucheix 2000). The 

tetraspanins family of proteins comprises of CD9, CD37, CD63, CD81, CD82 and CD151 

(C. Boucheix and Rubinstein 2001). CD81 is the most characterized among all of them 

because of its role in B cell function and in sorting CD19 to cell surface which is important 

for B cell receptor stimulation (Mattila et al. 2013; Van Zelm et al. 2010). Tetraspanins are 

predicted to contain 4 transmembrane domains (TMD) with the N- and C- termini located 

inside the lumen and two extracellular loops; EC1 between TMD1 and TMD2, EC2 

between TMD3 and TMD4 and a short intracellular loop between TMD3 and TMD4. All 

the tetraspanins are palmitoylated on intracellular cysteine residues. This modification is 

required for the interactions with other proteins and formation of tetraspanin-enriched 

microdomains (TERMs) on the plasma membrane (Yáñez-Mó et al. 2009). The structural 

characterization of the large EC2 of CD81 revealed the importance of the EC2 domain for 

protein-protein interactions of tetraspanins (Rajesh et al. 2012). The first crystal structure 

of full length CD81 sheds light on its interaction with cholesterol and its importance in 

maintenance and functionality of CD81 (Zimmerman et al. 2016). This further confirms 

that CD81 is highly enriched in detergent-resistant microdomains. In addition, CD81 is 

enriched in almost all cell-derived EVs such as exosomes and microvesicles. It is majorly 

used and recommended as an EV-specific marker for characterizing EVs (Théry et al. 

2018).  

 

Considering the importance of CD81 in physiology, we engineered CD81 without 

hampering the main structural domains of the protein. We specially designed the snorkel-

tag, designed to study membrane proteins such as GPCRs (G-protein coupled receptors) 

and ion channels where N and C termini of the proteins are inside the lumen of the cell. 

The linker between the CD81 and TMD of the snorkel-tag enables the tags to be displayed 

away from the CD81 EC2 domain, assuming the functionality of CD81 not to be 
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compromised. In addition, we also produced different constructs by fusing the tags to 

truncated versions of CD81 (Figure 10 and supplementary figure 1). However, truncated 

CD81 versions and the N-terminal snorkel tag could either not be expressed in full length 

(Figure 11) or were hampered in their cellular localization. The removal of one of the 

transmembrane domains of the CD81 might severely disturb the interaction of CD81 with 

lipids such as cholesterol and other interacting partners (Zimmerman et al. 2016; Rajesh et 

al. 2012), further hampering their enrichment in EVs and their biogenesis. Henceforth, we 

decided to fuse the snorkel-tag to the C-terminal region of CD81. However, we observed 

no activity of the PreScission protease when the snorkel-tag was bound to an anti-HA 

affinity matrix (Figure 12). This might be due the steric hinderance or impaired 

accessibility of the PreScission protease cleavage site when bound to HA antibody. 

Therefore, we re-engineered our C-terminal snorkel by introducing flexible linkers (G4S)3 

on either side of the PreScission protease site to allow a certain degree of movements to 

ensure that it is easily accessible for the protease when bound to an affinity matrix without 

changing the performance of the protein (Argos 1990; Waldo et al. 1999). In addition, we 

introduced a rigid linker (EA3K)2 between the transmembrane domain and FLAG-tag of 

the snorkel-tag in order to avoid non-specific interactions between the snorkel-tag and the 

plasma membrane or other membrane proteins displayed on the surface of the plasma 

membrane or EVs (Arai et al. 2001).  

 

Extracellular vesicles, being nanoparticles are very heterogenous in size and composition. 

The isolation of EVs is the very first and important step which determines their efficacy in 

therapeutic application. Ultracentrifugation is the most widely used method for purification 

of EVs (Gardiner et al. 2016). However, it comes with certain limitations such as vesicle 

aggregation, disruption and coprecipitation of non-EV components when employed on 

biological fluids (Linares et al. 2015; Lener et al. 2015). In addition, the large-scale 

production and isolation of EVs is another limiting factor for UC based EV isolations. In 

our study, we employed TFF with 100 kDa MWCO hollow fiber system for isolation of 

EVs (Nordin et al. 2015). The application of TFF for large-scale isolation of EVs is an 

efficient method over UC with regard to the yields, high purity of EVs and batch-to-batch 
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consistency (Busatto et al. 2018). In addition, TFF can be further coupled with size 

exclusion systems in order to obtain relatively pure EVs for clinical applications 

(McNamara et al. 2018; Corso et al. 2017). EVs isolated by applying TFF on conditioned 

media from HeLa-WT and Hela-CD81-snorkel-tag demonstrate that isolated EVs are 

relatively pure with typical EV morphology and size which was judged by TEM and NTA. 

The presence of EV-associated proteins ALIX, syntenin and TSG101 was detected by 

western blotting. Furthermore, typical EV marker proteins such as CD9, CD63, CD81 and 

Hela EV- specific markers were detected by a multiplex bead-based flow cytometry assay. 

Additionally, snorkel-tag epitopes were probed in the EVs derived from Hela-CD81-

snorkel-tag cells by western blotting, TEM and by indirect labelling of the snorkel-tag in a 

multiplex bead-based flow cytometry assay. Aforementioned, along with TFF one can 

employ ultrafiltration by using 100 kDa spin columns for concentrating EVs from 

conditioned media which yields higher concentrations of EVs compared to UC with 

improved purity (Nordin et al. 2015; Guerreiro et al. 2018).  

 

Taken together, these EV characterizations demonstrate that there is no significant 

difference in the amount of EVs secreted, in their size and EV protein surface composition 

when comparing EVs harboring the snorkel-tag with WT EVs. Hence, with these 

observations we conclude that the presence of the snorkel-tag on the surface of the EVs 

won’t alter the nature of EVs. However, further studies need to be done to precisely address 

the effects of the snorkel-tag on plasma membrane compositions, biogenesis of EVs and 

on their cargo sorting. 

  

A wide variety of affinity based EV isolation techniques have been developed for 

exploiting the surface molecular composition of EVs. Affinity immunoprecipitation of EVs 

using CD9, CD63, CD81 and heat shock protein-binding peptides are widely used for 

isolating EVs (Ghosh et al. 2014). However, these methods can only be employed for 

quantitative analysis of EVs and for smaller starting material. EVs isolated by 

immunoprecipitation methods cannot be used for functional analysis as it is hard to detach 

specific antibodies bound to EVs without harming the EV membrane. Other affinity based 
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EV isolation methods were developed to isolate a total population of EVs. For instance, 

heparin-based affinity purification of EVs showed better quality of EVs compared to UC 

based isolation (Balaj et al. 2015). In another instance, a Tim4 based affinity purification 

method was developed which uses Ca2+ dependent affinity interaction of Tim4 to 

phosphatidylserine (PS) (Miyanishi et al. 2007; Nakai et al. 2016). However, all these 

methods require high salt concentrations such as NaCl or chelating agents for the elution 

of EVs.  

 

In our study, we developed a snorkel-tag based extracellular vesicle affinity 

chromatography (StEVAC) which allows on-column mild elution of EVs by proteolytic 

cleavage of the snorkel-tag bound to the affinity matrix by PreScission protease. 

Characterization studies on StEVAC purified EVs confirmed the enrichment of EV- 

associated proteins such as syntenin by western blot and enrichment of all the EV specific 

markers such as CD9, CD63, CD81 by using the MACSPlex assay system (Figure 24 and 

25). TEM images further revealed that EVs purified after the StEVAC method were 

relatively pure in retaining their EV shaped morphology and devoid of protein aggregates 

or protein complexes which were very evident after ultrafiltration or TFF (Figure 24B and 

S7, S8). Additionally, a multiplex bead-based flow cytometry assay confirmed the 

specificity of the StEVAC method for purifying EVs harboring the snorkel-tag. In order to 

demonstrate the specificity of our method we purified EVs harboring the snorkel-tag from 

a mixture of EVs derived from different cell sources. Considering the sensitivity of the 

MACSPlex assay system we compared the elutes from mixed population to the elutes 

obtained from homogenous EVs harboring the snorkel-tag. Our results demonstrate, using 

the StEVAC method of EV purification on engineered EVs we could enrich EVs carrying 

the snorkel-tag. However, we did not perform additional characterization studies on elutes 

obtained from mixed sources due to relatively low amounts of EVs used in the study. 

 

In our experimental setup, by keeping the input concentration of EVs and anti-HA affinity 

matrix constant for the StEVAC purification of EVs, we could enrich ~35% of EVs based 

on NTA quantification. However, in the flow through we did not observe the same 
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reduction of 35%. Considering that the NTA quantification is not absolute quantitative and 

cannot differentiate between EVs and other contaminants such as protein aggregates (Van 

Der Pol et al. 2010; Bulte and Modo, n.d.; Varga et al. 2014), we consider two possible 

explanations. One possible explanation is based on our results, namely that the EVs isolated 

by employing the StEVAC method show higher purity eliminating other contaminants. 

Considering the ability of a cell to secret different subtypes of EVs, the other possibility is 

that some of the EVs secreted from CD81-snorkel-tag overexpressing cells may not be 

harboring the snorkel-tag. However, due to the limitations in the characterization 

techniques we could not rule-out the possibility of EVs devoid of the snorkel-tag. A 

recently developed nanoFCM can be the solution to address the heterogeneity of EVs. In 

addition, it would be of great interest to characterize how many recombinant CD81 

molecules are harbored on a single EV for better development of isolation techniques.    

 

Aforementioned, scalability is the major limiting factor for the production of EVs for 

therapeutic applications. Combining TFF with other isolations methods such as BE-SEC 

(bind-elute size exclusion chromatography) (Corso et al. 2017) or Tim4 affinity based 

methods (Nakai et al. 2016) yields relatively pure EVs. The StEVAC method falls in line 

with the mentioned affinity-based methods. The additional advantage of the StEVAC 

method for the purification is that EVs are not subjected to harsh conditions for elution. 

The PreScission protease is specially designed to perform on-column protease treatments 

at relatively low temperatures such as 4ºC and can employ simple buffer conditions such 

as PBS allowing EVs to retain their intactness and functionality. 

 

Labeling of EVs for functional studies is another bottleneck in studying functionality of 

the EVs. Use of lipid dyes or fluorescent and luminescent reporters are generally employed 

to study EV uptake and functionality. Previous studies used lipophilic dyes such as DiR, 

DiD, PKH67 and PKH26 for labeling EVs to study EV biodistribution and their properties 

in vivo (Wiklander et al. 2015b; Grange et al. 2014; Tamura, Uemoto, and Tabata 2016; 

Deddens et al. 2016). However, the half-life of lipophilic dyes lasts longer in vivo compared 

to half-life of EVs which can be maximum of 24 hours results in wrong assumptions on 
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EV fate in vivo (Teare et al. 1991; Skardelly et al. 2011; Kuffler 1990). Fluorescent reporter 

such as GFP (Mittelbrunn et al. 2011) fused to tetraspanins or fusion of palmitoylation 

signal GFP (PalmGFP) and tandem dimer Tomato (PalmtdTomato) have been employed 

to study dynamics of EV uptakes (C. P. Lai et al. 2015). Although fluorescent and 

luminescent reporters serve as a versatile tool for labeling EVs to study the fate of EVs 

may compromise the cargo content within the EVs. Snorkel-tag not only enables simple 

and mild purification of EVs by StEVAC method, it also provides space for efficient 

labeling of purified EVs for functional studies. CLIP-tag as a component of snorkel-tag 

still will be displayed on the surface of the EVs after purification. CLIP-tag substrates 

consist of a fluorophore conjugated to cytosine. The labeling reaction enables transfer of 

fluorophore from CLIP-substrates onto CLIP-tag covalently (Gautier et al. 2009, 2008; 

Schultz and Köhn 2008). In addition, one can choose CLIP-substrates which are cell-

permeable and impermeable, enabling to study EV uptake dynamics alongside labeling. 

However, expression of fluorescent proteins or snorkel-tag fused to tetraspanins may affect 

the membrane dynamics along with cargo sorting or its content in EVs which require 

further detailed investigations. 

 

These findings provide evidence for uptake of EVs after the StEVAC purification. 

However, we want to be sure if snorkel-tag harboring EVs are functional in the first place. 

Therefore, we adapted Cre-loxP method for studying functionality of EVs (Zomer et al. 

2016, 2015; Steenbeek et al. 2018; Ridder et al. 2015). Snorkel-tag harboring cells were 

allowed to overexpress Cre recombinase and color-switch loxP system was established in 

reporter cell line. We observed color-switch in reporter cells upon internalization of EVs 

derived from Cre recombinase overexpressing cells. However, the percentage of color-

switch cells were relatively low which was previously addressed by Zomer et al. 

  

To sum up, we systematically evaluated the StEVAC method for purifying EVs harboring 

snorkel-tag. Now we are excited to extend our studies to in vivo models by expressing 

CD81-snorkel-tag under tissue-specific promoter and understand the insights of cargo 

under pathophysiological conditions. 
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4.2. Evaluation of neutralizing effects of monoclonal 

antibodies produced against human dermal fibroblast 

EVs 

 

Aging is a progressive cellular functional decline leading to age- associated diseases. Aging 

is a major risk factor for many pathologies such as cancer, diabetes, cardiovascular diseases 

and neurodegenerative diseases. Senescent cell often accumulates in aging tissue and 

generate pro-inflammatory and pro-tumorigenic factors influencing the microenvironment 

of the tissue (Krtolica et al. 2001; Zhu et al. 2014). These factors secreted by senescent 

cells are collectively called SASP factors which have negative effects on the surrounding 

environment. Selective elimination of accumulated senescent cells increases the healthy 

life span and delays the on-set of age- associated diseases (Baker et al. 2016, 2011; van 

Deursen 2019).  

 

 

4.2.1. EVs in skin are members of SASP in cellular senescence 

 

SASP factors majorly comprise of cytokines, chemokines, growth factors and matrix 

metalloproteinases (MMPs) secreted by senescent cells mediate the ECM remodeling, 

induction of pro-inflammatory and pro-tumorigenic environment in the surrounding tissues 

(J.-P. Coppé et al. 2010). Various external factors such as irradiation (Arscott et al. 2013), 

hypoxia (Svensson et al. 2011; HW, MZ, and JM 2012; Kucharzewska et al. 2013), Ca2+ 

ionophores (Savina et al. 2003) and oxidative stress (Eldh et al. 2010) has been shown to 

trigger secretion of EVs. We observed 4-fold increase in EV secretion in senescent cells 

compared to quiescent cells, which is in line with other recent reports (Lehmann et al. 2008; 

Effenberger et al. 2014; Jeon et al. 2019; A. Takahashi et al. 2017). Many recent reports 

provide strong evidence on EV-mediated cross-talk in vitro between skin cells such as 

HDFs, keratinocytes and melanocytes modulating several physiological processes (Huang 
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et al. 2015; Cicero et al. 2015; Wäster et al. 2016). Knowing EVs are members of SASP 

(Terlecki-Zaniewicz et al. 2018) and able to cross biological barriers, the question raised, 

if EVs can pass through the dense extracellular matrix in skin to communicate with other 

cell types? In order to validate this, we used two different strategies to isolate EVs from 

skin interstitium, one using skin biopsies and disintegrating dermis and epidermis by 

dispase and isolating EVs from accessible material and the other by performing open flow 

perfusion (OFM) to collect dermal interstitial fluid (dISF) for isolating EVs. Intriguingly, 

our EV characterization studies suggest that using different enrichment strategies we can 

isolate EVs from human skin. Additionally, transmission electron microscopy on skin 

cryosections stained positive for EV- specific marker CD63 further substantiate our 

characterization results on EVs isolated from skin. 

 

 

4.2.2. Therapeutic potential of senescent cell derived EVs 

 

Considering growing evidence on negative effects of senescent cell secretome on tissue 

microenvironment, it is of high interest for developing senolytic drugs which can attenuate 

the effects of senescent cell secretome by eliminating senescent cells. Given that senescent 

cells do not proliferate and resistant to apoptosis, targeting anti-apoptotic proteins such as 

BCL-2, BCL-XL and BCL-W could potentially eliminate senescent cells. Two such 

targeted drugs ABT-263 (Chang et al. 2016) and ABT-737 (Yosef et al. 2016) serves as a 

senolytics by selectively eliminating senescent cells mice. In addition to employing cancer 

drugs as senolytics various other approaches have been used to eliminate senescent cells. 

For instance, peptide drug which induces apoptosis by interfering with the interaction 

between FOXO4 and p53 (Baar et al. 2017), use of nanoparticles specialized to identify 

senescent cells and deliver cytotoxic drugs (Muñoz- Espín et al. 2018) or use of quercetin, 

fisetin, and dasatinib as senolytics. However, use of these drugs can have toxic side effects 

on other normal cell populations in addition to drug resistance. Hence, new strategies are 

underway to develop “next generation” senolytics that are safe and selectively eliminate 

the senescent cells. 
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Aforementioned, increased secretion of EVs in senescent cells are attributable for anti-

apoptotic (Terlecki-Zaniewicz et al. 2018) and pro-tumorigenic activity (Takasugi et al. 

2017). Inhibition of EV biogenesis or secretion pathway can be deleterious to the normal 

cell populations. Hence, other possible best strategy is to inhibit EV uptake by blocking or 

clearing the EVs using neutralizing agents. Combining all the observations and reports 

mentioned, we came up with a strategy for neutralizing effects of senescent derived EVs. 

In order to pursue our idea, we produced monoclonal antibodies against human dermal 

fibroblast derived EVs and could confirm the epitope for these antibodies are specifically 

expressed in HDFs (Figure: 35). Interestingly, in our EV uptake assays we found out that 

HDF- derived EVs when incubated with these monoclonal antibodies showed dose- 

dependent EV internalization in Huh-7 cells. However, this was not true when anti-CD63 

antibody was used. Here, we saw significant inhibition in EV uptake when blocked with 

anti-CD63 antibody. These results further confirm the role of tetraspanins in target 

selection by interaction with receptors on the recipient cell surface (Yáñez-Mó et al. 2009).  

 

Considering the diversity involved in EV uptake mechanisms, we believe that uptake of 

EV-antibody complex could be the result of macropinocytosis, a nonselective uptake 

mechanism. However, we are yet to determine the epitope for monoclonal antibodies 

synthesized against HDF- derived EVs. The information on antigen can shed light on their 

role in enhancing EV uptake. 

 

Taken all together, we further plan to extend our investigation on the senescent cell derived 

EV cargo in vivo model. For this we want employ CD81-snorkel-tag expressed under 

p16ink4a promoter. This will enable us to specifically purify EVs derived from senescent 

cells using StEVAC method. Finally, allowing us to understand the insights of senescent 

cell- derived EV cargo which can have huge diagnostic and therapeutic potential. 
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5. MATERIAL AND METHODS 

 

5.1. Material 

 

5.1.1. Sequences: 

 

Different versions of snorkel-tag sequences and CD81 full length and truncation sequences 

mentioned below: 

 

Snorkel-tag for C-terminal: 

 

GGGGCGAGCAGCGGGAGCAGCCCCGGGAGCGGTTCTCAAAAGAAGCCTCGG

TACGAAATCAGGTGGAAAGTCGTTGTGATCAGCGCCATCCTGGCACTCGTGG

TCCTGACCGTGATTTCCCTGATTATCCTGATTATGCTGTGGGGCTCTGACTAT

AAAGACGATGACGATAAAGGCATGCCCATGGACAAAGACTGCGAAATGAAG

CGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAAC

AGGGCCTGCACCGTATCATCTTCCTGGGCAAAGGAACATCTGCCGCCGACGC

CGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATC

CAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGG

AGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACC

CGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCA

GCGAGAGCCACCTGGCCGCCCTGGTGGGCAATCCCGCCGCCACCGCCGCCGT

GAACACCGCCCTGGACGGAAATCCCGTGCCCATTCTGATCCCCTGCCACCGG

GTGGTGCAGGGCGACAGCGACGTGGGGCCCTACCTGGGCGGGCTCGCCGTGA

AAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGG

GTCTGGAAGTTCTGTTCCAGGGGCCCTACCCATATGACGTTCCTGATTACGCT

TGA 
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Snorkel-tag (without TMD) for C-terminal truncated CD81: 

 

GGCTCTGACTATAAAGACGATGACGATAAAGGCATGCCCATGGACAAAGACT

GCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTC

TGGGTGCGAACAGGGCCTGCACCGTATCATCTTCCTGGGCAAAGGAACATCT

GCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAG

AGCCACTGATCCAGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGA

GGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCAG

GAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCG

GAGAGGTCATCAGCGAGAGCCACCTGGCCGCCCTGGTGGGCAATCCCGCCGC

CACCGCCGCCGTGAACACCGCCCTGGACGGAAATCCCGTGCCCATTCTGATC

CCCTGCCACCGGGTGGTGCAGGGCGACAGCGACGTGGGGCCCTACCTGGGCG

GGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCA

AGCCTGGGCTGGGTCTGGAAGTTCTGTTCCAGGGGCCCTACCCATATGACGTT

CCTGATTACGCTTGA 

 

 

Snorkel-tag for N-terminal: 

 

ATGTACCCATATGACGTTCCTGATTACGCTCTGGAAGTTCTGTTCCAGGGGCC

CATGGACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGC

AAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACCGTATCATCTTCCTGG

GCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGT

GCTGGGCGGACCAGAGCCACTGATCCAGGCCACCGCCTGGCTCAACGCCTAC

TTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCC

AGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAA

GTGGTGAAGTTCGGAGAGGTCATCAGCGAGAGCCACCTGGCCGCCCTGGTGG
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GCAATCCCGCCGCCACCGCCGCCGTGAACACCGCCCTGGACGGAAATCCCGT

GCCCATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACAGCGACGTGGGG

CCCTACCTGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCC

ACAGACTGGGCAAGCCTGGGCTGGGTGGCTCTGACTATAAAGACGATGACGA

TAAAGGCATGCCCGTCGTTGTGATCAGCGCCATCCTGGCACTCGTGGTCCTGA

CCGTGATTTCCCTGATTATCCTGATTATGCTGTGGGGGGCGAGCAGCGGGAG

CAGCCCCGGGAGCGGTTCTCAAAAGAAGCCTCGGTACGAAATCAGGTGGAA

A 

 

 

Snorkel-tag (without TMD) for N-terminal truncated CD81: 

 

TGTACCCATATGACGTTCCTGATTACGCTCTGGAAGTTCTGTTCCAGGGGCCC

ATGGACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGCA

AGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACCGTATCATCTTCCTGGG

CAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTG

CTGGGCGGACCAGAGCCACTGATCCAGGCCACCGCCTGGCTCAACGCCTACT

TTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCC

AGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAA

GTGGTGAAGTTCGGAGAGGTCATCAGCGAGAGCCACCTGGCCGCCCTGGTGG

GCAATCCCGCCGCCACCGCCGCCGTGAACACCGCCCTGGACGGAAATCCCGT

GCCCATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACAGCGACGTGGGG

CCCTACCTGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCC

ACAGACTGGGCAAGCCTGGGCTGGGTGCATGCGGCTCTGACTATAAAGACGA

TGACGATAAAG 

 

 



 
 
 
 

127 

CD81 full length: 

 

ATGGCGGTGGAAGGAGGAATGAAATGTGTGAAGTTCTTGCTCTACGTCCTCC

TGCTGGCCTTTTGCGCCTGTGCAGTGGGACTGATTGCCGTGGGTGTCGGGGCA

CAGCTTGTCCTGAGTCAGACCATAATCCAGGGGGCTACCCCTGGCTCTCTGTT

GCCAGTGGTCATCATCGCAGTGGGTGTCTTCCTCTTCCTGGTGGCTTTTGTGG

GCTGCTGCGGGGCCTGCAAGGAGAACTATTGTCTTATGATCACGTTTGCCATC

TTTCTGTCTCTTATCATGTTGGTGGAGGTGGCCGCAGCCATTGCTGGCTATGT

GTTTAGAGATAAGGTGATGTCAGAGTTTAATAACAACTTCCGGCAGCAGATG

GAGAATTACCCGAAAAACAACCACACTGCTTCGATCCTGGACAGGATGCAGG

CAGATTTTAAGTGCTGTGGGGCTGCTAACTACACAGATTGGGAGAAAATCCC

TTCCATGTCGAAGAACCGAGTCCCCGACTCCTGCTGCATTAATGTTACTGTGG

GCTGTGGGATTAATTTCAACGAGAAGGCGATCCATAAGGAGGGCTGTGTGGA

GAAGATTGGGGGCTGGCTGAGGAAAAATGTGCTGGTGGTAGCTGCAGCAGCC

CTTGGAATTGCTTTTGTCGAGGTTTTGGGAATTGTCTTTGCCTGCTGCCTCGTG

AAGAGTATCAGAAGTGGCTACGAGGTGATGA 

 

C-terminal truncated CD81 (without TMD4): 

 

ATGGGAGTGGAGGGCTGCACCAAGTGCATCAAGTACCTGCTCTTCGTCTTCA

ATTTCGTCTTCTGGCTGGCTGGAGGCGTGATCCTGGGTGTGGCCCTGTGGCTC

CGCCATGACCCGCAGACCACCAACCTCCTGTATCTGGAGCTGGGAGACAAGC

CCGCGCCCAACACCTTCTATGTAGGCATCTACATCCTCATCGCTGTGGGCGCT

GTCATGATGTTCGTTGGCTTCCTGGGCTGCTACGGGGCCATCCAGGAATCCCA

GTGCCTGCTGGGGACGTTCTTCACCTGCCTGGTCATCCTGTTTGCCTGTGAGG

TGGCCGCCGGCATCTGGGGCTTTGTCAACAAGGACCAGATCGCCAAGGATGT

GAAGCAGTTCTATGACCAGGCCCTACAGCAGGCCGTGGTGGATGATGACGCC

AACAACGCCAAGGCTGTGGTGAAGACCTTCCACGAGACGCTTGACTGCTGTG

GCTCCAGCACACTGACTGCTTTGACCACCTCAGTGCTCAAGAACAATTTGTGT
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CCCTCGGGCAGCAACATCATCAGCAACCTCTTCAAGGAGGACTGCCACCAGA

AGATCGATGACCTCTTCTCCGGGAAG 

 

N-terminal truncated CD81 (without TMD1): 

 

CTCCGCCATGACCCGCAGACCACCAACCTCCTGTATCTGGAGCTGGGAGACA

AGCCCGCGCCCAACACCTTCTATGTAGGCATCTACATCCTCATCGCTGTGGGC

GCTGTCATGATGTTCGTTGGCTTCCTGGGCTGCTACGGGGCCATCCAGGAATC

CCAGTGCCTGCTGGGGACGTTCTTCACCTGCCTGGTCATCCTGTTTGCCTGTG

AGGTGGCCGCCGGCATCTGGGGCTTTGTCAACAAGGACCAGATCGCCAAGGA

TGTGAAGCAGTTCTATGACCAGGCCCTACAGCAGGCCGTGGTGGATGATGAC

GCCAACAACGCCAAGGCTGTGGTGAAGACCTTCCACGAGACGCTTGACTGCT

GTGGCTCCAGCACACTGACTGCTTTGACCACCTCAGTGCTCAAGAACAATTTG

TGTCCCTCGGGCAGCAACATCATCAGCAACCTCTTCAAGGAGGACTGCCACC

AGAAGATCGATGACCTCTTCTCCGGGAAGCTGTACCTCATCGGCATTGCTGCC

ATCGTGGTCGCTGTGATCATGATCTTCGAGATGATCCTGAGCATGGTGCTGTG

CTGTGGCATCCGGAACAGCTCCGTGTACTGA 

 

C-terminal snorkel-tag with linkers: 

 

GGGGCGAGCAGCGGGAGCAGCCCCGGGAGCGGTTCTCAAAAGAAGCCTCGG

TACGAAATCAGGTGGAAAGTCGTTGTGATCAGCGCCATCCTGGCACTCGTGG

TCCTGACCGTGATTTCCCTGATTATCCTGATTATGCTGTGGGAAGCAGCGGCT

AAAGAAGCGGCTGCTAAAGGCTCTGACTATAAAGACGATGACGATAAAGGC

ATGCCCATGGACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTC

TGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACCGTATCATCTT

CCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCC

GCCGTGCTGGGCGGACCAGAGCCACTGATCCAGGCCACCGCCTGGCTCAACG

CCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCAC

CACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGC
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TGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCGAGAGCCACCTGGCCGCCCT

GGTGGGCAATCCCGCCGCCACCGCCGCCGTGAACACCGCCCTGGACGGAAAT

CCCGTGCCCATTCTGATCCCCTGCCACCGGGTGGTGCAGGGCGACAGCGACG

TGGGGCCCTACCTGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGA

GGGCCACAGACTGGGCAAGCCTGGGCTGGGTGGGGGAGGAGGGTCAGGTGG

TGGGGGTAGTGGAGGTGGAGGTAGTCTGGAAGTTCTGTTCCAGGGGCCCGGG

GGAGGAGGGTCAGGTGGTGGGGGTAGTGGAGGTGGAGGTAGTTACCCATAT

GACGTTCCTGATTACGCTTGA 

 

 

5.1.2. Primers 

 

Name sense antisense 

CD81- Full length 

for C-terminal 

snorkel 

ATCCGAATTCATGGGAGTGG

AGGGCTGCAC 

ATCTGCGGCCGCTC

AGTACACGGAGCTG

TTCCGGATGCCAC 

CD81- C-Terminal 

trucation 

ATCCGAATTCATGGGAGTGG

AGGGCTGCAC 

ATCTACCGGTCTTC

CCGGAGAAGAGGT

CATCG 

CD81- N-Terminal 

trucation 

ATTCACCGGTCTCCGCCATG

ACCCGCAGACCAC 

ATCTGCGGCCGCTC

AGTACACGGAGCTG

TTCCGGATGCCAC 

C-Terminal 

snorkel-tag 

ATAATATTACCGGTGGGGCG

AGCAGCGGGAGCAG 

ATCTGCGGCCGCTC

AAGCGTAATC 

Snorkel-tag for C-

terminal truncated 

CD81 

ATCCACCGGTGGCTCTGACT

ATAAAGACGATGACGATAA

AGG 

ATCTGCGGCCGCTC

AAGCGTAATC 
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Snorkel-tag for N-

terminal truncated 

CD81 

GCAGGAATTCATGTACCCAT

ATGACG 

ACTGACCGGTCTTT

ATCGTCATCGTCTT

TATAGTCAGAGG 

C-terminal 

Snorkel-tag with 

linkers 

ATAATATTACCGGTGGGGCG

AGCAGCGGGAGCAG 

ACTGACCGGTCTTT

ATCGTCATCGTCTT

TATAGTCAGAGG 

 

5.1.3. Antibodies 

 

Antibodies and their respective dilution for Western Blots (WB), Immunofluorescence 

(IF), Flow cytometry (FC) and Transmission Electron Microscopy (TEM) are show below. 

target manufacturer catalog # host conjugate WB IF FC TEM 

HA-tag Cell signaling 3724 rabbit - 1:1,000 1:800 1:1,000 1:50 

SNAP/CLIP-

tag 

NEB P9310S rabbit - 1:1,000 - - - 

FLAG-tag Sigma F3165 mouse - 1:5,000 - - - 

CD81 Santa Cruz sc-166029 mouse - 1:200 - - - 

CD81 TheroFisher 

Scientific 

11525542 mouse - - 1:500  1:50 

TSG101 abcam ab125011 rabbit - 1:1,000 - - - 

Alix abcam ab117600 mouse - 1:2,000 - - - 

Syntenin origene TA50479

6 

mouse - 1:1,000 - - - 

Calnexin abcam ab22595 rabbit - 1:1,000 - - - 

CD63 Invitrogen 10628D mouse - 2 g/ml - - - 

CD63 abcam ab8219 mouse - - - - 1:1,000 

Mouse IgG LI-COR 926-

68072 

donkey IRDye 

680RD 

1:10,000 - - - 

Rabbit IgG LI-OR 925-

32213 

donkey IRDye 

800CW 

1:10,000 - - - 

Rabbit IgG abcam ab96902 goat DyLight649 - - 1:1,000 - 
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Rabbit IgG Jackson 

immunoresearch 

711-545-

152 

donkey Alexa fluor 

488 

- 1:200 - - 

Mouse IgG Jackson 

immunoresearch 

715-605-

150 

donkey Alexa fluor 

647 

- 1:200 - - 

Mouse IgG - - sheep 10 nm gold 

particle 

- - - 1:50 

Rabbit IgG - - sheep 10 nm gold 

particle 

- - - 1:50 

Mouse IgG - - - Cy3 - - 1:1000 - 

 

5.2. Methods 

 

5.2.1. Cell culture 

 

Cell culture experiments were performed under sterile and antibiotic free conditions. 

Human dermal fibroblasts (HDFs) from adult skin three healthy donors (HDF76, HDF85, 

HDF161), HDF164-hTert and phoenix were provided by Evercyte GmbH. Cells were 

grown in DMEM/Ham’s F-12 (1:1 mixture) (BIOCHROME, Germany) supplemented with 

10 % fetal calf serum (FCS) and 4 mM L-Glutamine (Sigma Aldrich GmbH St Louis, MO, 

USA) at 7% CO2 and 37°C. HEK293 cells were cultivated in DMEM with Na-pyruvate 

(BIOCHROME, Germany) supplemented with 10 % fetal calf serum (FCS) and 4 mM L-

Glutamine (Sigma Aldrich GmbH St Louis, MO, USA) at 7% CO2 and 37°C. Huh-7 cells 

were provided by Samir EL Andaloussi’s lab at Department of laboratory medicine, 

Karolinska Institutet, Stockholm, Sweden. Huh-7 cells were cultivated in DMEM 

(ThermoFisher Scientific) supplemented with 10% fetal calf serum (FCS) (Sigma Aldrich 

GmbH St Louis, MO, USA) and 1 X GlutaMAX (ThermoFisher Scientific) at 5% CO2 and 

37°C. Primary HUVECs and ASCs were provided by Wolfgang Holnthoner at Ludwig 

Boltzmann Institute for Experimental and Clinical Traumatology, Vienna. HUVECs and 

ASCs were cultivated in EBM-2 media supplemented with EGM-2 (Lonza) and 5% FCS 

(Sigma Aldrich GmbH St Louis, MO, USA) at 7% CO2 and 37°C. HeLa cells were grown 
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in RPMI 1640 (ThermoFisher Scientific) supplemented with 10% fetal calf serum (FCS) 

(Sigma Aldrich GmbH St Louis, MO, USA) and 1 x GlutaMAX (ThermoFisher Scientific) 

at 5% CO2 and 37°C. 

 

 

5.2.2. Stress induced premature senescence (SIPS) 

 

For induction of SIPS, HDFs (HDF161, HDF85 and HDF76) were seeded with 3500 

cells/cm2 one day (d) prior stress treatment using 9 (4 d stress – 2 d recovery – 5 d stress) 

with 100 μM H2O2 for one hour per day followed by a media change. Non-stressed control 

cells reached quiescence (Q) by contact inhibition. Induction of SIPS was confirmed by 

bromodeoxyuridine (BrdU) incorporation, senescence-associated (SA)-ß-Gal stain- ing, 

CDKN1A (p21) expression and Annexin-V-PI staining after 7 (D7) and 21 days (D21) post 

stress treatment (Terlecki-Zaniewicz et al. 2018).  

 

 

5.2.3. Generation of stable cell lines 

 

For all the variants of CD81-snorkel-tag stable cell line generation, we cloned CD81-

snorkel-tag in pCI-neo vector. HeLa cells were transfected with respective plasmids 

carrying variants of CD81-snorkel-tag were transfected using JetPrime (Polyplus) 

according to manufacturer’s instruction. 3 days after transfection, 600 μg/ml G418 were 

applied as selection pressure. After two weeks single colonies were isolated and screened 

for expression (data not shown) 

 

For CD81-snorkel-tag with linkers, insert was cloned into pBMN vector. Phoenix cells 

were transfected with pBMN:CD81-snorkel-tag plasmid using JetPrime (Polyplus) in 

serum free conditions. 24 hours post transfection, media was removed, and fresh growth 

media was added. After 24 hours, media from phoenix cells were filtered with 0.45 μm 
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sterile filter and mixed with polybrene (8 μg/ml), added on top of HeLa cells seed in 6-well 

plate a day before and spun at 800 x g for 1 hour at room temperature. Then, virus 

supernatant was discarded, and fresh growth media was added and cells were incubated 

7% CO2 and 37°C. These steps were repeated for 4-5 days for stable expression of CD81-

snorkel-tag. 

 

For generating HDF164-hTert: CD63-neonGFP cells were transduced with pLEX-CD63-

neonGFP carrying viral particles. Cells were incubated at 5% CO2 and 37°C overnight and 

viral particle containing media was removed and fresh growth media was added. After 

propagation cells were checked for neonGFP expression using MACSQuant Analyzer 10 

flow cytometer (Miltenyi Biotec). 

 

Generation of Cre recombinase expression cells: HeLa-CD81-snorkel-tag carrying cells 

were transfected with pcDNA 3.1 Cre plasmid using JetPrime (Polyplus). 3 days after 

transfection, 50 μg/ml zeocin was applied as selection pressure. After two weeks cells were 

collected, expanded for EV isolations. 

 

Generation of loxP reporter HEK293 cells: loxP color-switch system was cloned into 

pBMN vector. For stable expression we used same procedure used for generating CD81-

snorkel-tag (with linkers) cell line. 

 

 

5.2.4. EV isolation procedures 

 

We employed different EV isolation protocols depending on the downstream application. 

Stated briefly in results section which of the following method was applied for isolating 

EVs. 
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5.2.4.1. EV isolation using differential ultracentrifugation (UC) 

 

EV Isolation using differential ultracentrifugation was performed according to giudlines 

recommended by international society for extracellular vesicles (ISEV)(Théry et al. 2018). 

EVs from FCS were depleted from growth media (DMEM/Ham’S F-12 + FCS) by 

ultracentrifugation at 100,000 x g overnight and sterile filtered using 0.22 μm filter cups 

(MILLIPORE, Germany). Conditioned media (after 48 hours secretion) was centrifuged 

for 15 min at 500 x g (Eppendorf, 5804R) at 4º C to remove cellular debris and 14,000 x g 

(Beckmann, Coulter, Brea, CA, USA, Avanti JXN-26) at 4ºC for 15 mi to remove larger 

EVs followed by sterile filtration using 0.22 μm filter cups to remove EVs above 220 nm 

in size. Conditioned media from SIPS and from Q cells were filled into Quick-Seal, 

Polyallomer, 39 ml, 25x89 mm tubes (BECKMANN, Brea, CA, USA). Sealed tubes were 

subjected to ultracentrifugation using a 70Ti Rotor Beckman coulter at 100,000 x g for 90 

min (BECKMANN, Brea, CA, USA) and EV pellets in different tubes but from the same 

samples were pooled. EV pellet was resuspended in sterile filtered 1 x PBS and quantified 

for size and concentration by nanoparticle tracking analysis (NTA). 

 

5.2.4.2. Large batch EV isolation using tangential flow filtration (TFF) 

 

Conditioned media from HeLa-WT and HeLa-CD81-snorkel-tag overexpressing cells  was 

collected and subjected to a low speed spin at 700 × g for 5 minutes at 4º C to remove 

cellular debris, followed by 2000 × g spin for 10 minutes at 4ºC to remove larger particles 

and cell debris. The supernatant was then sterile filtered with a 0.22 μm filter cups. 

Conditioned media was diafiltrated using 2 volumes of initial volume to ~ 35 ml using 

KR2i TFF system (SpectrumLabs) with 300 kDa cut-off hollow fibre filters (MidiKros, 

370 cm2 surface area, SpectrumLabs) at a flow rate of 100 ml/min (transmembrane pressure 

at 3.0 psi and shear rate at 3700 sec−1) (Corso et al. 2017; Wiklander et al. 2018). 

Diafiltrated was further concentrated to ~1 ml using Amicon ultra-15 centrifugal filter unit 

(Catalog # UFC910024) at 4ºC with 3500 x g. Concentrated EV solution was quantified 
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for size and concentration and 100 l aliquotes were stored in -80ºC for subsequent 

characterization studies.  

 

Unless indicated otherwise, above mentioned TFF protocol was implied on conditioned 

media from HDF164-hTert, HDF164-hTert cells expressing CD63-neonGFP, HUVEC and 

ASC cells for EV isolations. 

 

5.2.4.3. EV isolation using ultrafiltration (UF) 

 

Pre-cleaned conditioned media (700 x g for 5 min and 2000 x g for 10 min) from HeLa-

WT and HeLa-CD81-snorkel-tag overexpressing cells was sterile filtered using syringe 

(VWR) with cellulose acetate membrane filters (0.22 µm pore size) to remove any larger 

particles. The filtered conditioned media was ultrafiltrated using 100 kDa MWCO Amicon 

ultra-15 cenrifugal filter unit (Catalog # UFC910024) at 4ºC with 3500 x g (Balaj et al. 

2015). The concentrate was diafiltrated with 2 volumn of 1 x PBS and concentrated to final 

volume of ~1 ml. Final volume was quantified by NTA for size and concentration of EVs. 

After quantification EV sample were freshly used for further purification by StEVAC 

method. 

 

 

5.2.5. Nanoparticle Tracking Analysis (NTA) 

 

Nanoparticle tracking analysis was applied to determine particle size and concentration of 

all samples. All samples concentrated by TFF and UF were characterized by NTA with a  

NanoSight NS500 instrument equipped with NTA 2.3 analytical software and an additional 

488 nm laser. Samples were diluted to 1:1000 in sterile filtered PBS (0.22 µm filter). 

Diluted samples were loaded in the sample chamber with camera level 13. Four to five 30 

sec videos were recorded per sample in light scatter mode with 5 sec delay between each 
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recording. Screen gain 10, detection threshold 7 were kept constant for all the recordings. 

Using batch process facility all the measurements were analyzed automatically.  

 

For quantification of EVs isolated by UC from Q and SIPS cells we used the Zetaview 

system (Particle Metrix, Meerbusch, Germany) (Terlecki-Zaniewicz et al. 2019, 2018). 

Calibration of the system was conducted with 110 nm polystyrene standard beads (Particle 

Metrix, Meerbusch, Germany). Vesicles were diluted in filtered 1 x PBS and each sample 

was measured in technical triplicates. For optimized performance, camera sensitivity was 

adjusted to fit the highest and lowest concentrated sample into the dynamic range and all 

samples were measured with the same dilution and settings. Settings: Gain 904, 98; Offset 

0. Measurements were taken at two different camera positions. EVs secreted per cell were 

calculated using the cell number measured with Vi-CELL XR (Beckman Coulter, Brea, 

CA, USA).  
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5.2.6. Snorkel-tag based Extracellular Vesicle Affinity 

Chromatography (StEVAC) 

 

Conditioned media from HeLa-WT and HeLa-CD81-snorkel-tag overexpressing cells were 

processed using ultrafiltration based EV isolation. Isolated EVs were quantified using NTA 

and ~2.5 x 1010/ml were incubated with 250 l of anti-HA magnetic beads (Catalog # 

88836, ThermoFisher Scientific; bead concentration 10 mg/ml) overnight at 4º C on a 

rotospin test tube rotator. Post incubation, beads were separated on magnetic rack and 

unbound EV solution was collected and beads were washed with 0.22 m filtered PBS. 

After washing step, beads were suspended in 0.22 m filtered PBS with 5 l (10 units) of 

PreScission protease (catalog # 27084301; GE healthcare Life Sciences) and incubated 

overnight at 4ºC on a rotospin test tube rotator for on-column PreScission protease 

cleavage. After overnight incubation, tubes were placed on magnetic rack for separating 

beads and elutes were collected. Collected elutes along with flow through and wash 

samples were quantified for size and concentration using NTA. For characterization studies 

samples were freshly used. 

 

 

5.2.7. Western blotting 

 

HeLa-WT cells and HeLa-CD81-snorkel-tag expressing cells were collected and the cell 

pellet was lysed with 100 µL of RIPA buffer, kept on ice, and vortexed five times every 5 

min. The cell lysate was then spun at 12,000 × g for 10 min at 4°C and the supernatant was 

transferred to a new tube and kept on ice. Protein concentrations for the supernatants were 

quantified by BCA assay (ThermoFisher Scientific) according to manufacturer’s 

instructions. 50 g of cell lysates and 1 x 109 to 5 x 109 particles were mixed with buffer 

containing 0.5 M dithiothreitol, 0.4 M sodium carbonate (Na2CO3), 8% SDS, and 10% 

glycerol, and heated at 95°C for 10 min. The samples were loaded onto a NuPAGE Novex 

4–12% Bis-Tris Protein Gel (Invitrogen, Thermo Fisher Scientific) and run at 120 V in 
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NuPAGE MES SDS running buffer (Invitrogen, Thermo Fisher Scientific) for 2 h. The 

proteins on the gel were transferred to an iBlot nitrocellulose membrane (Invitrogen, 

Thermo Fisher Scientific) for 7 min using the iBlot system. The membrane was blocked 

with Odyssey blocking buffer (LI-COR) for 1 hour at room temperature with gentle 

shaking. After blocking, the membrane was incubated overnight at 4°C or 1 hour at room 

temperature with primary antibody solution. The membrane was washed with PBS 

supplemented with 0.1% Tween-20 (PBS-T, Sigma) three times for every 5 min and 

incubated with the corresponding secondary antibody (LI-COR) for 1 hour at room 

temperature. Finally, the membrane was washed with PBS-T for three times with 5 min 

interval, twice with PBS and visualized on the Odyssey infrared imaging system (LI-COR) 

at 700 and 800 nm. 

 

 

5.2.8. CLIP-tag labeling quantification by Flow cytometry 

 

HeLa-WT cells and HeLa-CD81-snorkel-tag overexpressing cells were collected and 

suspended in 1 ml of growth media (RPMI 1640 + 10% FCS + 1 X GlutaMAX). To this, 

non-cell-permeable CLIP-substrate (CLIP-SurfaceTM 647; Catalog #S9234, NEB) with 

final dilution of 1:100,000 was added and incubated at for 1 hour at 95% humidity, 5% 

CO2 and 37°C. Post incubation, cells were spun at 300 x g for 5 min to remove the 

unlabeled dye and washed twice with PBS and pelleted at 300 x g for 5 min and 

resuspended in 100 l of PBS. Dead cells were excluded by 4’,6-diamidino-2-phenylindole 

(DAPI) staining and doublets were excluded by forward/side scatter area versus height 

gating. Samples were kept on ice and measured with MACSQuant Analyzer 10 flow 

cytometer (Miltenyi Biotec). GraphPadPrism 8.2.1 (GraphPadPrism Software, La Jolla, 

CA, USA) was used to analyze data and assemble figures. 

 

  



 
 
 
 

139 

5.2.9. Multiplex bead-based flow cytometry assay for EV surface 

protein profiling 

 

Different sample types were subjected to bead-based multiplex EV analysis by flow 

cytometry (MACSPlex Exosome Kit, human, Miltenyi Biotec). Unless indicated 

otherwise, EV-containing samples were processed as follows: Samples were diluted with 

MACSPlex buffer (MPB) to, or used undiluted at, a final volume of 60 µL and loaded onto 

wells of a pre-wet and drained MACSPlex 96-well 0.22 µm filter plate before 3 µl of 

MACSPlex Exosome Capture Beads (containing 39 different antibody-coated bead 

subsets) were added to each well. Generally, particle counts quantified by NTA, and not 

protein amount, were used to estimate input EV amounts. We used 1 x 109 particles as 

input EV amounts. Filter plates were then incubated on an orbital shaker overnight (14–16 

hours) at 450 rpm at room temperature protected from light. To wash the beads, 200 µl of 

MPB was added to each well and the filter plate was put on a vacuum manifold with 

vacuum applied (Sigma-Aldrich, Supelco PlatePrep; −100 mBar) until all wells were 

drained. For counterstaining of EVs bound by capture beads with detection antibodies, 135 

µl of MPB and 5 µl of each APC-conjugated detection antibody cocktail (anti-CD9, anti-

CD63, and anti-CD81) were added to each wells and plates were incubated on an orbital 

shaker at 450 rpm protected from light for 1 h at room temperature. Next, plates were 

washed by adding 200 µL MPB to each well followed by draining on a vacuum manifold. 

This was followed by another washing step with 200 µl of MPB, incubation on an orbital 

shaker at 450 rpm protected from light for 15 min at room temperature and draining all 

wells again on a vacuum manifold. Subsequently, 150 µl of MPB was added to each well, 

beads were resuspended by pipetting and transferred to V-bottom 96-well microtiter plate 

(Thermo Scientific). Flow cytometric analysis was performed using MACSQuant Analyzer 

10 flow cytometer (Miltenyi Biotec). All samples were automatically mixed immediately 

before 70–100 µl were loaded to and acquired by the instrument, resulting in approximately 

3,000–5,000 single bead events being recorded per well. FlowJo software (v10, FlowJo 

LLC) was used to analyze flow cytometric data. Median fluorescence intensity (MFI) for 
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all 39 capture bead subsets were background corrected by subtracting respective MFI 

values from matched non-EV buffer (PBS) that were treated exactly like EV-containing 

samples (buffer/medium + capture beads + antibodies). GraphPadPrism 8.2.1 

(GraphPadPrism Software, La Jolla, CA, USA) was used to analyze data and assemble 

figures (Wiklander et al. 2018; Johnston et al. 2016).  

 

For indirect labeling of snorkel-tag, samples were incubated with capture beads overnight 

(14-16 hours) at 450 rpm at room temperature protected from light. The beads were washed 

with 200 µl MPB and 135 µl MPB added to each well and 15 µl of anti-HA-tag antibody 

(1:1000 final dilution) was added and incubated for 1 hour at room temperature on an 

orbital shaker at 450 rpm protected from light. After incubation, the MPB in the wells was 

drained and wash steps were repeated. For counterstaining of anti-HA-tag antibody labeled 

on EVs bound capture beads, 135 µl of MPB and 15 µl of Dylight-649 conjugated to anti-

rabbit detection antibody (1:1000 final dilution) was added and plates were incubated on 

an orbital shaker at 450 rpm protected from light for 1 hour at room temperature. After 

incubation, MPB was drained, washed and flow cytometry analysis was performed using 

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec) as mentioned above. MFI for 

all 39 capture bead subsets were background corrected by subtracting respective MFI 

values from matched non-EV buffer (PBS) that were treated exactly like EV-containing 

samples (buffer + capture beads + Dylight 649 detection antibody).  

 

 

5.2.10. EV uptake assays using flow cytometry 

 

HDF164-hTert:CD63-neonGFP derived EVs were isolated using TFF as previously 

described. Particle concentration and size were analysed with NTA both in scatter and 

fluorescence mode. A fixed number of particles (particles based on NTA scatter mode) 

were mixed with different concentrations of monoclonal antibodies (details in the result 

section) and incubated at 37ºC in dark for 1 hour to allow formation of EV-antibody 

complex. Then the complex with predetermined number were added to human 
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hepatocellular carcinoma cells (Huh-7) seeded the day before at a density of 2,000 cells 

per well in a 96-well plate. Cells were incubated for 2 h at 37°C, 5% CO2 atmosphere. 

After incubation, the cells were washed thrice with ice-cold PBS, collected, spun down at 

300 × g for 5 minutes and resuspended in 100 µl of PBS. Dead cells were excluded from 

DAPI staining and doublets were excluded by forward/side scatter area versus height 

gating. Samples were kept on ice and measured with the. Data was analyzed with 

MACSQuant Analyzer 10 flow cytometer (Miltenyi Biotec).  the FlowJo software (version 

10.0.7). Median fluorescence intensity was normalized over the control/untreated cell 

sample (∆MFI). GraphPadPrism 8.2.1 (GraphPadPrism Software, La Jolla, CA, USA) was 

used to analyze data and assemble figures. One unpaired student t-test was performed and 

a P-value < 0.05 was considered statistically significant. 

 

 

5.2.11. EV uptake study using confocal imaging 

 

For comparison, HeLa-WT, HeLa derived snorkel-tag carrying EVs were purified with 

StEVAC method and ultrafiltration as previously described.  After particle quantification 

by NTA ~1 x 109 particles were labeled with CLIP substarte (CLIP-SurfaceTM 647; Catalog 

#S9234, NEB) with 1:100,000 dilution and incubated at 37º C for 1 hour. After incubation, 

excess substrate was removed by using Amicon ultra-0.5 centrifugal filter (Catalog 

#UFC501096; MerckMilipore) with 100 kDa MWCO and further diafiltrated using 0.22 

m filtered PBS. The concentrated labelled EV solution was added onto Huh-7 cells which 

were seeded onto coverslips or μ-slides (ibidi GmbH, Martinsried, Germany) a day before. 

Cells were incubated for 2 hours at 37 °C, 5% CO2 atmosphere. After incubation, cells 

were washed thrice with PBS and lysotracker LyG26 (Catalog #8783S; Cell signaling 

technology) was used according to manufacturer’s instruction. In the last but one wash, 

Hoechst 33342 was included for counterstaining DNA. 
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5.2.12. Immunofluorescence staining of cells 

 

For primary and secondary antibody concentrations, see above. 

HeLa-WT and HeLa-CD81-snorkel-tag overexpressing cells were seeded onto coverslips 

or μ-slides (ibidi GmbH, Martinsried, Germany) and incubated over night at 37°C. 

Following day, cells were fixed with 4% paraformaldehyde for 15 min, washed two times 

with PBS, and permeabilized for 10 min in 0.3% Triton X-100 followed by two PBS-

washes. Cells were blocked with 2% BSA for 30-60 min. After blocking, slides were 

incubated in primary and secondary antibody solutions prepared in 2% BSA solution for 

60 and 30 min respectively in a humidified chamber at room temperature, each followed 

by 3 washes in PBS. Hoechst 33342 was included for counterstaining of DNA right before 

the last wash step. 

 

For staining non-permeabilized cells, no fixation and permeabilization steps were involved. 

Cells were blocked in 2% BSA for 60 min and were directly incubated with primary and 

secondary antibodies as mentioned above.  

 

 

5.2.13. Transmission Electron Microscopy (TEM) 

 

For primary and secondary antibody concentration, see above. 

 

For TEM analysis we used 4 different protocols based on the sample and application. 

All the solutions used for the staining procedure were pre-filtered using 0.22 μm filter units 

(Milipore/VWR).  

 

For Figure 33B: Freshly prepared EVs were adhered on Athene Old 300 mesh copper grids 

(Agar Scientific, Stansted, Essex, UK) and fixed with 1% glutaraldehyde. Grids were 

washed three times with nuclease free water (NFW) and stained for 5 min with 2% 
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phosphotungstic acid hydrate (Carl Roth, Karlsruhe, Germany). The grids were left to dry 

and the specimens were visualized using TEM (FEI Tecnai T20, FEI Eindhoven, 

Netherlands) operated at 160 kV. 

 

For all other TEM images, 5 µl of sample were added onto glow-discharged formvar-

carbon type B coated electron microscopy grids for 3 min. Samples were removed by using 

wet whatmann filter paper. Grids were either prepared for immunogold labeling (see 

below) or carefully washed twice with filtered PBS. After washes, 5 µL of filtered 2% 

uranyl acetate were added for 10-30 sec, uranyl acetate was removed using wet whatman 

filter paper, grids were air dried and using visualized using a transmission electron micro- 

scope (Tencai 10). 

 

For immunogold labeling, grids were blocked after the initial binding step of the sample 

using filtered 2% BSA (in PBS) for 10 min. Primary and secondary antibodies were diluted 

in 0.2% BSA solution. After blocking, grids were placed on 15 µL primary antibody 

solution (anti-CD81, 1:50; anti-HA-tag, 1:50) for 60 min. Post incubation, grids were 

washed with 0.2% BSA 6 times and incubated with secondary antibody (goat anti-mouse 

secondary antibody conjugated with 10 nm gold particles & goat anti-rabbit secondary 

antibody conjugated with 4 nm gold particle) with dilution of 1:50 for 60 min. After 

incubation, grids were washed 6 times with PBS followed by 6 washing steps with ddH2O. 

Finally, grids were stained with 0.2% uranyl acetate for 10 to 30 sec. Excess uranyl acetate 

was removed using a wet whatman filter paper, grids air dried and visualized using 

a transmission electron micro- scope (Tencai 10). 

 

TEM of resin embedded skin sections (Figure 32A): All specimens were fixed in a buffered 

3% glutaraldehyde solution, postfixed in osmium tetroxide (3%) for 2 h, dehydrated 

through a graded acetone series, and embedded in Araldite (Fluka, Buchs, Switzerland). 

Ultrathin sections (60-90 nm thickness) were prepared using a diamond knife, collected on 

copper grids (G 300 Cu), and examined with a Jeol JEM-1400 Plus electron microscope. 
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Immunolabeling of resin-free ultra-thin cryo-cut sections (Figure 32B): Human skin 

biopsies were fixed in 2% paraformaldehyde and 0.2 % glutaraldehyde (both from EMS, 

Hatfield, USA) in 0.1 M PHEM buffer pH 6.9 for 2 h at RT, then over night at 4 °C. 

Samples were cut into 1 mm3 blocks which were immersed in 2.3 M Sucrose for one week 

at 4 °C. These blocks were mounted onto Leica specimen carrier (Leica Microsystems, 

Vienna, Austria) and frozen in liquid nitrogen. With a Leica UCT/FCS cryo-

ultramicrotome (Leica Microsystems, Vienna, Austria) the frozen blocks were cut into 

ultra-thin sections at a nominal thickness of 60 nm at -120°C. A mixture of 2% 

methylcellulose and 2.3 M sucrose in a ratio of 1:1 was used as a pick-up solution. Sections 

were picked up onto 200 mesh Ni grids (Gilder Grids, Lincolnshire, UK) with a carbon 

coated Formvar film. [Fixation, embedding and cryo-sectioning as described previously] 

(Tokuyasu 1973). 

 

Prior to immunolabeling, grids were placed on plates with solidified 2% gelatine and 

warmed up to 37 °C for 20 min to remove the pick-up solution. After quenching of free 

aldehyde-groups with glycin (0.1 % for 15 min), a blocking step with 1% BSA (fraction 

V) in 0.1M Sörensen phosphate buffer pH 7.4 was performed for 30 min. The grids were 

incubated in primary antibody, Abcam ab8219 mouse anti-CD63 (Abcam, Cambridge, 

UK), diluted 1:1000 in 0.1 M Sörensen phosphate buffer containing 0.1 % BSA (Fraction 

V) over night at 4 °C, followed by a 2 h incubation in the secondary antibody, a goat-anti-

mouse antibody coupled with 6 nm gold (GAR 6 nm, Aurion, Wageningen, The 

Netherlands), diluted 1:20 in 0.1 M Sörensen phosphate buffer containing 0.1% BSA 

(Fraction V), performed at RT. The sections were stained with 4 % uranyl acetate (Merck, 

Darmstadt, Germany) and 2 % methylcellulose in a ratio of 1:9 (on ice). All labeling steps 

were done in a wet chamber. The sections were inspected in a FEI Morgagni 268D TEM 

(FEI, Eindhoven, The Netherlands) operated at 80 kV. Electron micrographs were acquired 

using an 11-megapixel Morada CCD camera from Olympus-SIS (Münster, Germany). 
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5.2.14. Cre-loxP method for studying EV uptake 

 

HEK293 cells expressing loxP color-switch reporter system were seeded onto coverslips 

or μ-slides (ibidi GmbH, Martinsried, Germany) and incubated over night at 37°C. EVs 

isolated from conditioned media of HeLa-CD81-snorkel-tag cells overexpressing Cre 

recombinase were isolated by ultracentrifugation. Isolated EVs were added to HEK293 

reporter cells and incubated for 72 hours. This sequential addition of EVs was done for ~10 

days. After final round of EV treatment, cells were washed 3 times with PBS and visualized 

under confocal microscopy. 

 

For co-culture experiments: HeLa-CD81-snorkel-tag cells overexpressing Cre 

recombinase were co-cultured with HEK293 reporter cells in a ratio of 1:100. ~2 weeks 

after cultivation cells were visualized under confocal microscopy. 

 

 

5.2.15. Statistical analysis 

 

Statistics were either calculated with Excel or Graph Pad Prism, and respective tests are 

indicated below figures in result sections. ± Standard deviations were derived from at least 

3 independent experiments. Two tailed tests were performed using an error probability of 

0.05. If not indicated, the experiments were performed less than three times. 
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6. SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure 1: Pictorial representation of CD81-snorkel-tag variants 
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Supplementary Figure 2: Multiplex bead-based flow cytometry assay for detection of EV surface 

protein signature for EVs derived from HDF76 cell line. (A) HDF76 EVs isolated by using TFF 

technique. (B) HDF76 EVs isolated by using ultrafiltration technique. 
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Supplementary Figure 3: Multiplex bead-based flow cytometry assay for detection of surface 

protein signature for EVs derived from HeLa-WT and HeLa-CD81-snorkel-tag cell lines. 
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Supplementary Figure 4: Pre blocking of anti-HA matrix before StEVAC method. 
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Supplementary Figure 5: Transmission electron microscopy images for EVs purified by StEVAC 

method. TEM images showing wide-field (Left panel, 1 m scale bar) and close-up/zoom-in 

images (Right panel, scale bar 200 nm). 
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Supplementary Figure 6: Transmission electron microscopy comparison of EVs isolated by 

ultrafiltration and followed by StEVAC method. (A) EVs isolated from HeLa-CD81-snorkel-tag 

cell line conditioned media by ultrafiltration; an overview image in right panel (scale bar: 1m) 

and zoom-in image in left panel (scale bar: 200 nm). (B) EVs isolated from HeLa-CD81-snorkel-

tag cell line conditioned media by ultrafiltration and further purified by StEVAC method; an 

overview image in right panel (scale bar: 1 m) and zoom-in image in left panel (scale bar: 200 

nm). 

 

 

 



 
 
 
 

152 

 

 

 

 

 

 

 

 

Supplementary Figure 7 | continued 
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Supplementary Figure 7 | continued 
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Supplementary figure 7: Comparison of EV surface protein markers eluted from mixed population 

for specificity of the EVs pulled down alongside with input and flow through samples. (A) HeLa-

CD81-snorkel-tag cell derived EVs from flow through and elution after StEVAC method of 

purification. (B) Assay results for input and flow through from the mixture of HeLa-CD81-snorkel-

tag EVs and HDF76 EVs. (C) Assay results for the flow through and elutes from HDF76 EVs. 
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Supplementary Figure 8: EVs were isolated from Cre+ and Cre- cells. Shown is the RT-PCR of 

respective sample. 
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Supplementary Figure 9A: scatter plots correlating antigen detection on HDF164-hTert cells 

(permeabilized and non-permeabilized) with FITC autofluorescence.  
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Supplementary Table 1A: Sample ID’s and antibodies used for labeling for HDF164-hTert cells 

(permeabilized and non-permeabilized cells) 

 

mAbs HDF HeLa HEK20181024.0001.mqd CD81

mAbs HDF HeLa HEK20181024.0002.mqd 52F8-G6

mAbs HDF HeLa HEK20181024.0003.mqd 53E6-D8

mAbs HDF HeLa HEK20181024.0004.mqd 53F2-A1

mAbs HDF HeLa HEK20181024.0005.mqd 53F2-D6

mAbs HDF HeLa HEK20181024.0006.mqd 53F2-E1

mAbs HDF HeLa HEK20181024.0007.mqd anti-mouse Cy3 antibody

mAbs HDF HeLa HEK20181024.0008.mqd DAPI

mAbs HDF HeLa HEK20181024.0009.mqd cells only

mAbs HDF HeLa HEK20181024.0010.mqd cells only

mAbs HDF HeLa HEK20181024.0011.mqd CD81

mAbs HDF HeLa HEK20181024.0012.mqd 52F8-G6

mAbs HDF HeLa HEK20181024.0013.mqd 53E6-D8

mAbs HDF HeLa HEK20181024.0014.mqd 53F2-A1

mAbs HDF HeLa HEK20181024.0015.mqd 53F2-D6

mAbs HDF HeLa HEK20181024.0016.mqd 53F2-E1

mAbs HDF HeLa HEK20181024.0017.mqd anti-mouse Cy3 antibody

mAbs HDF HeLa HEK20181024.0018.mqd cells only

mAbs HDF HeLa HEK20181024.0019.mqd cells only

HDF164-hTert_Non-permeabilized

HDF164-hTert_permeabilized
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Supplementary Figure 9B: scatter plots correlating antigen detection on HeLa cells (permeabilized 

and non-permeabilized) with FITC autofluorescence.  
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Supplementary Table 1B: Sample ID’s and antibodies used for labeling for HeLa cells 

(permeabilized and non-permeabilized cells) 
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Supplementary Figure 9C: scatter plots correlating antigen detection on HEK293 cells 

(permeabilized and non-permeabilized) with FITC autofluorescence.  
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Supplementary Table 1C: Sample ID’s and antibodies used for labeling for HEK293 cells 

(permeabilized and non-permeabilized cells) 

  

 

 

Supplementary Figure 10: scatter plots correlating EV uptake (CD63-GFP Internalized EVs) with 

APC autofluorescence. Titration of CD63-GFP EVs and 53F2-D6 mAb concentrations (mentioned 

in ST: 2) 
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Supplementary Table 2: Sample ID’s and antibody concentration and amount of EVs used for EV 

uptake assay in Huh-7 cells. 

 

D6mAbHDFCD63GFPEVsuptake20181101.0001.mqd Cells only

D6mAbHDFCD63GFPEVsuptake20181101.0002.mqd CD63-GFP EVs

D6mAbHDFCD63GFPEVsuptake20181101.0003.mqd CD63-GFP EVs+ 200 ng of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0004.mqd CD63-GFP EVs+1µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0005.mqd CD63-GFP EVs+2 µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0006.mqd CD63-GFP EVs+4 µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0007.mqd Cells only

D6mAbHDFCD63GFPEVsuptake20181101.0008.mqd CD63-GFP EVs

D6mAbHDFCD63GFPEVsuptake20181101.0009.mqd CD63-GFP EVs+ 200 ng of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0010.mqd CD63-GFP EVs+1µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0011.mqd CD63-GFP EVs+2 µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0012.mqd CD63-GFP EVs+4 µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0013.mqd Cells only

D6mAbHDFCD63GFPEVsuptake20181101.0014.mqd CD63-GFP EVs

D6mAbHDFCD63GFPEVsuptake20181101.0015.mqd CD63-GFP EVs+ 200 ng of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0016.mqd CD63-GFP EVs+1µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0017.mqd CD63-GFP EVs+2 µg of 53F2-D6

D6mAbHDFCD63GFPEVsuptake20181101.0018.mqd CD63-GFP EVs+4 µg of 53F2-D6

1E9 EVs

5E9 EVs

1E10 EVs
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Supplementary Figure 11: scatter plots correlating EV uptake (CD63GFP Internalized EVs) with 

APC autofluorescence. 2.5 x 109 EVs used with different concentrations of mAb’s (mentioned in 

ST: 3) in the EV uptake assay. 
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Supplementary Table 3: Sample ID’s and antibody concentration used for EV uptake assay in Huh-

7 cells. 

 

 

mAbs__2.5E9HDFGFPEV20181108.0001.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0002.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0003.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0004.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0005.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0006.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0007.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0008.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0009.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0010.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0011.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0012.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0013.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0014.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0015.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0016.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0017.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0018.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0019.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0020.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0021.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0022.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0023.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0024.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0025.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0026.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0027.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0028.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0029.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0030.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0031.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0032.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0033.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0034.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0035.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0036.mqd CD63-GFP EVs+ 4 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0037.mqd Cells only

mAbs__2.5E9HDFGFPEV20181108.0038.mqd CD63-GFP EVs

mAbs__2.5E9HDFGFPEV20181108.0039.mqd CD63-GFP EVs+ 200 ng of mAb

mAbs__2.5E9HDFGFPEV20181108.0040.mqd CD63-GFP EVs+ 1 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0041.mqd CD63-GFP EVs+ 2 µg of mAb

mAbs__2.5E9HDFGFPEV20181108.0042.mqd CD63-GFP EVs+ 4 µg of mAb

53F2-E1

CD63

ALIX

52F8-G6

53E6-D8

53F2-A1

53F2-D6 
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Supplementary Figure 12: scatter plots correlating EV uptake (CD63-GFP Internalized EVs) with 

APC autofluorescence. 2.5 x 109 CD63-GFP EVs with 52F8-G6, 53F2-D6 of 4 g and CD63 mAb 

of 2 g of CD63-GFP EVs (mentioned in ST: 4) 
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Supplementary Table 4: Sample ID’s and mABs concentration used for EV uptake assay in Huh-7 

cells. 2.5 x 109 CD63-GFP EVs with 52F8-G6, 53F2-D6 of 4 g and CD63 mAb of 2 g used for 

EV uptake assay 

  

G6 D6 mAbHDFGFPEVuptake20181113.0001.mqd

G6 D6 mAbHDFGFPEVuptake20181113.0002.mqd

G6 D6 mAbHDFGFPEVuptake20181113.0003.mqd

G6 D6 mAbHDFGFPEVuptake20181113.0004.mqd
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Extracellular Vesicles in Human Skin:
Cross-Talk from Senescent Fibroblasts to
Keratinocytes by miRNAs
Lucia Terlecki-Zaniewicz1,2, Vera Pils1,2, Madhusudhan Reddy Bobbili2, Ingo Lämmermann1,2,
Ida Perrotta3, Tonja Grillenberger1,2, Jennifer Schwestka1,2, Katrin Weiß1,2, Dietmar Pum4, Elsa Arcalis5,
Simon Schwingenschuh6, Thomas Birngruber6, Marlene Brandstetter7, Thomas Heuser7,8,
Markus Schosserer2, Frederique Morizot9, Michael Mildner10, Eva Stöger5, Erwin Tschachler10,
Regina Weinmüllner1,2, Florian Gruber1,10 and Johannes Grillari1,2,8,11

Extracellular vesicles (EVs) and their miRNA cargo are intercellular communicators transmitting their pleiotropic
messages between different cell types, tissues, and body fluids. Recently, they have been reported to
contribute to skin homeostasis and were identified as members of the senescence-associated secretory
phenotype of human dermal fibroblasts. However, the role of EV-miRNAs in paracrine signaling during skin
aging is yet unclear. Here we provide evidence for the existence of small EVs in the human skin and dermal
interstitial fluid using dermal open flow microperfusion and show that EVs and miRNAs are transferred from
dermal fibroblasts to epidermal keratinocytes in 2D cell culture and in human skin equivalents. We further
show that the transient presence of senescent fibroblast derived small EVs accelerates scratch closure of
epidermal keratinocytes, whereas long-term incubation impairs keratinocyte differentiation in vitro. Finally, we
identify vesicular miR-23a-3p, highly secreted by senescent fibroblasts, as one contributor of the EV-mediated
effect on keratinocytes in in vitro wound healing assays. To summarize, our findings support the current view
that EVs and their miRNA cargo are members of the senescence-associated secretory phenotype and, thus,
regulators of human skin homeostasis during aging.

Journal of Investigative Dermatology (2019) -, -e-; doi:10.1016/j.jid.2019.05.015

INTRODUCTION
Extracellular vesicles (EVs) are versatile and ubiquitously
present membranous particles that participate in intercellular
communication by shuttling their functional cargo, such as
proteins, RNA, or DNA, to recipient cells (Iraci et al., 2016).
In the context of the skin, they have been found in ex vivo

sections of the human papillary dermis (Cretoiu et al., 2015),
at sites of age-related cutaneous disorders (Nakamura et al.,
2016), at wounds (Huang et al., 2015), and in the stroma of
human skin tumors (Jang et al., 2017). In addition, in vitro
vesicular cross-talk has been observed between several types
of skin cells, including keratinocytes, melanocytes, human
dermal fibroblasts (HDF), dermal papilla cells, outer root
sheath cells of the hair follicle, and microvascular endothelial
cells (Lo Cicero et al., 2015; Huang et al., 2015; Merjaneh
et al., 2017; Wäster et al., 2016; Zhou et al., 2018). How-
ever, nothing is known about EV-mediated cross-talk between
skin fibroblasts and keratinocytes during cellular aging.

In the elderly, senescent cells have been observed in the
dermis and in the epidermis (Ressler et al., 2006). Their
accumulation with age and at sites of age-associated diseases
contributes to cellular, molecular, and structural changes of
the dermal and epidermal compartments, where they impair
skin homeostasis, causing increased susceptibility for
dermatological disorders (Velarde and Demaria, 2016;
Waaijer et al., 2016).

Senescent cells are irreversibly growth arrested, partially
de- or trans-differentiated, and the acquisition of the
senescence-associated secretory phenotype (SASP) is dis-
cussed as the most potent contributor of senescent cells to
organismal aging. The SASP consists of growth factors, cy-
tokines, chemokines, matrix remodeling enzymes (Coppé
et al., 2010), as well as lipids (Ni et al., 2016), and thereby
creates a chronically inflamed and pro-tumorigenic
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microenvironment (Schosserer et al., 2017). The selective
removal of senescent cells improves tissue homeostasis and
repopulation of the hair bulge niche (Yosef et al., 2016),
postpones the onset and severity of age-associated diseases,
and thereby extends life- and health span of mice (Baker
et al., 2016). However, their elimination in acute wounds
delays the healing process, leading to fibrosis and impaired
granulation tissue formation (Demaria et al., 2014; Jun and
Lau, 2010).

Recently, EVs and their miRNA cargo emerged as com-
municators of the SASP of human dermal fibroblasts (EV-
SASP; Terlecki-Zaniewicz et al., 2018; Urbanelli et al., 2016).
In the skin, the presence of specific miRNAs within different
layers and cell types regulates the balanced mRNA to miRNA
ratio to maintain functional homeostasis (Botchkareva, 2012).
Therefore, it is not surprising that the fine tuning of over-
lapping wound healing phases and skin aging-associated
changes are regulated by the transient or constitutive pres-
ence of specific miRNAs (Sonkoly et al., 2010).

Here we shed light on the existence of EVs in human skin
ex vivo and investigate an EV-miRNA cross-talk from fibro-
blasts to keratinocytes in monolayers and in 3D skin models.
Finally, we evaluate how small EVs (sEVs) derived from se-
nescent fibroblasts influence keratinocyte differentiation and
their scratch closure capacity in vitro.

RESULTS
Extracellular vesicles are present in the human skin

To address if EVs are present in human skin in vivo, skin sec-
tions were studied by transmission electron microscopy (TEM)
and images confirmed the presence of EV-like structureswithin
dermal cells, adjacent to dermal cells in extracellular collagen
structures (Figure 1a and b), and within intracellular multi-
vesicular bodies (Figure 1c). These structures also stained
positive for the EV marker CD63 by immunogold labeling of
resin-free ultrathin cryo-cut skin sections (Figure 1d).

In order to isolate sEVs from human skin, tissue biopsies
from two independent donors were disintegrated using dis-
pase, and sEVs contained in accessible material were purified
(see scheme in Supplementary Figure S1a). Particles from this
crude extract were enriched by using tangential flow filtration
with a cut-off of 300 kDa (Supplementary Figure S1b). Me-
dian size was approximately 110 nm as determined by
nanoparticle tracking analysis (Figure 1e). These particles
were positive for EV-markers TSG101 and syntenin, as shown
by western blot analysis. However, calnexin, which is ex-
pected to be absent in sEVs, was also detectable (Figure 1f
and Supplementary Figure S1c and d). Therefore, we further
purified the EV enriched, skin derived preparations using size
exclusion chromatography (SEC). Thereby, the majority of
particles was eluted in the first six fractions and pools of
fractions 1 to 3 and 4 to 6 (SEC 1e3, SEC 4e6) were pre-
pared, and particle number was analyzed by nanoparticle
tracking analysis, showing enrichment of particles in SEC
1e3, whereas lower numbers were recovered in fractions
SEC 4e6 (Figure 1g); however, particle size of the fractions
did not differ significantly (Figure 1h). These were then
analyzed by western blotting analysis (Figure 1h). The SEC
4e6 fraction, however, showed strong enrichment of synte-
nin, whereas calnexin staining was close to the detection

limit in western blot analysis (Figure 1i). TEM analysis
showed particles below 200 nm, which portrayed a
cup-shape characteristic for EVs (Figure 1j). This indicates
that with the sequence of purification methods used we were
able to isolate sEVs from human skin.

As an additional approach to test the existence of EVs in
human skin, dermal interstitial fluid (dISF) was collected by
dermal open flow microperfusion (Bodenlenz et al., 2013)
and EVs were enriched by two approaches (Supplementary
Figure S1e). After removal of cell debris by centrifugation at
500g and 14,000g, respectively, irregularly shaped, double
lipid membrane containing, cup-shaped EVs were visible,
similar to those isolated from human skin biopsies
(Figure 1k). Nanoparticle tracking analysis of these fractions
confirmed a particle median size of around 100 nm
(Figure 1l). To increase the purity of the EVs isolated from
dISF, we performed SEC and analyzed isolated fractions by
TEM. As particle counts were very low in the pooled SEC
fractions (Supplementary Figure S1f), we were not able to
perform western blot analysis or to capture EVs in fractions 4
to 6. However, in pooled SEC fractions 1 to 3, under omission
of the 0.22 mm filtration step, cup-shaped particles with sizes
between 50e500 nm were detected, albeit too dilute to
capture multiple EVs on single frames because of limited dISF
sample material (Figure 1m and Supplementary Figure S1g
and h). Still, using immunogold labeling, we confirmed the
presence of EV marker protein CD81 on the vesicular
membrane of these skin derived EVs (Figure 1m, right image,
and Supplementary Figure S1h).

Taken together these data strongly suggest the existence of
EVs in the interstitium of the skin, which we were able to
visualize and enrich for by using independent sample mate-
rials and enrichment strategies.

sEV packaged miRNAs are transferred from fibroblasts to
keratinocytes in monolayers and 3D cultures

To confirm an EV-mediated miRNA transfer from HDF to
primary normal human epidermal keratinocytes, HDF were
transfected with Caenorhabditis elegansespecific cel-miR-
39, which is packaged into EVs (Hergenreider et al., 2012).
The sEVs were isolated from fibroblast supernatants and
supplemented to keratinocyte culture media (Figure 2a). Cel-
miR-39 was detected in fibroblasts (Figure 2b) and in 2D
cultured keratinocytes exposed to the purified sEVs after 48
hours (Figure 2c).

In addition, to further test the transfer of miRNAs from fi-
broblasts to keratinocytes resembling the epidermis of 3D
human skin equivalents, cel-miR-39 transfected fibroblasts
were embedded into a collagen matrix (“dermis”; Figure 2a).
After full maturation over 10 days, dermis and epidermis
were separated, RNA isolated, and cel-miR-39 was
confirmed to be still present in the dermis (Figure 2d) and in
the epidermis (Figure 2e).

These findings suggest that miRNA cross-talk between fi-
broblasts and keratinocytes in skin equivalents is not limited
by the collagen matrix.

sEVs derived from senescent fibroblasts modulate
keratinocyte behavior in vitro

Since we recently identified sEVs and their miRNA cargo as, to
our knowledge, previously unreported members of the

L Terlecki-Zaniewicz et al.
EV-miRNA Cross-Talk of Skin Cells in Aging

Journal of Investigative Dermatology (2019), Volume -2



Figure 1. EVs are present in human skin. (aed) Skin sections derived from 4 donors were used to detect EV-like structures in human skin by TEM. Scale bar ¼
500 nm (large image) and 50 nm (region of interest). In (b) a fibroblast cell is marked by *. (a) MVBs and EVs within fibroblasts that are secreted or taken up into/

from the extracellular space. Arrow indicates one example MVB. (b) Individual EVs in the collagen matrix (arrow). (c) MVB containing intraluminal vesicles

(arrow) in cells of the basal layer. (d) Immunogold labeled ultra-thin cryo-cut skin sections show positive staining for EV-specific protein CD63 on EVs

(arrow). (e) NTA of sEVs from human skin sections of 2 donors measured in triplicates. sEVs enriched from the crude extract by TFF with a cut-off of 300 kDa

show a median size of approximately 100 nm. (f) Western blots for expression of EV-specific protein TSG101 and syntenin, as well as non-EV protein calnexin.

sEVs were enriched after TFF (cut-off of 300 kDa) of crude extract of human skin sections. Whole cell lysate (WCL) of fibroblasts served as positive control, the

TFF flow through as negative control. (g) Enriched sEVs from f were further purified using SEC. The first 6 fractions were pooled into 2 samples (SEC 1e3 and SEC

4e6) and subsequently concentrated by spin-filters. NTA measurements reveal high particle count in the first 6 eluted fractions after SEC. (h) NTA of sEVs from g

reveals a median size of approximately 121 nm in pooled fractions 1e3 and 114 nm in pooled fractions 4e6. Each donor (�,-) was measured in triplicates. (i)

Western blot for expression of EV-specific protein syntenin and non-EV protein calnexin in crude extracts and pooled SEC fractions from g reveals enrichment of

EVs in section 4e6. WCL of fibroblasts served as a positive control. (j) TEM image of purified sEVs from g (1:10 dilution of fractions 1e3) reveals particles

below 200 nm with a cup-shaped morphology, indicative of sEVs. Scale bar ¼ 200 nm. (k) dISF from 2 donors collected at two positions was centrifuged at 500g

(0.5K) and subsequently at 14,000g (14K). TEM images of both fractions show cup-shaped EVs with a double lipid membrane and sizes between 50 to 150 nm.

Scale bar ¼ 200 nm. (l) NTA of the 0.5K and 14K EV fraction from k reveals a median size of 95 nm. 0.5K fractions were measured in technical triplicates.

14K fractions were measured in duplicates. (m) After two centrifugations steps (700g and 2,000g) EVs from dISF of 2 different donors were further purified

by SEC and spin-filters. TEM of pooled fractions 1e3 without (left image) or with (right image) immunogold labeling against tetraspanin CD81. Scale bar ¼ 200

nm (large images) and 50 nm (region of interest). dISF, dermal interstitial fluid; EV, extracellular vesicle; MVB, multivesicular bodies; NTA, nanoparticle tracking

analysis; SEC, size exclusion chromatography; sEV, small extracellular vesicle; TEM, transmission electron microscopy; TFF, tangential flow filtration; WCL,

whole cell lysate.
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senescence-associated secretory phenotype (EV-SASP) of fi-
broblasts (Terlecki-Zaniewicz et al., 2018), we aimed to test
how these sEVs might alter the normal homeostasis of primary
keratinocytes. Therefore, HDFwere driven into stress-induced
premature senescence (SIPS) by repetitive exposure to H2O2

(Lämmermann et al., 2018; Terlecki-Zaniewicz et al., 2018).
Induction of SIPS was confirmed by increased p21 levels
(Supplementary Figure S2a), irreversible growth arrest (not
shown), by a flattened and enlarged morphology
(Supplementary Figure S2b), and by an increase in SA-ß-Gal
activity (Supplementary Figure S2c and d). sEVs of senescent
(SIPS) and quiescent control HDF were purified from condi-
tionedmedia using differential centrifugation and analyzed by
TEM (Figure 3a), nanoparticle tracking analysis (Figure 3b),
and immunoblotting (Figure 3c). Membranous particles of
around 110 nm in size were revealed, which stained positive
for the EV-specific marker syntenin and TSG101, but negative
for non-EV marker calnexin in western blots.

To monitor how the transient presence of senescent fibro-
blast derived sEVs modulates wound closure of keratinocytes
in vitro, we used a 2D culture model to follow the dynamics
of wound closure in terms of repopulation of the cell-free
area (gap), as well as using scratch assays after a single
addition of sEVs. Keratinocytes of three different donors were
exposed for 48 hours to sEVs from quiescent or senescent
fibroblasts. Exposure to the senescent cell derived sEVs
doubled the number of cells in the cell-free area (Figure 3d
and e, and Supplementary Figure S3a) and accelerated the
closure dynamics in both assay setups compared with cells
exposed to sEVs from quiescent fibroblasts (Figure 3f and
Supplementary Figure S3b). Although we cannot differentiate
between cell migration and proliferation in our experimental
setup, appearance of filopodia and lamellipodia-like pro-
trusions (Figure 3d and Supplementary Figure S3a) and an
increase in vimentin expression upon exposure to senescent
cell derived sEVs (Figure 3g) point toward an at least partial

contribution by migration, for which a more mesenchymal-
like phenotype is a prerequisite (Yan et al., 2010).

In order to test the impact of chronic presence of the EV-
SASP on keratinocyte differentiation in vitro, we exposed
keratinocytes to sEVs from quiescent or senescent fibroblasts
for one week. The presence of senescent cell derived sEVs
changed the morphology of the confluent keratinocyte layer
(Figure 3h) and reduced the expression levels of the late
differentiation marker involucrin (Figure 3i), which is re-
ported to be a main initiator of the cornification process
in vivo (Robinson et al., 1996; Watt and Green, 1981).

To summarize, we observed an enhanced scratch/gap
(wound) closure with a concomitant rise in vimentin
expression after the short term presence of senescent derived
sEVs, whereas their chronic presence affected terminal dif-
ferentiation of keratinocytes in vitro.

miR-23a-3p contributes to the sEV-SASP mediated
acceleration of wound closure

In order to test if imbalanced keratinocyte homeostasis might
be attributable to specific miRNAs, we selected miR-23a-3p
as a prominent candidate because it was highly secreted in
sEVs of senescent fibroblasts (Terlecki-Zaniewicz et al., 2018)
and repeatedly connected with cellular senescence and skin
aging (Röck et al., 2015). Indeed, we confirmed secreted
miR-23a-3p to be more abundantly secreted by senescent
cells (Supplementary Figure S3c). RNAse digestion in the
absence of Triton X-100 was then used to determine miR-
23a-3p levels presumably protected by lipid membrane
structures (Figure 4a). The fraction of miR-23a-3p that is not
accessible to RNAse is still elevated in the sEV preparation of
senescent cell supernatants, whereas almost all miR-23a-3p
is digested by RNAse treatment in the presence of Triton X-
100. This suggests that the vast majority of miR-23a-3p is
either freely accessible to RNAse or protected by lipid
membranes. The remaining small fraction, which is below

Figure 2. Extracellular vesicles and their miRNA cargo cross-talk between dermal and epidermal cells in monolayers and in 3D full thickness HSE. (a)

Experimental design. Cel-miR-39 and a non-targeting control miRNA (miR-Ctrl) were overexpressed in HDF. 24 hours post transfection sEVs were harvested and

added to NHEK medium for testing miRNA uptake (2D; left arm). Alternatively (3D; right arm), HDF were embedded into a collagen matrix to build 3D HSE.

NHEK were seeded on top and functional HSE were formed in submerse followed by air-liquid interface cultivation. After 10 days, dermis and epidermis

were harvested separately, RNA was isolated, and QPCR was performed. (b) 24 hours post transfection cel-miR-39 expression in HDF was evaluated by QPCR.

(c) 48 hours post sEV-incubation, transfer of cel-miR-39 by fibroblast derived sEVs to keratinocytes was evaluated by QPCR. (d) 10 days post transfection cel-

miR-39 expression was quantified in the dermis of HSE. (e) 10 days post transfection cel-miR-39 expression was quantified in the epidermis of HSE. Experiments

were performed with fibroblasts and keratinocytes from three different donors. Data are shown as mean � SEM. For QPCR quantification, raw Ct values

were transformed to arbitrary units (AU) by assuming a Ct value of 40 to be 10 AU. HDF, human dermal fibroblast; HSE, human skin equivalent; NHEK, normal

human epidermal keratinocytes; QPCR, quantitative reverse transcriptase in real time; SEM, standard error of the mean; sEV, small extracellular vesicle.
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Figure 3. sEVs derived from senescent HDF modulate gap/scratch “wound” closure and differentiation of recipient keratinocytes in vitro. (a) Representative

transmission electron microscopy image of sEVs purified by differential centrifugation from Q and SIPS HDF. Scale bar ¼ 100 nm. (b) Median diameter (�50,

[nm]) of sEVs isolated by differential centrifugation. Values (�50) from peak analysis are indicated as mean � SEM. Samples were measured in technical

triplicates from three biological replicates. P > 0.05; unpaired Student t test. (c) Qualitative western blots for expression of EV-specific proteins TSG101 (44

kDa), syntenin (32 kDa), and non-EV specific protein calnexin (75 kDa) of sEV lysates isolated from conditioned media of quiescent (Q sEV) and senescent (SIPS

sEV) fibroblasts by differential centrifugation. Total cell lysate (WCL) of fibroblasts (TSG101) or Hela cells (syntenin, calnexin) served as a control. (d)

Representative images of keratinocytes growing into cell-free area of 2D culture dishes 9 hours post removal of the inserts. Cells were either exposed to sEVs

derived from SIPS or Q HDF for 48 hours. Scale bar ¼ 400 mm. (e) Number of keratinocytes within the gap of 2D culture dishes after transient (48 hours)

exposure to Q or SIPS derived sEVs at various timepoints. One representative experiment is shown. (f) Closure rate of keratinocytes after transient (48 hours)

exposure to Q or SIPS derived sEVs was calculated from first and last timepoint as assessed in 2D culture dishes. Dot plot shows single replicates and means from

four independent experiments. sEV are derived from three different fibroblast strains (SIPS and Q) and were incubated with keratinocytes of two different donors.

**P < 0.01; paired Student t test. (g) Relative VIM expression after transient (48 hours) exposure to SIPS or Q derived sEVs from HDF. FC � relative SEM from six

independent experiments were calculated after normalization to B2M. *P < 0.05; one sample t test. (h) Representative images show morphological changes

of keratinocytes after chronic exposure (1 week) to SIPS and Q derived sEVs from HDF. Scale bar ¼ 400 mm. (i) Representative western blot images of GAPDH

and involucrin protein levels. Densiometric analysis of relative involucrin levels normalized to cells exposed to Q sEVs are shown. Averages� relative SEM from

eight independent experiments from three different fibroblast strains and keratinocytes are shown. *P < 0.05; Wilcoxon signed rank test. EV, extracellular

vesicle; FC, fold change; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDF, human dermal fibroblast; n.s., not significant; Q, quiescent; SEM,

standard error of the mean; sEV, small extracellular vesicle; SIPS, stress-induced premature senescence/senescent; VIM, vimentin.
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Figure 4. miR-23a-3p phenocopies the effect of senescent cell derived sEVs on wound closure. (a) After differential centrifugation, each sample was split into

three equal parts, which were treated either with RNAse and Triton X-100 (þ/þ), RNAse only (þ/e), or with HEPES only (e/e). MiR-23a-3p levels were

measured by QPCR and normalized to spike-in control and cell count. The amount of free miR-23a-3p (Dfree) is calculated by subtraction of (þ/e) signal from

(e/e) signal; vesicular miR-23a-3p (DEV) by subtraction of (þ/þ) from (þ/e). Data from three independent experiments are shown. Statistical analysis was

performed using two-way randomized ANOVA tested for the factor “treatment” (P < 0.001) and “SIPS versus Q” (P < 0.001), or “Dfree versus DEV” (P ¼ 0.06) and

“SIPS versus Q” (P ¼ 0.014). Bonferroni post hoc text was performed to compare individual samples. *P > 0.05, **P < 0.01, ***P > 0.001. (b) miR-23a-3p

expression in keratinocytes exposed to senescent or quiescent derived sEVs was normalized to U6 as a housekeeper. FC relative to cells exposed to Q

derived sEVs were calculated. Mean � SEM values derived from 11 independent experiments using three different keratinocyte and fibroblast donors. *P < 0.05;
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7% of the total quantitative reverse transcriptase in real time
signal, might be protected by other structures, such as pro-
teinaceous particles.

In order to visualize the influence of senescence on freely
accessible (Dfree) versus lipid membrane protected miR-23a-
3p (DEV), we calculated the respective differences
(Figure 4a). Indeed, DEV increases significantly in senescent
versus control cells, while Dfree miR-23a-3p does not. This
indicates that the increase of total miR-23a-3p in the sEV
preparations of senescent cells is indeed because of an
increased EV-based secretion of this miRNA.

Then, keratinocytes were exposed to sEVs derived from
senescent HDF for 48 hours, which resulted in a significant
increase of intracellular miR-23a-3p levels (Figure 4b). This,
in combination with the transfer of cel-miR-39 from fibro-
blasts to keratinocytes shown above, suggests an uptake of
this miRNA via sEVs by keratinocytes in vitro. However, we
have not excluded whether miR-23a-3p might be induced
endogenously after sEV exposure within keratinocytes.

To investigate if miR-23a-3p might contribute to the
accelerated scratch and gap (wound) closure seen by senes-
cent cell derived sEVs, we transfected keratinocytes with pre-
miR-23a-3p and a non-targeting control miRNA. Over-
expression was confirmed (Figure 4c) and enhanced gap
closure, in terms of cells present in the cell-free area
(Figure 4d and e, and Supplementary Figure S3d), as well as
closure dynamics (Figure 4f) were observed. In addition, miR-
23a-3p transfected cells showed mesenchymal cell-like pro-
trusions (Figure 4e and Supplementary Figure S3d), as it was
similarly seen after exposure to senescent cell derived sEVs.
In addition, a slight increase in vimentin expression
(Figure 4g) and a concomitant decrease of miR-23a-3p’s
direct target E-cadherin (Cao et al., 2012) were observed
(Figure 4h), suggesting again an at least partial epithelial-to-
mesenchymal transition. Plakophilin 4 (PKP4/p0071) is a
predicted putative target of miR-23a-3p in keratinocytes
(Agarwal et al., 2015), which was significantly reduced by
miR-23a-3p (Figure 4i). Plakophilin 4A interacts with the
desmosomal plaques and the adherens junctions to regulate
mechanical strength of keratinocyte monolayers (Calkins
et al., 2003). However, miR-23a-3p did not modulate kera-
tinocyte differentiation as assessed by involucrin levels one
week after transfection (data not shown).

DISCUSSION
Cross-talk of fibroblasts to keratinocytes by soluble factors
affect skin homeostasis, as knockout of AP-1 components in
fibroblasts has been shown to impair epidermal

differentiation (Szabowski et al., 2000) and wound healing in
mouse models in vivo (Florin et al., 2006). However, little is
known as to whether EVs and their miRNA cargo exist in
different layers of the human skin and if they are involved in
the regulation of skin homeostasis during aging. Here we
report the presence of multivesicular bodies as one source of
secreted sEVs in fibroblasts. This presence of EVs in vivo is
supported by indications of EVs at sides of wounds from
human skin biopsies (Huang et al., 2015) and their visuali-
zation adjacent to interstitial dermal cells by 3D electron
microscopy (Cretoiu et al., 2015).

In the context of fibroblast aging, little is known about EVs
(Lehmann et al., 2008; Terlecki-Zaniewicz et al., 2018).
Cellular senescence is a key driver of the aging process, and
the SASP has been shown to promote tumorigenesis of
epidermal cells (Krtolica et al., 2001) and to increase the
number of senescent keratinocytes re-entering the cell cycle,
concomitantly with a partial epithelial-to-mesenchymal
transition of these escape-keratinocytes (Malaquin et al.,
2013). Senescent cell derived EVs have been reported to
confer part of this pro-tumorigenic activity (Takasugi et al.,
2017), which might be partly attributable to increased
secretion of senescent fibroblasts derived EVs (Lehmann
et al., 2008) and/or to changes in their miRNA composition
(Terlecki-Zaniewicz et al., 2018).

Intriguingly, our data suggest that senescent cell derived
sEVs accelerate the scratch/gap closure of keratinocytes
in vitro. This is in line with in vivo data showing enhanced
wound healing (Demaria et al., 2014) and tissue regeneration
(Ritschka et al., 2017) as a beneficial and elementary char-
acteristic of the transient presence of senescent cells and the
SASP. However, impaired removal of senescent cells because
of decreased immunosurveillance and a constrained T-cell
mobility through the extracellular matrix (Moreau et al.,
2017) or because of accumulation of senescence by
intrinsic or extrinsic stressors leads to chronic accumulation
of senescent cells in the skin (Herbig et al., 2006; Lewis et al.,
2011). This chronic presence of senescent cells and the SASP
might impair tissue homeostasis leading to a gradual loss of
barrier function and juvenile appearance, skin malignancies,
and to an impaired fibroblasts contraction in wounds (Ballas
and Davidson, 2001).

This is in accordance with a restrained epidermal differ-
entiation, which was observed after chronic exposure to sEVs
from senescent fibroblasts, substantiating the double-edged
role of the SASP and its members, the sEVs. Considering
the fine tuning capacity of EV-miRNAs during normal
skin homeostasis (Lo Cicero et al., 2015) and their differential

=
one sample t test. (c) miR-23a-3p expression in keratinocytes after 48 hours post transfection was normalized to U6 as a housekeeper and FC relative to miR-Ctrl

transfected keratinocytes were calculated. Mean � SEM values derived from three independent experiments are shown. *P< 0.05; one sample t test. (d) Number

of keratinocytes within the gap of 2D culture dishes were counted after 3 and 6 hours post removal of the culture insert. Data is normalized to cell number of

miR-Ctrl at the last timepoint. Mean � relative SEM values derived from four independent experiments are shown. Statistical analysis was performed using

two-way randomized ANOVA tested for the factor “transfection” (P ¼ 0.0009) and “time” (P ¼ 0.069). Bonferroni post test was performed to compare individual

samples. **P < 0.01. (e) Representative images of keratinocytes growing into cell-free area after miR-23a-3p overexpression. Scale bar ¼ 400 mm. (f) Closure

rate was calculated from first and last timepoint as assessed in 2D culture dishes. Dot plot shows single replicates and calculated means from four independent

experiments. *P < 0.05; paired Student t test. (gei) Vimentin (g), E-cadherin (h), and plakophilin 4 (i) expression 48 hours post transfection in NHEK was

normalized to B2M as a housekeeper. FC � relative SEM from three independent experiments were calculated relative to miR-Ctrl transfected keratinocytes.

*P < 0.05; one sample t test. ANOVA, analysis of variance; FC, fold change; NHEK, normal human epidermal keratinocytes; n.s., not significant; Q, quiescent;

QPCR, quantitative reverse transcriptase in real time; SEM, standard error of the mean; sEV, small extracellular vesicle.
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secretion during senescence, we speculate that
SASP-miRNAs of fibroblasts (Terlecki-Zaniewicz et al., 2018)
affect normal keratinocyte homeostasis, as it was similarly
shown for endothelial senescence-associated EV-miR-31 in
the context of osteogenic differentiation (Weilner et al.,
2016). Indeed, we identified miR-23a-3p, highly secreted
from senescent fibroblasts, as a crucial mediator of the
wound healing mediated effect induced by the EV-SASP.

miR-23a-3p is well connected to transforming growth
factor ßeinduced epithelial-to-mesenchymal transition (Cao
et al., 2012), cellular senescence (Guo et al., 2013;
Markopoulos et al., 2017), and skin aging (Dreesen et al.,
2013), showing an age dependent increase in skin sections
of old mice and in fibroblasts derived from elderly donors
(Röck et al., 2015). Known targets of miR-23a-3p include
hyaluronan synthase 2 and E-cadherin, linking it to extra-
cellular matrix production, cardiac development, and tumor
progression (Bernert et al., 2011; Camenisch et al., 2001; Cao
et al., 2012; Ma et al., 2017). In addition, the predicted target
PKP4/p0071 was significantly reduced in keratinocytes upon
miR-23a-3p overexpression. It directly interacts with E-cad-
herin reducing its activity (Keil et al., 2013) and mediates the
fine tuning between desmosomal plaques and adherens
junctions, in order to regulate mechanical strength versus cell
migration (Calkins et al., 2003). Our data support this idea,
since increased levels of E-cadherin confer an inhibitory ef-
fect on wound healing of epithelial cells (Setzer et al., 2004).

To conclude, we here unraveled the ubiquitous presence of
EVs in human skin and their ability to deliver their miRNA
cargo from fibroblasts through the collagen matrix into the
epidermal layer of 3D human skin equivalents. Finally, we
identified fibroblast derived vesicular miR-23a-3p as a crucial
“miR-diator” of the EV-SASP induced acceleration of scratch/
gap closure in keratinocytes in vitro.

Thus, we are confident that the presence of EVs and their
miRNA cargo contributes to the development and recurrence
of cutaneous lesions during age-associated diseases and
emphasize the necessity to further investigate their functional
role.

MATERIAL AND METHODS
Human skin samples

All cells and tissues are derived post liposuction from healthy adult

female subjects in the age range of 30 to 40 years. The study was

approved by the ethics committee of the Medical University of

Vienna and was conducted in accordance with the principles of the

Declaration of Helsinki. Written informed consent was obtained

(vote no. 1149/2011).

Dermal open flow microperfusion

Human skin samples were used to collect dISF by dermal open flow

microperfusion (Bodenlenz et al., 2013). The skin samples were

obtained during plastic surgery and were provided by Biobank Graz,

Austria, after approval of the ethics committee of the Medical Uni-

versity of Graz (vote no, 28-151 ex 15/16).

Three dermal probes were inserted into each skin sample at

different locations immediately after excision. The probes were

continuously perfused with physiological saline solution at a flow

rate of 1 ml/min in a push-pull manner using a OFM pump (Joan-

neum Research, Austria). dISF samples were collected at room

temperature in one-hour intervals. After each interval, the dISF

samples were stored at 4 �C until the isolation of EVs and further

TEM measurements and nanoparticle tracking analysis.

Cell culture

All cells were regularly tested for mycoplasma. They were cultivated

at 95% air humidity, 7% CO2, and at 37 �C.
Primary HDF from adult human skin of three healthy donors were

acquired from Evercyte GmbH (Vienna, Austria). Cells were culti-

vated in DMEM/Ham’s F-12 (1:1 mixture; Biochrom, Berlin, Ger-

many) supplemented with 10% fetal calf serum and 4 mM L-

Glutamine (Sigma-Aldrich GmbH, St Louis, MO, USA). Cells were

passaged twice a week at a split ratio of 1:2.

Normal human epidermal keratinocytes from adult human skin of

three health donors were acquired from Evercyte GmbH. Cells were

grown in Dermalife K media supplemented with Dermalife K Life-

Factors kit (LifeLine Cell Technology, Frederick, MD). Cells were

regularly thawed in passage 2/PD2.5, passaged once in a split ratio

of 1:4, and used upon confluence for subsequent experiments.

Stress-induced premature senescence

For induction of SIPS, HDF derived from three different donors were

seeded at 3500 cells/cm2 24 hours before stress treatment. Cells

were treated with nine doses of 80 mM H2O2 for 1 hour per day

followed by a media change (4 days stress, 2 days recovery, 5 days

stress). Control cells were mock-treated and reached quiescence by

contact inhibition. Induction of SIPS was confirmed earlier (Terlecki-

Zaniewicz et al., 2018) by SA-ß-Gal staining, CDKN1A (p21)

expression, and by prominent morphological changes.

Full thickness human skin equivalents

Human skin equivalents were generated as published earlier

(Mildner et al., 2006). A detailed protocol can be found in the

supplementary material.

Culture insert for gap (wound) closure and scratch assay

Culture inserts to monitor gap closure. Keratinocytes were

seeded with 3 � 104 cells/cm2 into m-Dish 35 wound healing

chambers containing culture inserts (IBIDI, Martinsried, Germany).

Twenty-four hours after seeding, sEVs were added, and upon

confluence (24e48 hours incubation), the silicone insert was

removed leaving behind a cell-free area (gap ¼ wound). Fresh cul-

ture media was added, and cells were incubated at 37 �C at 7%

CO2.

Scratch assay. Keratinocytes were seeded into 12-well plates.

Upon confluence, the monolayer was scratched using a 200 ml
pipette tip. Gap closure was monitored by capturing non-

overlapping images along the entirety of the gap/scratch every 3

hours. For the culture inserts, number of cells within the cell-free

area were counted manually in a blinded fashion. Scratch assays

were quantified using the freehand line tool measuring the entire

scratch area. For both assays, the wound closure rate (“slope”) per

hour was calculated as shown below.

ðarea or cells tnþ1 � area or cells t0Þ O ðtnþ1 � t0Þ

Isolation of small extracellular vesicles

EV purification was performed according to standards recommended

from the international society for extracellular vesicles (Hill et al.,

2013).
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From conditioned media of HDF. Fetal calf serum containing

media was depleted from EVs by ultracentrifugation at 100,000g

overnight and filtrated using 0.22 mm filter cups (Millipore, Darm-

stadt, Germany). Cells were allowed to secrete for 48 hours. Dif-

ferential centrifugation was performed at 4 �C. Conditioned media

was centrifuged at 500g (5804R; Eppendorf, Hamburg, Germany)

for 15 minutes to exclude cellular debris, followed by centrifugation

at 14,000g (Avanti JXN-26; Beckmann Coulter, Brea, CA) for 15

minutes. Large EVs were removed by filtration using 0.22 mm filter

cups and supernatant was filled into Quick-Seal, Polyallomer, 39

ml, 25 � 89 mm tubes (Beckmann Coulter) to enrich sEVs at

100,000g for 90 minutes using a 70Ti Rotor (Beckmann Coulter). For

subsequent analysis, the pellet was resuspended in filtered phos-

phate buffered saline (PBS) or keratinocyte media. For functional

assays and TEM, freezing and thawing were avoided. The amount of

vesicles used for keratinocyte exposure was quantified by the

number of secreting fibroblasts to the number of receiving kerati-

nocytes. For functional studies, sEVs in a ratio of 5:1 (fibro-

blasts:keratinocytes) were used.

From skin sections. Adipose tissue of two skin sections was

removed and tissue sections consisting of dermis and epidermis were

disintegrated using 1.5 U dispase at 4 �C overnight with continuous

agitation followed by incubation at 37 �C for 3 hours. Accessible

soluble material was collected and pooled with filtered PBS that was

used to wash skin sections twice (crude extract). Subsequently, the

crude extract was used for sEV isolation by differential centrifugation

followed by filtration using 0.45 mm and 0.22 mm syringe filters.

Finally, sEVs were enriched by tangential flow filtration with a cut-off

of 300 kDa (mPES MicroKros Filter Modules 300 kD, C02-E300-05-

N; Spectrum Labs, Rancho Dominguez, CA) to 1 ml. During this

process, flow through was collected. The retentate was then diafil-

trated twice using the same system with 15 ml 0.22 mm-filtered PBS.

The retentate was then either analyzed as it was or further purified by

SEC (see below).

From dermal interstitial fluid. The dISF samples of the first 2

hours were pooled and filled up to 200 mL with 10 mM HEPES buffer

and centrifuged at 500g for 15 minutes (0.5k fraction). Supernatant

was collected and further centrifuged at 14,000g for 15 minutes (14k

fraction). Both fractions were used for TEM and nanoparticle

tracking analysis. To achieve a greater purity, in a different setup dISF

samples from 1-, 2-, and 3-hour timepoints of open flow micro-

perfusion from two donors were pooled and filled up to 500 mL with

0.22 mm-filtered PBS. Samples were centrifuged at 500g for 5 mi-

nutes, supernatants collected and centrifuged again at 2,000g for 10

minutes. Supernatants were then applied to SEC columns (see

below).

Size exclusion chromatography. SEC was used to achieve

greater purity of EVs isolated from skin sections and dISF. We used

qEV original columns (70 nm; IZON Science, Christchurch, New

Zealand) according to the manufacturer’s instructions. Briefly,

approximately 500 mL of sample were applied on the column and

after 3 ml of void volume, 22 fractions of approximately 0.5 ml each

were collected. As according to the manufacturer, the first six frac-

tions contain the bulk of EVs, we pooled fractions 1 to 3 and 4 to 6,

and further concentrated them using Amicon spin-filters (10 kDa)

until 1.5 ml sample were concentrated to w30e50 mL. These were

then used for subsequent analysis.

RNAse and Triton X-100 treatment of isolated sEVs

sEVs were isolated from conditioned media of either quiescent or

SIPS HDF according to the aforementioned protocol (see above).

Each sample was split into three equal parts and treated either

with the following: (i) 38 mg/ml RNAse (þ/e, EN0531; Thermo

Fisher Scientific, Waltham, MA); (ii) 38 mg/ml RNAse þ 1% Triton

X-100 (þ/þ); or (iii) equivalent amounts of 10 mM HEPES (e/e).

After incubation at 37 �C for 30 minutes, samples were mixed

with five times the original volume in QIAzol Lysis Reagent

(79306; QIAGEN, Hilden, Germany) and 1 mL spike-in mix con-

taining UniSp2, UniSp4, and UniSp5 (203203; Exiqon, Vedbaek,

Denmark). MiR23a-3p Ct values were normalized to spike-in

control (UniSp2) and cell count. Free miR-23a-3p levels were

calculated by subtraction of (þ/e) signals from (e/e) signals.

Subtraction of (þ/þ) levels from (þ/e) levels yielded the amount

of vesicular miR-23a-3p.

Transmission electron microscopy

For TEM measurements two different protocols were used.

In one protocol (Figure 1k, left picture, and Figure 3a), solutions

used for the staining procedure were prefiltered using 0.22 mm filter

units. Athene Old 300 mesh copper grids (Agar Scientific, Stansted,

Essex, United Kingdom) were used to adhere sEVs isolated from

conditioned media or dISF. The sample was fixed with 1% glutar-

aldehyde, washed 3 times with nuclease free water, and sEVs were

stained for 5 minutes with 2% phosphotungstic acid hydrate (Carl

Roth, Karlsruhe, Germany). The grids were left to dry and the

specimens were visualized using TEM (FEI Tecnai T20, FEI Eind-

hoven, Netherlands) operated at 160 kV.

In the second protocol (all other TEM images: Figure 1aec, j, m),

5 ml of sample were added to glow-discharged Formvar-carbon type

B coated electron microscopy grids for 3 minutes, after which the

sample was removed by using wet Whatman filter paper. Grids were

either prepared for immunogold labeling (see below) or carefully

washed twice with filtered PBS before 5 mL of filtered 2% uranyl

acetate were added for 10e30 seconds. Then, uranyl acetate was

removed using wet Whatman filter paper, and grids were air dried

for 2 minutes and imaged.

For immunogold labeling, grids were blocked after the initial

binding step of the sample using filtered 2% BSA (in PBS) for 10

minutes. After blocking, grids were placed on 15 mL primary anti-

body solution (anti-CD81 1:50 in 0.2% BSA) for 60 minutes. Post

incubation, grids were washed with 0.2% BSA six times and after-

wards placed on a goat anti-mouse secondary antibody solution

containing 10 nm gold particles (dilution 1:50) for 60 minutes. Post

incubation, grids were washed six times with PBS followed by six

washing steps with ddH2O. Finally, grids were placed on 0.2%

uranyl acetate for 10 to 30 seconds. Uranyl acetate was removed

using a wet Whatman filter paper, and grids were air dried for 2

minutes and imaged.

TEM of resin embedded skin sections. All specimens were

fixed in a buffered 3% glutaraldehyde solution, postfixed in osmium

tetroxide (3%) for 2 hours, dehydrated through a graded acetone

series, and embedded in Araldite (Fluka, Buchs, Switzerland). Ul-

trathin sections (60e90 nm thickness) were prepared using a dia-

mond knife, collected on copper grids (G 300 Cu), and examined

with a Jeol JEM-1400 Plus electron microscope.

Immunolabeling of resin-free ultrathin cryo-cut sections. Hu-

man skin biopsies were fixed in 2% paraformaldehyde and 0.2%
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glutaraldehyde (both from EMS, Hatfield, USA) in 0.1 M PHEM buffer

pH 6.9 for 2 hours at room temperature, then over night at 4 �C.
Samples were cut into 1 mm3 blocks that were immersed in 2.3 M

sucrose for 1 week at 4 �C. These blocks were mounted onto Leica

specimen carrier (Leica Microsystems, Vienna, Austria) and frozen in

liquid nitrogen. With a Leica UCT/ fetal calf serum cryo-ultramicrotome

(Leica Microsystems, Vienna, Austria) the frozen blocks were cut into

ultrathin sections at a nominal thickness of 60 nm at e120 �C. A
mixture of 2% methylcellulose and 2.3 M sucrose in a ratio of 1:1 was

used as a pickup solution. Sections were picked up onto 200 mesh Ni

grids (Gilder Grids, Lincolnshire, United Kingdom) with a carbon

coated Formvar film (Fixation, embedding, and cryo-sectioning as

described by Tokuyasu, 1973).

Before immunolabeling, grids were placed on plates with so-

lidified 2% gelatin and warmed up to 37 �C for 20 minutes to

remove the pickup solution. After quenching of free aldehyde-

groups with glycine (0.1% for 15 minutes), a blocking step with

1% BSA (fraction V) in 0.1M Sörensen phosphate buffer pH 7.4 was

performed for 30 minutes. The grids were incubated in primary

antibody, mouse anti-CD63 (ab8219; Abcam, Cambridge, United

Kingdom), diluted 1:1000 in 0.1 M Sörensen phosphate buffer

containing 0.1% BSA (Fraction V) overnight at 4 �C, followed by a

2-hour incubation in the secondary antibody, a goat-anti-mouse

antibody coupled with 6 nm gold (GAR 6 nm, Aurion, Wagenin-

gen, The Netherlands), diluted 1:20 in 0.1 M Sörensen phosphate

buffer containing 0.1% BSA (Fraction V), performed at room tem-

perature. The sections were stained with 4% uranyl acetate (Merck,

Darmstadt, Germany) and 2% methylcellulose in a ratio of 1:9 (on

ice). All labeling steps were done in a wet chamber. The sections

were inspected in a FEI Morgagni 268D TEM (FEI, Eindhoven, The

Netherlands) operated at 80 kV. Electron micrographs were ac-

quired using an 11 megapixel Morada CCD camera from Olympus-

SIS (Münster, Germany).

Statistical analysis

Routine statistics were either calculated with Excel or Graph Pad

Prism, version 5.03, and respective tests are indicated in figure

legends. Averages from at least three independent experiments with

different cell strains are presented as mean � standard error of the

mean or standard deviation. Two-tailed t tests were performed using

an error probability of 0.05.

Data was tested for Gaussian distribution using the Shapiro-

Wilk test. If normal distributed, two groups were compared us-

ing unpaired or paired Student t test using raw values. One

sample Student t test or Wilcoxon signed rank test was used to

compare ratios to a hypothetical value of 1 after normalization.

Comparison of more than two groups was performed using one-

way analysis of variance after Tukey’s multiple comparison tests.

To analyze the impact of two independent factors a two-way

repeated measure analysis of variance was performed followed

by Bonferroni post test.

Additional information on the material and methods are available

in the supplementary text.

Data availability statement

Datasets related to this article are available from the corresponding

author upon reasonable request.
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et al. Clinical applicability of dOFM devices for dermal sampling. Skin Res
Technol 2013;19:474e83.

Botchkareva NV. MicroRNA/mRNA regulatory networks in the control of skin
development and regeneration. Cell Cycle 2012;11:468e74.

Calkins CC, Hoepner BL, Law CM, Novak MR, Setzer SV, Hatzfeld M, et al.
The armadillo family protein p0071 is a VE-cadherin- and desmoplakin-
binding protein. J Biol Chem 2003;278:1774e83.

L Terlecki-Zaniewicz et al.
EV-miRNA Cross-Talk of Skin Cells in Aging

Journal of Investigative Dermatology (2019), Volume -10

http://refhub.elsevier.com/S0022-202X(19)31754-3/sref4
https://orcid.org/0000-0003-1094-5641
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref6
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref3
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref2
https://orcid.org/0000-0002-9061-9776
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref7
https://orcid.org/0000-0001-9883-465X
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref3
https://orcid.org/0000-0003-2243-9869
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref4
https://orcid.org/0000-0001-8827-4660
http://www.jidonline.org
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref7
https://orcid.org/0000-0002-3794-0376
http://www.jidonline.org
https://orcid.org/0000-0002-8134-4985
https://orcid.org/0000-0001-6675-0734
https://orcid.org/0000-0002-0248-1798
https://orcid.org/0000-0002-3971-4348
https://orcid.org/0000-0001-8824-2159
https://orcid.org/0000-0001-9955-0675
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref1
https://orcid.org/0000-0001-5474-6332
https://orcid.org/0000-0002-0189-9885
https://orcid.org/0000-0001-7385-0178
https://doi.org/10.1016/j.jid.2019.05.015
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref5
https://orcid.org/0000-0003-2025-0739
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref4
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref3
https://orcid.org/0000-0003-0601-7885
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref3
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref2
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref5
https://orcid.org/0000-0002-1895-4940
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref2
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref5
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref6
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref6
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref2
https://orcid.org/0000-0001-9549-1065
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref3
https://orcid.org/0000-0002-4140-041X
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref1
https://orcid.org/0000-0002-6892-925X
https://orcid.org/0000-0002-7651-7992
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref5
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref7
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref4
http://refhub.elsevier.com/S0022-202X(19)31754-3/sref7


Camenisch TD, Biesterfeldt J, Brehm-Gibson T, Bradley J, McDonald JA.
Regulation of cardiac cushion development by hyaluronan. Exp Clin Car-
diol 2001;6:4e10.

Cao M, Seike M, Soeno C, Mizutani H, Kitamura K, Minegishi Y, et al.
MiR-23a regulates TGF-b-induced epithelial-mesenchymal transition
by targeting E-cadherin in lung cancer cells. Int J Oncol 2012;41:
869e75.
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Exosomes released by keratinocytes modulate melanocyte pigmentation.
Nat Commun 2015;6:7506.

Ma F, Li W, Liu C, Li W, Yu H, Lei B, et al. MiR-23a promotes TGF-b1-
induced EMT and tumor metastasis in breast cancer cells by directly tar-
geting CDH1 and activating Wnt/b-catenin signaling. Oncotarget 2017;8:
69538e50.

Malaquin N, Vercamer C, Bouali F, Martien S, Deruy E, Wernert N, et al.
Senescent fibroblasts enhance early skin carcinogenic events via a para-
crine MMP-PAR-1 axis. PLoS ONE 2013;8.

Markopoulos GS, Roupakia E, Tokamani M, Vartholomatos G, Tzavaras T,
Hatziapostolou M, et al. Senescence-associated microRNAs target cell
cycle regulatory genes in normal human lung fibroblasts. Exp Gerontol
2017;96:110e22.

Merjaneh M, Langlois A, Larochelle S, Cloutier CB, Ricard-Blum S,
Moulin VJ. Pro-angiogenic capacities of microvesicles produced by skin
wound myofibroblasts. Angiogenesis 2017;20:385e98.

Mildner M, Ballaun C, Stichenwirth M, Bauer R, Gmeiner R, Buchberger M,
et al. Gene silencing in a human organotypic skin model. Biochem Biophys
Res Commun 2006;348:76e82.

Moreau J-F, Pradeu T, GRignolio A, Nardini C, Castiglione F, Tieri P,
et al. The emerging role of ECM crosslinking in T cell mobility as a
hallmark of immunosenescence in humans. Ageing Res Rev 2017;35:
322e35.

Nakamura K, Jinnin M, Harada M, Kudo H, Nakayama W, Inoue K, et al.
Altered expression of CD63 and exosomes in scleroderma dermal fibro-
blasts. J Dermatol Sci 2016;84:30e9.

Ni C, Narzt MS, Nagelreiter IM, Zhang CF, Larue L, Rossiter H, et al. Auto-
phagy deficient melanocytes display a senescence associated secretory
phenotype that includes oxidized lipid mediators. Int J Biochem Cell Biol
2016;81:375e82.

Ressler S, Bartkova J, Niederegger H, Bartek J, Scharffetter-Kochanek K, Jan-
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SUPPLEMENTARY MATERIALS AND METHODS
Full thickness human skin equivalents

A total of 2.5 � 105 human dermal fibroblasts were seeded in
a collagen gel consisting of eight parts collagen G (Biochrom,
Berlin, Germany), one part 10 � HBSS (Thermo Fisher Sci-
entific, Waltham, MA), and one part fetal calf serum (Sigma-
Aldrich, St. Louis, MO) to form the dermis of human skin
equivalents. The gel was equilibrated overnight with KGM-2
supplemented with KGM-2 Bullet Kit (Lonza, Basel,
Switzerland) followed by a keratinocyte overlay of 1.5 � 106

cells on day 2. On day 3 they were lifted to the air-liquid
interface to start differentiation using differentiation media
(KGM, Lonza) supplemented with 1.15mM CaCl2 (Sigma-
Aldrich), 50 mg/ml L-ascorbic acid (Sigma-Aldrich), 0.1%
BSA (Sigma-Aldrich), 10 mg/ml transferrin (Sigma-Aldrich),
and the KGM BulletKit (Lonza) except bovine pituitary
extract. The media was refreshed every other day throughout
the whole differentiation process. On day 10, dermis (fibro-
blasts) and epidermis (keratinocytes) were harvested for RNA
extraction.

Senescence-associated ß-Gal staining

Senescent fibroblasts and corresponding subconfluent non-
stressed fibroblast at the middle of their replicative lifespan
were stained according to the standard protocol described.
Quantification was performed in a blinded and randomized
fashion. Senescence-associated ß-Gal positive and negative
cells from 15 images per well were counted.

miRNA transfection

Keratinocytes in passage 3/PD4.5 were reverse transfected
with pre-miR-23a-3p (AM17100; Ambion, Foster City, CA)
and scrambled control pre-miR-Ctrl#2 (AM 17111; Thermo
Scientific) using siPORT NeoFX transfection agent (AM4511;
Thermo Scientific). Per six well 2 � 104 to 3 � 104 cells/cm2

(donor dependent) were transfected using 5 ml lipids and 30
nM final concentration of respective pre-miRNAs. Twenty-
four hours post transfection, cells received a media change.

Similarly, fibroblasts in PD < 25 were transfected with
C. elegansespecific cel-miR-39 and scrambled control pre-
miR-Ctrl#2 (AM 17111; Thermo Scientific) using siPORT
NeoFX transfection agent (AM4511; Thermo Scientific).
Twenty-four hours post transfection, either fetal calf serum
depleted media was added or the cells were harvested for
embedding into skin equivalents.

RNA Isolation

Cells and small extracellular vesicles. Cells and small
extracellular vesicles fractions from conditioned media were
lysed in TRI Reagent (Sigma) and RNAwas isolated according
to the manufacturer’s protocol. RNA concentration and
quality was controlled using Nanodrop spectrometer (ND-
1000). To monitor isolation efficiency of small extracellular
vesicles-RNA, spike-ins (203203, UniSp2, UniSp4, UniSp5;
Exiqon, Vedbaek, Denmark) were added before RNA isola-
tion and RNA was extracted using the miRNeasy Mini kit
(217004; Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions.

From dermis and epidermis of human skin equiv-

alents.. Dermal and epidermal layers of human skin
equivalents were separated and resuspended in 500 mLTRIzol
reagent. Samples were homogenized for 30 seconds using
pellet pestles (Z359947; Sigma) on ice, followed by soni-
cation for 30 cycles (30 seconds sonication and 30 seconds
hold). Subsequent RNA isolation was performed according to
the standard protocol used for routine RNA isolation.

cDNA synthesis

For miRNA quantification. Equal volumes of vesicular-RNA
and 10 ng of total RNA were used for cDNA synthesis using
Universal cDNA Synthesis Kit II (Exiqon). UniSp6 control was
included in small extracellular vesicle samples (Exiqon) to
control for enzyme activity. cDNA was synthesized at 42 �C
for 60 minutes, followed by 5 minutes at 95 �C.

For mRNA quantification. cDNAwas synthesized from 500
ng of total RNA with the High-Capacity cDNA Reverse
Transcription Kit including RNAse inhibitor (Applied Bio-
systems, Foster City, CA) for 10 minutes at 25 �C, 120 minutes
at 37 �C, 5 minutes at 85 �C.

Quantitative reverse transcriptase in real time (QPCR)

miRNA QPCR analyses were performed using ExiLENT
SYBR Green master mix and LNA-enhanced miRNA primer
(Exiqon). QPCR for mRNA was performed with 5x HOT
FIREPol EvaGreen QPCR Mix Plus with ROX (Medibena,
Austria). All experiments were performed on a Rotor-
GeneQcycler.

Intracellular miRNA expression was quantified using the
ddCt method using U6 as a housekeeper.

Because of the absence of a robust vesicular housekeeping
miRNA, we decided to use standardized secretion times and
equal working volumes for all subsequent steps and
normalized raw Ct values to total viable cell number of each
sample. For better visualization, Ct values were further
transformed to arbitrary units by assuming a Ct value of 40 to
be 10 arbitrary units. Arbitrary units are presented as absolute
values.

QPCR for mRNA expression levels was performed with 5x
HOT FIREPol EvaGreen QPCR Mix Plus with ROX (Medi-
bena) using a Rotor-GeneQcycler. Copy number was deter-
mined according to standard curves in duplicates. Samples
were pipetted in quadruplicates and normalized to respective
housekeeper genes to calculate fold changes. As reference
genes we selected glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) for fibroblasts and B2M for keratinocytes. All
negative controls tested were below detection limit of QPCR
(>40).

Primers used for QPCR are the following: B2M sense:
GAGATGTCTCGCTCCGTGG, B2M as: TACATGTCTC
GATCCCACTTAAC; GAPDH sense: CGACCACTTTGT
CAAGCTCA, GAPDH as: TGTGAGGAGGGGAGATTCAG;
E-cadherin sense: CCCACCACGTACAAGGGTC, E-cadherin
as: CTGGGGTATTGGGGGCATC; Plakophilin4/p0071 sense:
AGGCTTGGAGCAGAATCACC, Plakophilin4/p0071 as:
CCCTCACTTTCATGGAGAGATGT; VIM sense: GGAGTC
CACTGAGTACCGGA, VIM as: GCTTCAACGGCAAAGTTCTC.
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Protein quantification, western blot, and antibodies

Crude skin section extracts or extracellular vesicles enriched
from skin sections by tangential flow filtration with a 300
kDa cut-off or size exclusion chromatography, as well as
tangential flow filtration flow through, were directly com-
bined with 4 � SDS loading dye (240 mM Tris/HCl, pH 6.8,
8% SDS, 40% glycerol, 0.05% bromophenolblue, 5% ß-
Mercaptoethanol) after Pierce BCA Protein Assay Kit
(23227; Thermo Scientific) or nanoparticle tracking analysis,
heated to 95 �C for 10 minutes and subsequently sonicated.
Cell pellets of human dermal fibroblasts were lysed in 1 �
TNE buffer (2 � TNE: 100 mM Tris/HCl, pH 8.0, 300 mM
NaCl, 1 mM EDTA, 2% Triton X-100) or RIPA buffer (150
mM NaCl, 1% NP-40 substitute, 0.5% deoxycholic acid,
0.1% SDS, 20% SDS, 50 mM Tris, pH 8.0) and protein
concentration was quantified using the Pierce BCA Protein
Assay Kit (23227; Thermo Scientific) according to manu-
facturer’s recommendations. For SDS-PAGE and subsequent
western blotting, samples were resuspended in SDS loading
dye, heated to 95 �C, and sonicated. Samples were sepa-
rated either on a NuPAGE 4e12% Bis/Tris polyacrylamide
gel (10472322; Invitrogen/Thermo Scientific) or on a 15%
Mini-PROTEAN TBE Gel (4565054; Biorad, Hercules, CA) at
200 V and proteins were transferred to a PVDF membrane
(170e4156; Biorad) in a Biorad SemiDry Blotting System at
1.3A, 25 V for 7 minutes. After blocking with either 3% milk
or 2.5% BSA in 1 � PBS with 0.1% Tween-20 (P2287;
Sigma-Aldrich GmbH) for 1 hour, membranes were incu-
bated with primary antibodies in blocking buffer (see
below). Proteins were detected using secondary antibodies

for IRDye 800CW donkey anti-rabbit IgG, 0.5 mg (926-
32213; LI-COR Biosciences, Lincoln, NE), and IRDye
680RD donkey anti-mouse IgG, 0.5 mg (926-68072; LI-
COR Biosciences), with a 1:10000 dilution using the Ody-
see (LI-COR Biosciences) infrared image system. In 2.5%
BSA: TSG101 1:2000 (ab125011; Abcam), syntenin 1:1000
(TA504796; Origene, Rockville, MD), calnexin 1:1000
(ab22595; Abcam). In 3% milk: GAPDH 1:1000 (sc-25778;
Santa Cruz, Dallas, TX) and involucrin 1:1000 (MA5-11803;
Thermo Fisher).

Nanoparticle tracking analysis

The Zetaview system (Particle Metrix, Meerbusch, Germany)
was used for determination of size and concentration of
extracellular vesicles. The system was calibrated using 110
nm polystyrene standard beads (Particle Metrix, Meerbusch,
Germany). Camera sensitivity was adjusted to fit the highest
and lowest concentrated sample and all samples were
measured with the same dilution and settings. Settings were
the following: Gain 904, 98; Offset 0; 30 frames per seconds.
Measurements were taken at 11 different camera positions
and analysis was performed with software version
8.04.02.SP1. In case of pooled and concentrated size
exclusion chromatography fractions from dISF samples, we
used the Nanosight NS300 (Malvern Panalytical, Malvern,
United Kingdom) under the following conditions: Tempera-
ture, 25 �C; Syringe Pump Speed/Arbitrary units, 50; Camera
type, sCMOS; Laser Type, Blue488; number of videos, as
stated in figure legend; video duration, 60 seconds; samples
were minimally diluted.
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Supplementary Figure S1. Extracellular vesicles are present in the human skin. (a) Scheme of sEV purification from skin sections. Subcutaneous fat layer was

removed. Skin sections were cut into small pieces, digested with dispase overnight (O/N), and rinsed with PBS. Solvents were collected making up the crude

extract. After differential centrifugation, the crude extract was filtered through various pore sizes (0.45 mm and 0.22 mm) and subjected to tangential flow

filtration with a cut-off of 300 kDa. The retentate was further purified using SEC. Fractions 1e3 and 4e6 were pooled and concentrated with 10 kDa spin-filters.

(b) Particles in crude extract from skin sections are enriched by subsequent 0.45 mm filtration and TFF (300 kDa) as determined by NTA. Each sample was

measured in technical triplicates. (c) Western blot analysis of crude extract and enriched sEVs by TFF (TFF 300 kDa) from human skin sections for EV-specific

protein TSG101. Whole cell lysate from human dermal fibroblasts was used as a positive control, TFF flow through as a negative control. (d) Western blot

analysis of crude extract and enriched sEVs by TFF (TFF 300 kDa) from human skin sections for EV-specific protein syntenin and non-EV marker calnexin. Whole

cell lysate from human dermal fibroblasts was used as a positive control, TFF flow through as a negative control. (e) Scheme of EV purification from dISF.

Samples were either subjected to two centrifugation steps at 0.5K and 14Kg and supernatants analyzed or EVs were purified by SEC after two short centrifugation

steps. SEC fractions 1 to 3 and 4 to 6 were pooled and concentrated by 10 kDa spin-filters. (f) EVs isolated from dISF by differential centrifugation and

subsequent SEC were analyzed by NTA, revealing a very low particle count (concentration warning in all videos). SEC fractions 1e3 and 4e6 were pooled and

concentrated using 10 kDa spin-filters. SEC 1e3 was measured in five videos and SEC 4e6 in three videos. (g) TEM images of EVs purified from dISF samples by

differential centrifugation and subsequent SEC. Images show EVs in pooled SEC fractions 1e3, which were concentrated by 10 kDa spin-filters. Scale bar ¼ 100

nm. (h) TEM images of EVs purified from dISF samples by differential centrifugation and subsequent SEC. Images show EVs positive for EV marker CD81 by

immunogold labeling in pooled SEC fractions 1e3, which were concentrated by 10 kDa spin-filters. Scale bar ¼ 200 nm and 50 nm (region of interest). dISF,

dermal interstitial fluid; EV, extracellular vesicle; NTA, nanoparticle tracking analysis; PBS, phosphate buffered saline; SEC, size exclusion chromatography; sEV,

small extracellular vesicle; TEM, transmission electron microscopy; TFF, tangential flow filtration.
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Supplementary

Figure S2. Characterization of stress-

induced premature senescence. (a)

Representative western blot shows

expression of the cell cycle inhibitor

p21 in non-treated Q and SIPS cells.

p21 levels were normalized to

GAPDH as a housekeeper. (b)

Representative morphology of Q and

SIPS cells after 2 weeks recovery post

last stress treatment. Scale bar ¼ 200

mm. (c) Significant increase of SA-ß-

Galactosidase (SA-ß-Gal) in SIPS cells

after 4, 11, and 18 days post last stress

treatment compared with young

(PD10) proliferating cells. A total of 15

pictures were taken randomly at a

magnification of �10 and counting

was performed in blinded fashion.

Percentages of SA-ß-Gal positive cells

from all images were calculated.

Averages from one donor in triplicates

are shown � SEM from raw values.

*P < 0.05, **P < 0.01; tested against

young PD10. Statistical analysis was

performed using one-way ANOVA

following Tukey’s multiple

comparison test. (d) Representative

image of SA-ß-Galactosidase staining

of proliferating (young PD10) and

senescent (SIPS) fibroblasts 4 days post

last stress treatment. Scale bar ¼ 200

mm. ANOVA, analysis of variance;

GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; Q, quiescent; SA,

senescence-associated; SEM, standard

error of the mean; SIPS, stress-induced

premature senescent.
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Supplementary Figure S3. sEVs from

senescent HDFs and miR-23a-3p

overexpression enhance wound/gap

closure of keratinocytes. (a)

Representative images of culture

inserts show keratinocytes growing

into the gap of the cell monolayer after

exposure to senescent or quiescent

control derived sEVs. Scale bar ¼ 400

mm. (b) Relative closure rate

determined in scratch assays of

keratinocytes exposed to SIPS or Q

derived sEVs. Closure rate was

calculated using first and last

timepoint and was normalized to Q

control. Bar chart shows mean � SEM

values from six independent

experiments, with sEVs from three

different fibroblast donors and three

different donors of recipient

keratinocytes. *P < 0.05; Wilcoxon

signed rank test. (c) miR-23a-3p levels

in sEVs of senescent and quiescent

fibroblasts after 3 weeks post stress

treatment. Raw Ct values of miR-23a-

3p were normalized to the number of

cells used for sEV purification, and

arbitrary units were calculated from Ct

values by assuming a Ct value of 40 to

be 10 AU. Data of three biological

replicates � SEM are presented. (d)

Representative images of 2D culture

dishes show keratinocytes transfected

with miR-23a-3p or respective miR-

Ctrl growing into the gap. Scale bar ¼
400 mm. AU, arbitrary units; HDF,

human dermal fibroblast; Q,

quiescent; SEM, standard error of the

mean; sEV, small extracellular vesicle;

SIPS, stress-induced premature

senescent.
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ABSTRACT 
 
Loss  of  functionality  during  aging  of  cells  and  organisms  is  caused  and  accompanied  by  altered  cell‐to‐cell
communication  and  signalling.  One  factor  thereby  is  the  chronic  accumulation  of  senescent  cells  and  the
concomitant  senescence‐associated  secretory  phenotype  (SASP)  that  contributes  to  microenvironment
remodelling and a pro‐inflammatory  status. While protein based SASP  factors have been well  characterized,
little  is  known  about  small  extracellular  vesicles  (sEVs)  and  their  miRNA  cargo.  Therefore,  we  analysed
secretion of sEVs from senescent human dermal fibroblasts and catalogued the therein contained miRNAs. We
observed  a  four‐fold  increase  of  sEVs, with  a  concomitant  increase  of  >80%  of  all  cargo miRNAs.  The most
abundantly  secreted  miRNAs  were  predicted  to  collectively  target  mRNAs  of  pro‐apoptotic  proteins,  and
indeed,  senescent  cell  derived  sEVs  exerted  anti‐apoptotic  activity.  In  addition,  we  identified  senescence‐
specific differences in miRNA composition of sEVs, with an increase of miR‐23a‐5p and miR‐137 and a decrease
of miR‐625‐3p, miR‐766‐3p, miR‐199b‐5p, miR‐381‐3p, miR‐17‐3p. By correlating intracellular and sEV‐miRNAs,
we identified miRNAs selectively retained in senescent cells (miR‐21‐3p and miR‐17‐3p) or packaged specifically
into  senescent  cell derived  sEVs  (miR‐15b‐5p and miR‐30a‐3p). Therefore, we  suggest  sEVs and  their miRNA
cargo to be novel, members of the SASP that are selectively secreted or retained in cellular senescence.  
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INTRODUCTION 
 
Accumulation of senescent cells with age and at sites of 
age-associated diseases has been observed in the 
context of cardiovascular diseases, neurodegenerative 
disease, skin conditions and others [1]. Importantly, 
their removal in transgenic mice [2–4] or by senolytics 
[5,6] leads to later onset of several age-associated 
diseases [2,7–9]. 
 
Cellular senescence is triggered by various stimuli such 
as progressive telomere-shortening, hyperoncogenic 
signaling, accumulation of DNA damage, oxidative 
stress or mitochondrial dysfunctions, leading to an 
irreversible growth arrest mediated by the key cell cycle 
inhibitors CDKN1A and/or CDKN2A [10]. Most cell 
types activate pro-survival pathways and resist 
apoptosis when senescent [11]. They lose their cell type 
specific functionality and replicative potential required 
for tissue regeneration and acquire a senescence-
associated secretory phenotype (SASP) [12]. 
 
The SASP is characterized by the secretion of growth 
factors, pro-inflammatory cytokines and chemokines, as 
well as extracellular matrix (ECM) remodeling enzymes 
[12]. These SASP factors are considered to over-
proportionally exert negative effects on tissue 
homeostasis and regeneration in vivo if chronically 
present by acting in a paracrine manner on the 
neighboring cells and ECM. Attenuation of the negative 
effects of the SASP have been shown to restore the 
formation of functional human skin equivalents [13] 
and has been suggested as a putative target in 
preventing age-associated diseases and frailty [8,14]. 
 
Recently, extracellular vesicles (EVs) and their cargo 
have been reported to act in a similar manner as 
hormones or cytokines during intercellular communica-
tion [15]. They are secreted by many, if not all cells, 
and by encapsulation of their cargo, they transport 
proteins, mRNAs, lipids and non-coding RNAs, 
specifically miRNAs, over short or long distances [16]. 
When taken up by recipient cells, the cargo is 
considered to be still active and to regulate the behavior 
of recipient cells [17,18].  
 
MiRNAs clearly modulate cellular senescence and 
organismal aging in vitro and vivo [19,20] and are in 
addition packaged into EVs [21], where they are able to 
influence osteogenic differentiation as one major age-
associated disease [22]. Thus, although many protein 
based SASP factors have been identified, miRNAs 
[23,24] and EVs [25] are under suspicion to be part of 
the SASP [26,27]. However, a systematic catalogue of 
SASP-miRNAs has not yet been established and their 

selective secretion during senescence has not been 
studied so far. 
 
Here, we confirm that EVs and their miRNA cargo are 
indeed part of the SASP (EV-SASP) and identified a set 
of selectively retained and secreted miRNAs after the 
onset of senescence. In addition, senescent cell derived 
EVs might contribute to an anti-apoptotic environment 
in tissues where senescent cells have accumulated. 
 
RESULTS 
 
sEVs are members of the senescent-associated 
secretory phenotype (EV-SASP) 
 
In order to test whether EVs and their enclosed 
miRNAs are members of the SASP, primary human 
dermal fibroblasts (HDF) of three different donors were 
driven into premature senescence by exposing them 
repeatedly to hydrogen peroxide (H2O2) [28]. Analysis 
were then performed one (D7) and 3 weeks (D21) after 
the last H2O2 treatment (Fig. S1A). 
 
Onset and persistence of cellular senescence was 
confirmed in detail day 7 and (Table 1A and B), by 
senescence-associated (SA)-ß-Gal staining (Fig. 1A), 
expression of CDKN1A/p21 (Fig. 1B), induction of an 
irreversible growth arrest (Fig. 1C), as well as by the 
acquiring of a fibroblast-specific flattened and enlarged 
senescent phenotype (Fig. 1D). In order to exclude 
contamination of EV preparations by apoptotic bodies, 
basal apoptosis rates of quiescent (Q) and senescent 
cells (SIPS) were analysed, whereby no significant 
difference was detected (Fig. 1E) at time points of EV 
purification as outlined in the scheme of  Fig. S1A. 
 
We here focused on small EVs (sEVs), therefore 
supernatants of SIPS and Q control cells were filtrated 
using 0.22 µm filters and subsequently ultra-
centrifugated. Size distribution as assessed by 
nanoparticle tracking analysis (NTA) revealed sEVs 
between 15 to 135 nm (Fig. 2A) with a median diameter 
of 65 to 80 nm, with no difference between senescent 
and quiescent cells at both time points, 7 and 21 days, 
after the last stress treatment (Fig. 2B). Transmission 
electron microscopy showed typical morphology and 
presence of lipid bilayers (Fig. 2C), and Western 
blotting confirmed the presence of TSG101, a known 
marker for exosome-like vesicles (Fig. 2D). 
 
Finally, we compared the number of sEVs per cell by 
NTA and observed a 4-fold increased secretion of 
senescent fibroblasts derived sEVs of all three donors 
after both time points of cellular senescence (D7 and 
D21) (Fig. 2E).  
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Table  1A.  Detailed  characteristics  of major  hallmarks  of  cellular  senescence  of  the  individual 
donors HDF161, HDF76 and HDF85 each senescent and quiescent control after 7  (D7) days post 
last H2O2 application. 
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HDF161 1.7 4.3 49 15 5 55 2.5 3.9 0.6 1.1 0.9 16.1 50 

HDF85 1.1 4.1 12 14 2.8 35 0.7 4.8 1.3 1.7 1.0 13 74 

HDF76 1.5 4.7 40 15 8 48 1.2 3.3 1.2 1.9 0.8 13.8 49 

Abbreviations: Q = quiescent control, S = stress induced premature senescent, + = positive control – 
Staurosporin 300nM overnight, Y = proliferating control. 

Table 2B. Detailed characteristics of major hallmarks of cellular senescence of the individual donors HDF161, 
HDF76 and HDF85 each senescent and quiescent control after 21 days (D21) post last H2O2 application. 
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HDF161 1.1 2.8 40 4.5 1.5 35 0.8 3.3 1.2 1.3 13 70 

HDF85 0.7 5.4 26 3.8 0.4 16 1.2 3.2 1.1 1.5 14 69 

HDF76 0.6 5.6 43 3.5 1.1 54 1.3 6.8 0.8 1.4 19 54 

Abbreviations: Q = quiescent control, S = stress induced premature senescent, + = positive control – Staurosporin 300nM 
overnight, Y = proliferating control. 
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Considering the phenomenon of increased senescence-
associated secretion of proteins summarized under the 
term SASP, our data strongly support the idea that sEVs 
are members of the SASP, for which we propose the 
term ‘EV-SASP’.  
 
sEV-miRNAs as part of the SASP are identified in a 
preliminary and final qPCR screening 
 
In order to determine which  miRNAs  are  detectable in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sEVs from quiescent control and senescent cells, a 
preliminary screening using a qPCR-panel of 752 
miRNAs was performed and analysed in detail (Fig. 
3A-B). From these, we designed a customized (final) 
qPCR panel with 375 miRNAs and spike in-controls 
(Supplementary List S1). Within that, 369 miRNAs 
were detected at Ct-values ≤ 38 (Fig. 3C) and 285 
miRNAs were found in all three HDF cell strains 
under both conditions and at both time points (Fig. 
3D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  1.  Stress‐induced  premature  senescent (SIPS) fibroblasts mirror hallmarks of  cellular  senescence. (A)
Quantification of SA‐ß‐Gal staining shows a significant  increase of ß‐Gal  in SIPS HDF compared  to young proliferating cells at both
time  points  post  stress  treatment.  Representative  pictures  show  SA‐ß‐Gal  staining  of  donor  HDF161  in  SIPS  on  D21  (bottom)
compared  to  young  proliferating  control  (top  ‐  HDF161  in  population  doublings  PD15).  15  pictures  were  taken  randomly  at  a
magnification of 100 X and counting was performed in a blinded fashion. Scale bar = 200 µm. Percentages of SA‐ß‐Gal positive cells
from all pictures were calculated. (B) Expression of CDKN1A confirms senescence of SIPS HDF at both time points. mRNA expression
levels of CDKN1A  (p21) were detected by qPCR. After normalization  to GAPDH,  fold changes of SIPS HDF  relative  to quiescent  (Q)
control cells from D7 were calculated. (C) SIPS treatment induces permanent cell cycle arrest. Incubation with the nucleoside derivate
BrdU for 24 hours followed by FITC immunolabelling for flow cytometry shows no significant incorporation of BrdU into the DNA of Q
and  SIPS  samples  compared  to  young dividing HDF  at both  time points.  (D)  SIPS  cells  show  flattened  and  enlarged morphology.
Representative  pictures  from  donor  HDF161 Q  and  SIPS  on  D21  post  H2O2  treatment.  Scale  bar  =  200  µm.  (E)  Repeated  H2O2

treatment does not induce apoptosis. SIPS and Q control cells do not show a substantial increase in percentage (%) of total apoptotic
cells at both  time points compared  to a positive‐control  (+),  treated with 300 nM  staurosporin  for 24 hours.  (A‐E) Stress‐induced
premature  senescence  (SIPS)  of  primary  human  dermal  fibroblasts  (HDF)  derived  from  three  different  donors was  triggered  by
chronic H2O2  treatment on nine  consecutive days. Hallmarks of  cellular  senescence were  confirmed after  seven  (D7) and 21 days
(D21) post last stress treatment. Averages from three biological triplicates are shown +/‐ SEM from raw values (n = 3). Statistical analysis
was performed using 2‐way RM ANOVA tested for condition and day following Bonferroni post test. n.s ≥ 0.05; *p < 0.05; **p < 0.01. 
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As quality control, interplate variation and PCR 
efficiency was monitored using five synthetic spike-ins 
(Unisp2, Unisp4, Unisp5, Unisp6, cel-miR39) control-
ling for RNA extraction, cDNA synthesis, and qPCR 
efficiency, resulting in ΔCtr-values (range of highest 
and lowest Ct-value from all samples each) below 1. 
Additionally, each plate included two interplate 
calibrators (IPC) and a negative control, showing ΔCtr-
values below 0.44 suggesting robust signals (Fig. S2A) 
and thus allowing to exclude inter-assay variations. 
 
Due to the absence of a robust extracellular house-
keeping miRNA,  we  used  standardized  secretion  times 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and volumes for vesicle preparations and subsequent 
RNA isolation and normalized the data to the total 
viable cell number of each sample (Table 2). 
 
Multivariate statistics on the 369 sEV-miRNAs clearly 
distinguished senescent from quiescent control cells as 
depicted by principal component analysis (Fig. 3E) and 
hierarchical clustering (Fig. 3F), showing an increase of 
almost all sEV-miRNAs. Due to 4-fold more sEVs per 
cell it is of no surprise, that almost all miRNAs are 
upregulated in the supernatants of senescent cells as 
indicated by the heatmap (Fig. 3F). Indeed, statistical 
evaluation confirmed 221 miRNAs (59%) with sig-

Figure  2.  sEVs  are members  of  the  senescent‐associated secretory phenotype (EV‐SASP).    (A)  NTA  reveals  a  vesicle
population below 220 nm. Size distribution of vesicles determined by NTA shows percentage  (%) of total counted particles against
size presented  in categories.   (B) Media values (X50) from sEVs range from 65 to 80 nm. X50 values from peak analysis of NTA are
indicated +/‐ SEM. circle: Q, squares: SIPS. Statistical analysis using one‐way ANOVA was performed: not significant (n.s) p > 0.05. (C)
Representative  transmission  electron microscopy  image  of  sEVs  isolated  from HDF.  Vesicles  are  around  100  nm  in  size  and  are
surrounded by a double lipid membrane (arrows). Scale bar = 100 nm. A representative image of sEVs purified from HDF85 at D7 after
the  stress  treatment  is  shown.  (D)  Representative  Western  blot  shows  expression  of  TSG101  (top)  and  GAPDH  (below).
Representative Western blot of total cell lysates (left) and sEVs (right lanes) from Q and SIPS HDF of donor HDF85 are shown. Total
protein content of total cell lysates and purified sEV was analyzed by BCA assay and equal amounts of protein were loaded onto the
gel  (20  µg).  (E)  Senescent  cells  secrete more  sEVs  per  cell  than  quiescent  controls.  Total  concentration  of  tracked  particles was
normalized  to  the  total  cell number used  for  secretion  into  conditioned media.  Fold  changes of  total particles  secreted per  cell,
relative to Q control cells from D7, +/‐ relative SEM, are shown. Statistical analysis was performed using 2‐way RM ANOVA tested for
condition (p < 0.0001) and day (p = 0.28) following Bonferroni post test. **p < 0.01; ***p < 0.01. (A‐B and E) Averages from three bio‐
logical triplicates (n = 3) and two different time points each SIPS and Q, were measured in technical triplicates (n = 18) +/‐ relative SEM. 
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nificantly higher secretion levels on D7 (Fig. S2B), 
whereby miR-200c-3p and miR-196b-3p were 
identified to be the most differentially secreted miRNAs 
per cell. 3 weeks after induction of senescence (D21), 
321 (85%) miRNAs were confirmed to be differentially 
secreted and miR-23a-5p reached the highest level (Fig. 
S2C), while none were downregulated significantly at 
both time points (Supplementary List S2). Thus, our 
findings indicate that sEVs and their miRNA cargo are 
bona fide members of the SASP.  
 
Senescent cell derived sEVs confer anti-apoptotic 
activity  
 
In order to get insight into a potential function of the 
EV-SASP, the top 20 most abundant sEV-miRNAs 
were identified (Fig. 4A) and screened for validated 
miRNA/mRNA target pairs. Thereby, we found in total 
11,588 interactions comprising 5,437 target genes 
(Supplementary List S3). To evaluate potential regulat-
ed pathways, enrichment analysis of all annotated 
interactions between miRNAs and genes, discovered 
125 GO terms with an adjusted p-value below 0.0001, 
among those, 54 comprise more than 50% of all 
associated genes (Fig. S3A). 
 
Interestingly, the top 20 highly secreted miRNAs (Fig. 
4A) were predicted to regulate  a  dynamic  crosstalk  of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

three prominent meta-pathways by targeting five 
common transcription factors (PTEN, P53, APAF-1, 
CDKN1B and MYC) (Fig. S3B) that are also well 
known pro-apoptotic mediators [11,29–33]. 
 
Therefore, acutely stressed recipient fibroblasts were 
exposed to the entirety of senescent or quiescent cell 
derived sEVs and Annexin-V-PI staining for assessing 
apoptosis rates was performed (Scheme Fig. 4B). 
Indeed, the presence of senescent cell derived sEVs 
reduced the amount of apoptotic cells by approximately 
27% (Fig. 4C-D), suggesting an anti-apoptotic activity 
of the EV-SASP. Whether and which miRNAs exert 
this effect will be subject of further studies. 
 
Changes in miRNA composition of senescent cell 
derived sEVs 
 
While in total almost all sEV-miRNAs are increasingly 
secreted when compared to cell numbers, we were 
interested, if also the miRNA composition of sEVs 
would change during senescence. Therefore, we per-
formed global mean normalization [34] of all miRNAs 
assuming that the total amount of miRNAs is un-
changed within sEVs irrespective of the condition, since 
vesicle size (Fig. 2B) and global means of total miRNA 
content from both time points, each SIPS and Q were 
similar (Fig. S4A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Summary and evaluation of secreted miRNAs by qPCR panels. 

  Preliminary screening Final screening 
conditions Q  SIPS Q  SIPS 
biological replicates (HDF) N = 1 N = 1 N = 3 N = 3 
Time points (days post treatment) D21 D21 D7; D21 D7; D21 
number of cells used for sEV-RNA (average) 1.27E+07 9.13E+05 1,50E+07 ± 33% 1,65E+06 ± 30% 
screened miRNAs (Exiqon) 752 375 
detected miRNAs in 2 conditions (average) 386 371 
detected miRNAs in 1 condition (average) 156 0 
not detected (average) 210 4 

raw Ct-values normalized to number of cells used for sEV-RNA 
detected miRNAs Ct(Average) ≤ 31 101 187 112 220 
detected miRNAs Ct(Average) 31 - 35 197 142 138 132 
detected miRNAs Ct(Average) 35 - 38 459 313 121 19 
detected miRNAs Ct(Average) > 38 366 235 0 0 

Dataset of miRNAs for statistic quantification (Ct(Average) < 38) 353 
miRNAs with complete dataset for 3 Donor  D7/D21 280/290 
miRNAs with complete dataset for 2 Donor  D7/D21 36/38 
miRNAs with complete dataset for 1 Donor  D7/D21 36/24 
Preliminary  screening  of  secreted  miRNAs  to  determine  detectable  miRNAs  in  small  EVs  derived  from  HDFs,  was 
performed using one HDF strain in both conditions, stress‐induced premature senescent (SIPS) and quiescent control (Q), 
from one time point (D21). 375 miRNAs out of 752 screened were selected for the final screening with three different HDF 
cell strains (n = 3), in 2 conditions (SIPS and Q) and from two time points at 7 (D7) and 21 days (D21) after treatment. 
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Figure 3. sEV‐miRNAs as part of the SASP were identified in a preliminary and final qPCR screening. (A) miRNA profiling of
the preliminary screening detects  in total 542  (72%) secreted miRNAs. Categorization of Ct‐values shows 368 miRNAs with an average
signal < 38  in one or both  conditions  (Q, SIPS)  tested.    (B) The preliminary  screening detects  in  total 386 miRNAs  in both  conditions
tested.    (C) The  final qPCR screening detects 369 miRNAs with Ct‐values below 38. 375 miRNAs were tested  in all conditions and time
points. % and number of total miRNAs detected in the screening experiment are shown. Categorization according to Ct‐values. MiRNAs
with  an  average  Ct‐value  <  31, between  31  and  35,  between  35  and  38,  >  38  and not  detectable  are  displayed.  (D)  The  final  qPCR
screening detects 81% of all screened miRNAs  in  three donors. Averages  from D7 and D21 are presented. 81%  (285) of miRNAs were
detected in all three donors SIPS and Q. 10% (37) of miRNAs were detected in at least two donors and 9% (30) of miRNAs were detected
in one donor. (E) Principal Component analysis of sEV‐miRNAs from SIPS and Q control cells from day 7 (D7) and day 21 (D21) after the
treatment. The expression matrix shows the clustering of 12 samples and 369 miRNAs. Ellipses indicate a confidence level of 95% that a
new  observation will  fall  into  it.  Illustrated  2D‐biplot  explains  a  variance  of  73.3%  in  principal  component  1  and  7.9%  in  principal
component 2,  respectively. Exploratory analysis was done with ClustVis. Green: Q; Purple: SIPS;  light  colors and  rectangular D7; dark
colors and circle D21.  (F) sEV‐miRNAs are higher secreted from SIPS cells compared to Q controls. Heatmap and hierarchical clustering of
369 sEV‐miRNAs after D7 and D21 (n = 12). Unit variance scaling was applied and rows are centered. MiRNAs were clustered according to
correlation distance and Ward  linkage method. Samples  in columns are clustered using Euclidean distance and Ward  linkage method.
Green: Q; Purple: SIPS; light colors and blue D7; dark colors and red D21. Colors in matrix: red = upregulated, blue = downregulated. (A‐B)
Magnitude of secreted sEV‐miRNAs was assessed in a preliminary screening using Q control and SIPS HDF of one cell strain (HDF76) and from
one time point (D21). 752 miRNAs were screened using the qPCR ready to use panels supplied by Exiqon. (C‐F) Final screening was performed
with customized qPCR panels using three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and D21). 



www.aging‐us.com  1110  AGING 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Senescent cell derived sEVs confer anti‐apoptotic activity. (A) Barchart of the top 20 most highly secreted sEV‐miRNAs.
To cell count normalized Ct‐values  from Q and SIPS  from  two  time points were averaged and are plotted +/‐ SEM derived  from all 12
samples. (B) Experimental setup to test the biological effect of the EV‐SASP. Recipient fibroblasts were pre‐exposed to sEVs for 24 hours
followed  by  an  acute  stress  treatment  for  2  hours with  200 µM H2O2  and  fresh  sEVS were  added. On  the next  day  a  second  stress
treatment with 400 µM  for 2 hours was performed  followed by a recovery time of 3 hours. Annexin‐V‐PI staining and flow cytometric
measurement was  used  to  determine %  total  number  of  apoptotic  cells.  (C)  The  EV‐SASP  reduces  the  amount  of  apoptotic  cells  of
oxidatively stressed recipient cells. sEVs of SIPS and Q control cells of three different donors between 2 to 4 weeks of recovery post SIPS
treatment were  freshly harvested and applied before and after acute  stress  treatments. Human primary dermal  (n = 3) and  foreskin
fibroblasts (n = 3) were used as recipient cells. Averages from 6 independent experiments +/‐ SEM are shown. Statistical analysis (n = 6)
using 2‐way RM ANOVA identified the factor 'EV/no EV' as a significant subject (p = 0.014) and the factor 'no stress/stress' as a significant
factor (p = 0.00014). Groups were compared by Bonferroni post test, n.s ≥ 0.05; **p < 0.01, ***p < 0.01. (D) Representative pictures of
recipient fibroblasts of all conditions tested prior Annexin‐V‐PI staining. Representative flow cytometric data are shown. Scale bar = 200 µm.  
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Indeed, statistical analysis identified 31 miRNAs 
differentially present per sEV at day 7 after induction of 
cellular senescence (Fig. 5A), and 32 miRNAs at day 21 
(Fig. 5B). 
 
Surprisingly, out of these, only two miRNAs (miR-23a-
5p, miR-137) were more abundant in sEVs at both time 
points (Fig. 5C), while five miRNAs (miR-17-3p, miR-
625-3p, miR-766-3p, miR-199b-5p, miR-381-3p) were 
less abundant in sEVs of senescent cells (Fig. 5D). 
 
Taken together, these results indicate that senescent 
cells do not only secrete more miRNA containing  sEVs  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

as part of the SASP, but that in addition the miRNA 
composition of single sEVs changes with senescence. 
 
Intracellular miRNA analysis by next generation 
sequencing (NGS) identifies early and deep 
senescence specific miRNAs 
 
Since differential secretion of sEV-miRNAs might be 
caused either by differential transcription, processing or 
packaging into sEVs, we decided to quantify also the 
intracellular miRNA composition of all three fibroblast 
cell strains at both time points (D7 and D21) by small 
RNA-NGS.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Changes  in miRNA  composition of  senescent cell derived sEVs. (A) Volcano  plot  shows  31  significantly  differently
present senescence‐associated (SA) sEV‐miRNAs after normalization to the global means at D7 and (B) 32 SA sEV‐miRNAs at D21 after the
last H2O2 treatment. (C) Venn diagram shows miRNAs more abundantly present in sEVs of SIPS cells. (D) Venn diagram shows miRNAs less
abundant  in sEVs of SIPS cells.  (A‐B) Raw Ct‐values  from each sample were normalized  to  the  respective global mean. Log2FC of SIPS
relative  to Q  control  cells were  calculated. Values  from D7  (panel A)  and D21  (panel B)  recovery  are plotted on  x‐axis  against  their
individual ‐log10(p‐value) on y‐axis. Horizontal dotted lines indicate a separation between miRNAs passing a p‐value higher or lower than
0.05. Vertical dotted lines separate secreted miRNAs with log2FC > 1 or log2FC < 1. MiRNAs reaching a p‐value < 0.05 are illustrated with
green and blue dots and miRNAs with a p‐value > 0.05 are shown in black. None reached the 0.05 cut‐off value for the FDR of an adjusted
p‐values. Analysis was performed using three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and
D21). (C‐D) Log2FC was calculated and significantly regulated (p‐value < 0.05) miRNAs from D7 and D21 were compared in a Venn diagram. 
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Quality control and results of cDNA library preparation 
and NGS were assessed (Fig. S5A-F). On average 17.6 
million reads per sample were obtained (Fig. S5G) and 
miRNAs were identified according to miRBase 20.0. 
The dataset was evaluated (Table 3), normalized to the 
total number of reads and 432 miRNAs that reached at 
least five tags per million (TPM) in at least one donor 
were included into the analysis.  
 
Principal component analysis clearly separates senescent 
versus quiescent control cells independently from the 
time points (Fig. 6A), which was further confirmed by 
unsupervised hierarchical clustering (Fig. 6B). 
 
Differentially transcribed miRNAs were identified 
(Supplementary List S5) and visualized by Volcano plot 
(Fig. 6C-D). Comparison of up- (Fig. 6E) and down-
regulated miRNAs (Fig. 6F) from early (D7) and deep 
senescent (D21) fibroblasts revealed senescence-
associated miRNAs identified earlier, either in senes-
cent fibroblast [35,36] or in the dermis of elderly [37], 
and thus point to a very robust miRNA signature of 
senescent fibroblasts. Surprisingly, a higher percentage 
of intracellular miRNAs (46% up and 36% down) are 
both regulated in early as well as in deep senescence 
(Fig. 6E-F), while in contrast to secreted ones per 
vesicle, only 2% and 5% are jointly increased or 
decreased (compare to Fig. 5C-D). That means that 
senescence-associated changes over time are more 
pronounced  in secretory  miRNAs (21 sEV-miRNAs of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
senescent cells change composition, Fig. S4B) as 
compared to intracellular ones (3 miRNAs differentially 
trans-cribed in senescent cells, Fig. S4C), so that these 
secreted miRNAs might be indicators of deep 
senescence. 
 
We concluded that once senescence-signaling induces a 
specific intracellular miRNA pattern, it does not change 
significantly over time (Fig. S4C). Surprisingly 
however, the miRNA composition of secreted vesicles 
does change markedly with deepening of senescence 
(Fig. S4B), which might be attributable to the dynamic 
characteristics of the SASP [38–40]. 
 
Correlation of intracellular and sEV-miRNAs 
identifies specifically secreted versus retained 
miRNAs in cellular senescence 
 
Next, we addressed whether all miRNAs with high 
intracellular abundance are also highly abundant in 
sEVs and if this depends on senescence. Thus, after 
restrictive cut-off criteria (see Material and Methods for 
details), all miRNAs detected intracellularly and in 
vesicles (228 miRNAs) were ranked according to their 
abundance to build the intersection of the top 20 
miRNAs each by Venn diagrams (Fig. S6A-B, Sup-
plementary List S6). Thereby, we identified 26.5% 
matching miRNAs and it became clear that particular 
miRNAs must be selectively secreted or retained in the 
two conditions (Fig. S6C). 

Table 3. Summary of miRNA next generation sequencing (NGS) and data 
quality control. 

Experimental Design 
Instrument NextSeq 500 
Average number of reads (1 flowcell) 4.00E+08 
Number of sequencing cycles 50 bp single-end read 
Annotation reference miRBase 20 

Quality control 
Base call accuracy (Q-Score) >30 
Averaged Total reads  1.26E+07 ± 29.38% 
miRNAs (44.2%) 5.64E+06 ± 38.39% 
smallRNA (7.8%) 9.78E+05 ± 30.48 
Genome-mapped (11.2%) 1.42E+06 ± 35.37% 
outmapped (28.5%) 3.56E+06 ± 29.01% 
unaligned reads (8.1%) 1.02E+06 ± 28.93% 

Grouping Quantity (Number of Identified RNAs)  
< 10 rawcounts on average 2124 
10 - 50 rawcounts on average 146 
> 50 rawcounts on average  308 

Number of analyzed miRNAs 
5 - 500 TPM 158 
> 500 TPM 274 
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In order to identify those miRNAs that are differentially 
packaged or retained in cells, we calculated the 
differences of ranks of the intracellular and the sEV 
contained miRNAs (Δrank = rankintra – rankextra) for 
quiescent and senescent cells separately (Supplementary  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

List S6, S7 Fig. 7A-B). Then the ΔΔrank(ΔrankSIPS – 
ΔrankQ) were calculated, as a measure to indicate, if a 
miRNA would change its rank in dependence of the cell 
condition. That means, the higher the ΔΔrank-value is, 
the higher is also the selective secretion,  and vice versa,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  6.  Intracellular  miRNA  analysis  by  NGS identifies early and deep senescence specific  miRNAs. (A)  Principal
component  analysis  of  SIPS  versus  Q  HDF.  Principal  components  were  calculated  using  singular  value  decomposition  (SVD)  for
imputation. Rows were scaled by applying unit variance scaling. Confidence  level of 95%  is  indicated by ellipses assuming that a new
observation from the same group will fall into it. Expression matrix of principal component 1 shows a variance of 34.8% and 24.6% in
principal component 2.  (B) Heatmap and hierarchical clustering of samples and miRNAs of SIPS versus Q human dermal  fibroblasts.
Clustering was done according to Euclidian distance and Ward  linkage method. Samples  in columns were clustered using correlation
distance and Ward linkage method. (colors in matrix: red = highly transcribed = upregulated, blue = low transcribed = downregulated).
(C) Volcano plot of differentially transcribed miRNAs in SIPS cells after seven (left D7) and (D) 21 days (right D21) post stress treatment.
Log2FC are plotted on x‐axis against their  individual  ‐log10 (p‐value) on y‐axis. Horizontal dotted  lines  indicate a separation between
miRNA differences of a p‐value higher or lower than 0.05. Vertical dotted lines separate transcribed miRNAs with log2FC > 1 or log2FC <
1. MiRNAs  reaching a p‐value < 0.05 are  illustrated with white dots and miRNAs with a p‐value > 0.05 are shown  in black.  (E) Venn
diagram shows upregulated miRNAs of senescent cells on D7 and on D21. 46 miRNAs are commonly upregulated at both time points of
senescence.  (F)  Venn  diagram  shows  downregulated  miRNAs  of  senescent  cells  on  D7  and  on  D21.  36  miRNAs  are  commonly
downregulated at both time points of senescence. (A‐D) Analysis was performed using three different HDF cell strains (n = 3) each Q
and SIPS from two different time points  (D7 and D21). Differential expression analysis and statistics, calculated with Edge, was done
with 432 miRNAs with normalized TPM signals > 5 in all conditions in at least 1 donor. (A‐B) Each color and symbol represents another
annotation defined by data input file. Green: Q; Purple: SIPS; light colors and rectangular D7; dark colors and circle D21. 
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the lower the value, the higher the specific retention 
within the cell (Supplementary List S6, Fig. S6D). 
Thereby, we identified specifically secreted senescence- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

associated sEV-miRNAs, such as miR-15b-5p (Fig. 
7A), while miR-30a-3p was found to be retained during 
quiescence (Fig. 7B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Correlation of  intracellular and sEV‐miRNAs identifies specifically secreted versus retained miRNAs in cellular
senescence. (A) Venn diagram of top 20 secreted miRNAs (positive values) from HDF, calculated by Δrank = rankintra – rankextra from Q and
SIPS separately. (B) Venn diagram of top 20 retained (negative values) miRNAs in HDF, calculated by Δrank = rankintra – rankextra from Q and
SIPS  separately.  (C)  Selectively  senescence‐associated  secreted  (high  values) or  retained  (low  values) miRNAs  are  identified.  ΔΔrank  and
ΔΔratio were  correlated  and  specifically  secreted  (high  values  of  ΔΔrank  and  ΔΔratio)  or  retained  (low  values  of  ΔΔrank  and  ΔΔratio)
senescence‐associated miRNAs were  identified. Spearman correlation R = 0.81 with a 95% confidence  interval 0.76  to 0.85 P value  (two‐
tailed) < 0.0001. Bubble size corresponds to quartiles calculated from transformed average Ct‐values, whereby the larger the bubble size, the
higher the expression value. Dotted lines represent the 25% and 75% percentiles, which define the specifically secreted and retained miRNAs
in senescence. ΔΔrank: 25%: 8.0; Median: ‐0.5; 75%: 9.0; ΔΔratio: 25%: 0.7099; Median: 0.927; 75%: 1.186. (D) Venn diagram of the top 20
specifically secreted senescence‐associated sEV‐miRNAs. MiRNAs are identified by comparing the top 20 of ΔΔrank and ΔΔratio method. (E)
Venn diagram of top 20 specifically retained senescence‐associated miRNAs. MiRNAs are identified by comparing the top 20 of ΔΔrank and
ΔΔratio method.  (F)  (A‐E) Correlation was performed with 228 miRNAs  identified  intracellularly  (small RNA‐NGS) as well as  in sEVs  (qPCR
panels) in samples derived from three different HDF cell strains (n = 3) each Q and SIPS from two different time points (D7 and D21). 
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In order to confirm the ΔΔrank correlation by a 
different method to assess specific secretion, we 
additionally used the quantitative content of our 
intracellular and vesicular miRNA data. Therefore, we 
calculated ratios between vesicular and intracellular 
miRNA levels, and used these values to calculate ratios 
from quiescent (ΔratioQ) and senescent cells 
(ΔratioSIPS). Therefore, we transformed Ct-values to 
arbitrary units (AU), by defining a Ct-value of 40 to 10 
AU. We then calculated ΔΔratios (ΔratioSIPS/ΔratioQ) 
and normalized obtained values to the global means, 
resulting again in a list of specifically secreted or 
retained miRNAs (Supplementary List S6, S7 Fig. 
S6E). 
 
To compare these two methods (‘rank vs. ratio’), the 
results were plotted in an xy-diagram revealing ~80% of 
correlation as determined by Spearman correlation (Fig. 
7C) and comparison of the top 20 selectively secreted 
and retained miRNAs each confirmed a similar set of 
the top 20 selectively secreted (Fig. 7D) or retained 
miRNAs after entry into cellular senescence (Fig. 7E), 
while some miRNAs were only detected with one of the 
two methods. Thereby, miR-15b-5p was again identifi-
ed to be selectively secreted from senescent cells. 
Finally, by defining a cut-off of the 25% and 75% 
percentiles from both approaches, we identified ~24% 
of all analyzed miRNAs to be selectively secreted (blue) 
or retained (orange) in response to senescence, while 
the remaining ones seem to be evenly distributed 
between cells and sEVs (white). Interestingly, although 
miR-21-5p is the top abundant miRNA intracellularly as 
well as in vesicles, independent of the conditions, and 
therefore equally distributed between inside and outside 
(Supplementary List S6, S7 and Fig.S6A-B), its 3p-
isoform was catalogued as a selectively retained miRNA 
during senescence.  
 
To sum up, the ‘ratio-‘ and ‘rank-’ approaches allow the 
correlation of vesicular versus intracellular miRNA 
abundance, independently from each other and identified 
a set of specific senescence-associated miRNAs selected 
for secretion (blue) or retention (orange) in response to 
senescence.  
 
DISCUSSION 
 
Accumulation of senescent cells is considered to drive 
several age-associated diseases. One of the charac-
teristic of senescent cells that is considered to contribute 
to this phenomenon, is the cumulative secretion of 
several proteins involved in inflammation, growth 
promoting signaling and extracellular matrix remodel-
ing, which is generally summarized under the term 
SASP [12]. With increasing numbers of reports on 
secretory miRNAs describing their almost ‘hormonal’ 

action on recipient cells [15] and their potential as 
biomarkers or therapeutic targets for age-associated 
diseases [20], the question arises whether secreted 
miRNAs, especially those enclosed in EVs, might also 
be part of the SASP. 
 
Indeed, we found a 4-fold higher secretion of sEVs 
from senescent as compared to quiescent human dermal 
fibroblasts with a concomitant increase of > 80% of all 
miRNAs per cell, whereby the stress-responsive miR-
200c-3p [41,42] was found to be among the top 
differentially secreted miRNAs at an early time point of 
senescence. An increase of EVs in replicative 
senescence, as well as in irradiation-induced senescent 
prostate cancer cells [43] has already been observed. 
Even in human age-associated diseases, as in human 
atherosclerotic aortas [44], or in cerebrospinal fluid of 
Alzheimer’s disease patients [45] where senescent cells 
have been found to accumulate in vivo, such an 
increases of EVs was evident. However, decreasing 
amounts of EVs with age have also been observed in the 
plasma of matched individuals [46]. It will thus be 
exciting to see, where and if EVs are differentially 
distributed between lesional sites of age-associated 
diseases versus the aged systemic environment..  
 
As a consequence of elevated sEV and miRNA 
secretion per senescent cell, we performed pathway 
analysis of the most highly secreted miRNAs enclosed 
in the sEVs. Surprisingly, they were predicted to 
collectively silence five well known pro-apoptotic 
factors [11,29–33] at the crossroad of longevity, cancer 
and signalling pathways. Indeed sEVs from senescent 
fibroblasts reduced the amount of apoptotic cells in 
acutely stressed recipient fibroblasts. Even though the 
single factors of the sEVs are yet not identified, we 
postulate that the secretion of anti-apoptotic sEVs into 
the microenvironment of senescent cells might counter-
act the apoptotic removal of damaged neighbouring 
cells, thereby potentially contributing to a pro-tumori-
genic microenvironment as known to be conferred by 
senescent cells and their EVs [47,48]. EVs per se have 
already been suggested to exert anti-apoptotic functions 
on the surrounding tissue and cells [49], however, this is 
to our knowledge the first report that experimentally 
proves that the SASP, and specifically the EV-SASP 
exerts anti-apoptotic activity. This is in line with a 
bioinformatic driven study of the protein factors 
comprising the SASP that postulates a potential anti-
apoptotic activity of SASP proteins [50]. However, it is 
still to be determined, which miRNAs or if the entire 
cocktail of secreted miRNAs are indeed conferring this 
activity. 
 
In addition, we identified differences in miRNA 
composition per single vesicle from senescent versus 
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control cells. In accordance to being upregulated 
intracellularly in senescent fibroblasts [51,52] we found 
miR-23a-5p and miR-137 to be more abundant per 
vesicle. Among the less abundantly present miRNAs in 
senescent sEV we found miR-17-3p and miR-199b-5p, 
both were already published to be downregulated 
intracellularly in skin of elderly [53] and in senescence 
of mesenchymal stem cells [54]. 
 
Similarly, intracellular miRNA transcription of 
senescent versus quiescent fibroblasts, revealed similar 
miRNAs that have been previously reported in 
fibroblasts [55–58], as well as miRNAs differentially 
found in the dermis of elderly [37], where estimates 
suggest 60% of fibroblasts to be senescent [59]. In 
addition, several miRNAs were identified so far not yet 
described in fibroblast senescence, such as miR-1197 
and miR-450-2-3p. 
 
With intracellular and extracellular miRNA quantitative 
data in hand, we next tested, if (i) specific miRNAs are 
selectively packaged into sEVs or retained within 
fibroblasts as it has been reported for other cell types 
[60] and (ii) if this is dependent on senescence, which 
has so far never been tested. Therefore, we ranked the 
abundance of miRNAs in- and outside of the cells and 
compared the resulting ranks. Most of the miRNAs, 
such as miR-21-5p are similar in rank, suggesting that 
most of the sEV cargo is mirroring the cytoplasmic 
content of the respective cell, while some miRNAs are 
indeed overrepresented intracellularly or in the sEVs. 
However, these specifically retained or secreted 
miRNAs were only partially overlapping when compar-
ing the senescent and quiescent cells, suggesting that 
upon induction of senescence, also specific packaging 
or retaining does change, which was indeed the case for 
~24% of all analyzed miRNAs. 
 
It is still a matter of debate, if packaging of selected 
miRNAs into EVs is an active process for conveying 
messages or a passive form of garbage disposal 
[discussed in 42] e.g for the secretion of damaged RNA 
fragments [62] or for the release of tumor-suppressive 
miRNAs to maintain tumor progression [63]. However, 
our findings, together with the few reports that show 
specific retaining or packaging in response to external 
stimuli [64] and changes in EV-miRNA composition of 
PBMCs [65] would suggest controlled and active 
packaging, in line with several reports showing an 
active mechanism of miRNA packaging into exosomes 
[60,66]. Finally, as miRNAs in EVs have been widely 
shown to alter recipient cell behavior [17,18] a mere 
garbage disposal seems unlikely, while it could be 
envisaged that ‘garbage’ gotten rid of by one cell might 
be an alarm - or any other type of signal for recipient 
cells.  

Which miRNAs are now selectively secreted by 
senescent cells and what effect on the microenvironment 
might such specifically packaged miRNAs have? 
 
One of these is miR-15b-5p, which we found to be 
selectively secreted and downregulated in senescence as 
it was reported before in senescent fibroblasts as well as 
in photoaged skin biopsies [67]. The fact that it is 
preferentially packaged and secreted in senescence 
might be an additional mechanism to keep miR-15b-5p 
levels low in senescence cells. Interestingly, it is also 
low abundant in the dermis of elderly, while it appears 
highly enriched in the epidermis [67]. Thus, it is 
tempting to speculate that EV mediated cross talk 
between fibroblasts and keratinocytes contributes to low 
dermal levels versus high epidermal levels. 
Functionally, low intracellular miR-15-5p levels might 
be involved in de-repressing SIRT4, which has a 
regulatory role in stress-induced senescence-associated 
mitochondrial dysfunc-tion [67] and in driving a NF-кB 
mediated induction of the SASP [68]. On the other 
hand, it might exert pro-proliferative activity on 
recipient keratinocytes as it does on several epithelial 
cell types [69], a function that in situation of transient 
appearance of senescent cells during wound healing 
might be favorable [70], while in situations of chronic 
accumulation of senescent cells, as in the skin of 
elderly, it might be detrimental. 
 
Interestingly, several miRNAs mainly selectively 
retained in senescence including miR-122-5p [71], miR-
21-3p [72] and miR-17-3p [73] are implicated with 
keratinocyte differentiation and/or proliferation, 
suggesting that senescent fibroblasts might impact on 
epidermal differentiation and function. 
 
Taken together, we conclude that miRNAs are 
specifically secreted depending on cellular conditions 
and/or external stimuli. The specific molecular mecha-
nism of selective release and retention of senescence-
associated sEV-miRNAs and the EV-SASP cross-talk 
between different cell types and its consequences in the 
context of aging and age-associated diseases, however, 
remains to be elucidated. Still, the here presented 
detailed catalogue based on human dermal fibroblast 
strains derived from three different donors builds the 
basis for such studies. Finally, we introduce sEVs and 
sEV-miRNAs as novel, bona fide members of the SASP 
to be crucially involved to maintain the anti-apoptotic 
activity of senescent cells and suggest to use the term 
‘EV-SASP’. 
 
METHODS 
 
Detailed experimental procedures are provided in the 
supplementary information. 
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Cell culture 
 
Human dermal fibroblasts (HDF) from adult skin of 
three healthy donors and human foreskin fibroblasts of 
one healthy donor were provided by Evercyte GmbH. 
Cells were grown in DMEM/Ham’s F-12 (1:1 mixture) 
(BIOCHROME, Germany) supplemented with 10 % 
fetal calf serum (FCS) and 4 mM L-Glutamine (Sigma 
Aldrich GmbH St Louis, MO, USA) at 95% air 
humidity, 7% CO2 and 37°C. 
 
Stress-induced premature senescence (SIPS) 
 
For induction of SIPS, the Hayflick limit of each of the 
here used donors was assessed and cells in the middle of 
their replicate life span were used. Two donors 
(HDF161 and HDF85) reached the end of their 
replicative lifespan very early. HDF161 at a PD of ~ 37, 
HDF85 at a PD ~ 28, while HDF76 entered replicative 
senescence at a PD ~ 53. Therefore, HDF161 and 
HDF85 in PD ~ 12 – 15 and HDF76 in PD ~ 24 – 26 
were seeded with 3500 cells/cm² one day (d) prior stress 
treatment using 9 (4 d stress – 2 d recovery – 5 d stress) 
consecutive doses of 100 µM H2O2 for one hour per day 
followed by a media change. Non-stressed control cells 
reached quiescence (Q) by contact inhibition. 
 
SIPS was confirmed with bromodeoxyuridine (BrdU) 
incorporation, senescence-associated (SA)-ß-Gal stain-
ing, CDKN1A (p21) expression and Annexin-V-PI 
staining after 7 (D7) and 21 days (D21) post stress 
treatment. See supplementary Information for detailed 
experimental procedures.  
 
Isolation of small extracellular vesicles (sEVs) 
 
Small EV Isolation was performed according to 
standards recommended from the international society 
for extracellular vesicles (ISEV) [74]. DMEM/Ham’s + 
FCS was depleted of EVs by ultracentrifugation at 
100,000 x g overnight and filtrated using 0.22 µm filter 
cups (MILLIPORE, Germany). Conditioned media 
(after 48 hours secretion) was centrifuged for 15 min at 
500 x g (Eppendorf, 5804R) to remove cellular debris at 
14,000 x g (Beckmann, Coulter, Brea, CA, USA, Avanti 
JXN-26) for 15 min, large EVs were excluded by 
filtration using 0.22 µm filter cups. On average 92 ml 
supernatant from SIPS and 75 ml supernatant from Q 
cells were filled into Quick-Seal, Polyallomer, 39 ml, 
25x89 mm tubes (BECKMANN, Brea, CA, USA). 
SEVs were enriched using a 70Ti Rotor Beckman 
coulter at 100,000 x g for 90 min (BECKMANN, Brea, 
CA, USA) and pellets in different tubes but from the 
same samples were pooled. Dependent on the subse-
quent analysis, the pellet was either resuspended in 
QIAzol reagent (Qiagen) or in filtered 1 x PBS. For 

TEM freezing and thawing was avoided. SEVs were 
isolated on D7 and D21. 
 
Biological assay – exposure to sEVs and stress 
treatment 
 
To test the biological effect of the EV-SASP, we 
selected early passage human dermal and foreskin 
fibroblasts as recipient cells. After 48 hours secretion 
into EV depleted media, the sEVs from SIPS and Q 
donor cells were freshly harvested from all three 
different fibroblast cell strains between two to four 
weeks of cellular senescence. The experiment was 
performed as followed (Fig. 4B): 
 
D -1 EV depleted media was added to donor cells of 
SIPS and Q fibroblasts for 48 hours before sEV 
harvesting. 
 
D 0 recipient dermal or foreskin fibroblasts were seeded 
into 6 well plates with 70,000 cells/well. 
 
D 1 sEVs of SIPS and Q donor cells were harvested and 
recipient fibroblasts were pre-treated with sEVs in a 
ratio of 1:1 (meaning same amount of secreting cells to 
receiving cells). 
 
D 2 sEVs were removed and recipient cells were treated 
with 200 µM H2O2 for 2 hours. Afterwards fresh sEVs 
were added again. 
 
D 3 sEVs were removed and recipient cells were treated 
with 400 µM H2O2 for 2 hours followed by a recovery 
of 3 hours. Finally, the cells were stained for Annexin-
V and with PI and were measured by flow cytometry 
(Gallios Beckman coulter, Brea, CA, USA). As a 
positive control, fibroblasts were treated with 300 nM 
Staurosporin for 24 hours. Total amount of apoptotic 
cells correspond to: Annexin positive + double positive 
(Annexin-V-PI) + PI positive cells and were quantified 
using Kaluza software (Beckman Coulter, Brea, CA, 
USA, Version 1.2). 
 
RNA Isolation 
 
Cell pellets and sEVs were lysed in QIAzol Reagent 
(QIAGEN) and RNA was automatically extracted by 
miRNeasy Mini kit (QIAGEN) based on QIAcube 
technology. To monitor isolation efficiency of sEV-
RNA, a spike-in mix containing UniSp2, UniSp4, 
UniSp5 (EXIQON, Denmark,) was added before RNA 
isolation. As total sEV-RNA amounts were too low for 
quantification by Bioanalyzer (Agilent) or with compa-
rable, more sensitive techniques such as Ribogreen 
assay, we normalized the data (i) to total viable cell 
number and (ii) to the global means of each, which is an 
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accepted method, not only in EV-research [34,74]. No 
significant differences in the global means of different 
samples were observed (Fig. S4A). 
 
Intracellular total RNA concentration and quality was 
controlled using Nanodrop spectrometer (ND-1000) and 
2100 Bioanalyzer (Agilent) using the RNA-6000 Nano 
Kit. Average RNA concentration as determined by 
Nanodrop and Bioanalyzer revealed average concentra-
tions as followed: For Q = 955 ng/µl and for SIPS = 234 
ng/µl purified in a volume of 20 µl NFW. RIN of intra-
cellular RNAs was determined by 2100 Bioanalyzer, 
revealing for Q = 7.3 and for SIPS = 7.5. For cDNA 
library preparation 1 µg of total RNA was used. 
 
cDNA synthesis 
 
Equal volumes of sEV-RNA were used for cDNA 
synthesis using Universal cDNA Synthesis Kit II 
(EXIQON, Denmark). UniSp6 and cel-miR-39 
(EXIQON, Denmark) were used to control for enzyme 
activity. cDNA was synthesized by 42°C for 60 min 
followed by heat inactivation for 5 min at 95°C. 
 
For mRNA quantification, cDNA was synthesized from 
500 ng of total RNA with the High-Capacity cDNA 
Reverse Transcription Kit including RNAse inhibitor, 
(APPLIED BIOSYSTEMS, USA) for 10 min at 25°C - 
120 min 37°C - 5 min 85°C. 
 
Quantitative Real Time PCR (qPCR)  
 
MiRNA qPCR analyses were performed using 
ExiLENT SYBR® Green master mix and LNA-
enhanced miRNA primer (EXIQON, Denmark) on a LC 
480 Real Time PCR system (ROCHE, Germany). 
Activation: Cycles 1, Analysis Mode: None, 95°C, 
10min, Ramp 4.4°C/s. Cycles: Cycles 45, Analysis 
Mode: Quantification 95°C, 10s, Ramp 4.4°C/s, 60°C, 
60s, Acquisition Mode: Single, Ramp 1.6°C/s. Melting 
Curve: Cycles 1, Analysis Mode: Melting Curves, 95°C, 
10s, Ramp 4.4°C/s; 55°C, 60s, Ramp 2.2°C/s; 99°C, 
Acquisition Mode: Continuous, Ramp 0.11°C/s, 
Acquisition per °C: 5. Cooling: Cycles 1, Analysis 
Mode: None. The second derivative method was used to 
calculate the cycle of quantification values (Ct-values). 
 
 
 
 
 
 
 
 
 

The microRNA, Ready-to-Use PCR, Human panel I+II, 
V3.R, EXIQON, Denmark, were used for a preliminary 
screening. Based on that, a customized qPCR panel was 
designed comprising 375 miRNAs and internal and 
negative controls. 
 
QPCR for mRNA was performed with 5x HOT 
FIREPol® EvaGreen® qPCR Mix Plus with ROX 
(MEDIBENA, Austria) using a Rotor-GeneQcycler. 
Determination of CDKN1A and GAPDH was quanti-
fied using Standard curves for determination of copy 
numbers in duplicates. Average expression values from 
quadruplicates were normalized to GAPDH as a 
reference gene and fold changes were calculated.  
 
Negative controls tested as NFW only, and no template 
control derived from cDNA synthesis, were below 
detection limit of qPCR (> 40). Primer used for qPCR is 
presented in Table 4. 
 
All analyses were performed in biological triplicates in 
two conditions (Q and SIPS) and two time points (D7 
and D21). In total, 12 qPCR panels were set up on three 
consecutive days. MiRNA analysis was performed 
according to the ddCT method. 
 
qPCR panel, analysis of sEVs-miRNAs  
 
Spike-ins were detected in all 384-well plates to monitor 
purification efficiency of RNA Isolation (UniSp2, 
UniSp4, UniSp5), the presence of enzyme inhibitors 
during cDNA synthesis (Unisp6 and cel-miR-39–3p) and 
equal processing of RT-qPCR amplification (interplate 
calibrator IPC - UniSp3). NFW was used to determine 
background levels of each miRNA. Constant expression 
of all spike-ins was evaluated with a range calculated by 
the difference of the highest and lowest value of all 
samples/plates. ΔCtr values below 1 define the experi-
ment to be robust and thus allow the exclusion of inter-
assay variations (for details, see manual from EXIQON, 
QC PCR panel #203887-203892, September 2014). 
 
Illumina small RNA library preparation  
 
Intracellular small RNA cDNA library for Illumina 
Sequencing  was  synthesized  according  to  the manual  
 
 
 
 
 
 
 
 
 
 

  Table 4. Primer used for qPCR. 

Gene name Sense primer Anti-sense primer 

GAPDH CGACCACTTTGTCAAGCTCA TGTGAGGAGGGGAGATTCAG 

CDKN1A (p21) GGCGGCAGACCAGCATGACAGATT GCAGGGGGCGGCCAGGGTAT 
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provided by NEBNext® Small RNA Library Prep Set 
for Illumina® (Multiplex Compatible) (NEB, E7330S). 
From initially 1 µg of total RNA, small RNA fragments 
from approximately 18 – 36 nucleotides were gel purifi-
ed on a 10% TBE Gel (Invitrogen/ Thermo Scientific, 
EC62752), quantified by 2100 Bioanalyzer (Agilent, 
Santa Clara, CA, USA) and equimolar amounts were 
pooled and sent to Exiqon (Denmark) for Illumina 
RNA-Seq. 
 
RNA isolation and cDNA library preparation were 
quality controlled prior to NGS (Fig. S5A-C). After 
adapter trimming and mapping, on average 17.6 million 
reads per sample were obtained (Fig. S5G-H). The 
entire dataset was evaluated (Table 3 and Fig. S5D-F), 
normalized to the number of total reads and 432 
miRNAs that reached at least five tags per million 
(TPM) in one donor were included into the analysis. 
 
Illumina, miRNA next generation sequencing (NGS)  
 
The cDNA library pool was used to generate the 
clusters on the surface of a flowcell and NGS was 
performed using NextSeq 500 (EXIQON, Denmark). 
The collected reads were quality controlled, aligned and 
identified miRNAs were annotated to miRBase20 by 
Exiqon. 
 
Differential expression analysis of NGS data 
 
Differential expression analysis was done using the R 
(version 3.2.2)/Bioconductor software package DESeq 
[75]. Low expressed miRNAs were first excluded from 
the analysis (TPM < 5 for all the samples). Then, the 
raw read counts were normalized using the DESeq 
normalization and a model based on negative binomial 
distribution and local regression was fitted for each 
miRNA. In the model. ‘fibroblast cell strains (n = 3)’, 
were defined as a block ‘effect’ and ‘day’ and ‘condi-
tion’ as factor of 2 levels. The Benjamini and Hochberg 
(BH) procedure [76] was applied to adjust the raw p-
values into false discovery rate (FDR). A FDR < 0.05 
was chosen as the cut-off value.  
 
Differential expression analysis of qPCR panels of 
sEV-miRNAS 
 
Ct-values were either normalized to total number of 
cells used for secretion or by the mean-centering 
restricted (MCR) normalization [34,77], also known as 
the global mean normalization. Thereby, the mean Ct-
value across all detected miRNAs of a single sample 
was subtracted from each individual miRNA. Differen-
ces in global means are presented in Fig. S4A. 
 

Both datasets were subjected to differential expression 
analysis with the R (version 3.2.2)/Bioconductor 
software package Limma [78]. A linear model was 
applied for each miRNA and moderated t-tests were 
computed. In the model, ‘fibroblast cell strains (n = 3)’, 
were defined as a ‘block effect’ and ‘day’ and ‘condi-
tion’ as factor of 2 levels. The raw p-values were 
corrected using BH method to control FDR. 
 
Statistical analysis 
 
Routine statistics 
Were either calculated with Excel or Graph Pad Prism, 
and respective tests are indicated below figures in result 
sections. Averages +/- standard error (SEM) or 
deviation (STDEV) were derived from at least 3 inde-
pendent experiments. Two tailed tests were performed 
using an error probability of 0.05. 
 
Data were tested for Gaussian distribution if possible. If 
normally distributed, two groups were compared using 
unpaired or paired student T-test using the raw values. 
One sample students T-test was used to compare ratios 
to a hypothetical value of 1, respectively. In order to 
analyze the impact of two independent factors (for 
example ‘treatment’ and ‘day’) a two-way repeated 
measures (RM) ANOVA was performed followed by 
Bonferroni post test if asked. 
 
Descriptive statistics 
ClustVis a web tool for the preparation of principal 
component 2D-biplots and heatmap analysis based on 
multivariate datasets using different R packages was 
used [79]. For all exploratory analyses, normalized Ct-
values and TPM values were used. Principal component 
analysis (PCA) of 371 extracellular miRNAs (out of 
375) was calculated by iteration of missing values with 
Nipals PCA and unit variance scaling was applied to 
rows. Heatmap preparation and unsupervised hierar-
chical clustering of secreted miRNAs was performed by 
applying correlation distance and Ward linkage. 
Samples in columns are clustered using Euclidean 
distance and Ward linkage method. 
 
PCA for intracellular miRNAs was done for 432 
miRNAs with TPM > 5 in at least one donor. We used 
Singular Value Decomposition (SVD) for imputation 
and unit variance scaling was applied on TPM values. 
Expression matrix and unsupervised hierarchical 
clustering of 432 intracellularly transcribed miRNAs 
was done by applying unit variance scaling and rows 
were clustered using Euclidean distance and Ward 
linkage. Columns are clustered using correlation 
distance and Ward linkage.  
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Correlation of intracellular and vesicular miRNAs  
 
Only miRNAs, included in the customized qPCR panels 
for determination of vesicular miRNA abundance (375) 
and corresponding intracellular miRNA expression 
obtained by NGS were selected. Prior correlation of 
intracellular and vesciular miRNAs restrictive cut-off 
criteria were applied. 
 
Quartiles from Ct-values and TPM values were 
calculated and miRNAs being low expressed (quartile 1 
corresponds to the lowest 25% of data) in NGS and 
qPCR were excluded from analysis (330 miRNAs). 
Then miRNAs giving no signal in NGS experiment 
(TPM = 0) were excluded (291 miRNAs), and finally all 
miRNAs not present in all three donors and conditions 
were excluded. Therefore, correlation was done on 228 
miRNAs.  
 
In order to reduce sequence specific bias obtained with 
NGS and qPCR, we calculated the differences in 
retaining versus specific secretion by 2 different 
approaches; (i) by ranking the miRNAs and calculating 
the change in rank within the NGS and the qQPCR 
datasets; (ii) by calculating the abundances via ratios. 
The overlap of both methods is presented as result and 
considered to be a strict way of analysis which rather 
takes the risk to miss some miRNAs than to provide 
false positives. 
 
In detail: ranks from averages were calculated from 
SIPS and Q separately. Rank order was done according 
to intracellular TPM values to identify most abundant 
miRNAs transcribed intracellularly, or according to 
vesicular Ct-values, to discover most abundantly 
present miRNAs in sEVs. By calculating Δrank 
(rankintra – rankextra) from Q and SIPS separately, 
retained (negative value of Δrank) and secreted 
miRNAs (positive value of Δrank) were identified. By 
further calculating ΔΔrank(ΔrankSIPS – ΔrankQ) and the 
25% and 75% percentiles, selectively higher secreted 
(high value of ΔΔrank) or retained (low value of 
ΔΔrank) miRNAs in SIPS were discovered.  
 
Next, we analyzed the same dataset with a different 
method to review our data, using the ‘ratio-approach’. 
For a better visualization, Ct-values were transformed to 
arbitrary units, defining a Ct-value of 40 to ‘10’ 
arbitrary units – assuming around 10 miRNA copies. 
Δratios were calculated from values intraSIPS/extraSIPS 
and intraQ/extraQ separately. Then ΔΔratios from 
ΔratioSIPS/ΔratioQ were calculated and normalized to the 
global mean of those ratios. Again, the 25% and 75% 
percentiles were calculated, and selectively higher 
secreted (high value of ΔΔratio) or retained (low value of 

ΔΔratio) miRNAs in SIPS were discovered. For Fig. 
S6D miRNAs were sorted according to ΔΔrank values 
from smallest to largest values and they were plotted 
on y-axis, ΔΔratio values were then plotted in another 
diagram (Fig. S6E) in the same order as it was sorted 
before.  
 
Pathway analysis of secretory miRNAs 
 
MiRWalk ‘microRNA- gene target’ tool [80] was used 
to find all validated targets for each of the 20 most 
highly secreted miRNAs. To evaluate the putative 
network on pathway level, enrichment analysis of 
pathway-based sets of the common regulated genes 
(targets) was performed using ConsensusPathDB [81], 
with the overrepresentation analysis tool. As input, 
HGNC symbol identifiers of our dataset were used and 
search was done against pathways with a minimal 
overlap of a p-value cutoff of 0.0001. Cytoscape [82] 
and the BisoGenet plug-in [83] was then used to 
generate a potential miRNA-regulated network using 
the list of validated targets and the modules obtained in 
the previous step. Crosstalk maps were created, linking 
curated pathways to metapathways [84–86] where 
several pathways modules share a common set of genes. 
 
Accession Number  
 
miRNA NGS data from differentially transcribed 
miRNAs in stress-induced premature senescence (SIPS) 
have been deposited to the GEO repository under the 
accession number GSE95354 https://www.ncbi.nlm.nih. 
gov/geo/query/acc.cgi?token=ytojsgmknpqbtix&acc=G
SE95354. 
 
Abbrevations 
 
BH: Benjamini and Hochberg (BH) procedure; BrdU: 
bromodeoxyuridine; CDKN2A: cyclin-dependent in-
hibitor 2A, p21CIP1; D7/21: day 7/21 after stress 
treatment/recovery; (s)EV: (small) extracellular vesicle; 
EV-miRNAs: miRNAs enclosed in extracellular 
vesicle; FC: fold change; FCS: fetal calf serum; 
FDR:false discovery rate; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; HDF: human dermal fibro-
blast; ISEV: international society for extracellular 
vesicles; MCR: mean-centering restricted normalize-
tion; NTA: nanoparticle tracking analysis, RM: repeated 
measurements; SA sEV-miRNA: Senescence-associated 
miRNAs enclosed in small extracellular vesicles; SASP: 
Senescence-associated secretory phenotype; SA-β-gal: 
Senescence-associated β-galactosidase; SIPS: stress 
induced premature senescence; SVD: singular value 
decomposition; TPM: tags per million; TSG10: tumour-
susceptibility protein. 
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Figure S1. Scheme of experimental workflow. (A) SIPS was
triggered  in  three donors of primary human dermal  fibroblasts’
(HDF) by chronic low doses of H2O2. Seven days (D7) and 21 days
(D21) after the  last H2O2 pulse,  intracellular RNA was harvested
and  cDNA  library  for  small  RNA  NGS  was  synthesized.
Correspondingly, sncRNA from small extracellular vesicles (sEVs)
was  isolated  from  conditioned  supernatants  by  differential
centrifugation.  SEV‐RNA  was  prepared  for  qPCR  panels  to
identify senescence‐associated sEV‐miRNAs. 

 

Figure S2. Data quality  control and analysis of miRNAs enclosed in small extracellular vesicles.  (A) Quality  control using
synthetic RNA‐spike‐in confirms technical coverage (ΔCtr values below 1) of screening comprising 12 samples of vesicular RNA from three
different donors and two different time points (D7 and D21). Each qPCR plate contained primer for synthetic spike in RNAs that were added
during RNA  isolation  (Unisp2, Unisp4, Unisp5) and  cDNA  synthesis  (Unisp6,  cel‐miR‐39). Additionally, each panel  included  two  interplate
calibrator (IPC) and an empty negative control. (B) Bar chart of significantly higher secreted miRNAs of SIPS HDF on D7 after the treatment.
Log2FC values  from  three biological  triplicates were calculated and plotted on y‐axis. Bars plotted on y‐axis show all miRNAs reaching an
adjusted p‐value < 0.05 after applying the BH method for FDR. On D7, 221 EV‐miRNAs passed the adjusted p‐value. Dotted lines represent
log2FC = 1.  (C) Bar  chart of  significantly higher  secreted  sEV‐miRNAs of SIPS HDF on D21 after  the  treatment. Log2FC values  from  three
biological triplicates were calculated and plotted on y‐axis. Bars plotted on y‐axis show all miRNAs reaching an adjusted p‐value < 0.05 after
applying the Benjamini Hochberg method for FDR. On D21, 321 EV‐miRNAs passed the adjusted p‐value. Dotted lines represent log2FC = 1.
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Figure S3. Pathway analysis of the EV‐SASP.  (A) Bachart shows 54 network modules with more than 50% of all associated genes
targeted by the 20 most abundantly secreted miRNAs with an adjusted p‐value < 0.0001. GO terms are plotted against their ‐log10(adj.p‐
value). Red line indicates the number of associated target genes identified within all interactions (5,437 validated targets were identified).
Color of barcharts  (blue, red, yellow, olive, avocado green, gold) correspond to one GO group that contain more GO‐Terms. Grey bars
correspond  to different GO groups  that contain only one GO  term. Abbreviation HP: Helicobacter pylori  infection.  (B) Top20  secreted
miRNAs  regulate  a  dynamic  crosstalk  of  three  prominent metapathways  and  five  common  transcription  factors  (PTEN,  P53, APAF‐1,
CDKN1B  and  MYC).  Several  gene  modules  were  detected  to  participate  repeatedly  in  several  pathways,  indicating  a  crosstalk  of
pleiotropic genes and various gene modules involved in series of cellular activities. Based on that finding, large metapathways identified a
complex  network  that  pinpoints  towards  an  interplay  between  signaling,  longevity  and  cancer  pathways, which  are  supposed  to  be
orchestrated by the secreted miRNAs and their target genes suggesting a potential anti‐apoptotic activity of the EV‐SASP on target cells.
Longevity pathways, signaling pathways and pathways in cancer are shown. Green edges represent miRNA regulation over their targets
across different pathways. Grey edges represent protein‐protein interactions and transcriptional regulation. Graphic illustrates the top 20
highly secreted miRNAs commonly targeting five transcription factors.  
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Figure S4. Calculation of Global means and changes in miRNA abundances over time in vesicles
and  intracellularly.  (A) Global mean used  for normalization. Averages of three different HDF strains +/‐
STDEV is shown. 2‐way ANOVA was used to test for condition (p = 0.73) and day (p = 0.11); (n.s) p > 0.05. (B)
21 sEV‐miRNAs of SIPS cells change  their composition over  time. Global mean‐normalized Ct‐values  from
biological triplicates were averaged and log2FC relative to day 7 recovery were calculated (p‐value < 0.05).
(C) 3 miRNAs are differentially transcribed in SIPS cells over time. Intracellular miRNA transcription relative
to day 7 was calculated from NGS data. miRNAs with an adj. p‐value < 0.05 were taken into account. 
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Figure S5. Data quality control of cDNA  library preparation and NGS carried out by Exiqon.  (A) Representative picture of
cDNA  library after adapter  ligation and PCR amplification measured with Agilent Bioanalyzer2100. Bound and  free adapter dimers are
visible. Peak for sncRNAs is indicated. (B) Representative pictures of cDNA library separated on a 10% TBE Gel. Fragments corresponding
to sncRNAs from approx. 18 to 36bp were cut (left: before cutting. Right: after cutting). (C) Representative picture of cDNA library after
gel purification analyzed with Agilent Bioanalyzer2100 shows the sncRNA peak but no adapter fragments. (D) Representative pictures of
average read Q‐scores from data quality control after NGS. All data have a Q‐score > 30 (red line), indicating more than 99.9% accuracy of
base calling. (E) Blue bars show percentage of reads with the indicated score. (F) Read length distribution after adapter trimming reveals
a prominent miRNA peak with 18‐22 nt and few longer sequences of 30 – 50 nt belonging to other ncRNAs such as tRNAs, rRNAs, ect. (G)
Total mapped  reads  of  sequencing.  Reads were  annotated  to miRBase20  and  classified  according  to  the  following  categories:  ‘not
aligned’, ‘outmapped’, ‘genome‐mapped’,smallRNA’ and ‘miRNA’. (H) % of total mapped reads. Reads were annotated to miRBase20 and
classified according to the following categories: ‘not aligned’, ‘outmapped’, ‘genome‐mapped’, ‘smallRNA’ and ‘miRNA’. 



www.aging‐us.com  1130  AGING 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S6. (A) Venn diagram of the top 20 abundantly transcribed miRNAs in cells from Q and SIPS cells, sorted by ranks, used to identify
commonly transcribed miRNAs in HDF. (B) Venn diagram of the top 20 abundant sEV‐miRNAs secreted from Q and SIPS cells, sorted by
ranks, used  to  identify  commonly  secreted  sEV‐miRNAs of HDF.  (C) Positively  (‘mirroring effect’ of  inside and outside) and negatively
matching miRNAs are identified by building the intersection from A + B.  26.5% matching miRNAs were found. (D) Specifically senescence‐
associated secreted (high values) or retained (low values) miRNAs are identified by the rank method. ΔΔrank values were calculate from
Δrank  values  derived  from Q  and  SIPS  separately. High  ΔΔranks  indicate  ‘secreted’  and  low  ΔΔranks  indicate  ‘retained’.  Bubble  size
corresponds to the average expression value from the transformed Ct‐values. Dotted lines represent the 25% and 75% percentiles, which
defines  the  cut‐off  for  specifically  secreted  and  retained miRNAs  in  SIPS  .ΔΔrank:  25%:  8.0; Median:  ‐0.5;  75%:  9.0;  (E)  Specifically
senescence‐associated  secreted  (high  value)  or  retained  (low  value)  miRNAs  are  identified  by  the  ratio  method.  Ratios  between
intracellular  and  vesicular  values  are  calculated.  By  further  calculating  and  normalizing  ΔΔratios,  specifically  senescence‐associated
secreted (high values) or retained (low values) miRNAs are identified. Due to differences in units, it is not possible to set the threshold to
1. Results are sorted from smallest to largest. They are plotted in the same manner as it resulted after sorting of ΔΔratios and appear in a
similar shape as in (D), indicating that we identified a similar set of miRNAs. High ΔΔranks indicate ‘secreted’, and low ΔΔranks indicate
‘retained’. Bubble size corresponds  to average expression value  from  transformed Ct‐values. Dotted  lines  represent  the 25% and 75%
percentiles, which define the specifically secreted and retained miRNAs in SIPS ΔΔratio: 25%: 0.7099; Median: 0.927; 75%: 1.186. 
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Supplementary Methods 
 
Annexin-V-PI staining 
 
For staining of apoptotic cells, the Pacific Blue™ 
Annexin-V Kit (Biolegend, San Diego, CA, USA, 
640918) was used. Cells and supernatants were 
harvested, pooled, centrifuged at 200 x g for 10 minutes 
(min) and pellets were washed twice with Annexin-V 
binding buffer (10 mM Hepes/NaOH pH 7.4, 140 mM 
NaCl, 5 mM CaCl2). After centrifugation at 500 x g, the 
pellet was resuspended and incubated for 15 min in 
Annexin-V/PI staining solution (250 ng/mL propidium 
iodide PI, Sigma Aldrich GmbH, St Louis, MO, USA 
P4864, 200 ng/mL Pacific Blue, diluted in Annexin-V 
binding buffer). The analysis was performed on a 
Gallios flow cytometer (Beckman coulter, Brea, CA, 
USA) using an excitation wavelength of 488 nm and a 
600 nm emission filter for detection of PI (FL-3) and an 
excitation of 405 nm and a 450/50nm emission filter for 
Pacific-Blue-Annexin (FL-9). Cells treated with 300 
nM Staurosporin for 24 hours were used as a positive 
control. Flow cytometry data were analyzed with 
Kaluza software (Beckman Coulter, Brea, CA, USA, 
Version 1.2). 
 
BrdU incorporation 
 
In order to verify growth arrest, cells were incubated for 
24 hours with 10 µM BrdU (Sigma Aldrich GmbH, St 
Louis, MO, USA, B5002). The cells were harvested by 
trypsinization, centrifuged at 170 x g for 5 min and the 
pellet was fixed with ice cold 70% ethanol for at least 
one hour at 4°C. Cells were permeabilized for 30 min 
with 2 M HCl and 1% Triton X-100 (Sigma Aldrich 
GmbH, St Louis, MO, USA, X100), followed by 
neutralization with 0.1 M Na-Borat, pH 8.5. Pellets 
were resuspended in TBS (0.5% Tween20, 1% BSA in 
1 x PBS) containing anti-BrdU antibody 1:50 (BD 
Biosciences, USA, 347580) and incubated for 30 min. 
After washing with TBS and counterstaining with anti-
mouse FITC-conjugated antibody 1:100 (Sigma 
Aldrich GmbH, St Louis, MO, USA F8264) for 30 
minutes, the pellet was washed with TBS and 
resuspended in1 x PBS with 2.5 µg/ml PI (Sigma 
Aldrich GmbH, St Louis, MO, USA, P4864). For 
compensation, cells were stained with either PI or BrdU 
alone. The analysis was performed by flow cytometry 
(Gallios Beckman coulter, Brea, CA, USA), using an 
excitation wavelength of 488 nm and a 600 nm 
emission filter for detection of PI (FL-3) and a 535 nm 
filter for BrdU-FITC (FL-1). Proliferating cells were 
used as positive controls. Flow cytometry data were 
analyzed with Kaluza software (Beckman Coulter, Brea, 
CA, USA, Version 1.2). 

Senescence associated (SA) ß-Gal staining 
 
SIPS HDF and sub-confluent HDF at the middle of their 
replicative lifespan were stained according to the 
standard protocol described by Dimri et al. 1995 [1]. 15 
pictures per well were taken at 100 x magnification and 
after randomization and blinding, SA-ß-Gal positive 
and negative cells were counted.  
 
Nanoparticle tracking analysis 
 
Experiments related to sEV Isolation were performed 
according to standards recommended from the 
inter-national society for extracellular vesicles 
(ISEV) [2]. 
 
For determination of size and concentration of vesicles, 
the ZetaView® system (Particle Metrix, Meerbusch, 
Germany) was used. After calibrating the system with 
110 nm polystyrene standard beads (Particle Metrix, 
Meerbusch, Germany), vesicles resuspended in 1000 µl 
after ultracentrifugation were diluted 1:200 in filtered 1 x 
PBS and 3 consecutive measurements were perform-ed. 
Camera sensitivity was adjusted to fit the highest and 
lowest concentrated sample into the dynamic range and 
all samples were measured with the same dilution and 
settings. Settings: Gain 904, 98; Offset 0. Measurements 
were taken at two different camera positions and a total 
of ~1x1010 particles/cm² were tracked, which corresponds 
to 150 – 400 counted particles per measurement. Particles 
secreted per cell were calculated using the cell number 
measured with an automated cell counter, Vi-CELL XR 
(Beckman Coulter, Brea, CA, USA). Categories of 
particle size determination was defined by the device. 
Categories below 15 nm, 15 nm, 45 nm, 105 nm, 135 nm, 
165 nm, 195 nm and bigger than 225 nm are shown.  
 
Electron microscopy 
 
SEVs for Transmission Electron microscopy (TEM) 
were freshly prepared. Solutions used for the staining 
procedure were pre-filtered using 0.22 µm filter units 
(Millipore, Germany, SCGPU05RE). SEVs were 
adhered on Athene Old 300 mesh copper grids (Agar 
Scientific, Stansted, Essex, UK) and fixed with 1% 
glutaraldehyde. After washing three times with nuclease 
free water, vesicles were stained for 5 min with 2% 
phosphotungstic acid hydrate (Carl Roth, Karlsruhe, 
Germany). The grids were left to dry and the specimens 
were visualized using TEM (FEI Tecnai T20, FEI 
Eindhoven, Netherlands) operated at 160 kV. 
 
Protein quantification, western blot and antibodies 
 
Vesicles and corresponding cells were lysed in 1 x TNE 
buffer (2 x TNE: 100 mM Tris/HCl, pH 8.0, 300 mM 
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NaCl, 1 mM EDTA, 2 % Triton X-100) to quantify 
membrane markers of sEVs. Protein content of lysates 
was quantified with the Pierce® BCA Protein Assay Kit 
(Thermo Scientific, USA, 23227) according to 
manufacturer’s recommendations and equal amounts of 
protein were loaded onto the gel (20 µg). For SDS page 
and subsequent western blotting, samples were 
resuspended in SDS loading dye (4 x SDS loading dye: 
240 mM Tris/HCl, pH 6.8, 8% SDS, 40% glycerol, 
0.05% bromophenolblue, 5% ß-Mercaptoethanol), 
sonicated and heated to 95°C. Then, samples were 
separated on a NuPAGE 4–12% Bis/Tris polyacryla-
mide gel (Invitrogen/Thermo Scientific, USA, 
10472322) at 200V and proteins were transferred to a 
PVDF membrane (Biorad, Hercules, CA, USA, 170-
4156) in a BioRad SemiDry Blotting System at 1.3A 
25V for 7 minutes. Membranes were incubated with 
antibodies targeting TSG101 1:2000 (Abcam, 
ab125011) and GAPDH 1:1000 (pierce, MA5-15738). 
Proteins were detected using secondary antibodies for 
IRDye® 800CW Donkey anti-Rabbit IgG, 0.5 mg (LI-
COR Biosciences, USA, 926-32213) and IRDye® 
680RD Donkey anti-Mouse IgG, 0.5 mg (LI-COR 
Biosciences, USA, 926-68072) with a 1:10000 dilution 
using the Odysee (LI-COR Biosciences, USA) infrared 
image system. All antibodies were diluted in 3% milk-
powder dissolved in 1 x PBS with 0.1% Tween-20 
(Sigma Aldrich GmbH, St Louis, MO, USA, P2287).  
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ABSTRACT
Soon after microRNAs entered the stage as novel regulators of gene expression, 

they were found to regulate -and to be regulated by- the development, progression 
and aggressiveness of virtually all human types of cancer. Therefore, miRNAs in 
general harbor a huge potential as diagnostic and prognostic markers as well as 
potential therapeutic targets in cancer. 

The miR-17-92 cluster was found to be overexpressed in many human cancers 
and to promote unrestrained cell growth, and has therefore been termed onco-miR-1. 
In addition, its expression is often dysregulated in many other diseases. MiR-17-5p, its 
most prominent member, is an essential regulator of fundamental cellular processes 
like proliferation, autophagy and apoptosis, and its deficiency is neonatally lethal in 
the mouse. Many cancer types are associated with elevated miR-17-5p expression, 
and the degree of overexpression might correlate with cancer aggressiveness and 
responsiveness to chemotherapeutics – suggesting miR-17-5p to be an alarm signal. 
Liver, gastric or colorectal cancers are examples where miR-17-5p has been observed 
exclusively as an oncogene, while, in other cancer types, like breast, prostate and 
lung cancer, the role of miR-17-5p is not as clear-cut, and it might also act as tumor-
suppressor. 

However, in all cancer types studied so far, miR-17-5p has been found at elevated 
levels in the circulation. In this review, we therefore recapitulate the current state 
of knowledge about miR-17-5p in the context of cancer, and suggest that elevated 
miR-17-5p levels in the plasma might be a sensitive and early alarm signal for cancer 
(‘alarmiR’), albeit not a specific alarm for a specific type of tumor.

INTRODUCTION

The role of miRNAs in human development, 
homeostasis and disease is by now well acknowledged. 
Especially in the context of cancer, a large set of studies 
has by now accumulated which shows the role of some 
miRNAs as bona fide oncomiRs. Among these, the 
miRNA-17-92 cluster seems of special interest as it has 
been the first oncomiR to be described, but one of the 

cluster members, miR-17-5p, has also been found to 
decrease with aging and might even prolong the life span 
of mice upon overexpression. With this in mind, we set 
out to summarize the current knowledge of miR-17-5p in 
the context of cancer. We thereby surprisingly found that 
it is elevated in the serum or plasma of a large variety of 
solid and hematologic tumor types, which prompts us to 
here postulate a function of circulating miR-17-5p as an 
alarm signal that is sensitive for tumors in general, albeit 
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not specific for a defined tumor type. Such a biomarker, 
however, might be useful to prompt physicians to demand 
a thorough clinical check-up of individuals for early 
cancer detection. 

Biogenesis and function of miRNAs

MiRNAs are a class of small non-coding silencing 
RNAs of approximately 22 nucleotides in length which have 
a significant role in regulating gene expression. miRNAs 
bind to complementary regions in the mRNAs of protein-
coding genes and mediate translational silencing or decay 
of their targets. miRNAs are encoded by intergenic regions 
or by intronic or even exonic regions of other genes and 
transcribed as a long primary miRNA (pri-miRNA) and 
processed to precursor miRNA (pre-miRNA) in the nucleus 
by Drosha [1]. Then they are exported to the cytoplasm 
by Ran-GTP and Exportin-5 where they are processed to 
mature microRNA (miRNA) by the type III RNAse Dicer 
[2, 3] (Figure 1). Members of a specific cluster can also be 
processed in a context-dependent manner, as explained by 
Cáceres JF et al., where miR-18a stability is changed by 
hnRNP A1 (Heterogeneous Nuclear Ribonucleoprotein A1) 
in comparison to the other cluster members [4]. The first 
miRNA discovered was lin-4 in Caenorhabditis elegans 
[5] and was at first considered a nematode peculiarity. Only 
after discovery of let-7 and determination of its evolutionary 
conservation [6] was the door opened for the discovery of 
a whole new world of non-coding RNAs (ncRNAs) well 
beyond tRNAs, snRNAs or snoRNAs, comprising so far 
more than 2500 known mature miRNAs produced from 
nearly 2000 individual miRNA precursors in the human 
genome. Gradually, miRNAs turned out to form an entirely 
new layer of complexity that modulates and regulates 
virtually all aspects of cellular and organismal life. 

miRNAs regulate gene expression of target genes 
post-transcriptionally by a ‘loose specificity binding’ 
manner. This binding depends on the “seed” region 
consisting of nucleotides 2–8 of the miRNA, and 
additional interactions with other regions of the miRNA 
stabilizes this interaction [7]. Thus, one miRNA is able to 
regulate up to 100 mRNA targets and therefore potentially 
orchestrates a large variety of cellular processes similar 
to transcription factors [8–10] and post-transcriptional 
operons [11]. There are two proposed models of how 
miRNAs target mRNAs, the standard model and the 
expanded model [12–15].

According to the “standard” model, miRNA and 
target mRNA form exact, that is, Watson–Crick base 
pairs absent of any bulges and wobbles in the seed region. 
The “expanded” model additionally allows wobble base 
pairing between U and G and creation of bulges either on 
the miRNA or the target mRNA side. Members of miR-17-
92 cluster have at least two G/U bases in their seed region 
and therefore potentially bind to their targets according to 
the expanded model.

One of the best-studied set of miRNAs so far are 
the miR17-92 cluster members. This cluster contains 6 
miRNAs with each of them having specific roles. Here in 
this review we focus on one of its member, miRNA-17-5p, 
and present current state of knowledge in the context of 
cancer, plasma or serum levels for specific type of tumors 
making it an ‘alarm signal’ for early detection of tumors.

Circulating miRNAs

Over the past decade, circulating miRNAs have 
emerged as promising biomarkers for a broad spectrum 
of age-associated diseases. In one cross-sectional study, 
circulating miRNA profiles were able to discriminate 
osteoporotic fracture patients from non-fractured 
individuals [16]. In the circulation miRNAs are rescued 
from RNase degradation either by extracellular vesicles 
(EVs), by RNA-binding proteins or by associating with 
apolipoproteins. EVs like exosomes (30–100 nm), or 
microvesicles (100–1000 nm) play an important role in 
cell-to-cell communication by carrying miRNA, proteins, 
metabolites etc., from the cell of origin to a target cell. EVs 
can be loaded with miRNA and released into circulation 
by mechanisms like the ceramide-dependent secretory 
machinery, the tetraspanin or ESCRT (endosomal sorting 
complexes required for transport) transport machineries. 
However, not all the circulatory miRNAs are loaded into 
EVs, as a large number of miRNAs in the circulation 
are associated with Ago2 (Argonaute 2) protein, one of 
the subunit of the RNA-induced silencing complex [17]. 
Alternatively, miRNAs can be associated with HDL 
(High-density Lipoprotein) molecules which not only 
transport, but also target miRNAs to their recipient [18] 
(Figure 1).

Transcriptional regulation and target mRNAs of 
miRNA-17-92 cluster and miR-17-5p

Transcriptional regulation of the miRNA-17-92 cluster

The locus of the miR-17-92 cluster is on 
chromosome 13 in the non-protein-coding gene MIR17HG 
(the miR-17-92 cluster host gene) within the open reading 
frame 25 (C13orf25). The miR-17-92 cluster transcript 
comprises six miRNAs - miR-17-5p, miR-18a, miR-
19a, miR-20a, miR-19b-1 and miR-92a-1 - and is highly 
conserved among vertebrates [19, 20]. Expression of 
miR-17 as well as its seed region is strongly conserved 
in higher animals. In humans paralogous versions are 
present in the miR-106a-363 and miR-106b-25 clusters 
which have supposedly been formed by intra-genomic 
gene duplication as reviewed previously [21].

Several transcription factors are involved in 
miRNA-17-92 cluster transcriptional activation. One well 
known transcriptional factor which regulates miR-17-92 
cluster is the transcription factor c-Myc, an important 
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proto-oncogene. C-myc is known to regulate 10–15% 
of genes in the human genome which are involved in a 
wide variety of functions like cell cycle, apoptosis, energy 
metabolism and macromolecular synthesis. In human 
cancer, c-myc mutations are most frequent [22, 23, 24]. 
C-myc not only activates the miR-17-92 cluster but 

simultaneously also prevents the abundance of mRNA 
by a negative feedback loop targeting genes which are 
also known or predicted targets of the miR-17-92 cluster 
like RPS6KA5 (ribosomal protein S6 kinase, 90 kDa, 
polypeptide 5), BCL11B (B-cell CLL/lymphoma 11B), 
PTEN and HCFC2 (host cell factor C2) [25, 26].

Figure 1: miRNA biogenesis and release into circulation. Transcribed primary miRNA (Pri-miRNA) processed to precursor 
miRNA (Pre-miRNA) in the nucleus is exported to cytoplasm by exportin-5. In the cytoplasm pre-miRNA is processed to mature miRNA by 
Dicer. The mature miRNA further (1) can target the mRNA in cytoplasm, or bind to RNA-binding protein Ago-2 and release to circulation 
via (2) loading the miRNA-Ago2 complex to microvesicles which are formed by budding of plasma membrane or (3) loaded in to smaller 
vesicles called exosomes which are formed by endosomal invagination, can form multivesicular bodies (MVB) and upon fusion of MVBs to 
plasma membrane exosomes are released into circulation or (4) miRNA-Ago2 complex can directly interact with high-density lipoproteins 
(HDL) and be released into circulation.
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In addition, the E2F family of transcription factors 
like E2F1, E2F2 and E2F3 activates the genes that are 
involved in cell progression from G1 to S phase and 
are reported to be direct targets of miR-17-92 cluster. 
In parallel, there is a tight regulatory loop where E2F1 
and E2F3 in specific can induce the transcription of the 
miR-17-92 cluster. Aurora kinase A (AURKA), a serine/
threonine kinase is overexpressed in many cancer types. 
AURKA is a known upstream regulator of E2F1 by 
inhibiting it’s proteosomal degradation, thus promoting 
expression of the mir-17-92 cluster [27]. miR-17-5p and 
miR-20a in turn negatively regulate E2F1 expression [28].

In contrast, p53 acts as negative regulator of miR-
17-92 cluster transcription. Under hypoxic conditions p53 
represses transcription of the miR-17-92 cluster promoting 
hypoxia induced apoptosis [29]. In addition, the ENCODE 
(Encyclopedia of DNA Elements) project revealed 
additional transcriptional factors like BCL3 (B-cell CLL/
lymphoma 3), IRF1 (Interferon Regulatory Factor 1), SP1 
(Sp1 transcription factor), TAL1 (T-cell acute lymphocytic 
leukemia 1) and ZBTB33 (zinc finger and BTB domain 
containing 33) regulating the miR-17-92 cluster [30] (also 
reviewed by Mogilyansky & Rigoutsos [31] and Dellago 
et al. [21]). 

In terms of ubiquitous transcription of miR-17-
5p, it was found to be expressed in all 40 different 
normal human tissues tested including brain, muscle, 
circulatory, respiratory, lymphoid, gastrointestinal, 
urinary, reproductive and endocrine systems [32]. High 
level of expression was observed in thymus and lowest in 
PBMCs (peripheral blood mononuclear cells). Expression 
of miR-17-3p is approximately half of the level of miR-
17-5p except for PBMCs, where expression was below 
detection limits [32]. MicroRNA expression and sequence 
analysis database (mESAdb) [33], which integrates data 
from several databases like e.g. the one by Basekerville 
and Bartel [34] substantiates these findings and emphasize 
the importance of miR-17-5p in all tissues.

Targets of miR-17-92 cluster and miR-17-5p

Experimentally confirmed targets of the miR-17-
92 cluster are PTEN and E2Fs in the context of cell cycle 
progression and apoptosis [35]. Various studies report a 
wide range of targets of the miR-17-92 cluster like members 
of the TGFß (transforming growth factor-β) signaling 
pathway [36], BCL2L11 (BCL2 Like 11), IRF1, JAK2 
(Janus Kinase 2), PKD1 (Polycystin 1, Transient Receptor 
Potential Channel Interacting), PKD2 (Polycystin  2, 
Transient Receptor Potential Cation Channel), RBL1 
(RB Transcriptional Corepressor Like  1), and STAT3 
[37–40]. Heinrich Kovar et al. elucidated the targets of 
miR-17-92 cluster in Ewing sarcoma and found CTGF 
(Connective Tissue Growth Factor), FOSL2 (FOS Like 
2, AP-1 Transcription Factor Subunit), GBP3 (Guanylate 
Binding Protein 3) and SERPINE1 (Serpin Family E 

Member 1) are effectively targeted by cluster [41]. It 
was reported by Felsher et al. that miR-17-92 cluster 
can target specific chromatin regulatory genes, such as 
Sin3b (SIN3 transcription regulator family member B; 
a transcriptional repressor for MYC-responsive genes), 
Hbp1, Suv420h1 (suppressor of variegation 4–20 homolog 
1; a histone methyltransferase, targeted to histone H3 by 
retinoblastoma proteins), and Btg1 (B-cell translocation 
gene 1, anti-proliferative; a regulator of cell growth and 
differentiation) [42], as well as the apoptosis regulator Bim 
(Bcl-2 interacting mediator of cell death; an activator of 
neuronal and lymphocyte apoptosis) [42–44]. miR-17-92 
cluster seems to target the genes involved in maintenance 
of cell proliferation and survival. We summarize confirmed 
targets of miR-17-5p by luciferase reporter assay in Table 1. 

miR-17-5p: a link between proliferation, cancer 
and aging

miR-17-5p plays a different role in cancer and 
aging. Aging is a well known risk factor for many types of 
cancer prognosis. Inhibition of mTOR (mammalian target 
of rapamycin) slows aging and postpones age-related 
diseases like diabetes, cancer and cardiovascular diseases 
and widely accepted aging model [45] by activating 
autophagy. Autophagy helps in clearance of unnecessary 
molecules or organelles and nutrient provision by 
degradation of intracellular pathogens where autophagic 
potential was lost in normal and premature aging [46]. 
During the process of aging, autophagy maintains 
cellular function by removing protein aggregates and 
allowing degradation of aged cellular components [45]. 
Two regulatory loops exist where mTOR is inhibited in 
autophagy. On the one hand, miR-17-5p inhibits mTOR 
by inducing MKP7 (Mitogen-Activated Protein Kinase 
Phosphatase 7) via targeting ADCY5 (Adenylate Cyclase 
5): Upon dephosphorylation of mTOR by MKP7, mTOR 
dimerizes with PRAS40 (40-kDa proline-rich AKT 
substrate) and gets inhibited [21, 47]. On the other hand 
miR-17-5p targets IRS1 thus activating AMPK (AMP-
activated protein kinase) which stops phosphorylation 
of ULK1 (Unc-51 like autophagy activating kinase 1) by 
mTOR and promotes formation of ULK1-ATG13-FIP200 
(ATG13, autophagy related 13; FIP200, focal adhesion 
kinase family kinase-interacting protein of 200 kDa) 
complex required for the initiation of autophagy, a major 
complex involved in the formation of autophagosome 
[21]. 

In many types of cancer deregulation of mTOR is 
observed, which is a central regulator of cell proliferation. 
mTOR inhibitors like Rapamycin and its analogs are 
widely used as potential anti-tumour agents, some already 
approved for clinical use in cancer therapy. mTOR 
plays an important role in cell physiology and tissue 
maintenance, and use of its inhibitors like rapamycin 
leads to up-regulation of the miR-17-92 cluster and down-
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regulation of tumor suppressors [48]. Inhibitors of miR-
17 could potentially serve as adjuvants in chemotherapy 
as oncogenic miRNAs like miR-17 are upregulated 

in rapamycin-resistant cells and inhibition of miR-17 
restored rapamycin sensitivity. For details on miR-17-5p’s 
role in aging, please refer to a recent review [21].

Table 1: Validated gene targets of miR-17 and pathways affected by their regulation in cancers
Pathology Process Pathways affected Targets of miR-17 References

Aging Autophagy MKP7/mTOR pathway ADCY5 [47]
Organ aging Autophagy FoxO3a and LC3B pathways IRS-1 [47]

Heart failure Matrix remodelling TIMP1, TIMP2 [126]
Cardiac aging Par4/CEBPB/FAK signalling Par-4 [127]

Prostate cancer Tumor suppressor antioxidant pathway in 
mitochondria

MnSOD, Gpx2, 
TrxR2

[118]

Cell proliferation and invasion 
(Metastasis)

Matrix Metallopeptidase 
regulation

TIMP3  [117]

Hepatocellular 
carcinoma

Cell proliferation and migration 
(Metastasis)

PI3K pathway, glycosylation PTEN, GalNT7, 
vimentin

[28, 63]

Cell proliferation and migration 
(Metastasis)

p38-HSP27 signalling E2F1 [63]

Breast cancer Cell migration and invasion Wnt/β-catenin pathway HBP1    [67]
Tumor suppressor (growth 
arrest)

IGF-1/AIB1 pathway AIB1, E2F1 [68]

Tumor suppressor Translation initiation PDCD4 [70]
Tumor suppressor Cell cycle CCND1 [71]
Tumor suppressor PI3K pathway PTEN [70]

Lung cancer Apoptosis Initiation of autophagy Beclin-1   [80]
Gastric cancer Inhibition of apoptosis cell proliferation TP53INP1, P21 [86]

Cell proliferation and migration TGFß TGFBR2 [88]
Cell proliferation Cytokine mediated signalling SOCS6 [87]

Colorectal 
cancer

Cell proliferation and invasion 
(Metastasis)

GABBR1 signalling GABBR1 [98]

Cell cycle progression Cytoskeletal organization RND3 [97]
Osteosarcoma Cell proliferation and 

differentiation
Wnt/β-catenin pathway SMAD7   [105]

Cell migration and invasion Akt pathway BRCC2 [106]
Leukaemia Cell differentiation Cytokine mediated signaling: 

JAK-STAT pathway
STAT3 [111]

Abbreviations: ADCY5, Adenylate Cyclase 5; AIB1, Amplified in breast cancer 1; BRCC2, Breast Cancer Cell Protein 
2; CCND1, Cyclin D1; E2F1, E2F Transcription Factor 1; CEBPB, CCAAT/Enhancer Binding Protein Beta; FAK, Focal 
Adhesion Kinase; FOXO3a, Forkhead Box O3; GABBR1, Gamma-Aminobutyric Acid Type B Receptor Subunit 1; GalNT7, 
Polypeptide N-Acetylgalactosaminyltransferase 7; GPX2, Glutathione Peroxidase 2; HBP1, HMG-Box Transcription Factor 
1; HSP27, Heat Shock 27kD Protein 1; IGF-1, Insulin Like Growth Factor 1; IRS1, Insulin Receptor Substrate 1; LC3B, 
Microtubule Associated Protein 1 Light Chain 3 Beta; MKP7, Mitogen-Activated Protein Kinase Phosphatase 7; MnSOD, 
Mitochondrial Superoxide Dismutase 2; mTOR, Mechanistic Target Of Rapamycin; PAR4, Prostate Apoptosis Response 4 
Protein; PDCD4, Programmed Cell Death 4; PI3K, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase; PTEN, Phosphatase 
And Tensin Homolog; RND3, Rho Family GTPase 3; SOCS6, Suppressor Of Cytokine Signaling 6; SMAD7, SMAD Family 
Member 7; STAT3, Signal Transducer And Activator Of Transcription 3; TGFBR2, Transforming growth factor-β receptor 
2; TIMP1, TIMP Metallopeptidase Inhibitor 1; TIMP2, TIMP Metallopeptidase Inhibitor 2; TIMP3, TIMP Metallopeptidase 
Inhibitor 3; TP53INP1, Tumor Protein P53 Inducible Nuclear Protein 1; TXNRD2, Thioredoxin Reductase 2.
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miR-17-5p and its role in cancer

Evidence from many different tumors support the 
idea that miR-17-5p is an oncogene, even though its 
other cluster member, miR-18a is considered the most 
oncogenic [49]. Large-scale miRnome analysis on 540 
samples including lung, breast, stomach, prostate, colon 
and pancreatic tumors identified miR-17-5p as upregulated 
in all solid tumors [50]. Its overexpression in hamster 
derived tumor cells also increases proliferation and protein 
production [51]. Due to the oncogenic properties of the 
miR-17-92 cluster, its members were also considered to 
be oncogenic. By now a more differentiated view has 
emerged, as miR-17-5p alone, by stimulating T cells 
can suppress cancer growth [52], while still able to drive 
hepatocellular carcinoma in a transgenic mouse model. In 
addition, it seems to have metastasis suppressor functions 
as well, at least by suppressing epithelial-to-mesenchymal-
transition (EMT) and increasing tissue adherence and thus 
potentially inhibiting metastatic spreading of basal-like 
breast tumor cells [53]. On the other hand overexpression 
of miR-17 promotes the cancer cell migration by 
reducing cell adhesion and promoting cell detachment 
in immortalized rat prostate endothelial cells [54]. It was 
found that patients suffering from several different types 
of cancer have high circulating miR-17-5p levels in serum 
[55, 56], implying that increased serum levels of miR-17-
5p could be an alarm signal for different types of cancers. 
Hence oncomiR-17-5p might be termed ‘alarmiR’. 

The effect of miR-17-5p is highly dependent on 
many factors like type of cancer, model systems used 
and constructs used in model systems for knockdown 
or overexpression, as well as on the relative expression 
levels of miR-17-3p and miR-17-5p which was discussed 
in few cancer types where miR-17-3p did have synergistic 
or rescue effect. While we here focus on the role of the 
single miR-17-5p in formation and progression of distinct 
cancer types, Xiang and Wu [57] have reviewed the tumor-
suppressive and tumorigenic properties of the miR-17-92 
cluster as a whole. 

Hepatocellular carcinoma

Emerging evidence indicates that the miR-17-92 
cluster and specifically miR-17-5p play an important role 
in carcinogenesis in the liver.

A liver-specific miR-17-92 transgenic mouse 
showed significantly increased hepatocellular cancer 
development. These results were complemented by 
overexpression of the miR-17-92 cluster in cultured 
human hepatocellular cancer cells, which enhanced 
proliferation, colony formation and invasiveness in vitro, 
whereas inhibition of the miR-17-92 cluster had the 
opposite effect [58]. 

MiR-17 might be largely responsible for the effect 
of the cluster, since overexpression of pre-miR-17 in 

a transgenic mouse model results in hepatocellular 
carcinoma (HCC). In addition, both miR-17-5p and miR-
17-3p are abundantly processed from precursor miR-17 
and have synergetic effects on developing HCC by binding 
different targets on different signaling pathways: miR-17-
5p targets PTEN, one of the most frequently lost tumor 
suppressor in human cancers, while miR-17-3p represses 
expression of vimentin, an intermediate filament with the 
ability to modulate metabolism, and GalNT7, an enzyme 
that regulates metabolism of liver toxin galactosamine. 
These three proteins work in separate signaling pathways, 
but independently contribute to regulating proliferation 
and migration [59]. Thereby, miR-17-5p also targets the 
long non-coding RNA PTENP1, a pseudogene of PTEN. 
When overexpressed, PTENP1 sequesters miR-17, which 
would otherwise target PTEN and the negative Akt-
regulator PHLPP (PH Domain And Leucine Rich Repeat 
Protein Phosphatase). Hence PTENP1 functions as miR-17 
antagonist, representing an appealing approach for HCC 
treatment based on miR-17 function in tumorigenesis [60].

MiRNA-17-5p expression is highly elevated in 
patient-derived HCC tissues, especially in metastasis 
derived tissues when compared to controls [61]. This 
correlates with the observation that serum levels of 
circulating miR-17-5p were upregulated in a relapse group 
of patients and downregulated in the post-operative group. 
In addition, serum levels of miR-17-5p were associated 
with metastasis status and staging, suggesting that the 
miRNA in the serum indeed is tumor cell derived [62].

HCC cell lines overexpressing miR-17-5p injected 
either subcutanously or into the livers of nude mice 
generating an orthotopic intrahepatic tumor model, miR-
17-5p supported tumor growth and intrahepatic metastasis 
[63]. This was due to activating the p38 MAPK-HSP27 
pathway by directly targeting the transcription factor 
E2F1, a transcriptional regulator of Wip1, which 
dephosphorylates and thus deactivates p38 (Figure 2). The 
p38 MAPK-HSP27 pathway mediates miR-17-5p’s effect 
on migration, but, however, is not involved in its effect on 
proliferation. 

Summarized, miR-17-5p possesses oncogenic 
activity in the context of hepatocellular carcinoma.

Breast cancer

Cumulative data clearly point to a role of miR-17-5p  
in the development and progression of breast cancer, and 
is currently being explored as biomarker for diagnosis, 
prognosis and therapeutic target. 

qPCR-based miRNA expression profiling revealed 
that miR-17-5p, miR-18a-5p and miR-20a-5p exhibit 
enhanced expression in tissue samples derived from triple-
negative as compared to luminal A breast tumors, which 
are less aggressive and have much better prognosis as 
well as lower recurrence rate [64]. In addition, Lehmann 
and co-workers studied miR-17 -among other miRNAs- 
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as potential molecular marker to evaluate grade, receptor 
status and molecular type in breast cancer. Six miRNAs 
and five mRNAs were analyzed pairwise and examined 
for a possible correlation with histological breast cancer 
groups. The miR17/miR27b pair best discriminated 
samples with different tumour grades, but others correlated 
better with lymph node status, tumor size and oestrogen/
progesterone receptor status, so that multiple marker pairs 
are required to characterize a tumor sample [65]. 

For a comprehensive review on the use of miRNAs 
as biomarkers for prognosis, diagnosis, therapeutic 

prediction and therapeutic tool in breast cancer, please 
refer to Bertoli et al. [66], who also discuss the potential 
of miR-17-5p as potential diagnostic biomarker.

Even though correlating miR-17-5p expression levels 
with various tumor properties might be very useful in the 
development of biomarkers, it does not give evidence about 
its tumorigenic or tumour-suppressive potential. After all, 
elevated miR-17-5p expression could either contribute 
to tumor formation and progression, or could represent a 
defense mechanism that is intended to limit carcinogenesis. 
So, far there exists evidence for both explanatory approaches.

Figure 2: Overview of pathways affected by miR-17-5p in different cancer phenotypes leading to cell proliferation 
and migration. AKT: Proto-oncogene c-Akt, c-myc: V-Myc Avian Myelocytomatosis Viral Oncogene Homolog, CCAT2: Colon Cancer 
Associated Transcript 2, E2F1: E2F transcription factor 1, CCND1: Cyclin D1, HBP1: HMG-Box Transcription Factor 1, P38: Mitogen-
Activated Protein Kinase 14, PTEN: Phosphatase And Tensin Homolog, RND3: Rho Family GTPase 3, Wnt: wingless-type MMTV 
integration site family, Wip1: Protein Phosphatase, Mg2+/Mn2+ Dependent 1D.
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According to Li et al. [67], miR-17-5p promotes 
human breast cancer cell migration and invasion through 
suppression of HMG box-containing protein 1 (HBP1), 
which they confirmed as a direct target of miR-17-5p. 
HBP1 is a component of the Wnt/β-catenin signaling 
pathway, which is frequently mutated in various cancer 
types (Figure 2). They found that miR-17-5p was highly 
expressed in strongly invasive, but not in weakly invasive 
BC cells, and that miR-17-5p overexpression enhanced 
migratory and invasive abilities of BC cells, while its 
downregulation had the opposite effect. Apart from 
promoting breast cancer cell migration and invasion by 
miR-17-5p, Liao XH et al. showed that miR-17-5p also 
promotes cell proliferation by down-regulating p21 
which is a direct target of miR-17-5p in ERα (Estrogen 
receptor α) -positive breast cancer cells. ERα plays an 
important role in cell-cycle progression by promoting the 
expression of PCNA and Ki-67 along with miR-17-5p. 
Downregulation of p21 by miR-17-5p in turn promotes 
PCNA (proliferating cell nuclear antigen) activity, 
where p21 is a negative regulator of PCNA and thus 
ERα promotes breast cancer cell cycle progression and 
proliferation in p21/PCNA/E2F1-dependent pathway [68].  

In contrast, miR-17-5p was described as tumor 
suppressor [69]. Downregulation of AIB1 (“Amplified in 
breast cancer 1”) by miR-17-5p decreased proliferation 
and abrogated insulin-like growth factor 1-mediated, 
anchorage-independent growth of breast cancer cells. A 
recent study from Liao XH et al. also established that 
miR-17-5p acts as a tumor suppressor by directly targeting 
STAT3 and inducing apoptosis in breast cancer cells by 
inhibiting STAT3/p53 pathway [70]. This shows how 
miR-17-5p tightly regulates the genes involved in cell 
proliferation and cell apoptosis. 

Similarly, miR17-5p was identified as metastatic 
suppressor of basal-like breast cancer [53]. Out of 4000 
genes linked to BC progression, miR-17-5p was confirmed 
in vitro and in vivo as regulator of multiple pro-metastatic 
genes, hence had an anti-metastatic effect, while miR-
17-5p inhibition in BC cells enhanced expression of pro-
metastatic genes and accelerated lung metastasis from 
orthotopic xenografts. Therefore, the authors suggest 
miR-17-5p as a potential therapeutic target for treatment 
of basal-like breast cancer. 

The therapeutic potential of miR-17-5p inhibition 
in triple negative BC (TNBC), one of the most 
aggressive breast cancer forms, was also assessed as 
a therapeutic target [71]. Assuming that miR-17-5p 
inhibition would restore protein expression of tumor 
suppressive miR-17-5p targets Programmed cell death 4 
(PDCD4) and Phosphatase and tensin homolog (PTEN), 
human TNBC cells were transfected with antisense 
oligonucleotides against miR-17-5p. The results showed 
that miR-17-3p seems to act as a back-up mechanism 
of miR-17-5p for these targets, and therefore, due to 
the high sequence homology between the antisense 

molecules and miR-17-3p, as well as to excess binding 
sites for miR-17-3p on the 3ʹUTR of PDCD4 and PTEN 
mRNAs, the antisense oligo acted as a miR-17-3p mimic 
and reduced PDCD4 and PTEN expression instead of 
restoring it. 

In support of miR-17-5p’s tumor-suppressive role, 
recent bioinformatics and in vitro analysis revealed that 
levels of miR-17-5p are decreased in triple negative 
breast cancer cells resulting increase in CCND1 (cyclin 
D1) levels which is reason for uncontrolled proliferation. 
Expression of CCND1 was inhibited by overexpression 
of miR-17-5p [72]. Circulatory/serum miR-17-5p levels 
are deregulated which also reflects the differential biology 
of breast cancer subtypes [73]. Hence it even acts as a 
biomarker even to predict the stage of cancer.

Summarized, the tumorigenic or tumor-suppressive 
functions of miR-17-5p might depend on the cellular 
context, that is, on the model system used, cell type, cancer 
stage and many other factors, like for example “BRCA-
ness”. De Summa et al. [74] show that overexpression of 
miR-17 in both mesenchymal-like BRCA1-proficient and 
in BRCA1- and BRCA2-mutated BC cell lines in addition 
to the significant overexpression of miR-17 in sporadic 
patients seems to suggest that downregulation of BRCA1, 
a presumed target of miR-17-5p mimics a ‘BRCAness’ 
phenotype, that is, a phenotype that some sporadic cancers 
share with BRCA1- or BRCA2-mutation carriers. Hence, 
miR17 might represent a biomarkers of ‘BRCAness’ 
phenotype, indicating which patients who could most 
benefit from PARP inhibitor therapies. 

Lung cancer

Several studies have investigated the relationship 
between miR-17-5p and lung cancer, mainly in view to 
its potential clinical application of miRNA expression 
profiles as diagnostic and prognostic marker.

For example, elevated miR-17-5p expression levels 
are present in tumor tissue and serum of lung cancer 
patients–including adenocarcinoma, squamous cell and 
adenosquamous carcinoma- compared to healthy controls. 
In addition, serum miR-17-5p levels were inversely related 
to the survival of patients with lung cancer, that is, high 
levels correlated with shorter survival times [75].

This is in contrast to studies that found miR-17 (no 
distinction between 5p and 3p) downregulated in lung 
adenocarcinoma initiating cells [76] and in non-small cell 
lung cancer (NSCLC). It should be mentioned though, that 
although miR-17-5p expression levels allowed distinction 
between NSCLC and healthy control, it was not useful as 
diagnostic marker for discriminating between NSCLC and 
chronic obstructive pulmonary disease (COPD) [77].

Other studies concluded that miR-17-5p expression 
levels did not have sufficient informative values to serve 
as diagnostic tool, at least using sputum miRNA profiling 
[78], This study confirms previous results of the same 
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group [79], where miR-17-5p was not found either over-
or under-expressed in human lung cancer. 

In addition to exploring its diagnostic potential, 
miR-17-5p might also serve as therapeutic target in lung 
cancer treatment. According to Matsubara et al. [80], 
inhibition of miR-17-5p and miR-20a with antisense 
oligonucleotides (ONs) can induce apoptosis selectively 
in lung cancer cells overexpressing miR-17-92, suggesting 
the possibility of targeting an ‘oncomiR addiction’ to 
expression of these miRNAs in a subset of lung cancers. In 
marked contrast, antisense oligonucleotides against miR-
18a, miR-19a or miR-92-1 led to no or slight inhibition of 
cell growth, indicating that single miRNAs of the miR-
17-92 cluster have distinct roles on cancer formation and 
progression. 

On the other hand, downregulation of miR-17-5p 
upregulates its target, the autophagy regulator beclin-1, 
which leads to apoptosis resistance of cancer cells upon 
paclitaxel treatment [81]. This is in accordance with the 
notion that miR-17-5p overexpression reduces cyto-
protective autophagy by targeting Beclin-1 in paclitaxel 
resistant lung cancer cells [82]. To justify miR-17-5p acts 
as tumor suppressor, a study shows that low expression 
levels of miR-17 results in cisplatin resistance of NSCLC 
by high expression of CDKN1A (cyclin-dependent 
kinase inhibitor 1A) and RAD21 (Rad21 homolog 
(Schizosaccharomyces pombe)) [83]. Hence miR-17-5p 
plays a tumor suppressor role in this setting.

Thus, miR-17-5p can either promote or curb 
apoptosis of lung cancer cells. Again, the final effect of 
miR-17-5p seems to be highly context-dependent.

Gastric cancer

Circulating miR-17-5p was found to be significantly 
elevated in the serum of patients with gastric cancer 
compared to healthy controls, and correlates with 
circulating tumor cells [84, 85]. However, a follow-up 
study failed to assign a prognostic value to miR-17-5p 
plasma levels, since there was a slight, but not significant 
difference in the survival rates of patient groups exhibiting 
low or high miR-17-5p plasma levels, although the trend 
might turn significant when based on larger sample size 
(n = 31 vs.38) [86]. This assumption has been verified by 
Wang et al. [55], they not only found that concentrations 
of miR-17-5p/20a were significantly associated with the 
differentiation status and tumor progression, but also 
revealed that high expression levels of miR-17-5p/20a 
were significantly correlated with poor overall survival. 
In addition, therapeutic potential for antagomirs against 
miR-17-5p/20a was suggested, which was applied as 
chemotherapeutics in a mouse tumor model. Indeed, levels 
of serum miR-17-5p/20a were notably reduced in post-
treated mice with tumor volume regression. 

A follow-up study from the same group investigated 
the cellular mechanisms involving miR-17-5p in gastric 

cancer and found that miR-17-5p/20a promote gastric 
cancer by directly targeting the tumor suppressors p21 and 
p53-induced nuclear protein 1 (TP53INP1), which results 
in unrestrained proliferation and apoptosis inhibition, 
respectively, and involve a positive regulatory circuit 
between miR-17-5p/20a and MDM2 (murine double 
minute 2). Their findings in gastric cancer cells were 
backed-up by administering antagomiRs against miR-17-
5p/20a to reduce tumor formation in a xenograft mouse 
model [87].

Likewise, miR-17-5p increased the proliferation 
and growth of gastric cancer cells in vitro and in vivo, 
by targeting SOCS6, a cytokine-induced STAT inhibitor 
[88]. Another study shows that high levels of miR-17-
5p decreased expression of its direct target TGFBR2 
(transforming growth factor-β receptor 2), further 
promoting gastric cancer cell proliferation and migration 
[89]. Supporting the above studies, a clinical study states 
that serum levels of miR-17 from patients with gastric 
cancer are high compared to healthy individuals [90]. 

As mentioned in section 3.1, AURKA activates 
transcription of miR-17-92 by stabilizing the transcription 
factor E2F1. AURKA inhibitors are currently applied in 
clinical trials for treatment of gastrointestinal cancer [27], 
and since miR-17-92 represents one branch of AURKA-
dependent oncogenic signaling, also direct inhibitors of 
miR-17-92 members might serve as potential targets in 
gastric and other types of cancer, but before that, more 
research on specific functions of single miR-17-92 
members is required.

In summary, in the context of gastric cancer, miR-
17-5p clearly acts as oncogene and targets the components 
of many pathways involved in cell proliferation and 
migration.

Colorectal cancer

Among all the miRNAs of the miR-17-92 cluster, 
miR-17-5p showed highest expression in epithelial colon 
cells and expression levels increased in the transitional 
zone from normal to adenoma to adenocarcinoma (N-A-
AC), suggesting a role in sequential evolution of early 
colon cancer [91]. 

Several studies confirm miR-17-5p overexpression 
in CRC (colorectal cancer) tissue samples [92, 93, 94]. 
Elevated miR-17-5p expression is also observed in 
early embryonic colon epithelium, and is sustained 
only in the proliferative crypt progenitor compartment. 
Downregulation of E2F1 by miR-17-5p is of importance 
for proliferation both during embryonic colon development 
and colon carcinogenesis [95]. 

What causes miR-17-5p overexpression leading up 
to CRC pathogenesis and by what targets does it regulate 
proliferation? The long noncoding RNA CCAT2, a WNT 
downstream target, induces miR-17-5p and MYC through 
TCF7L2 (Transcription Factor 7 Like 2) -mediated 
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transcriptional regulation (Figure 2) [96]. Accordingly, 
miR-17-5p targets P130 (Retinoblastoma-Like 2, a 
presumed tumor suppressor, present in a complex that 
represses cell cycle-dependent genes) and subsequently 
activates the WNT/β-catenin pathway [97]. Hence, there 
exists a positive WNT signaling feedback loop involving 
miR-17-5p.

In addition, miR-17-5p directly targets RND3, 
a Rho Family GTPase that acts as tumor suppressor by 
promoting adhesion [98]. MiR-17 along with miR-106a/b 
and miR-20a/b targets GABBR1(gamma-amino-butyric 
acid type B receptor 1) thus promoting colorectal cancer 
cell proliferation and invasion [99].

What prognostic and therapeutic implications can 
be derived from miR-17-5p expression data? miR-17-5p  
expression levels might be used as predictive factor 
for chemotherapy response and a prognostic factor 
for overall survival in CRC, since patients with high 
miR-17-5p expression in tumor tissue have shorter 
overall survival rates [97, 100] and respond better to 
adjuvant chemotherapy than patients with low miRNA 
expression [97]. On the other hand, chemotherapy was 
found to further increase the expression levels of miR-
17-5p in CRC cells in vitro, thereby repressing the pro-
apoptotic factor PTEN and promoting chemoresistance 
[101]. A very similar observation was made in another 
tumor entity, pancreatic cancer, where an overexpressed 
nerve growth factor receptor (GFRα2) led to PTEN 
inactivation mediated by induction of miR-17-5p 
[102]. Downregulation of miR-17-5p by curcumin and 
its synthetic analogs inhibits CRC cell proliferation 
and induces apoptosis, and could provide the basis 
for future therapeutic approaches [103]. Supporting in 
vitro and tissue level high expression of miR-17-5p,  
a clinical study proves serum levels of miR-17 
along with miR-19a, miR-20a and miR-223 were 
significantly upregulated in CRC patients compared to 
controls [104]. 

Briefly, miR17-5p plays a key role in colorectal 
cancer pathogenesis and progression. Henceforth miR-17-
5p could be used as a diagnostic biomarker for colorectal 
cancer.

Osteosarcoma

Expression of miR-17-5p is also high in 
osteosarcoma, whereby PTEN seems to be an important 
target contributing to progression and metastasis [105]. 
This seems in keeping with its role in osteoblastogenesis 
[106]. In addition to PTEN, SMAD7 and thus Wnt 
signalling is a direct target for miR-17-5p in this 
context. By targeting SMAD7, miR-17-5p promotes 
nuclear translocation of β-catenin, enhances expression 
of COL1A1 (Collagen Type I Alpha 1 Chain) and 
finally facilitates the proliferation and differentiation of 
femoral head mesenchymal stem (HMS) cells promoting 
osteonecrosis [106]. 

A very recent article explores the effects of miR-
17-5p in osteosarcoma tumorigenesis and development. 
MiR-17-5p expression levels were associated with clinical 
stage, positive distant metastasis and poor response 
to neo-adjuvant chemotherapy. The tumor suppressor 
BRCC2, which is thought to induce apoptosis in a 
caspase-dependent manner, is a direct target of miR-17-
5p [107]. Hence, miR-17-5p may be used as diagnostic 
and prognostic marker, but also as a potential target for 
molecular therapy of osteosarcoma. 

Thus, in the context of the bone, miR-17-5p seems 
to have tumorigenic activity.

Leukemia

Not only in solid tumors, but also in tumors of 
hematopoietic origin miR-17-5p is upregulated, like in 
both acute myeloid leukemia (AML) and chronic myeloid 
leukemia (CML). Expression profiling of acute myeloid 
leukemia (AML) identified a set of seven miRNAs 
comprising miR-17-5p that allows discrimination of 
three common AML-causing chromosomal translocations 
with a diagnostic accuracy of > 94%, and is significantly 
overexpressed in MLL (mixed lineage leukemia) 
rearrangements, which causes particularly aggressive 
leukemia with poor prognosis [108]. 

A study in multiple myeloma (MM) patients 
showed that high levels of miR-17-5p, miR-20a and miR-
92-1 of miR-17-92 cluster are associated with shorter 
progression-free survival, suggesting poor prognosis 
[109]. Most interestingly, upon resistance to therapy of 
multiple myeloma with bortezomib, the exosomal transfer 
of several microRNAs seems to be altered, among them 
miR-17-5p, which was significantly reduced [110]. 
High levels of miR-17-5p, which further downregulate 
CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), p21 
and E2F1 tumor suppressor genes in imatinib sensitive and 
resistant chronic myeloid leukemia (CML) cells compared 
to peripheral blood mononuclear cells (PBMCs), have also 
been observed [111]. Hypoxia was suggested to induce 
differentiation of AML cells by mechanisms independent 
of transcription. Indeed, this was shown to happen via 
inhibition of miR-17-5p. HIF-1α (Hypoxia Inducible 
Factor 1 Alpha Subunit) downregulates the expressions 
of miR-17-5p and miR-20a through a mechanism that is 
dependent of c-Myc but independent of its transcription 
partner HIF-1ß. As p21 and STAT 3 are direct targets 
of miR-17-5p and miR-20a, downregulation of miR-
17-5p and miR-20a induces myeloid differentiation and 
growth arrest in AML cells in vitro and in vivo [112]. This 
further supports that upregulation of miR-17-5p is at least 
associated to myeloid leukemia. 

In lymphocytic leukemia, the available data is more 
ambiguous. According to Zanette et al. [113], the miR-17-
92 cluster was upregulated in acute lymphocytic leukemia 
(ALL), but no cluster member was among the most highly 
expressed miRNAs in chronic lymphocytic leukemia 
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(CLL). However, miR-17-5p was found downregulated 
in chronic lymphocytic leukemia both with normal p53 
and with mutated/deleted p53, but downregulation was 
more pronounced in the latter patient group [114, 115]. 
Nonetheless, results derived from a SCID mouse model 
suggests the suitability of miR-17 as a therapeutic 
target for CLL treatment. This is due to results showing 
that antagomiR-17 strongly reduced tumor growth 
and increased survival when injected in vivo in tumors 
generated by MEC-1 cell injection into SCID mice [116]. 
How these contradictory findings could be reconciled 
is subject to further research. A comprehensive review 
discusses the roles of miRNAs in B-cell lymphoma with 
much emphasis on the miR-17-92 cluster [117].

Prostate cancer

Conflicting results on tumor suppressor versus 
promoter function exist for prostate cancer (PC): Both 
mature miR-17-5p and passenger strand miR-17-3p 
target TIMP3 which has synergetic effect on enhancing 
prostate tumor growth and invasion [118]. However, 
high levels of miR-17-3p have also been reported to 
suppress tumorigenicity of PC cells through inhibition 
of mitochondrial antioxidant enzymes [119]. This effect 
seems mediated by p300/CBP-associated factor (PCAF) 
as a target of miR-17-5p modulating the androgen receptor 
transcriptional activity [120]. Androgen receptor (AR) 
signaling is critical for most aspects of prostate growth and 
tumorigenesis [120]. A potential anti-prostate cancer drug, 
glucosinolate-derived phenethyl isothiocyanate (PEITC), 
results in miR-17-5p-mediated suppression of PCAF and 
again AR-regulated transcriptional activity and cell growth 
of prostate cancer cells, suggesting a new mechanism by 
which PEITC modulates prostate cancer cell growth [121]. 

Resveratrol and Pterostilbene decrease the levels of 
endogenous as well as exogenously expressed miR-17, 
miR-20a and miR-106b thereby upregulating their target 
PTEN [122] and eventually leading to reduced tumor 
growth in vivo. According to a recent report, circulating 
exosomes from prostate cancer cells carry long non-coding 
RNAs which are themselves enriched with miRNA seed 
regions that can bind to let-7 and miR-17 families like a 
miRNA sponge [123]. This indicates that they are part of 
tumorigenic pathways and might find use as a therapeutic 
target and biomarker also in the context of prostate cancer.

In cancers like glioblastomas, under stress 
conditions miR-17 plays a dual role depending on the 
conditions. It acts as a tumor suppressor in normal growth 
conditions by inhibiting PTEN through miR-17-5p and at 
unfavorable conditions miR-17-3p promotes tumor cell 
survival by inhibiting MDM2 [124]. These results state 
that miR-17-3p also plays an important role in different 
cancers either in synergetic way or as rescue for miR-17-
5p. Further studies on miR-17-3p are required to establish 
a firm regulation between miR-17-5p and miR-17-3p.

CONCLUSIONS

The role of miR-17-5p as an oncomiR is 
supported by many studies, while also the opposite, a 
tumor suppressive role has been found in some studies. 
Therefore, its role seems to be cell type and tumor type 
dependent and more work in specific settings will be 
necessary to dissect all of its roles in oncology. In Figure 
2, we summarize the pathways effected by miR-17-5p in 
different cancer types.

In the context of biomarkers, miRNAs are considered 
as promising emerging biomarkers in cancer, especially 
when considering circulating miRNAs as minimally 
invasive analytes within liquid biopsies [16]. We here have 
summarized studies that indicate that elevated levels of 
miR-17-5p might be an alarm signal for cancer, that might 
be sensitive, albeit not specific for a single type of cancer. 
Still, circulating miRNAs as biomarkers or alarmiRs still 
lack sufficient studies to be able to define the range of inter-
individual variation in the general healthy population and 
consequently define thresholds for e.g. miR-17-5p in serum 
or plasma that would lead to the decision of careful follow 
up clinical testing for the presence of a tumor. Still, tissue 
based miRNA signatures have already reached the markets 
of diagnostics in cancer, e.g. Rosetta Genomics [125, 126] 
for determination of the primary tumor origin of metastasis, 
emphasizing that also circulating miRNAs might soon lead 
to biomarker signatures that can support clinical decisions.
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iR’, a general indicator of a potential tumor pathology. How-
ever, amounts of circulating miR-17-5p of healthy individu-
als as reference values are still missing, before any miRNA 
can be classified as such an ‘alarmiR’. In conclusion, miR-17-
5p is at the crossroads of aging, longevity and cancer and 
might represent a promising biomarker or even therapeutic 
tool and target in this context.  © 2016 The Author(s)

Published by S. Karger AG, Basel 

  Introduction 

 The increasing mean lifespan of the population is a big 
success story of humanity, but also poses a challenge that 
industrialized countries are currently facing, since aging 
is associated with increased susceptibility to many dis-
eases like cancer,   type 2 diabetes, neurodegenerative dis-
orders and steatohepatitis. Aging is considered to be 
caused by limitations in somatic maintenance as a trade-
off to reproduction, resulting in an accumulation of mo-
lecular and consequently tissue and organ damage over 
time  [1] . Multiple mechanisms that cause or promote 
damage to macromolecules, cells and tissues, kept at bay 
by an equal number of mechanisms counteracting, pre-

 Key Words 

 miRNA · miR-17-5p · Aging · Longevity ·  Biomarker · 
 Cancer 

 Abstract 

 The miR-17-92 cluster, led by its most prominent member, 
miR-17-5p, has been identified as the first miRNA with onco-
genic potential. Thus, the whole cluster containing miR-17-
5p has been termed oncomiR-1. It is strongly expressed in 
embryonic stem cells and has essential roles in vital process-
es like cell cycle regulation, proliferation and apoptosis. The 
importance of miR-17-5p for fundamental biological pro-
cesses is underscored by the fact that a miR17-deficient 
mouse is neonatally lethal. Recently, miR-17-5p was identi-
fied in the context of aging, since it is comprised in a com-
mon signature of miRNAs that is downregulated in several 
models of aging research. Recently, miR-17-5p turned out to 
be the first ‘longevimiR’ in an animal model, extending the 
lifespan of a transgenic miR-17-5p-overexpressing mouse. 
Here, we summarize the current status of research on miR-
17-5p with emphasis on its role in cellular senescence, aging 
and cancer, which points to a pleiotropic function of miR-17-
5p regulating multiple targets involved in autophagy, cell 
cycle regulation and apoptosis in a tissue-dependent fash-
ion. In addition, its elevated presence in serum or plasma of 
a wide range of tumor patients suggests using it as an ‘alarm-
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venting and repairing damage, have to be elucidated to 
develop a complete understanding of the aging process.

  One prominent mechanism strongly related with cel-
lular aging is cellular senescence. Senescence represents a 
permanent growth arrest induced by telomere attrition, 
oncogenic or environmental stress that functions a tu-
mor-suppressor mechanism. Besides, senescent cells are 
now increasingly appreciated for their role in embryonic 
development, wound healing and tissue repair  [2] . How-
ever, as senescent cells accumulate during lifetime, they 
exert detrimental effects on tissue function, contribute to 
chronic inflammatory states, and thus contribute to tis-
sue, organ and organismal aging  [3] , and removal of nat-
urally occurring senescent cells in the mouse postpones 
the development of age-related pathologies and extends 
the lifespan  [4] .

  However, precise molecular understanding is still 
scarce, especially concerning miRNAs, which have been 
established as an important layer of gene expression con-
trol and might represent an attractive target for interven-
tions aiming at healthy aging. Biogenesis, function and 
mechanisms of action of miRNAs are reviewed in great 
detail (e.g.  [5] ). In brief, one miRNA is able to regulate up 
to hundred mRNA targets and therefore potentially or-
chestrates a large variety of cellular processes similar to 
transcription factors  [6, 7] , contributing even to a poten-
tial posttranscriptional operon concept  [8] .

  The miR-17-92 cluster comprises some of the best-
studied miRNAs so far. This cluster contains 6 miRNA 
members with overlapping and specific roles. Here, we 
focus on miRNA-17-5p and its role in aging, age-related 
diseases and cancer, emphasizing the emerging role of 
‘longevimiR’-17 in cellular and organismal aging.

  Transcriptional Regulation and Target mRNAs 

 Conservation and Regulation of the miRNA-17-92 
Cluster 
 The miR-17-92 cluster is located in the locus of the 

nonprotein-coding gene MIR17HG on chromosome 13. 
The miR-17-92 transcript spans 800 nucleotides within 
its host gene and comprises six miRNAs – miR-17-5p, 
miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92a-1. 
Its sequence is highly conserved among vertebrates  [9] , 
especially in the seed region ( fig. 1 a), as also shown by 
phylogenetic tree analysis ( fig. 1 b). No homologues are 
found in nonvertebrates so far according to miRbase  [10] .

  In addition, paralogous versions of miR-17 have arisen 
by intragenomic gene duplication in the miR-106a-363 

and miR-106b-25 clusters. While the seed regions are well 
conserved ( fig.  1 c), differences in the 3 ′  and 5 ′  regions 
suggest overlapping, but different sets of target mRNAs 
and thus functions. How is the miR-17-92 cluster regu-
lated on a transcriptional level? So far, several regulators 
of miR-17-92 transcription have been described.

  c-Myc, the cellular homolog of the retroviral v-myc 
oncogene, is a well-studied proto-oncogene. Besides reg-
ulating transcription of a plethora of protein-coding 
genes, c-myc activates the miR-17-92 cluster and repress-
es a dozen of other miRNAs. Interestingly, a number
of c-myc transcriptional targets ( fig.  2 ), like RPS6KA5
(ribosomal protein S6 kinase, 90 kDa, polypeptide 5), 
BCL11B (B-cell CLL/lymphoma 11B), PTEN (phospha-
tase and tensin homolog), E2F1 (E2F transcription factor 
1) and HCFC2 (host cell factor C2) are also predicted tar-
gets of the miR-17-92 cluster    [11] ,   which suggests a deli-
cate regulatory mechanism by which c-myc simultane-
ously activates transcription and restricts abundance of 
respective mRNAs.

  A similar mechanism is thought to be at work between 
Aurora Kinase A (AURKA), the miR-17-92 cluster and 
the transcription factor E2F1. AURKA is a serine/thre-
onine kinase essential for regulation of mitosis and is 
overexpressed in many cancers. AURKA stabilizes the 
transcription factor E2F1 by inhibiting its proteasomal 
degradation ( fig. 2 ), which again induces miR-17-92 tran-
scription  [12]  and is at the same time its target.

  p53 acts as negative transcriptional regulator of the 
miR-17-92 cluster. Under hypoxia, p53 represses miR-
17-92 transcription and thereby sensitizes cells for hy-
poxia-induced apoptosis, while overexpression of the 
miR-17-92 cluster inhibits apoptosis under hypoxia  [13] .

  Results of the ENCODE (Encyclopedia of DNA Ele-
ments) project further revealed that along with these ex-
perimentally confirmed transcription factors, BCL3 (B-
cell CLL/lymphoma 3), IRF1 (interferon regulatory factor 
1), SP1 (Sp1 transcription factor), TAL1 (T-cell acute 
lymphocytic leukemia 1) and ZBTB33 (zinc finger and 
BTB domain containing 33) might regulate the miR-17-
92 cluster ( fig. 2 ) and are also targeted by individual miR-
NAs of the cluster  [14] .

  On the posttranscriptional level, several studies find 
that the miR-17-92 cluster members are not expressed to 
equal degrees in cells and tissues as would be expected 
from their joint transcription as a primary miRNA. This 
might be due to factors that differentially protect or de-
grade the single miRNA members after the pre-miRNA 
status, as it has been published for miR-18  [15] . However, 
so far, no such reports exist on miR-17-5p. In terms of 
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  Fig. 1.  Sequence similarities of miR-17-5p.  a  Phylogenetic com-
parison of miR-17-5p shows almost 100% sequence identity in 
monkey and gorilla and a high degree of similarity down to Zebra 
fish.  b  miR-17-5p is conserved among vertebrates. The numbers 
in the phylogenetic tree indicate the evolutionary distance between 

the organisms.  c  miR-17-5p has two homologous miRNAs encod-
ed in the miR-106a-363 and miR-106b-25 clusters. The consensus 
sequence of these 3 seed family members, i.e. mature sequences 
with identical seed region, is shown. 
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tissue and cell type specificity, miR-17-5p is expressed 
ubiquitously and highly in all tissues tested so far  [16] , 
pointing to a generally high importance of this miRNA.

  Target mRNAs of the miR-17-92 Cluster and 
miR-17-5p 
 PTEN and E2Fs were the first confirmed targets of the 

miR-17-92 cluster in the context of cell cycle progression 
and apoptosis  [17] . By now, a multitude of targets of the 
miR-17-92 cluster have been reported including mem-
bers of the TGFβ (transforming growth factor-β) signal-
ing pathway  [18] . In addition, it also targets specific chro-
matin regulatory genes, such as Sin3b (SIN3 transcription 
regulator family member B; a transcriptional repressor 

for MYC-responsive genes), Hbp1 (HMG-box transcrip-
tion factor 1; a transcriptional repressor that negatively 
regulates the Wnt-mediated beta catenin signaling path-
way), Suv420h1 (suppressor of variegation 4–20 homolog 
1; a histone methyltransferase, targeted to histone H3 by 
retinoblastoma proteins), and Btg1 (B-cell translocation 
gene 1, antiproliferative; a regulator of cell growth and 
differentiation), as well as the apoptosis regulator Bim 
(Bcl-2 interacting mediator of cell death; an activator of 
neuronal and lymphocyte apoptosis)  [19]  and the cell cy-
cle inhibitor p21 ( fig. 2 )  [20] . Hence, miR-17-92 seems to 
maintain cell proliferation and survival, which might re-
sult in a neoplastic or progenitor/regenerative state of 
cells  [19] .

..AAAGUG………… ..AAGGUG……… …...…..GUGCAA.. ..AAAGUG…… ………...GUGCAA.. ………..AUUGCA..

C-mycp53
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SP1
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GPCR & Akt signaling
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Chromatin regulation
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E2F1
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regulation

  Fig. 2.  The miR-17-92 regulatory network. Expression of the miR-
17-92 cluster is controlled by multiple upstream regulators, some 
of which are in turn directly or indirectly targeted by miR-17-92 
cluster members. miR-17-92 expression is induced by c-myc, and 
several c-myc transcriptional targets like RPS6KA5, BCL11B, 
PTEN, E2F1 and HCFC2 are targeted by miR-17-92, guaranteeing 
a delicate balance of miRNA and protein abundance. AURKA = 
Aurora kinase A; Akt = V-Akt murine thymoma viral oncogene 
homolog; BCL3 = B-cell CLL/lymphoma 3; BCL11B = B-cell CLL/
lymphoma 11B; Bim = BCL2 like 11; Btg1 = B-cell transloca-
tion gene 1, antiproliferative; E2F1 = E2F transcription factor 1; 
Hbp1 = HMG-box transcription factor 1; GPCR = G protein-cou-

pled receptor; HCFC2 = host cell factor C2; IRF1 = interferon
regulatory factor 1; MAPK = mitogen-activated protein kinase;
myc = V-Myc avian myelocytomatosis viral oncogene homolog; 
NFkB = nuclear factor kappa B; p21 = cyclin-dependent kinase 
inhibitor 1A; p53 = tumor protein P53; PTEN = phosphatase and 
tensin homolog; RPS6KA5 = ribosomal protein S6 kinase, 90 kDa, 
polypeptide 5; SHC = Src homology 2 domain containing trans-
forming protein 1; Sin3b = SIN3 transcription regulator family 
member B; SP1 = Sp1 transcription factor; Suv420h1 = suppressor 
of variegation 4-20 homolog 1; TAL1 = T-cell acute lymphocytic 
leukemia 1; Wnt = wingless-type MMTV integration site family; 
ZBTB33 = zinc finger and BTB domain containing 33. 
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  A series of mouse strains with targeted deletions of in-
dividual miR-17-92 members and subsequent phenotyp-
ic and gene expression analysis have recently provided a 
detailed picture of how miR-17-92 affects gene expres-
sion in vivo  [21] .

  In the following, we recapitulate data that point to a 
dual role of this cluster that might well result in an an-
tagonistic pleiotropic function of miR-17-5p in young 
versus elderly individuals.

  Aging, the miR-17-92 Cluster, and miR-17-5p 

 Aging- and Senescence-Dependent Regulation of 
miR-17-5p 
 In recent years, the important role of miRNAs in aging 

became increasingly evident  [22] . In an effort to identify 
miRNAs commonly regulated during aging, microarray 
studies were performed comparing four human replica-
tive cell-aging models – endothelial cells, skin fibroblasts, 
T-cells and renal proximal tubular epithelial cells – as well 
as three organismal aging models comprising skin, T-
cells and mesenchymal stem cells. These very different 
model systems shared a set of commonly downregulated 
miRNAs, among them members of the miR-17-92 cluster 
including miR-17-5p, miR-19b, miR-20a and miR-106a 
 [23] . Several studies using different model systems have 
confirmed the downregulation of the miR-17-92 cluster 
during aging  [24] , and its upregulation in centenarians 
who are considered successful agers  [25, 26] .

  These expression changes are recapitulated by stress-
induced senescence, as microarray data revealed that 
members of the miR-17-92 cluster, including miR-17-5p, 
are downregulated in stress-induced senescence of hu-
man diploid fibroblasts and human trabecular meshwork 
cells  [27] .  Figure 3 a gives an overview over up- and down-
regulation of miR-17-5p expression during aging and 
age-related diseases.

  A Long-Lived Pre-miR-17-Overexpressing Mouse 
Model 
 The interest in the role of miR-17-5p in aging research 

has peaked with the report that its overexpression in 
mouse extends the organismal lifespan by approximately 
16%  [28] . This finding was somewhat surprising after the 
same authors had previously observed that miR-17 re-
presses fibronectin expression, leading to cellular defects, 
growth retardation, smaller organs and strongly reduced 
hematopoietic cell lineages in miR-17-overexpressing 
mice  [29] , results that do not seem well reconciled yet.

  However, in favor of its life-prolonging role, miR-17-
5p targets IRS1 (Insulin Receptor Substrate 1) and ADCY5 
(Adenylate Cyclase 5), which modulate a complex signal-
ing network, leading to upregulation of genes involved in 
autophagy and repressing senescence and apoptosis 
( fig. 3 b)  [28] .

  To be more precise, IRS1 on the one hand activates 
AKT, which suppresses the mTOR inhibitor AMPK. 
Therefore, miR-17-5p-dependent silencing of IRS1 ab-
rogates AMPK suppression, enabling mTOR inhibition 
and thus activating autophagy. On the other hand, IRS1 
promotes expression of FOXO3A (forkhead box O3) 
and LC3-β (microtubule-associated protein 1 light chain 
3 beta), which also enhance autophagy. At the same 
time, repression of miR-17-5p’s direct target ADCY5 
leads to translocation of RGS2 (regulator of G-protein 
signaling 2) from the membrane into the nucleus, where 
it interacts with and activates transcription of MKP7 
(mitogen-activated protein kinase phosphatase 7). The 
MKP7 protein dephosphorylates PRAS40 (40-kDa pro-
line-rich AKT substrate) and mTOR (mechanistic target 
of rapamycin), which thereupon bind each other, result-
ing in a suppression of mTOR activity that in conse-
quence leads to attenuation of protein synthesis and 
stimulation of autophagy, resulting in reduced senes-
cence. In fact, miR-17 transgenic mice exhibited in-
creased bone mass and decreased presence of senescent 
cells in the skin, intestine, lung and heart. In addition, 
MKP7 acts as a negative regulator of c-Jun amino-ter-
minal kinase and extracellular signal-regulated kinase 
(ERK) pathways. ERKs function in the control of cell 
division, and inhibitors of these enzymes are potential 
anticancer agents, hence miR-17-5p might also extend 
the organismal life span by reducing cancer risk, but that 
is still subject to speculation, since – as stated above – 
miR-17 transgenic mice develop liver tumors  [28] . The 
authors do not give any information about the causes of 
death in their miR-17 mice, and a potential confounder 
might be that both miR-17-5p and miR-17-3p are ex-
pressed from the pre-miR-17 construct to a comparable 
degree, and hence the relative effect of each specific 
miRNA to the observed organismal phenotype cannot 
be determined  [28] .

  Only few other miRNAs have been described to post-
pone cellular or organismal aging, one of them being in-
hibition of miR-21 in endothelial cell senescence  [30] . 
Since elongation of the life span is still considered the 
golden standard for proving an activity in the aging pro-
cess, we suggest tagging such miRNAs with the label ‘lon-
gevi-miR’.
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  Cardiac Function and miR-17-5p 
 In transgenic mice, miR-17-5p is upregulated in dam-

aged heart regions after induced infarction. It direct-
ly targets two inhibitors of matrix metalloproteases 
(MMPs), TIMP1 (tissue inhibitor of metalloproteinases 
1) and TIMP2 (tissue inhibitor of metalloproteinases 2), 
leading to matrix remodeling after infarction  [31] .   In 
turn, miR-17 inhibition in a mouse model in vivo de-
creased MMP activity, enhanced cardiac function and 

helped prevent heart failure after infarction. Similarly, 
miR-17-5p is protective in a kidney ischemia-reperfu-
sion model  [32]  . 

  In addition, overexpression of pre-miR-17 in mouse 
cardiac fibroblasts enhances cell survival upon oxidative 
stress, increases proliferation and reduces senescence-
associated β-galactosidase staining  [33] , whereby the 
miR-17-3p component of the pre-miR-17 activates a 
transcriptional program that promotes epithelial-to-

miR -17 -5pmiR-17-5p

mTOR

Autophagy Apoptosis

Anti-senescence/
slow aging

AgingCancers

Aging heart

Aging brain

Differential expression
in organ aging

Neurodegenerative
diseases

Steatosis

a

b

  Fig. 3.  miR-17-5p in aging and age-related diseases.  a  Overview of 
miR-17-5p expression levels during aging and age-related pathol-
ogies.  ↑  and  ↓  designate up- and downregulation, respectively.
 b  Relationship between miR-17-5p and mTOR, a central regulator 
of autophagy and apoptosis. miR-17-5p targets ACDY5, causing 
translocation of the GTPase activator RGS2 from the membrane 
to the nucleus, where it induces expression of MKP7. MKP7 de-
phosphorylates mTOR, which thereupon dimerizes with PRAS40 
and is inactivated. Inhibitory phosphorylation of the ULK1-
ATG13-FIP200 heterotrimer by mTOR is consequently abolished 
and activating phosphorylation catalyzed by AMPK. Consequent-
ly, the ULK1 complex activates autophagy, which in turn attenu-
ates senescence and apoptosis. Simultaneously, miR-17-5p targets 
IRS1. IRS1 can activate AKT via PI3K, and AKT inhibits the au-
tophagy activator AMPK. Therefore, IRS1 downregulation by 
miR-17-5p activates autophagy via two pathways. AKT = Pro -
to-oncogene c-Akt; AMPK = AMP-activated protein kinase; 
ATG13 = autophagy related 13; FIP200 = focal adhesion kinase 
family kinase-interacting protein of 200 kDa; IRS1 = insulin recep-
tor substrate 1; MKP7 = mitogen-activated protein kinase phos-
phatase 7; PRAS40 = 40-kDa proline-rich AKT substrate; RISC = 
RNA-induced silencing complex; ULK1 = Unc-51 like autophagy 
activating kinase 1. 
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mesenchymal transition and self-renewal while sup-
pressing senescence, and might even act as a miR-17-5p 
antagomiR.

  In summary, miR-17-5p and -3p play a role in cardiac 
aging in transgenic mice and cells in vitro. Again, both 
miR-17-5p and miR-17-3p are expressed from the same 
pre-miR-17, and therefore the relative contribution of 
each miRNA to the observed phenotype is not clear.

  Aging, the Bone and miR-17-5p 
 The miR-17-92 cluster plays an important role in bone 

formation, as knockout in mice results in reduced bone 
mineral content and reduced bone strength  [34] . Further-
more, miR-17-5p overexpression promotes osteogenic 
differentiation of MSCs (mesenchymal stem cells)  [35] . 
However, during aging and in pro-inflammatory diseas-
es, miR-17-5p expression was observed low in MSCs, 
concomitant with compromised osteogenic differentia-
tion  [36] . miR-17 overexpression partially rescued this 
defect by repressing Smurf1 (Smad ubiquitin regulatory 
factor one)  [37]  and SMAD7.

  Since low miR-17-92 expression is a hallmark of aging 
and senescence  [23] , and senescent cells contribute to re-
duced osteogenesis  [38, 39] , it might be speculated that it 
is involved in loss of bone mineral density in the elderly. 
However, data on senescence and bone disease are still 
scarce, while one hint into this direction is that telomer-
ase-deficient mice lose bone mass, most probably due to 
the SASP (senescence-associated secretory phenotype) 
 [40] .

  miR-17-5p in the Aging Brain 
 Surprisingly, miR-17 expression is increased in the 

brains of old mice compared to young mice  [41] ,   while 
the relative abundance of the majority of miRNAs tested 
decreased in the mouse brain during aging. The informa-
tive value of this study is limited, though, by the fact that 
data are based on pooled cDNA libraries derived from 
only 2 individuals for each condition. Such an unexpected 
increase might be interpreted in the context of astroglio-
sis. Astrogliosis (or reactive astrocytosis) is an abnormal 
increase in the number of astrocytes due to the destruc-
tion of nearby neurons. It can be observed in age-related 
neurodegenerative diseases like Alzheimer’s disease  [42]   
 or after spinal cord injury (SCI), where it leads to glial scar 
formation and inhibits axonal regeneration. miR-17-5p is 
upregulated after SCI and contributes to astrocyte prolif-
eration  [43]  and hence potentially also to the astrogliosis 
phenotype observed in age-related neurodegenerative 
diseases.

  miR-17-5p and mTOR – A Connection between 
Proliferation, Cancer and Aging 
 One focus in research on interventions that slow aging 

is on the mammalian target of rapamycin (mTOR). Inhi-
bition of mTOR is one of the few accepted and universal 
interventions in model organisms that extends the life-
span and postpones age-related diseases like cardiovascu-
lar diseases, cancer and diabetes, and mTOR inhibitors 
are widely used to treat these diseases. Inhibition of 
mTOR activates many pathways that upregulate autoph-
agy. Thereby, it fulfills multiple purposes – the clearance 
of dysfunctional or unnecessary molecules or organelles, 
the provision of nutrients and the degradation of intracel-
lular pathogens. Both normal and premature aging are 
accompanied by a decline in autophagic potential, and a 
lack of functional autophagy leads to tissue degeneration 
similar to that observed in aged tissue  [44] . In addition, 
mTOR is a central coordinator of cell proliferation whose 
function is deregulated in many cancers. Therefore, in-
hibitors of mTOR like rapamycin and its analogues are 
potential antitumor agents, some already approved for 
clinical use in cancer therapy.

  Given its importance in cell physiology and tissue 
maintenance, it comes as no surprise that the mTOR 
pathway is subject to regulation by miRNAs, among them 
also the miR-17-92 cluster  [45] .

  As shown in  figure 3 b, inhibition of mTOR by miR-
17-5p upregulates autophagy and slows down the aging 
process in the mouse model presented by Du et al.  [28] , 
discussed in the section A Long-Lived Pre-miR-17 Over-
expressing Mouse Model. Indeed, oncogenic miRNAs 
like miR-17 are upregulated in rapamycin-resistant cells 
and inhibition of miR-17 restored rapamycin sensitivity. 
Thus, inhibitors of miR-17 could potentially serve as ad-
juvants in chemotherapy. However, it becomes clear from 
these studies that miR-17-5p is at the crossroads between 
aging and cancer.

  miR-17-5p and Its Role in Cancer 

 In general, miR-17-5p is considered as an oncogene, 
supported by a large body of evidence from many differ-
ent tumors. However, it might also be ‘guilty-by-associa-
tion’ with its oncogenic miR-17-92 cluster members  [46] , 
especially miR-19, which has been postulated as having 
the highest oncogenic potential  [47] . By now, a more dif-
ferentiated view has emerged in literature, where miR-17-
5p alone possesses metastasis suppressor functions  [48] . 
In addition, it seems to suppress cancer growth by stimu-
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lating T cells  [49] . Finally, high circulating levels of miR-
17-5p have been found in serum of patients suffering of 
several different types of cancer  [50, 51] , suggesting that 
high levels of circulating miR-17-5p might serve as an 
alarm signal, or ‘alarmiR’.

  In sum, the effect of miR-17-5p varies according to 
cancer type, model system, and probably also to the rela-
tive expression levels of miR-17-3p and miR-17-5p, de-
pending on the constructs used for overexpression and 
knockdown. The tumor-suppressive and tumorigenic 
properties of the miR-17-92 cluster are summarized in 
more detail in other recent reviews, e.g.  [52, 53] .

  Conclusion 

 In this review, we focused on the role of miR-17-5p in 
cellular senescence, aging and age-related diseases and 
opposed this role to cancer. miR-17-5p plays a major role 
in regulating many genes involved in autophagy, apopto-
sis and cell cycle regulation. Its overexpression in the 
mouse model extends the lifespan by promoting autoph-
agy, and hence we suggest terming miR-17-5p the first 
‘longevi-miRNA’. At the same time, circulating miR-17-
5p levels turned out to be high in almost all cancers, ath-
erosclerosis and obesity, and might act as a biomarker or 
alarming signal, meriting the designation ‘alarmiR-17’. 
While miR-17-5p is ubiquitously expressed, its biological 

function seems very cell, tissue and disease specific, which 
accounts for the confusingly high number of reports sug-
gesting it to have a dual role, as a tumor suppressor and 
as an oncogene. Not only miR-17-5p, but also miR-17-3p 
surprisingly plays a role as tumor suppressor and as on-
cogene, sometimes synergistically with miR-17-5p, some-
times independently. Therefore, more research is needed 
to understand the basic biology of miR-17-3p and miR-
17-5p in order to establish them as prognostic, diagnostic 
and therapeutic targets for aging and age-related diseases 
as well as cancer.
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