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1. Summary  

 

Stem cell-based therapy is a promising option for the treatment of various diseases. Herein, 

mesenchymal stem cells (MSCs), which are adult multipotent stem cells, are of particular 

interest. Once applied, MSCs could migrate to the site of tissue damage replacing lost or 

damaged cells by differentiation; but more importantly MSCs are able to secrete numerous 

different growth factors and cytokines (paracrine mechanism) mediating tissue regeneration 

and even protecting healthy tissue from (further) destruction. However, tissue-resident stem 

cells are rather low in numbers, and isolated MSCs need rigorous in vitro expansion. Therefore, 

more easily accessible sources are needed. An alternative method demonstrates the in vitro 

differentiation of MSCs from induced pluripotent stem cells (iPSCs) or adult somatic cells such 

as fibroblasts. And in terms of manufacturing exogenous MSCs with superior repair 

capabilities, tissue-specific MSCs might be logically more efficient, when therapeutically 

applied to a certain injured tissue, than MSCs derived from a different origin, e.g. the bone 

marrow. Among the different MSC sources, MSCs residing within the wall of larger blood 

vessels, so-called vascular wall-resident MSCs (VW-MSCs), are predestined to address 

vascular damage, due to their tissue-specific action. In order to generate a huge amount of 

donor-independent VW-MSCs for therapeutic approaches in vitro, a proof of principle attempt 

was made by introducing a recently identified VW-MSC specific gene code (the “HOX-code”) 

into murine induced pluripotent stem cells (iPSCs), which finally yielded cultures of VW-

typical MSCs (78, 147).  

 

The established and optimized protocol for the in vitro generation of VW-MSCs from murine 

iPSCs, which was used as the basis for the following work investigated during the present 

thesis, was summarized within the first manuscript (Steens et al., Methods Mol Biol. 2020). 

Herein, dermal tail-tip fibroblasts from a Nestin-GFP transgenic mice, in which GFP was 

integrated into the Nestin locus to facilitate lineage tracing after MSC differentiation, were 

reprogrammed using the four Yamanaka factors (NEST-iPSCs). Following clonal expansion 

and detailed characterization of NEST-iPSCs, a lentiviral vector encoding a small set of VW-

MSC specific HOX genes, namely HOXB7, HOXC6 and HOXC8, was then used to induce 

MSC differentiation. The generated murine VW-MSCs highly expressed Nestin-GFP and 

showed all the classical MSC characteristics in vitro such as plastic adherence, typical MSC 

marker expression and the potential to differentiate into mesodermal lineages as well as into 

vascular cells. Thus, a protocol for the in vitro generation of (murine) VW-MSCs by using VW-
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MSC specific transcription factors was successfully established (manuscript 1: Steens et al., 

Methods Mol Biol. 2020). 

 

The central aim of the present thesis was to translate this approach to human cells. In terms of 

being a master regulator for VW-MSC identity, the triple combination of the VW-MSC specific 

HOX genes (the HOX-code comprising HOXB7, HOXC6 and HOXC8) was used to directly 

convert human donor cells into vascular wall-typical MSCs. In the second work therefore, 

primary human fibroblast cultures derived from healthy donors were transduced with a 

lentiviral supernatant introducing this VW-MSC specific HOX code. The transduced cells were 

purified by flow cytometry sorting and then expanded. Generated VW-MSCs showed an 

ectopic expression of the introduced HOX genes, classical MSC morphology, and MSC-typical 

marker expressions. Of note, an increased colony-forming capacity and differentiation potential 

turned out to be the most specific features that discriminate MSCs from fibroblasts, because 

classical features like MSC marker expression were not sufficient to distinguish both cell types 

based on their shared mesenchymal origin. Furthermore, fibroblast-derived VW-MSCs 

displayed the VW-MSC typical potential to differentiate into vascular mural cells (pericytes 

and smooth muscle cells). Comparative global gene expression and DNA methylation analysis 

finally confirmed that fibroblast-converted VW-MSCs adapted a VW-MSC phenotype. 

Concerning the stability of the generated phenotype, a doxycycline-inducible expression system 

of the HOX code was used revealing that the introduced HOX protein expressions as well as 

the acquired clonogenicity and differentiation potential of the generated VW-MSCs were 

retained (up to four weeks following doxycycline removal). The therapeutic potential of 

fibroblast-derived VW-MSCs was further analyzed in vitro and in vivo. In vitro, the generated 

VW-MSCs suppressed lymphocyte proliferation, enhanced wound healing and mediated 

radioprotection especially for vascular elements. Similar to “real” VW-MSCs, generated VW-

MSCs secreted various (growth) factors including angiogenic cytokines, which further 

highlights that (i) the trophic nature of MSCs mainly depends on the cellular origin, and (ii) 

that these cells are predestinated to address vascular damage. Finally, using a mouse model of 

radiation-induced pneumopathy, the generated VW-MSCs were able to reduce vascular damage 

in respective lungs, thereby limiting inflammation as well as fibrosis development after 

therapeutic application (manuscript 2: Steens et al., Cell Ml. Life Sci. 2020). 

 

In a parallel approach, the protocol for the in vitro generation of VW-MSCs from murine iPSCs 

(manuscript 1) is transferred and optimized for human iPSCs (manuscript in preparation). 

Human iPSCs were therefore already successfully transduced (with vectors coding for the 
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HOX-code, as well as an empty vector controls), purified by flow cytometry and expanded in 

culture (not shown). Unfortunately, due to technical challenges there is a severe delay in 

performing respective follow up experiments. Therefore, the translational approach for the in 

vitro generation of VW-MSCs using human iPSCs, and in particular the investigations about 

the therapeutic potential, could not be finalized within the period of the present thesis.  

 

Taken together, gene-transfer of the VW-MSC specific HOX genes HOXB7, HOXC6 and 

HOXC8 successfully induced differentiation of murine iPSCs into VW-MSCs and even 

converted human fibroblasts into therapeutically-active VW-MSCs. Herein, the HOX-code 

seems to be a master-regulator of VW-MSC identity. Likewise, expression of this HOX-code 

(together with VW-MSC specific features) serves as an additional characteristic to discriminate 

VW-MSCs from phenotypical similar cells like fibroblasts or from vascular cells (78). 

Although the protocol for the production of VW-MSCs from human iPSCs needs to be refined 

in further investigations. However, both manuscripts of the present thesis already highlight that 

the in vitro generation of VW-MSCs is a promising method to generate a huge amount of 

patient-specific MSCs for therapeutic applications. 

 

Despite the fact that therapeutically applied MSCs, particularly VW-MSCs, present a valuable 

therapeutic option for tissue regeneration of diseased lungs, less is known about the true 

function of endogenous MSCs within lungs, and particularly of their niche. Therefore, in the 

third work the VW-MSC specific HOX code was further used to unravel whether VW-MSCs 

can be found in other tissues within the vascular niche, particularly within lungs (manuscript 3: 

Steens et al., Stem Cells Transl. Med., 2020). Immunohistochemical staining of human normal 

lung tissues demonstrated that single CD44(+) CD146(+) VW-MSCs can be found within the 

adventitial vasculogenic zone of adult lung blood vessels. Isolated primary lung-resident MSCs 

(LR-MSCs) further displayed a typical MSC morphology and typical MSC characteristics in 

vitro. Of note, the differentiation potential and the colony-forming capacity were highly similar 

to those of VW-MSCs. Most importantly, LR-MSCs highly expressed the VW-MSC specific 

HOX code strongly suggesting that LR-MSCs should be considered as VW-MSCs. These LR-

MSCs could even be involved in lung diseases, e.g. lung cancer and could act here as tumor 

modulators. Accordingly, significant increases of VW-MSC numbers were estimated within 

lung cancer tissue and expressions of the (VW-) MSC marker CD44 as well as of the HOX 

genes correlated with a worse overall survival of respective patients (manuscript 3: Steens et 

al., Stem Cells Transl. Med., 2020). 
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Conclusively, whereas VW-MSCs within human lungs (LR-MSCs) usually contribute to a 

healthy lung homeostasis bearing the capacity to suppress inflammation and to promote lung 

repair, VW-/LR-MSC seem not to appear sufficient for tissue protection or repair upon lung 

damage or particularly lung cancer as investigated here. These findings provide implications 

for understanding the role of (VW-) MSC in normal lung physiology and pulmonary diseases, 

as well as for the rational design of additional therapeutic approaches. 
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2. Zusammenfassung  

 

Die Stammzelltherapie ist eine vielversprechende Option für die Behandlung verschiedener 

Krankheiten. Von besonderem Interesse sind hierbei mesenchymale Stammzellen (MSCs), die 

zu den adulten, multipotenten Stammzellen gehören. Im Zuge einer therapeutischen 

Anwendung, können (zirkulierende) MSCs an die Stelle der Gewebeschädigung migrieren und 

hier beschädigte oder auch abgestorbene Zellen ersetzen, indem sie in diese Zelltypen 

differenzieren. Von entscheidender Bedeutung ist hier jedoch, dass MSCs zahlreiche, 

verschiedene Wachstumsfaktoren und Zytokine sekretieren können, die die 

Geweberegeneration fördern und auch gesundes Gewebe vor weiteren Schäden (parakriner 

Mechanismus) schützen können. Jedoch ist die Anzahl von gewebespezifischen MSCs sehr 

gering, wodurch die isolierten MSCs einer starken in vitro Expansion unterzogen werden. 

Daher werden leichter zugängliche Quellen benötigt, um ausreichend MSCs zu erhalten, die 

dann für eine therapeutische Anwendung zu Verfügung stehen. Eine alternative Methode 

könnte die in vitro Differenzierung von MSCs aus induzierten pluripotenten Stammzellen 

(iPSCs) oder somatischen Zellen wie Fibroblasten sein. In Bezug auf die Herstellung exogener 

MSCs mit überlegenen Reparaturfähigkeiten könnten die gewebespezifischen MSCs bei der 

therapeutischen Anwendung theoretisch effizienter sein, wenn diese therapeutisch verabreicht 

werden, um ein bestimmtes, geschädigtes Gewebe zu reparieren, als MSCs, die aus anderen 

Geweben stammen, z.B. aus dem Knochenmark. Von besonderem Interesse sind hier MSCs, 

die sich in der Wand größerer Blutgefäße befinden, die sogenannten Gefäß-residenten MSCs 

(engl. vascular wall-resident MSCs, VW-MSCs). Aufgrund ihrer gewebespezifischen Wirkung 

wird vermutet, dass diese Zellen besonders gut für die Behandlung von Gefäßschäden geeignet 

sind. Um eine große Anzahl an Spender-unabhängigen VW-MSCs für eine therapeutische 

Anwendung in vitro zu erzeugen, wurde ein Protokoll (proof of principle) entwickelt, indem 

ein kürzlich entdeckter VW-MSC spezifischer Gen-Code (der „HOX-Code“) in murine 

induzierte pluripotente Stammzellen (iPSCs) eingeschleust wurde, was zur Generierung von 

VW-typischen MSCs führte (78, 147). 

 

Das etablierte und optimierte Protokoll für die in vitro Erzeugung von VW-MSCs aus murinen 

iPSCs wurde als Grundlage für die folgenden Arbeiten verwendet und in der vorliegenden 

Arbeit untersucht, die Ergebnisse sind im ersten Manuskript zusammengefasst (Manuskript 1: 

Steens et al., Methods Mol. Biol., 2020). Hierfür wurden dermale Fibroblasten aus den 

Schwanzspitzen von Nestin-GFP transgenen Mäusen isoliert und unter Verwendung der vier 

Yamanaka-Faktoren (NEST-iPSCs) neu programmiert. Bei den Nestin-GFP transgenen 
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Mäusen ist das GFP-Gen in den Nestin-Locus integriert, um so die MSC-Differenzierung zu 

verfolgen. Nach der klonalen Expansion und der detaillierten Charakterisierung der 

hergestellten NEST-iPSCs wurde dann ein lentiviraler Vektor verwendet, der die Sequenzen 

für die VW-MSC spezifischen HOX-Gene, nämlich HOXB7, HOXC6 und HOXC8, trägt und 

die MSC-Differenzierung induzieren soll. Die erzeugten murinen VW-MSCs zeigten eine hohe 

Nestin-GFP Expression sowie klassische MSC Eigenschaften in vitro wie die Plastikadhärenz, 

die Expression typischer MSC Marker und das Differenzierungspotential in mesenchymale 

Zelltypen sowie in Gefäß-typische Zellen. Somit konnten wir erfolgreich ein Protokoll für die 

in vitro Generierung von (murinen) VW-MSCs mittels spezifischer Transkriptionsfaktoren 

etablieren (Manuskript 1: Steens et al., Methods Mol. Biol., 2020). 

 

Das zentrale Ziel der vorliegenden Arbeit war es, diesen Ansatz nun auf menschliche Zellen zu 

übertragen. Um herauszufinden, ob der HOX-Code als Hauptregulator angesehen werden kann, 

wurde die Dreifach-Kombination der VW-MSC spezifischen HOX-Gene (der HOX-Code 

bestehend aus HOXB7, HOXC6 und HOXC8) verwendet, um menschliche Spenderzellen 

direkt in Blutgefäßwand-typische MSCs umzuwandeln. In der zweiten Arbeit wurden humane, 

primäre Fibroblasten Kulturen, die von gesunden Spendern stammen, mit einem lentiviralen 

Überstand transduziert, der den VW-MSC spezifischen HOX-Code in die Zellen einführte. 

Danach wurden die transduzierten Zellen durch Sortieren aufgereinigt und in vitro expandiert. 

Die erzeugten VW-MSCs zeigten eine ektopische Expression der drei HOX-Gene, eine 

klassische MSC-Morphologie und die Expression typischer MSC Marker. Die erhöhte 

Koloniebildungskapazität sowie das erhöhte Differenzierungspotential sind die wichtigsten 

Eigenschaften, um MSCs von Fibroblasten zu unterscheiden. Andere Merkmale, wie die 

Expression von MSC typischen Markern sind nicht ausreichend, um beide Zelltypen 

voneinander zu unterscheiden, da beide einen mesenchymalen Ursprung aufweisen. Darüber 

hinaus zeigten die aus Fibroblasten entstandenen VW-MSCs das typische VW-MSC 

spezifische Differenzierungspotential in vaskuläre Zellen (nämlich Perizyten und glatte 

Muskelzellen). Eine vergleichende Analyse der globalen Genexpression und der DNA-

Methylierung bestätigte schließlich, dass die hergestellten VW-MSCs einen VW-MSC 

typischen Phänotyp aufweisen. In Bezug auf die Stabilität des erzeugten Phänotyps wurde ein 

Doxycyclin-induzierbares Expressionssystem des HOX-Codes verwendet. Hier konnte gezeigt 

werden, dass die VW-MSCs eine stabile HOX Expression aufrechterhalten und die 

Koloniebildungskapazität sowie das Differenzierungspotential der erzeugten VW-MSCs 

bestehen bleibt (bis vier Wochen nach Entfernen von Doxycyline). Das therapeutische 

Potenzial der erzeugten VW-MSCs wurde schließlich in vitro und in vivo untersucht. In vitro 
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konnten die erzeugten VW-MSCs die Proliferation von Lymphozyten supprimieren, die 

Wundheilung verbessern und einen Strahlenschutz insbesondere für vaskuläre Strukturen 

vermitteln. Ähnlich wie „echte“ VW-MSCs konnten die erzeugten VW-MSCs verschiedene 

Faktoren, einschließlich angiogener Zytokine, sekretieren. Dies unterstreicht, dass (i) die 

trophische Natur von MSCs hauptsächlich vom zellulären Ursprung abhängt und dass, (ii) diese 

Zellen prädestiniert sind, um Gefäßschäden zu reparieren. Mit Hilfe des Mausmodells der 

strahleninduzierten Pneumopathie konnten die therapeutisch verabreichten, in vitro erzeugten 

VW-MSCs die Gefäßschäden in der Lunge reduzieren und dadurch die Entzündung sowie die 

Fibrose Entwicklung reduzieren (Manuskript 2: Steens et al., Cell. Mol. Life Sci., 2020). 

 

Parallel dazu wurde das Protokoll für die in vitro Erzeugung von VW-MSCs aus murinen iPSCs 

(Manuskript 1) auf humane iPSCs übertragen und angepasst (Manuskript in Vorbereitung). 

Humane iPSCs wurden bereits erfolgreich transduziert (mit dem HOX-Dreifachvektor und 

einem Kontrollvektor), mittels durchflusszytometrischer Sortierung aufgereinigt und in der 

Zellkultur expandiert (Daten nicht gezeigt). Leider kommt es durch technische Schwierigkeiten 

zu einer Verzögerung in den anschließenden Experimenten. Deswegen konnte der 

translationale Ansatz für die in vitro Generierung von VW-MSCs aus humanen iPSCs, 

insbesondere die Experimente in Bezug auf das therapeutische Potential, im zeitlichen Rahmen 

dieser Arbeit nicht vollständig durchgeführt werden.  

 

Folglich konnte durch den Gentransfer der VW-MSC spezifischen HOX-Gene HOXB7, 

HOXC6 und HOXC8 erfolgreich die MSC-Differenzierung in murinen iPSCs und in humanen 

Fibroblasten eingeleitet werden, was zu therapeutisch aktiven VW-MSCs führte. Der HOX-

Code scheint hierbei ein Hauptregulator der VW-MSC Identität zu sein. Zudem scheint das 

Expressionsmuster der HOX-Gene mit Zell-typischen Merkmalen von VW-MSCs 

zusammenzuhängen. Somit könnte der identifizierte HOX-Code ein zusätzliches Merkmal sein, 

um VW-MSCs von phänotypisch ähnlichen Zellen wie Fibroblasten oder von anderen 

vaskulären Zellen zu unterscheiden (78). Währenddessen muss das Protokoll für die 

Herstellung von VW-MSCs aus humanen iPSCs in weiteren Experimenten geprüft und 

optimiert werden. Zusammenfassend lässt sich festhalten, dass die in vitro Erzeugung von VW-

MSCs, wie in beiden Manuskripten dargestellt wurde, eine vielversprechende Methode zu sein 

scheint für die Erzeugung einer großen Menge an patientenspezifischen MSCs im Hinblick auf 

eine therapeutischer Anwendung. 

 



13 
 

Therapeutisch verwendete MSCs, insbesondere VW-MSCs, haben sich als eine vorteilhafte, 

therapeutische Option für die Regeneration von erkranktem Lungengewebe erwiesen. Bis jetzt 

ist jedoch wenig bekannt über die wahre Funktion sowie die Nische von gewebespezifischen, 

endogenen MSCs innerhalb der Lunge. Daher wurde der VW-MSC spezifische HOX-Code 

weiterverwendet, um herauszufinden, ob VW-MSCs in anderen Geweben innerhalb der 

vaskulären Nische zu finden sind. Immunhistochemische Färbungen von normalen 

menschlichen Lungengewebeproben zeigten, dass einzelne CD44 (+) CD146 (+) VW-MSCs in 

der vaskulären Zone (der Adventitia) adulter Lungenblutgefäße vorhanden sind. Die isolierten 

primären Lungen-residenten MSCs (LR-MSCs) präsentierten ferner eine typische MSC 

Morphologie und typische MSC Eigenschaften in vitro. Außerdem wiesen die LR-MSCs ein 

ähnliches Differenzierungspotential und eine ähnliche Koloniebildungskapazität wie VW-

MSCs auf. Besonders hervorzuheben ist, dass die LR-MSCs die VW-MSC spezifischen HOX-

Gene (HOXB7, HOXC6 und HOXC8) stark exprimierten. Daher wird sehr empfohlen, dass die 

LR-MSCs als VW-MSCs angesehen werden. Zudem könnten LR-MSCs sogar an 

verschiedenen Lungenerkrankungen beteiligt sein, z.B. Lungenkrebs und könnten hier als 

Tumormodulatoren wirken. Immunhistochemische sowie durchflusszytometrische Analysen 

haben verdeutlicht, dass es einen signifikanten Anstieg der Anzahl von VW-MSCs bei nicht-

kleinzelligem Lungenkrebs (NSCLC) gibt. Darüber hinaus korreliert die Expression des (VW-

) MSC Markers CD44 sowie die HOX Expression mit einem schlechteren Gesamtüberleben 

von Lungenkrebspatienten. Zudem konnten die kultivierten LR-MSCs (ähnlich wie VW-

MSCs) eine Strahlungsresistenz in Co-kultivierten Lungenkarzinomzellen vermitteln 

(Manuskript 3: Steens et al., Stem Cells Transl. Med., 2020). 

 

Während VW-MSCs in der menschlichen Lunge (LR-MSCs) normalerweise zu einer gesunden 

Lungenhomöostase beitragen, indem sie Entzündungen unterdrücken und die Lungenreparatur 

fördern, scheinen VW- / LR-MSCs bei Lungenschäden (insbesondere Lungenkrebs) für den 

Gewebeschutz oder die Reparatur nicht ausreichend zu sein. Diese Ergebnisse führen zu einem 

besseren Verständnis der Rolle der MSCs in der normalen Lungenphysiologie sowie bei 

Lungenerkrankungen und liefern neue Ansätze für das rationale Design zusätzlicher 

therapeutischer Anwendungen.  
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3. Introduction 

 

3.1  Stem Cells 

 

Stem cells are undifferentiated or partially differentiated cells, which show a high division rate 

and have the capabilities for self-renewal as well as to give rise to different cell types. Based 

on their origin and their differentiation potential stem cells can be divided into four categories: 

embryonic stem cells (ESCs), adult stem cells (ASCs), induced pluripotent stem cells (iPSCs) 

and cancer stem cells (CSCs) (5). ESCs and iPSCs are pluripotent stem cells, which are able to 

differentiate into progenitor cells of the three germ layers: ectoderm, mesoderm and endoderm. 

These progenitors are multipotent stem cells, which give rise to various cell types of specific 

lineage including tissue-specific progenitors such as hematopoietic stem cells (HSCs) or 

mesenchymal stem cells (MSCs) (Figure 1) (69). ESCs are derived from the inner cell mass 

(ICM) of the blastocyst of the early embryo and were first isolated from mouse in 1981 by 

Evans and Kaufmann (39). Mouse ESCs are characterized by forming small, round colonies 

that grow on feeder cells such as mouse embryonic fibroblasts (MEFs). Mouse ESC growth is 

dependent of leukemia inhibitory factor (LIF) leading to activation of STAT3, which is essential 

for self-renewal in ESCs. Besides, mESC maintenance is independent of activin/fibroblast 

growth factor (FGF) (116, 151, 166).  

 

The first human embryonic stem cell line was established in 1998 by Thomson (156). For that 

fresh or frozen cleavage stage human embryos produced for in vitro fertilization were donated. 

Embryos were cultured until blastocyst stage, cells of the ICM were isolated and cultured in 

vitro. In contrast to mESCs, hESCs show a flatter morphology. Proliferation and maintenance 

of hESCs depends on stimulation of FGF/transforming growth factor ß (TGFß)/activin 

pathway. Human ESCs also form round colonies and express specific surface markers such as 

stage-specific embryonic antigen (SSEA) 3, SSEA4, transcription associated protein (TRA) 1-

60, TRA-1-81 and alkaline phosphatase (156). One major limitation for the use of ES cells are 

the ethical concerns raised by the use of embryos for ESC isolation (160). Today these issues 

can be bypassed by using induced pluripotent stem cells (iPSCs), which display the same 

differentiation potential and morphology such as hESCs. Yamanaka and Takahashi established 

a protocol to reprogram terminally differentiated, somatic cells like fibroblasts into iPSCs by 

using four pluripotency-specific transcription factors namely OCT3/4, Sox2, c-MYC and Klf4 

and ES cell culture conditions (152, 153).   
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As postnatal derivates of ESCs, numerous types of adult stem cells (ASCs) exist within the 

body. ASCs are multipotent stem cells and thus they restricted to differentiate into cell types of 

a specific lineage e.g. germ layer or tissue (69). Among the ASCs, hematopoietic stem cells 

(HSCs) are well described stem cells located in the bone marrow niche being capable to give 

rise to blood and immune cells. Also mesenchymal stem cells (MSCs) are located within this 

niche generating all cell types of the mesodermal lineage and supporting HSCs maintenance, 

homing and migration by expression of specific HSC markers such as CXCL12, cKit, 

angiopoietin, interleukin (IL) 7, vascular adhesion molecule (VCAM) 1 and osteopontin (105). 

Moreover, ASCs can be found in the heart, lung, muscles and several other tissues (8, 31, 89, 

129, 134). Besides, several studies showed that cancer stem cells (CSCs) exist in various tissues 

within the body such as the brain. Here, glioma-initiating cells demonstrated a higher DNA 

repair correlated with a radio resistance in these cells and thereby promoting growth of 

glioblastoma (6). CSCs have the same characteristics like normal, healthy stem cells of the 

tissue, but they present a tumorigenic potential. In addition, CSCs can be found in breast cancer, 

lung cancer, colon cancer and leukemia (2, 14, 71, 117).  

 

 

 

Figure 1: Differentiation potential of stem cells. Embryonic stem cells (ESCs) derived from the blastocyst as well as 

induced pluripotent stem cells (iPSCs) generated from somatic cells by reprogramming are pluripotent stem cells, 

which give rise to progenitors of all three germ layers. These ectodermal, mesodermal and endodermal progenitors 

are multipotent stem cells being capable to differentiate into tissue-specific progenitors such as hematopoietic stem 

cells (HPSC) and mesenchymal stem cells (MSCs) as well as into various terminally differentiated cell types of a 

specific lineage based on their origin. Source: Kaebisch et al., 2015 (69).   
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3.2  Mesenchymal stem cells (MSCs) 

 

MSCs are multipotent stem/stromal cells, which are able to differentiate into cell types of the 

mesodermal lineage (5). MSCs were identified in 1968 by Friedenstein et al. and described as 

adherent fibroblast-like cells in the bone marrow (BM) able to differentiate into bone. That´s 

why they were first named osteogenic stem cells (45). These osteogenic stem cells were able to 

form colonies and differentiate not only into osteocytes, but also into adipocytes and 

chondrocytes (44). The term “mesenchymal stem cells” was introduced by Caplan in 1991 due 

to the fact that MSCs are able to differentiate into more than one cell type of the mesoderm 

(19). In organs and tissues MSCs take part in the maintenance of organ integrity and the internal 

milieu (homeostasis) by replacing lost cells through differentiating into a specific cell type and 

by secreting cytokines as well as growth factors to facilitate repair and healing processes (19). 

Nevertheless, many other names of the abbreviation “MSC” exist in the literature such as 

multipotent stromal cells, marrow stromal cells, mesodermal stem cells and mesenchymal 

stromal cells. Years later, the International Society for Cellular Therapy (ISCT) recommended 

that MSCs should be named multipotent mesenchymal stromal cells, while the term 

mesenchymal stem cells is only used for cells with specific stem cell criteria (60). However, 

the term “mesenchymal stem cells” is still frequently used.  

 

The ISCT defined the minimal criteria for MSCs. MSCs are characterized by their ability to 

adhere on plastic, by the expression of specific surface markers (CD73(+), CD90(+), CD105(+), 

CD11b(-), CD14(-), CD19(-), CD34(-), CD45(-), CD79(-) and human leukocyte antigen (HLA-

DR) (-)) and by the ability to differentiate into mesenchymal cells such as adipocytes, 

osteocytes and chondrocytes and into non-mesenchymal cell types (37). Additionally, MSCs 

can modulate the immune system by secretion of various bioactive molecules or by direct cell-

cell effects leading to a local immune response. These effects could also lead to a systematic 

change in the immune system (161). MSCs either can have a pro-inflammatory phenotype by 

secreting cytokines such as interferon γ (IFNγ), interleukin 6 (IL-6), IL-8 or chemokine (C-C 

motif) ligand 2 (CCL2) leading to a recruitment and activation of neutrophils and monocytes 

or they display an anti-inflammatory phenotype by secreting TGFβ, prostaglandin E 2 (PGE2) 

and PGE-6 inducing macrophage type 2 differentiation (M2), increasing regulatory T cell 

(Tregs) proliferation and inhibiting T cell proliferation and differentiation . Furthermore, 

secretion of IL-10 by MSCs and direct cell-cell contacts to lymphocytes lead to an increased 

generation of IL-10 dependent regulatory dendritic cells (DCs) (49). 
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3.3  Origin of MSCs 

 

The first mesoderm precursors are located in the mesenchyme known as a connective and 

supporting tissue of the epiblast. During gastrulation, which is a process in the early embryonic 

development leading to the formation of the three germ layers, these precursors become 

mesodermal cells by epithelial-mesenchymal-transition (EMT) taking place in the primitive 

streak (114, 154). The EMT proceeds temporally and in a specific ordered manner to generate 

the anterior-posterior axis. The posterior part of the streak produces the axial mesoderm, also 

known as extraembryonic mesoderm, the middle part gives rise to the lateral mesoderm, also 

called the lateral plate mesoderm (LPM), and the anterior part forms the paraxial mesoderm 

leading to the development of the notochord and the gut (154). The development of the different 

parts of the mesoderm and the EMT is strongly regulated by the interaction of the FGF and 

wingless and int1 (WNT) pathway (3). The LPM can be divided into the somatic LPM, which 

is the dorsal part and gives rise to the dermis, cartilage and bone, and into the splanchnic LPM, 

which is the ventral part leading to the development of the cardiovascular system including 

HSCs, endothelial cells (ECs), pericytes, smooth muscle cells (SMCs) and adipose tissue (138). 

Twist related protein 1 (Twist1) was identified as a marker for the somatic LPM and is together 

with Twist2 expressed in primary MSCs (47). Both factors, Twist1 and 2, as well as their 

interaction partner runt-related transcription factor 2 (Runx2) are involved in the maintenance 

of MSCs by preventing differentiation of MSCs in vivo (66, 170). The three major cell types of 

the mesoderm are: adipocytes, osteocytes and chondrocytes. All adipocytes display a mesoderm 

origin (11, 140). Due to their morphology and their location within the body, adipocytes are 

categorized into white or brown adipose tissue (WAT, BAT) (9). The WAT is divided into 

visceral WAT derived from the splanchnic LPM and subcutaneous WAT, which originates 

from the somatic LPM. The WAT serves as an energy store, whereas BAT function as a heat 

dissipater (98). Moreover, the mesoderm is involved in the development of all elements of the 

body skeleton (19). The axial, mesodermal part forms the embryonic notochord (later spine) 

and the adult nucleus pulposus, the paraxial part generates the axial and with that associated 

skeleton elements such as vertebrae, ribs and the shoulder grindle (130, 149). The lateral 

mesoderm forms all distal body elements such as bone limbs, pelvic gridle, sternum and 

shoulder gridle (24). Accordingly, MSCs can be isolated from embryonic tissues including 

amniotic fluid, umbilical cord blood and placenta, but there are also several MSC reservoirs 

within the adult body such as bone marrow, synovia, adipose tissue, dermis, lung, peripheral 

blood and the vessel wall (Figure 2) (10, 30, 83, 107, 124, 165). 
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MSCs likely differentiate into mesenchymal cells such as adipocytes induced by cultivation of 

MSCs in a specific medium containing dexamethasone, indomethacin, insulin and 

isobutylmethylxanthin (131), into chondrocytes by using medium supplemented with insulin, 

transferrin, selenium, linoleic acid, selenium acid, pyruvate, ascorbic phosphate, 

dexamethasone and TGFß III (100) and into osteocytes by using ascorbic acid, ß-

glycerophosphate and dexamethansone for the medium (124). Furthermore, it has been shown 

that MSCs also generate myoblasts, bone marrow stromal cells and fibroblasts (18). Moreover, 

differentiation into muscle cells and cardiomyocytes can be achieved by using 5-azacytidine as 

a supplement for the medium (168). Besides, MSCs can be differentiated into endodermal cells 

such as hepatocytes and ß-cells of the pancreatic islets (91, 121), but also into ectodermal cells 

such as cholinergic neurons (112).  

 

 

 

 

Figure 2: Origin of MSCs. In embryonic tissues MSCs can be found in the amniotic fluid, umbilical cord blood and 

the placenta. Adult MSCs can be identified in the dermis, adipose tissue, gingival tissue, bone marrow and the 

peripheral blood. Source: Merino-Gonzalez et al., 2016 (107). 



19 
 

3.4  MSCs therapy 

 

MSCs are attractive candidates for cell-based therapies due to their high differentiation and 

proliferation potential (19) , high availability of different MSCs reservoirs within the body (10, 

30, 83, 107, 124, 165), a low tumor risk, a lack of histocompatibility issues and ethical concerns 

(118, 137, 164). Moreover, MSCs demonstrate a loss of expression of the histocompatibility 

antigen (HLA) and of the major histocompatibility complex II (MHC II) as well as a weak 

expression of the major histocompatibility complex I (MHC I) (137). Therefore, MSCs are well 

suited for allogenic transplantations due to a lack of immune response. Once MSCs are 

therapeutically applied, they can fulfill their therapeutic effects by several mechanisms (Figure 

3). First, MSCs can act directly by homing to sites of inflammation after transplantation or 

tissue damage (33). There, MSCs differentiate into a specific cell type to repair the damaged 

tissue by replacing dead and lost cells. Second, MSCs can promote tissue regeneration by a 

paracrine mechanism secreting multiple bioactive molecules such as growth factors and 

cytokines to stimulate the repair of the tissue and  to inhibit inflammation within the tissue (27). 

Third, MSCs support tissue regeneration by a lack of immunogenicity and by 

immunomodulatory functions (43). These special properties including homing, differentiation, 

paracrine and immunomodulatory function led to numerous applications of MSCs, which 

currently undergo hundreds of clinical trials (http://www.clinicaltrials.gov) e. g. to treat graft 

versus host disease or cardiovascular diseases such as myocardial infarction (142). 

http://www.clinicaltrials.gov/
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3.4.1 MSCs in bone/cartilage diseases, neurological diseases and Graft vs. Host disease 

 

Due to the ability to differentiate into osteocytes and chondrocytes and their paracrine function, 

MSCs are well suited to treat bone and cartilage diseases. The injection of adipose-derived 

MSCs into an osteoarthritic knee led to an improved function and decreased pain in the knee 

joint. Here, the increased regeneration of hyaline-like articular cartilage was driven by 

differentiation of MSCs into chondrocytes and by secretion of different growth factors (68). 

Moreover, MSCs could be used as a therapeutic application treating osteoporosis. BM-MSCs 

injected into the bone-marrow cavity of a senescence accelerated mouse prone 6 mice (SAMP6; 

osteoporosis mice model) demonstrated an increased trabecular bone, a minimized loss of bone 

mineral density and prevented osteoporosis in these mice (65) . Stromal cells from the SAMP6 

mice were replaced by donor cells indicating that transplanted MSCs differentiated into 

osteoblasts and secreted IL-11 to prevent osteoporosis (65). 

Figure 3: Unique properties supporting MSC clinical use. MSCs are well suited for cell-based therapies due to their ability 

to home to site of damage or injury, by differentiation into a specific cell type to replace dead or lost cells, by 

secretion of different growth factors, cytokines and chemokines (paracrine effect) and by immunomodulation. 

Source: Squillaro et al., 2016 (142). 
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Neurodegenerative diseases, such as Alzheimer´s disease (AD), amyotrophic lateral sclerosis 

(ALS), Huntington´s disease and Parkinson´s disease, are of great interest in stem cell research 

because these diseases are still poorly understood and not curable. Intracerebral (hippocampus) 

or intravenous injection of adipose-derived MSCs in an AD mice model (Tg2576) improved 

learning and memory in these mice, reduced Aβ plaques, increased endogenous neurogenesis 

and synaptic and dendritic stability (75). In ALS, injected BM-MSCs supported survival of 

motor neurons and enhanced neurovascular function analyzed in a SOD1G93A mice model 

(28). Furthermore, injected adipose-derived MSCs in a QA rat model for Huntington’s disease 

led to an improvement in health of rats by decreasing apomorphine-induced rotation behavior, 

lesion volume and striatal apoptosis (92). Besides, rats treated with 6-OHDA and BM-MSCs 

injection exhibited a decreased number of amphetamine-induced rotations and an induced 

neuroprotection (12).  

 

Graft versus host disease (GVHD) is characterized by the rejection of transplanted cells to the 

host mainly caused by T cells and associated with high morbidity and mortality in patients (41). 

MSC therapy could be beneficial, because MSCs have immunomodulatory properties such as 

the regulation of T cell proliferation and function. It seems that antigen recognition and T cell 

proliferation are essential to initiate MSC activity, therefore MSCs need to be activated to fulfil 

their immunosuppressive function. Several studies showed that interferon γ (IFNγ) pretreated 

MSCs are well suited in treatment and prevention of GVHD in vivo resulting in less symptoms 

in mice and increasing survival rates (72, 125). This effect is caused by an increased expression 

of indoleamine pyrrole 2,3-dioxygenase (IDO), TGFß and hemoxygenase 1 by MSCs regulated 

by the JAK-STAT signaling pathway and leading to downregulation of lymphocyte 

proliferation (72, 125). Moreover, hypoxia and calcium ions primed MSCs presented an 

improved stemness and immunomodulatory function. When these MSCs were applied to non-

obese diabetic, severe compromised immunodeficient mice (NOD-SCID mice), the mice 

showed an increased survival, less weight loss and less histopathological injuries in GVHD 

treated organs (76). There are several clinical trials ongoing about MSC therapy for GVHD. 

One of the first trials was performed by Le Blanc and colleagues in 2004. Haploidentical MSCs 

were transplanted into a nine-year-old boy, who had leukemia and received several treatments 

for resistant grade IV GVHD in the gut and in the liver. MSC therapy resulted in a good clinical 

response of the patient due to in vivo immunomodulatory function of MSCs (90).  
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3.4.2 MSCs in cardiovascular diseases  

 

MSCs are already used to treat cardiovascular diseases such as myocardial infarction (MI). 

Here, it was shown that stromal cell-derived factor 1 (SDF1) expressing MSCs and together 

with the chemokine receptor CXCR4 increases survival of progenitor cells. Moreover, 

increased SDF1 expression promoted neovascularization and migration of smooth muscle actin 

(SMA) and Connexin 45 expressing cells to the infarct zone (176). Cardiac progenitor cells 

(CPCs) can be activated by paracrine effects of MSCs for example by secreting HGF, vascular 

endothelial growth factor (VEGF) and insulin-like growth factor 1 (IGF1). These growth factors 

also supported cardio protection in MI and enhanced CPCs migration and differentiation into 

cardiomyocytes (177). Simultaneously, BM-MSCs seemed to be able to differentiate into 

myocytes in a cardiac microenvironment (93, 113). Besides, MSC-derived exosomes were able 

to reduce infarct size in a mouse model of MI/ reperfusion injury. Furthermore, using an ex vivo 

mouse Langendorff heart model of MI it has been shown that the paracrine effect was a heart 

autonomous effect and seemed to be independent from circulating cells (88). Gong et al. found 

out that MSC-derived exosomes carry miRNAs, especially miR424, miR30b, miR30c and let7f, 

and that these miRNAs are transported to endothelial cells and thereby promoting angiogenesis 

(53). Moreover, 3D culture of MSCs as spheroids increased the release of MSC-derived 

exosomes (74). MSCs cultured in 3D spheroids secreted more angiogenic factors such as IL11, 

VEGF, bFGF and angiogenin than MSCs cultured in 2D monolayer (126). Furthermore, 3D 

cell culture of MSCs resulted in an increased secretion of anti-inflammatory cytokines like 

tumor necrosis factor-inducible gene (TSG-6), stanniocalcin-1 (STC1),  leukemia inhibitory 

factor (LIF), IL24, TNF-related apoptosis-inducing ligand (TRAIL), SDF1 receptor (7) and 

PGE-2 (172).   

 

Taken together, MSC therapy represents a large area of application, especially for vascular 

diseases, and therefore a large number of MSCs must be available/ is highly desired in order to 

achieve the best possible therapy. 
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3.4.3 The secretome of MSCs 

 

The secretome of MSCs is of great interest for regenerative medicine since the released 

bioactive molecules impact on the activation of various signaling pathways that contribute to 

tissue regeneration. By secreting various bioactive molecules MSCs can stimulate different 

immune cells and thereby regulate the immune system. One well-known immunosuppressive 

effect of MSCs is the inhibition of T cell proliferation. MSCs are able to suppress CD4(+) and 

CD8(+) T cell proliferation mediated by secreted factors such as transforming growth factor β1 

(TGFβ1) and hepatocyte growth factor (HGF) (36). Moreover, MSCs can inhibit T cell 

proliferation by PGE-2, which decreased dendritic cell (DC) function and leading to a decreased 

T cell proliferation and differentiation (1) . The interleukin 2 (IL-2) and IL-10 signaling could 

also play a role in the suppression of T cell proliferation by MSCs (128). Besides TGFβ1 and 

IL-10, Fas Ligand (FasL) could be one of the key mediators in the immunosuppressive function 

of MSCs (48).  

 

Moreover, it has been shown that bone marrow-derived MSCs (BM-MSCs) secrete growth 

related oncogene alpha (GROα), IL-6, IL-8, monocyte-chemoattractant-protein 1 (MCP-1, also 

known as CCL2), macrophage migration inhibitory factor (MIF), stromal cell-derived factor 1 

(SDF-1) and Serpin E1 (63). Another study demonstrated that BM-MSCs are able to secrete 

angiogenin, granulocyte/ granulocyte-macrophage colony stimulating factor (G-CSF/GM-

CSF), GROα, IL-1α, IL-6, IL-8, Interferon-gamma (IFN- γ), MCP-1, oncostatin, RANTES and 

TGFβ, but do not secrete IL-2, IL-4, IL-10, IL-12, IL-13, MIP-1β and SDF-1 (127). Several of 

these listed factors are known as angiogenic factors including bFGF, vascular endothelial 

growth factor (VEGF), TGFß, platelet derived growth factor (PDGF), angiopoietin 1 (ANG1), 

placental growth factor (PIGF), IL-6, MCP-1, HGF and SFF-1. These factors can be secreted 

by BM-MSCs as well as adipose-tissue derived MSCs and thus, the complex MSC secretome 

leads to stimulation of angiogenesis in vitro and in vivo (155). Further analysis showed that the 

tissue of origin effects the proteomic profile of MSC secretomes (70). Conditioned medium 

(CM) of BM-MSCs, adipose tissue derived MSCs and umbilical cord Wharton´s jelly was 

harvested and the proteomic profile was analyzed by mass spectrometry. In total, 86 

angiogenesis related proteins were found in CM of MSCs, 46 of these proteins were detected 

in all three MSC subtypes. BM-MSCs and MSCs derived from the umbilical cord displayed a 

bigger profile than MSCs from adipose tissue, e.g. expression of ANG1 and FGF7, and also 

revealed higher effects in vitro. Adipose tissue derived MSCs also show a lack of expression of 

FGF2 and AKT1. Umbilical cord derived MSCs presented the biggest secretome (70).  
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3.5  Vessel-wall resident mesenchymal stem cells (VW-MSCs) 

 

There are several reservoirs of MSCs within the body, but it was surprising that MSCs are also 

located around blood vessels (32). Several studies showed that the vascular niche is located 

within the adventitia of blood vessels, closely related to the tunica media. This niche harbors 

different progenitor cells such as endothelial progenitor cells (EPCs), which are involved in 

capillary sprouting leading to an upregulation of endothelial markers such as vascular 

endothelial growth factor (VEGF) (61, 62, 175). Crisan et al. identified perivascular cells in 

several human organs such as skeletal muscle, pancreas, adipose tissue and the placenta 

characterized by expression of CD146, neural/glial antigen 2 (NG2) and platelet-derived 

growth factor receptor β (PDGF-Rβ) and absence of hematopoietic, endothelial and myogenic 

marker expression. Moreover, these progenitors revealed typical MSC features such as 

differentiation potential into adipocytes and chondrocytes and MSC marker expression (30). 

Another study demonstrated that these perivascular cells are CD34(+) progenitor cells located 

in the vasculogenic zone of blood vessels revealing typical MSC features upon culturing in 

vitro (16).  

 

Klein et al. identified then CD44 positive cells within the human arterial adventitia, located in 

the so-called vasculogenic zone (38, 79, 175),  showing typical MSC characteristics such as 

MSC marker expression [CD44(+), CD73(+), CD90(+), CD34(-), CD45(-)] and differentiation 

potential into adipocytes, osteocytes and chondrocytes (83). Based on their anatomical position, 

and thus their distribution throughout the body, these vessel-wall typical MSCs (VW-MSCs) 

are supposed to act as “first line” cells, which can be activated by damage and stress induced 

by different pathological triggers such as irradiation or by tumor cells (38, 77). Once activated, 

these VW-MSCs start to migrate out of their niche to the site of tissue damage (Figure 4). 

Accordingly, it was shown that indeed tissue-resident MSCs, and not bone-marrow mobilized 

and circulating MSCs, were mobilized following tumor development and be recruited to the 

tumor-tissue where these MSCs differentiated into pericytes and smooth muscle cells (SMCs) 

to support vascular formation and stabilization (Figure 4) (77, 80).  

 

The stem cell niche is strongly supposed to impact on the cell’s behavior. Thus, tissue-resident 

stem cells predominately differentiate into tissue specific cells based on their origin. As a result 

of the tissue-specific action, it is hypothesized that VW-MSCs are particularly well suited to 

address diseases, which are characterized by vascular impairments (77). Primary, human VW-

MSCs can be (quite easily) harvested from human adult arteries such as the artery radialis and 
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subsequently expanded in vitro to generate a huge amount of MSCs that could be used for cell 

replacement therapeutic approaches (Figure 4). Of note, VW-MSCs were shown to exert 

superior repair capabilities following vascular injury in response to ionizing radiation as 

compared to bone marrow derived MSCs (81, 82). 

 

 

 

 

 

Figure 4: Location and function of vessel-wall typical MSCs (VW-MSCs). VW-MSCs are located in the so-called 

vasculogenic zone within the adventitia of larger blood vessels Here, VW-MSCs are supposed to act as “first line” 

cells, which can be activated through various stimuli caused by pathological triggers or by directly tumor cells. 

This activation leads to mobilization of VW-MSCs and differentiation into differentiating into pericytes and 

smooth muscle cells (SMCs) to support vessel formation and stabilization. Moreover, primary VW-MSCs can be 

ex vivo isolated and cultured in vitro to generate a huge amount of VW-MSCs for VW-MSC therapy for vascular 

damage. Source: Klein, 2016 (77). 
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3.6  In vitro generation of MSCs 

 

Due to their high differentiation potential and their immunomodulatory properties MSCs are 

well suited for cell-based therapies. The amount of MSCs isolated from the bone marrow or 

from other primary tissues is rather low and variations in the quality of donors/tissues caused 

inconsistencies in the proliferation and differentiation potential of MSCs (57, 122). Thus, we 

need an easily accessible source to generate high numbers of donor-independent MSCs for a 

therapeutic application. An alternative method could be the in vitro generation of MSCs by 

converting somatic cells directly into MSCs or by reprogramming somatic cells into induced 

pluripotent stem cells (iPSCs) and then differentiating these iPSCs into MSCs (Figure 5). The 

differentiation into MSCs can be induced by specifically directed differentiation using growth 

factors, small molecules, RNAs or transcription factors, or by spontaneously differentiation of 

iPSCs into MSCs using different media formulations (144).   

Figure 5: Generation of MSCs in vitro. Somatic cells like fibroblasts can be isolated from healthy donors or diseased 

donors by biopsy. Fibroblasts can be directly converted into MSCs or reprogrammed into induced pluripotent stem 

cells (iPSCs), which will be further differentiated into MSCs. MSC differentiation can be induced spontaneously 

(from iPSCs) or directed by using growth factors, small molecules, RNAs or transcription factors. The generated 

MSCs can be then used for regenerative therapies and can be transplanted into the patient to support regeneration 

of the damaged tissue. Source: Steens and Klein, 2018 (144).   
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3.6.1 Differentiation from reprogrammed somatic cells towards MSCs 

 

Human iPSCs generated by reprogramming of somatic cells such as fibroblasts are a well-

characterized, unlimited cell source due to their high proliferation and differentiation capacity. 

Therefore, iPSCs are well suited to generate patient-specific MSCs without any ethical concerns 

compared to embryonic stem cells (ESCs). Cultivation of iPSCs derived from fibroblasts and 

foreskin on gelatin coated plates in Knockout-Dulbecco's Modified Eagle's Medium (KO-

DMEM) supplemented with 10 % fetal calf serum (FCS), basic fibroblast growth factor (b 

FGF), platelet-derived growth factor AB (PDGF-AB), epidermal growth factor (EGF) led to 

MSC differentiation within one week (94). After one week, CD24(-) and CD105(+) cells were 

isolated by fluorescence activated cell sorting (FACS) and these sorted cells were then 

expanded. The generated MSCs fulfilled all classical MSC characteristics, were therapeutically 

active improving vascular and muscle regeneration of hindlimb ischemia and showed a high 

self-renewal in culture for >120 doublings without losing plasticity (94). Another protocol used 

DMEM F12 supplemented with 10 % FCS, b FGF, non-essential amino acids (NEAA), L-

glutamine, ß-mercaptoethanol and penicillin-streptomycin (PS) as a differentiation medium. 

iPSCs were cultured for 4 weeks in MSC differentiation medium and then analyzed for MSC 

marker expression and differentiation potential. Generated MSCs were able to suppress natural 

killer cell (NK cell) proliferation and cytolytic function (52) .  

 

MSC differentiation can not only be mediated by specific medium compositions using high 

serum concentrations (FCS) or MSC-typical growth factors such as bFGF, but also by 

physiochemical stimulation of iPSCs through a specific matrix. Liu et al. cultured iPSCs on a 

type I collagen matrix in alpha modified Eagle’s medium (αMEM) supplemented with 10 % 

FCS, PS, magnesium L-ascorbic acid phosphate and dexamethasone. After 10 days of 

cultivation the MSC-like cells were harvested, labeled as passage zero and plated on a new 

collagen coated plate in an expansion medium containing αMEM, 10 % FCS, PS, L-glutamine 

and NEAA. After 2 passages, 82,9 % of the expanded cells expressed CD90, which is a typical 

MSC marker (97) . Physiochemical stimulation through a matrix like collagen could be 

beneficial, because type I collagen is able to induce EMT of epithelial cells (104). Furthermore, 

small molecules can be used to promote MSC differentiation. iPSCs were cultured in KOSR-

SB medium containing DMEM F12, 20 % knockout serum replacement (KOSR), L-glutamine, 

NEAA and a TGFβ pathway inhibitor SB431542 diluted in DMSO for 10 days changing 

medium daily. Generated MSCs were then cultivated in MSC Medium (DMEM-HG, 10 % 

FCS, L-glutamine, PS and gentamycin) and expanded. SB431542 treated cells demonstrated 



28 
 

MSC marker expression, lack of pluripotency markers, differentiation potential into osteocytes 

and chondrocytes and a typical immunophenotype (22) . All the listed protocols used FCS in 

their differentiation medium. A new protocol used a defined medium without animal products 

and thereby could increase the homogeneity as well as the purity of MSCs (99). Luzzani et al. 

developed a two-step protocol for the generation of MSCs from ESCs and iPSCs derived from 

foreskin fibroblasts using platelet lysate (PL) as an alternative for FCS. In the first step, iPSCs 

were plated as single cells on a Matrigel or Geltrex coated plate and cultivated for 14 days in 

PL medium (αMEM, 10 % PL, PS, B27). In the second step, cells were cultured on plastic 

dishes for additional 7-14 days in PL medium without B27. The generated MSCs were able to 

express typical MSC markers such as CD73, CD90, CD105, CD166 and CD271, differentiated 

into multi-lineages and inhibited lymphocyte proliferation (99).  

 

In conclusion, MSC differentiation can be induced spontaneously from iPSCs by depriving 

factors that mediate pluripotency and cultivation in MSC medium (64) or by medium selection 

using specific medium compositions containing growth factors, small molecules or MSC-

specific matrices, which direct differentiation of iPSCs into MSCs (22, 52, 94, 97, 99) . A new 

strategy to generate MSCs in vitro would be the direct lineage conversion of iPSCs into MSCs 

by overexpression of specific transcription factors (144). Up to now, the generation of MSCs 

by using specific transcription factors is prevented by the lack of MSC-specific transcription 

factors. However, transcription factors such as neurogenin-2 (NGN2) were already used for a 

direct conversion of iPSCs into neurons (40). In line with that idea, own work recently showed 

that VW-MSC specific transcription factors could serve as an inducer of VW-MSC identity 

(147). 
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3.6.2 Direct conversion of somatic cells into MSCs 

 

To avoid reprogramming of fibroblasts into iPSCs and the teratoma-forming risk of iPSCs, 

fibroblasts or other somatic cells could be directly differentiated into MSCs. CD34 positive 

cord blood and peripheral blood cells were able to differentiate into MSCs by OCT4 

overexpression (106). Blood cells were transduced with a lentiviral vector expressing OCT4 

and cultured on fibronectin in commercially available MSC medium. The partial reprogrammed 

cells displayed MSC marker expression and differentiation capacity in vitro as well as a non-

tumorigenic potential in vivo (106) . Moreover, dermal fibroblasts were converted into MSCs 

by using a six-chemical cocktail including SP600125 (JNK inhibitor), SB202190 (p38 

inhibitor), Go6983 (protein kinase C inhibitor), Y-27632 (ROCK inhibitor), PD0325901 

(ERK1/2 inhibitor) and CHIR99021 (GSK3β inhibitor)) with or without the addition of three 

growth factors (TGF-β1, bFGF, and LIF) (87). Fibroblasts were cultured in chemical cocktail 

medium for 6 days, then SSEA4 and PODXL positive cells were sorted and expanded for 6-8 

passages. Fibroblast-derived MSCs showed similar features like BM-MSCs and exhibited MSC 

characteristics (plastic adherence, MSC marker expression, differentiation potential) (87). 

Although, the direct conversion of somatic cells into MSCs mediated by MSC-specific 

transcription factors is not established now, somatic cells such as blood cells and fibroblasts 

can be differentiated into MSCs by using a specific differentiation medium like reported above 

(144). Moreover, it has been shown that human fibroblasts can be directly converted into 

dopaminergic neurons by using specific transcription factors such as Ascl1, Brn2 and Myt1l 

(120). Furthermore, fibroblasts were differentiated into cardiomyocyte-like cells by using 

nanogels coupled with the transcription factors GATA4, MEF2C and TBX5 (73). 

 

3.6.3 MSC specific genes  

 

In a current study, selected CD271 positive BM-MSCs (CD271-MSCs) and non-selected plastic 

adherent MSCs (PA-MSCs) from the bone marrow were compared regarding their gene 

expression profile. CD271-MSCs displayed an upregulation of genes involved in extracellular 

matrix (ECM) generation (tenascin XB, elastin, ABI family, member 3 (NESH) binding 

protein, carboxypeptidase Z, laminin alpha 2 and nephroblastoma overexpressed), cell adhesion 

(CXCR7, GPNMB, MYBPH, SVEP1, ARHGAP6, TSPEAR, PIK3CG, ABL2 and NCAM1), 

chondrogenesis (ACAN, MMP13, SOX8), osteogenesis (DPT, OMD, ID4, CRYAB, SORT1), 

adipogenesis (CTNNB1, ZEB, LPL, FABP4, PDK4, ACDC), neural development 
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(synaptotagmin 2,4,9,12,14; NEGR1, EPHA4, SOCS2) and hematopoiesis (CXCL12, FLT3L, 

IL3, TPO, KTTL). Interestingly, genes involved in WNT and TGFß signaling as well as 

cytokine/chemokine signaling were downregulated in CD271-MSCs compared to PA-MSCs 

(86). Another study compared the gene expression profile of MSCs and fibroblasts. Here, an 

increased expression of genes involved in ECM generation, cell adhesion, collagen synthesis, 

neural development, hematopoiesis as well as WNT signaling (secreted frizzled related protein 

4, Dickkopf 3) and embryonic development (distal-less homeo box 5, eyes-absent homolog 2, 

inhibitor of DNA binding 3, LIM protein) was observed (15). MSCs derived from adipose 

tissue, BM and placenta as well as dermal fibroblasts showed a similar gene expression in CD 

marker genes such as CD73, CD90 and CD105 compared to hematopoietic stem and progenitor 

cells (HSPCs) (132). CD146 and CD106 are also expressed in BM-MSCs and could be used as 

new potential MSC markers. However, each MSC subtype as well as other mesenchymal cells 

like fibroblasts displayed a tissue specific gene signature based on to their tissue-origin (132). 

Thus, although many progresses have been investigated to identify cell-type specific genes and 

even gene-specificity in different subsets of the same cell type e.g. MSCs. The regulatory 

function of specific genes or of gene combinations defining a certain cellular identity remains 

unclear. 

 

3.6.3.1  HOX genes 

 

Homeobox (HOX) genes are known as master regulators of cellular fate. HOX genes are highly 

conserved, regulatory genes that are expressed along the anterior-posterior axis in bilateral 

animals and thus determine the positional identity of the cells (85). HOX genes, belonging to 

the group of homeobox genes, are found in all multicellular animals and named after the 

homeobox, a 180 base pair long sequence encoding for the homeo-domain, a deoxy-

ribonucleic-acid (DNA) binding motif. The homeo-domain has a typical helix-turn-helix motif 

indicating a function of the proteins as DNA-binding proteins and transcription factors (85, 

133). HOX genes encode for transcription factors, which in turn regulate negatively or 

positively downstream genes to control formation of a structure. The HOX code describes an 

overlapping expression of different HOX genes leading to the specific formation of certain body 

structures (133). According to their regulatory function linked with cellular identity, HOXB4 

for example was shown to foster generation of HSCs in vitro (123). Mouse ES cells were 

transduced with a retroviral vector co-expressing the sequence for HOXB4 and EGFP. The 

EGFP positive cells were sorted, plated as embryoid bodies (EBs) for 6 days and then cultured 

in serum-free medium containing various hematopoietic cytokines to support cell growth. The 
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ectopic expression of HOXB4 in ESCs resulted in long-term survival of HSC progenitors 

showing a similar proliferation potential and a stable marker expression such as BM-derived 

HSCs (123). However, there were negative effects of HOXB4 overexpression on the 

differentiation potential of ESC-HSCs. Thus, HOXB4 mediated the lineage conversion of ESCs 

into HSCs, but it remains unclear which other factors are needed to support differentiation/ 

maintenance of HSCs. 

 

It was already reported that different subsets of MSCs express different HOX genes depending 

on their origin and their differentiation potential such as HOXA5, 10; HOXB6.7; HOXC4, 6, 

8, 9, 10; HOXD3 and D8 indicating that HOX genes could play an essential role in MSC 

maintenance and differentiation (135). Cord-blood derived MSCs express HOXA9, HOXB7, 

HOXC10 and HOXD6, whereas unrestricted somatic stem cells isolated from cord blood seems 

to be negative for the HOX genes. Amnio- and decidua derived MSCs can be distinguished 

from each other by expression of HOXC10 (95). Besides, the HOX gene expression of all 39 

HOX genes was analyzed in BM-MSCs: an increased expression of HOXA5, HOXA7, 

HOXA9, HOXA10, HOXB5, HOXB7, HOXC6, HOXC10 and HOXD8 was reported by whole 

transcriptome sequencing (26). Taken together, HOX genes were used to distinguish 

phenotypically similar cells (26, 78, 95, 135). An increased expression of the three HOX genes 

HOXB7, HOXC6 and HOXC8 was reported for VW-MSCs and these levels turned out to be 

highly differential as compared to respective HOX levels in other terminally differentiated 

vascular cells such as SMCs and ECs as well as less differentiated cells like ESCs (78). These 

three HOX genes could function as a VW-MSC specific HOX code and seem to be crucial for 

the development and function of VW-MSCs (78).  

 

This VW-MSC specific gene set comprising the HOX candidates HOXB7, HOXC6 and 

HOXC8 as the “HOX-code” was investigated for a direct lineage conversion approach (147). 

Using a lentiviral vector expressing the so-called Yamanaka factors, Oct4, Klf4, Sox2 and 

cMyc, dermal tail fibroblasts were reprogrammed that originated from transgenic mice 

containing a green fluorescent protein (GFP) gene integrated into the Nestin-locus (Nest-iPSCs) 

in order to facilitate lineage tracing after subsequent MSC differentiation of Nest-iPSCs. The 

obtained Nest-iPSCs were transduced with a lentiviral vector expressing the HOX genes 

HOXB7, HOXC6 and HOXC8 to induce MSC differentiation. This direct reprogramming 

approach successfully mediated the generation of VW-MSCs presenting classical MSC 

characteristics, both in vitro and in vivo and thus, we provided a first proof of principle (147). 
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4. Aims  

Tissue-resident mesenchymal stem cells (MSCs) are important orchestrators of normal tissue 

homeostasis and of functional tissue regeneration after severe injury. Due to their anatomic 

location and thus their distribution throughout the body, vascular wall-resident MSCs (VW-

MSCs) might represent a common origin of the different resident MSCs found in various 

organs. Likewise, VW-MSCs are particularly well suited for the protection and curative 

treatment of vascular damage due to their tissue-specific action. However, the amount of MSCs 

in primary isolates in general, as well as in isolates generated from vessel fragments are rather 

low and need rigorous expansion. As an alternative method, the in vitro generation of MSCs 

from induced pluripotent stem cells (iPSCs) was investigated. For this, a set of identified 

vascular wall-specific genes, the so-called HOX code, was used to directly convert murine 

iPSCs into VW-MSCs (145, 147). This direct reprogramming approach successfully mediated 

the generation of VW-typical MSCs with classical MSC characteristics, both in vitro and in 

vivo (proof of principle).  

 

Thus, the main aim of the present thesis was to translate this approach to human cells. Prior 

investigating human iPSCs, human primary fibroblasts were firstly used to generate and 

characterize human VW-MSCs by using the VW-MSC specific gene code. Furthermore, the 

therapeutic potential of the generated VW-MSCs was investigated in vitro and in vivo to provide 

and highlight further evidence of the superior use of VW-MSCs to improve vascular 

impairments. 

 

Concerning their naïve function, the vascular nature of tissue-resident MSCs was investigated 

within adult lungs. Own previous studies already showed that therapeutically applied (murine) 

MSCs reduced radiation-induced vascular damage in lungs, thereby limiting immune cell 

infiltration and inflammation as well as metastasis formation of circulating tumor cells (81, 82). 

Of note, applied VW-MSCs mediated therapeutic benefits included protection of the 

endogenous MSC pool found within lungs (82) . Thus, to further gain insight how (VW-) MSCs 

act in lung homeostasis in healthy and diseased states, the VW-specific HOX code was used to 

address whether lung-resident MSCs have their niche within the vascular wall of lung blood 

vessels, as well as if and how these MSCs could contribute to diseased lung states. 
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5. Results 

 

5.1  Publication overview 

 

1. In Vitro Generation of Vascular Wall–Typical Mesenchymal Stem Cells (VW-MSC) from 

Murine Induced Pluripotent Stem Cells Through VW-MSC–Specific Gene Transfer. 

Steens J, Klump H, Klein D 

Methods Mol Biol. 2020; 2155:83-97. 

 

2. Direct conversion of human fibroblasts into therapeutically active vascular wall-typical 

mesenchymal stem cells 

Steens J, Unger K, Klar L, Neureiter A, Wieber K, Hess J, Jakob HG, Klump H, Klein D 

Cell Mol Life Sci. 2020 Sep;77(17):3401-3422. 

 

3. The vascular nature of lung resident mesenchymal stem cells 

Steens J, Klar L, Hansel C, Slama A, Hager T, Jendrossek V, Aigner C, Klein D 

Stem Cells Transl. Med. 2020 Aug 24. Epub ahead of print. 
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5.2  In Vitro Generation of Vascular Wall–Typical Mesenchymal Stem Cells (VW-

MSC) from Murine Induced Pluripotent Stem Cells Through VW-MSC–Specific 

Gene Transfer 

 

Author contributions  

 

Title: In Vitro Generation of Vascular Wall–Typical Mesenchymal Stem Cells (VW-MSC) 

from Murine Induced Pluripotent Stem Cells Through VW-MSC–Specific Gene Transfer 

 

Authors: Steens J, Klump H, Klein D 

 

Methods Mol Biol. 2020; 2155:83-97. 

 

Contributions: 

 

• Conception – 30 % content matter/ superstruction 

 

• Experimental work – not applicable 

 

• Data analysis – not applicable 

 

• Species identification – not applicable 

 

• Statistical analysis – not applicable 

 

• Writing the manuscript – 50 %: writing the first draft, proofreading  

 

• Revising the manuscript – not applicable 

 

 

 

____________________   ___________________ 

Unterschrift Doktorand/in   Unterschrift Betreuer/in 
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5.3  Direct conversion of human fibroblasts into therapeutically active vascular wall-

typical mesenchymal stem cells                                                                                                                

 

Author contributions  

 

Title: Direct conversion of human fibroblasts into therapeutically active vascular wall‑typical 

mesenchymal stem cells 

 

Authors: Steens J, Unger K, Klar L, Neureiter A, Wieber K, Hess J, Jakob HG, Klump H, Klein 

D 

 

Cell Mol Life Sci. 2020 Sep;77(17):3401-3422. 

 

Contributions: 

 

• Conception – 20 %: planning of in vitro experiments  

 

• Experimental work – 40 %: experiments for figure 1 C-D, 2 A-C, 6 B-E, 7 A-C, 8 A-D, S1 

A-C, S2, S4 

 

• Data analysis – 30 %: for figure 1 C-D, 2 A-C, 6 E, 7 A-C, 8 A, S1 A-C 

 

• Species identification – not applicable 

 

• Statistical analysis – 25 %: for figure 1 C-D, 2 A-C, 6 E, 7 A-C, 8 A, S1 A-C 

 

• Writing the manuscript – 25 %: material and methods, figure legends, proofreading 

 

• Revising the manuscript – 30 %: additional experiments for revision, critical proofreading 
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Unterschrift Doktorand/in   Unterschrift Betreuer/in 
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5.4  The vascular nature of lung resident mesenchymal stem cells 

 

Author contributions 

 

Title:  The vascular nature of lung resident mesenchymal stem cells 

 

Authors: Steens J, Klar L, Hansel C, Slama A, Hager T, Jendrossek V, Aigner C, Klein D 

 

Stem Cells Transl. Med. 2020 Aug 24. Epub ahead of print. 

 

Contributions: 

 

• Conception – 15 %: planning of in vitro/ex vivo experiments 

 

• Experimental work – 30 %: experiments for figure 2 A-E, 3 A-C, 5 A, 6 A-C, S2, S3 B-C, 

S5 B 

 

• Data analysis – 25 %: for figure 2 A-E, 3 A-C, 5 A 

 

• Species identification – not applicable 

 

• Statistical analysis – 20 %: for figure 2 A-E, 3 A-C, 5 A 

 

• Writing the manuscript – 20 %: writing first draft (material and methods, results, figure 

legends), proofreading 

 

• Revising the manuscript – 25 %: additional experiments/ figure preparation, critical 

proofreading 
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6. Discussion  

 

6.1  In vitro generation of VW-MSCs  

 

Stem cell therapy using adult stem cells such as MSCs is commonly used to treat various 

diseases e.g. cardiovascular diseases. Due to their unique features regarding tissue regeneration, 

which includes homing to the site of damage, a huge differentiation potential and various 

paracrine and immunomodulatory effects, MSCs are well suited for cell-based therapies (142). 

There are several MSC reservoirs within the body, however the amount of MSCs in primary 

isolates is low and the small number of isolated MSCs need to be highly expanded in vitro. 

Long time culturing of MSCs resulted in cellular aging shown by a decreased proliferation and 

differentiation rate as well as an increased senescence status within these cells (13). Moreover, 

aging in vivo correlated with senescence in vitro analyzed through passaging of young and old 

MSCs leading to a decreased proliferation and increased senescence phenotype marked by 

upregulated β-Galactosidase levels (163). Another study showed that long-time culturing of 

MSCs led to the typical Hayflick phenomenon of cellular aging, gradual decreased 

proliferation, telomere shortening and impairment of MSC functions such as differentiation 

potential (13). Whereas, Geißler et al. demonstrated a constant proliferation rate in young and 

adult MSCs isolated from rats cultured for more than 100 passages (50). However, passaging 

of MSCs resulted in a decreased differentiation potential into osteogenic and adipogenic cells 

and a decreased gene expression of genes involved in WNT signaling, TGFβ/BMP signaling, 

migration, adhesion, cytoskeleton turnover and mitochondria function.  Furthermore, long-time 

passaged MSCs showed also a reduced size of filopedia and lamellipodia and an altered 

mitochondria morphology and function including a reduced antioxidant capacity, increased 

reactive oxygen species (ROS) levels and decreased adenosinetriphosphate (ATP) levels (50). 

Moreover, long-time culturing contributed to genomic instability, formation of chromosomal 

aberrations such as tetrasomy 8 and accumulations of DNA damages due to an impaired DNA 

damage response (59, 115). Besides, the differentiation potential of MSCs strongly differs due 

to their origin and age indicating heterogeneity within MSCs. Thus, fetal MSCs showed a faster 

proliferation rate, a greater number of in vitro passages until senescence and presented a 

morphologically larger phenotype than adult MSCs (55). In addition, BM-MSCs isolated from 

donors of various ages and sexes presented an up to 12-fold difference in their proliferation 

potential and a 40-fold difference in their osteogenic differentiation potential (122). 

Furthermore, MSCs from aged individuals demonstrated a higher apoptosis rate, a slower 

proliferation and a weakened ability to differentiate into osteoblasts (178).  
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These age-related changes due to various donors or induced by long-time culturing of MSCs 

limit their use for various therapeutic applications. Accordingly, in vitro generation of MSCs 

could overcome these issues to generate a huge number of donor-independent MSCs, which 

can be used for a therapeutic application. There are several protocols to generate MSCs in vitro 

from somatic cells or from iPSCs by medium selection (52, 87, 94, 99) or by directed 

differentiation using transcription factors (106), physiochemical stimulation through a matrix 

(97) or small molecules (22). The direct conversion of somatic cells into MSCs using specific 

transcription factors inducing MSC differentiation could be the most promising method, 

because of a consistent target cell leading to a homogenous MSC population. Nevertheless, the 

use of specific transcription factors was successfully shown for several other cell types (73, 

120), but not for MSCs due to a lack of known transcription factors (master regulators) 

regulating MSC differentiation. Here, the HOX genes are of particular interest. It already has 

been shown that HOXB4 successfully mediated the differentiation of murine ESCs into HSCs 

(123). Due to the differential expression of the HOX genes HOXB7, HOXC6 and HOXC8 

within VW-MSCs as revealed by previous analysis (78), a protocol was established for the in 

vitro generation of VW-MSCs from murine iPSCs by using a lentiviral vector co-expressing 

the coding sequences for three HOX genes as well as the reporter gene cyan fluorescent protein 

(CFP)  (manuscript 1) (145, 147). First, tail-tip fibroblasts from a Nestin-GFP transgenic mice 

were isolated and reprogrammed into murine iPSCs by using the four Yamanaka factors. The 

generated iPSCs were then transduced with a lentiviral HOX-triple vector to induce MSC 

differentiation. Due to the fact that Nestin is a known MSC marker and is here linked to GFP, 

we were able to perform lineage tracing of our transduced iPSCs to investigate when MSC 

differentiation starts. The Nestin-GFP expressing cells were sorted, expanded and in vitro 

characterized. Our murine VW-MSCs presented classical MSC characteristics such as plastic 

adherence, MSC marker expression and mesenchymal differentiation potential (147). Thus, a 

proof of principle was presented and a detailed protocol as the basis for translational approaches 

was established (manuscript 1). However, the therapeutic potential of in vitro generated 

(murine) VW-MSCs was not investigated yet.  

 

Within the second presented manuscript, the known HOX Code was used to directly convert 

human, dermal fibroblasts into functional VW-MSCs. The three main characteristics of MSCs 

are plastic adherence, mesodermal differentiation potential and specific MSC surface marker  

(CD44, CD73, CD90, CD105) expressions, while lacking endothelial as well as hematopoietic 

markers (37). The generated HOX-transduced fibroblasts were plastic-adherent and revealed 

an increased HOX expression, MSC marker expression, differentiation potential into 
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adipocytes, osteocytes and chondrocytes as well as an enhanced colony-forming capacity. 

Nevertheless, fibroblasts are phenotypically indistinguishable from MSCs based on their same 

mesenchymal marker expression due to mesodermal origin (34). Thus, the HOX code can be 

additionally used to distinguish between similar cell phenotypes and further resulted in a gain 

of “stem cell” function including an enhanced colony-forming capacity and an increased 

differentiation potential of the generated VW-MSCs. Therefore, the ability to differentiate into 

various mesenchymal lineages and the capacity to form colonies are key features to distinguish 

between fibroblasts and MSCs (4). However, it needs to be further investigated how the 

indicated HOX genes influence stem cell features such as differentiation potential and the 

underlying mechanism needs to be identified. It is known that the HOX genes HOXA4, HOXA7 

and HOXD4 are involved in the differentiation of adipocytes (29). In addition, HOXC8 seems 

to play a role in adipogenesis (110). Furthermore, HOXA2 and HOXD9 take part in bone 

formation and regeneration by increased expression within chondrocyte differentiation and 

ossification, as well as reduced expression within osteoblast differentiation (51). It was further 

shown that HOXC8 regulates chondrogenesis in mice (174). Besides, HOX genes are expressed 

within several cardiovascular lineages. Here, cardiomyocyte differentiation is regulated by 

HOXA1, myogenic differentiation is conducted by HOXA11 and HOXA13, and the 

development of ECs from MSCs is regulated by HOXA3, HOXA7, HOXB3 and HOXB13 (20, 

25, 169).  HOXC8 seems to be a key player in regulating adipogenesis as well as 

chondrogenesis, anyhow it remains unclear how HOXC8 drives the differentiation potential of 

VW-MSCs. 

 

To test whether the generated or more precisely induced VW-MSCs (iVW-MSCs) are able to 

contribute to morphogenesis of blood vessels in vivo, iVW-MSCs alone or in combination with 

endothelial cells embedded in Matrigel were subcutaneously implanted into immune-deficient 

NMRI nude mice (Matrigel plug assay). Here, it was verified that CFP-positive iVW-MSCs 

were located around blood vessels and highly expressed ACTA2 indicating that the iVW-MSCs 

differentiated into SMCs and pericytes supporting vascular stabilization. To finally proof that 

fibroblasts were phenotypically converted into VW-MSCs, gene array analyzes were 

performed. Here, the results revealed that the generated iVW-MSCs and control VW-MSCs 

isolated from human internal thoracic artery (hITA) are closely related to each other. Moreover, 

the iVW-MSCs are functional and therapeutically active similar like Hita-derived VW-MSCs 

capable of suppressing lymphocyte proliferation and leading to an enhanced migration of ECs 

treated with supernatants (SNs) generated from iVW-MSCs. Importantly, iVW-MSCs and VW-

MSCs displayed a similar cytokine expression profile including an increased expression of 



110 
 

angiogenic factors such as angiogenin, ANG1, ANG2 and immunomodulatory cytokines such 

as IL8, IFN-γ MIF, MCP1, and SDF1α. Potian et al. showed that BM-MSCs secrete similar 

cytokines including angiogenin, IL1α, IFN-γ and MCP1 (127). Another group compared the 

cytokine expression in BM-MSCs, placenta-derived MSCs and cord-blood derived MSCs. 

They analyzed 36 cytokines and found that the different MSC subtypes had a common 

expression profile including MIF (GIF, DER6), IL-8 (CXCL8), Serpin E1 (PAI-1), GROα 

(CXCL1), and IL-6. Whereas, MCP1 was expressed in BM-MSCs and placenta-derived MSCs, 

but not in cord-blood derived MSCs. Besides, SDF1 was exclusively expressed in BM-MSCs 

(63). Thus, iVW-MSCs present a similar cytokine expression profile like BM-MSCs. However, 

the tissue of origin as well as the secretion level of various cytokines is decisive for the 

therapeutic action. Herein, VW-MSCs are well suited to address vascular damage/diseases due 

to their tissue-specific action compared to BM-MSCs. This was further confirmed in vivo using 

the mice model of radiation induced pneumopathy. Here, the applied iVW-MSCs were able to 

reduce radiation-induced inflammation, vascular damage and fibrosis levels within the lung 

(146).  

 

6.2  Human iPSCs as a donor source 

 

More predestined, iPSCs could overcome age-related issues, which occur in fibroblast-derived 

MSCs or in highly expanded MSCs from primary isolates mainly derived from aged human 

donors (13, 50, 163). Hence, fetal and adult MSCs were reprogrammed into iPSCs by using the 

Yamanaka factors, then differentiated into MSCs (iPSCs-MSCs) by using MSC differentiation 

medium. iPSC-MSCs from aged individuals presented a rejuvenation gene signature due to 

reprogramming resulting in increased expression of inhibin subunit β E (INHBE), DNA 

methyltransferase 3 β (DNMT3B), POU-domain class 5 transcription factor 1 (POU5F1P1), 

cyclin-dependent kinase inhibitor 1c (CDKN1C), and glucosaminyl n-acetyl transferase 2 

(GCNT2). Moreover, these iPSC-MSCs showed same marker expression, differentiation 

potential, secretome and transcriptome like fetal MSCs (141). Thus, iPSCs present an unlimited 

cell source to generate patient-specific cells. However, the potential to form teratomas is one of 

the major risks using iPSCs, therefore iPSCs need to be brought into a directed differentiation 

path. Nowadays, iPSCs are used for many different applications either differentiating iPSCs 

directly into a specific cell type such as pacemaker cells, serotonin neurons or cardiomyocytes 

or forming organoids to investigate regeneration processes and to improve treatments e.g. brain, 

lung or kidney organoids (101).  
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Although not presented here in detail (manuscript in preparation), first attempts for the in vitro 

generation of VW-MSCs from human iPSCs were made (not shown). Therefore, lentiviral 

vectors were tested, which were already used for the generation of VW-MSCs from murine 

iPSCs (145) and human fibroblasts (146). The transduction efficiency of the HOX-transduced 

iPSCs was rather low compared to the control-transduced iPSCs (empty vector control) 

revealed by a very small population of CFP positive HOX-iPSCs (2-5 %). Whether iPSCs 

eliminated the introduced HOX genes as well as the reporter gene CFP due to silencing or if 

untransduced cells have overgrown the transduced cells remains to be investigated. Pluripotent 

stem cells such as iPSCs are able to silence genes by DNA methylation or histone modifications 

(56, 58). To avoid silencing lentiviral vectors were generated containing a small ubiquitous 

chromatin-opening element (UCOE), which should protect the spleen focus-forming virus 

(SFFV) promoter against methylation of cytosine and guanine rich (CpG) sites. This was 

already successfully shown in murine ESCs and human iPSCs (111).  However, the 

transduction efficiency remains poor up to now. The use of respectively generated doxycycline-

inducible vectors encoding for the HOX code improved the situation resulting in an increased 

transduction efficiency (not shown). Moreover, it is known that doxycycline increases survival 

and self-renewal of human iPSCs and ESCs themselves by directly activating PI3K/AKT 

signaling pathway (21). Whether this effect is beneficial for the differentiation of iPSCs into 

VW-MSCs remains unclear and needs further investigations. The different functional assays as 

well as the investigations about the therapeutic potential will then be performed in follow-up 

experiments. Hereby, it will be clarified whether some pluripotent stem cells still exist in the 

generated (VW-) MSC population and thereby, preventing the generation of stable and unique 

MSC populations (173).  

 

More importantly, by using fibroblasts for the generation of VW-MSCs, the reprogramming 

procedure as well as the teratoma formation can be avoided and, thus fibroblasts might be the 

“safer” donor cell (146). Nevertheless, the donor age must be taken into account: the younger 

the donor, the less DNA damage. Waaijer et al. analyzed the expression of the DNA damage 

response protein 53BP1 and of telomer-associated foci (TAF) of human, dermal fibroblasts 

from donors of various ages. The expression of 53BP1 foci and TAF positively correlated with 

the donor age indicating that the donor age effects the amount of DNA damages (162). Another 

group showed that the number of γH2AX foci, which marks DNA double strand breaks, was 

increased within fibroblasts of aged individuals and that these cells presented a quiescent cell 

status. However, the colony-forming capacity, the proliferation potential and the number of 

senescent cells was not affected by the donor age (179).  Besides, the donor age is negatively 
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connected with the transduction efficiency into iPSCs (158). Fibroblasts from 11 different 

donors of various ages were reprogrammed into iPSCs using the known Yamanaka factors, all 

fibroblasts gave rise to iPSCs. Anyhow, fibroblasts from older donors as well as late passaged 

fibroblasts formed less colonies than fibroblasts from younger donors, which is linked to an 

upregulated expression of p21, a known senescence marker (158). Moreover, the epigenetic 

memory seems to influence homing of MSCs. MSCs were first reprogrammed into iPSCs by 

using the four Yamanaka factors (136). The MSC-derived iPSCs were then differentiated into 

MSCs by MSC culture medium containing 10 % platelet lysate. Additionally, MSC 

differentiation was induced by embryoid body (EB) formation for 7 days and MSC culture 

medium. The generated MSCs revealed typical MSCs features. However, generated MSCs 

showed differences in their DNA methylation profiles leading to the assumption that homing 

of MSCs is mediated by epigenetic memory allowing MSCs to migrate back to the tissue they 

derived from (46). Thus, the origin of fibroblasts for the direct conversion into VW-MSCs (or 

for the later on generation of VW-MSCs from iPSCs) could play an essential role in MSC 

function and influence their respective therapeutic application due to their somatic/ epigenetic 

memory driven by tissue origin. Therefore, tissue-typical fibroblasts could be rather used to 

address a tissue-specific disease or likewise embryonic fibroblasts, which display unprimed 

fibroblasts, seemed to be the better donor source for (directed) programming.  

 

6.3  The vascular adventitia as a stem cell niche (for MSCs) 

 

The hierarchically organized vascular system consists of arteries, arterioles, capillaries, venules 

and veins. Herein, arteries (as well as veins) follow a three-layered structure: the innermost 

tunica intima, a middle layer named tunica media and a thick outermost layer, tunica adventitia. 

The tunica intima contains a single cell layer of endothelial cells (ECs) supported by a 

subendothelial layer, which forms the vasculature. The tunica media consists of smooth muscle 

cells (SMCs), which stabilize the vessel and regulate vascular tone and blood flow through cell 

contraction and relaxation (103). In arteries, the tunica media is thicker and contains more 

contractile tissue than veins. In contrast to the tunicae intima and media, both are formed by 

one cell type, the tunica adventitia is a complex and heterogenous layer including different cell 

types such as immune cells, fibroblasts, various progenitor cells and invading nerves. The 

interaction of different cell types within the adventitia is crucial for detecting various stimuli 

such as hormonal, inflammatory and environmental stresses and responding to the stimuli 

through an increased proliferation, upregulation of extracellular matrix (ECM), matricellular 

and adhesion proteins as well as by production and secretion of different bioactive molecules 
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(150). Besides fibroblasts and local resident immune cells such as inflammatory macrophages 

and dendritic cells, the adventitia is a niche for different progenitor and stem cells. Zengin et 

al. termed this small zone within the adventitia close to the boarder of the tunica media 

“vasculogenic zone”, the vascular stem cell niche (175). Here, endothelial progenitor cells 

(EPCs) are located, which contribute to capillary sprouting (175). Moreover, Sca1 positive 

SMC progenitor cells were identified in the vasculogenic zone expressing CD34(+), Flk1(+), 

CD140b(+), c-Kit(-) (119). Most importantly, this vasculogenic zone also harbors MSCs (83). 

These resident VW-MSCs are CD44(+), CD73(+), CD90(+), CD34(-), CD45(-) expressing 

cells within the adventitia showing all the classical MSC features. Particularly, VW-MSCs are 

characterized by high expression and further differential expression levels of the HOX genes 

HOXB7, HOXC6 and HOXC8, which even can be used to distinguish VW-MSCs from 

phenotypically similar cells like other vascular cells, fibroblasts and/or from MSCs isolated 

from other tissues (78, 83). Like other vascular wall-resident stem and progenitor cells, VW-

MSCs are supposed to act as “first-line” cells upon activation through different stimuli. After 

activation, VW-MSCs could be recruited to site of damage and differentiate into specific cell 

types typical due to their origin. Moreover, VW-MSCs could secrete various growth factors 

and cytokines to stimulate adjacent cells. The differentiation potential as well as the paracrine 

function of VW-MSCs are essential for the respective tissue homeostasis (77). 

 

In addition to their potential to have the ascendency for stem cell therapeutic approaches 

concerning vascular disorders, the aim of the third manuscript was to find out whether VW-

MSCs could serve as tissue-resident MSCs within other parts of the body and thus are located 

in different tissues within the vascular niche. There was already evidence that MSCs are located 

in the human adult lung (67, 89, 134). Human adult fibroblast-like cells isolated from bronchial 

tissue displayed a homogenous population, which is characterized by marker expression of 

CD34(-), CD45(-), CD73(+), CD90(+), CD105(+) and CD166(+) similar like BM-MSCS. 

Moreover, these cells expressed fibroblast-typical markers such as vimentin and fibronectin and 

were able to differentiate into adipocytes, osteocytes and chondrocytes leading to the 

assumption that MSCs are present within human lung (134). Another study analyzed 

bronchoalveolar lavage samples of 76 human lung transplant recipients confirming the evidence 

of MSCs (with typical MSC features such as plastic adherence, MSC marker expression and 

mesodermal differentiation potential) within the airway-alveolar compartment (89). Moreover, 

it is assumed that these MSCs are lung resident cells (LR-MSC) investigated by fluorescence-

in-situ-hybridization (FISH) analysis comparing the sex chromosome status of the recipient and 

donor cells (89). LR-MSCs were also able to suppress immune cell (T-cell) proliferation (67).  
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However, it was finally not clarified, where these LR-MSCs are really located. Of note, 

immunohistochemical and immunofluorescent staining´s of normal lung tissue samples 

revealed that single CD44(+) and CD146(+) cells are detected around lung blood vessels and 

in the vasculogenic zone. Even in small blood vessels, CD44(+) and CD146 (+) cells are found 

close to CD34(+) structures, suggesting the presence of MSCs in the alveolar interstitium 

(alveolar stem cell niche). Here, it has to be noted that CD44 can also be expressed by SMCs; 

thus co-staining´s need to be performed to detect MSCs or another marker could be more 

efficient such as CD90 (108). The CD44(+) and CD146 (+) cells were then isolated and in vitro 

analyzed. The isolated LR-MSCs displayed a typical MSC morphology and MSC 

characteristics including marker expression, differentiation potential, colony forming capacity, 

immunomodulatory effects and sprouting in 3D spheroid culture (143). Conclusively, the 

vasculogenic zone of blood vessels was identified as a stem cell niche within lung tissue.  More 

importantly, the LR-MSCs expressed the three VW-MSC specific HOX genes HOXB7, 

HOXC6 and HOXC8 (143). Based on their HOX expression and together with their adventitial 

location within lung blood vessels, it is concluded that LR-MSCs should be considered as VW-

MSCs.  

 

6.4  The impact of LR-/VW-MSCs for normal lung homeostasis and lung cancer 

 

Several studies confirmed the existence of LR-MSCs representing a typical MSC morphology 

as well as MSC typical features including plastic adherence, MSC marker expression and 

mesodermal differentiation potential (89, 134, 143). Likewise, it has been shown that the 

alveolar interstitium functions as a stem cell niche for LR-MSCs (143). Here, LR-MSCs 

contribute to tissue homeostasis and maintenance by their huge differentiating potential as well 

as by their paracrine action. LR-MSCs isolated from mice by sorting Sca1(+), CD31(-) and 

CD45(-) cells were co-cultured with alveolar epithelial type II cells. After 14 days, LR-MSCs 

showed an epithelial-like cuboidal cell shape as well as expression of cytokeratin 18 (CK18) 

and CK19 indicating that LR-MSCs are able to differentiate into alveolar epithelial type II cells 

(54). Due to their vascular nature, LR-MSCs should be considered as VW-MSCs and thus, they 

are involved in vascular remodeling by differentiating into SMCs and pericytes (83, 143). Here, 

the three HOX genes HOXB7, HOXC6 and HOXC8, known as VW-MSC specific transcription 

factors, are involved in VW-MSC differentiation as well as in their function by enhancing the 

differentiation potential and the colony-forming capacity (146). Moreover, by using the mice 

model of radiation induced pneumopathy, in which C57BL/6 mice get a whole thorax 

irradiation leading to vascular damage, inflammation and fibrosis progression within lungs, 
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applied VW-MSCs led to a less reduced number of CD31(+) endothelial cells and restored VE-

cadherin levels within irradiated lungs compared to untreated mice (82). Of note, antioxidant 

superoxide dismutase 1 (SOD1) was revealed as a paracrine, protective factor critical for MSC 

function. Exogenously applied MSCs were able to recover the reduced expression of SOD1 

levels within the irradiated lung and thereby limited differentiation of endogenous MSCs into 

profibrotic (myo-) fibroblasts (82). Besides, another study confirmed that SOD1 is a key 

regulator in MSC differentiation into myofibroblasts causing fibrosis development (23). 

Depletion of EC-SOD in ABCG2(+) MSCs resulted in less MSCs within the lung and an 

increased differentiation of MSCs into ECs, fibroblasts, SMCs and pericytes shown by 

upregulated marker expression such as SMA. Moreover, downregulation of SOD correlated 

with upregulation of WNT signaling molecules such as ß-catenin and WNT5a indicating that 

the WNT signaling pathway plays a decisive role in regulating MSC function (23). However, 

inhibition of the WNT signaling pathway led to a suppressed differentiation of LR-MSCs into 

myofibroblasts and a reduced pulmonary fibrosis development (17). In addition, FGF10 could 

be another protective factor promoting mobilization and proliferation of LR-MSCs in vivo, 

which led to protection against lipopolysaccharide (LPS) induced lung injury (157).  

 

Taken together, LR-/VW-MSCs also contribute to disease development or progression such as 

pulmonary fibrosis or Bronchiolitis Obliterans Syndrome, which is an inflammatory, fibrotic 

disease affecting 50 % of all lung transplant recipients (159). Here, MSCs showed an altered 

epigenetic profile with upregulated expression of histone deacetylases class I, 

methyltransferases and several micro RNAs. These epigenetic changes could be responsible for 

the differentiation into myofibroblasts (159). Besides, it already has been shown that LR-/VW-

MSC take part in tumor development by promoting vascularization due to differentiation into 

SMCs and pericytes (80). 

 

Accordingly, the second part of the third manuscript concentrated on the role of LR-/VW-MSCs 

within tissue homeostasis, especially in lung cancer. With a focus on human non-small cell lung 

cancer (NSCLC) specimen, an increased number of CD34(+) EPCs in the tumor region and 

CD44(+) LR-MSCs cells within the adventitia was estimated. Even more important, based on 

the immunohistological investigations it seemed obvious that EPCs and LR-/VW-MSCs 

become recruited by lung tumor cells and somehow activated to support tumor growth. 

Moreover, NSCLC samples showed an upregulation of HOXB7, HOXC6 and HOXC8. By 

using the Kaplan-Meier plotter for lung cancer, high mRNA levels of CD44 and of the HOX 

genes were correlated to a worse overall survival in lung cancer patients (143). Probably 
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abnormal or deregulated HOX expression could be involved in the activation of LR-/VW-

MSCs or in transformation of MSCs into cancer supporting cells. Deregulated HOX expression 

or aberrant HOX expression was already found in several cancers; alterations in HOXA 

expression occurred in breast and ovarian cancer, deregulated HOXB expression was found in 

colon cancer, decontrolled HOXC expression in prostate and lung cancer and deregulated 

HOXD expression in colon and breast cancer (139).  It has been demonstrated that alterations 

in the HOX expression often occur in HOX B and C loci in small cell lung cancer (SCLC) cells 

(42). Here, the HOX genes HOXB4, HOXC6-C9 and HOXC12 are highly upregulated. 

Retinoic acid, known to be involved in cell differentiation, seems to be involved in regulation 

of HOX expression leading to overexpression of HOXB1, HOXB2, HOXB9, HOXC4-6 in an 

EC cell line. In SCLC, only high concentrations of retinoic acid up to 1µM affected the HOXB 

loci causing an upregulation of various HOX genes. However, the exact mechanism of retinoid 

acid induced HOX expression is unknown (42). Besides, in lung adenocarcinoma HOXB7 is 

overexpressed leading to a poor prognosis in lung cancer patients due to enhanced proliferation 

and immunomodulatory functions of HOXB7(+) cancer cells (109). HOXB7 induced in human 

lung epithelial cells led to an upregulation of various stem cell specific genes such as SOX2 

and CD90. The CD90 (+) (stem) cells efficiently formed spheres and recruited tumor associated 

macrophages observed by interaction of CD90 and CD11b. Yet, it remains unclear whether 

HOXB7 induces the development of cancer stem cells (CSCs) (109).  

 

More importantly, in NSCLC the HOX genes HOXC6 and HOXC8 are overexpressed (96, 

171). Ectopic expression of HOXC6 resulted in an upregulation of pro-tumorigenic genes such 

as carcinoembryonic antigen related cell adhesion molecule 6 (CEACAM6), secreted protein 

acidic and cysteine rich (SPARC), WNT6, cystatin 1 (CST1), matrix-metalloproteinases 2 

(MMP2) and keratin 13 (KRT13) and thereby promoting proliferation, migration and invasion 

of NSCLCs. Furthermore, HOXC6 was able to downregulate several genes suggesting that 

HOXC6 might positively regulate oncogenes and negatively control tumor suppressor genes 

(171). Moreover, HOXC8 overexpression in NSCLC correlated with tumor status, tumor node 

metastasis stage, lymph node status and a poor survival for lung cancer patients. Here, HOXC8 

enhanced proliferation and migration of tumor cells by upregulation of genes involved in EMT 

such as E-cadherin, vimentin and TGFβ. Also a high chemo-resistance and anti-apoptotic 

potential was identified in HOXC8 expressing NCSLCs (96). Consequently, the VW-MSC 

specific HOX genes HOXB7, HOXC6 and HOXC8 are deregulated within various lung cancers 

enhancing various hallmarks of cancer such as proliferation and migration. However, it remains 

unclear how LR-/VW-MSCS get recruited and activated by tumor cells. Despite, LR-/VW-
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MSCs seemed to act as tumor-supporting cells by promoting vascularization (80) and probably 

also by manipulating and recruiting immune cells (109). 

 

In addition, MSCs also displayed an anti-tumorigenic phenotype. When lung cancer cells were 

treated with supernatants (SNs) generated from cultured MSCs, the clonogenic survival of lung 

cancer cells was limited. Likewise, MSCs co-cultured together with lung cancer cells in 3D 

spheroids were able to reduce tumor cell growth. This might indicate that the paracrine action 

of MSCs has a decisive impact on tumor cell proliferation and survival. Bartosh et al. showed 

that MSCs cultured in 3D spheroids compared to MSCs in 2D secreted more anti-inflammatory 

cytokines such as TSG6, STC1 and IL24, which is known as an anti-tumorigenic cytokine. 

TSG6 and STC expression reduced activation of neutrophils and macrophages as well as the 

secretion of pro-inflammatory cytokines (7). Consistent with these results, it was demonstrated 

that IL-24 expressed by iPSC-derived MSCs inhibited melanoma growth in vitro and in vivo. 

First, iPSCs overexpressing IL24 were generated and then differentiated into IL24-MSCs by 

using a specific MSC differentiation medium. Co-cultivation of IL24-MSCs and melanoma 

cells resulted in increased apoptosis levels within tumor cells measured by Annexin V staining. 

Moreover, apoptosis related genes such as Bcl2-associated X protein (Bax) and caspase 3 were 

upregulated (167). However, upon radiation treatment MSCs, which were co-cultured with 

tumor cells in 3D spheroids, increased radiation resistance in tumor cells and thereby promoting 

a more resistant phenotype and tumor growth. Thus, irradiation may activate LR-/VW-MSCs 

finally resulting in a tumor-supporting phenotype such as cancer associated fibroblasts (CAFs) 

(148). Co-cultivation of fibroblasts and tumor cells in either 2D or 3D cell culture models 

demonstrated that fibroblasts promoted long-time survival of irradiated cancer cells and 

mediated a more resistant phenotype of cancer cells. Nevertheless, the same stromal cell type 

here has different effects on various cancer cell types, which in turn depends on the nature of 

cancer cells and the ability of cancer cells to activate surrounding fibroblasts or other stromal 

cells like MSCs (148). In early stages of tumor development fibroblasts showed an anti-

tumorigenic effect mediated by intracellular connections between themselves (102). In later 

stages of tumor development fibroblasts can be activated by cancer cells and switched their 

phenotype towards a pro-tumorigenic status. Here, TGF-ß and SDF1 play an important role in 

activation of fibroblasts (35, 84).  
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As an outlook, it needs to be further investigated, whether certain factors are also involved in 

the activation of VW-MSCs and how (VW-) MSC action can be regulated to enhance the 

therapeutic effect of MSCs for various therapeutic applications such as therapy for vascular 

damage (Figure 6). Accordingly, it remains to be investigated how the indicated HOX genes 

cooperate during MSC differentiation identifying the underlying mechanism. Of potential 

interest is here, whether the ectopic HOX expression can be linked to certain stem cell features. 

In addition, HOX-related factors or even the identification of HOX downstream targets would 

be potential targets for the on-site manipulation of LR-/VW-MSCs as well as for the in vitro 

manipulation to enhance the therapeutic effect of MSCs. 
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Figure 6: VW-MSCs are key players within their niche. The vascular wall is structured into tunica intima containing 

endothelial cells (ECs), the tunica media made of smooth muscle cells (SMCs) and the tunica adventitia, which is 

a complex layer with various cell types. Vascular wall-resident mesenchymal stem cells (VW-MSCs) are located 

within the vasculogenic zone, a small zone within the adventitia close to the tunica media. Here, VW-MSCs 

contribute to healthy tissue homeostasis by secreting various bioactive molecules, which could promote tissue 

regeneration and influence other cell types (indicated by arrows) within the adventitia such as fibroblasts, immune 

cells like macrophages and dendritic cells (DCs), endothelial progenitor cells (EPCs) and SMC progenitor cells. 

MSCs could even be mobilized upon a certain stimulus and differentiate into specific cells types such as SMCs or 

pericytes supporting vessel formation and stabilization. Differentiation into VW-MSCs is regulated by the VW-

MSC specific HOX genes HOXB7, HOXC6 and HOXC8. However, the precise mechanism of VW-MSC 

differentiation remains unknown and clarification is needed how the HOX genes affect stem cell properties such 

as self-renewal, differentiation potential, therapeutic potential as well as stimulation of other cell types.  
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8.2  Abbreviations index 

 

αMEM 𝛼- Modified Eagle's Medium 

ACTA2 Actin Alpha 2 

AD Alzheimer Disease 

AKT Protein Kinase B 

ALS Amyotrophic Lateral Sclerosis 

ANG1 Angiopoietin 1  

ASCs Adult Stem Cells 

ATP Adenosinetriphosphate 

bFGF Basic Fibroblast Growth Factor 

Bax Bcl2-associated X Protein 

BM Bone Marrow 

BMP2 Bone Morphogenetic Protein 2 

BM-MSCs Bone Marrow Mesenchymal Stem Cells 

CAFs Cancer Associated Fibroblasts 

CCL  Chemokine (C-C motif) Ligand  

CD Cluster of Differentiation 

CDKN1C Cyclin-Dependent Kinase Inhibitor 1C  

CEACAM6 Carcinoembryonic Antigen Related Cell 

Adhesion Molecule 6  

CFP Cyan Fluorescent Protein 

CK Cytokeratin 

CPCs Cardiac Progenitor Cells 

CpG sites Cytosine-Guanine rich sites 

CSCs Cancer Stem Cells 

CST1 Cystatin 1 

CXCR CXC Motif Chemokine Receptor 

DCs Dendritic Cells 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethylsulfoxide 

DNA Deoxy-ribonucleic-acid 

DNMT3B DNA Methyltransferase 3 β  

EB Embryoid Body 
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ECs Endothelial Cells 

ECM Extracellular Matrix 

EGF Epidermal Growth Factor 

EMT Epithelial Mesenchymal Transition 

EPCs Endothelial Progenitor Cells 

ERK Extracellular Signal-Regulated Kinase 

ES or ESCs Embryonic Stem Cells 

EV Extracellular Vesicles 

FACS Fluorescence Activated Cell Sorting 

FAS-L FAS-Ligand  

FCS Fetal Calf Serum 

FISH Fluorescence-in-situ-Hybridization  

G-CSF Granulocyte Colony Stimulating Factor 

GCNT2 Glucosaminyl N-Acetyl Transferase 2  

GF Growth Factor 

GFP Green Fluorescent Protein 

GM-CSF Granulocyte Macrophage Colony 

Stimulating Factor 

GROα Growth Related Oncogene Alpha  

GVHD Graft Versus Host Disease 

HGF Hepatocyte Growth Factor 

hITA Human Internal Thoracic Artery 

HLA Human Leukocyte Antigen 

HOX Homeobox 

HSPCs Hematopoietic Stem and Progenitor Cells 

ICM Inner cell mass 

IDO Indoleamine Pyrrole 2,3-Dioxygenase 

IFN Interferon 

IGF Insulin Growth Factor 

IL Interleukin 

INHBE Inhibin Subunit β E 

iPS or iPSCs Induced Pluripotent Stem Cells 

ISCT International Society for Cellular Therapy 

iVW-MSCs Induced vessel-wall mesenchymal stem cells 
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KO Knockout 

KOSR Knockout Serum Replacement 

KRT13 Keratin 13 

KS Kaposi sacroma  

LIF Leukemia Inhibitory Factor 

LPS Lipopolysaccharide 

LPM Lateral Plate Mesoderm 

LR-MSCs Lung resident MSCs 

MAPK Mitogen-Activated Protein Kinase 

MCP 1 Monocyte chemoattractant Protein 1 

MEFs Mouse Embryonic Fibroblasts  

MHC Major Histocompatibility Complex 

MIF Macrophage Migration Inhibitory Factor 

MIP-1β Macrophage Inflammatory Protein 1β (also 

known as CCL4) 

MMP2 Matrix-Metalloproteinases 2 

MSCs Mesenchymal Stem Cells 

NEAA Nonessential Amino Acids 

NG2 Neural/Glial Antigen 2 

NGN2 Neurogenin-2 

NOD Non-obese diabetic 

NKs Natural Killer Cells 

PA-MSCs Plastic Adherent Mesenchymal Stem Cells 

PDGF-Rβ Platelet-Derived Growth Factor Receptor β  

PGE Prostaglandin E 

PIGF Placental Growth Factor 

PL Platelet Lysate 

POU5F1P1 POU-Domain Class 5 Transcription Factor 1  

PS Penicillin-Streptomycin 

RNA Ribonucleic Acid 

ROCK  Rho-associated, Coiled-Coil Containing 

Protein Kinase 

ROS Reactive Oxygen Species 

RT-PCR Real-Time Polymerase Chain Reaction 
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Runx Runt-Related Transcription Factor  

SAMP6 Senescence Accelerated Mouse Prone 6  

SCID Severe Compromised Immunodeficient 

SCLC Small Cell Lung Cancer 

SDF1 Stromal Cell-Derived Factor 1 

SFFV Spleen Focus-Forming Virus  

Shh Sonic Hedgehog 

SMA Smooth Muscle Actin 

SMCs Smooth Muscle Cells 

SN Supernatant 

SPARC Secreted Protein Acidic and Cysteine Rich 

SSEA Stage-Specific Embryonic Antigen  

STC1 Stanniocalcin-1 

TF Transcription Factor 

TGFβ Transforming Growth Factor β 

TRA Transcription Associated Protein 

TRAIL TNF-Related Apoptosis-Inducing Ligand  

Tregs Regulatory T Cells 

TSG6 Tumor Necrosis Factor-Inducible Gene 6 

Twist Twist-Related Protein 

UCOE Ubiquitous Chromatin-Opening Element 

VEGF Vascular Endothelial Growth Factor 

VW-MSCs Vessel Wall-derived Mesenchymal Stem 

Cells 

WNT Wingless and Int-1 

WT Wildtype 

WTA Whole Transcriptome Analysis 
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