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CHAPTER ONE: INTRODUCTION 

1.1. Inflammatory cardiomyopathy 

1.1.1. Definition and incidence of (dilated) inflammatory cardiomyopathy 

Cardiomyopathies are a group of disorders of the heart, which are associated with 

ventricular dysfunction and characterized as primary cardiomyopathies if the origin of 

contractile dysfunction is unknown and as secondary or specific cardiomyopathies if 

the heart is affected in association with specific infections or immunological, metabolic, 

neuromuscular or toxic diseases. Dilated cardiomyopathy (DCM) is one of the most 

common cardiomyopathy entities, the leading cause of heart failure, and contributes to 

the main mortality rate of cardiomyopathy.[1] The incidence of DCM is 5-10/100 000 

persons. However, the „real“ incidence is probably much higher, since many patients 

with DCM die from sudden death, without having been clinically diagnosed.[2]  

Patients who suffer from DCM have a five-year survival rate of 55% under 

contemporary heart failure treatment and the rate of morbidity of DCM is 

36.5/100,000.[3] Inflammatory cardiomyopathy, which is characterized by idiopathic 

heart failure with evidence of immunocompetent infiltrates and cell adhesion molecule 

abundance in endomyocardial biopsy, is a specific cardiomyopathy entity, diagnosed in 

approximately 50% of DCM patients.[4] 

 
Figure 1.1. New classification of dilated cardiomyopathy (D’Ambrosio A et al., Heart. 
2001; 85: 499-504) 
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1.1.2. Virus-induced inflammatory cardiomyopathy 

In myocarditis and inflammatory cardiomyopathy, chronic myocardial damage is 

induced either by continued immune activity (autoimmunity) despite viral clearance, or 

with viral persistence despite activation of cellular and humoral defense immune 

mechanisms.  

There conceptually exist 3 stages of viral myocarditis leading to DCM. The initial 

phase is viral, where the virus infects a susceptible host, and is able to engage the 

receptor and mediate viral proliferation. The appropriate host immune response will 

clear the virus and the infected cells. However, in the setting of inappropriate host 

immune controls, the inflammatory process will be unable to effectively clear the virus, 

leading to continued inflammation. The presence of additional viral proteins and 

damaged host tissue will expose the immune system to additional sources of antigen, 

and stimulate continued proliferation of inflammatory cells of the acquired immunity 

(T and B cells), as well as innate immunity. Finally, the inflammatory process 

including cytokine and matrix metalloproteinases (MMPs) will alter the structure of the 

myocardium to such an extent that DCM eventually results.[5]  

 
Figure 1.2. Treatment of viral myocarditis caused by coxsackievirus (Brunetti L et al., 
Am J Health Syst Pharm. 2008; 65: 132-137) 
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Many different infectious agents have been considered as the cause of viral myocarditis, 

including enteroviruses, adenovirus, cytomegalovirus, hepatitis C virus, parvovirus B19 

and others. Among the most commonly identified infectious agents are the Coxsackie B 

viruses, members of the enteroviral family. Identification of enteroviral RNA and 

antigen of myocardial tissue provides evidence that enteroviruses are associated with 

DCM.  

It has been reported that virus infection can cause a subset of cardiomyopathies in the 

form of acute myocarditis or chronic DCM. However, among the cardiotropic viruses, 

coxsackievirus is the most thoroughly studied virus that can induce acquired 

cardiomyopathies. Due to the lack of knowledge of exact pathogenesis of the highly 

variable natural course of inflammatory cardiomyopathy, the specific treatment is still a 

difficult issue. 

 

1.1.3. Coxsackievirus 

1.1.3.1. Coxsackievirus 

Coxsackieviruses are divided into group A and group B viruses based on early 

observations of their pathogenicity in mice. At least 23 serotypes (1-22, 24) of group A 

and 6 serotypes (1-6) of group B are recognized.[6] In general, group A 

coxsackieviruses tend to infect the skin and mucous membranes, causing herpangina, 

acute hemorrhagic conjunctivitis, and hand-foot-and-mouth disease; Group B 

coxsackieviruses tend to infect the heart, pleura, pancreas, and liver, causing 

pleurodynia, myocarditis, pericarditis, and hepatitis. Both group A and group B 

coxsackieviruses can cause nonspecific febrile illnesses, rashes, upper respiratory tract 

disease, and aseptic meningitis.  

The six serotypes of the group B coxsackieviruses (CVB1 to CVB6) are enteroviruses 

in the picornavirus family. The CVB genome is 7,400 nucleotides in length. The single 

open reading frame encodes 11 proteins and is flanked by non-translated regions. The 

5'-terminal nucleotide is linked to a virus-encoded protein, and the 3' terminus is 

completed with a polyadenosine tail.[7]  

Enteroviruses are small, non-enveloped icosahedral particles with a diameter of about 
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30 nm. The structure of the B3 virus determined to 3.5 A resolution,[8,9] each of the 12 

pentamers on the icosahedron is surrounded by a canyon which is the binding site on 

the picornavirus capsid for specific cellular receptor molecules.[10] The capsid is made 

up of 60 identical building units, each containing one copy of the four structural 

proteins VP1-VP4. The folding pattern of polypeptides VP1-VP3 is similar, resulting in 

an eight-stranded antiparallel b-barrel structure. 

Once translation begins, host-cell protein synthesis is rapidly shut off, and the viral 

genome is translated into a large polyprotein. These include the proteins destined for 

incorporation into new virus capsids, as well as the RNA-dependent RNA polymerase 

and other enzymes involved in genome replication. 

 

1.1.3.2. Coxsackievirus-adenovirus receptor and co-receptor 

Coxsackievirus-adenovirus receptor (CAR) is a critical determinant for cellular uptake 

and pathogenesis of coxsackievirus and adenovirus. Non-permissive hamster cells have 

been shown to become susceptible to CVB attachment and infection when transfected 

with CAR complementary DNA[11]. In addition, it has been demonstrated that 

recombinant expression of CAR increases the adenoviral uptake in rat 

cardiomyocytes.[12]  

CAR is a 46kDa integral membrane protein with a typical transmembrane region. It is 

structurally and functionally similar to the junctional adhesion molecules. CAR is an 

immunoglobulin superfamily protein, containing two immunoglobulin superfamily 

domains: an amino-terminal V-like module and a C2-like module.  

In mammalian cells, CAR co-receptors determine the efficiency of host cell targeting 

by coxsackie and adenoviruses. CVB utilizes the complement-deflecting protein-decay- 

accelerating factor (DAF, CD55) as its co-receptor[13]; adenoviruses use the integrin 

αvβ1 as co-receptor.[14] Monoclonal antibody blockade, immunoprecipitation, and 

DNA transfection were used to identify DAF as a major cell attachment receptor for 

coxsackieviruses B1, B3, and B5.[15] DAF facilitates the viral internalization by CAR 

by significantly increasing the binding efficiency of coxsackievirus onto the DAF-CAR 

receptor complex.[16] The importance of DAF in CVB(3) uptake and infection follows 
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from studies performed with anti-DAF antibodies which have been successful in 

blocking virus infection of susceptible cells in vitro.[16,17]  

 

1.1.4. Coxsackievirus-induced inflammatory cardiomyopathy 

Enterovirus (coxsackievirus) infections have been reported to be an important cause of 

morbidity and mortality during the natural course of DCM. Enterovirus (coxsackievirus) 

and adenovirus have been confirmed as cardiotropic viruses for myocarditis and DCM 

/inflammatory cardiomyopathy. CVB is the most commonly identified pathogen in 

patients with myocarditis and DCM, having been implicated in more than 50% of cases 

with infectious etiology.[18] These viruses enter the host primarily through 

gastrointestinal or respiratory tract and can reside in the reticulo-endothelial system in 

terms of extra-cardiac reservoir. Via viral specific proteases, such as coxsackieviral 

protease 2A, CVB3 can cleave dystrophin, resulting in the disruption of the 

cytoskeleton, contributing hereby to DCM.[19] 

 

1.1.5. Importance of nitric oxide and interferon gamma in Coxsackievirus 

B3-induced inflammatory cardiomyopathy 

Nitric oxide (NO) is a heterodiatomic free radical that can induce a variety of intra- and 

intercellular physiological actions.[20,21]  

NO plays a critical role in the innate response by viral myocarditis. Coxsackievirus 

infection induces cardiac NO synthase (NOS) activity.[22,23] iNOS is expressed in the 

myocardium 3 days after infection, peaks 5 to 7 days after infection and disappears 14 

days after infection.[24]Mice that lack iNOS have higher viral titers and viral RNA 

compared with wild-type mice and develop a much more severe myocarditis after 

coxsackievirus infection than infected wild-type mice.[24] NO can not only inhibit 

viral replication, [25,26] but also inhibit the cardiac dysfunction caused by cleavage of 

dystrophin and other cellular substrates.[27]  

Interferons (IFNs) were discovered to be a natural defense system in the human body. 

This family of cytokines regulates anti-viral, anti-tumor, and immune responses and 

cell differentiation. [28] Independent of the previously mentioned effects, IFN can 
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stimulate apoptosis by inducing the expression of multiple genes that create a 

pro-apoptotic environment.[29] Myocarditis is much more pronounced in 

IFN-γ-receptor deficient mice compared to wild-type mice, which is associated with an 

impaired iNOS induction. [30] Taken together, these data demonstrate the importance 

of NO and IFN-γ in the defense against CVB3-induced myocarditis.  

 
1.2. Stem cell therapy 
1.2.1. Definition of stem cells 

Stem cells are cells that have the ability to divide for indefinite periods, often 

throughout the life of the organism. Under the right conditions, or given the right 

signals, stem cells can give rise to the many different cell types that make up the 

organism. That is, stem cells have the potential to develop into mature cells that have 

characteristic shapes and specialized functions, such as heart cells, skin cells, or nerve 

cells. 

Stem cells contribute to the body’s ability to renew and repair its tissue. Unlike mature 

cells, which are permanently committed to their fate, stem cells can both renew 

themselves as well as create new cells of whatever tissue they belong to (and other 

tissues).[31,32]  

 

1.2.2. Adult stem cells 

The adult stem cell is an undifferentiated (unspecialized) cell that is found in a 

differentiated (specialized) tissue; it can renew itself and become specialized to yield 

all of the specialized cell types of the tissue from which it originated. Adult stem cells 

are capable of self-renewal for the lifetime of the organism. Sources of adult stem cells 

have been found in the bone marrow,[33] blood stream, cornea and retina of the 

eye[34], the dental pulp of the tooth,[35] liver,[36] skin,[37] gastrointestinal tract,[38] 

and pancreas.[39] Unlike embryonic stem cells, at this point in time, there are no 

isolated adult stem cells that are capable of forming all cells of the body. That is, there 

is no evidence, at this time, of an adult stem cell that is pluripotent. 

Adult stem cells, like all stem cells, share at least two characteristics. First, they can 
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make identical copies of themselves for a long period of time; this ability to proliferate 

is referred to as long-term self-renewal. Second, they can give rise to mature cell types 

or types before they achieve their fully differentiated state. The intermediate cell is 

called a precursor or progenitor cell. Progenitor or precursor cells in fetal or adult 

tissues are partly differentiated cells that divide and give rise to differentiated cells. 

Such cells are usually regarded as “committed” to differentiating along a particular 

cellular development pathway, although this characteristic may not be as definitive as 

once thought.[40]  

Unlike embryonic stem cells, which are defined by their origin (the inner cell mass of 

the blastocyte), adult stem cells share no such definitive means of characterization. In 

fact, no one knows the origin of adult stem cells in any mature tissue. Some have 

proposed that stem cells are somehow set aside during fetal development and restrained 

from differentiating. Definitions of adult stem cells vary in the scientific literature, 

ranging from a simple description of the cells to rigorous set of experimental criteria 

that must be met before characterizing a particular cell as an adult stem cell.[41] Most 

of the information about adult stem cells comes from studies of mice. The list of adult 

tissues reported to contain stem cells is growing and includes bone marrow, peripheral 

blood, brain, spinal cord, dental pulp, blood vessels, skeletal muscle, epithelia of the 

skin and digestive system, cornea, retina, liver, and pancreas. 

Ideally, adult stem cells should also be clonogenic. In other words, a single adult stem 

cell should be able to generate a line of genetically identical cells, which then gives rise 

to all the appropriate, differentiated cell types of the tissue in which it resides. Again, 

this property is difficult to demonstrate in vivo; in practice, scientists show either that a 

stem cell is clonogenic in vitro, or that a purified population of candidate stem cells can 

repopulate the tissue.[42]  

An adult stem cell should also be able to give rise to fully differentiated cells that have 

mature phenotypes, are fully integrated into the tissue, and are capable of specialized 

functions that are appropriate for the tissue. The term phenotype refers to all the 

observable characteristics of a cell (organism); its shape (morphology); interactions 

with other cells and the non-cellular environment (also called the extracellular matrix); 
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proteins that appear on the cell surface (surface markers); and the cell’s behavior (e.g., 

secretion, contraction, synaptic transmission).[43] 

 

1.3. Mesenchymal stem cells 

1.3.1. Characteristics of mesenchymal stem cells 

Mesenchymal stem cells (MSCs), which can be alternatively referred to as multipotent 

mesenchymal stromal cells or marrow stromal cells, are a heterogeneous population of 

cells which can proliferate in vitro as plastic-adherent cells, have fibroblast-like 

morphology, form colonies in vitro and can differentiate into bone, cartilage, adipose 

and stromal tissues.[44,45] MSCs are positive for many characteristic markers 

including CD29, CD44, CD71, CD90, CD106, CD120a, CD124, SH2, SH3 and SH4, 

and negative for CD14, CD34, and CD45, which are specific markers of hematopoietic 

stem cells.[46] Most surface markers have been found inadequate as a means to 

identify stem cells, because the putative markers may also be found on non-stem cells, 

or a particular marker may only be expressed on a stem cell at a certain stage or under 

certain conditions, such as with CD34 on hematopoietic stem cell (HSC). Nevertheless, 

surface markers or other attributes are useful in characterizing the stem cell as isolated 

or cultured, and as means to begin to understand its potential interactions with 

neighboring cells and the cell environment. To further identify the MSC, differentiation 

assays need to be performed. Differentiation into osteocyte can be detected by alkaline 

phosphatase staining;[47] differentiation into adipocyte can be evaluated by Oil red O 

staining;[48] differentiation into chondrocyte can be assessed by safranin O 

staining.[49]  

MSCs are rare in bone marrow, representing ～1 in 10000 nucleated cells. It is isolated 

from the marrow by a simple process involving Ficoll centrifugation and adhering-cell 

culture in defined serum-containing medium. The resulting cells, while not immortal, 

have the ability to expand many times in culture, and keep their growth and 

multilineage potential (Figure 1.3.). 
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Figure 1.3. Models of mesenchymal stem cell differentiation (Baksh D et al., J Cell Mol 
Med. 2004; 8: 301-316)  

 

1.3.2. Isolation of mesenchymal stem cells 

To date, MSCs have been isolated from many tissues including marrow, muscle, fat, 

skin, cartilage, hair follicle and bone, although bone marrow is used more often.  

For human beings, bone marrow can be obtained by needle from the iliac with local 

anesthetic; for small mammals such as rabbits, access to the bone marrow in the long 

bones is possible by a surgical cut-down, and using relatively stiff tubing placed over 

the end of the aspiration needle to gain access to marrow further down the bone shaft; 

for rodents, it is necessary to sacrifice the animal(s), dissect the long bones, and the 

bones of 10 rats or 20 mice can be processed as a single preparation. The ends of the 

femur or tibia are removed with sterile wire-cutter-type nippers and the bone marrow is 

extruded into a collection dish using a needle and a saline-filled syringe. 

MSCs can be isolated by a variety of procedures. There are two common methods, the 

direct plating method and the density centrifugation method.[50] Both of them produce 

very similar populations of MSCs. 

Adipose tissue, like bone marrow, is derived from the mesenchyme and contains a 

supportive stroma that is easily isolated.[51]  Compared with bone marrow-derived 

MSCs, adipose tissue-derived stromal cells do have an equal potential to differentiate 

into cells and tissues of mesodermal origin, such as adipocytes, cartilage, bone, and 

skeletal muscle. However, the easy and repeatable access to subcutaneous adipose 
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tissue and the simple isolation procedures provide a clear advantage. 

 

1.3.3. Cardiac protective effects of mesenchymal stem cells 

 

 
Figure 1.4. Proposed mechanisms of action of stem/progenitor cells in cardiovascular 
repair (Dimmeler S et al., Arterioscler Thromb Vasc Biol. 2008; 28: 208-216) 

 

MSCs can be used allogeneically and differentiate into a cardiomyocyte-like phenotype 

when implanted in healthy myocardium. As opposed to the muscle precursor cells, 

allogeneic MSCs have the ability to be used immediately after acute injury; 

furthermore, MSCs appear to have the ability to home to the site of myocardial injury 

when administered intravenously after acute infarction. Engrafted MSCs differentiate 

toward a myogenic lineage after injection into the infarcted myocardium as evidenced 

by expression of muscle-specific proteins including α-actinin, troponin-T, tropomyosin, 

myosin heavy chain, phospholamban, and other muscle-specific proteins. Furthermore, 

the presence of connexin-43, a protein responsible for intracellular connection and 

electrical coupling between cells, suggests cardiomyocyte differentiation.[52] MSC 

implantation has been associated with significant functional improvements including 

prevention of pathologic wall thinning and improved post-infarcted hemodynamics in 

the post-infarcted heart.[53] Besides the capacity of MSC to differentiate in 
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cardiomyocytes and endothelial cells, it is believed that the cardiac-protective effects of 

MSC are predominantly due to facilitating endogenous repair processes including 

anti-fibrotic, anti-inflammatory, anti-apoptotic and pro-angiogenic processes via the 

paracrine actions of MSC. 

 

Anti-fibrotic effects 

Ohnishi et al.[54] demonstrated that cardiac fibroblast proliferation was slower when 

they were cultured in MSC-conditioned medium instead of cardiac 

fibroblast-conditioned medium. In parallel, the mRNA expression of collagen I as well 

as collagen III was downregulated when cardiac fibroblasts were cultured in 

MSC-conditioned medium. Guo et al.[55] reported that MSC transplantation in a rat 

model of myocardial infarction inhibited the deposition of types I and III collagen. Xu 

et al.[56] found that there was a marked up-regulation of collagen types I and III, tissue 

inhibitor of metalloproteinase-1 (TIMP-1) and transforming growth factor-beta (TGF-β) 

mRNA expression in myocardial infarcted rats. MSC transplantation significantly 

attenuated mRNA expression of the extracellular matrix genes, could inhibit left 

ventricle remodeling and improve heart function. Taken together, MSCs exert 

anti-fibrotic effects at least in part through regulation of cardiac fibroblasts proliferation 

and transcriptional downregulation of types I and III collagen, TIMP-1 and TGF-β. The 

anti-fibrotic features of MSC may be beneficial for the treatment of heart failure in 

which these specific fibrotic changes are involved, including myocardial infarction and 

DCM. In addition, Li et al.[57] showed that MSC transplantation can attenuate 

myocardial fibrosis in a rat model of global heart failure, and this may be at least 

partially mediated by paracrine signaling from MSCs via anti-fibrotic factors such as 

hepatocyte growth factor (HGF). 

 

Anti-inflammatory / immunomodulatory effects 

An emerging body of evidence indicates that MSC possess immunomodulatory 

properties, affecting T cells,[58] dendritic cells,[59] B cells,[60] and natural killer 

cells.[61] Immunosuppression occurs hereby most effectively under conditions in 
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which MSCs make physical contact with allogeneic tissue and release soluble factors, 

including interleukin-10 (IL-10), TGF-beta, Indoleamine 2,3-dioxygenase (IDO)[62] 

and prostaglandin E2. Moreover, the inflammatory environment/condition plays an 

important role in the ability of MSCs to exert their immunosuppressive effects. Ren et 

al. recently demonstrated the importance of IFN-γ in the induction of 

immunosuppression of T cells by MSCs.[58] Treatment of MSCs with IFN-γ decreases 

their susceptibility to natural killer-cell mediated lysis due to up-regulation of HLA 

class I molecules.[63] The immunosuppressive effects of MSC have also been 

demonstrated to be NO-dependent.[58]  

Iyer et al.[64] reported that administration of MSC to animal models of lung injury 

attenuated inflammation and injury, revealing a central role for MSC in mitigating 

pro-inflammatory networks and amplifying anti-inflammatory signals. Molina et al.[65] 

demonstrated that in a model of pressure overload hypertrophy, intracoronary delivery 

of MSC during heart failure was associated with an improvement in hemodynamic 

performance, maximal exercise tolerance, systemic inflammation, and left ventricular 

reverse remodeling. Guo et al.[55] showed that the anti-inflammatory effects of MSCs 

might partly account for the cardiac protective effect in ischemic heart disease. From 

these data, the therapeutic effectiveness of MSC occurs in part through the release of 

anti-inflammatory cytokines, which promote the repair and protection of damaged 

tissues. 

 

Anti-apoptotic and pro-angiogenic effects 

Li et al.[66] reported that intramyocardial transplantation of MSC reduced apoptosis in 

the diabetic myocardium, indicated by a decrease in caspase 3 activity and an increased 

ratio of anti-apoptotic Bcl-2 to pro-apoptotic Bax expression, resulting in improved 

cardiac function. Schuleri et al.[67] demonstrated that MSC-treated animals showed 

larger, more mature vessels and less apoptosis in the infarct zone and improved 

regional and global LV function. Guo et al.[68] showed that overexpression of HGF in 

transplanted MSC improved ischemic cardiac function through angiogenesis and 

reduction of apoptosis partly mediated by upregulation of calcineurin. Halkos et al. [69] 
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demonstrated an improvement in LV function in a porcine model of myocardial 

infarction after intravenous MSC application, which was associated with an increase in 

von Willebrand factor-positive vessels and increased tissue vascular endothelial growth 

factor expression in the scar zone. 

 

The transplantation of MSC has also been successfully used to repair injury in kidney, 

liver, lung, and brain models. Also here, the protective effects of MSC have been 

addressed to their anti-fibrotic, anti-inflammatory and anti-apoptotic characteristics. It 

was reported by Semedo et al.[70] that MSC have the potential to modulate renal 

ischemia and reperfusion injury via earlier regeneration of damaged renal tissue by an 

anti-inflammatory pattern. Abdel Aziz et al.[71] showed that MSC reduce liver fibrosis 

through their effect of minimizing collagen deposition in addition to their capacity to 

differentiate into hepatocytes. Gupta et al.[72] demonstrated that intrapulmonary MSC 

delivery resulted in a down-regulation of proinflammatory responses to endotoxin 

while increasing the anti-inflammatory cytokine IL-10. Iwanami et al.[73] reported that 

stimulation of angiotensin 2 (AT2) receptor signaling in MSC played a pivotal role in 

the contribution of MSC treatment to brain protection after focal brain 

ischemia-reperfusion injury. 

Finally, MSCs can be transduced by a variety of vectors and retain transgene 

expression after in vivo differentiation. Transgene expression by MSCs may be 

ultimately used to augment cell engraftment or the extent of differentiation. (Figure1.4.) 

Mangi et al. used a retroviral vector to overexpress the pro-survival gene Akt in MSCs 

before implantation in infarcted rat myocardium. Akt protein overexpression enhanced 

MSCs survival and prevented pathologic remodeling after infarction with impressive 

improvement in cardiac output.[74] 

Overall, the current data indicate that although MSCs were first suggested as 

therapeutic tool in regenerative medicine on the basis of their stem-cell-like / 

differentiation qualities, their therapeutic effects can result from other characteristics, 

such as their anti-fibrotic, anti-inflammatory, anti-apoptotic and pro-angiogenic 

properties. These protective effects occur through the release of anti-inflammatory 
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cytokines and anti-fibrotic and anti-apoptotic molecules that promote the repair and 

protection of damaged tissues. MSCs represent an ideal stem cell source for cell 

therapies because of their easy purification and amplification and their multipotency. 

Taken together, the characteristics of MSC make them attractive tools for the treatment 

of heart disease.  

 

1.4. Prospects and challenges 

Current therapeutic approaches are primarily focused on limiting disease progression 

rather than repair and restoration of healthy tissue and function. In this perspective, 

stem cell therapy seems to be a potential new therapeutic strategy to achieve cardiac 

repair. Few questions in cardiac regeneration are definitively resolved, but it is widely 

agreed that the regenerative capacity of the human myocardium itself is grossly 

inadequate to compensate the severe loss of heart muscle presented by myocardial 

infarction or other myocardial diseases.  

Although stem cell therapy has provided a broad prospect for cardiovascular diseases, 

several challenges still remain to be solved. First, perhaps the most attractive aspect of 

current progress towards cardiac regeneration, is the wide variety of cell types that have 

been considered as candidates for the therapeutic delivery in humans. The ideal cell 

type has not yet emerged, and few studies have directly investigated different stem cell 

types including myoblasts grown from skeletal muscle,[75] smooth muscle cells from 

blood vessels,[76] and HSCs or MSCs.[77] Second, the optimal route of delivery has to 

be determined. In the clinical setting, cells can be injected intravenously, intracoronary 

or transendocardially. The ultimate goal is the delivery of enough cells to the injured 

myocardium that will survive to restore cardiac function. Here, the engraftment of the 

cells is of importance, which is repressed due to the hostile microenvironment: the 

presence of fibrotic tissue, which is a physical barrier for the injected cells; the 

presence of oxidative stress and the reduced oxygen supply, which is hampered due to 

decreased angiogenesis. A reduction of MSC in the graft overtime has been 

reported.[78] In contrast, overexpression of SDF in MSC has been shown to reduce 

apoptosis in MSC induced by the hypoxic milieu and to improve their engraftment in 
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the myocardial infarcted heart.[79] Lastly, transplantation of stem cells because of their 

paracrine effects remains a reasonable strategy since the beneficial paracrine factors 

remain unidentified and because multiple factors might be functioning synergistically. 

If improved cardiac function is due to paracrine mechanisms, identification of these 

cell-derived paracrine factors could lead to effective therapies, avoiding risks of stem 

cell transplantation complications. 

Treatment of damaged myocardium by stem cell therapy is becoming an increasingly 

promising therapeutic approach. Ideally, the donor cells should be amplified efficiently 

in culture and would lead to regeneration of damaged myocardial tissue, including 

cardiogenic differentiation with local angiogenesis. Autologous cells exhibit a high 

proliferative potential in vitro and share a low potential for transplantation 

complications. However, the transplantation of autologous cells to repair the heart also 

has serious drawbacks; this procedure may delay the treatment because of intensive lab 

work. The ideal cell to treat the heart should be transplantable without delay to any 

patient without serious transplantation complications. In this regard, MSC have a main 

advantage over other cells, since due to their low immunogenicity, also allogeneic 

MSC can be used.[80]  
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1.5. OBJECTIVES 

Under current heart failure treatment, the prognosis of DCM is poor, urging for 

alternative therapeutic strategies. Current pharmacological treatment is mainly focused 

on decreasing the activity of the neuroendocrine system. For viral-induced 

inflammatory DCM, additional pharmaca, blocking viral replication or stimulating the 

anti-viral directed immune response are used. These agents are not cardiac-specific and 

can be associated with negative side-effects. There is growing experimental evidence 

supporting the application of cellular transplantation as a strategy to improve 

myocardial function. MSC have immunomodulatory features and have been 

experimentally shown to be attractive tools for the treatment of myocardial infarction 

and cardiomyopathies. The present study focuses on investigating whether MSC are 

potential agents for the treatment of CVB3-induced inflammatory DCM. In view of 

clinical translation, safety aspects, including the possibility of MSC being infected by 

CVB3, are investigated. In addition, the study investigates whether and how MSC, 

independently of their immunomodulatory effects, i.e. in the absence of 

immunoregulatory cells, can have a direct protective effect on CVB3-induced 

cardiomyocyte apoptosis and oxidative stress.  
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CHAPTER TWO: MATERIALS AND METHODS 

2.1. Materials  
2.1.1. Laboratory equipments  

Balance  Mettler Toledo, Giessen, Germany  

BD FACSCalibur System BD Sciences, Heidelberg, Germany 

Centrifuge, 5415D,5415R,5810R Eppendorf AG, Hamburg, Germany  

Freezer, -80 °C  Thermo Forma, Marlotta, USA  

Gelaire Laboratories Flow Hood Labexchange, Burladingen, Germany 

Leica DMI 4000B Leica Microsystems, Wetzlar, Germany 

Leica DMRBE Leica Microsystems, Bensheim, 

Germany 

NanoDropTM  1000 Thermo Scientific, Wilmington, USA 

Pipettes, adjustable  Eppendorf AG, Hamburg, Germany  

SpectraMax Gemini microplate 

reader 

Molecular Device GmbH, Munich, 

Germany 

Thermocycler   Eppendorf AG, Hamburg, Germany   

VersaMax microplate reader Molecular Device GmbH, Munich, 

Germany 

Vortexer  Beyer GmbH, Düsseldorf, Germany 

7900HT Fast Real-time PCR 

System 

Applied Biosystems, Foster City, USA 

2.1.2. Chemicals, reagents, kits, media, and primers 

Chemical and reagents: 

Agarose  Gibco, Karlsruhe, Germany  

Ascorbic acid Sigma, Steinheim, Germany 
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BD FACSFlowTM BD Sciences, Franklin Lakes, USA 

Bovine serum albumin (BSA) Sigma, Steinheim, Germany 

Chloroform Sigma, Steinheim, Germany 

5-(and-6)-chloromethyl-2’,7’-dic

hlorodihydrofluorescein diacetate, 

acety ester (CM-H2DCFDA) 

Invitrogen, Heidelberg, Germany 

Ethanol, 100% Sigma, Deisenhofen, Germany 

Fetal bovine serum (FBS) Gibco BRL, Karlsruhe, Germany 

Fibroblast Growth Factor-basic 

(bFGF) 

PeproTech, Rocky Hill, USA 

Fibronectin from bovine plasma Sigma, Steinheim, Germany 
Gelatin from bovine skin Sigma, Steinheim, Germany 
Glutamine Sigma, Steinheim, Germany 
Goat serum PAA, Pasching, Austria 

HEPES sodium salt Sigma, Steinheim, Germany 

Isopropanol  Merck, Darmstadt, Germany  

M-MLV reverse transcriptase Invitrogen, Karlsruhe, Germany  

Nitro-L-Argininmethylesterhydro

chloride (L-NAME) 

Sigma, St. Louis, USA 

Noble agar Difco, Lawrence, USA 

Norepinephrine  Sigma, Steinheim, Germany 

Penicillin/streptomycin, 1% Invitrogen, Grand Island, USA 

Percoll gradient (1.073 g/ml) Biochrom, Berlin, Germany 

Phosphate buffered saline (PBS)  Biochrom, Berlin, Germany 

Anti-mouse Interferon-gamma 

(IFN-γ) antibody  

R&D systems, Minneapolis, USA 

Trizol  Invitrogen, Heidelberg, Germany 

Trypsin-EDTA Invitrogen, Heidelberg, Germany 

Vybrant® Dil Cell-labeling Invitrogen, Heidelberg, Germany 
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solution 

Vybrant® DiO Cell-labeling 

solution 

Invitrogen, Heidelberg, Germany 

β-Mercaptoethanol  Sigma, Deisenhofen, Germany  

Kits and other materials  

BD Falcon™ Cell Culture Flasks BD Sciences, Franklin Lakes, USA 

BD Falcon™ Polypropylene 

Conical Tubes (15ml, 50ml) 

BD Sciences, Franklin Lakes, USA 

BD Falcon™ Polystyrene 

Round-Bottom Tubes (5ml) 

BD Sciences, Franklin Lakes, USA 

Cell Culture Plates (6-well, 

96-well) 

BD Sciences, Franklin Lakes, USA 

CellTiter 96® AQueous One Solution 

Cell Proliferation Assay Kit 

Promega, Madison, USA 

High Capacity cDNA Reverse 

Transcription Kit  

Applied Biosystems, Foster City, USA 

MicroAmp optical 96-well reaction 

plates  

Applied Biosystems, Foster City, USA  

Nitric Oxide Assay Kit Calbiochem, Darmstadt, Germany 

NucleoSpin RNA II Kit  Macherey-Nagel, Düren, Germany 

Polypropylene tubes (15 ml and 50 

ml)  

Greiner Labortechnik GmbH, 

Frickenhausen, Germany  

qPCR MasterMix Plus for SYBR® 

Green I dNTP  

Eurogentec, San Diego, USA 

Media 

Claycomb medium  SAFC Biosciences, Kansas, USA 
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Dulbecco’s Modified Eagled 

Medium (DMEM)11966 

Invitrogen, Heidelberg, Germany 

Dulbecco’s Modified Eagled 

Medium 

Sigma, Steinheim, Germany 

Ham´s F12     PAA, Pasching, Austria 

Lung/Cardiac Fibroblast Basal 

Medium 

Cell Applications, Inc. San Diego, USA 

MEM2× Gibco, Karlsruhe, Germany 

RPMI 1640 Invitrogen, Heidelberg, Germany 

 

Primers 

L32 Murine FOR 5´-TGCCCACGGAGGACTGACA-3´ 

REV 5´-AGGTGCTGGGAGCTGCTACA-3´ 

L32 Human FOR 5´-AGGAGAGACACCGTCTGAACAAG-3´ 

REV 5´-GAACCAGGATGGTCGCTTTC-3´ 

CVB3 FOR 5´-CCCTGAATGCGGCTAATCC-3´ 

REV 5´-ATTGTCACCATAAGCAGCCA-3´ 
 
2.1.3. Cell types and cultured medium 
 

Cardiac Fibroblasts 

Tebu-bio, Offenbach, Germany 

Lung/Cardiac Fibroblast Basal Medium 

Growth Supplement 

CHO CAR+ 

kindly provided by Dr. M. Anders 

Ham´s F12 medium 

10 % fetal bovine serum  

1 % penicillin/streptomycin 

CHO CAR－ 

kindly provided by Dr. M. Anders 

Ham´s F12 medium 

10 % fetal bovine serum  

1 % penicillin/streptomycin 
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HeLa cells 

DSMZ, Braunschweig, Germany 

RPMI 1640  

10 % fetal bovine serum  

1 % penicillin/streptomycin 

HL-1 

kindly provided by Prof. U. Rauch 

Claycomb medium  

10 % fetal bovine serum 

1 % penicillin/streptomycin  

1 % norepinephrine  

2 mM glutamine 

MSCs Dulbecco’s Modified Eagle’s Medium  

10 % fetal bovine serum  

1 % penicillin/streptomycin  

2 % HEPES  

2 mM glutamine 

2 ng/ml basic fibroblast growth factor   

RMCB 

kindly provided by Dr. M. Anders 

RPMI 1640 

10 % fetal bovine serum  

1 % penicillin/streptomycin 
 
2.1.4. FACS antibodies 

Annexin V-PE Apoptosis Detection 

Kit 

BD Sciences, Franklin Lakes, USA 

Cy3 goat anti-mouse antibody Dianova, Hamburg, Germany 

FITC mouse anti-Human CD55 BD Biosciences, Franklin Lakes, USA 

FITC IgG2A isotype control BD Biosciences, Franklin Lakes, USA 

FITC mouse anti-Human CD44 BD Pharmingen, Heidelberg, Germany 

FITC mouse anti-Human CD45 BD Pharmingen, Heidelberg, Germany 

FITC mouse anti-Human CD90 BD Pharmingen, Heidelberg, Germany 

FITC mouse anti-Human CD105 Acris Antibodies, Hiddenhausen, Germany 
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PE mouse anti-Human CD14 BD Pharmingen, Heidelberg, Germany 

PE mouse anti-Human CD34 BD Pharmingen, Heidelberg, Germany 

PE mouse anti-Human CD73 BD Pharmingen, Heidelberg, Germany 

PE mouse anti-Human CD166 BD Pharmingen, Heidelberg, Germany  

 
2.1.5. Software  

CellQuest BD Sciences, Franklin Lakes, USA 

Primer ExpressTM Version 

2.0.0 

Applied Biosystems, Foster City, USA 

Instat 3.0.a. GraphPad Software, Inc., La Jolla, USA 
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2.2. Methods 
 
2.2.1. Cell culture 
Isolation and culture of human mesenchymal stem cells 
Human adult MSCs were isolated from iliac crest bone marrow aspirates of normal 

donors. In brief, aspirates (3–5 ml) were washed twice with phosphate buffered saline 

(PBS), and resuspended in complete DMEM containing 10% fetal bovine serum. Cells 

were purified using a percoll gradient at a density of 1.073 g/ml. Next, cells were 

washed with PBS and then resuspended in complete DMEM. Cells were plated at a 

density of 3×105 cells/cm2 and cultured under standard cell culture conditions. Medium 

was changed after 72 h and every 3 days thereafter. Reaching 90% confluence, cells 

were trypsinized and replated at a density of 5×103 cells/cm2. A representative FACS 

analysis picture of MSC is represented in Figure 2.1. 

 
Figure 2.1. Representative FACS analysis of MSC. FACS histograms indicate that MSC are 
CD14-, CD34-, CD45- and CD44+, CD73+, CD90+, CD105+ and CD166+. Numbers above 
the histograms indicate the % of gated cells which are positive. 
 
HL-1 culture 

HL-1 is an immortal cell line with a phenotype, which is similar to adult 

cardiomyocytes. The cardiac characteristics of HL-1 cells include: an ultrastructure 
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similar to primary cultures of adult atrial cardiomyocytes and transplantable cells lines 

1; cytoplasmic reorganizaition and myofibrillogenesis similar to that observed in 

mitotic cardiomyocytes of the developing heart; presence of highly ordered myofibrils 

and cardiac-specific junctions in the form of intercalated discs; the ability to undergo 

spontaneous contractions while remaining in a mitotic state typical of normal in vivo 

immature mitotic cardiomyocytes; expression of atrial natriuretic factor (ANF), 

α-myosin heavy chain (α-MHC), α-cardiac actin, desmin, and connexin43; and 

presence of several voltage-dependent currents that are characteristic of a 

cardiomyocyte phenotype, particularly the IKr current, which has not been identified in 

noncardiac tissues.[81] 

HL-1, which were kindly provided by Prof. U. Rauch (Charité, Campus Benjamin 

Franklin, Department of Cardiology, Berlin), were cultured and under standard 

conditions (37°C, 5% CO2) in Claycomb medium supplemented with 10% fetal bovine 

serum, 1% penicillin/streptomycin, 1% norepinephrine and 2mM glutamine. 

 

Cardiac fibroblast culture 

Cardiac fibroblasts were cultured under standard conditions (37°C, 5% CO2) in 

Lung/Cardiac Fibroblasts Basal Medium supplemented with Growth Supplement.  

 

HeLa cell culture 

HeLa cells were cultured under standard conditions (37°C, 5% CO2) in RMPI 1640 

medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. 
 

CHO CAR+ and CHO CAR－ cell culture 

CHO CAR+ and CHO CAR- cells, kindly provided by Dr. Mario Anders (Department 

of Interdisciplinary Endoscopy, University Hospital Hamburg Eppendorf, Hamburg), 

were cultured under standard conditions (37°C, 5% CO2) in Hams F12 medium with 

10% fetal bovine serum and 1% penicillin/ streptomycin. Cells were split 1:3 every 3 

days. 
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Hybridoma cell line RMCB cell culture for CAR antibody 

The CAR antibody-producing hybridoma cell line RMCB, kindly provided by Dr. 

Mario Anders (Department of Interdisciplinary Endoscopy, University Hospital 

Hamburg Eppendorf, Hamburg), was cultured in suspension in RPMI 1640 medium 

with 10% FBS and 1% penicillin/ streptomycin under standard conditions (37°C, 5% 

CO2). Cells were cultured at a high cell density. Next, the cell suspension was 

transferred to a T25 cell flask and cells were further cultured for 2 weeks without 

changing the medium. Then, the cell suspension was centrifuged at 1000 x g for 5 

minutes and the antibody containing supernatant was collected. This antibody was used 

at dilution 1:2 for FACS analysis. 

 

Pretreatment of MSCs with L-NAME 

24h before co-culture, MSCs were plated into 6-well plates at a density of 200,000 

cells/well in the presence or absence of L-NAME (10 mM). In a preliminary 

experiment, the concentration of L-NAME was determined: the effect of 1 mM versus 

10 mM L-NAME on NO production in MSC was analyzed.  

 

2.2.2. Coxsackievirus B3-infection and culture 

Infection of HL-1, mesenchymal stem cells, and cardiac fibroblasts  

HL-1, MSCs, and cardiac fibroblasts were plated into 6-well plates with 300,000, 

200,000, and 165,000 cells in each well, respectively. After 24h of culture, HL-1, 

MSCs, and cardiac fibroblasts were infected with CVB3 at a m.o.i. of 5 for 1h. In 

parallel, non-infected cells were serum-starved. Then, cells were washed with PBS two 

times and Claycomb full medium, DMEM full medium, and cardiac fibroblasts full 

medium were added to the HL-1, MSCs, and cardiac fibroblasts, respectively. 

 

Co-culture of MSCs or cardiac fibroblasts with HL-1 

Four hours after CVB3-infection or serum starvation of HL-1 cells, untreated MSCs 

and MSCs pretreated with L-NAME were collected and added to the HL-1 cells for 

co-culture at a ratio of MSCs to HL-1 of 1 to 10. To evaluate whether the 
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MSC-mediated effects are IFN-γ dependent, anti-mouse IFN-γ antibody was added at a 

final concentration of 1 µg/ml. Cardiac fibroblasts were added to HL-1 cells at a ratio 

of cardiac fibroblasts to HL-1 1 to 10. For the purpose of apoptosis analysis via 

Annexin V/7AAD FACS analysis, HL-1 cells were labeled with DiO; for the purpose 

of reactive oxygen species (ROS) analysis via DCF FACS, HL-1 cells were labeled 

with DiL.  

 

Collection of cells and medium 

For monoculture experiments with HL-1, MSCs or cardiac fibroblasts, phase contrast 

pictures were taken 4h, 12h, 24h, and 48h after CVB3 infection. Next, medium was 

collected and frozen for later use. 

For co-culture experiments, phase contrast pictures were taken 12h, 24h and 48h after 

CVB3 infection and medium was collected and frozen for later use. For RNA, cells 

were collected with and resuspended in Trizol, 12h, 24h and 48h after infection. For 

FACS analysis, cells were collected with 0.05% Trypsin-EDTA 12h, 24h, and 48h after 

infection.  

 

2.2.3. Total ribonucleic acid extraction 

Cells resuspended in Trizol were centrifuged. The supernatant was transferred to a new 

eppendorf tube and 200 µl of chloroform was added. The solution was shaken by hand 

for 15 sec, incubated at room temperature for 3 min and centrifuged at 13,200 rpm at 

4°C for 15 min. The transparent aqueous phase was transferred to a new eppendorf tube 

containing 500 µl of isopropanol. The solution was incubated for 10 minutes at room 

temperature and centrifuged at 13,200 rpm at 4°C. Next, the supernatant was removed 

and the pellet was washed with 70% ethanol. The solution was vortexed, and 

centrifuged at 7500 rpm at 4°C for 10 min. Finally, the pellet was dissolved in 100 µl 

of RNase free water. 

 

2.2.4. Deoxyribonucleic acidase treatment 

DNase treatment was performed with the NucleoSpin RNA II Kit. 350 µl of prepared 
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RA1 buffer (10 µl β-mercaptoethanol/ 1ml RA1 buffer) was added to 100 µl of RNA. 

Then, 250 µl of 100% ethanol was added. The solution was mixed thoroughly by 

pipetting, then transfered to a column and centrifuged at 10,000 rpm at room 

temperature for 1 min. The column was moved on a new collection tube and 350 µl of 

MDB buffer was added on top of the columns. Then, the columns were centrifuged at 

10,000 rpm at room temperature. 95 µl of DNase working solution was directly added 

onto the membrane of the column and incubated at room temperature for 15 min. Next, 

200 µl of RA2 buffer was added to the column and the columns were centrifuged at 

10,000 rpm at room temperature for 15 sec. 600 µl of RA3 buffer was added to the 

columns, and then the columns were centrifuged at 10,000 rpm at room temperature for 

15 sec. Another 250 µl RA3 buffer was added, and the columns were centrifuged at 

10,000 rpm at room temperature for 2 min. Next, the columns were centrifuged at full 

speed at room temperature for 1 min. The columns were transferred onto new 1.5 ml 

eppendorf tubes and 30 µl RNase free water was directly added onto the membranes 

and incubated at room temperature for 1-2 min. The tubes were centrifuged at 10,000 

rpm at room temperature for 1 min and transferred onto ice. Then, 20 µl of RNase free 

water was added and the columns were incubated for 5 min. Finally, the tubes were 

centrifuged at 10,000 at room temperature for 1 min. 

 

2.2.5. Complementary deoxyribonucleic acid preparation 

cDNA preparation was performed with the High Capacity cDNA Reverse Transcription 

Kit. The reaction system was 20 µl, which consisted of 11 µl (300ng) of RNA, 2 µl of 

Random Primer, 0.8µl of 25x dNTP, 2µl of 10x Buffer, 1µl of reverse transcriptase, 

and 3.2µl of RNase free water. RNA and RNase free water were added to the PCR tube 

with the final volume of 11 µl. Random Primer/ dNTP mixture was prepared, and the 

mixture was added to the PCR tubes. The samples were vortexed and centrifuged. Then, 

the samples were heated at 65°C for 5 min. A mix of reverse transcriptase buffer and 

reverse transcriptase was prepared. The mixture was added to the PCR tubes and the 

samples were vortexed and centrifuged. Then, the following PCR programme for 

reverse transcription was started: 25°C for 10 min, followed by 37°C for 120 min and 
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85°C for 5 min.  

 

2.2.6. Real-time polymerase chain reaction 

Real-time PCR was conducted with the qPCR MasterMix Plus for SYBR® Green I 

dNTP Kit. Real-time PCR was carried out by amplification of samples in 96-well plates 

in a 7900HT Fast Real-time PCR System using specific PCR primer pairs. The reaction 

mixture was prepared with 12.5 µl qPCR MasterMix, 1 µl of the respective forward 

and reverse primers (7.5 µm stock solution) and 5.5 µl of sterile water in a total volume 

of 20 µl. The reaction mix was added to each well. Next, 5 µl of water (negative 

control), plasmid standards or samples were added. The plate was centrifuged and 

positioned in the 7900HT Fast Real-time PCR System. After initial incubation of 2 min 

at 50°C and 10 min at 95°C for HotGoldStar activation, 40 PCR-cycles were performed 

which consisted of 15 sec denaturation at 95°C, and 1 min annealing at 60°C, with an 

additional incubation of 15 sec at 95°C and 15 sec at 55°C after completion of the last 

cycle. Absolute quantification was performed according to the standards. 

 

2.2.7. Viability Assay with MTS 

Viability Assay was conducted with CellTiter 96® AQueous One Solution Cell 

Proliferation Assay Kit, which is composed of the novel tetrazolium compound, 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraz

olium, inner salt (MTS*), and an electron coupling reagent, phenazine ethosulfate 

(PES). MTS is bioreduced by cells into formazan, of which the absorbance at 490 nm 

can be directly measured without additional processing. The amount of formed 

formazan is directly proportional to the number of living cells in culture.  

First, 10,000 cells (MSC, HL-1, cardiac fibroblasts) were plated with 100 µl medium in 

each well of a 96-well plate. After 24 h of culture, 20 µl of the CellTiter 96® AQueous 

One Solution Reagent was directly added to the culture wells and incubated for 2 h. 

The absorbance was recorded at 490 nm with a VersaMax microplate reader. 

 

2.2.8. Nitric Oxide Assay 
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Nitric Oxide assay was conducted with a Nitric Oxide Assay Kit, which provided an 

accurate and convenient method for the measurement of total [NO2
-] and [NO3

-] in a 

simple two-step process. The first step involves the conversion of nitrate to nitrite by 

the enzymatic action of nitrate reductase. The second step involves the addition of 

2,3-diaminonaphthalene (DAN) followed by sodium hydroxide (NaOH) to convert 

nitrite to a fluorescent compound 1 (H)-naphthotriazole. Measurement of fluorescence 

of 1 (H)-naphthotriazole provides an accurate assay of [NO2
-]. 

Nitrate standard was prepared, and the standard gradient was made for the standard 

curve. 80 µl of assay buffer was added to the standard well designated as 0 µM, and 30 

µl of assay buffer was added to the other standard wells containing 50 µl of standard 

solution. 20 µl of each sample was added to the wells in duplicate and the volume was 

adjusted to 80 µl with assay buffer. The enzyme cofactors were aliquoted and 

reconstituted in 1200 µl of assay buffer. Then, 10 µl of the enzyme cofactors solution 

was added to each well. Nitrate reductase was aliquoted. The nitrate reductase was 

reconstituted in 1200 µl of assay buffer, and 10 µl of the nitrate reductase solution was 

added to each well. Then the plate was covered and incubated at room temperature for 

60 min. DAN was aliquoted and 10 µl of DAN was added to each well and incubated 

for 10 min. Then, 20 µl of NaOH was added to each well. The plate was read in a 

SpectraMax Gemini microplate reader at the excitation wavelength of 320 nm and an 

emission wavelength of 405 nm. 

 

2.2.9. Fluorescence-activated cell sorting analysis 

CAR analysis 

Cells were trypsinized and neutralized with FBS. The cell suspension was centrifuged 

for 5 minutes at 1000 x g and washed 1x with PBS. The cell pellet was resuspended in 

100 µl antibody solution (antibody diluted 1:2 in PBS with 2% BSA and 10% goat 

serum). The antibody was incubated in the dark for 45 minutes at 4°C. After this 

incubation, cells were washed 3x with PBS and the cell pellet was resuspended in the 

second antibody solution (Cy3 anti mouse 1:400 diluted with PBS with 2% BSA and 

10% goat serum) and incubated for 45 minutes at 4°C in the dark. Next, cells were 
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washed 1x with PBS and the pellet was resuspended in 300 µl PBS. As negative 

control, cells only incubated with the secondary antibody were used. 

CD55 analysis 

CD55 analysis was conducted with FITC mouse anti-human CD55 antibody. Cells 

were trypsinized and neutralized with FBS. The cell suspension was centrifuged (5min, 

2500 rpm), and the supernatant was removed. Cells were washed with PBS and 

subsequently resuspended in 100 µl of PBS containing 1% BSA (PBS-BSA 1%) and 20 

µl of CD55 antibody. The cells were incubated at 4°C for 15 min. Then, 900 µl of 

PBS-BSA 1% was added and cells were centrifuged for 5 min at 2500 rpm. Finally, 

cells were resuspended in 250 µl PBS. As negative control, IgG2A FITC isotype 

control was used. 

 

CD14, CD34, CD73, CD166, CD44, CD45, CD90 and CD105 analysis 

MSC were characterized by FACS analysis according to Binger et al.[82] with  

PE-labeled monoclonal mouse anti-human CD14, CD34, CD73, CD166 and 

FITC-labeled mouse anti-human CD44, CD45, CD90 and CD105 antibodies. Cells 

were washed with PBS-BSA 0.5%, resuspended in 100 µl of PBS-BSA 0.5% and 

incubated with titrated concentrations of antibodies at 4°C for 15 min. Prior to FACS 

analysis, cells were washed with PBS-BSA 0.5%. 

 

Apoptosis analysis 

Apoptosis analysis was conducted with the Annexin V-PE Apoptosis Detection Kit. 

The apoptotic program is characterized by certain morphologic features, including loss 

of plasma membrane asymmetry and attachment, condensation of the cytoplasm and 

nucleus, and internucleosomal cleavage of DNA. Loss of plasma membrane is one of 

the earliest features. In apoptotic cells, the membrane phospholipid phosphatidylserine 

(PS) is translocated from the inner to the outer leaflet of the plasma membrane, thereby 

exposing PS to the external cellular environment. Annexin V is a Ca2+ dependent 

phospholipid-binding protein that has a high affinity for PS, and binds to cells with 

exposed PS. Annexin V may be conjugated to fluorochromes including phycoerythrin 
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(PE). This format retains its high affinity for PS and thus serves as a sensitive probe for 

flow cytometric analysis of cells that are undergoing apoptosis. Since externalization of 

PS occurs in the earlier stages of apoptosis, PE Annexin V staining can identify 

apoptosis at an earlier stage than assays based on nuclear changes such as DNA 

fragment. PE Annexin V staining precedes the loss of membrane integrity which 

accompanies the latest of cell death resulting from either apoptotic or necrotic 

processes. Therefore, staining with PE Annexin V is typically used in conjunction with 

a vital dye such as 7-Amino-Actinomycin D (7-AAD) to allow the investigator to 

identify early apoptotic cells (7-AAD negative, PE Annexin V positive). Viable cells 

with intact membranes exclude 7-AAD, whereas the membranes of dead and damaged 

cells are permeable to 7-AAD. For example, cells that are considered viable are both 

PE Annexin V and 7-AAD negative, while cells that are in early apoptosis are PE 

Annexin V positive and 7-AAD negative, while cells that are in late apoptosis or 

already dead are both PE Annexin V and 7-AAD positive. 

1x binding buffer was prepared, and PBS was positioned on ice. Cells were trypsinized 

and neutralized with FBS. The cell suspension was centrifuged (5min, 2500rpm), and 

the supernatant was removed. The cells were resuspended in 100 µl of 1x binding 

buffer to which 5 µl Annexin V-PE and 5 µl 7AAD was added. Cells were incubated 

for 15 min at room temperature in the dark. Next, 200 µl of 1x binding buffer was 

added and cells were centrifuged. The supernatant was removed, 2% formalin (4% 

formalin diluted by 1x binding buffer) was added, followed by 15 min incubation at 

room temperature in the dark. 200 µl of 1x binding buffer was added and cells were 

centrifuged (5min, 2500 rpm). Finally, the supernatant was removed and cells were 

resuspended in 200 µl of 1x binding buffer.  

 

Reactive Oxygen Species analysis 

Derivatives of reduced fluorescein can be used as cell-permeant indicators for reactive 

oxygen species (ROS). Chemically reduced and acetylated forms of 

2’,7’-di-chlorofluorescein (DCF) are nonfluorescent until the acetate groups are 

removed by intracellular esterases and oxidation occurs within the cell. Esterase 
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cleavage of the lipophilic blocking groups yields a charged form of the dye that is much 

better retained by cells than is the parent compound. Oxidation of this probe can be 

detected by monitoring the increase in fluorescence with a flow cytometer. The carboxy 

derivative of fluorescein, carboxy-H2DCFDA, carries additional negative charges that 

improve its retention compared to noncarboxylated forms. ROS indicator was 

reconstituted in 100 µl of DMSO to make a concentrated stock solution. Cells were 

collected and resuspended in pre-warmed PBS containing the probe with the final 

working concentration of 5µM dye, and then incubated at 37°C for 30 min. The loading 

buffer was removed, and 2% formalin (4% formalin diluted with 1x binding buffer) 

was added. Cells were next incubated for 15 min at room temperature in the dark. Then, 

200 µl of pre-warmed PBS was added, and tubes were centrifuged (5min, 2500 rpm). 

Finally, the supernatant was removed and the cells were resuspended in 200 µl of 

pre-warmed PBS. 

 

2.2.10. Virus plaque assay 

HeLa cells were plated in 6-well plates (600,000/well). Dilutions (10-3, 10-4, 10-5 and 

10-6) of supernatant from CVB3-infected HL-1, cardiac fibroblasts and MSCs and from 

co-cultures of CVB3-infected HL-1 cells with MSC in the presence or absence of 

L-NAME or murine IFN-γ were prepared. After 24 h culture of HeLa cells, medium 

was removed and cells were washed with PBS. Next, 1ml of the prepared medium 

dilutions were added to each well and incubated for 30 min at 37°C. Then, 2 ml agar, 

consisting of an equal volume of MEM2x supplemented with 0.04% FBS and 1.3% 

noble agar, was added to each well. The plates were left under the hood for 15-20 min 

until the agar coagulated, and then kept in the incubator for 72 h. Finally, virus plaques 

were counted.  

 

2.2.11. Statistical analysis 

Data are presented as mean ± SEM. Paired and unpaired Student's t tests were used for 

statistical analysis with Instat 3.0.a. software. Differences were considered to be 

significant at p < 0.05.
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CHAPTER THREE: RESULTS 

3.1. Expression of coxsackievirus-adenovirus receptor and decay-accelerating factor 

on mesenchymal stem cells 

Given the importance of the coxsackievirus-adenovirus receptor (CAR) and the 

co-receptor decay-accelerating factor (CD55) for the infectivity of cells by CVB3, we first 

analyzed the expression of CAR and CD55 on MSC by FACS analysis. As positive 

controls for CAR expression, we used Chinese Hamster Ovarian (CHO) cells, which are 

stable and transfected with CAR and which overexpress CAR (CHO-CAR+), and murine 

HL-1 cells. As negative controls, we used CHO cells lacking CAR receptor (CHO-CAR-) 

and cardiac fibroblasts, since it has been reported that primary fibroblasts express only low 

levels of CAR[83]. Compared to CHO-CAR+ and HL-1 cells, and to CHO-CAR- and 

cardiac fibroblasts, MSC only minimally express CAR at levels nearly comparable with 

secondary antibody controls (Figure 3.1.). As for CD55, MSC also only moderately 

express CD55 (Figure 3.2.). 

 

3.2. Coxsackievirus B3 infectivity of mesenchymal stem cells 

To investigate whether MSC can be infected with CVB3 and whether replication of CVB3 

takes place, a time-frame experiment was performed. MSC were infected with CVB3 at a 

m.o.i. of 5 for 1 hour (h), which are the same conditions for CVB3-infection of HL-1 cells. 

Experiments were paralleled with HL-1 cells as positive control, since cardiomyocytes are 

the target cells of CVB3, and with cardiac fibroblasts as negative control. Cells for RNA 

isolation were collected 4h, 12h, 24h and 48h after infection. To determine the titer of 

CVB3, medium was collected 24h after infection and plaque assay was performed on 

HeLa cells, human cervix carcinoma cells, which are commonly used to detect viral 

plaque formation. CVB3 RNA copy number, expressed as CVB3 towards L32, decreased 

over time in MSC, with 4.1–fold (p=0.0571) and 7.2–fold (p<0.05) lower levels at 24h and 

48h post-infection versus 4h post-infection, respectively (Figure 3.3.A). In contrast, CVB3 

RNA copy number raised in HL-1 over time, with 9.0–fold (p<0.01) higher RNA levels at  
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Figure 3.1. Mesenchymal stem cells minimally express coxsackievirus-adenovirus receptor. 
Panel A showing representative pictures of the Forward Scatter/Sideward Scatter (left) of MSC, of 
the % of secondary antibody positive MSC (middle) and of the % of CAR positive MSC (right). 
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Panel B showing representative pictures of the Forward Scatter/Sideward Scatter (left) of HL-1, of 
the % of secondary antibody positive HL-1 (middle) and of the % of CAR positive HL-1 (right). 
Panel C demonstrating representative pictures of the Forwards Scatter/Sideward Scatter (left) of 
CHO-CAR+, of the % of secondary antibody positive CHO-CAR+ (middle) and of the % of CAR 
positive CHO-CAR+ (right). Panel D demonstrating representative pictures of the Forwards 
Scatter/Sideward Scatter (left) of CHO-CAR-, of the % of secondary antibody positive 
CHO-CAR- (middle) and of the % of CAR positive CHO-CAR- (right). Panel E demonstrating 
representative pictures of the Forwards Scatter/Sideward Scatter (left) of cardiac fibroblasts, of the 
% of secondary antibody positive cardiac fibroblasts (middle) and of the % of CAR positive 
cardiac fibroblasts (right). 

 
Figure 3.2. Mesenchymal stem cells minimally express CD55. Panel A showing representative 
pictures of the Forwards Scatter/Sideward Scatter (left) of MSC, of the % of isotype control 
positive MSC (middle) and of the % of CD55 positive MSC (right). Panel B demonstrating 
representative pictures of the Forwards Scatter/Sideward Scatter (left) of HL-1, of the % of isotype 
control positive HL-1 (middle) and of the % of CD55 positive HL-1 (right). Panel C 
demonstrating representative pictures of the Forwards Scatter/Sideward Scatter (left) of cardiac 
fibroblasts, of the % of isotype control positive cardiac fibroblasts (middle) and of the % of CD55 
positive cardiac fibroblasts (right). 
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24h versus 12h post-infection (Figure 3.3.B). In cardiac fibroblasts, CVB3 copy number 

was 3.9-fold (p=0.05) higher at 48h compared to 4h post CVB3-infection (Figure 3.3.C). 

No plaques were detected on HeLa cells incubated with the medium collected from MSC 

24h after CVB3 infection, nor at dilutions 10-5 and 10-4, nor at dilution 10-3. In contrast, 

1.7±0.88 and 15±1.5 plaques were counted on HeLa cells incubated with medium of HL-1 

cells 24h post CVB3-infection at dilution 10-5 and 10-4, respectively. On HeLa cells 

incubated with medium collected from cardiac fibroblasts 24h post CVB3-infection, 

5.3±1.2 plaques could be detected at the lowest dilution, i.e. 10-3. In summary, medium of 

MSC, HL-1 cells and cardiac fibroblasts, collected 24h post CVB3-infection had a CVB3 

titer of 0, 150±15 and 5.3±1.2 103 p.f.u./ml, respectively (Figure 3.3.D). 

 

Figure 3.3. Coxsackievirus B3 does not replicate in mesenchymal stem cells. A. Bar graphs 
representing CVB3 RNA copy number in MSC 4h, 12h, 24h and 48h after CVB3 infection with 
CVB3 levels normalized towards ribosomal L32 with n=4/condition; *p<0.05 versus 4h and 
§p<0.05 versus 12h. B. Bar graphs representing CVB3 RNA copy number in HL-1 4h, 12h and 
24h after CVB3 infection with CVB3 levels normalized towards ribosomal L32 with 
n=4/condition; *p<0.05 versus 4h and §p<0.01 versus 12h. C. Bar graphs representing CVB3 
RNA copy number in cardiac fibroblasts 4h, 12h, 24h and 48h after CVB3 infection with CVB3 



 37 

levels normalized towards ribosomal L32 with n=4/condition; *p=0.05 versus 4h. D. HeLa cells 
were incubated for 30 minutes with 1 ml of diluted supernatant of CVB3-infected MSC, HL-1 
cells and cardiac fibroblasts. Then, cells were washed with PBS and covered with agar consisting 
of 50% 1.3% noble agar and 50% 2x MEM. Bar graphs represent the average amount of counted 
plaques 72h after incubation with diluted medium of CVB3-infected MSC (dilution 10-3), HL-1 
(dilution 10-4) or cardiac fibroblasts (dilution 10-3) with n=3/condition; #p<0.0005 versus cardiac 
fibroblasts.  

 

3.3. Effect of coxsackievirus B3-infection on mesenchymal stem cell viability 

To investigate whether MSC suffer from CVB3-infection, phase contrast pictures were 

taken from the time-frame experiment from paragraph 3.2. In addition, the same 

time-frame experiment was performed with MSC plated in a 96-well to measure cell 

viability via a MTS assay. All experiments were performed in parallel with HL-1 cells and 

cardiac fibroblasts. Phase contrast pictures did not show any significant changes in cell 

morphology between serum-starved and CVB3-infected MSC. In line with this 

observation, no significant differences were found in MSC viability between 

post-infection versus post-serum starvation at any time-point (Figure 3.4.). In contrast, 

compared to serum-starved HL-1 cells, CVB3-infected HL-1 showed gradually more cell 

death over-time post CVB3-infection. These visual observations were reflected in the 

MTS assay demonstrating 1.9–fold (p<0.0001), 1.5-fold (p<0.0001) and 1.2–fold (p<0.05) 

lower cell viability at 48h, 24h and 12h post CVB3-infection versus 4h post 

CVB3-infection, respectively. In addition, at 24h and 48h post CVB3-infection, cell 

viability was 1.5–fold (p<0.0001) and 2.0–fold (p<0.0001) reduced compared to serum 

starved HL-1 cells at respective times (Figure 3.5.). In cardiac fibroblasts, cell death was 

observed 48h post CVB3-infection, which was paralleled by 1.1-fold (p<0.05) lower cell 

viability at 48h post CVB3-infection versus 48h post serum starvation (Figure 3.6.). 
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Figure 3.4. Mesenchymal stem cells do not suffer from coxsackievirus B3-infection. A. MSC 
were plated in a 6-well for phase contrast pictures or in a 96-well for MTS assay, respectively. 
After 24h, reaching 80% confluence, MSC were infected with CVB3 at a m.o.i. of 5 or serum 
starved. 4, 12, 24 and 48 hours after infection or serum starvation, phase contrast pictures were 
taken or MTS assay was performed. B. Phase contrast pictures of MSC, 4h, 12h, 24h and 48h after 
CVB3 infection (upper panel) or serum starvation (lower panel), at 100x magnification. C. Bar 
graphs representing the absorbance at 490 nm from non-infected (open bar graphs) and 
CVB3-infected (closed bar graphs) MSC 4h, 12h, 24h and 48h after serum starvation or 
CVB3-infection, respectively. n=6/condition; *p<0.05 versus 4h CVB3-infected group.  
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Figure 3.5. Murine HL-1 cells after coxsackievirus B3-infection. A. HL-1 were plated in a 
6-well for phase contrast pictures or in a 96-well for MTS assay, respectively. After 24h, reaching 
80% confluence, HL-1 were infected with CVB3 at a m.o.i. of 5 or serum starved. 4, 12, 24 and 48 
hours after infection or serum starvation, phase contrast pictures were taken or MTS assay was 
performed. B. Phase contrast pictures of HL-1, 4h, 12h, 24h and 48h after CVB3 infection (upper 
panel) or serum starvation (lower panel), at 100x magnification. C. Bar graphs representing the 
absorbance at 490 nm from non-infected (non-inf.; open bar graphs) and CVB3-infected (CVB3; 
closed bar graphs) HL-1 4h, 12h, 24h and 48h after serum starvation or CVB3-infection, 
respectively. n=6/condition; *p<0.05 versus respective 4h non-infected (non-inf.) or CVB3-inf. 
group, §p<0.05 versus respective 12h non-inf. or CVB3-inf. group and #p<0.05 versus 
non-infected (non-inf.). 

 



 40 

 
Figure 3.6. Cardiac fibroblasts after coxsackievirus B3-infection. A. Cardiac fibroblasts were 
plated in a 6-well for phase contrast pictures or in a 96-well for MTS assay, respectively. After 
24h, reaching 80% confluence, cardiac fibroblasts were infected with CVB3 at a m.o.i. of 5 or 
serum starved. 4, 12, 24 and 48 hours after infection or serum starvation, phase contrast pictures 
were taken or MTS assay was performed. B. Phase contrast pictures of cardiac fibroblasts, 4h, 12h, 
24h and 48h after CVB3 infection (upper panel) or serum starvation (lower panel), at 100x 
magnification. C. Bar graphs representing the absorbance at 490 nm from non-infected (non-inf.; 
open bar graphs) and CVB3-infected (CVB3; closed bar graphs) cardiac fibroblasts 4h, 12h, 24h 
and 48h after serum starvation or CVB3-infection, respectively. n=6/condition; *p<0.0005 versus 
respective 4h non-infected (non-inf.) or CVB3-inf. group, §p<0.0005 versus respective 12h 
non-inf. or CVB3-inf. group and #p<0.05 versus non-inf.. 

 

3.4. Mesenchymal stem cells reduce coxsackievirus B3-induced HL-1 apoptosis 

To investigate whether MSCs exert anti-apoptotic effects on CVB3-infected HL-1 cells, 

we co-cultured MSC in the presence of CVB3-infected HL-1 and performed Annexin 

V/7AAD FACS analysis. To distinguish the presence of Annexin V/7AAD in HL-1 

cells or MSC in the MSC-HL-1 co-cultures, HL-1 were prelabeled with the 

fluorescence dye DiO before plating (Figure 3.7.A). FACS analysis demonstrated that 

MSCs decreased the 4.2-fold (p<0.05) CVB3-induced HL-1 apoptosis to levels not 



 41 

significantly different from those of non-infected cells Figure 3.7.  

To assess whether the anti-apoptotic effects of MSCs are NO-dependent, we pre-treated 

MSCs with the iNOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) 24 hours 

before co-culture. In a preliminary experiment, we determined the concentration of 

L-NAME to block NO production in MSC. Culture of MSC in the presence of 1 mM 

L-NAME did not reduce NO production, whereas 10 mM L-NAME reduced NO by 

1.4–fold (p<0.05) (Figure 3.8.). When MSCs were pre-treated with 10 mM of 

L-NAME, the anti-apoptotic effects of MSC were abrogated, suggesting that MSC 

reduce CVB3-induced HL-1 apoptosis in a NO-dependent way (Figure 3.7). 

 
Figure 3.7. MSC reduce coxsackievirus B3-induced apoptosis in a nitric oxide-, interferon 
gamma- and cell-contact-dependent way. A. DiO-labeled HL-1 cells were cultured in a 
6-well plate and 24 hours later infected with CVB3 at a m.o.i. of 5. Four hours later MSC were 
added at a ratio of 1 to 10 HL-1 cells. After 24 hours, cells were collected for Annexin 
V/7AAD FACS analysis. B. Upper panel left shows a Forward Scatter (FSC) Sideward Scatter 
(SSC) of HL-1 cells, and right shows the DiO-positive HL-1 cells; middle panel shows 
representative pictures of non-infected HL-1, non-infected HL-1 co-cultured with MSC, 
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infected HL-1 and infected HL-1 co-cultured with MSC; lower panel shows representative 
pictures of Annexin V/7AAD dot plots of preselected DiO+ HL-1 cells. C. Bar graphs 
represent DiO+ Annexin V+/7AAD- HL-1 cells in cultures of HL-1 with or without untreated 
or L-NAME-treated MSC or MSC in the presence or absence of 1 µg/ml of IFN-γ or with MSC 
cultured in a transwell; n=4/group; * p<0.05 versus respective non-inf. group, § p<0.05 versus 
respective normal group and # p<0.05 versus MSC.  

Next, to investigate whether the anti-apoptotic effects of MSCs are IFN-γ-dependent, 

we co-cultured MSCs with CVB3-infected HL-1 cells in the presence of 1 µg/ml of 

anti-mouse IFN-γ neutralizing antibody. In this setting, MSCs could not decrease the 

CVB3-induced HL-1 apoptosis, suggesting that under the conditions of 

CVB3-infection, MSC exert their anti-apoptotic features in an IFN-γ-dependent way.  

 
Figure 3.8. Effect of L-NAME treatment on nitric oxide production in mesenchymal stem 
cells. MSC were cultured in a 6-well plate in the presence of L-NAME at a final concentration 
of 0-1-10 mM. 24 hours later, medium was collected and frozen. Next, NO production in MSC 
medium was analyzed. Bar graphs represent NO production in supernatant of MSC in the 
presence or absence of 1 or 10 mM L-NAME. (n=3/condition; *p<0.05). 

 

Finally, to evaluate whether the anti-apoptotic activity of MSCs was mediated by cell 

contact to HL-1 cells, MSCs were cultured in a transwell system, with 1 µm pore size, 

blocking cell contact to HL-1 cells and allowing the presence of secreting factors of the 

MSC in the total cell medium. Under these conditions, the anti-apoptotic effect of 

MSCs was abrogated (Figure 3.7). 

To verify whether or not cell-contact per se leads to the reduction of CVB3-induced 

apoptosis of HL-1 cells, we co-cultured HL-1 cells in the presence of cardiac 

fibroblasts. In contrast to MSC, cardiac fibroblasts further increased the CVB3-induced 
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HL-1 apoptosis by 1.4-fold (p<0.05) (Figure 3.9). 

 
Figure 3.9. Cardiac fibroblasts increase apoptosis in coxsackievirus B3-infected HL-1 cells. 
A. DiO-labeled HL-1 cells were cultured in a 6-well plate and 24 hours later infected with 
CVB3 at a m.o.i. of 5. Four hours later cardiac fibroblasts were added at a ratio of 1 to 10 HL-1 
cells. After 24 hours, cells were collected for Annexin V/7AAD FACS analysis. B. Upper panel 
left shows a Forward Scatter (FSC) Sideward Scatter (SSC) of HL-1 cells, and right shows the 
DiO-positive HL-1 cells; middle panel shows representative pictures of non-infected HL-1, 
non-infected HL-1 co-cultured with cardiac fibroblasts, infected HL-1 and infected HL-1 
co-cultured with cardiac fibroblasts; lower panel demonstrates representative pictures of 
Annexin V/7AAD dot plots representing preselected DiO+ HL-1 cells. C. Bar graphs represent 
DiO+ Annexin V+/7AAD- HL-1 cells in cultures of non-infected or CVB3-infected HL-1 in 
the presence or absence of cardiac fibroblasts; n=8/group; * p<0.05 versus respective non-inf. 
group, § p<0.05 versus respective normal group.  

 

3.5. Mesenchymal stem cells reduce coxsackievirus B3-induced oxidative stress in 

HL-1 cells  

We next analyzed whether the MSC-mediated reduction in CVB3-induced HL-1 

apoptosis could be due to a reduction in CVB3-induced oxidative stress. Therefore, we 
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analyzed the presence of reactive oxygen species (ROS), markers of oxidative stress, in 

MSC-HL-1 co-cultures by FACS analysis. To distinguish the presence of ROS in HL-1 

cells or MSC in the MSC-HL-1 co-cultures, HL-1 were prelabeled with the 

fluorescence dye Dil before plating (Figure 3.10.A). FACS analysis showed that CVB3 

induced ROS production in HL-1 cells 6.3–fold (p<0.01) (Figure 3.10.B), whereas 

MSC reduced the increased ROS production 5.1–fold (p<0.01) to levels not 

significantly different from those of non-infected controls.  

To assess whether these anti-oxidative stress effects of MSCs are NO dependent, we 

pretreated MSCs with L-NAME 24 hours before co-culture. Under these conditions, we 

found that MSCs could not abrogate the CVB3-induced oxidative stress in HL-1 cells. 
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Figure 3.10. MSC reduce coxsackievirus B3-induced oxidative stress in a nitric oxide-, 
interferon gamma- and cell-contact-dependent way. A. Dil-labeled HL-1 cells were cultured 
in a 6-well or 24-well plate and 24 hours later infected with CVB3 at a m.o.i. of 5. Four hours 
later, MSCs were added at a ratio of 1 to 10 HL-1 cells. After 24 hours, cells were collected for 
DCF FACS analysis. B. Upper panel left demonstrates a Forward Scatter (FSC) Sideward 
Scatter (SSC) of HL-1 cells and right, selected on the Dil-positive HL-1 cells; lower panel 
demonstrates representative pictures of Dil/DCF dot plots. C. Bar graphs represent DCF+/Dil+ 
HL-1 cells in cultures of HL-1 with or without untreated or L-NAME-treated MSC or MSC in 
the presence or absence of 1 µg/ml of IFN-γ or with MSC cultured in a transwell; n=4/group; * 
p<0.05 versus respective non-inf. group, § p<0.05 versus respective normal group and # p<0.05 
versus MSC. 

To investigate whether the anti-inflammatory effect of MSCs are IFN-γ-dependent, we 

co-cultured MSCs with CVB3-infected HL-1 in the presence of 1 µg/ml of anti-mouse 

IFN-γ-neutralizing antibody. We observed that MSCs could not decrease ROS 

production of CVB3-infected HL-1 cells in the presence of IFN-γ antibody (Figure 

3.10).  

Finally, to evaluate whether the anti-oxidative features of MSCs was mediated by cell 

contact to HL-1 cells, MSCs were cultured in a transwell system, with 1 µm pore size, 

blocking cell contact to HL-1 cells and allowing the presence of secreting factors of the 

MSC in the total cell medium. Under these conditions, the anti-oxidative effect of 

MSCs was abrogated (Figure 3.10.). 
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Figure 3.11. Cardiac fibroblasts increase oxidative stress in HL-1 cells. A. Dil-labeled 
HL-1 cells were cultured in a 6-well plate and 24 hours later infected with CVB3 at a m.o.i. of 
5. Four hours hereafter cardiac fibroblasts were added at a ratio of 1 to 10 HL-1 cells. After 24 
hours, cells were collected for DCF FACS analysis. B. Upper panel left demonstrates a 
Forward Scatter (FSC) Sideward Scatter (SSC) of HL-1 cells and right, selected on the 
Dil-positive HL-1 cells; lower panel demonstrates representative pictures of Dil/DCF dot plots. 
C. Bar graphs represent Dil+/DCF+ HL-1 cells in cultures of non-infected or CVB3-infected 
HL-1 in the presence or absence of cardiac fibroblasts; n=4/group; * p<0.05 versus respective 
non-inf. group, § p<0.005 versus respective normal group.  

To verify whether or not cell-contact per se leads to the reduction of CVB3-induced 

ROS in HL-1 cells, we co-cultured HL-1 cells in the presence of cardiac fibroblasts. In 

contrast to MSC, cardiac fibroblasts did not reduce the CVB3-induced HL-1 oxidative 

stress (Figure 3.11). Under basal conditions, cardiac fibroblasts increased even ROS 

production in HL-1 cells by 4.1–fold (p<0.005). 

 

3.6. Effect of mesenchymal stem cells on nitric oxide production in coxsackievirus 

B3-infected HL-1 cells 
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We next analyzed the effect of MSC on NO production in CVB3-infected HL-1 cells. 

CVB3 infection reduced NO production in HL-1 cells by 1.8–fold (p<0.005). MSC 

supplementation could not increase the impaired NO production under CVB3-infected 

conditions (Figure 3.12.). 

 
Figure 3.12. Effect of mesenchymal stem cells on nitric oxide production in coxsackievirus 
B3-infected HL-1 cells. Bar graphs representing NO production in non-infected (open bar 
graphs) and CVB3-infected (closed bar graphs) HL-1 cells in the presence or absence of MSC 
incubated with 10 mM L-NAME or 1 µg/ml IFN-γ antibody with n=4/group; #p<0.005 versus 
non-infected, p<0.05 versus non-infected HL-1; § p<0.05 versus non-infected HL-1+MSC. 
 
3.7. Effect of mesenchymal stem cells on coxsackievirus B3 viral copy number and 

viral titer in coxsackievirus B3-infected HL-1 cells 

To investigate whether the protective effects of MSC on CVB3-infected HL-1 is partly 

due to the ability of MSC to reduce CVB3 replication in HL-1 cells, CVB3 RNA copy 

number was determined 24 hours after CVB3 infection in cultures of HL-1 cells with or 

without MSC. In addition, medium was collected and plaque assay was performed on 

HeLa cells. 

MSC could not reduce CVB3 RNA copy number in HL-1-MSC co-cultures (Figure 

3.13.A.). In contrast, plaque assay demonstrated that co-culture with MSC reduced the 

viral CVB3 titer by 4.7–fold (p<0.05), an effect, which was blunted in the presence of 

L-NAME and by blocking murine IFN-γ (Figure 3.13.B.). 

 

 



 48 

 
Figure 3.13. Mesenchymal stem cells reduce coxsackievirus B3 replication in coxsackievirus 
B3-infected HL-1 cells. A. Bar graphs representing CVB3 RNA copy number normalized towards 
the sum of murine and human L32 in CVB3-infected HL-1 cells (left bar graph) and 
CVB3-infected HL-1 cells co-cultured with MSC (right bar graph) 24 hours after CVB3 infection 
with n=6/group. B. HeLa cells were incubated for 30 minutes with 1 ml of diluted supernatant of 
CVB3-infected HL-1 cells or HL-1 cells co-cultured with MSC, in the presence or absence of 
L-NAME or murine IFN-γ antibody. Then, cells were washed with PBS and covered with agar 
consisting of 50% 1.3% noble agar and 50% 2x MEM. Bar graphs represent the average amount of 
counted plaques 72h after incubation with diluted medium of CVB3-infected HL-1 cells or HL-1 
cells co-cultured with MSC, in the presence or absence of L-NAME or 1 µg/ml of murine 
IFN-γ antibody, (all at dilution 10-4), with n=3/condition; #p<0.05 versus HL-1 cells.  
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CHAPTER FOUR: DISCUSSION 

Under current pharmaceutical treatment, the prognosis of DCM is poor, urging for the 

search for alternative therapies. There is growing experimental support for the 

application of cellular transplantation as a strategy to improve myocardial function. 

Mesenchymal stem cells have anti-inflammatory, anti-apoptotic and pro-angiogenic 

features and have been documented to be succesful in experimental models of 

myocardial infarction. The present study demonstrates for the first time that MSC can 

be an attractive tool for the treatment of CVB3-induced DCM. We could show that 1) 

MSC only minimally express CAR and the co-receptor CD55, necessary for CVB3 

viral uptake; 2) CVB3 cannot replicate in MSC and do not reduce the viability of MSC, 

which has important implications in view of clinical translation; 3) MSC can reduce 

CVB3-induced HL-1 apoptosis and oxidative stress in a NO-dependent, 

IFN-γ-dependent and cell-contact-dependent way; 4) MSC cannot reduce CVB3 RNA 

copy number but can decrease viral release in HL-1 in a NO-dependent and 

IFN-γ-dependent way.  

 

4.1. Expression of CAR and DAF on mesenchymal stem cells 

CAR and the co-receptor complement deflecting protein DAF (CD55) are critical 

determinants for cellular uptake and pathogenesis of CVB3. [11] [16,17] Analysis of 

CAR and CD55 by FACS analysis demonstrated that relative to the secondary antibody 

or isotype control, respectively, MSC only minimally express both receptors (see 

Figure 3.1. and 3.2.). CAR expression was even lower on MSC than on cardiac 

fibroblasts. Primary fibroblasts express low levels of CAR[83]. However, despite this 

low expression of CAR, it has been reported that cardiac fibroblasts can be infected 

with CVB3 and that viral replication can take place[84], suggesting a potential 

CAR-independent mechanism. In view of clinical translation, it is a prerequisite that no 

replication of CVB3 can take place in MSC or any other cell used for (cardiac) 

cell-therapy. To investigate this important safety aspect, we analyzed the presence of 

CVB3 RNA copy number 4h-12h-24h-48h in MSC after CVB3 infection. 
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4.2. Coxsackievirus B3 does not replicate in mesenchymal stem cells and does not 

impair the viability of mesenchymal stem cells 

This timeframe study demonstrated that MSC can take up CVB3, but that CVB3 cannot 

replicate in MSC. CVB3 RNA copy number immediately increased after infection, but 

gradually decreased after 12h, indicating a potential self-defensive mechanism in MSC. 

In parallel, no cell stress or changes in cell morphology were observed and MTS assay 

demonstrated no differences between non-infected and CVB3-infected MSC. In 

addition, no plaques were formed on HeLa cells with medium collected 24h after 

CVB3 infection of MSC. In contrast, CVB3 RNA copy number gradually rise in HL-1 

cells, indicative for viral replication, which was paralleled with cell stress, cell loss and 

a gradual reduction in cell viability over-time. Also in cardiac fibroblast CVB3 

replication took place, which is in line with Klingel et al.[84], but it occurred at a later 

timepoint compared to HL-1 cells. In agreement with the low CAR expression on 

cardiac fibroblasts, the viral CVB3 titer of medium collected from cardiac fibroblasts 

24h post infection was 28-fold (p<0.05) lower compared to the titer of HL-1 medium 

24h after infection (Figure 3.3D). Moreover, the reduction in cell viability after CVB3 

infection in cardiac fibroblasts was less pronounced compared to those in HL-1 cells 

and paralleled the late increase in CVB3 RNA copy number. 

Similar to other viruses, CVB3 can modulate the pre-existing host signaling machinery 

to facilitate its own replication. Several signaling proteins, such as the extracellular 

signal-regulated kinase 1 and 2 (ERK1/2)[85-87] and protein kinase B/Akt 

(PKB/Akt)[88], are activated following CVB3 infection, and activation of these 

signaling proteins is important to successfully complete CVB3’s life cycle. Their 

activation results in the activation of cell survival pathways, which could delay the 

onset of CVB3-induced apoptosis of infected cells and facilitate replication of 

CVB3.[87,89] Cunningham et al.[85] reported a link between CAR expression and 

ERK1/2 activation. Phosphorylation of ERK did not increase in CVB3-infected cells 

lacking CAR or expressing CAR with a truncated cytoplasmic domain. This suggests 

that ERK phosphorylation would be influenced by the efficiency of infection provided 

by CAR and the downstream signaling via its cytoplasmatic domain. An alternative 
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model of ERK1/2 activation is given by Huber et al.[86], which demonstrated that 

ERK1/2 activation follows from viral protease cleavage of RasGAP.  

Besides the importance of ERK and Akt activation for the viral life cycle of CVB3, 

recent studies have also revealed a pivotal role of the ubiquitin proteasome system 

(UPS) of the host cell in CVB3 viral infectivity. It has been demonstrated that the UPS 

can be utilized or manipulated by CVB3, to achieve successful viral infection.[90-92] 

For example, coxsackievirus infection facilitates ubiquitin-dependent proteolysis of 

cyclin D1, which is linked to CVB3-induced cell growth arrest.[90] Through 

ubiquitin-mediated degradation of β-catenin, CVB3 infection stimulates glycogen 

synthetase kinase 3β activity, which contributes to virus-induced cytopathic effect and 

apoptosis.[92] The importance of the UPS in CVB3 replication follows from an 

experimental study demonstrating that treatment of cardiomyocytes with proteasome 

inhibitors markedly reduces CVB3 replication through suppression of viral RNA 

transcription and protein synthesis.[91] 

Further investigation is needed to determine whether the absence of CVB3 replication 

in MSC is due to or associated with the absence of ERK1/2 and/or Akt activation, or 

protection of the UPS, and whether there are differences in the kinetics of ERK1/2 

and/or Akt activation and use of the UPS between HL-1 cells and cardiac fibroblasts. 

 

4.3. Mesenchymal stem cells reduce apoptosis and oxidative stress in 

coxsackievirus B3-infected HL-1 cells independently of a reduction in viral RNA 

replication 

CVB3-induced viral myocarditis, initially considered as a sole immune-mediated 

disease,[93] also results from a direct CVB3-mediated injury of the cardiomyocytes in 

infected hearts.[94] Besides its immunomodulatory effects, MSC have also been shown 

to have anti-apoptotic features. The aim of our study was to investigate whether MSC – 

in the absence of a potential influence on immuno-modulatory cells – could have a 

direct protective effect on CVB3-infected cardiomyocytes, HL-1 cells. In detail, we 

analyzed whether MSC could reduce CVB3-induced apoptosis and oxidative stress in 

HL-1 cells and analyzed underlying mechanisms. 
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MSC significantly reduced apoptosis and ROS production in HL-1 cells (Figure 3.7 and 

3.10, respectively), independently of reducing CVB3 viral replication (Figure 3.13A). 

The intracellular oxidation status has been implicated in the pathogenesis of CVB3 

infections,[95] by which the ROS-mediated release of host cell nuclear transcription 

factor-kappa-B results in increased viral replication. Our data indicate that the 

MSC-mediated reduction in ROS production could not decrease viral replication, which 

is in line with Si et al.[96], who demonstrated that treatment with a potent ROS 

scavenger, NAC, prevented CVB3-induced intracellular ROS generation, but failed to 

inhibit CVB3 replication. This suggests that ROS generation is a relatively late event as 

compared to viral RNA synthesis and viral protein expression. On the other hand, 

taking the CVB3 viral cycle into account, it is foreseeable that the supplementation of 

MSC could not have resulted in a decrease in viral replication. MSC have been added 

4h post infection, whereas viral replication takes place 8h post infection. At this time, 

i.e. 4h after seeding the MSC, MSC will just have attached to the culture plates. It is 

therefore understandable that at that time no appropriate protective effect of the MSC 

can be expected.  

Despite no alteration in CVB3 replication, co-culture of CVB3-infected HL-1 with 

MSC resulted in a decrease in viral progeny release (Figure 3.13B), a process, which 

takes place 24h post infection. Inhibition of the stress-activated protein kinase p38 

mitogen-activated protein kinase (MAPK) has been reported to reduce the viral 

progeny release, which was likely mediated by the reduction in CVB3-induced 

apoptosis and increased cell viability.[97] As in our findings, p38MAPK inhibition did 

not affect viral protein synthesis. Taken together, our data demonstrate that the 

anti-oxidative and anti-apoptotic features of MSC resulted in less viral progeny release 

in CVB3-infected HL-1. Whether these effects are mediated by a reduction in 

p38MAPK activity will require further investigation. 

 

4.4. The anti-apoptotic/anti-oxidative effects of mesenchymal stem cells are nitric 

oxide-dependent 

NO is a biological messenger which acts as a neurotransmitter, a vasodilator, and as a 
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cytotoxic immune effector. In addition, NO is known to protect cardiomyocytes from 

apoptosis [98] and to have anti-viral properties. Recently, NO donors have been 

reported to inhibit CVB3 replication via S-nitrosylation of the proteinases 2A and 3C, 

with both the time course of NO release and the amounts of NO in the cell culture 

supernatant seeming to play an important role for antiviral efficacy.[99]  

Consistent evidence has shown that MSC exert their immunosuppressive features in a 

NO-dependent way. Ren et al. demonstrated that MSCs induced cell-cycle arrest and 

apoptosis of activated T cells via NO.[58] Sato et al. reported that NO produced by 

MSCs could suppress phosphorylation of STAT5 and inhibit T cell proliferation.[100] 

To investigate whether the anti-apoptotic and anti-oxidative features of MSC were 

NO-dependent, we pretreated MSC for 24h with the iNOS inhibitor L-NAME and next 

cocultured these MSCs in the presence of non-infected or CVB3-infected HL-1 cells. In 

contrast to untreated MSC, L-NAME treated MSC could not reduce the CVB3-induced 

apoptosis (Figure 3.7.) and oxidative stress (Figure 3.10.) in HL-1 cells, suggesting a 

NO-dependent mechanism. This finding is supported by the evidence that NO exerts 

anti-apoptotic effects on cardiomyocytes. [98] In contrast to NO donors, the 

supplementation of MSC could not reduce CVB3 replication, which can be due to the 

fact that the timepoint at which MSC was added was too late (see supra). 

Addition of MSC to uninfected HL-1 increased NO production, which was abrogated in 

the presence of L-NAME as well as of murine IFN-γ antibody. The finding that the 

presence of the murine IFN-γ antibody blocked NO production by MSC is in line with 

Oh et al.[101] who demonstrated that IFN-γ is critical for NO production by MSC. 

Under conditions of CVB3-infected HL-1, the absence of a MSC-mediated increase in 

NO can be explained by the fact that under these severe conditions of oxidative stress, 

associated with impaired NO bioavailability,[102] MSC do not increase NO, but they 

increase NO bioavailability, in part by decreasing ROS production. 

 

4.5. The anti-apoptotic/anti-oxidative effects of mesenchymal stem cells are 

IFN-γ-dependent 

The cytokine family of IFNs has multiple functions, including antiviral,[103,104] 
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anti-tumor,[105,106] and immunomodulatory effects and regulation of cell 

differentiation.[107,108] The multiple functions of the IFN system are thought to be an 

innate defense against microbes and foreign substances. The IFN system consists first 

of cells that produce IFNs in response to viral infection or other foreign stimuli and 

second of cells that establish the antiviral state in response to IFNs. IFNs have also 

been used clinically in the treatment of viral diseases.[109] 

The mechanisms by which IFN-γ can contribute to the immunosuppressive activity of 

MSCs have been widely investigated. It has been demonstrated that the enhancement of 

IDO activity, [62,110] and PGE2, induced by IFN-γ[111] are involved in this process. 

Ren et al. demonstrated that activation of MSC by IFN-γ plays a key role in the 

MSC-mediated immunosuppression showing that wild-type MSCs, but not IFN-γR1-/- 

MSCs, prevented graft-versus-host-disease in mice, an effect reversed by anti-IFN-γ 

inhibitors.[58] 

To investigate whether IFN-γ produced by HL-1 cells is necessary to activate the MSC 

in the presence of CVB3-infected HL-1 cells, MSC were added to the HL-1 cells in the 

presence of an anti-mouse IFN-γ antibody. Under these conditions, the anti-apoptotic 

and anti-oxidative features of MSC were abrogated (Figure 3.7. and Figure 3.10., 

respectively), resulting in less viral progeny release (Figure 3.13). These findings 

suggest that MSC required the presence of IFN-γ to perform its protective effects. 

Taken together, our data together with the findings of Oh et al.[101] who demonstrated 

that IFN-γ is critical for NO production by MSC, suggest that upon activation with 

IFN-γ, MSC produce NO via which MSC exert their anti-apoptotic and anti-oxidative 

effects. 

 

4.6. The anti-apoptotic/anti-oxidative effects of mesenchymal stem cells are cell 

contact-dependent 

Since the well-known immunosuppressive effects of MSC occur most effectively under 

conditions in which MSCs make physical contact with allogeneic tissue[62,112-114], 

we also finally wanted to verify whether the protective effects of MSC co-cultured with 

CVB3-infected HL-1 cells were cell-contact-dependent. For this purpose, MSCs were 
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cultured in a transwell with pore diameter 1 µm, not allowing cell contact with the 

HL-1 cells. MSCs cultured under these conditions could not reduce the CVB3-induced 

apoptosis and oxidative stress in HL-1 cells (Figures 3.7. and 3.10., respectively), 

suggesting a cell-contact-dependent effect. Whether supplementation of MSC to 

CVB3-infected HL-1 cells influences the expression of cell contact markers in HL-1, 

such as the gap junction connexin 43, needs further investigation.  

On the other hand, several studies [54,72] have reported that the MSC-mediated effects 

are paracrine- and not cell-contact-dependent. We suggest that, in the context of 

CVB3-infected HL-1 cells, MSC need cell contact to perform their protective effects, 

which are mediated - at least in part - via paracrine effects, including via the production 

of NO.  

To verify whether cell contact per se of any cell is the prerequisite to reduce 

CVB3-induced HL-1 apoptosis and oxidative stress, we cultured cardiac fibroblasts in 

the presence of non-infected and CVB3-infected HL-1 cells. In contrast to MSC, 

cardiac fibroblasts did not reduce CVB3-induced apoptosis (Figure 3.9.) and ROS 

production (Figure 3.11.). Even an increase in apoptosis was observed under CVB3 

conditions (Figure 3.9.), which could be caused by the presence and replication of 

CVB3 in cardiac fibroblasts. This latter finding underscores the importance of the use 

of cells lacking the susceptibility to CVB3 replication for cardiac repair. 

 

In conclusion, this study demonstrates that CVB3 replication does not take place in 

MSC and that MSC do not suffer from CVB3 infection. The absence of CVB3 

replication is a prerequisite for any cell used in a cell-based therapy for cardiac repair. 

Besides this important safety aspect, we could demonstrate that MSC have a direct 

protective effect on CVB3-infected HL-1 cells, i.e. in the absence of any 

immunomodulatory cells. MSC exert anti-apoptotic as well as anti-oxidative effects on 

CVB3-infected HL-1 cells in a NO-, IFN-γ-, and cell-contact-dependent way. Finally, 

MSC have the capacity to reduce the viral progeny release in CVB3-infected HL-1, 

without reducing CVB3 RNA copy number. This effect is NO- and IFN-γ-dependent 

and is likely to be mediated to the reduction in apoptosis and oxidative stress in 
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CVB3-infected HL-1. 
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CHAPTER FIVE: SUMMARY 

Background - Under current heart failure treatment, the prognosis of dilated 

cardiomyopathy (DCM) is poor, urging for alternative therapeutic strategies. There is 

growing experimental support for the application of cellular transplantation as a 

strategy to improve myocardial function. Mesenchymal stem cells (MSC) have 

immunomodulatory features and have been experimentally shown to be attractive tools 

for the treatment of myocardial infarction and cardiomyopathies.  

Aim - The aim of the present study was to investigate whether MSC are potential 

candidates for the treatment of CVB3-induced inflammatory DCM. In detail, the study 

focuses on analyzing whether coxsackievirus B3 (CVB3) replication can take place in 

MSC and whether CVB3 infection can influence MSC viability. In addition, the study 

investigates whether and how MSC, independently of their immunomodulatory effects, 

i.e. in the absence of immunoregulatory cells, can have a direct protective effect on 

CVB3-induced cardiomyocyte apoptosis and oxidative stress. 

Methods/experimental design - To study the potential infectivity of MSC, the 

expression of the coxsackievirus-adenovirus receptor (CAR) and the co-receptor decay 

accelerating factor (DAF), both necessary for CVB3 uptake, on MSC was evaluated by 

FACS analysis. Chinese Hamster Ovarian (CHO) cells overexpressing CAR and HL-1 

cells, since cardiomyocytes are the target cells of CVB3, were used as positive controls. 

CHO lacking CAR and cardiac fibroblasts, known to express only low CAR, were used 

as negative controls. Next, MSC were infected with CVB3 at a multiplicity of infection 

(m.o.i.) of 5 for 1h. Cell viability was determined 4h, 12h, 24h, and 48h after CVB3 

infection via a MTS assay. To assess whether viral replication and viral progeny release 

take place, the same timeframe experiment was performed and cells and medium were 

collected to determine CVB3 RNA copy number and plaque formation, respectively. 

All experiments were performed in parallel with HL-1 and cardiac fibroblasts. To 

determine the effect of MSC on CVB3-infected HL-1, unlabeled, DiO-labeled or 

Dil-labeled MSC were cocultured with CVB3-infected HL-1 for RNA purposes, 

apoptosis (Annexin V/7AAD FACS) and oxidative stress (DCF FACS) analysis, 

respectively. To investigate whether the MSC-mediated effects are nitric oxide 
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(NO)-dependent, MSC were pretreated with the iNOS inhibitor N-omega-nitro-arginine 

methyl ester (L-NAME). To determine whether MSC need the presence of IFN-γ or 

cell contact with HL-1, culture in the presence of anti-murine IFN-γ antibody or on a 

transwell membrane was performed, respectively. To determine whether cell contact 

per se leads to an improvement in the condition of the HL-1 cells, cocultures of HL-1 

cells with cardiac fibroblasts instead of MSC were performed. Medium of coculture 

experiments was collected to analyze viral titer via plaque formation on HeLa cells. 

Results - Compared to CHO-CAR+ and HL-1 cells, as well as to CHO-CAR- and 

cardiac fibroblasts, MSC only minimally express CAR at levels nearly comparable with 

secondary antibody controls. As for CAR, MSC also only moderately express DAF. 

CVB3 RNA copy number, expressed as CVB3 towards L32, decreased over time in 

MSC, with 4.1–fold (p=0.0571) and 7.2–fold (p<0.05) lower levels at 24h and 48h 

versus 4h post-infection, respectively. In parallel, no differences in cell viability were 

found between serum starved and CVB3-infected MSC. Medium of MSC collected 24h 

after CVB3 infection did not induce any plaques on HeLa cells. In contrast, CVB3 

RNA copy number rised in HL-1 over time, with 9.0–fold (p<0.01) higher RNA levels 

at 24h versus 12h post-infection. Compared to serum-starved HL-1 cells, 

CVB3-infected HL-1 showed gradually more cell death over time post CVB3 infection. 

MTS assay demonstrated 1.9–fold (p<0.0001), 1.5-fold (p<0.0001) and 1.2–fold 

(p<0.05) lower cell viability at 48h, 24h and 12h post CVB3-infection versus 4h post 

CVB3-infection, respectively. In cardiac fibroblasts, CVB3 copy number was 3.9-fold 

(p=0.05) higher at 48h compared to 4h post CVB3-infection. In parallel, cell viability 

was significantly decreased in CVB3-infected compared to serum starved cardiac 

fibroblasts 48h post CVB3 infection. The viral titer of medium collected from cardiac 

fibroblasts 24h post infection was 28-fold (p<0.05) lower compared to the titer of HL-1 

medium.  

Annexin V/7AAD FACS analysis demonstrated that MSCs decreased the 4.2-fold 

(p<0.05) CVB3-induced HL-1 apoptosis to levels not significantly different from those 

of non-infected cells. In parallel, DCF FACS analysis showed that CVB3 induced ROS 

production in HL-1 cells by 6.3–fold (p<0.01), whereas MSC reduced the increased 
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ROS production by 5.1–fold (p<0.01) to levels not significantly different from those of 

non-infected controls. When MSCs were pre-treated with 10 mM of L-NAME or 

cultured in the presence of 1 µg/ml of anti-mouse IFN-γ antibody or cultured on a 

transwell, the anti-apoptotic and anti-oxidative effects of MSC were abrogated. MSC 

did not reduce CVB3 RNA copy number in CVB3-infected HL-1 cells, but decreased 

the viral CVB3 titer by 4.7-fold (p<0.05), an effect which was blocked in the presence 

of L-NAME or anti-mouse IFN-γ antibody. Co-culture of CVB3-infected HL-1 cells 

with cardiac fibroblasts aggravated CVB3-induced apoptosis. 

Conclusion - In conclusion, we could demonstrate that CVB3 replication does not take 

place in MSC and that MSC do not suffer from CVB3 infection. Besides this important 

safety aspect, we could show that MSC have a direct protective effect on 

CVB3-infected HL-1 cells, i.e. in the absence of any immunomodulatory cells. MSC 

exert anti-apoptotic as well as anti-oxidative effects on CVB3-infected HL-1 cells in a 

NO-, IFN-γ-, and cell-contact-dependent way. Finally, MSC can reduce the viral 

progeny release. 
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CHAPTER SIX: STUDY LIMITATIONS AND PERSPECTIVES 

This study was focused on investigating whether MSC are potential candidates for the 

treatment of CVB3-induced inflammatory DCM. We focused on investigating whether 

CVB3 replication could take place in MSC and whether CVB3 infection could 

influence MSC viability. Absence of CVB3 replication is an ultimate prerequisite for 

any cell use in a cell-based strategy for cardiac repair. No CVB3 replication took place 

in MSC. The finding that MSC do not suffer from CVB3 infection is important in view 

of engraftment of MSC in the CVB3-infected heart. Next, we focused on analyzing 

whether and how MSC, in the absence of any immunomodulatory cells, could directly 

protect CVB3-infected HL-1 cells. We found that MSC exerted anti-apoptotic and 

anti-oxidative effects on CVB3-infected HL-1 cells and could reduce CVB3 progeny 

release in CVB3-infected HL-1 cells without reducing CVB3 RNA copy number. 

In view of clinical translation, a study limitation of the present study is the use of the 

HL-1 cell-line instead of primary cardiomyocytes. On the other hand, it is clear that 

further in vivo investigations have to take place, whereby it will be analyzed whether 

and how MSC can improve left ventricular function in CVB3-induced inflammatory 

DCM. Which dose of MSC is sufficient to reach this goal, which administration route 

has to be used, what is the engraftment of MSC in CVB3-infected hearts? Does 

MSC-mediated immunomodulation takes place in the CVB3-infected heart? What is 

the relevance of MSC-mediated immunomodulation in the spleen on the final 

improvement in left ventricular function? Does MSC, as in the in vitro studies, improve 

cardiomyocyte apoptosis in CVB3-infected hearts? All these questions need to be 

answered before any translation to the clinic can take place. 
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