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Chapter 1: General introduction 

In this chapter an overview upon stem cell hierarchy and development including 

embryonic stem cells (ES), induced pluripotent stem cells (iPSC), and adult stem cells is 

given. Special focus is given to mesenchymal stem cells (MSC), especially canine MSC 

(cMSC). Additionally the organization, main functions and pathways of the innate and 

adaptive immune system are explained. Finally, the bidirectional interaction between 

MSC and the immune system mediated by cell-to-cell contact as well as secreted or 

soluble molecules are addressed.  

1.1 Introduction to stem cells 

Stem cells (SC) are unspecialized or undifferentiated cells arising from the zygote with 

self-regenerating properties and the ability to differentiate into specific cell types (Figure 

1). According to their differentiation potential, SC can be divided into totipotent, 

pluripotent or multipotent depending on their developmental stage. SC in the fertilized 

egg (zygote), during early cell divisions (blastomeres) until the morula stage, are defined 

as totipotent, meaning that they can create a complex organism (FISCHBACH and 

FISCHBACH, 2004; WOBUS and BOHELER, 2005). During embryogenesis, 

mammalian cells form the blastocyst which is characterized by an inner cell mass (ICM) 

and an outer trophoblast. Cells arising from this ICM have the capacity to differentiate 

into all primary germ layers namely endoderm, mesoderm, and ectoderm. Upon this 

differentiation step SC are called pluripotent instead of totipotent. Pluripotent SC cannot 

develop an embryo but are able to differentiate into cell types of all germinal layers 

(NIWA, 2007). Cells arising out of one of the three germ layers are restricted to one 

lineage and therefore called multipotent (FISCHBACH and FISCHBACH, 2004). 

Transdifferentiation remains a controversially discussed and infrequently observed 

phenomenon in vitro which can be observed following incubation of MSC in specific 

induction media (e.g. development of neuron-like cells out of MSC; WOODBURY et al., 

2000; FORTIER, 2005).  
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Figure 1: Stem cell hierarchy (modified according to WOBUS and BOHELER, 2005). 

During embryogenesis totipotent stem cells arising from the zygote form the blastocyst. 

The blastocyst consists of an inner cell mass (ICM) and the trophoblast. Cells from the 

ICM can either develop into pluripotent embryonic stem cells (ES) or along one of the 

three germinal layers (ectoderm, endoderm and mesoderm). The mesodermal lineage 

encloses two recently frequently used stem cell populations, namely hematopoietic stem 

cells (HSC) and mesenchymal stem cells (MSC). 

 

1.1.1 Embryonic stem cells  

ES are capable of self-regeneration (immortal) and able to differentiate into all cell 

lineages. Development from zygote to blastocyst takes approximately one week 

depending on the species (FORTIER, 2005). Somatic cells and MSC show a limited life 

span with finite replicative capacity in contrast to ES which have a higher telomerase 

activity (FORTIER, 2005). ES show a characteristic surface marker expression pattern 

including CD9, CD24, Oct4, Nanog, Lin28, Thy-1 and Sox 2 (MIMEAULT et al., 2007). 
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The major obstacles of ES transplantation are the possibility of graft rejection, teratoma 

formation as well as the ethical debate regarding their use for transplantation 

(FISCHBACH and FISCHBACH, 2004; MIMEAULT et al., 2007). To generate a different 

source of ES, TAKAHASHI and YAMANAKA (2006) showed that pluripotent SC can be 

generated by reprogramming endogenous adult cells. Those reprogrammed cells are 

called induced pluripotent stem cells (iPSC). 

1.1.2 Adult stem cells 

Adult SC can be isolated out of a large variety of different tissues from endodermal, 

ectodermal or mesodermal origin. In these tissues, adult SC play a role in tissue 

maintenance, regeneration and repair (FORTIER, 2005; SINGER and CAPLAN, 2011; 

WHITWORTH and BANKS, 2014). The best characterized and most frequently used cell 

type of mesodermal origin are hematopoietic stem cells (HSC) which give rise to all 

hematopoietic cells. Similarly well characterized and established are MSC which are 

important for endogenous regeneration and repair processes of mesenchymal tissues 

(FORTIER, 2005; MIMEAULT et al., 2007). 

1.1.2.1 Mesenchymal stem cells 

The term MSC was introduced 1991 by Caplan for stromal progenitor cells out of bone, 

cartilage or muscle tissue (DEANS and MOSELEY, 2000; BARRY and MURPHY, 2004; 

MARTINELLO et al., 2011; BIANCO, 2014). MSC are frequently found within the 

proximity of blood vessels (MARTINO et al., 2010). According to the fact that 

perivascular cells are able to express MSC specific markers and differentiate along the 

mesodermal lineage, including chondrocytes and adipocytes, it has been speculated 

that pericytes represent a subpopulation of MSC (BRIGHTON et al., 1992; 

FARRINGTON-ROCK et al., 2004; CAPLAN, 2008; CRISAN et al., 2008; BLOCKI et al., 

2013). The similarity between pericytes and MSC further shows that a population of 

progenitor cells resides within or in close proximity to vascular walls (CRISAN et al., 

2008; BLOCKI et al., 2013). The mentioned obstacles in identifying MSC indicate that a 

comprehensive marker set should be applied for an appropriate identification of MSC, as 

suggested by the International Society of Cellular Therapy (ISCT; DOMINICI et al., 

2006). ISCT claimed criteria for human MSC in vitro include an adherence to plastic, a 
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spindle-shaped, fibroblast-like morphology and the expression of a specific set of 

surface markers (Table 1).  

Positive (≥ 95%) Negative (≤ 2%) 

CD105 CD45 

CD73 CD34 

CD90 CD14 / CD11b 

 
CD79α / CD19 

 
HLA class II 

 

Table 1. Surface antigen expression of human mesenchymal stem cells (according to 

DOMINICI et al., 2006). CD: cluster of differentiation; HLA: human leukocyte antigen 

 

Further surface markers expressed by MSC (depending on the origin and species) 

include CD13, CD29, CD44, CD10, Stro-1, CD271, stage-specific embryonic antigen 4 

(SSEA-4), stem cell antigen-1 (Sca-1) and CD146 (WOODBURY et al., 2000; SUNG et 

al., 2008; UCCELLI et al., 2008; DING et al., 2011; MIZUNO et al., 2012; LV et al., 

2014). Additionally, MSC must be able to differentiate along the mesodermal lineage 

(Figure 2). This ability can be tested by cultivating MSC in specific induction media 

leading to osteogenic, adipogenic or chondrogenic differentiation.  

 

 

 

 

 

 

Figure 2: Schematic illustration of mesenchymal stem cell differentiation  

(modified according to UCCELLI et al., 2008). 

MSC 
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1.1.2.2 Canine mesenchymal stem cells 

cMSC have been used for the treatment of a large variety of different canine diseases, 

for example spinal cord injury, periodontal regeneration, muscular dystrophy, orthopedic 

diseases (osteoarthritis), inflammatory bowel disease, myocardial infarction as well as 

non-inflammatory diseases of the CNS (MEMON et al., 2005; HIYAMA et al., 2008; 

JUNG et al., 2009; FORTIER and TRAVIS, 2011; GUERCIO et al., 2012; VIEIRA et al., 

2012; HARDING et al., 2013; ARNHOLD and WENISCH, 2015; HAO et al., 2015; 

PEREZ-MERINO et al., 2015; ZEIRA et al., 2015; TSUMANUMA et al., 2016). Similarly 

to MSC in other species, cMSC can be isolated from a large variety of different tissues 

including adipose tissue (VIEIRA et al., 2010; MARTINELLO et al., 2011; KISIEL et al., 

2012; ARNHOLD and WENISCH, 2015), bone marrow (HODGKISS-GEERE et al., 

2012; KISIEL et al., 2012; REICH et al., 2012; SCREVEN et al., 2014), muscle (KISIEL 

et al., 2012; REICH et al., 2012), periodontal ligament (TSUMANUMA et al., 2016) or 

placenta (SAULNIER et al., 2016). So far standard criteria are not described for cMSC. 

Therefore, most experimental as well as clinical trials use different criteria and marker 

sets which are mostly similar and modified according to DOMINICI et al. (2006); DE 

BAKKER et al. (2013); SCREVEN et al. (2014); and TRYFONIDOU et al. (2014).  

1.1.2.2.1 Morphological characteristics of cMSC 

cMSC grow in a monolayer as elongated, spindle-shaped, fibroblast-like cells with 

adherence to plastic in vitro (Figure 3; VIEIRA et al., 2010; MARTINELLO et al., 2011; 

HODGKISS-GEERE et al., 2012; KISIEL et al., 2012; REICH et al., 2012; DE BAKKER 

et al., 2013; SCREVEN et al., 2014). Furthermore, cMSC show a multipotent 

differentiation potential along the chondrogenic, osteogenic and adipogenic lineage.  

Chondrogenic differentiation is induced by cultivation of cMSC in three-dimensional 

pellets. After 7-14 days in culture MSC show an expression of acid mucines, a 

component of the extracellular matrix of cartilage, which can be detected by Alcian blue 

staining (REICH et al., 2012; DE BAKKER et al., 2013). Osteogenic differentiation of 

MSC created by cultivation in specific induction media can be visualized by the detection 

of calcium phosphate deposits and carbonate radicals using silver impregnation (e.g. 

von Kossa staining) or Alizarin red S, a dye which acts by forming chelate complexes 

with calcium (HAN et al., 2012; TAKEMITSU et al., 2012). 
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Adipogenic induction of cMSC can be achieved using specific differentiation media and 

demonstrated by the formation of cytoplasmic, round, lipid droplets staining positive with 

Oil Red O (VIEIRA et al., 2010; MARTINELLO et al., 2011; DE BAKKER et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.2.2.2 Immunophenotypical characterization of cMSC 

Since no common specific cell surface marker expression panel for cMSC is published 

yet, most authors use individual marker lists. The most commonly used surface markers 

for the identification of adipogenic and bone marrow derived cMSC are: CD44, CD29, 

CD90 and major histocompatibility complex (MHC) class I (Table 2; VIEIRA et al., 2010; 

HODGKISS-GEERE et al., 2012; KISIEL et al., 2012; TAKEMITSU et al., 2012; 

SCREVEN et al., 2014). Generally, MSC are considered to be negative for the following 

surface markers: CD34 and CD45 (DOMINICI et al., 2006). The expression of MHC 

class II as well as CD117 (cytokine receptor, expressed on hematopoietic stem cells) by 

Figure 3: Canine mesenchymal stem cells. 

Canine MSC show a spindle-shaped, fibroblast-like morphology (Jungwirth et al., 

unpublished). 
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MSC is controversially discussed in the literature (MARTINELLO et al., 2011; SCREVEN 

et al., 2014). 

1.1.2.2.3 Gene expression profile of cMSC 

Gene expression profiling represents a very helpful additional tool for successfully 

identifying cMSC. Transcripts for the following genes are characteristic for but not 

restricted to cMSC: NanoG, Oct3/4, and Sox2 (Table 2). Differentiation of cMSC along 

the osteogenic lineage is accompanied by expression of Runx2, Osteonectin, Osterix, 

BSP, Osteopontin, and COL1A1, while differentiation along the chondrogenic lineage is 

associated with COL2A, Aggrecan, COMP, COL10A, and SOX9 expression. Last, 

adipogenic lineage differentiation is associated with PPAR2, FABP4, LPL, Leptin, and 

CEBPα expression (NEUPANE et al., 2008; VIEIRA et al., 2010; KISIEL et al., 2012; DE 

BAKKER et al., 2013). 

 

Source Immunophenotype 

positive                     negative 

Gene expression profile 

Adipose derived MSC 
CD44, CD90, CD29, 

CD140a, CD105, CD73 

CD45, CD34, CD14, 

CD146, SSEA-3, SSEA-4, 

TRA-1-60, TRA-1-81 

NanoG, 

Sox2, 

Oct4, 

Oct3 

Bone marrow derived 

MSC 

CD44, CD29, CD90, 

STROH-1, CD73, CD105, 

MHC I 

CD34, CD45, CD14, 

CD146, SSEA-3, SSEA-4, 

TRA-1-60, TRA-1-81, 

MHC II 

NanoG, 

Sox2, 

Oct4, 

Oct3 

 

Table 2. Overview upon immunophenotype and gene expression profile of canine MSC  

(according to KAMISHINA et al., 2006; NEUPANE et al., 2008; VIEIRA et al., 2010; 

MARTINELLO et al., 2011; HODGKISS-GEERE et al., 2012; KANG et al., 2012; KISIEL et al., 

2012; REICH et al., 2012; TAKEMITSU et al., 2012; GUERCIO et al., 2013; CALLONI et al., 

2014; WHITWORTH and BANKS, 2014; SAULNIER et al., 2016). 
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1.2 Immune system 

Immunity is defined as protection against infectious pathogens (ABBAS et al., 2014b; 

KUMAR et al., 2015a). The immune system consists of a large variety of specific cell 

types and molecules which act in concert as a biological detection and protection 

system. The responsibility of the immune system is the continuous monitoring of the 

host for a large variety of different known as well as unknown pathogens. In a second 

step, the immune system initiates coordinated reactions against the detected pathogens 

(ABBAS et al., 2014b). The immune system consists of two main parts: the first line 

defense also referred to as innate immunity is followed by adaptive immunity which is 

involved in the elimination of pathogens and the development of an immunological 

memory (Figure 4; AKIRA et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Interaction between innate and adaptive immune system (modified according to 

DRANOFF, 2004; KUMAR et al., 2015a). 

First line defense of the innate immune response consists of neutrophils, macrophages, Natural 

Killer cells (NK cells), dendritic cells, mast cells as well as the epithelium of skin, gastrointestinal- 

and respiratory tract. Second line defense is established by adaptive immunity, involving B- and T-

lymphocytes.  
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1.2.1 Innate immunity 

Innate immunity also called natural or native immunity, consists of mechanical as well as 

cellular components and represents the first line defense against foreign influences 

(SNYDER, 2007; ABBAS et al., 2014a; KUMAR et al., 2015a). Main effectors of the 

innate immunity are mechanical and functional barriers including the epithelium of the 

skin, the gastrointestinal tract as well as the ciliated epithelium of the respiratory tract 

(SNYDER, 2007; KUMAR et al., 2015a). Further defense mechanisms include 

neutrophils as first defense against foreign stimuli (acute inflammation) followed by 

slower but more long lasting macrophages (chronic inflammation) and natural killer cells 

(NK cells; SNYDER, 2007; KUMAR et al., 2015a, b). Microbes which already passed the 

epithelial barrier and conquered the blood stream are opsonized by components of the 

complement system and attacked by phagocytes, NK cells and several plasma proteins 

(ABBAS et al., 2014a). Cellular mechanisms include phagocytosis, syntheses of 

cytokines, chemokines, and acute phase proteins as well as release of mediators 

(CRUVINEL WDE et al., 2010).  

1.2.1.1 Neutrophils or polymorphonuclear leukocytes are released out of the bone 

marrow and circulate as mature or early mature cells within the blood stream. The time 

neutrophils remain in the blood stream ranges from five hours up to five 5 days, but it is 

still poorly understood how the distribution and life span of neutrophils is regulated 

(GALLI et al., 2011). Upon an inflammatory insult neutrophil production in the bone 

marrow is increased and released neutrophils can invade sites of inflammation within 24 

hours. This process is initiated by the release of bacterial molecules, for example 

lipopolysaccharides (LPS) or via host produced chemoattractant cytokines (tumor 

necrosis factor (TNF), interleukin (IL) -1 or 17). These factors stimulate the production of 

endothelial adhesion molecules like P-selectins and E-selectins. Proteins on the surface 

of neutrophils are able to recognize endothelial inflammatory signals. This recognition is 

followed by rolling of neutrophils along the endothelium, arrest and finally adhesion 

which results in transendothelial migration of inflammatory cells (AMULIC et al., 2012; 

KUMAR et al., 2015a). Within the target tissue, neutrophils are activated e.g. by several 

bacterial products, complement proteins, or immune complexes (CRUVINEL WDE et al., 

2010; GALLI et al., 2011; AMULIC et al., 2012). Neutrophil activating microbial 
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molecules include LPS, mannose, and teichoic acids termed pathogen-associated 

molecular patterns (PAMPs; CRUVINEL WDE et al., 2010; KUMAR et al., 2015a). 

Inflammation terminates in microbial killing by phagocytosis and release of preformed 

mediators.  

1.2.1.2 Macrophages originate from HSC in the bone marrow, from progenitor cells 

within the embryonic yolk sac or the fetal liver (KUMAR et al., 2015b). Their half-life as 

circulating monocyte is approximately one day, when differentiated into macrophages 

their life span ranges between several month and one year (KUMAR et al., 2015b). 

Within specific tissues like lung, liver, spleen, or CNS, tissue-resident macrophages 

obtain specific names (alveolar macrophages, Kupffer cells or microglia) and functions 

(KUMAR et al., 2015b). During inflammatory reactions, macrophages can be activated 

within 48 h and migrate towards damaged tissue. They serve as sentinel cells for the 

immune response by identifying PAMPs of microbes or by recognizing cellular stress 

leading to the secretion of specific mediators for the recruitment of neutrophils (GALLI et 

al., 2011). Macrophage activation can be induced via two main pathways. The so called 

classical pathway is stimulated by microbial products (endotoxins) which are 

recognized via toll like receptors (TLRs) or cytokines interferon γ (IFN-γ). These signals 

trigger the differentiation of macrophages into the pro-inflammatory M1 phenotype. M1 

macrophages produce reactive oxygen (RO) and nitrogen for killing microbes, but they 

are also able to produce TNF, IL-12, and IL-13 which further activate TH1 and TH17 

lymphocytes of the adaptive immune response. The alternative pathway is mainly 

induced by cytokines like IL-3 and IL-13 which promote the differentiation of anti-

inflammatory M2 macrophages. M2 macrophages regulate wound healing and suppress 

T-cell responses (GALLI et al., 2011; ABBAS et al., 2014b; KUMAR et al., 2015b). 

1.2.1.3 Natural Killer cells are important players of the cellular immune response and 

are most effective against intracellular pathogens as well as exogenously transplanted 

cells like bone marrow transplants (GLAS et al., 2000; CRUVINEL WDE et al., 2010). 

They originate from HSC in the bone marrow but may also be formed in lymphatic 

organs and liver (MANDAL and VISWANATHAN, 2015). They are larger as small 

lymphocytes and contain azurophilic granules (KUMAR et al., 2015a). Phenotypically 
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they can be recognized by their surface molecules CD16 (lysis IgG-coated target cells) 

and CD56 (still unknown; KUMAR et al., 2015a).  

1.2.1.4 Dendritic cells represent the most adapted professional antigen-presenting cells 

(APC) and arise from the bone marrow as well as from the thymus (ARDAVIN et al., 

1993). They are characterized by the expression of the specific surface antigens CD11b, 

MHC class II and CD11c (MERAD et al., 2013). Their main functions include the 

bridging between innate and adaptive immunity by collecting and presenting antigens 

bound to MHC molecules on their surface. After MHC restricted antigen processing they 

become activated, migrate towards regional lymph nodes and present antigens to T-

lymphocytes (STOCKWIN et al., 2000; CRUVINEL WDE et al., 2010). 

1.2.2 Adaptive immunity 

Adaptive immunity, also called acquired or specific immunity, represents a more 

powerful response compared to the innate immunity (ABBAS et al., 2014b; KUMAR et 

al., 2015a). Adaptive immunity can be divided into cellular immunity mediated by distinct 

T-lymphocytes populations as well as humoral immunity triggered by B-lymphocytes and 

plasma cells (Figure 5). For cellular and humoral immunity, MHC molecules play a 

central role. MHC molecules are used to present antigens or peptides of pathogens on 

the surface of antigen presenting cells towards T-lymphocytes (JANEWAY et al., 2001). 

MHC class I molecules are expressed on almost all nucleated cells, including platelets 

(SNYDER, 2007; KUMAR et al., 2015a). The expression of MHC class II is not restricted 

to B-lymphocytes, dendritic cells, and monocytes and during injury or an inflammatory 

response many other cells are able to present antigens using this MHC molecule 

(SNYDER, 2007; FERRARA et al., 2009; KUMAR et al., 2015a). The main function of 

MHC class I molecules is the presentation of peptides coming from viral or tumor 

antigens to CD8+ T-lymphocytes (KUMAR et al., 2015a). In contrast, MHC class II 

molecules are used to bind antigens derived from extracellular pathogens as well as 

soluble proteins and present them to CD4+ T-lymphocytes. Furthermore, it is speculated 

that MHC class II molecules are able to activate intracellular signaling pathways leading 

to apoptosis induction (HOLLING et al., 2004). 
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Figure 5: Adaptive immunity (according to KUMAR et al., 2015a). 

Antigen presenting cells (APC) can present processed antigens via MHC class II to CD4+ T-cells 

thereby initiating a T-helper cell mediated immune response. The presentation of antigen via MHC 

class II molecules to CD4+ T-lymphocytes induces the release of soluble factors like IL-12, IL-1, 

IL-6, IL-23, IL-4, and CD40L expression by T-lymphocytes. IL-12 induces the activation of TH1 

lymphocytes, leading to IFN-γ production which results in macrophage activation. IL-1, IL-6, and 

IL-23 trigger the activation of TH17 lymphocytes which are able to recruit neutrophils and 

monocytes for the destruction of extracellular bacteria and fungi. IL-4 and IL-5 secreted by TH2 

lymphocytes induces the activation and migration of eosinophilic granulocytes. Additionally, IL-4 

initiates the activation of TH2 lymphocytes and triggers the activation of B-lymphocytes directly as 

well as via CD40L. B-lymphocytes can further develop into immunoglobulin producing plasma 

cells. MHC class I molecules are recognized through CD8+ cytotoxic T-cell leading to the direct 

elimination of microbes and infected cells.  
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1.2.2.1 Hypersensitivity reactions 

Hypersensitivity reaction represents a pathological immune response against an 

endogenous or exogenous molecule or pathogen following initial contact (RAJAN, 

2003). Hypersensitivity reactions are classified into four distinct types: 

Type I or immediate hypersensitivity reaction is mediated by immunoglobulin E (IgE) 

and mast cells. Binding of an antigen to cross-linked IgE molecules on mast cell 

surfaces leads to their degranulation and the liberation of a plethora of effector 

molecules like histamine and neutral proteases like chymase and tryptase. 

Type II hypersensitivity reaction is characterized by antibody-mediated injury. This 

pattern includes: i.) cell opsonization/phagocytosis, ii.) complement and Fc-receptor 

mediated inflammation, and iii.) antibody mediated cellular dysfunction (KUMAR et al., 

2015a). 

Type III hypersensitivity reaction is induced by antigen-antibody complexes leading to 

inflammation, mostly at sites of deposition. 

Type IV hypersensitivity reaction is distinct compared to hypersensitivity reactions 

type I-III since this pattern is not antibody but cell mediated. Key players in type IV 

hypersensitivity are T-lymphocyte which act via two main pathways. Firstly, cytokine 

mediated inflammation induced by CD4+ T-lymphocytes leading to activation of 

phagocytes causing tissue injury and secondly, cell mediated cytolysis via CD8+ T-

lymphocytes (Figure 5; PICHLER, 2003; SNYDER, 2007; KUMAR et al., 2015a). 

1.2.2.2 Graft versus host disease 

Graft versus host disease (GVHD) describes an immunological reaction triggered by 

mature donor T-cells within a graft and directed against the recipient. This phenomenon 

can be observed following bone marrow transplantation into immunocompetent hosts 

(FILIPOVICH et al., 2005; SHLOMCHIK, 2007; FERRARA et al., 2009; AMORIN et al., 

2014). Requirements for the development of a GVHD are described by BILLINGHAM 

(1966) and FERRARA et al. (2009) as follows: “immunologically competent cells within 

the graft, antigens which are not expressed in the donor transplant and the incapability 

of the recipient mounting an effective response to eliminate transplanted cells”. GVHD 
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follows a biphasic disease course: In the initial phase, the recipient tissue releases 

increased level of cytokines such as TNF, IL-1, and IL-6 which causes an activation of 

host APC (FERRARA et al., 2009). In phase II, host APC initiate the activation and 

proliferation of mature donor T-lymphocyte which activate additional effectors like 

cytotoxic T-lymphocytes, NK cells, and cytokines, including TNF and IL-1, leading to 

tissue damage (FERRARA et al., 2009). TNF is able to cause direct tissue damage 

through the induction of necrosis and apoptosis via TNF receptors and Fas pathway, 

respectively (FERRARA et al., 2009). While not being effective in dogs (MIELCAREK et 

al., 2011), MSC represent promising candidates for the treatment of GVHD in humans 

due to their immunomodulatory effects (AMORIN et al., 2014)  

1.2.3 Interaction of MSC with the immune system 

MSC are able to stimulate the innate as well as the adaptive immune system (Figure 6, 

7; BERNARDO and FIBBE, 2013; PLUCHINO and COSSETTI, 2013). This stimulation 

is induced by the secretion of several soluble factors as well as bioactive 

macromolecules (CAPLAN, 2007; CONSENTIUS et al., 2015). Furthermore, MSC are 

able to work as “sensors” and effectors by differentiating into a pro- or anti-inflammatory 

phenotype depending on the local microenvironment (BERNARDO and FIBBE, 2013). In 

an inflammatory environment (high levels of INF-γ or TNF) MSC become activated and 

develop into an anti-inflammatory (immunosuppressive) phenotype called MSC 2. MSC 

2 are characterized by secretion of soluble factors including prostaglandin E2 (PGE2), 

IDO, tumor growth factor beta (TGFβ), and nitric oxide (NO), leading to suppression of 

T-lymphocyte proliferation (Figure 7; BERNARDO and FIBBE, 2013). In a physiological 

environment (low levels of interferon γ or TNF) MSC adopt a pro-inflammatory 

phenotype called MSC 1. MSC 1 cells promote T-lymphocyte responses by secreting 

chemokines like macrophage inhibitory protein 1alpha and 1beta, CXCL9, CXCL10 

(Figure 6; BERNARDO and FIBBE, 2013). An important, not fully understood question 

regarding MSC is whether they are invisible for the immune system and thereby possess 

an immune privileged status. Facts arguing for an immune privileged or low 

immunogenic status of MSC are their expression of MHC class I molecules in 

combination with an insufficiency to present co-stimulatory molecules like CD40, CD80, 

or CD86, even under inflammatory conditions (UCCELLI et al., 2006; CONSENTIUS et 
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al., 2015). In contrast, facts arguing against an immune privileged status of MSC are that 

infusion of MSC in mice (allogenic transplantation) with non-matched MHC class I and II 

molecules resulted in graft rejection (ELIOPOULOS et al., 2005; NAUTA et al., 2006; 

UCCELLI et al., 2007). ELIOPOULOS et al. (2005) pointed out that MSC are not 

intrinsically immune privileged and cannot be used as "universal donor cell" in 

immunocompetent, MHC mismatched recipients. 

 

 

 

  

Figure 6: Pro- and anti-inflammatory phenotype of mesenchymal stem cells (according to 

BERNARDO and FIBBE, 2013).  

Levels of TNF and IFN-γ are important determinants for the phenotype of MSC. Low levels of 

both molecules promote the differentiation of MSC into a pro-inflammatory phenotype called 

MSC 1. MSC 1 cells express low amounts of chemokines like prostaglandin E2 (PGE2), 

indoleamine 2,3-dioxygenase (IDO), nitric oxide (NO), macrophage inhibitory protein -1α and 

1β, CXCL9, and CXCL10 which are important for the recruitment of T-lymphocytes. Exposure of 

MSC to high levels of IFN-γ and TNF stimulate the development of MSC into an anti-

inflammatory phenotype (MSC 2). MSC 2 are characterized by secretion of high levels of PGE2, 

IDO, tumor growth factor β, and NO resulting in mostly inhibitory effects upon inflammatory 

cells. 
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Figure 7: Communication of mesenchymal stem cells with the immune system (according to 

UCCELLI et al., 2008; BEN-AMI et al., 2011; BERNARDO and FIBBE, 2013).  

Immunomodulatory functions of mesenchymal stem cells (MSC) are induced either by pro-

inflammatory cytokines like IFN-γ or by several factors released by activated leukocytes. The 

suppression of CD4+ T-cells proliferation is mediated by MSC releasing prostaglandin E2 (PGE2), 

indoleamine 2,3-dioxygenase (IDO), transforming growth factor-β1 (TGFβ1), hepatocyte growth 

factor (HGF), inducible nitric-oxide synthase (iNOS), and haem oxygenase-1 (HO1). The 

inhibition of cytotoxic CD8+ T-lymphocytes is regulated by soluble HLA-G5 (sHLA-G5). The 

release of sHLA-G5, TGFβ, and PGE2 by MSC promotes the increase of CD4+CD25+FoxP3+ 

regulatory T-cells. MSC constitutively release IL-6 thereby inhibiting or damping respiratory burst 

and delaying spontaneous apoptosis of neutrophils. The inhibition of dendritic cell (DC) 

differentiation and function is regulated by PGE2 and direct cell to cell contact. MSC further inhibit 

the proliferation and cytotoxicity of natural killer (NK) cells via release of PGE2, IDO, and sHLA-

G5. It is still questionable whether MSC inhibit B-lymphocyte proliferation directly via cell to cell 

contact or indirectly via soluble factors. The phenotype of macrophages can be modulated by 

MSC produced molecules. IL-6, IDO, and PGE2 promote an anti-inflammatory (M2) phenotype, 

while secretion of IFN-γ, IL-1 or expression of CD40L promotes a pro-inflammatory (M1) 

phenotype of macrophages.  
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1.3 Hypotheses & Aims 

The hypotheses of this study were as follows: 

1.) MSC will survive, differentiate and integrate into the host tissue following 

intraventricular transplantation in immunocompetent mice. 

2.) MSC administrated either intraventricularly or intralesionally reduce the degree of 

demyelination and promote remyelination in cuprizone-induced de- and 

remyelination. 

To test these hypotheses, effects of MSC were studied in detail using the cuprizone-

mouse model. In this model the toxicant cuprizone is systemically applied via the chow 

leading to demyelination and subsequent remyelination in the CNS. This model has the 

advantage that the blood brain barrier (BBB) is closed and thereby the peripheral 

immune system has no impact upon CNS inflammation. Therefore, the aims of the 

present investigations were as follows: 

1.) Comparative investigation of canine, human, and murine MSC following 

intraventricular transplantation in immunocompetent mice. Special emphasis was 

given to MSC behavior following transplantation, graft survival, differentiation, 

integration into host tissue as well as the interaction between MSC and the 

immune system. 

2.) The effects of canine, human, and murine MSC following intraventricular as well 

as intrathecal application upon the development of cuprizone induced de- and 

remyelination. Special emphasis was given to the degree of de- and 

remyelination and the degree of microgliosis and astrogliosis. 
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Chapter 2: Mesenchymal stem cells may trigger a host versus graft 

response in the central nervous system 
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Chapter 3: Mesenchymal stem cells do not exert direct beneficial 

effects on CNS remyelination in the toxic cuprizone model. 

 

Laura Salinas Tejedor, Gabriel Berner, Kristin Jacobsen, Viktoria Gudi, Nicole Jungwirth, 

Florian Hansmann, Wolfgang Baumgärtner, Andrea Hoffmann, Thomas Skripuletz, 

Martin Stangel 

Abstract 

Remyelination is the natural repair mechanism in demyelinating disorders such as 

multiple sclerosis (MS) and it was proposed that it might protect from axonal loss. For 

unknown reasons, remyelination is often incomplete or fails in MS lesions and 

therapeutic treatments to enhance remyelination are not available. Recently, the 

transplantation of exogenous mesenchymal stem cells (MSC) has emerged as a 

promising tool to enhance repair processes. This included the animal model 

experimental autoimmune encephalomyelitis (EAE), a commonly used model for the 

autoimmune mechanisms of MS. However, in EAE it is not clear if the beneficial effect of 

MSC derives from a direct influence on brain resident cells or if this is an indirect 

phenomenon via modulation of the peripheral immune system. The aim of this study was 

to determine potential regenerative functions of MSC in the toxic cuprizone model of 

demyelination that allows studying direct effects on de- and remyelination without the 

influence of the peripheral immune system. MSC from three different species (human, 

murine, canine) were transplanted either intraventricularly into the cerebrospinal fluid or 

directly into the lesion of the corpus callosum at two time points: at the onset of 

oligodendrocyte progenitor cell (OPC) proliferation or the peak of OPC proliferation 

during cuprizone induced demyelination. Our results show that MSC did not exert any 

regenerative effects after cuprizone induced demyelination and oligodendrocyte loss. 

During remyelination, MSC did not influence the dynamics of OPC proliferation and 

myelin formation. In conclusion, MSC did not exert direct regenerative functions in a 

mouse model where peripheral immune cells and especially T lymphocytes do not play a 

role. We thus suggest that the peripheral immune system is required for MSC to exert 

their effects and this is independent from a direct influence of the central nervous 

system. 

 

Brain Behavior and Immunity 2015: 50:155-165 

www.elsevier.com 

DOI: 10.1016/j.bbi.2015.06.024 
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Chapter 4: Discussion 

Within the last decade MSC obtained into a novel therapeutic tool for the treatment of 

inflammatory and degenerative diseases of the CNS (UCCELLI et al., 2008; DE 

BAKKER et al., 2013; FARINI et al., 2014; ULLAH et al., 2015). MSC are supposed to 

exert their functions via release of a variety of cytokines and chemokines as well as by 

direct cell-to-cell contact (BERNARDO and FIBBE, 2013). The effectiveness of MSC for 

the treatment of inflammatory and autoimmune diseases of the CNS is controversially 

discussed. The application of MSC during experimental autoimmune encephalomyelitis 

(EAE) resulted in an amelioration of the clinical course (ZAPPIA et al., 2005) while MSC 

were not effective in clinical trials for multiple sclerosis (ALDERAZI et al., 2012). 

Summarized, these studies allow no comprehensive conclusion about the direct or 

indirect contribution of MSC to CNS regeneration. Therefore, in the present study the 

behavior of MSC derived from three different species (canine, human, and mice) were 

investigated following ventricular transplantation in immunocompetent mice. Secondly, 

the effects of MSC following ventricular and intralesional transplantation upon de- and 

remyelination were studied in a systemically, toxin-induced mouse model (cuprizone 

model). 

4.1 MSC trigger an immune response within immunocompetent mice  

At 7 days post xenogeneic (canine and human) MSC transplantation into the lateral 

ventricle of immunocompetent mice, unexpectedly cell clusters consisting of MSC were 

detected within the ventricular system. It remains unclear whether the observed cell 

cluster formation is promoted by a strong cell-cell contact during in vitro culturing, 

turbidity of the cerebrospinal fluid (CSF), exogenous factors solved in CSF or factors 

secreted by the local environment (UCCELLI et al., 2006; UCCELLI et al., 2007). Cell 

cluster formations are known from neoplastic cells representing a mechanism to avoid 

apoptosis (SANTINI et al., 2000; LEE et al., 2009). Within xenogeneic transplanted 

mice, cell clusters of both species were characterized by a strong immune-positivity for 

CD44. This marker represents a suitable MSC tracking and identification marker since 
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this molecule is strongly expressed by cMSC and hMSC (MIMEAULT et al., 2007; 

SCREVEN et al., 2014; SALINAS TEJEDOR et al., 2015).  

Additional important questions regarding the in vivo behavior of MSC were whether MSC 

were able to survive, proliferate and/or differentiate in vivo. Therefore, several specific 

markers have been applied and immunohistochemical double labeling for CD44 (MSC) 

and Ki67 (proliferation marker) was performed. None of the applied markers identified a 

differentiation of transplanted MSC in vivo indicating that the microenvironment may be 

not sufficient to induce MSC differentiation. In this context, the non-lesioned 

microenvironment may not secrete the appropriate or sufficient stimulating molecules. 

Furthermore, the failure of MSC differentiation may also be explained by an intrinsic 

insufficiency of MSC. Cell clusters of both species (canine and human MSC) contained 

moderate numbers of proliferating (Ki67 positive) cells, but none of them were labeled 

by CD44 indicating that transplanted MSC did not show a proliferative capacity under 

these conditions.  

Furthermore long term survival, integration and effects of transplanted cMSC and hMSC 

within host tissue were addressed. Interestingly, 49 days post transplantation (dpt) only 

cMSC transplanted mice showed remnants of cell clusters consisting of cell poor 

aggregate and extracellular matrix, while no cell clusters were detected in hMSC 

transplanted mice. Additionally MSC clusters were negative for CD44 and vimentin. This 

finding may be explained by the fact that transplanted MSC have reached their end of 

life which would also explain why transplanted MSC fail to proliferate and integrate into 

the host tissue. Another explanation is that during 49 days in vivo cMSC lose their CD44 

expression, which is rather unlikely since cells within cluster remnants did not show a 

MSC-like morphology. Presumably, a hostile environment generated by a marked 

astrogliosis surrounding MSC clusters in concert with an aggregation/infiltration of 

inflammatory cells is responsible for the loss of cMSC. To address the question what 

impact the host immune system has upon the survival of MSC an immunophenotyping of 

intra- and periclusteral located inflammatory cells has been performed. Interestingly, 

cMSC and hMSC clusters were surrounded and/or infiltrated by CD3-positive T-

lymphocytes. This finding was unexpected since MSC are considered to be immune 

privileged or of low immunogenicity (LE BLANC et al., 2003). To further elucidate the 
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mechanism of anti-graft immunity as identified by infiltrating T-lymphocytes a syngeneic 

transplantation of mMSC in immunocompetent mice was performed. Mice following 

syngeneic mMSC transplantation showed intraventricular cell clusters like xenogeneic 

transplanted mice, but an associated inflammatory cell reaction was not observed. This 

indicated that the T-lymphocyte dominated immune response surrounding and/or within 

the cell clusters is triggered by the transplanted MSC, most likely due to their MHC class 

I expression. Moreover, foreign MHC I molecules lead to an activation and proliferation 

of host T-lymphocytes followed by a transplant resolution (HOOGDUIJN et al., 2010; 

INGULLI, 2010). Conclusively, intraventricular transplantation of canine and human 

(xenogeneic) as well as murine (syngeneic) MSC resulted in the formation of cell 

clusters within the ventricular system. MSC of all species failed to proliferate in vivo most 

likely due to their limited life span and lack of stimulating environment. Additionally, they 

were not able to integrate or differentiate within the host tissue. Interestingly, xenogeneic 

transplantation of cMSC and hMSC led to a T-lymphocyte dominated graft reaction 

which was not observed following syngeneic MSC transplantation. These results further 

substantiate that MSC are not as immune privileged as previously assumed and future 

studies should focus on the use of autologous MSC transplantation or a combination of 

MSC transplantation and an immune suppressive treatment. 

4.2 Effects of mesenchymal stem cells upon de- and remyelination within 

the cuprizone model  

This study aimed to answer the question whether MSC derived from three different 

species (canine, human and murine) have beneficial effects upon the degree of de- and 

remyelination in a toxin-induced mouse model (cuprizone induced de- and 

remyelination). In this study MSC were intraventricularly or intralesionally (corpus 

callosum) transplanted at week 3 [onset of oligodendrocyte progenitor cells (OPC) 

proliferation and recruitment of microglia] or at week 4 (peak of OPC proliferation and 

microglia activation). Results showed that neither intraventricular nor intralesional MSC 

transplantation had an impact upon the course of de- or remyelination. One possible 

explanation for the lacking effectiveness of MSC in cuprizone-induced de- and 

remyelination could be due to the fact that in the cuprizone model the blood brain barrier 

(BBB) remains intact. This is one major difference between the cuprizone model and 
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EAE as in the latter the BBB is impaired. In the cuprizone model beneficial effects of 

MSC were not observed since the microenvironment was not sufficient to 

stimulate/activate MSC or the amount/composition of molecules secreted by MSC was 

not sufficient to reduce local inflammation. This fact is important since an impaired BBB 

leads to an involvement of the peripheral immune response in EAE, associated with an 

amelioration of the clinical course following MSC transplantation (ZAPPIA et al., 2005; 

ZHANG et al., 2005; LANZ et al., 2010). Factors contributing to beneficial effects of MSC 

may be related to cells or molecules passing the impaired BBB. Conclusively, this study 

demonstrates that intraventricular and intralesional MSC transplantation in 

demyelinating lesions with intact BBB is not effective. MSC have no effects on the 

degree of de- or remyelination. Therefore, MSC application represents no therapeutic 

option in diseases with similar lesion patterns. 
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Chapter 5: Summary   

Investigation of the modulatory effects of mesenchymal stem cells for support of 

remyelination in the CNS 

Nicole Jungwirth 

Mesenchymal stem cells (MSC) achieved an increasing popularity in veterinary and 

human medicine. They are frequently applied for the improvement of regeneration in a 

variety of inflammatory diseases. The mechanisms by which MSC exert their functions 

are largely unknown. Beneficial effects of transplanted MSC with respect to regeneration 

or reduction of inflammation have been demonstrated. An interaction between MSC with 

the innate and adaptive immune system causing a release of different effector molecules 

is proposed as key mechanism of MSC action. An amelioration of experimental 

autoimmune encephalomyelitis (EAE) was described when MSC were transplanted at 

the onset or at the peak of the disease. However, the efficacy of MSC for the treatment 

of central nervous system (CNS) diseases is controversially discussed. Therefore this 

thesis investigates the in vivo behavior of canine, human and murine MSC following 

transplantation into immunocompetent mice and studies the impact of MSC upon toxin-

induced CNS de- and remyelination. 

In the first study the ability of MSC to survive, differentiate and integrate into the host 

tissue following intraventricular transplantation in immunocompetent mice was 

investigated. MSC derived from three different species neither showed a proliferation, 

nor differentiation or integration into the host tissue following transplantation. 

Xenogeneic intraventricular transplantation of canine and human MSC into 

immunocompetent mice resulted in an unexpected, intraventricular cluster formation 

which was associated with a T-lymphocyte dominated immune response. Syngeneic 

intraventricular transplantation of murine MSC resulted in a similar intraventricular 

cluster formation of MSC. Interestingly, these clusters were not associated with an 

inflammatory reaction as observed following xenogeneic MSC transplantation. 

Independent of the graft species MSC showed a short survival time following 

transplantation and they were not detected at 49 days post transplantation. 

Summarized, this first study showed that xenogeneic in contrast to syngeneic MSC 
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transplantation induces a T-lymphocyte dominated host versus graft reaction indicating 

that MSC are not as immune privileged as previously assumed.  

In the second study a translational approach using canine, human and murine MSC was 

selected to investigate the ability of MSC to reduce demyelination and promote 

remyelination in the cuprizone mouse model. In this study MSC out of three different 

species were either intraventricularly or intralesionally transplanted at week 3 or week 4 

of cuprizone feeding. MSC transplanted at week 3 or week 4 had no impact upon the 

degree of de- and remyelination, the number of oligodendrocytes, number of microglia 

as well as the degree of astrogliosis. The failure of MSC in the cuprizone model to 

promote remyelination may be related to the integrity of the blood brain barrier (BBB). In 

the cuprizone model an intact BBB is maintained and the peripheral immune system is 

not involved in CNS response. The local CNS environment in cuprizone treated mice is 

not capable to activate MSC to further differentiate, integrate or promote directly or 

indirectly remyelination. This is in contrast to observations from EAE where MSC 

ameliorated the clinic course of the disease.  

Summarized, MSC of canine, human and murine origin formed similar cell clusters 

following intraventricular transplantation. Their survival time in vivo was limited since 

transplanted MSC did neither proliferate nor undergo further differentiation. Xenogeneic 

transplantation of MSC was followed by a T-lymphocyte dominated graft reaction which 

was lacking when MSC were syngeneically transplanted. In a translational approach 

using the cuprizone model MSC had no impact upon the degree of de- and 

remyelination, the number of astrocytes and microglia as well as the degree of 

astrogliosis. Future studies investigating the impact of MSC upon CNS de- and 

remyelination should use animal models in which an involvement of the peripheral 

immune system is described.  
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Chapter 6: Zusammenfassung 

Untersuchung der modulatorischen Effekte von mesenchymalen Stammzellen auf 

die Förderung der Remyelinisierung im zentralen Nervensystem 

Nicole Jungwirth 

In den vergangenen Jahren gewannen mesenchymalen Stammzellen (MSC) in der 

Human- sowie in der Veterinärmedizin vermehrt an Popularität. MSC werden häufig zur 

Verbesserung der Regeneration bei einer Vielzahl von entzündlichen Erkrankungen 

eingesetzt. Die Mechanismen, durch die MSC ihre Funktionen ausüben, sind 

weitgehend unbekannt. In der Literatur sind regenerationsfördernde sowie 

entzündungshemmende Eigenschaften von MSC beschrieben. Als möglichen 

Mechanismus, über den MSC ihre Effekte ausüben, wird eine Interaktion zwischen MSC 

und dem angeborenen sowie erworbenen Immunsystem diskutiert, die zu einer 

Freisetzung von verschiedenen Effektormolekülen führt. Die Applikation von MSC zu 

Beginn bzw. am Höhepunkt der experimentellen autoimmunen Enzephalomyelitis (EAE) 

führte zu einer signifikanten Verbesserung des klinischen Verlaufes. Ob MSC für eine 

erfolgreiche Behandlung von Erkrankungen des zentralen Nervensystems (ZNS) 

geeignet sind, wird kontrovers diskutiert. Ziel dieser These war die Untersuchung des in 

vivo Verhaltens von kaninen, humanen und murinen MSC nach Transplantation in 

immunkompetente Mäuse. Des Weiteren wurden die Effekte von MSC auf den Grad der 

De- und Remyelinisierung in einem toxisch-induzierten Mausmodell untersucht.  

Im Fokus der ersten Studie stand die Frage, ob MSC in der Lage sind nach einer 

intraventrikulären Transplantation in immunkompetente Mäuse zu überleben, zu 

differenzieren und/oder sich in das Wirtsgewebe integrieren können. Es zeigte sich, 

dass MSC von allen drei verwendeten Spezies in vivo nicht in der Lage waren, zu 

proliferieren, differenzieren oder zu integrieren. Die xenogene, intraventrikuläre 

Transplantation von kaninen und humanen MSC in immunkompetente Mäuse resultierte 

in einem unerwarteten Befund. Es wurden intraventrikulär Zellverbände festgestellt, die 

von T-Lymphozyten umgeben bzw. teils infiltriert wurden. 

Immunkompetente Mäuse, die eine syngene, intraventrikuläre Transplantation von 

murinen MSC erhielten, wiesen ebenfalls intraventrikuläre Zellverbände auf. Bei diesen 
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Tieren wurde interessanter Weise keine Zellverband-assoziierte Entzündungsreaktion 

festgestellt. MSC zeigten unabhängig von der Spenderspezies eine kurze 

Überlebenszeit in vivo. Zusammenfassend zeigte diese Studie, dass die xenogene im 

Vergleich zur syngenen MSC-Transplantation von einer T-Zell-dominierten 

Transplantatabstoßungsreaktion begleitet wird und somit MSC nicht als „für das 

Immunsystem unsichtbar“ klassifiziert werden sollten. 

Im Fokus der zweiten Studie lag ein translationaler Ansatz, bei dem die Fähigkeiten von 

kaninen, humanen und murinen MSC zur Verminderung von Demyelinisierung bzw. 

Förderung von Remyelinisierung im Cuprizon-Mausmodell untersucht wurden. Die 

Transplantation von MSC in den Ventrikel oder in die induzierte Läsion erfolgte in der 

dritten bzw. vierten Woche der Cuprizon-Fütterung. Die MSC-Transplantation hatte 

keinen Einfluß auf den Grad der De- bzw. Remyelinisierung, auf die Anzahl der 

Oligodendrozyten, Mikroglia sowie den Grad der Astrogliose. Die Tatsache, dass MSC 

im Cuprizon-Modell nicht zu einer Förderung der Remyelinisierung führte, könnte 

modellbedingt an einer intakten Blut-Hirn-Schranke liegen. Im Cuprizon-Modell kommt 

es nicht zu einem Schaden der Blut-Hirn-Schranke, was dazu führt, dass das periphere 

Immunsystem nicht aktiviert wird und somit nicht mit den ablaufenden 

Entzündungsprozessen im zentralen Nervensystem interagiert. Die lokale Umgebung 

bei Cuprizon-behandelten Mäusen ist nicht in der Lage MSC zu aktivieren, deren 

Differenzierung oder Integration zu stimulieren sowie direkt oder indirekt die 

Remyelinisierung zu fördern. Die Befunde im Cuprizon-Modell stehen im Gegensatz zu 

den Beobachtungen bei EAE, wo es durch MSC Gabe zu einer Verbesserung des 

klinischen Erkrankungsverlaufes gekommen ist.  

Zusammenfassend lässt sich sagen, dass kanine, humane sowie murine MSC nach 

intraventrikulärer Applikation Zellverbände innerhalb des Ventrikels bilden. Die 

Überlebenszeit von MSC in vivo war begrenzt, da MSC nicht in der Lage waren zu 

proliferieren bzw. zu differenzieren. Die xenogene MSC Transplantation führte zu einer 

T-Zell-dominierten Transplantatabstoßungsreaktion, welche nach syngener MSC- 

Transplantation nicht auftrat. Im Cuprizon-Modell hatten MSC keinen Einfluß auf den 

Grad der De- und Remyelinisierung, die Anzahl der Astrozyten und Mikroglia sowie den 

Grad der Astrogliose. Zukünftige Untersuchungen bezüglich des Einflusses von MSC 
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auf De- und Remyelinisierung sollten in Tiermodellen erfolgen, bei denen eine 

Beteiligung des peripheren Immunsystems eine Rolle spielt. 
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