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PART I

Myocardial Ischemia/Reperfusion Injury



This chapter describes the interaction between  
the injured myocardium and cells involved in cardiac repair

Fatih Arslan, Dominique P. de Kleijn & Gerard Pasterkamp

CHAPTER1



Despite advances in treatment of patients who suffer from ischemic heart disease, morbidity related 

to myocardial infarction is increasing in Western societies. Acute and chronic immune responses elicited 

by myocardial ischemia have an important role in the functional deterioration of the heart. Research 

on modulation of the inflammatory responses was focused on effector mediators such as leukocytes. 

However, increasing evidence indicates that various endogenous ligands that act as ‘danger signals’, 

also called danger-associated molecular patterns (DAMPs), are released upon injury and modulate 

inflammation. Originally described as part of the first-line defense against invading microorganisms, 

several Toll-like receptors (TLRs) on leukocytes and parenchymal cells have now been shown to respond 

to such signals and to have a pivotal role in noninfectious pathological cardiovascular conditions, such 

as ischemia-reperfusion injury and heart failure. From a therapeutic perspective, DAMPs are attractive 

targets owing to their specific induction after injury. In this Review, we will discuss innate immune 

activation through TLRs in cardiac ischemia mediated by DAMPs.

Nat Rev Cardiol. 2011;8(5):292-300

Innate immune signaling in cardiac ischemia
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The role of the immune system in the development of cardiovascular disease first became evident in 

the 1880s, when the German pathologist Rudolf Virchow (1821-1902) suggested the driving mechanism 

behind atherosclerosis to be an inflammatory process.1 He recognized that “irritants” enable the affected 

vasculature to attract substances out of the blood and retain them.2 More specifically, these irritants 

were thought to attract leukocytes to atherosclerotic lesions. In retrospect, this notion was probably 

the first recognition of nonpathogenic factors that could affect leukocyte behavior and organ function. 

Not until the late 1960s was a substantial influence of a myocardial depressant factor first described in 

the context of hemorrhagic shock.3-5

Blood flow blockage in a coronary artery leads to myocardial infarction (MI) with ischemic death of 

cardiomyocytes. Restoring flow is a prerequisite for cardiomyocyte salvage, but injury to both endothelial 

cells and cardiomyocytes occurs during reperfusion. The innate immune system has a crucial role in 

both initiation and progression of the subsequent repair response, which involves immune cells such 

as neutrophils and macrophages. Whether these repair mechanisms are favorable or harmful to cardiac 

function is partly dependent on the amount of tissue damage that is caused by inflammatory cells early 

after ischemia.6 Furthermore, signals triggered by the endangered myocardium and by inflammatory 

cells influence the behavior of nonimmune cells (such as endothelial cells or myofibroblasts) via 

receptors of the innate immune system.6-8

Toll-like receptors (TLRs) form an important part of the innate immune system and are able to recognize 

a variety of peptides, proteins and nucleotide fragments. The activation of the transcription factor 

nuclear factor kappa B (NFκB) is well-recognized as a hallmark of innate immunity activation after cardiac 

ischemia.6, 9, 10 As the signaling cascade triggered by TLRs also involves NFκB, a new paradigm of 

noninfectious activation of the innate immune system following cardiac ischemia can be postulated. In 

this Review, we focus on innate immune responses in cardiac ischemia induced by endogenous 

mediators, and discuss both experimental and clinical studies highlighting the critical role of endogenous 

TLR ligands in myocardial ischemia-reperfusion (I/R) injury and postinfarction cardiac remodeling.

Inflammatory responses after ischemia
Leukocyte activation and recruitment, and cytokine production characterize the initial phase of the 

inflammatory repair response after an ischemic insult to the myocardium.11 Within seconds after I/R 

injury, blood flow in the affected vessel is disturbed because of microembolism, platelet activation, 

neutrophil plugging, and endothelial cell dysfunction, a situation referred to as the ‘no-reflow’ 

phenomenon.12 In parallel, a cardiac cytokine burst is initiated and followed by neutrophil activation 

that causes direct injury to endothelial cells via production of reactive oxygen species (ROS), proteases, 

cytokines and lipids.13 As a consequence, endothelial cells increase expression of adhesion molecules, 

which facilitates leukocyte binding. In addition, intercellular tight junctions are compromised, which 

increases vascular permeability. This effect promotes migration of cells such as leukocytes into the 

myocardium, which, in close proximity to cardiomyocytes and endothelial cells, can generate ROS and 

proteases once oxygen supply is restored. ROS are known to cause cell death via oxidative stress,6 while 

excessive protease activity leads to increased degradation of the extracellular matrix.14 Excessive cell 

death and matrix degradation can compromise the structural integrity of the infarcted myocardium 

and result in maladaptive remodeling thereafter.15

Over the past decade, a great deal of evidence has emerged demonstrating that the inflammatory 

immune response in cardiac ischemia is a well-orchestrated process. We now know that this response 

is triggered by the injured myocardium. Cytokines released from stressed myocardial cells, de novo 
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expression of proteins upon injury, and hydrophobic portions of proteins or lipids are all part of so-called 

danger-associated molecular patterns (DAMPs) that activate leukocytes-a key concept of the ‘danger 

model’ of immunity.

the ‘danger model’
The ‘danger model’ was first described by Polly Matzinger in 2002 and provided a theoretical framework 

that explained immune responses after tissue injury.16, 17 In the classic model of immunity, the system 

was described to function by discriminating between ‘self’ and ‘nonself’ after priming early in life. 

However, this model failed to explain why the immune system remains silent with changes to ‘self’ later 

in life, for example during puberty, pregnancy or if cancer develops. According to the ‘danger model’, 

rather than acting upon the discrimination of ‘self’ and ‘nonself’ (for example cardiomyocytes versus 

bacteria), leukocytes react to alarm signals released by stressed cells such as infected or ischemic 

cardiomyocytes. The ‘danger model’ triggered the search for such endogenous activators of the immune 

response and their receptors.

TLRs are known to recognize ligands released as a result of injury. These molecules have gained much 

attention in DAMP-mediated activation of the innate immune system and subsequent inflammation 

after cardiac ischemia.18 The mechanisms by which DAMPs activate and control leukocyte behavior and 

whether DAMPs can be used as therapeutic targets in order to modulate detrimental inflammatory 

responses remains unknown. Before we discuss specific DAMPs related to cardiac ischemia, we provide 

an overview of TLR signaling in general and in cardiac ischemia.

tLR signaling pathways
TLRs are evolutionary conserved transmembrane receptors that recognize so-called ‘pathogen-associated 

molecular patterns’, enabling host defense against invading pathogens. In addition, TLRs can also detect 

DAMPs16, 17 and the subsequent induction of the immune response is thought to mediate repair 

mechanisms of injured tissue.18

The intracellular TLRs (TLR3, TLR7, TLR8, TLR9 and TLR13) detect nucleic acids, particularly viral and 

bacterial DNA.19 The level of cell surface expression of TLRs can be modulated by receptor activation, 

thus enabling a TLR-mediated positive and negative feedback loop in immune responses.20

A key component of TLR activation is the recruitment of adaptor proteins, such as myeloid-

differentiation primary response protein MyD88, after ligand-receptor interaction. MyD88 is crucial 

for the subsequent transcription of proinflammatory genes initiated by NFκB.21 Members of the NFκB 

family consist of several subunits (for example p52 and p65) and are maintained in an inactive state 

within the cytoplasm through binding to inhibitors of NFκB (IκBs). After TLR activation, IκBs are 

phosphorylated, ubiquitinated, and then degraded via proteolysis. The detachment from IκBs enables 

nuclear translocation of NFκB subunits and subsequent transcription of proinflammatory genes.21 

Alternatively, after TLR2 activation, MyD88 can also promote induction of apoptosis via activation of 

Jun N-terminal kinases (JNKs; Figure 1).21

Our current understanding of TLR signaling provides evidence for the role of nonpathogenic inflammatory 

mediators in several cardiovascular disorders. Early observations that inflammation had a pivotal role 

in I/R injury,6 cardiomyocyte apoptosis,7 heart failure,9, 10 atherosclerosis,22 and myocarditis,23 can now 

be partly attributed to detrimental TLR activation.6, 7, 24-26 Currently, seven parenchymal TLRs have been 

identified as key mediators of noninfectious cardiac disorders (Table 1).
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Figure 1. TLR signaling. TLR2 can form a dimer with TLR1 or TLR6. TLR4 might require co-receptors, such as CD14 
and MD2 for signal activation. MyD88 is recruited to the intracellular domain of TLRs, which in turn recruits TAK1. 
TAK1 phosphorylates JNK and IKK. JNK can lead to apoptosis-mediated cell dysfunction and death. Activated IKK 
phosphorylates the inhibitory complex IκB. Subsequently, IκB is ubiquitinated and degraded via proteolysis. NFκB 
can then translocate to the nucleus and initiate transcription of proinflammatory genes. Abbreviations: CD14, 
monocyte differentiation antigen CD14; IκB, inhibitor of nuclear factor kappa B; IKK, inhibitor of nuclear factor kappa 
B kinase; JNK, mitogen-activated protein kinases; NFκB, nuclear factor kappa B; MD2, lymphocyte antigen 96; MyD88, 
myeloid differentiation primary response protein MyD88; TAK1, Transforming growth factor-beta-activated kinase 
1 (also known as mitogen-activated protein kinase kinase kinase 7); TLR, Toll-like receptor; Ub, ubiquitin.

table 1. TLRs and their association with cardiovascular disease

tLRs DAMPs Disorders

TLR2 necrotic cells, oxidized LDL, serum amyloid A, 
ApoCIII, heat shock proteins, HMGB1, hyaluronic 
acid, fibronectin-EDA, biglycan

I/R injury20, 32; adverse remodeling35; contractile 
dysfunction31, 32, 108; atherosclerosis103, 109, 110

TLR3 mRNA viral cardiomyopathy/myocarditis111, 112

TLR4 heat shock proteins, HMGB1, tenascin C, fibrino-
gen, fibronectin-EDA, oxidized LDL, minimally-
modified LDL

I/R injury113; adverse remodeling36; contractile 
dysfunction31; viral cardiomyopathy/myocardi-
tis114; atherosclerosis103, 110, 115

TLR5 unknown contractile dysfunction31

TLR7/8 cardiac myosin viral cardiomyopathy/myocarditis116, 117

TLR9 nucleic acid-containing immune complexes, 
endogenous DNA

adverse remodeling117; contractile dysfunction118, 

119; acute allograft rejection120

Adapted from Cole JE et al.121; Apo, apolipoprotein; EDA, exon encoding type III repeat extra domain A; HMGB1, 
high mobility group box protein B1; I/R, ischemia-reperfusion; TLR, Toll-like receptor.
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tLR signaling in cardiac ischemia
In cardiac ischemia, ligand binding to TLRs induces an inflammatory cascade via nuclear translocation 

of NFκB and subsequent proinflammatory gene transcription (Figure 1).6, 27, 28 The expression of TLRs 

by circulating blood cells and parenchymal cells has implications in myocardial I/R injury and 

postinfarction remodeling. Parenchymal TLR signaling contributes to changes in cellular function and 

viability of cardiomyocytes and endothelial cells after ischemia. In addition, TLR signaling in circulating 

cells that have migrated into the myocardium mediates repair mechanisms involved in postinfarction 

remodeling. We discuss the divergent roles of TLR signaling in the circulatory and parenchymal 

compartments for myocardial I/R injury and remodeling separately.

tLR signaling in myocardial I/R injury
To understand the functional consequences of TLR activation in the blood and parenchymal compartment, 

one needs to acknowledge the various cellular events during myocardial I/R injury that influence 

myocardial viability and function: Firstly, ischemic-reperfused endothelial cells express adhesion 

molecules that promote leukocyte plugging and decrease blood flow through the culprit coronary artery 

(the ‘no-reflow’ phenomenon). Secondly, despite successful reperfusion, the myocardium can exhibit 

reversible contractile dysfunction, also known as ‘stunning’. Thirdly, the ischemic-reperfused myocardium 

is known to be arrhythmogenic. Fourthly, additional cell death can occur during reperfusion, which 

increases infarct size (so-called lethal reperfusion injury). These four events do not occur chronologically 

and can happen independently from each other.28

In mice, endothelial dysfunction after myocardial I/R injury was shown to be mediated by both 

parenchymal and circulating TLR2.29 In order to investigate the differential contribution of parenchymal 

versus circulating cells, perfused hearts can be studied in a Langendorff apparatus, which eliminates 

the effects brought about by blood cells. Using this technique, Knuefermann et al. demonstrated that 

hearts from TLR2−/− mice challenged with Staphylococcus aureus are protected against contractile 

deterioration compared with wild-type (WT) hearts.30 Although this model demonstrates the cardiac-

depressant properties of pathogens, this report and others show that parenchymal TLR activation affects 

myocardial contractility.30, 31 Sakata et al. showed that Langendorff-perfused TLR2−/− mouse hearts 

have better contractile performance after I/R injury than hearts from WT animals, but that both exhibit 

similar infarct size.32 Blockage of tumor necrosis factor (TNF), which reduces contractile dysfunction, 

led to a substantial improvement in contractile performance in perfused WT hearts that reached the 

same level as in TLR2−/− hearts.32 These results show that TLR2 activation in cardiac cells leads to 

deterioration of myocardial function after I/R injury. In addition, the findings indicate that parenchymal 

TLR2 activation does not mediate lethal reperfusion injury, since infarct size in TLR2−/− hearts was 

similar to that in WT hearts. Findings from our own group showed that, indeed, circulating TLR2 signaling 

mediates lethal reperfusion injury in vivo,20 thus providing direct support for the observation by Sakata 

and colleagues.32 Bone-marrow transplantation experiments revealed that WT mice with TLR2−/− bone 

marrow were protected against lethal reperfusion injury to the same extent as mice with total TLR2 

knockout, whereas TLR2−/− mice with WT bone marrow showed no protection at all.20 Further analysis 

of blood cells after myocardial I/R injury showed that surface expression of the activation marker integrin 

alpha-M (CD11b) is increased in circulating monocytes during the first hour of reperfusion as well as 

the surface expression of TLR2. The upregulation of TLR2 and CD11b was prevented in vivo by TLR2 

inhibition.20
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These studies indicate that TLR2 signaling outside the myocardium mediates lethal myocardial I/R injury 

and that contractile disturbance after myocardial I/R injury depends on parenchymal TLR2 signaling 

(Figure 2). In addition, they show that cytokines such as TNF are part of the vicious circle in myocardial 

I/R injury and can act as endogenous mediators of TLR-induced injury.

tLR signaling in postischemic remodeling
Immediately after cardiomyocyte death, processes are initiated to repair and maintain the structural 

integrity of the heart. The functional consequences of cardiac remodeling, in addition to infarct size, 

are an important determinant of prognosis.33, 34 TLR signaling has a crucial role in cardiac remodeling 

after MI. Remodeling of the central scar and peri-infarct zone is a dynamic process in which three 

chronological phases can be distinguished that determine the structural integrity of the infarcted heart. 

The first is the inflammatory phase, which is characterized by an increase of cytokine production and 

leukocyte influx. The second is the proliferative phase, which is marked by fibroblast transdifferentiation 

and matrix protein deposition. The third is the maturation phase, in which a mature collagen-based 

scar is formed.14 The continuous alterations in matrix content after infarction can trigger recruitment 

of circulating cells via the release of DAMPs (Figure 3).

We and others have shown that expression of TLR2 and TLR4 mediates adverse ventricular remodeling 

in mice via enhanced inflammation and fibrosis35, 36 and that TLR4 activation in monocytes is associated 

with the development of heart failure in patients after MI.37 Using NFκB-p50 knockout mice, we showed 

that bone-marrow-derived cells were involved in postinfarct dilatation and functional deterioration of 

the myocardium through accentuated inflammation, increased activity of matrixmetalloproteases 

(MMP) 2 and MMP9 and impaired collagen deposition in the scar area.38 From these data, we postulate 

that TLR and downstream NFκB activation in cells that migrate into the infarcted myocardium aggravate 

Figure 2. The role of DAMPs in myocardial ischemia-reperfusion injury. ‘Danger signals’, or DAMPs, are released 
after ischemia-reperfusion injury from apoptotic and/or necrotic endothelial cells and cardiomyocytes. In turn, these 
‘danger signals’ activate the TLRs of adjacent and circulating cells. TLR activation by DAMPs of adjacent viable 
cardiomyocytes can result in deteriorating contractility or even apoptosis. Endothelial dysfunction during the first 
few minutes after reperfusion results in vasoconstriction and impaired blood flow owing to leukocyte adhesion, which 
can further impair endothelial cell function. In addition, leukocytes can directly cause cell death of cardiomyocytes 
and endothelial cells as a result of production of reactive oxygen species. Abbreviations: DAMP, danger-associated 
molecular pattern; TLR, Toll-like receptor.
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adverse inflammatory responses, matrix breakdown and fibrotic processes and lead to maladaptive 

remodeling. Although the abovementioned studies cannot explain why distant cells exert adverse effects 

in the postischemic myocardium, data on extra domain A (EDA) of fibronectin, which are discussed 

below, provide evidence for the pivotal role of DAMPs in this process.

DAMPs in cardiac ischemia
The postischemic reperfused myocardium is characterized by a rapid series of detrimental events at 

cellular level. Within minutes of ischemic injury, intracellular Ca2+ concentration rises owing to 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2 dysfunction, mitochondrial permeability 

transition pores open and proapoptotic signaling is initiated. These pathological changes lead to lethal 

hypercontracture, Ca2+-dependent apoptosis, and the release of proapoptotic proteins such as 

cytochrome c or Diablo homolog (also known as Smac). Subsequently, DNA fragmentation occurs, 

eventually leading to cell-membrane swelling and necrosis.39-42 In contrast to the fast acute events in 

I/R injury, postinfarct ventricular remodeling is a chronic process in which consecutive events result in 

inflammation and subsequent extracellular matrix (ECM) degradation. Products related to cell death 

and ECM degradation can all serve as DAMPs to adjacent myocardial cells and migrating cells after 

cardiac ischemia. DAMPs secreted by ischemic cells (either actively or passively) have been shown to 

activate TLRs and initiate a proinflammatory response. Early reports of this process showed that heat 

shock protein (HSP) 60, released from apoptotic cells,43 activates TLR4+/CD14+ leukocytes.44, 45 

Figure 3. The role of DAMPs in cardiac remodeling. Dead cardiomyocytes and matrix degradation products are 
potent activators of macrophages and fibroblasts. Macrophages degrade the matrix by secreting metalloproteinases 
and clearing cell debris, resulting in more degradation products. Degradation products are involved in myofibroblast 
transdifferentiation. In turn, myofibroblasts are the primary source for deposition of collagen and other matrix 
products to mature the scar and finalize the wound healing process. DAMPs also activate endothelial cells with 
subsequent increase in angiogenesis that is beneficial for cardiac remodeling. The balance between matrix breakdown 
and deposition determines the fate of cardiac remodeling and subsequent function. Abbreviations: DAMP, danger-
associated molecular pattern; TLR, Toll-like receptor.
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These findings led to the identification of other endogenous TLR ligands that were expressed following 

cardiac ischemia. One might hypothesize that DAMPs facilitate recruitment and differentiation of cells 

involved in the reparative processes after infarction. In the following sections, we discuss the known 

DAMPs involved in cardiac ischemia and their role in cardiac repair responses. Importantly, we should 

point out that several previous candidates for endogenous TLR ligands were wrongly identified owing 

to contamination in in vitro experiments.46-48

 

heat shock proteins
HSPs are members of the stress protein family that were initially described as proteins synthesized 

in response to heat shock.49 HSPs are abundantly present in the cytosol under physiological conditions 

but their expression is further induced after cell stress. HSPs are molecular chaperones that recognize 

hydrophobic portions of proteins, through which they inhibit protein aggregation and subsequently 

promote correct protein folding.50, 51 Currie and colleagues were the first to document the upregulation 

of cardiac HSP70 (initially identified as HSP71) synthesis under ischemic conditions.52, 53 Animal 

experiments and clinical observations show that divergent responses and differential expression of 

HSPs in pathological cardiac conditions can occur. Overexpression of HSP20 or HSP70 protects the 

heart of rodents against I/R injury,54-56 while both proteins have little or no role in adverse remodeling.57, 

58 Although cardiac protection was observed after heat-shock treatment,59 several experiments 

illustrate the limitations of both early models of MI and the protective window of opportunity for 

HSPs. In vivo, 45 min of ischemia followed by 3 h of reperfusion after heat shock resulted in a 

statistically nonsignificant increase of infarct size in rabbits compared with animals without heat 

shock, while HSP72 expression was increased.59 In rats that underwent heat shock before permanent 

coronary occlusion, heat shock neither decreased infarct size nor improved cardiac function, although 

more neutrophils accumulated in the heart than in animals not subjected to heat shock.60 Neutrophil 

influx is associated with increased injury after cardiac ischemia,13 which suggests that heat shock 

before MI might do more harm than good. In line with this notion, HSP60 is well known for its 

detrimental effects in cardiac ischemia. In contrast to HSP20 and HSP70, HSP60 is strongly associated 

with the development of ischemic heart failure57, 58 and is a leukocyte-activating factor and mediator 

of cell death.59, 60 In addition, T-lymphocytes from patients suffering from an acute coronary syndrome 

(ACS) are reactive to HSP60, whereas leukocytes from patients with chronic stable angina are not.61 

This finding suggests that the enhanced leukocyte reactivity to HSP60 in patients with ACS could be 

caused by increased plasma-membrane TLR expression, in view of the fact that HSP60 is a TLR4 

ligand.45, 62 Lin et al. have provided support for this theory by showing that HSP60 from mitochondria 

and cytosol of cardiomyocytes in culture translocates to the plasma membrane and is detectable in 

plasma of rats with heart failure. Furthermore, cell-surface HSP60 was associated with increased 

apoptosis of cardiomyocytes in the failing heart.63 An early report described TLR4 to be upregulated 

in failing human myocardium.64 In 2009, Kim et al. showed that HSP60 induces apoptosis in rat 

cardiomyocytes partly via TLR4.62

On the basis of these findings, we postulate that in the setting of heart failure HSP60 translocates to 

the cell membrane, is secreted by the failing cardiomyocyte and directly induces apoptosis. This 

supposition is in line with observations in the failing myocardium of increased apoptosis of myocytes 

and nonmyocytes.65-68 In addition, we propose that HSP60 is detected by circulating monocytes, 

leading to the initiation of adverse ventricular remodeling via TLR4.36, 45
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high mobility group protein B1
The highly conserved high mobility group protein B1 (HMGB1) is a highly conserved nuclear protein-

mouse and human HMGB1 proteins only differ in two amino acids. Besides its role in nucleic-acid 

stabilization and transcription,69 HMGB1 also induces deleterious immune responses. HMGB1 passively 

enters the extracellular environment from necrotic cells and serves as a DAMP for leukocytes.70, 71 In 

addition, leukocytes actively secrete HMGB1 upon activation by immunogenic ligands,72-74 which results 

in a positive feedback loop. Leukocytes and endothelial cells stimulated with HMGB1 secrete potent 

cytokines and adhesion molecules.75 The receptors for advanced glycation end products (RAGE), TLR2, 

TLR4 and TLR9, were identified as effector receptors for HMGB1.76-78 These HMGB1-mediated processes 

have been studied mainly in vitro and the findings from these investigations suggest that HMGB1 is 

proinflammatory and deleterious after MI. Results from in vivo studies, however, have yielded apparently 

contradictory results regarding role of HMGB1 in cardiac I/R injury.75, 79, 80

The rise in HMGB1 levels in response to ischemic injury of the human heart is well-documented.80, 81 

Kohno et al. showed that peak serum levels of HMGB1 were higher in patients with pump failure and 

cardiac rupture than in those without, and patients with increased peak HMGB1 levels were more likely 

to die from cardiac causes. Furthermore, HMGB1 levels were directly proportional to brain natriuretic 

peptide levels 6 months after MI.80 These results suggest that HMGB1 exerts deleterious actions on the 

myocardium after infarction. However, two independent research groups have documented that 

increased availability of local HMGB1 actually prevents adverse ventricular remodeling after experimental 

MI.79, 82 Takahashi et al. have nicely demonstrated that rats injected with HMGB1 in the peri-infarct area 

21 days after MI had higher left ventricular ejection fractions within a week. The main mechanisms 

behind this effect were decreased fibrosis and inflammation.79 Furthermore, Kitahara et al. showed, 

using transgenic mice, that cardiac-specific overexpression of HMGB1 improved cardiac function and 

increased survival rate after MI.82 The researchers attributed the protective effect of HMGB1 to 

neovascularization in the border zone, resulting in smaller infarct size 28 days after infarction. In another 

study, mouse hearts injected with HMGB1 in the peri-infarct zone (4 h after MI) showed attenuated 

ventricular dilatation and enhanced cardiac function.83 The study investigators suggested that the 

therapeutic effect of HMGB1 was related to increased cardiac regeneration. HMGB1 injection induced 

proliferation of cardiac progenitor cells expressing the surface marker c-kit and their differentiation into 

cardiomyocytes.83 Further exploration of this mechanism in vitro revealed that HMGB1 might act as a 

paracrine factor that stimulates secretion of growth factors, cytokines and chemokines from cardiac 

fibroblasts. HMGB1 also stimulated c-kit-expressing cells to differentiate into an endothelial lineage,84 

supporting the findings by Kitahara et al. Added support for the findings of these studies was provided 

by Kohno and collaborators, who showed that neutralizing endogenous HMGB1 by injecting anti-HMGB1 

antibodies increased left ventricular dimensions and worsened both systolic and diastolic performance 

after experimental MI in rats.80

In contrast to these apparently beneficial therapeutic effects of increased local HMGB1 availability in 

experimental models of chronic ischemia, systemic increase of HMGB1 before myocardial I/R injury has 

been shown to be deleterious. In HMGB1-pretreated mice, infarct size increased by 30% after myocardial 

I/R injury compared with control mice.85 This detrimental effect was mediated by RAGE and characterized 

by increased NFκB activity and TNF and interleukin 6 production. Furthermore, in cardiomyocytes stimulated 

with HMGB1 in culture, contractility decreased in a protein kinase C-dependent manner.86 HMGB1 also has 

a key role in sepsis-related lethality and distant organ failure.87, 88 Cardiac dysfunction is often observed in 

patients with sepsis89 and, therefore, we suggest that HMGB1 serves as a myocardial-depressant factor.
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One possible explanation for discrepancies in the abovementioned studies might lie in the application 

of different MI models. In a nonreperfused infarction model, neoangiogenesis is a dominant mediator 

of cardiac remodeling and improves cardiac repair.10 In I/R models, however, inflammation is accelerated 

and is detrimental to cardiac function and viability.10 Neoangiogenesis can be considered as an 

inflammatory process;90, 91 therefore, enhanced inflammation by local HMGB1 delivery in a nonreperfused 

ischemic heart model will enhance neoangiogenesis and cardiac repair. By contrast, enhanced 

inflammation by HMGB1 delivery in an I/R model further increases inflammation and leads to 

deterioration in cardiac function (Figure 4). In both models, HMGB1 enhances inflammation, but the 

outcome differs, as inflammation has negative effects in I/R injury but is favorable in the angiogenic 

response after chronic ischemia. For this reason, careful evaluation of HMGB1 as a therapeutic target 

after cardiac ischemia is required. Special care should be taken in patients with a high risk of malignant 

cell formation, such as those with a history of cancer, since HMGBs have carcinogenic properties and 

can induce angiogenesis in tumors.92, 93

hyaluronic acid and fibronectin-EDA
HSPs and HMGB1 are considered to be DAMPs released from apoptotic or necrotic cells caused by 

ischemia and reperfusion. However, the dynamic alterations of the ECM during cardiac repair also have 

a great impact on the immune responses after an episode of severe cardiac ischemia. ECM degradation 

products as well as de novo synthesized matrix molecules might act as endogenous DAMPs.

Hyaluronic acid is a large polysaccharide that acts as a shock-absorbent molecule for matrices such as 

cartilage. Hyaluronic acid is part of the ECM in normal hearts. After MI, however, hyaluronic acid is 

fragmented into soluble low molecular weight (LMW) hyaluronic acid and its deposition in the myocardium 

is substantially increased.94 Hyaluronic acid has the ability to bind water and resist flow,95 thereby 

contributing to interstitial edema in the infarcted myocardium.96 Both LMW and high molecular weight 

(HMW) hyaluronic-acid fragments are ligands for TLR2 and TLR4. However, whereas LMW hyaluronic 

acid is proinflammatory, HMW hyaluronic acid exerts antiapoptotic and anti-inflammatory actions. The 

exact role of hyaluronic-acid fragments after infarction remains to be studied. Although both LMW and 

HMW hyaluronic acid are ligands for TLR2 and TLR4, one cannot exclude the possibility that the anti-

inflammatory effect of HMW hyaluronic acid is due to binding to a yet unrecognized receptor.90, 97-101

Figure 4. Divergent HMGB1-mediated responses after ischemia. HMGB1 enhances inflammation. In the setting of 
myocardial ischemia-reperfusion injury, this enhancement in inflammation further increases tissue damage. However, 
enhanced inflammation in the setting of chronic ischemia stimulates neoangiogenesis and thus has protective effects 
after infarction. Abbreviation: HMGB1, high mobility group protein B1.
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Fibronectin is a multifunctional adhesive ECM glycoprotein, which contains an alternatively spliced exon 

encoding type III repeat extra domain A (EDA), an exon that is transcribed only during embryogenesis 

and after tissue injury in tissue and circulating cells. EDA serves as a ligand for integrin α4β1 and induces 

cell adhesion within the newly formed matrix.102 In addition, EDA acts as an endogenous ligand for both 

TLR2 and TLR4.103 In vitro, EDA induces proinflammatory gene expression and activates monocytes.103 

We have shown that, in mice, EDA is indeed upregulated after MI and returns to baseline levels 4 weeks 

thereafter. More importantly, fibronectin-EDA−/− mice exhibited improved survival and cardiac function 

and reduced expansive remodeling of the left ventricle after experimental MI. Furthermore, fibronectin-

EDA expression within the myocardium triggered adverse remodeling after bone-marrow 

transplantation.104 These findings support the hypothesis that fibronectin-EDA serves as an endogenous 

ligand for TLR and is released after cardiac injury to activate circulating cells after MI. In vivo, the lack 

of fibronectin-EDA led to suppressed inflammation in the postinfarction myocardium, decreased TLR2 

expression on peripheral blood monocytes, and reduced fibrosis via altered myofibroblast 

transdifferentiation without affecting proper scar formation.104

Cardiac myosin
Chronic inflammation of the myocardium and subsequent dilated cardiomyopathy were described as 

consequences of autoantibodies against cardiac myosin.105, 106 Zhang et al. demonstrated that cardiac 

myosin acts as an endogenous ligand for TLR2 and TLR8.107 At the present time, however, whether 

cardiac myosin has a role in reperfusion injury or adverse remodeling after MI is unknown. We can 

speculate that myosin released after infarction could exert detrimental effects via binding to and 

activation of TLR2 in leukocytes, resulting in increased infarct size after reperfusion. Future studies are 

mandatory to elucidate the potential role of cardiac myosin as a DAMP in MI.

ConCLusIons

Detrimental inflammatory responses in cardiac ischemia have been consistently observed over several 

decades. Despite our detailed understanding of inflammation in heart failure or after acute MI, novel 

therapeutic strategies from the preclinical arena have not yet been introduced into the clinical setting. 

TLRs are ideal candidates to bridge the gap between cardiac-related injury and circulating mediators 

of inflammation, because TLRs can recognize injury-related molecules.

Evidence exists that TLRs are indeed crucial for postinfarct healing processes but are also mediators of 

reperfusion injury. They can be activated by molecules released after cell stress, cell death, or both. 

Endogenous activators of TLRs are interesting as therapeutic targets and are likely to be safe because 

most of them are only released after tissue injury and might not have a systemic biological function 

under physiological conditions. Some endogenous ligands enhance viability and cardiac repair, whereas 

others have deleterious actions. Purification of beneficial DAMPs for therapeutic applications is an 

attractive idea, but it is also very challenging. Contamination of endogenous TLR-activator isolations 

with endotoxins or other material can not only alter study results, but also hamper clinical 

application.

In theory, every single molecule that normally resides within the cell is a potential DAMP when released 

after cell death. The relative contribution of these signals to postischemic injury can differ, thereby 

making it possible to identify several candidate molecules with a major impact in postischemic 
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inflammation. In addition, genetic variations can influence the responsiveness of the immune system 

to certain DAMPs and, therefore, be of great importance to cardiac repair mechanisms. For this reason, 

future studies should address genetic determinants of processes associated with DAMP signaling. 

Furthermore, the research conducted so far has focused on leukocyte/lymphocyte and cardiomyocyte 

function after altering innate immune activity. However, fibroblast transdifferentiation is crucial in 

postinfarct repair responses. TLRs could also exert their action by affecting myofibroblast function and 

differentiation after cardiac ischemia, although this possibility remains to be studied.

Our current body of knowledge about the role of DAMPs in the infarcted myocardium does not explain 

why local enhancement of several candidates-as opposed to their systemic elevation-improves cardiac 

function. A better understanding of both spatial and temporal functions of endogenous ligands will be 

of utmost importance to the development of successful therapies for cardiac ischemia.

ovERvIEw oF thE thEsIs
The main topic of the thesis is to study novel approaches that may enhance cardiac repair after MI. We 

have taken the ‘danger model’ as a theoretical framework  to design our animal experiments. In Part 

I, Chapter 2 demonstrates that circulating cells expressing TLR2 are involved in reperfusion-induced 

injury after cardiac ischemia.  Using a mouse I/R injury model, we show that systemic TLR2 inhibition 

reduces infarct size and improves cardiac function. In Chapter 3, we established a successful translation 

of murine results into a porcine model, which is physiologically and anatomically more relevant to the 

human situation. We showed that a novel humanized anti-TLR2 antibody reduces infarct size and 

improves cardiac function in pigs after myocardial I/R injury. While previous chapters discussed 

interventions that targeted circulating cells to reduce cardiac injury, Chapters 4-7 introduce exosomes 

as a novel therapeutic to directly enhance myocardial viability. Chapter 4 describes the purification of 

exosomes from mesenchymal stem cell (MSC) secretion and infarct size reduction after exosome 

administration in mice. In Chapter 5, we investigated fetal tissue as an alternative source for MSC 

derivation due to restricted access to clinical grade human embryonic stem cells. In addition, we studied 

whether immortalization would be an option to have access to infinite supply of MSCs and higher 

production rate of exosomes (Chapter 6). In Chapter 7 we explored the molecular mechanisms and 

physiological consequences of infarct size reduction exerted by exosomes.

In Part II, we used a chronic coronary artery ligation model to study left ventricular remodeling 

independent from infarct size. Chapter 8 reports that chronic inhibition of TLR2 signaling in circulating 

cells prevents adverse remodeling after MI. In Chapter 9, we show that fibronectin-EDA may serve as 

a DAMP and mediates post-infarct inflammation and ventricular remodeling. In Chapter 10, we 

demonstrate that haptoglobin is crucial for scavenging oxidative stress in the infarcted heart, thereby 

reducing the DAMP-burden after MI. The experiment shows that in the absence of haptoglobin early 

repair mechanisms and long-term remodeling are severely impaired.

Part III (Chapter 11-15) provides a general discussion, summary of the thesis and additional 

information.
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Background 

Reperfusion therapy for myocardial infarction is hampered by detrimental inflammatory responses 

partly via Toll-like receptor (TLR) activation. Targeting TLR signaling may optimize reperfusion therapy 

and enhance cell survival and heart function after myocardial infarction. Here we evaluated the role of 

TLR2 as a therapeutic target using a novel monoclonal anti-TLR2 antibody.

Methods and Results

Mice underwent 30 minutes ischemia, followed by reperfusion. Compounds were administered 5 

minutes prior to reperfusion. Cardiac function and dimensions were assessed at baseline and 28 days 

post-infarction, using 9.4T mouse-MRI. Saline and IgG isotype treatment resulted in 34.5±3.3% and 

31.4±2.7% infarction, respectively. Bone marrow transplantation experiments between wild-type and 

TLR2null mice revealed that final infarct size is determined by circulating TLR2 expression. A single 

intravenous bolus injection of anti-TLR2 antibody reduced infarct size to 18.9±2.2% (p=0.001). Compared 

to saline, anti-TLR2 treated mice exhibited less expansive remodeling (end-diastolic volume: 68.2±2.5 

μL versus 76.8±3.5 μL; p=0.046), and preserved systolic performance (ejection fraction: 51.0±2.1% vs. 

39.9±2.2%, p=0.009; systolic wall thickening: 3.3±6.0 versus 22.0±4.4%, p=0.038). Anti-TLR2 treatment 

significantly reduced neutrophil, macrophage and T-lymphocyte infiltration. Furthermore, TNFα, IL1α, 

GM-CSF and IL-10 were significantly reduced as were phosphorylated-c-JNK, phosphorylated-p38-MAPK 

and Caspase 3/7 activity levels.

Conclusions

Circulating TLR2 expression mediates myocardial I/R injury. Antagonizing TLR2 5 minutes prior to 

reperfusion reduces infarct size and preserves cardiac function and geometry. Anti-TLR2 therapy exerts 

its action by reducing leukocyte influx, cytokine production and pro-apoptotic signaling. Hence, 

monoclonal anti-TLR2 antibody is a potential candidate as an adjunctive for reperfusion therapy in 

patients with myocardial infarction.

Circulation. 2010;121(1):80-90

Myocardial ischemia/reperfusion injury is mediated by 

leukocytic TLR2 and reduced by systemic administration  

of a novel anti-TLR2 antibody
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Early restoration of blood flow through the occluded coronary artery is currently the most effective 

therapy to limit infarct size and preserve cardiac function and geometry after acute myocardial infarction 

(MI)1. Nevertheless, reperfusion alone is insufficient to save endangered myocardium, since complications 

due to loss of viable myocardium are still common after MI even after restoration of blood flow. 

Furthermore, studies have clearly demonstrated that reperfusion following ischemia causes additional 

cell death and increase of infarct size, termed myocardial ischemia/reperfusion (I/R) injury. Many 

interventions aiming at reducing myocardial I/R injury have proven to be successful in experimental 

studies, but fail in clinical settings2. Administration of experimental compounds prior to the ischemic 

period, rather than in the late ischemic period prior to reperfusion, is one reason for the failure of 

successful translation in the clinic3, 4.

Myocardial I/R injury is characterized by a rapid increase of cytokines and chemokines and influx of 

leukocytes into the endangered myocardial region3. Inflammatory responses after myocardial I/R injury 

are detrimental for cell survival and extra cellular matrix integrity via enhanced activation of pro-

apoptotic signaling pathways. The extent of cardiomyocyte apoptosis determines infarct size and 

subsequent heart function. Mitogen activated protein kinases c-Jun N-terminal kinase (c-JNK) and p38 

mitogen-activated protein kinase (p38-MAPK) are well documented as pro-apoptotic mediators of 

myocardial I/R injury5. Indeed, cardiac infarct healing and post-MI remodeling are also processes, in 

which leukocytes, cytokines and chemokines play both a beneficial and detrimental role6. For example, 

administration of methylprednisolone results in more frequent cardiac ruptures7 despite infarct size 

reduction in animal models8, 9. Hence, the challenge lies in ameliorating the detrimental inflammatory 

response, while leaving the tissue repair response unaffected. 

Modulating Toll-like receptor (TLR) activation may enhance the ‘good’ and blunt the ‘bad’ of the 

inflammatory response after myocardial I/R injury. TLRs are expressed by leukocytes and recognize 

pathogen associated molecular patterns in order to defend the host from invading microorganisms. 

TLRs are also capable of recognizing endogenous ‘danger signals’ released during cell death10. More 

intriguing is the fact that TLRs are also expressed on cells with no direct role in host innate immune 

responses, like endothelial11 cells and cardiomyocytes12. Upon activation, TLRs exert their inflammatory 

response through NF-κB translocation to the nucleus13. Therefore, inhibition of TLRs may provide new 

therapeutic options after myocardial infarction. This view is supported by recent observations in TLR 

knock-out mice. For example, ex vivo experiments show that TLR2-/- hearts perform better compared 

to wild type (WT) after myocardial I/R injury14.  TLR2-/- mice are protected against endothelial dysfunction 

after myocardial I/R injury15, whereas TLR2 stimulation impairs cardiomyocyte contractility via NF-κB16. 

Furthermore, deficient TLR2 or 4 signaling in mice prevents adverse cardiac remodeling resulting in 

preserved cardiac function and geometry after MI17, 18. This evidence suggests that preventing TLR 

activation may be beneficial after MI, through prevention of myocardial I/R injury and enhancement 

of tissue repair responses. In this study we show, in vivo, the relative contribution of TLR2 in parenchymal 

and circulating blood cells to myocardial I/R injury. In addition, we have demonstrated that treatment 

with a novel anti-TLR2 monoclonal antibody reduces myocardial I/R injury and preserves cardiac function 

and geometry. 
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REsuLts

tLR2 on hematopoietic cells mediates myocardial I/R injury
Using an in vivo mouse model of myocardial I/R injury (30 min. ischemia followed by reperfusion), saline 

treatment results in 34.5±3.3% IS/AAR (Figure 1). TLR2-/- mice show an infarcted area of 23±2.9% (~33% 

reduction, p=0.029). Final infarct size is determined by hematopoietic derived TLR2. TLR2-/-/WT BM are 

not protected against myocardial I/R injury, as shown by similar infarct size to saline treated WT mice 

(33.9±3.2% vs. 34.5±3.3%; p=1.0). WT/TLR2-/- BM are protected against myocardial I/R injury to the 

same extent as complete TLR2-/- mice, resulting in approximately 34% reduction of infarct size (22.9±2.7% 

vs. 34.5±3.3%; p=0.024). The extent of endangered myocardium was similar in all animals. The mean 

AAR/LV is approximately 41% (Figure 1 in the online data supplement). Bone marrow transplantation 

itself after radiation does not affect final infarct size, since no significant difference in infarct size occurs 

in WT/WT BM and in TLR2-/-/ TLR2-/- BM.  

oPn-301 selectively inhibits human mononuclear tLR2, reduces infarct size and preserves 
heart function in vivo 
Systemic inhibition of TLR2 could prevent myocardial I/R injury, since TLR2 on circulating cells mediates 

myocardial I/R injury. Hence, we studied the therapeutic potential of OPN-301, a novel monoclonal 

antibody against TLR2. OPN-301 is a mouse IgG1 antibody that inhibits TLR2 mediated responses in 

mouse, pig, monkey and human (data not shown), indicating that it is specific for a critical epitope.  

Figure 1. Circulating TLR2 expression mediates MI/R injury. Infarct size (IS) as a percentage of the area at risk (AAR). 
Representative cross-sections after TTC staining are shown below corresponding bars. Each bar represents Mean±SEM; 
n=10/group; *p=0.019, †p=0.014, ‡p=0.013 compared to saline. TLR2 KO=Toll-like receptor 2 knock-out; WT/TLR2KO 
BM=wild-type mice with TLR2 KO bone marrow; TLR2 KO/WT BM=TLR2 KO mice with WT bone marrow; WT/WT 
BM=wild-type mice with wild-type bone marrow; TLR2 KO/TLR2 KO BM=TLR2 knock-out mice with TLR2 knock-out 
bone marrow. 
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The IC50 for OPN-301 in human peripheral blood monocytes ranges from 50-100 ng/ml for TNFα, and 

is slightly lower for both IL-1α and IL-6 (approximately 25ng/ml). NF-κB activation is inhibited in human 

mononuclear THP-1 cells pretreated with OPN-301, after Pam-3-CSK4 (P3C) stimulation (selective ligand 

for TLR2) (Figure 2a). However, NF-κB activation does occur after lipopolysaccharide (LPS) stimulation 

pretreated with OPN-301 (Figure 2b). These results demonstrate that OPN-301 selectively inhibits TLR2 

signaling. Furthermore, OPN-301 prevents NF-κB activation in a dose dependent manner (Figure 2a). 

TNFα production after P3C stimulation in a mouse macrophage cell line was also highly inhibited in 

cells pretreated with OPN-301, compared to IgG1 isotype control (Figure 2c). In vivo, a single dose of 

OPN-301 administered 5 minutes prior to reperfusion reduces infarct size to 18.9±2.2% (~45% reduction, 

p=0.001 compared to saline; Figure 3a). Also the infarct size reduction reveals a dose dependent 

correlation (Figure 3b).  Both IgG isotype and SB239063 treatments do not reduce infarct size, resulting 

in 31.4±2.7% (p=0.931 compared to saline) and 31.7±2.4% (p=0.956 compared to saline) infarction 

within the area at risk, respectively (Figure 3a). AAR/LV was similar between the treatment groups 

(p>0.937 compared to saline treatment; Figure 1 in the online data supplement). Both TLR2 and CD11b 

expression in monocytes decrease till the end of the 30 minutes of ischemia, whereas 1 hour reperfusion 

causes an increase of TLR2 and CD11b expression. Post-reperfusion TLR2 and CD11b expression in 

monocytes is inhibited upon anti-TLR2 treatment (Figure 3c and d). 

Figure 2. OPN-301 prevents NF-κB activation and TNFα production though selective inhibition of TLR2. (A) NF-κB  
activity after P3C (100 ng/ml) stimulation in OPN-301 and IgG isotype (ranging from 0 to 10 μg/ml) treated THP-1 
blue cells. Note the dose response in OPN-301 treated cells. (B) NF-κB activity in treated cells (OPN-301 and IgG 
isotype) after LPS (1 ng/ml) stimulation. Control NF-κB activity in ligand-treated cells without antibody (OPN-301 or 
IgG isotype) was set as 1. All differences are significant at p<0.01 level. (C) TNFα production in J774 cells. Note the 
dose response in OPN-301 treated J774 cells; *p<0.001, unpaired students T test. Each bar represents Mean±SEM, 
three independent experiments performed in duplicate. 
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In concordance with the extensive infarct development, saline treatment significantly deteriorates LV 

volumes and ejection fraction (Figure 4a; movie 1 in the online data supplement). In contrast, OPN-301 

treated animals show preserved LV volumes and cardiac performance, as shown by significant smaller 

end-systolic (p=0.021) and end-diastolic volumes (p=0.046) and higher ejection fraction (p=0.009) 

compared to saline treatment (Figure 4a; movie 2 in the online data supplement). Furthermore, OPN-

301 treated animals show preserved regional LV function. SWT in both remote and infarct area and EF 

are significantly higher in OPN-301 treated animals (Table 1). In line with the prevention of reperfusion 

injury (Figure 3), mice treated with anti-TLR2 antibody exhibit reduced scar formation after 28 days 

infarction (Figure 4b and c). No difference is observed in any of the hemodynamic parameters measured 

(i.e. heart rate, blood pressure) between the animals (data not shown).

Anti-tLR2 treatment reduces inflammation after myocardial I/R injury in vivo
To further elucidate the role of leukocytes in our treated animals, we studied the influx of neutrophils 

and macrophages after myocardial I/R injury. OPN-301 treatment results in reduced neutrophil influx 

after 1 hour, 1 day and 3 days post-reperfusion compared to both saline and IgG isotype treatment 

(Figure 5a). 

Figure 3. anti-TLR2 treatment reduces infarct size. (A) Infarct size (IS) as a percentage of area at risk (AAR) upon 
treatment with SB239063, IgG isotype and OPN-301. TLR2 KO serves as an illustrative control; n=10/group, *p=0.001, 
†p=0.016. (B) Dose response of OPN-301 in infarct size reduction; n=6/group, *p=0.028; NS=non significant (C) TLR2 
and (D) CD11b expression levels in monocytes. No differences are observed at baseline and after 30 minutes of 
ischemia. After 1 hour reperfusion, OPN-301 treatment inhibits both TLR2 (*p=0.001) and CD11b (†p<0.001 compared 
to saline) expression in monocytes n=5/group; Each bar represents Mean±SEM; MFI=mean fluorescence intensity
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table 1. Wall thickness (WT), systolic wall thickening (SWT) and ejection fraction (EF) 28 days post-reperfusion 
injury.

Baseline 28 days Baseline 28 days

WT septum  
(remote, mm)

0.79±0.02 0.81±0.02 0.76±0.01 0.81±0.02

WT free wall  
(infarct, mm)

0.83±0.01 0.92±0.05 0.86±0.03 0.90±0.03

SWT septum  
(remote, %)

43.7±4.4 33.3±3.2 48.5±3.3 49.0±4.8†

SWT free wall 
(infarct, %)

54.8±1.4 3.3±6.0* 50.2±3.9 22.0±4.4*‡

EF (%) 42.6±2.1 39.9±2.2 45.8±2.4 51.0±2.1§

Mann-Whitney U test: *p<0.001 compared to baseline; †p=0.021, ‡ p=0.038 and §p=0.009 compared to saline 
treatment; Data are represented as Mean±SEM, n=8/group.

Figure 4. Cardiac function and geometry at baseline and 28 days post-infarction. (A) Saline treatment results in 
22.8±12.3% increase in end-systolic volume (ESV) and 13.9±6.9% increase in end-diastolic volume (EDV). However, 
OPN-301 treatment preserves ESV and EDV. Sham operation does not affect cardiac function and geometry; n=8/
group; *p=0.021, †p=0.046 compared to saline treatment. (B) Scar area as a percentage of the left ventricle in mice 
after 28 days infarction; *p=0.003 compared to saline treatment. (C) Representative 4-chamber MR images and 
scarred tissue (Picrosirius Red staining) 28 days post MI/R injury. Each bar represents Mean±SEM; 
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Figure 5. anti-TLR2 treatment reduces leukocyte influx after MI/R injury. (A) Number of neutrophils in the infarcted 
area in treated animals after 1 hour, 1 day and 3 days reperfusion; *p=0.006, **p<0.001, ***p=0.008 compared to 
saline; †p=0.018, ††p=0.04, †††p=0.04 compared to IgG isotype treatment. (B) Number of macrophages after MI/R 
injury. *p<0.001 compared to saline, †p=0.004 compared to IgG isotype treatment. (C) Number of T-lymphocytes 
after MI/R injury, *p=0.002, **p=0.08 compared to saline; †p=0.046, ††p=0.041 compared to IgG isotype treatment. 
(D) Representative sections of neutrophil (1 day post MI/R injury), macrophage (3 days post MI/R injury) and 
T-lymphocyte (1 day post MI/R injury) influx. Each bar represents Mean±SEM, n=6/group per time point.
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After 1 day, macrophages enter the myocardium to remove necrotic cells (e.g. neutrophils, myocytes) 

and debris, contributing to post-MI extracellular matrix remodeling19. OPN-301 treated animals show 

a reduction of macrophage influx, consistent with our previous observation (Figure 5b). T-lymphocyte 

influx was also highly reduced in OPN-301 treated animals after 1 hour and 1 day reperfusion (Figure 

5c and d; remaining representative sections are in Figure 2 through 4 in the online data supplement). 

The reduced influx of leukocytes after OPN-301 treatment may be caused by changes in peripheral 

blood composition upon treatment. Whole blood analyses revealed no differences between saline and 

OPN-301 treatment after 1 and 3 days reperfusion (Figure 5 in the online data supplement). 

In addition, we studied cytokine and chemokine expression levels in ischemic/reperfused hearts. Mice 

treated with OPN-301 show diminished tissue TNFα levels at all time points, whereas saline and IgG 

isotype treatment results in increased levels of TNFα (Figure 6a). Significant reduction upon OPN-301 

treatment is also seen in the levels of IL-1α (at 1 day reperfusion; Figure 6b), IL-10 (at all time points; 

Figure 6c) and GM-CSF levels (responsible for monocyte maturation and activation) at all time points 

(Figure 6d). We performed quantitative PCR to investigate if the highly reduced inflammation at tissue 

level depends on changes in chemotactic and adhesive factors in the heart. At the mRNA level, monocyte 

Figure 6. Anti-TLR2 treatment reduces tissue levels of inflammatory cytokines. (A) TNFα levels are almost diminished 
upon OPN-301 treatment after MI/R injury. *p=0.016, **p=0.039, ***p=0.047 compared to saline; †p=0.036, 
††p=0.001, †††p=0.031 compared to IgG isotype treatment. (B) IL1α levels, *p=0.018 compared to saline, †p=0.007, 
††p=0.038 compared to IgG isotype treatment. (C)  IL10 levels are almost diminished upon OPN-301 treatment, 
*p=0.034, **p=0.002, ***p=0.013 compared to saline, †p=0.05 compared to IgG isotype treatment. (D) Reduced 
GM-CSF levels upon OPN-301 treatment, *p=0.033, **p=0.017, ***p=0.041 compared to saline, †p=0.042 compared 
to IgG isotype treatment. Each bar represents Mean±SEM, n=6/group/time point.
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chemotactic protein (MCP)-1, intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion 

molecule (VCAM)-1 expression do not correlate with the observed decrease in leukocyte infiltration. 

While expression levels are the same at 1 hour reperfusion, MCP-1 and ICAM-1 are significantly 

decreased upon OPN-301 treatment after 1 day reperfusion (p=0.008 and p=0.059 respectively compared 

to saline; Table 1 in the online data supplement). 

Anti-tLR2 treatment inhibits pro-apoptotic signaling pathways after myocardial I/R injury 
in vivo
Having established that anti-TLR2 treatment with OPN-301 is a potent suppressor of key markers of 

inflammation, we next sought to examine the effects of OPN-301 on critical signaling pathways involved 

in cardiac function and remodeling. Anti-TLR2 treated mice exhibit less activation of pro-apoptotic 

signaling pathways compared to saline treatment. At all time points after reperfusion, the levels of 

Figure 7. Pro-apoptotic signaling in hearts after MI/R injury. (A) Phosphorylated c-JNK levels are decreased upon 
OPN-301 treatment, *p=0.049, **p=0.024, ***p<0.001 compared to saline; †p=0.005, ††p=0.045 compared to IgG 
isotype treatment. (B) Phosphorylated p38-MAPK levels, *p=0.044, **p=0.016, ***p=0.008 compared to saline, 
†p=0.006 compared to IgG isotype treatment. (C) Caspase 3/7 levels, *p=0.005, **p=0.005 compared to saline; 
†p=0.03, ††p=0.024 compared to IgG isotype treatment.  Each bar represents Mean±SEM, n=6/group/time point. 
Phosphoprotein levels are expressed as pg/ml and Caspase 3/7 activity is expressed as relative light units (RLU). Both 
assessments are corrected for total protein concentration.
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phosphorylated c-JNK (Figure 7a) and phosphorylated p38-MAPK are significantly decreased (Figure 

7b). In line with this observation, OPN-301 treated animals show highly reduced Caspase 3/7 activity 

levels after 1 hour and 1 day reperfusion (Fig 7c).

 

DIsCussIon

Many advances in clinical cardiology for the treatment of acute myocardial infarction have aimed at 

restoring epicardial flow in the occluded coronary artery. Indeed, restored epicardial flow is a prerequisite 

for cardiomyocyte salvage, however, injury to both endothelial cells and cardiomyocytes occur due to 

reperfusion therapy. As a consequence of restored flow, both myocardial perfusion and cardiomyocyte 

survival is hampered, causing a paradoxical increase in cell death and deterioration in cardiac function. 

Since the phenomenon of myocardial I/R injury was first described by Jennings et al.20 in 1960, a 

significant amount of research has been conducted to elucidate the mechanisms that underlie myocardial 

I/R injury and investigate cardioprotective interventions. Despite the increased knowledge about 

underlying mechanisms, none of the experimental interventions has proven to be effective in the clinic. 

Only a few have been shown to reduce surrogate markers of myocardial I/R injury21 or to have an effect 

in secondary end-points22. This highlights the fact that myocardial I/R injury is a complex pathological 

condition23, to which a clinical therapy remains a great challenge.  The discovery of Toll-like receptors 

(TLRs) in the cardiovascular system has greatly contributed to our current knowledge on how the 

inflammatory reaction initiates and enhances myocardial I/R injury and post-infarct remodeling24. 

Furthermore, previous studies using TLR knock-out animals provide evidence for TLRs as novel 

therapeutic targets in the cardiovascular system. 

We have shown that TLR2-dependent circulating blood components mediate myocardial I/R injury. 

Interestingly, our study is supported by earlier observations in which ex vivo Langendorff-perfused 

hearts showed similar infarct size after myocardial I/R injury25, 26. Feng et al.27 and Sakata et al.28 showed 

similar infarct size after global myocardial I/R injury in MyD88-/- (downstream of both TLR2 and TLR4) 

and TLR2-/- hearts compared to wild-type littermates. Our study shows that circulating and not 

parenchymal TLR2 determines final infarct size, which explains the negative observations in Langendorff 

perfused heart experiments. 

Our experiments demonstrate that anti-TLR2 treatment could potentially be applied successfully in human 

patients with acute myocardial infarction. First, we used a novel anti-TLR2 monoclonal antibody treatment 

to inhibit TLR signaling in vivo, which can potentially be used in humans. Secondly, we chose a clinically 

applicable time point for drug administration in the setting of acute myocardial infarction. Finally, 28 day 

survival experiments demonstrate long-term efficacy of an anti-TLR2 treatment. We have demonstrated 

that treatment of mice with OPN-301 reduces infarct size by approximately 45% and prevents subsequent 

deterioration of cardiac function and geometry, after a single intravenous bolus just 5 min prior to 

reperfusion. Hence, it has the potential to be effective when it is administered to patients with AMI in 

the ambulance or emergency room, before reperfusion therapy through primary percutaneous transluminal 

coronary angioplasty (PTCA). Our model also showed that the p38-MAPK inhibitor SB239063 did not 

reduce infarct size, when given in the late ischemic period prior to reperfusion. We chose this compound 

as positive control based on experimental data in which it was effective when administered before 

ischemia29. Our study emphasizes the importance of a clinically relevant model (i.e. in which compounds 

are given in the late ischemic period) to test therapeutic drugs in the pre-clinical stage. 
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OPN-301 exerts its action through selectively inhibiting TLR2 signaling in leukocytes. It suppresses 

leukocyte infiltration in the post-ischemic/reperfused myocardium partly via CD11b downregulation, 

without affecting peripheral blood composition. Levels of highly potent inflammatory cytokines involved 

in cardiomyocyte injury and cardiac dysfunction (reviewed in ref. 6) are substantially decreased or even 

diminished. The decreased levels of cytokines are consistent with the reduction in infarct size and 

preserved heart function. In addition, decreased neutrophil, macrophage and T-lymphocyte infiltration 

occurs upon OPN-301 treatment and is not likely due to decreased chemotaxis and adhesion, but rather 

decreased activation of these leukocyte subsets. Only the expression of MCP-1 is significantly decreased 

at day 1 after myocardial I/R injury. Decreased infiltration, however, is already seen after 1 hour 

reperfusion and infarct size increase does not occur beyond the first day. This is in accordance with our 

notion that circulating TLR2 plays a crucial role in myocardial I/R injury and not parenchymal TLR2.  The 

exact mechanism by which TLR2 inhibition leads to decreased leukocyte infiltration remains to be 

addressed. One possible mechanism is that TLR2 inhibition prevents activation of circulating cells by 

endogenous ‘danger signals’. Endogenous ligands released during cardiomyocyte necrosis (e.g. HMGB1) 

may act as an activating ligand for TLRs30. 

Our study also demonstrates that IgG isotype antibody, used as a negative control in our experiments, 

has several non-significant anti-inflammatory effects. It does not reduce infarct size, however, when 

compared to saline treatment we do observe a slightly decreased neutrophil influx (Figure 5a) and 

slightly reduced IL-1α (at 3 days) IL-10 (at 1 and 3 days) and GM-CSF levels (at 3 days; Figure 6). These 

observations point towards binding of IgG isotype antibodies to membrane bound Fc-receptor. This 

notion must be considered when isotype controls are used, especially in in vitro assays using single 

cells (lacking total organ functional assessments) with inflammatory markers as a read-out.

In summary, our study shows that myocardial I/R injury is mediated by TLR2 dependent blood 

components. Inhibition of TLR2 with OPN301 reduces myocardial I/R injury, preserves cardiac function 

and geometry in vivo. The main mode of action of OPN301 is preventing the detrimental NF-κB mediated 

inflammation: reduction of leukocyte infiltration, reducing cytokine production, and reducing pro-

apoptotic signaling and apoptosis. Moreover, our study demonstrates that OPN-301 is a good candidate 

as an adjunctive therapeutic for patients undergoing PTCA, since it has shown to be effective when 

administered at a clinically applicable time point.
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MEthoDs

Animals and experimental design
TLR2-/- animals were backcrossed for 6 generations into a C57Bl6 background. Male C57Bl6/J and C57Bl6-

TLR2-/- mice (10-12 wks, 25-30 g) received standard diet and water ad libitum. Experimental compounds 

were administered via the tail vein, 5 minutes prior to reperfusion. Mice were given 250 μl of stock 

with either PBS, IgG isotype 10 mg/kg as a negative control (R&D systems), SB239063 0.5 mg/kg (a 

p38-MAPK inhibitor) as a positive control (Alexis Corp.) and OPN-301 10 mg/kg (kindly provided by 

Opsona Therapeutics Ltd.). Where possible, recommendations from the National Heart Lung and Blood 

Institute (NHLBI) Working Group on the Translation of Therapies for Protecting the Heart from Ischemia31 

were applied; the surgeon was blind to the treatment. Digital photos of infarcts were encrypted before 

being analyzed by the researcher. Heart function and geometry assessment was done by a technician 

blinded to treatment. All animal experiments are performed in accordance with the national guidelines 

on animal care and with prior approval by the Animal Experimentation Committee of Utrecht 

University. 

Myocardial ischemia/reperfusion injury in vivo
Mice were anesthetized with a mixture of Fentanyl® 0.05 mg/kg, Dormicum® 5 mg/kg and Domitor® 

0.5 mg/kg through an intraperitoneal injection. Atropine 0.05 mg/kg was subcutaneously administered 

after coronary ligation. Core body temperature was maintained around 37°C during surgery by 

continuous monitoring with a rectal thermometer and automatic heating blanket. Mice were intubated 

and ventilated (Harvard Apparatus Inc.) with 100% oxygen. The left coronary artery (LCA) was ligated 

for 30 minutes using an 8-0 vicryl suture with a section of polyethylene-10 tubing placed over the LCA. 

Ischemia was confirmed by bleaching of the myocardium and ventricular tachyarrhythmia. Reperfusion 

was initiated by releasing the ligature and removing the polyethylene-10 tubing. In sham operated 

animals the suture was placed beneath the LCA without ligating. Reperfusion of the endangered 

myocardium was characterized by typical hyperemia in the first few minutes. A piece of the loosened 

suture was left in place in order to determine ischemic area during termination. The chest wall was 

closed and the animals received subcutaneously Antisedan® 2.5 mg/kg, Anexate® 0.5 mg/kg and 

Temgesic® 0.1 mg/kg.

Generation of chimeric mice
We generated chimeric mice to study the relative contribution of TLR2 expression in blood and 

parenchymal cells to myocardial I/R injury. Donor bone marrow (BM) cells were collected from wild-

type (WT) C57Bl6 and TLR2 knock-out (TLR2-/-) mice by flushing humerus, femurs and tibiae with RPMI-

1640 medium. Recipient mice received 5x106 BM cells after receiving a single dose of 7 Gy. Mice 

recovered for 6 weeks to ensure stable engraftment of the donor bone marrow cells. Hereafter, 

chimerization was confirmed by phenotyping TLR2 expression on peripheral blood samples with 

Cytomics FC500 (Beckman Coulter) analysis. Successful chimerization (>95% circulating donor cells) 

was achieved in all mice (data not shown).  Irradiated WT mice with TLR2-/- bone marrow are referred 

as WT/TLR2-/-BM, and TLR2-/- mice with WT bone marrow as TLR2-/-/WT BM.
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Infarct size
Infarct size (IS) was determined 24 hours after myocardial I/R, and expressed as a percentage of the 

Area-At-Risk (AAR). The ratio AAR/LV is a measure for the extent of myocardial tissue that underwent 

ischemia and reperfusion (i.e. endangered area). The ratio IS/AAR is an accurate measure to determine 

infarct size within endangered myocardium and is the primary endpoint from which the efficacy of 

treatment is assessed. To determine the AAR, the LCA was ligated once again (at the level marked by 

the suture left in place) and 4% Evans blue dye was injected via the thoracic aorta in a retrograde fashion. 

Hearts were rapidly explanted, rinsed in 0.9% saline and put in -20ºC freezer for 1 hour. Hereafter, hearts 

were mechanically sliced into five 1-mm cross sections. Heart sections were incubated in 1% 

triphenyltetrazolium chloride (Sigma-Aldrich) at 37ºC for 15 minutes before placing them in formaldehyde 

for another 15 minutes. Viable tissue stains red and infarcted tissue appears white. Heart sections were 

digitally photographed (Canon EOS 400D) under a microscope (Carl Zeiss®). IS, AAR and total LV area 

were measured using ImageJ software (version 1.34).

Magnetic resonance imaging
Twenty-four mice (n=8/group) underwent serial assessment of cardiac dimensions and function by high 

resolution magnetic resonance imaging (MRI, 9.4 T, Bruker, Rheinstetten, Germany) under isoflurane 

anesthesia before and 28 days after myocardial I/R injury. Long axis and short axis images with 1.0 mm 

interval between the slices were obtained and used to compute end-diastolic volume (EDV, largest 

volume) and end-systolic volume (ESV, smallest volume). The ejection fraction (EF) was calculated as 

100*(EDV-ESV)/EDV. All MRI data are analyzed using Qmass digital imaging software (Medis, Leiden, 

The Netherlands).

nF-κB activation assay
THP1-BlueTM-CD14 cells (Invivogen, San Diego, USA) were used for in vitro efficacy assessment of OPN-

301. Detailed information on THP-1-Blue-CD14 cells is found in the online Data supplement at http://

circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.109.880187/DC1. The THP1-Blue-CD14 cells 

were incubated for 30 minutes with OPN-301 or IgG isotype, followed by 18 hours incubation at 37°C 

with Pam-3-CSK4 (P3C; 100 ng/ml) or Lipopolysaccharide (LPS; 1 ng/ml).  Quantification of NF-κB activity 

was done according to the manufacturers’ protocol.

Murine tnFα production assay
Mouse macrophage J774 cells (1x106/ml) were used for in vitro efficacy assessment of OPN-301. Cells 

were co-incubated with Pam3Csk4 (100 ng/ml) in the presence of a dose range of OPN301 and IgG1 

isotype control. Six hours post incubation at 37oC/5% CO2, supernatants were removed and TNFα was 

assayed by ELISA (Duoset, RnD Systems, UK). 

Immunohistochemistry
Upon termination, hearts were excised and snap frozen in liquid nitrogen. Frozen sections were stained 

for Ly-6G (for neutrophils; rat anti-mouse Ly-6G 1:200, Abcam, Cambridge, United Kingdom), MAC-3 

(for macrophages; rat anti-mouse MAC-3 1:50, BD Pharmingen, Breda, the Netherlands) and CD3 (for 

T-lymphocytes; rabbit anti-human CD3 1:100, Dako, Heverlee, Belgium) by overnight  incubation with 

the first antibody at 4°C for MAC-3 or by 1 hour incubation at RT for Ly-6G and CD3. Detailed information 

on secondary antibodies and incubation time is found in the online Data Supplement at http://circ.

ahajournals.org/cgi/content/full/CIRCULATIONAHA.109.880187/DC1. 
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Quantification of scar area after 28 days infarction was performed using Picrosirius Red staining of 4% 

formalin fixated and paraffin embedded heart sections. Analysis was done with circularly polarized light 

and digital image microscopy. Total scar area was determined as the percentage positive staining of the 

left ventricular wall.

Protein and RnA isolation
Total RNA and protein were isolated from snap frozen infarcted heart sections using 1 ml TripureTM 

Isolation Reagent (Roche) according to the manufacturers’ protocol.

Caspase 3/7 activity
The level of apoptosis after treatment was assessed using the Caspase-Glo® 3/7 assay kit (G8090; 

Promega, Madison, USA). One microliter protein sample was diluted 24 μl assay buffer, and the protocol 

is further followed according to the manufacturer’s instructions.

Flow Cytometry
TLR2 and CD11b expression on circulating monocytes of EDTA anticoagulated blood was analyzed by 

flow cytometry (Cytomics FC500, Beckman Coulter).  Whole blood was stained for TLR2 (fluorescein 

isothiocyanate (FITC); eBioscience, San Diego, USA), CD11b (FITC; Serotec, Oxford, UK) and F4/80 for 

monocytes (Alexa fluor 647; Serotec, Oxford, UK). 

Peripheral blood composition was determined using fluorescent antibodies for monocytes (CD14-FITC; 

BioLegend, San Diego, USA), neutrophils (Ly6G-APC; RnD systems, Abingdon, UK) and lymphocytes 

(CD3-FITC; eBioscience, San Diego, USA).  

Tumor necrosis factor (TNF)-α, interleukin (IL)1α, IL10 and granulocyte macrophage-colony stimulating 

factor (GM-CSF) levels in isolated protein samples were measured using the Th1/Th2 multiplex (Bender 

MedSystems, Vienna, Austria). The protein samples were diluted 1:1 in assay buffer, and the protocol 

is further followed according to the manufacturer’s instructions. 

Phosphorylated target protein for p38-mitogen activated protein kinase (MAPK; Thr180/Tyr182), c-Jun 

N-terminal kinase (c-JNK; Thr183/Tyr185) were measured using the Bio-Plex Multiplex Assay (Bio-Rad 

Laboratories) according to the instructions of the manufacturer, after 1:8 dilution in assay buffer.

Polymerase chain reaction
Gene expression levels of Monocyte Chemotactic Protein (MCP)-1, Inter Cellular Adhesion Molecule 

(ICAM-)1 and Vascular Cell Adhesion Molecule (VCAM-)1  were quantified using quantitative polymerase 

chain reaction (qPCR). Further information is found in the online Data Supplement at http://circ.

ahajournals.org/cgi/content/full/CIRCULATIONAHA.109.880187/DC1. 

statistical analysis
Data are represented as Mean±SEM. One-way ANOVA with post-hoc 2-sided Dunnet-t test adjustment 

(saline was set as control) was used to compare infarct size between groups. Non-parametric t-test for 

TLR2 expression data analysis and one-way ANOVA post-hoc LSD test was used for comparison of 

cytokine and protein levels between the groups and one-way ANOVA post-hoc Dunnett’s T3 test for 

mRNA data. All statistical analyses were performed using SPSS 15.1.1. and p < 0.05 was considered 

significant. 
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Background

Toll-like receptor (TLR)-2 is an important mediator of innate immunity and ischemia/reperfusion-induced 

cardiac injury. We have previously shown that TLR2 inhibition reduces infarct size and improves cardiac 

function in mice. However, the therapeutic efficacy of a clinical grade humanized anti-TLR2 antibody, 

OPN-305, in a large animal model remained to be addressed.

Methods and Results

Pigs (n=10/group) underwent 75 minutes ischemia, followed by 24 hours reperfusion. Saline or OPN-

305 (25, 12.5 or 6.25 mg/kg) was infused intravenously 15 minutes before reperfusion. Cardiac function 

and geometry were assessed by echocardiography. Infarct size was calculated as the percentage of the 

area-at-risk (IS/AAR). Flow cytometry analysis revealed specific binding of OPN-305 to porcine TLR2. In 

vivo, OPN-305 exhibited a half-life of 8±2 days. Intravenous administration of OPN-305 prior to 

reperfusion resulted in smaller infarct size (47% reduction, p=0.024) compared to saline treatment. 

Pigs treated with all three doses of OPN-305 showed a significant preservation of systolic performance, 

whereas saline treatment completely diminished the contractile capacity of the infarct area. 

Conclusions

OPN-305 significantly reduced infarct size and preserves cardiac function in pigs after I/R injury. Hence, 

OPN-305 is a promising adjunctive therapeutic for patients with acute MI.

Under revision

Treatment with OPN-305, a humanized anti-Toll-like receptor-2 

antibody, reduces myocardial ischemia/reperfusion injury in pigs
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Blood flow restoration through the culprit coronary artery is necessary to save endangered myocardium 

after acute myocardial infarction (MI). It is well established that early reperfusion limits infarct size (IS) 

and improves clinical outcome of patients suffering from acute MI.1 Nevertheless, current reperfusion 

therapy remains suboptimal since complications after MI are an increasing burden to society. 

Furthermore, additional cell death occurs during the reperfusion phase caused by detrimental 

inflammatory responses.2, 3 Innate immune responses are major contributors to cell death via deleterious 

pro-inflammatory cytokine release and cell-to-cell interactions between leukocytes and cardiomyocytes. 

Previous experiments clearly show a ‘window of opportunity’ for adjunctive therapeutic strategies 

targeting innate immune responses to increase myocardial viability and survival.4 Unfortunately, most 

immune modulating interventions that have proven to be effective in experimental studies failed in the 

clinical setting.5 Drug administration before the ischemic period and lack of large animal testing are key 

reasons for the failure of successful translation in the clinic. In order to achieve clinical relevance, 

experimental compounds need to be administered in the late ischemic period or during reperfusion, 

while large animals have greater physiological relevance to human compared to murine models of 

myocardial infarction.6, 7

Reperfusion triggers the activation of innate immunity and accelerates inflammation in the heart.8 

Blood flow restoration after ischemia results in infarct size increase, therefore hampering the true 

potential of reperfusion therapy.2 Adjunctive therapies inhibiting innate immunity have shown to further 

limit infarct size after myocardial ischemia/reperfusion (I/R). However, a completely abolished 

inflammatory response is detrimental for repair responses, since inflammation is critical for proper 

wound healing.9, 10 For example, corticosteroid administration reduces infarct size but results in aneurysm 

formation and rupture of the myocardium after infarction.11, 12 

The discovery of Toll-like receptors (TLRs) have increased the therapeutic value of innate immune 

modulating interventions13. Originally known as pathogen recognition receptors that mediate innate 

immunity, TLRs have also been shown to recognize endogenous molecules released after tissue injury, 

also referred to as “danger signals”.14 These “danger signals” released after cell death are thought to 

engage with TLRs to induce innate immune signaling.15-18 TLR and subsequent Nuclear Factor-kappa B 

(NF-κB) activation are key mediators of innate immunity in I/R injury. Innate immune activation after 

reperfusion results in a positive feedback loop characterized by an accelerated cytokine and chemokine 

release and subsequent leukocyte infiltration to the ischemic/reperfused myocardium. In turn, the 

enhanced inflammatory status in the heart depresses cardiomyocyte function and cell viability.4, 19 In 

addition, excessive inflammation is detrimental for extracellular matrix (ECM) integrity and structure 

due to enhanced protease activity and pro-fibrotic changes in the remote myocardium.20 Inhibition of 

TLR signaling has the potential to dampen inflammation, intervening at the level of immune activation 

by endogenous danger signals. Lack of TLR2 signaling has been shown to be protective against 

cardiomyocyte and endothelial cell dysfunction after I/R injury.21-23 We have previously shown that 

OPN-301, a murine monoclonal anti-TLR2 antibody against human TLR2 that cross reacts with murine 

TLR2, reduces infarct size and improves cardiac function in mice.24 OPN-301 significantly reduced 

inflammation and pro-apoptotic signaling in the heart. Prior to this study, it was unclear if TLR2 inhibition 

would be effective in a large animal model with physiological and anatomical relevance to humans. In 

the present study, we demonstrate in a clinically relevant model, that TLR2 inhibition prior to reperfusion 

reduces infarct size and improves systolic performance in pigs using a clinical grade humanized TLR2 

antagonist, OPN-305.
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REsuLts

specificity and half-life determination of oPn-305
As shown in Figure 1, the humanized anti-TLR2 antibody OPN-305 binds specifically to porcine TLR2. 

Hereafter, we characterized the pharmacokinetics of OPN-305 by intravenous administration at 3 

different doses (n=4/group) in pigs: 25, 12.5 and 6.25 mg/kg. An OPN-305 specific ELISA was developed 

at Opsona Therapeutics Ltd. in the presence of pooled pig plasma, in order to determine the half-life 

of OPN-305. As shown in Figure 1, there is a dose-dependent Cmax, as expected, and that all three doses 

exhibit a half-life of 8±2 days. 

oPn-305 treatment Prior to Reperfusion Reduces Infarct size  
Having established the pharmacokinetics and binding capacity of OPN-305 to porcine cells, we 

investigated the therapeutic efficacy of inhibiting TLR2-mediated myocardial I/R injury in pigs. Forty 

pigs underwent myocardial I/R injury (n=10/group). Two pigs (6.25 and 25 mg/kg treated) died after 

surgery due to post-infarct ventricular fibrillation. Seven animals met the exclusion criteria and were 

excluded from all analyses (4 pigs with <20% AAR; 3 pigs >95% infarction). Intravenous OPN-305 

administration 15 minutes prior to reperfusion reduced infarct size in all treated groups (IS/AAR; Figure 

2A). However, only 12.5 mg/kg reached statistical significance (47% reduction compared to saline 

treatment; p=0.024). The extent of endangered myocardium during ischemia (AAR/LV) did not differ 

between the groups (Figure 2B). 

oPn-305 Improves systolic Function After Myocardial I/R Injury
Transthoracal 2-dimensional echocardiographic analyses revealed no differences between the groups 

in cardiac function and geometry at baseline. One day after reperfusion, there was no difference in 

global ejection fraction (EF) between the groups (Figure 3A). However, fractional shortening (FS) was 

higher in OPN-305 treated animals (Figure 3B). In line with decreased infarct size and improved FS, local 

systolic function (systolic wall thickening (SWT)) of the infarct area was significantly enhanced in OPN-

305 treated animals (Figure 3C). Whereas saline treatment resulted in complete loss of contraction of 

Figure 1. Binding and half-life of OPN-305. OPN-305, detected by FACS, binds to porcine PBMCs (2 individual porcine 
samples).  Plasma concentration of OPN-305 at 25, 12.5 and 6.25 mg/kg doses after single bolus administration. 
Each bar represents Mean±SEM, n=4/group for in vivo experiments.
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the infarct area (as shown by a negative SWT index), OPN-305 treatment at all doses significantly 

preserved systolic performance. There was no difference in the amount of reperfusion-induced edema 

after 24 hours (wall thickness (WT); Figure 3D). The increased systolic performance in OPN-305 treated 

animals was also supported by a trend towards a decrease in end-systolic volume (ESV) in a dose 

dependent manner, whereas end-diastolic volume (EDV) did not differ between the groups 1 day after 

reperfusion (Figure 3E).

 

Figure 2. OPN-305 reduces infarct size. (A) Infarct size as a percentage of the area at risk (IS/LV); *p=0.024 compared 
to saline treatment. (B) The extent of ischemic/reperfused myocardium as percentage of the left ventricle (AAR/LV). 
Each bar represents Mean±SEM, n=8 for saline, n=7 for 25 mg/kg, n=9 for 12.5 mg/kg and n=7 for 6.25 mg/kg treated 
groups. Representative TTC-stained cross-section of hearts are shown for each group.
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Figure 3. OPN-305 improves systolic performance after I/R injury. Baseline and post-infarct (A) Global ejection 
fraction (EF). (B) Fractional shortening (FS); *p=0.011 compared to saline treatment. (C) Systolic wall thickening 
(SWT) of infarct and remote area; *p=0.031, †p=0.006 ‡p=0.019 compared to saline treatment. (D) Wall thickness 
(WT) of infarct and remote area. (E) End-systolic and end-diastolic volume (ESV and EDV, respectively). Each bar 
represents Mean±SEM.
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DIsCussIon

Current therapy for patients suffering from acute MI is early reperfusion of the ischemic myocardium. 

Recent technical (e.g. stents) and pharmacological (e.g. glycoprotein IIaIIIb inhibitors) advances have 

resulted in a significant decline of infarct-related deaths over the past decade. However, increased 

survival after acute MI also led to increased morbidity due to excessive tissue loss in the surviving 

patients. Fortunately, experimental and clinical studies have clearly demonstrated that adjunctive 

therapeutics to reperfusion offer the potential to further enhance myocardial viability after infarction. 

One of the potential therapeutic options is to reduce detrimental activation of innate immunity after  

myocardial I/R injury. TLRs have shown to be a critical mediator of innate immunity as a first-line defense 

against pathogens as well as ischemia-induced cardiac injury.4, 13, 19 Injury-related endogenous activators, 

referred to as “danger signals”, released after cell death are thought to activate TLRs and initiate 

deleterious inflammatory responses.15-18 There is a great amount of evidence that shows the pivotal 

role of TLR2 in I/R injury of various organs.8 Previous studies have clearly demonstrated that TLR2 

mediates I/R injury of the myocardium and endothelial cells.22, 23 Recently, we have shown that myocardial 

I/R injury is mediated by expression of TLR2 on circulating cells. More importantly, OPN-301 (a mouse 

anti-TLR2 antibody) administration just prior to reperfusion reduced infarct size and improved cardiac 

function in mice.24 These data provided a rationale to assess the therapeutic efficacy of a humanized 

anti-TLR2 antibody, OPN-305. In the present study, we determined the therapeutic potential of TLR2 

inhibition using a porcine myocardial I/R model that is more physiologically relevant to the human 

situation compared to mice.

First, we confirmed that OPN-305 binds specifically to porcine TLR2. In vivo, OPN-305 exhibited a half-

life of  8-9 days. The relatively short half-life reduces long-term inhibition of TLR2, thereby decreasing 

the risk for a potential unfavorable effect of chronic TLR2 inhibition.

Secondly, we assessed the therapeutic efficacy of OPN-305 using a porcine myocardial I/R injury model. 

In line with our previous studies,24 we observed a significant reduction in infarct size of approximately 

45% in 12.5 mg/kg OPN-305 treated animals compared to saline treated pigs. Although the highest 

and lowest dose of OPN-305 also reduced infarct size, it did not reach statistical significance. There is 

1 pig in both groups with a relative large infarct size that impairs the statistical power in the 25 and 

6.25 mg/kg groups. We also did not observe a dose response in our study. One possible explanation 

may be that all three doses were already above the least required dose to achieve a therapeutic effect. 

In our previous mouse study, we observed that 5 mg/kg resulted in a non-significant infarct size 

reduction.24 Based on in vitro data, the IC50 in blood assays is approximately 1-2 μg/ml. A rough 

estimate of the blood volume in a 70 kg pig is 5 liters, giving an approximate liquid fraction of 2.5 liters. 

At a dose of 6.25mg/kg, the total amount of antibody administered is 437.5mg. Based on estimated 

blood volume and amount administered, the highest theoretical blood concentration of OPN-305 is 

175μg/ml. This is already several fold higher than the required concentration to achieve IC50. As such, 

any dose above 6.25mg/kg should be as efficacious. The dose of 25mg/kg in the current study was 

chosen based on an in vivo pilot study (data not shown), and lower doses were chosen on a serial 

dilution basis.

We excluded 7 animals for 2 reasons: too small area at risk (AAR) and failure to reperfuse the ischemic 

myocardium. AAR is one of the most important determinants of final infarct size: the greater the AAR, 

the larger the infarct within the left ventricle. The size of the AAR is determined by the extent of 
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myocardium perfused by a) the culprit coronary artery and b) collateral flow. In our study, ischemia 

was induced by ligating the proximal LCx coronary artery. Previous experiments showed that coronary 

ligation at this site results in approximately 33% of endangered myocardium within the left ventricle.25 

The relatively small AAR in 4 pigs is probably due to anatomical variation seen in outbreed animals.7 

Despite the coronary occlusion at the very proximal level, collateral flow may have caused for sufficient 

perfusion behind the ligation. This notion is supported by the fact that 3 excluded pigs had no infarction 

at all, despite 75 minutes of coronary occlusion. The 4th pig showed 100% infarction within the small 

AAR (6%), which resembles a non-perfused ischemia model. For this reason, we excluded 3 pigs with 

>95% infarction. In addition to AAR, the ischemic duration is another important determinant of final 

infarct size. We used 75 minutes ischemia followed by 24 hours reperfusion, since damage to the 

myocardium using this model does not result in transmural infarctions. Infarctions caused by 75 minutes 

ischemia and reperfusion are characterized by patchy, endocardial and midmyocardial infarctions. The 

fact that almost the entire AAR was infarcted in 3 pigs suggests that reperfusion did not occur after 

releasing the coronary ligation. It is very likely that this is caused by thrombus formation, despite an 

intensive anti-coagulant regime. Pigs are known for their hypercoagulability.26 For this reason we used 

acetylisalicylic acid, clopidogrel (both loaded prior to surgery) and heparin prior to ischemia to target 

3 different pathways involved in coagulation: Tromboxane-A2 and ADP-receptor mediated platelet 

aggregation, and Thrombin/FXa mediated coagulation, respectively. Nevertheless, the individual 

coagulability in these 3 outbreed pigs may have varied and thus may have caused thrombus formation 

despite 3 different anti-coagulants.

Finally, OPN-305 significantly improved systolic performance within the infarct area. The systolic wall 

thickening (the percentage increase of myocardial thickening during contraction) within the infarct 

region was significantly higher in OPN-305 treated pigs compared to saline treatment. Moreover, saline 

treatment resulted in a complete loss of contractile performance (bulging; as shown by a negative 

SWT index), whereas all OPN-305 treated animals still showed some residual contractility within the 

infarct area. These findings are in line with the higher myocardial viability seen in OPN-305 treated 

animals as shown by the TTC staining. Although not statistically significant, these results were supported 

by a trend towards smaller ESVs. Smaller ESVs suggests that OPN-305 treated animals were able to 

pump more blood out of the left ventricle. In addition, FS (measured by the percentage change in left 

ventricular diameter perpendicular to the infarct and remote region) was also significantly improved 

in OPN-305 treated animals. The fact that saline treatment resulted in similar global EF is likely 

attributable to compensatory actions of adjacent non-ischemic regions in these animals. In the current 

study, only the center of the AAR and the remote myocardium (septal wall) were used to assess local 

function.

In conclusion, administration of OPN-305 15 minutes prior to reperfusion results in a significant reduction 

of infarct size and improves systolic performance in a porcine I/R model. The efficacy in this large animal 

model indicates that it has great clinical potential. Our study provides a solid rationale to assess the 

therapeutic efficacy of OPN-305 in patients suffering from acute MI.
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MEthoDs

Animals and Experimental Design
Forty (n=10/group) female Topigs 20 (van Beek SPF pig farm B.V., Lelystad, the Netherlands; 65-70 kg 

of weight; 4-5 months of age) underwent 75 minutes of ischemia followed by 24 hours of 

reperfusion. 

Experimental compounds were intravenously administered 15 minutes prior to reperfusion (infusion 

rate 200 ml/hour). Pigs were given 50 ml of stock with either saline, 25, 12.5 or 6.25 mg/kg.  Where 

possible, recommendations from the National Heart, Lung and Blood Institute (NHLBI) Working Group 

on the Translation of Therapies for Protecting the Heart from Ischemia were applied.5 Analysis of infarct 

size and functional data was done by researchers blinded for the treatment. All animal experiments 

were performed in accordance with the national guidelines on animal care and with prior approval by 

the Animal Experimentation Committee of Utrecht University. 

Administration of oPn-305 to Determine half-Life
OPN-305 was administered intravenously to a separate group of 12 pigs (4/group) at the following 

doses: 6.25mg/kg, 12.5mg/kg and 25mg/kg. The pigs were bled via an indwelling central venous catheter 

at the following time points; pre-administration and at 5, 30 min., 1, 2, 4, 6, 12, 24 hours, 2, 3, 4, 7, 10, 

14, 18, 22, 28, 35 and 42 days after OPN-305 injection. Plasma was derived from the samples, aliquoted 

and frozen at -20˚C. Determination of OPN305 in plasma was achieved using a quantitative ELISA based 

approach. 

Premedication & Anesthesia
All animals were pretreated with amiodarone (400 mg/day; start 10 days prior to surgery), clopidogrel 

(75 mg/day; start 3 days prior to surgery) and acetylsalicylic acid (80 mg/day; start 10 days prior to 

surgery). To treat post-surgical pain, pigs were given fentanil patches (25 µg/hr; Durogesic® Janssen-

Cilag, the Netherlands) 1 day before surgery. Pigs were sedated with intramuscular injection with 

ketamin (10 mg/kg), midazolam (0.5 mg/kg) and atropine (0.04 mg/kg). Hereafter, sodium thiopental 

(5 mg/kg) was given intravenously, prior to intubation. Intravenous administration of amoxicillin/

clavulanic acid (1000/100 mg) was given before surgery.

Prior to ventilation (tidal volume 10 ml/kg; respiration rate 12/minute; oxygen/air mixture), a bolus 

injection of midazolam (0.5 mg/kg) and sufentanil citrate (6 µg/kg) was given intravenously. Metoprolol 

(5 mg) was administered before and after infarction. Amiodarone (300 mg) was given intravenously prior 
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to incision. Pigs were kept under anesthesia during the surgical procedure using intravenous infusions 

of midazolam (1 mg/kg/hr), sufentanil citrate (6 µg/kg/hr) and pancronium bromide (0.1 mg/kg/hr). 

surgical Procedures
For the pharmacokinetic studies, percutaneous tunneled sterile silicone central venous catheters (right 

external jugular vein) were inserted and flushed daily with 250 IE heparin diluted in 5 ml saline. The tip 

of the catheter was placed 10 cm through the external jugular vein in the vena cava superior, while the 

syringe fitting end was placed dorsally in the neck for easy conscious blood drawing.

For the induction of infarctions, pigs were anesthetized and electrocardiogram, arterial blood pressure 

and capnogram were continuously monitored. Core body temperature was kept constant at 37°C. A 

midsternotomy was performed to open the mediastinal cavity. The pericardium was opened and a 2-0 

prolene suture was placed beneath the proximal left circumflex (LCx) coronary artery. Heparin (15.000 

IE) was given to prevent thrombus formation in the LCx during and after ischemia. Ischemia was induced 

by ligating the LCx between the suture and a polyethylene tube. Ischemia was confirmed by 

electrocardiogram. Reperfusion was initiated by releasing the ligature and removing the polyethylene 

tubing. A piece of the loosened suture was left in place to determine the ischemic area upon termination. 

Thoracic drains were placed to remove excessive fluid and air from the thoracic cavity and the sternum 

was closed. Weaning from mechanical ventilation and subsequent extubation occured after unassisted 

breathing for several times.

Echocardiography
End-diastolic and -systolic volume (EDV, ESV), ejection fraction (EF), wall thickness (WT), systolic wall 

thickening (SWT) and fractional shortening (FS) were determined using short- and long-axis transthoracic 

ultrasound image acquisition. Echocardiography was performed at baseline and 24 hours after 

reperfusion. Short- and long-axis images were obtained for EF calculation. WT, SWT and FS were 

calculated at basal level on short-axis images. EF = 100*(EDV - ESV)/EDV; SWT = 100*(wall thickness ED 

- wall thickness ES)/wall thickness ED; FS = 100*(ED diameter - ES diameter)/ED diameter.

Infarct size
Infarct Size (IS) is expressed as a percentage of the Area-At-Risk (AAR). The ratio AAR/LV is a measure 

for the extent of myocardial tissue that underwent ischemia and reperfusion (i.e. endangered area). 

The ratio IS/AAR is an accurate measure to determine infarct size within the endangered myocardium 

and is the primary endpoint from which the efficacy of treatment is addressed.

To determine the AAR, the LCx was ligated again (at the level marked by the suture left in place) and 

50 ml 4% Evans’ blue dye was injected via the apex in the left ventricular cavity. Hearts were rapidly 

explanted, rinsed in 0.9% saline and mechanically sliced into 4-5 cross-sections. Heart sections were 

weighed and incubated in 1% triphenyltetrazolium chloride (Sigma-Aldrich) at 37ºC for 10 minutes. 

Viable tissue stains red and infarcted tissue appears white.  Heart sections were digitally photographed 

(Canon EOS 400D) under a microscope (Carl Zeiss®). IS, AAR and total LV area were measured using 

ImageJ software (version 1.43) and corrected for the weight of the corresponding slice. 

Exclusion Criteria
Operated pigs were excluded for all analysis based on a small AAR (AAR/LV<20%) and failure to reperfuse 

the ischemic myocardium (IS/AAR>95%). 
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FACs staining of Cells
Porcine PBMCs were purified using Polymorphprep (Axis-Shield) as per manufacturer’s instructions. 

Cells were washed and resuspended in 1% BSA in PBS. Cells were counted and 1x106 cells were used 

per tube. OPN-305 was used to stain porcine cells and a polyclonal preparation of human IgG4 (Sigma) 

was used as the isotype control staining as there was no monoclonal IgG4 isotype available. Binding 

was detected with PE conjugated anti-human IgG4 (Southern Biotech). All incubations were carried out 

on ice for 25 minutes with 3x washing in 1% BSA between each antibody step. Cells were fixed with 1% 

paraformaldehyde and acquired using a Dako Cyan prior to analysis using Summit version 4.3.

oPn-305 ELIsA
In brief, the ELISA format uses His-tagged TLR2 (50ng/ml) bound to nickel coated plates. After blocking 

with 1% BSA/0.05% Tween 20 in PBS, a standard curve of OPN-305 and quality control samples were 

added to the plate. Bound OPN-305 was detected using biotinylated anti-human IgG4 (1/5000) followed 

by conjugation of streptavidin HRP (1/5000). The signal was visualized using TMB and the reaction was 

stopped using sulphuric acid.

For each assay run to pass, it must reach the following criteria: (I) At least 75% of the calibration points 

to be within ±20% of the nominal concentration (%RE of the back-calculated values). Duplicate 

measurements of individual calibration points to have a CV of ≤20%. (II) Mean intra-batch precision of 

within ≤20% CV for the validation QC samples. (III) Mean intra-batch accuracy for validation QC samples 

to be within ±20% of the nominal concentration (%RE of the back-calculated values).  (IV)At least 67% 

of the QC samples should be within 20% of their respective nominal (theoretical) values: 33% of the 

QC samples can be outside the +/- 20% nominal value. (V) During the PK analysis, samples were diluted 

to ensure that they fall in the range of the curve. In the instance, for example, where a sample when 

diluted 1/100 and 1/1000 falls on the standard curve, the reading that has the a) lowest %CV and b) is 

falling on the linear part of the curve (not at the very top or very bottom of the curve) was taken as the 

concentration of the sample.

statistical Analysis
All data are expressed as Mean ± SEM. To correct for multiple comparisons, One-way ANOVA with 

post-hoc Dunnett t-test (saline treatment was set as control) was used to compare infarct size between 

groups. All statistical analyses were performed using SPSS 15.1.1. for Windows and p < 0.05 was 

considered significant.
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In this chapter we purified a homogenous population of 
microparticles, referred to as exosomes, which mediated 
the cardioprotective actions of mesenchymal stem cell 
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Background

Human ESC-derived mesenchymal stem cell (MSC)-conditioned medium (CM) was previously shown 

to mediate cardioprotection during myocardial ischemia/reperfusion injury through large complexes 

of 50-100 ηm. 

Methods and Results

Here we show that these MSCs secreted 50- to 100-ηm particles. These particles could be visualized 

by electron microscopy and were shown to be phospholipid vesicles consisting of cholesterol, 

sphingomyelin, and phosphatidylcholine. They contained coimmunoprecipitating exosome-associated 

proteins, e.g., CD81, CD9, and Alix. These particles were purified as a homogeneous population of 

particles with a hydrodynamic radius of 55-65 nm by size-exclusion fractionation on a HPLC. Together 

these observations indicated that these particles are exosomes. These purified exosomes reduced 

infarct size in a mouse model of myocardial ischemia/reperfusion injury.

Conclusions

MSC mediated its cardioprotective paracrine effect by secreting exosomes. This novel role of exosomes 

highlights a new perspective into intercellular mediation of tissue injury and repair, and engenders 

novel approaches to the development of biologics for tissue repair.

Stem Cell Res. 2010;4(3):214-22

Exosome secreted by MSC reduces myocardial ischemia/

reperfusion injury
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Mesenchymal stem cells (MSCs) derived from adult bone marrow have emerged as one of the most 

promising stem cell types for treating cardiovascular disease.1 Although the therapeutic effect of MSCs 

has been attributed to their differentiation into reparative or replacement cell types (e.g., cardiomyocytes, 

endothelial cells, and vascular smooth cells)2, 3, it remains to be established if the number of differentiated 

cell types generated is therapeutically relevant. Recent reports have suggested that some of these 

reparative effects are mediated by paracrine factors secreted by MSCs.4-7 In support of this paracrine 

hypothesis, many studies have observed that MSCs secrete cytokines, chemokines, and growth factors 

that could potentially repair injured cardiac tissue mainly through cardiac and vascular tissue growth 

and regeneration.8, 9 This paracrine hypothesis could potentially provide for a non-cell-based alternative 

for using MSCs in treatment of cardiovascular disease.1 Non-cell-based therapies as opposed to cell-

based therapies are generally easier to manufacture and are safer as they are nonviable.

We have previously performed an unbiased proteomic analysis of a chemically defined medium 

conditioned by highly expandable human ESC-derived MSC cultures.10, 11 We identified > 200 proteins 

in the secretion of these MSCs. Computational analysis of the secretome predicted that collectively, 

the secretome has the potential to repair injured tissue such as in myocardial ischemia/reperfusion 

(MI/R) injury. MI/R injury refers to cell death and functional deterioration that occurs during reperfusion 

therapy to restore blood flow and salvage cardiomyocytes at risk of dying from ischemia in an acute MI 

(AMI).12, 13 Therefore, the effectiveness of reperfusion therapy can be greatly enhanced by preventing 

reperfusion injury for which there is currently no treatment.14 We tested the computational prediction 

of tissue salvage during reperfusion injury in a pig and mouse models of MI/R injury. An intravenous 

bolus administration of MSC-CM just before reperfusion substantially reduced infarct size in both pig 

and mouse models of MI/R injury by ~ 60 and ~ 50%, respectively.15 There was also a significant 

preservation of cardiac function and reduction of oxidative stress as early as 4 h after reperfusion. 

However, the active component in the secretion and the mechanism by which it mediates this fast-acting 

effect on MI/R injury have not been elucidated.

It is obvious that the immediacy of this protective effect precludes the relatively lengthy process of 

gene transcription and tissue regeneration as part of the mechanism. Also, many of the secreted proteins 

are membrane and intracellular proteins, and are not known to cross plasma membranes readily. This 

suggests that if these proteins mediate the cardioprotective effect, the mechanism underlying the 

therapeutic effect of MSC secretion must involve a vehicle that facilitates crossing of membranes, thus 

representing a radical shift from our present understanding of MSC paracrine secretion which is limited 

to extracellular signaling by cytokines, chemokines, and growth factors. To better understand the 

cardioprotective paracrine effects of MSCs, we then systematically fractionated the MSC-CM using 

membranes with different molecular weight cut off (MWCO). Based on these fractionations, we 

demonstrated that the cardioprotective activity was in a > 1000-kDa MW fraction.15 This suggested that 

the cardioprotective effect was mediated by large complexes with a diameter of 50-100 nm.

Here we demonstrate that these large complexes are exosomes. By improving our proteomic analysis, 

we extended our previously reported list of 201 secreted proteins to 739 proteins and observed the 

presence of many exosome-associated proteins. Some of these proteins were in detergent-sensitive 

complexes. These proteins can be sedimented by ultracentrifugation together with the membrane 

phospholipids. Size-exclusion fractionation by HPLC and dynamic light scattering analysis revealed the 

presence of a population of particles with a hydrodynamic radius (Rh) of 55-65 nm. More importantly, 

this HPLC fraction reduced infarct size in a mouse model of MI/R injury.
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Cardioprotective secretion contains exosome-associated proteins that form multiprotein 
complexes
To identify the active component, we had previously fractionated the CM by ultrafiltration through 

membranes with different MWCO. It was shown that CM filtered through a membrane with MWCO of 

1000 kDa was not protective in a mouse model of MI/R injury.15 However, CM concentrated by 125 

times against a similar membrane was protective. We observed that after filtration through filters with 

a MWCO smaller than 0.2 mm such as 100, 300, 500, or 1000 kDa, the filtered CM was not cardioprotective 

(Figure 1A). In contrast, CM concentrated against a 1000-kDa membrane or a 100-kDa membrane to 

retain particles > 1000 or 100 kDa, respectively, was cardioprotective (Figure 1). These observations 

suggested that the active fraction consisted of large complexes of > 1000 kDa or had a predicted 

diameter of 50-100 nm. Consistent with this, visualization of the CM by electron microscopy revealed 

the presence of spherical structures with a diameter of 50-100 nm and the morphology of a lipid vesicle 

(Figure 1B). Based on this size range and morphology, we postulated that the likely candidate was a 

secreted phospholipid vesicle known as exosome.16, 17

To test this, we first determined if the CM contained the subset of proteins that are commonly found 

in exosomes such as CD9, CD81, and Alix.18 These proteins were not present in our previous proteomic 

profiling of the secretion.11 By making modifications to our proteomics methodology, we extended our 

list of proteins found in the MSC secretion from 201 to 739 proteins (Online Supplementary Table 1). 

Figure 1. Cardioprotective properties of CM fractions. (A) Saline, HEK293 CM, or different preparations of hESC-MSC 
CM were administered to a mouse model of MI/R injury as described under Materials and methods. The < 1000, < 
500, < 300, and < 100 kDa represented CM filtered sequentially with membranes that had MWCO of 1000, 500, 300, 
and 100 kDa, respectively. The > 100 kDa represented CM concentrated 50 times against a TFF membrane with 
MWCO of 100 kDa. The infarct size (IS) was expressed as a fraction of the area at risk (AAR) in the left ventricle. (B) 
Transmission electron microscopic picture of CM; scale bar represents 500 nm.
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The computationally predicted biological activities of this proteome suggested that the secretion will 

have significant biological effects on cardiac tissue injury and repair (Figure S1). The subsets of 

exosome-associated proteins CD9, CD81, and Alix were confirmed to be present in the secretion by 

Western blot analysis (lane 1, Figure 2A). The MW of CD9 and CD81 was the expected 25 and 22-26 

kDa, respectively. Consistent with our hypothesis that the large complexes are exosomes, we observed 

that CD9 and Alix coimmunoprecipitated with CD81, suggesting that these proteins were in a single 

complex (Figure 2A).

A 24-kDa CD9 sediments at 200 000 g and is retained by membrane with 500-kDa MwCo
As exosomes are routinely purified by ultracentrifugation19, we next determined if CD9 was associated 

with a large complex that can be precipitated by ultracentrifugation. The CM was first fractionated 

Figure 2. Presence of large lipid complexes in CM. (A) Coimmunoprecipitation of CD81, CD9, and Alix. After 
immunoprecipitation of hESC-MSC CM with anti-CD81 or mouse IgG, the immunoprecipitate (IP) and supernatant 
(S) were analyzed by Western blot hybridization using antibody against CD9 and Alix. (B) Size fractionation by 
ultrafiltration and ultracentrifugation. CM was concentrated 5X using a membrane with MWCO of 500 kDa. The 
retentate and the unfiltered CM were then ultracentrifuged at 200 000 g for 2 h. The supernatant and the pellet 
were analyzed by Western blotting for the presence of CD9. Lanes 1-3: Different protein amount of CM. Lanes 4 and 
5: The pellet (P) and supernatant (S) after ultracentrifugation of unfiltered CM. Lane 6: Retentate (R) after filtration 
of CM through a membrane with MWCO of 500 kDa. Lanes 7 and 8: The pellet (RP) and supernatant (RS) after 
ultracentrifugation of retentate. Lane 9: Filtrate (F) after filtration of CM through a membrane with MWCO of 500 
kDa. (C) Amount of cholesterol, spingomyelin, and phosphatidylcholine in CM and in the pellet after 200 000 g 
ultracentrifugation of the CM was assayed and quantitated as picomole per microgram protein.
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through a membrane (MWCO = 500 kDa) into a > 500-kDa retentate fraction and a < 500-kDa filtrate 

fraction followed by ultracentrifugation of both fractions. The 24-kDa CD9 was found in the > 500-

kDa retentate fraction and could be precipitated by ultracentrifugation (Figure 2B). CD9 was not 

detected in the < 500-kDa filtrate fraction. Consistent with our exosome hypothesis, major plasma 

membrane phospholipids such as cholesterol, sphingomyelin, and phosphatidylcholine were also 

precipitated by ultracentrifugation at 200 000 g for 2 h as evidenced by their enrichment in the 

precipitate (Figure 2C).

Proteins in the CM are associated with phospholipid membrane
As exosomes are phospholipid vesicles, they are known to have a typical density range of 1.10 to 1.18 

g ml−1 that could be resolved on sucrose gradients.19, 20 We therefore postulated that the flotation 

densities of the putative exosome-associated proteins would be different before and after release from 

such vesicles by a detergent-based buffer. Therefore, CM or CM pretreated with a detergent-based lysis 

buffer was fractionated on a sucrose density gradient by equilibrium ultracentrifugation. The fractions 

were analyzed for the distribution of CD9 and CD81. Both CD9 and CD81 which coimmunoprecipitated 

(Figure 2A) had a similar flotation density that was heavier than that expected of proteins in their MW 

range (Figure 3). Pretreatment with a detergent-based cell lysis buffer decreased the apparent flotation 

densities of CD9 and CD81 to that of proteins in a similar MW range (Figure 3). Our observations 

demonstrated that the detergent-sensitive flotation densities of proteins were consistent with their 

location in lipid vesicles.

Figure 3. Protein analysis of CM fractionated on a sucrose gradient density. CM or CM pretreated with lysis buffer 
was loaded on a sucrose density gradient prepared by layering 14 sucrose solutions of concentrations from 22.8 to 
60% (w/v) in a SW60Ti centrifuge tube and then ultracentrifuged for 16.5 h at 200 000 g, 4°C, in a SW60Ti rotor. The 
gradients were removed from the top and the density of each fraction was calculated by weighing a fixed volume 
of each fraction. The fractions were analyzed by Western blot analysis for CD9 and CD81 in CM (upper panel) and 
pretreated CM (lower panel). The distribution of a protein standard molecular weight marker set after fractionation 
in a similar gradient is denoted at the bottom of the figure.
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Exosomal proteins are either membrane bound or encapsulated
As many of the secreted proteins in the CM are known membrane or cytosolic proteins, we investigated 

if these proteins in the CM were also membrane bound or localized within the lumen of the putative 

exosomes by limited trypsinization. Membrane-bound proteins would expected to be partially resistant 

whereas luminal proteins are expected to be resistant to trypsinization. Treatment with a detergent-

based lysis buffer would abrogate this resistance. As expected, CD9, a membrane-bound protein was 

susceptible to trypsin digestion and generated two detectable tryptic peptide intermediates (Figure 4). 

In contrast, SOD-1, a cytosolic protein was resistant to trypsin digestion. Pretreatment of CM with a 

detergent-based cell lysis buffer abolished the resistance of CD9 and SOD-1 to trypsin digestion. The 

detergent-sensitive partial susceptibility of CD9 and resistance of SOD-1 to trypsin digestion were 

consistent with their localization in a lipid membrane and lumen of an exosome, respectively.

Purification of a homogeneous population of exosomes by hPLC fractionation
To demonstrate directly that the active cardioprotective component in the secretion is an exosome, 

CM and nonconditioned medium (NCM) were first fractionated by size exclusion on a HPLC column 

(Figure 5A). The eluent was monitored by absorbance at 220 nm and then examined by dynamic light 

scattering which has a hydrodynamic radius (Rh) detection range of 1 to 1000 nm. The first four eluting 

fractions in CM (F1-F4) were not present in the NCM and therefore represented secretion from the 

hESC-MSCs. F1, the fastest eluting fraction with a retention time of 12 min, represented the fraction 

containing the largest particles in the CM. The particles in F1 were sufficiently homogeneous in size 

such that they could be determined by dynamic light scattering to have a hydrodynamic radius (Rh) of 

55-65 nm. All other peaks contained particles that were too heterogeneous in size to be estimated by 

dynamic light scattering. F1 contained 4% of total protein input but contained  50% of the CD9 in the 

input (Figure 5B). Proteins were distributed among F2, F3, and F4 fractions according to the principle 

of size-exclusion fractionation such that larger proteins were eluted first in F2 followed by the smaller 

proteins in F3 and the smallest in F4 (Figure 5C). In contrast, proteins in the F1 fraction had a MW 

distribution that spanned the entire MW spectrum of F2, F3, and F4 (Figure 5C). The proteins in the F1 

fraction despite having a MW range of 20 to 250 kDa sedimented at a similar flotation density of 1.11-

Figure 4. Trypsinization of CM. CM treated with either PBS or lysis buffer was digested with trypsin and an aliquot 
was removed at 0.5, 2, 10, and 20 min. A trypsin inhibitor, PMSF, was then added to terminate the trypsinization 
reaction and the aliquots were analyzed for the presence of CD9 and SOD-1 by Western blot hybridization. 
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1.16 g/ml (Figure 6B) that was similar to that of CD9 in the CM (Figure 3). These features of the F1 

fraction, i.e., the presence of proteins with a wide spectrum of MW sizes and identical flotation density, 

the exclusive presence of CD9, and a homogeneous size, indicated that a homogeneous exosome 

population was purified from the CM by HPLC fractionation. When 0.4 μg of F1 protein was administered 

to a mouse model of MI/R injury 5 min prior to reperfusion, the F1 fraction reduced infarct size to the 

same extent as 3 μg CM protein (Figure 7A). All animals in this study had the same degree of endangered 

myocardium, as illustrated by similar area at risk within the left ventricle (Figure 7B).

Paracrine effect was mediated through heart tissues
For elucidating the mechanism of this paracrine effect, an important prerequisite is the identification 

of the target tissues. Here we determine that the paracrine effect on MR/I injury was a heart autonomous 

effect and was independent of circulating cells including immune cells. Using an ex vivo mouse 

Langendorff heart model of ischemia/reperfusion injury, we observed that conditioned medium reduced 

relative infarct size to the same extent as in a mouse model (Figure 8).

Figure 5. HPLC fractionation of CM. (A) HPLC fractionation and dynamic light scattering of CM and NCM. CM and 
NCM were fractionated on a HPLC using a BioSep S4000, 7.8 mm × 30 cm column. The components in CM or NCM 
were eluted with 20 mM phosphate buffer with 150 mM NaCl at pH 7.2. The elution mode was isocratic and the 
run time was 40 min. The eluent was monitored for UV absorbance at 220 nm. Each eluting peak was then analyzed 
by light scattering and signals as measured in voltage are represented by solid triangles. The eluted fractions, F1 
to F8, were collected, their volumes were adjusted to 50% of the input volume of CM, and an equal volume of 
each fraction was analyzed for (B) the presence of CD9 by Western blot hybridization. Lanes 1-3 were CM loaded 
at 2X, 1X, or 0.5X of the volume loaded used for each of the fractions, F1 to F8 (lanes 4-11), and therefore 
represented the equivalent of 100, 50, and 25% input CM. (C) Equal volumes of F1-F8 were separated on a SDS-
PAGE and then stained with silver.
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Figure 7. Cardioprotective exosomes. (A) 0.4 μg F1 protein was administered intravenously to a mouse model of 
MI/R injury 5 min before reperfusion. Infarct sizes (IS) as a percentage of the area at risk (AAR) on treatment with 
saline (n=10), conditioned medium from hESC-MSCs (n=6), and HPLC fraction (n=5) were measured. Saline treatment 
resulted in 34.5 ± 3.3% infarction. CM treatment resulted in 21.2 ± 2.6% infarction (p=0.022 compared to saline) and 
F1 fraction treatment resulted in 17.0 ± 3.6% infarction (p=0.004 compared to saline). (B) AAR as a percentage of 
the left ventricle (LV), showing the amount of endangered myocardium after MI/R injury. All animals were affected 
to the same extent by the operative procedure, resulting in 39.1 ± 2.2% of AAR among the groups. Each bar represents 
mean ± SEM.

Figure 6. Flotation densities. Flotation densities of proteins in CM and HPLC-purified F1 fraction were determined 
by fractionating CM and F1 onto a sucrose gradient density as described above. The 13 fractions for (A) CM and (B) 
F1 were separated on a SDS-PAGE and then stained with silver. (C) To evaluate the distribution of smaller proteins, 
the F1 was also assayed for CD9 (20 kDa) by Western blot hybridization. Proteins in the > 1.20 g/ml density fractions 
were denatured proteins.
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DIsCussIon

The trophic effects of MSC transplantation on ameliorating the deleterious consequences of myocardial 

ischemia have been implicated in several studies.4 Transplantation of MSCs into ischemic myocardium 

has been shown to induce several tissue responses such as an increased production of angiogenic 

factors and decreased apoptosis.21 It was postulated that these responses were better explained by 

secretion of paracrine factors than by differentiation of MSCs. In this context, MSCs were shown to 

secrete many growth factors and cytokines that have effects on cells in their vicinity. To date, many of 

these studies have focused exclusively on proteins that are known to be secreted. These proteins 

generally included cytokines, chemokines, and other growth factors.4 However, our unbiased proteomic 

profiling of proteins in the secretion of MSCs revealed an abundance of membrane and cytosolic 

proteins.11 This suggests that the trophic effects of MSCs may not be mediated by soluble growth factors 

and cytokines alone. This was underscored by our observation that the cardioprotective effects of CM 

were mediated by 50- to 100-nm complexes of > 1000 kDa and not small soluble proteins.

Based on the size of the complex, we postulated that the cardioprotective complex in the CM was likely 

to be an exosome. Exosomes are formed from multivesicular bodies with a bilipid membrane. They 

have a diameter of 40-100 nm and are known to be secreted by many cell types.16, 17 Electron microscopy 

confirmed that the CM contained lipid-like vesicles of about 50-100 nm in diameter. The functions of 

exosomes are not known but they are thought to be important in intercellular communications.  

Although exosomes are known to have a cell-type-specific protein composition, most carry a common 

subset of proteins that included CD9, CD81, Alix, TSP-1, SOD-1, and pyruvate kinase.18 CD9 and CD81 

are tetrapannin membrane proteins that are also localized in the membrane of exosomes. Consistent 

with the presence of exosomes, CM contained coimmunoprecipitating complexes of CD81, CD9, and 

Alix. Ultracentrifugation precipitated CD9 with phospholipids and cholesterol, suggesting that the CD81, 

Figure 8. Secretion reduced myocardial ischemia-reperfusion injury ex vivo. Perfusion buffer containing 3.5 μg/ml 
CM was used to perfuse mouse heart in an ex vivo mouse Langendorff heart model of MI/R injury 5 min before 
reperfusion. Infarct sizes (IS) as a percentage of the area at risk (AAR) on treatment with PBS (n=4) and CM (n=4) 
were measured after 3 h reperfusion. Langendorff_PBS treatment resulted in 49.3 ± 5.3% infarction. Langendorff_CM 
treatment resulted in 24.6 ± 4.4% infarction (p< 0.001 compared to Langendorff_PBS). As a reference for comparison, 
the in vivo effects of saline and CM on IS/AAR as described in Figure 7 are also included.
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CD9, and Alix complex was associated with a phospholipid vesicle. This was confirmed by the detergent-

sensitive flotation densities of these proteins where we demonstrated that the flotation densities of 

these proteins in the CM were that of phospholipid vesicles and that detergent treatment which 

dissolved phospholipid membrane altered the flotation densities of the proteins. We further 

demonstrated that CD9 in the CM was a membrane-bound protein while SOD-1 was localized within a 

lipid vesicle by their respective partial and complete resistance to trypsin degradation and the abrogation 

of this resistance by detergent. Taken together, our observations demonstrated that exosomes with a 

diameter of 50-100 nm are present in the CM and are therefore the likely candidate for the 

cardioprotective component in the CM. This was confirmed when a HLPC-purified homogeneous 

population of particles that had an enrichment of CD9 and a Rh of 55-65 nm substantially reduced 

infarct size in a mouse model of MI/R injury at a reduced protein dosage equivalent to  10% of the CM 

dosage. We further demonstrated using an ex vivo mouse Langendorff heart model of MI/R injury that 

this paracrine effect was a heart autonomous effect, and was independent of circulating cells, such as 

immune cells or platelets.

In summary, we have identified exosome as the cardioprotective component in MSC paracrine secretion. 

This involvement of exosomes represents a radical shift in our current understanding of the paracrine 

effect of MSC transplantation on tissue repair which hitherto has been limited to cytokine, chemokine, 

or growth factor-mediated extracellular signaling. It also highlights for the first time the role of exosome 

as mediator of tissue repair. As lipid vesicles, exosomes represent an ideal vehicle to effect an immediate 

physiological response to repair and recover from injury through the rapid intracellular delivery of 

functional proteins. Recently, it was demonstrated that in addition to proteins, microvesicles have the 

potential to mediate intercellular transfer of genetic material.22 Several tumor cell types23, 24, peripheral 

blood cells25, 26, endothelial progenitor cells27, and embryonic stem cells28 have been shown to secrete 

RNA-containing microvesicles. More importantly, these microvesicular RNA could be transferred to 

other cells and translated in the recipient cells.26-28 We also recently demonstrated that the MSC-derived 

exosomes described here also contained miRNAs and these miRNAs were predominantly in the precursor 

form.8 For ischemic/reperfused myocardium, this feature of rapid initiation of cellular repair through 

the intracellular delivery of functional proteins and possibly RNA is particularly critical as the time 

window for therapeutic intervention is very narrow. We speculate that the involvement of exosomes 

in cardioprotection may represent a general function of exosomes in tissue repair. It is possible that 

different cell types produce exosomes that are specific for certain type of cells or injuries. If true, this 

novel tissue-repair function of exosomes could potentially engender new approaches to the development 

of biologics.
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Preparation of CM
The culture of HuES9.E1 cells and preparation of HuES9.E1 CM were performed as described previously 

([Lian et al., 2007] and [Sze et al., 2007]). For the < 100-, < 300-, < 500-, or < 1000-kDa preparations in 

Figure 1, the CM was first concentrated 25X by tangential flow filtration (TFF) using a membrane with 

a 10-kDa MWCO (Sartorius, Goettingen, Germany) and then filtered sequentially through membranes 

with MWCO of 1000 kDa (Sartorius), 500 kDa (Millipore, Billerica, MA), 300 kDa (Sartorius), and finally 

100 kDa (Sartorius). All other CM and NCM used were concentrated 25X or 50X by TFF using a membrane 

with 10- or 100-kDa MWCO (Sartorius). The CM and NCM preparations were filtered with a 0.2-μm 

filter before storage or use.

Electron microscopy, antibody array assay, protein analysis
Electron microscopy, antibody array assay, and protein analysis were done using standard protocols; 

for details please refer to Online Supplementary Materials and Methods.

LC Ms/Ms analysis
Proteins in 2 ml of dialyzed CM or NCM were analysis by LC MS/MS using standard protocols with some 

modifications; for details please refer to Online Supplementary Materials and Methods.

Immunoprecipitation of exosome-associated proteins
Dynabead M-280 sheep anti-mouse IgG (Invitrogen Corporation, Carlsbad, CA) was washed using 0.1% 

BSA/PBS before incubation with mouse anti-human CD81 antibody for 2 h with gentle shaking at room 

temperature. The dynabeads were washed twice and incubated with CM with gentle shaking for 2 h at 

room temperature. The supernatant was then collected, and the dynabeads were gently washed twice 

before PBS was added. The supernatant and the dynabeads were denatured, resolved on 4-12% SDS-

PAGE, and analyzed by Western blotting.

sucrose gradient density equilibrium centrifugation
To generate the sucrose gradient density for centrifugation, 14 sucrose solutions with concentrations from 

22.8 to 60% were prepared and layered sequentially in an ultracentrifuge tube (Beckman Coulter Inc., CA) 

starting with the most concentrated solution. CM was loaded on top before ultracentrifugation for 16.5 h 

at 200 000 g, 4°C in a SW60Ti rotor (Beckman Coulter Inc.). After centrifugation, 13 fractions were collected 

starting from the top of the gradient. The densities of each were determined by weighing a fixed volume. 

For pretreatment with detergent-based lysis buffer (Cell Extraction Buffer, Biovision, Mountain View, CA), 

CM was incubated with an equal volume of the lysis buffer containing protease inhibitors (Halt Protease 

Inhibitor Cocktail, Thermo Fisher Scientific Inc., Waltham, MA) for 30 min at room temperature with gentle 

shaking. The protein concentration of CM was quantified using the NanoOrange Protein Quantification kit 

(Invitrogen Corporation) according to the manufacturer’s instructions.

sphingomyelin, phosphatidylcholine, and cholesterol assay
Cholesterol, sphingomyelin, and phosphatidylcholine concentration in CM and pellet from the 

ultracentrifugation of CM at 200 000 g for 2 h at 4°C was determined using commercially available assay 

kits. Cholesterol was measured using the Amplex Red Cholesterol Assay kit (Invitrogen Corporation), 
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sphingomyelin, and phosphatidylcholine were measured using the Sphingomyelin Assay Kit and 

Phosphatidylcholine Assay Kit (Cayman Chemical Company, Ann Arbor, MI) respectively.

Limited trypsinization of CM
CM was incubated with equal volumes of either PBS or lysis buffer (Cell Extraction Buffer, Biovision, 

Mountain View, CA) for 45 min at 4°C with gentle shaking. Then 16 μl of 10× trypsin (Invitrogen 

Corporation) was added and incubated at 37°C with gentle shaking. An aliquot was removed at 30 s, 1 

min, 5 min, and 20 min, and 1 μl of a 100 mM trypsin inhibitor, PMSF (Sigma-Aldrich, St. Louis, MO), 

was added. The mixture was denatured and analyzed by Western blot analysis.

hPLC dynamic light scattering
The instrument setup consisted of a liquid chromatography system with a binary pump, an auto injector, 

a thermostated column oven and a UV-visible detector operated by the Class VP software from Shimadzu 

Corporation (Kyoto, Japan). The Chromatography columns used were TSK Guard column SWXL, 6 × 40 

mm and TSK gel G4000 SWXL, 7.8 × 300 mm from Tosoh Corporation (Tokyo, Japan).The following 

detectors, Dawn 8 (light scattering), Optilab (refractive index), and QELS (dynamic light scattering), were 

connected in series following the UV-visible detector. The last three detectors were from Wyatt 

Technology Corporation (CA, USA) and were operated by the ASTRA software. For details please refer 

to Supplementary Materials and Methods.

MI and surgical procedure
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Pigs 

prepared by the Institute of Laboratory Animal Resources and with prior approval by the Animal 

Experimentation Committee of the Faculty of Medicine, Utrecht University, the Netherlands. The CM 

and the HPLC fraction 1 (F1) were tested in a mouse model of MI/R injury. MI was induced by 30 min 

left coronary artery (LCA) occlusion and subsequent reperfusion. Five minutes before reperfusion, mice 

were intravenously infused with 200 μl saline-diluted CM containing 3 μg protein or HPLC F1 containing 

0.4 μg protein via the tail vein. Control animals were infused with 200 μl saline. After 24 h reperfusion, 

infarct size (IS) as a percentage of the area at risk (AAR) was assessed using Evans’ blue dye injection 

and TTC staining as described previously (Arslan et al., 2010).

Mouse Langendorff heart model of ischemia/reperfusion injury
For the mouse Langendorff heart model of ischemia/reperfusion injury, mice were given heparin 50 IE 

subcutaneously. The suture was placed in vivo without placing the knot. Hereafter, the heart was excised 

and aortic root was canulated and perfused in the Langendorff setup. After 10 min recovery, the suture 

was tightened to induce ischemia for 30 min. Just 5 min prior to reperfusion, the perfusion buffer was 

changed for a second buffer containing 3.5 μg/ml MSC-CM. Reperfusion was allowed for 3 h before 

Evans’ blue dye injection and TTC staining for infarct size assessment, as described previously (Arslan 

et al., 2009).
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Background

The therapeutic effects of mesenchymal stem cells (MSCs) transplantation are thought to be mediated 

by MSC secretion. We have previously demonstrated that human ESC-derived MSCs (hESC-MSCs) 

produce cardioprotective microparticles in pig model of myocardial ischemia/reperfusion (MI/R) injury. 

As the safety and availability of clinical grade human ESCs remain a concern, MSCs from fetal tissue 

sources were evaluated as alternatives. 

Methods and Results

Here we derived five MSC cultures from limb, kidney and liver tissues of three first trimester aborted 

fetuses and like our previously described hESC-derived MSCs; they were highly expandable and had 

similar telomerase activities. Each line has the potential to generate at least 1016–19 cells or 107–10 

doses of cardioprotective secretion for a pig model of MI/R injury. Unlike previously described fetal 

MSCs, they did not express pluripotency-associated markers such as Oct4, Nanog or Tra1-60. They 

displayed a typical MSC surface antigen profile and differentiated into adipocytes, osteocytes and 

chondrocytes in vitro. Global gene expression analysis by microarray and qRT-PCR revealed a typical 

MSC gene expression profile that was highly correlated among the five fetal MSC cultures and with that 

of hESC-MSCs (r2 > 0.90). Like hESC-MSCs, they produced secretion that was cardioprotective in a mouse 

model of MI/R injury. HPLC analysis of the secretion revealed the presence of a population of 

microparticles with a hydrodynamic radius of 50–65 ηm. This purified population of microparticles was 

cardioprotective at 1/10 dosage of the crude secretion.

Conclusions

These data demonstrate that MSCs derived from fetal tissues are a viable alternative to human ESCs 

as a tissue source of highly proliferative MSCs that produces cardioprotective secretion. The use fetal 

MSC secretion represents a viable strategy to address an urgent unmet therapeutic need for treating 

MI/R injury.

J Mol Cell Cardiol. 2010;48(6):1215-24

Derivation and characterization of human fetal MSCs:  

an alternative cell source for large-scale production of 

cardioprotective microparticles
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Mesenchymal stem cells (MSCs) are multipotent stem cells that have a limited but robust potential to 

differentiate into mesenchymal cell types, e.g. adipocytes, chondrocytes and osteocytes, with negligible 

risk of teratoma formation. MSC transplantation has been used to treat musculoskeletal injuries, improve 

cardiac function in cardiovascular disease and ameliorate the severity of graft-versus-host-disease.1 In 

recent years, MSC transplantations have demonstrated therapeutic efficacy in treating different diseases 

but the underlying mechanism has been controversial.2-9 Some reports have suggested that factors 

secreted by MSCs10 were responsible for the therapeutic effect on arteriogenesis11, stem cell crypt in 

the intestine12, ischemic injury5, 13-18, and hematopoiesis.19, 20

We have recently demonstrated that human MSCs derived from human embryonic stem cells (hESC-

MSCs)21 secrete > 200 proteins22 and that a single bolus administration of hESC-MSCs conditioned 

medium (CM) 5 min prior to reperfusion significantly reduced infarct size by 60% and improved cardiac 

function in a pig and mouse model of myocardial ischemia/reperfusion (MI/R) injury.23 In addition, this 

cardioprotection was mediated by large complexes of about 50-100 ηm in diameter. The size of these 

large secreted complexes suggests that they are microparticles which are broadly defined as secreted 

membrane particles in the size range of 0.05-1 μm.24

A requisite for translating cardioprotective MSC secretion into clinical applications is a clinical grade 

MSC source but this is currently limited by restricted access to clinical grade hESCs. Therefore, alternative 

tissue or cell sources that are amenable to the generation of highly expandable, clinical grade MSCs 

have to be developed. Here we examined fetal tissues as a candidate tissue source.

Five MSC cultures, Fllb, F1ki, F2lb, F3lb and F3li were generated from limb (lb), kidney (ki) and liver (li) 

tissues of three fetuses in three independent experiments. These fetal MSCs fulfilled the defining criteria 

of a MSC. They were highly proliferative. Each line has the potential of generating 1016-19 cells, and 

therefore the capacity to produce large amount of secretion. More importantly, these cells produce 

secretion that reduced infarct size in a mouse model of MI/R injury.23 Like the secretion of hESC-MSCs, 

this cardioprotection was also mediated by large complexes. Fractionation of the secretion by size 

exclusion on an HPLC revealed the presence of a population of homogenously sized particles with a 

hydrodynamic radius of 50-65 ηm and these particles were cardioprotective in a mouse model of MI/R 

injury. The size of these large secreted complexes suggests that they are microparticles which are broadly 

defined as secreted membrane particles in the size range of 0.05-1 μm.24

 

REsuLts

Generating MsC cultures from human fetal tissues
We generated five MSC cultures from fetal limb (F1lb, F2lb, F3lb), kidney (F1ki) and liver (F3li) tissues 

of three fetuses in three independent experiments using feeder- and serum-free culture condition as 

previously described.21 A homogenous culture of putative fibroblast-like MSCs migrated out of the 

tissues and adhered to the plastic culture dish, 2 days after fetal tissues were plated on gelatinized 

tissue culture plates. This observation was consistent with the defining characteristic of MSCs i.e. 

adherence to plastic. The large tissue pieces were then washed off leaving a homogenous cell culture. 

This procedure was performed on five different fetal tissues originating from 3 fetuses in 3 independent 

experiments. Each time, a homogenous culture of putative MSCs was obtained that form a typical 

fingerprint whorl at confluency (Figure 1A). The cultures were designated P1 when 2 × 107 cells were 

generated. The average population doubling time of all five cultures was between 48 and 72 h and was 
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most optimal at between 25% and 80% confluency or 15-50,000 cells per cm2. The cells could be 

maintained in continuous culture for at least 20 passages at a 1:4 split with minimal changes in 

population doubling time. The karyotype of all five cultures at p10-12 was normal i.e. 46 XX or 46XY as 

determined by G-banding (Figure 1B). At passages 14, 16 and 18, telomerase activity in all five MSC 

cultures was determined and the average cellular telomerase activity over three passages in each of 

the five cultures was equivalent to that of the previously described Hues9.E1 hESC-MSCs (Figure 2).21 

All five cultures could be expanded to at least passage 20 without obvious changes in the population 

doubling time. At a 1:4 split ratio and starting with 107 cells, each line would generate 1016 cells at 

passage 15 or 1019 cells at passage 20.

Figure 1. Characterization of fetal MSC cultures. (A) Cellular morphology under phase contrast. Representative 
images of the five different MSCs, F1lb (p8) and F1ki (p8) derived from the limb and kidney tissues of the same fetus; 
F2lb (p8) derived from the limb of a second fetus; and F3lb (p8) and F3li (p8) derived from the limb and liver tissues 
of the same third fetus. (B) Karyotype analysis by G-banding was performed each of the fetal MSC cultures, F1lb 
(p10) F2lb (p10), F3lb (p10), F1ki (p12), and F1li (p12).
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Figure 2. Telomerase activity in hESC-MSCs and fetal MSCs. Relative telomerase activity was measured by real time 
quantitative telomeric repeat amplification protocol. This qPCR-based assay quantifies product generated in vitro 
by telomerase activity present in the samples. The relative telomerase activity which is directly proportional to the 
amount of telomerase products was assessed by the threshold cycle number (or Ct value) for 1 μg protein cell lysate. 
Hues9.E1 referred to a previously described hESC-MSCs line and HEK is a human embryonic kidney cell line. The Ct 
value for each fetal MSCs was the mean for three passages, P16, P18, and P20, and that for Hues9.E1 was the mean 
for two passages, P20 and P22. The assay was performed in triplicate for each passage.

Figure 3. Marker profiling. (A & B) F1lb MSCs at p11 or p12 were stained with a specific antibody conjugated to a 
fluorescent dye and analyzed by FACS. Nonspecific fluorescence was determined by incubation of similar cell aliquots 
with isotype-matched mouse monoclonal antibodies. (C) Relative transcription level of OCT4 and SOX2 was measured 
using quantitative RT-PCR. hES3, a human embryonic stem cells line was set as the baseline for comparison.
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Assessment of fetal cultures as MsCs
The five putative MSC cultures derived from fetal tissues were assessed according to the ISCT minimal 

criteria for the definition of human MSCs.25 All five presumptive MSC cultures derived from three 

different fetuses were grown on plastic culture dishes as a monolayer of adherent spindle-shaped cells 

(Figure 1A). They were all CD29+, CD44+, CD49a+ CD49e+, CD105+, CD166+, MHC I+, CD34− and CD45− 

as represented by F1lb MSCs (Figure 3A). We observed that F1lb MSCs were HLA-DRlo but the remaining 

four cultures were HLA-DR−. In contrast to previous reports26-35, these fetal MSCs-like hESC-MSCs did 

not express pluripotency-associated proteins Oct4, SSEA-4, and Tra1-60 as exemplified by F1lb MSCs 

(Figure 3B). However, transcripts of OCT4 and SOX2 were readily detected by real time PCR but their 

levels were at least ten times lower than those in hES3 human ESCs (Figure 3C). All five presumptive 

fetal MSC cultures could be induced to differentiate to osteoblasts, adipocytes and chondroblasts in 

vitro (Figure 4).

Gene expression profile
Genome-wide gene expression profiling of the fetal MSCs and hESC-MSCs was performed using 

microarray hybridization to assess 1) the relatedness among the five fetal MSC cultures derived from 

three different tissues and 2) the relatedness between the fetal MSC cultures and hESC-MSCs. Microarray 

hybridization was performed in duplicate on Sentrix Human Ref-8 Expression BeadChip version 3 

(Illumina, Inc., San Diego, CA) using RNA from two or three different passages of the MSC cultures. The 

gene expression profile between different passages of each culture, between the five cultures or 

between each fetal MSC culture and hESC-MSCs was highly similar with a correlation value of > 0.9 

(Figure 5).

Cardioprotective activity of secretion
Secretion by two of the fetal MSC cultures, F1lb and F1ki were tested for cardioprotective activity in a 

mouse model of myocardial ischemia and reperfusion injury as previously described.36 Briefly, the 

cultures were grown in a chemically defined medium and the secretion harvested as we have previously 

described.22 A typical culture of 109 cells yielded 100 mg protein. The gross protein composition of 

Figure 4. Differentiation of fetal MSCs. Fetal MSCs were induced to undergo osteogenesis, adipogenesis and 
chondrogenesis. After a) osteogenesis, b) adipogenesis and c) chondrogenesis, the differentiated cells were stained 
with von Kossa stain, Oil Red and Alcian blue, respectively. Images of differentiated fetal MSCs as represented by 
differentiated F3lb MSCs at 100× magnification.

A. osteocytes B. Adipocytes C. Chrondrocytes
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secretion from both F1lb and F1ki as determined by silver staining of proteins resolved on a one-D 

SDS-PAGE appeared similar to each other, to that of Hues9.E1 hESC-MSCs and also to that from F3lb 

derived from fetal limb tissues of a different sex (Figure 6A). However, the relative abundance of specific 

proteins such as TSP-1, SOD-1, CD81 and CD9 was different among all the secretions (Figure 6B). 

Nevertheless, the secretion from either F1lb or F1ki when administered to a mouse model of MI/R 

injury significantly reduced infarct size to the same extent as mice treated with hESC-MSC CM (Figure 

6C-G). Conditioned medium from F1lb, F1ki and hESC-MSCs reduced the relative infarct size (IS) by 50%, 

42% and 39% respectively (p < 0.05; Figure 6G). The area at risk (AAR) as a percentage of the left ventricle 

(LV) was similar in all the mice tested (Figure 6G).

Microparticles mediated the cardioprotection effects of the secretion
We had previously shown that the cardioprotection effects of secretion from hESC-MSCs were mediated 

by large complexes of 1000 kDa.23 To determine if there were such complexes in the secretion of the 

fetal MSCs, the CM was fractionated by size exclusion on an HPLC column. We observed five fractions 

that were present in the CM but not in the non-conditioned medium (NCM) (Figure 7A). 

NCM was essentially culture medium that had not been exposed to cells but was processed, concentrated 

Figure 5. Gene expression analysis. Total RNA was prepared in technical replicates from different passages of F1lb 
(p10, p12, p14), F1ki (p10, p14, p16), F2lb (p10, p12, p14), F3lb (p10, p12, p14) and F3li (p10, p16), and from two 
technical replicates of the previously described hESC-MSCs line, Hues9.E1 (p19). Seven hundred fifty nanograms of 
biotinylated cRNA from each sample was used for microarray analysis on the Sentrix HumanRef-8 Expression BeadChip 
Version 3 (Illumina, Inc., San Diego, CA). The gene expression profile of all samples was normalized by a shift to the 
75th percentile, baseline transformed to median of all samples, and a heat map of correlation between pairs of array 
plotted.
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and filtered in the same manner as CM. It was previously shown to have no cardioprotective effect and 

was equivalent to saline in this respect. These five fractions, F1-F5 therefore represented secretion 

from the MSCs. In a size exclusion fractionation where larger molecules are eluted faster than smaller 

ones, we observed that only proteins in fraction F2 to F5 followed this principle of fractionation. Proteins 

in the fastest eluting F1 fraction contained proteins that spanned in entire MW spectrum of F2 to F5. 

This suggested that the proteins in F1 were in large aggregates (Figure 7B). To confirm this, sizes of 

molecules in the five fractions were determined by dynamic light scattering analysis which has a 

detection range of 1 to 500 ηm according to the manufacturer specification (Wyatt Technology 

Corporation, www.wyatt.com). The sizes of molecules in fractions F2 to F5 were too heterogeneous to 

Figure 6. Cardioprotective secretion. (A) Proteins in culture medium conditioned by hESC-MSCs (Hues9.E1), F1lb, F1ki 
or F3lb were separated on a 4%-12% SDS-PAGE gradient gel and stained with silver. Two micrograms of proteins was 
loaded in each lane. (B) Western blot analysis. CM from hESC-MSCs (Hues9.E1), F1lb, F1ki and F3lb at 4, 8, 16 and 16 
μg, respectively, were resolved on an SDS-PAGE, electroblotted onto nitrocellulose membrane and probed with antibodies 
against TSP-1, SOD-1, CD81 and CD9. (C-F) Representative pictures of Evan blue (blue) and TTC (pink) staining on hearts 
of mice treated with (C) saline, (D) HuES9.E1, (E) F1lb, or (F) F1ki. (G) AAR as a percentage of the left ventricle (LV), 
showing the amount of endangered myocardium after MI/R injury. All animals were affected to the same extent by 
the operative procedure, resulting in 39.4 ± 2.0% of AAR among the groups. Infarct size (IS) as a percentage of the area 
at risk (AAR) upon treatment with saline (n=10), CM from hESC-MSCs (n=10), F1lb-MSCs (n=6) and F1ki-MSCs (n=6). 
Saline treatment resulted in 34.5 ± 3.3% infarction, whereas conditioned medium from hESC-MSCs, F1lb-MSCs and 
F1ki-MSCs resulted in 21.2 ± 3.3%, 17.4 ± 3.7% and 19.9 ± 2.6%, respectively. Each bar represents mean ± SEM.
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be determined by dynamic light scattering analysis. In spite of the wide MW spectrum of proteins in 

F1, the size of molecules in F1 fraction was sufficiently homogenous to be determined as having a 

hydrodynamic radius of 50-65 ηm by dynamic light scattering analysis. When administered to the mouse 

model of MI/R injury as described above, these HPLC-purified microparticles reduced infarct size at < 

1/10 dosage of the secretion (Figure 7C-F).

Figure 7. Cardioprotective HPLC-isolated microparticles. (A) HPLC fractionation and dynamic light scattering of F1lb 
CM and NCM. F1lb CM and NCM were fractionated on an HPLC using BioSep S4000, 7.8 mm × 30 cm column. The 
components in F1lb CM or NCM were eluted with 150 mM of NaCl in 20 mM phosphate buffer, pH 7.2. The elution 
mode was isocratic and the run time was 40 min. The eluent was monitored with a UV-visible detector set at 220 
ηm and light scattering signal was collected. The solid rhombus represented light scattering signal as measured in 
voltage; (B) The eluted fractions, F1 to F12 were collected, their volumes were adjusted to 10% of the input volume 
of CM and equal volume of F1-F12 was separated by gel electrophoresis and stained with silver. (C-E) Representative 
pictures of Evan blue (blue) and TTC (pink) staining on hearts of mice treated with (C) saline, (D) F1lb, or (E) HPLC 
F1. (F) Infarct size (IS) as a percentage of the area at risk (AAR) upon treatment with saline (n=10), F1lb CM (n=6) 
and HPLC F1 (n=6). Saline-treated mice had a 34.5 ± 3.3% relative infarct size while F1lb CM- and HPLC F1-treated 
mice had a 17.4 ± 3.7% and 18.1 ± 2.0% relative infarct size, respectively. AAR as a percentage of the left ventricle 
(LV), showing the amount of endangered myocardium after MI/R injury. All animals were affected to the same extent 
by the operative procedure, resulting in 39.4 ± 2.0% of AAR among the groups. Each bar represents mean ± SEM. 
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DIsCussIon

The trophic effects of MSCs transplantation on ameliorating the deleterious consequences of myocardial 

ischemia have been implicated in several studies.10 Transplantation of MSCs into ischemic myocardium 

has been shown to induce several tissue responses such as an increased production of angiogenic 

factors and decreased apoptosis that were better explained by secretion of paracrine factors than by 

differentiation of MSCs, the so-called paracrine hypothesis.37

We have recently demonstrated that hESC-MSC secretion reduces infarct size in mouse and pig MI/R 

injury model.23 To translate this finding into a clinical application, an important requisite would be a 

safe, relatively accessible and highly proliferative source of MSCs that has the potential to generate 

large number of cells to minimize batch to batch variation. Although hESC-MSCs are highly proliferative 

and have the capacity to generate large number of cells, the number of clinical grade hESC lines and 

their accessibility is limited. To circumvent this limitation, we derived human MSCs directly from fetal 

human tissues. The traditionally used bone marrow for deriving MSCs was not an attractive alternative 

as a single bone marrow aspirate usually generates only  109 cells. We rationalized that fetal tissues 

being developmentally less mature may generate MSCs with expansion potential equivalent to that of 

hESC-MSCs.

The fetal MSCs-like hESC-MSCs, fulfilled the basic criteria for MSCs as defined by The International 

Society for Cellular Therapy.25 They adhered to plastic, have a typical MSCs-like surface antigen profile 

as defined by the presence of surface antigens such as CD29, CD44, CD49a, CD49e, CD105, CD166, and 

MHC I and the absence of surface antigens such as HLA-DR, CD34 and CD4538-40, and a typical MSCs 

differentiation potential that includes adipogenesis, chondrogenesis and osteogenesis. Irrespective of 

their tissue of origin, the five fetal MSC cultures derived from different tissues of three individual fetuses 

have a nearly identical genome-wide gene expression profile. Their gene expression profiles were also 

similar to that of the previously described hESC-MSCs, Hues9.E1. They were as equally proliferative as 

Hues9.E1 and had high levels of telomerase activity. Although the secretion by MSCs derived from 

different tissues, that is, limb and kidney tissues were grossly similar to that from hESC-MSCs, Hues9.

E1, closer examination of specific proteins by western blot hybridization (Figure 6B) demonstrated that 

there were quantitative differences in the protein composition. Consistent with this observation, 

secretion from the fetal MSCs significantly reduced infarct size in a mouse model of MI/R injury but at 

a higher dosage of 150 μg instead of 3 μg per mouse. We postulate that this difference in effective 

dosage was due primarily to the quantitative differences in the protein composition and candidate 

proteins will have to be identified through systematic evaluation and validation of quantitative high 

throughput proteomic analysis. We further demonstrate that consistent with our previous observations23, 

the cardioprotective effect of secretion from fetal MSCs was mediated by large complexes in the range 

of 100 to 200 ηm or possibly, microparticles.

Microparticle is a minimally defined term that encompasses a broad spectrum of secreted particles 

in the size range of 0.05-1 μm. Microparticles are known to be produced by numerous cell types.41-47 

Although the function of microparticles remains poorly understood, there is irrefutable evidence 

that microparticles have important functions. As summarized by many recent reviews, microparticles 

are definitively associated with many diseases such as cancer, atherosclerosis and cerebral 

ischemia.42-44, 48-56 However, the specific role of microparticles in disease process and/or progress 

remains to be determined. As some microparticles carried biologically active materials including 

proteins and RNAs that can be transferred between cells, it is likely that microparticles would have 
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an impact either positively or negatively on a disease process and/or progress. This has led to 

suggestions that microparticles could be exploited as potential therapeutic vectors.57 However, the 

broad definition of microparticles which encompasses all secreted membrane vesicles to include the 

more defined exosomes (50-100 ηm), microvesicles (100-1000 ηm), ectosomes (50-200 ηm), 

membrane particles (50-80 ηm), exosome-like vesicles (20-50 ηm) and apoptotic vesicles (50-500 

ηm) has impeded our understanding of microparticles.24 Other than exosomes which are the most 

stringently defined microparticles to date, the major distinguishing parameter for these different 

classes of microparticles is their size.

In this report where we not only demonstrated directly for the first time that purified microparticles in 

MSC secretion were cardioprotective, we also purified these microparticles by size exclusion on an HPLC 

which is currently one of the most precise methods for size fractionation of molecules or particles. The 

purified microparticles were determined by dynamic light scattering analysis to be a population of 

homogenously sized particles with a hydrodynamic radius of 50-65 ηm. This particle size which translated 

into an approximate diameter of 100-130 ηm was consistent with our previous observation that filtration 

through a membrane with an MW cutoff of 1000 kDa caused the filtrate to lose its cardioprotective 

function while that part of secretion retained by the same filter or the retentate was cardioprotective.23 

A membrane with an MW cutoff of 1000 kDa has a 100-ηm nominal pore size according to the 

manufacturer (Pall Corp. http://www.pall.com/). This essentially meant that the filtrate contained 

particles with diameter of less than 50-100 ηm and these < 50-100 ηm particles were not cardioprotective. 

On the other hand, the retentate containing particles >50-100 ηm was cardioprotective. Together, this 

study and our previous study demonstrated that cardioprotection by the secretion of hESC-MSCs and 

fetal MSCs was similarly mediated by microparticles with diameters of > 50-100 ηm. Our previous study 

also suggested that secretion devoid of the microparticles but containing all other secreted proteins as 

represented by the CM filtrate through a membrane with an MW cutoff of 1000 kDa was not 

cardioprotective. This observation of no cardioprotective activity could therefore be extrapolated to 

HPLC fraction 2 to 4 where there were no microparticles and the secreted proteins were eluted according 

to the size exclusion principle, and were therefore soluble.

The involvement of microparticles in mediating the paracrine effect of MSC transplantation on tissue 

repair represents a radical shift in our current understanding of the paracrine effect of MSC which 

hitherto has been limited to cytokine, chemokine or growth factor-mediated extracellular signaling.10

Together our report demonstrated that MSCs derived from fetal tissues are a viable alternative to human 

ESCs as a tissue source of highly proliferative MSCs that produces cardioprotective secretion. A single 

fetal tissue could potentially generate 1016 to 1019 MSCs. A 109 cell culture secretes 100 mg protein. 

We have previously shown that the effective cardioprotective dose for a pig model of MI/R injury was 

10 mg protein per 60-70 kg pig.23 Therefore, a single fetal tissue could potentially generate sufficient 

MSCs to produce 108-11 doses. Together with the relatively simple purification of these microparticles 

to a population of homogenously sized microparticles, the use of secretion from fetal MSCs represents 

a viable strategy to address an urgent unmet therapeutic need for treating MI/R injury.58
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Derivation of fetal tissue derived MsCs
The collection of fetal tissue was carried out under a KK Women’s and Children’s Hospital (KKH) 

IRB approved protocol (EC200804062) in accordance with guidelines from Singapore Bioethics 

Advisory Committee which stated that the decision to donate the fetal tissue must be made 

independently from any decision to abort.59 Only patients who have already consented to 

Termination of Pregnancy (TOP) in KKH Outpatient Clinic were recruited. Recruitment was carried 

out in strict adherence to KKH IRB’s regulations to ensure patient’s rights and privacy, and to provide 

confidential counseling for patient’s fully informed consent to voluntary donation. TOP for fetal 

abnormalities and sexual assault cases and in minor (16 and below) were excluded. Patients with 

medical problems were also excluded.

The aborted specimens were collected in special sterile plastic bottles and sent to the hospital’s 

Department of Laboratory Medicine for full pathological examinations. Appropriate pieces of fetal 

tissues were dissected, washed several times in sterile saline, minced, and placed in DMEM supplemented 

with 10% serum replacement medium, EGF (20 ηg/ml) and FGF2 (20 ηg/ml) to attach to plastic tissue 

culture dishes for 24-48 h. Under this condition, MSCs whose defining characteristic is adherence to 

plastic migrated out of the tissues and adherence to the plastic culture dish. The large tissue pieces are 

then washed off leaving a homogenous cell culture. The cells were maintained at 25%-80% confluency 

or 15-50,000 cells per cm2 and were split 1:4 at confluency by trypsinization. On reaching 2 × 107 cells 

usually within 2 weeks, the culture was designated P1. Master cell banks of early passage cells grown 

in culture medium supplemented with animal replacement medium were set up for all the lines. For 

all experimental work described in this study, cells at p10 were expanded in HuES Expansion medium 

containing 10% ES cell fetal bovine serum 1% l-glutamine, 1% non essential amino acids, and 88% DMEM 

(high glucose, no sodium pyruvate). All medium components were obtained from Invitrogen Corporation, 

Carlsbad, CA. Differentiation of the fetal MSCs to adipocytes, chondrocytes and osteocytes was 

performed using adipogenic, chondrogenic and osteogenic hMSC Differentiation BulletKits, respectively 

(Lonza, Walkersville, MD) as per manufacturer’ instructions. Karyotyping by G-banding was performed 

at the Cytogenetics Laboratory, KKH.

telomerase activity
Relative telomerase activity was measured by SYBR® Green real time quantitative telomeric repeat 

amplification protocol assay using a modified method as described by Wege et al.60 Briefly, 3 million 

cells were harvested and cell lysate was prepared using a commercially available mammalian cell 

extraction kit (BioVision, Singapore). The composition of the reagents for the PCR amplification was 

1 μg of protein cell lysate, 10 μl of 2× SYBR Green Super Mix (BioRad, Singapore) with 0.1 μg of TS 

primer (5’-AATCCGTCGAGCAGACTT-3’), 0.1 μg of ACX primer (5’-GCGCGG[CTTACC]3CTAACC-3’) and 

10 mM EGTA in a total volume of 25 μl. The reaction was first incubated at 25°C for 20 min to allow 

the telomerase in the cell lysate to elongate the TS primers followed by 2 min incubation at 95 °C 

to inactivate telomerase activity and denature the primers. The telomerase product was amplified 

by PCR for 40 cycles of 95°C for 30 s and 60°C for 90 s. The relative telomerase activity was assessed 

against that of HEK cells using the threshold cycle number (or Ct value) for 1 μg protein cell 

lysate.
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surface antigen analysis
Expression of cell surface antigens on fetal MSCs was analyzed using flow cytometry. The cells were 

trypsinized for 5 min, centrifuged, resuspended in culture media and incubated in a bacterial culture 

dish for 1 h in a 37°C, 5% CO2 incubator. The cells were then collected, centrifuged, and washed in 2% 

FBS. A total of 2.5 × 105 cells were then incubated with each of the following conjugated monoclonal 

antibodies: CD29-PE, CD44-FITC, CD49a-PE, CD49e-PE, CD105-FITC, CD166-PE, CD73-FITC, CD34-FITC, 

and CD45-FITC (PharMingen, San Diego, CA) for 60 min on ice. After incubation, cells were washed and 

resuspended in 2% FBS. Nonspecific fluorescence was determined by incubation of similar cell aliquots 

with isotype-matched mouse monoclonal antibodies (PharMingen, San Diego, CA). Data were analyzed 

by collecting 20,000 events on a BD FACSCalibur™ Flow Cytometer (BD Biosciences, San Jose, CA) 

instrument using CELLQuest software.

Quantitative Rt-PCR
Total RNA was extracted from cells using TRIzol® LS Reagent (Invitrogen Corporation, Carlsbad, CA) 

according to manufacturer’s instruction. Total RNA was converted to cDNA using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA) that was based on oligo-dT 

primed reverse transcription. Real time PCR was performed on a StepOne™ Plus Real-Time PCR System 

(Applied Biosystems Inc, Foster City, CA) using 2× Fast SYBR® Green Master Mix (Applied Biosystems 

Inc, Foster City, CA) according to manufacturer’s instruction. The primers for OCT4 were 

5’-AGTGAACAGGGAATGGGTGAA-3’ and 5’-AAG CGG CAG ATG GTC GT-3’, and for SOX2 were 

5’-TGAGAGAAAGAAGAGGAGAGA-3’ and 5’-TGGGGGAAAAAAAGAGAGAGG-3’.

Illumina gene chip analysis
Total RNA was prepared in technical triplicates from different passages of F1lb (p10, p12, p14), F1ki 

(p12, p14, p16), F2lb (p10, p12, p14), F3lb (p10, p12, p14) and F3li (p10, p16), and from two technical 

replicates of the previously described hESC-MSCs line, Hues9.E1 (p19). Five hundred nanograms of 

RNA was converted to biotinylated cRNA using the Illumina RNA Amplification Kit (Ambion, Inc., 

Austin, TX) according to the manufacturer’s directions. Seven hundred fifty nanograms of the 

biotinylated cRNA was hybridized to the Sentrix HumanRef-8 Expression BeadChip Version 3 (Illumina, 

Inc., San Diego, CA), and washing and scanning were performed according to the Illumina BeadStation 

500× manual. The data were analyzed using Genespring GX 10. Quantile normalization was performed 

by a shift to 75th percentile, and the normalized data were baseline transformed to the median of 

all samples.

sDs-PAGE analysis and western blot hybridization
For SDS-PAGE analysis, total proteins in CM were separated on 4-12% SDS-polyacrylamide gels and 

stained with silver. For western blot hybridization, the proteins were electroblotted onto a nitrocellulose 

membrane after first separating on an SDS-PAGE. The membrane was blocked and incubated with the 

primary anti-human antibodies that included 1:60 dilution of mouse anti-CD9, 1:60 dilution of mouse 

anti-CD81, 1:56 dilution of mouse anti-Alix, 1:200 dilution of mouse anti-pyruvate kinase (PK), 1:60 

dilution of mouse anti-SOD-1 or 1:60 dilution of goat anti-TSP-1. The blot was then incubated with a 

horseradish peroxidase-coupled secondary antibody. The secondary antibodies used were 1:1250 or 

1:1364 dilution of goat anti-mouse IgG or 1:1364 dilution of donkey anti-goat IgG. All antibodies were 

obtained from Santa Cruz Biotechnology, Santa Cruz, CA except mouse anti-PK which is from Abcam 
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Inc., Cambridge, MA. The blot was then incubated with HRP-enhanced chemiluminescent substrate 

(Thermo Fisher Scientific Inc., Waltham, MA) and then exposed to an X-ray film.

hPLC purification of microparticles
The instrument setup consisted of a liquid chromatography system with a binary pump, an auto injector, 

a thermostated column oven and a UV-visible detector operated by the Class VP software from Shimadzu 

Corporation (Kyoto, Japan). The Chromatography columns used were TSK Guard column SWXL, 6 × 40 

mm and TSK gel G4000 SWXL, 7.8 × 300 mm from Tosoh Corporation (Tokyo, Japan). The detectors 

Dawn 8 (light scattering), Optilab (refractive index) and QELS (dynamic light scattering) were connected 

in a series following the UV-visible detector. The last three detectors were from Wyatt Technology 

Corporation (California, USA) and were operated by the ASTRA software. The components of the sample 

were separated by size exclusion, that is, the larger molecules will elute before the smaller molecules. 

The eluent buffer used was 20 mM phosphate buffer with 150 mM of NaCl at pH 7.2. This buffer was 

filtered through a pore size of 0.1 μm and degassed for 15 min before use. The chromatography system 

was equilibrated at a flow rate of 0.5 ml/min until the signal in Dawn 8 stabilized at around 0.3 detector 

voltage units. The UV-visible detector was set at 220 ηm and the column was oven equilibrated to 25°C. 

The elution mode was isocratic and the run time was 40 min. The volume of sample injected ranged 

from 50 to 100 μl. The hydrodynamic radius, Rh was computed by the QELS and Dawn 8 detectors. The 

highest count rate (Hz) at the peak apex was taken as the Rh. Peaks of the separated components 

visualized at 220 ηm were collected as fractions for further characterization studies.

testing secretion for cardioprotection
The secretion was prepared by growing the fetal MSCs in a chemically defined serum-free culture 

medium for 3 days as previously described.22 Briefly, cells at p12 were first expanded in serum-containing 

culture medium as described above. At p15, 80% confluent cell cultures were washed three times with 

PBS and then incubated in a chemically defined medium consisting of DMEM without phenol red 

(Invitrogen Corporation, Carlsbad, CA) and supplemented with insulin, transferrin, and selenoprotein 

(ITS) (Invitrogen Corporation, Carlsbad, CA), 5 ηg/ml FGF2 (Invitrogen Corporation, Carlsbad, CA), 5 ng/

ml PDGF AB (Peprotech, Rocky Hill, NJ), glutamine-penicillin-streptomycin, and β-mercaptoethanol 

overnight. The cell culture was then washed with PBS and replaced with fresh chemically defined 

medium for another 3 days to produce the conditioned medium. This CM was collected and clarified 

by centrifugation at 500 × g. The clarified CM concentrated 50 times by reducing its volume by a factor 

of 50 using a tangential flow filtration system with membrane MW cutoff of 100 kDa (Satorius, 

Goettingen, Germany). The use of a membrane MW cutoff of 100 kDa allows molecules with MW of 

less than 100 kDa to pass through the filter resulting a preferential loss of molecules less than 100 kDa. 

The concentrated CM was then sterilized by filtration through a 220 ηm filter.

The CM was tested in a mouse model of MI/R injury. MI was induced by 30 min left coronary artery 

(LCA) occlusion and subsequent reperfusion. Five minutes before reperfusion, mice were intravenously 

infused with 200 μl saline diluted CM containing 3 μg protein for Hues9.E1 (hESC-MSCs) CM or 150 μg 

protein for fetal MSC CM or 10 μg protein for HPLC F1 via the tail vein. Control animals were infused 

with 200 μl saline. After 24 h of reperfusion, infarct size (IS) as a percentage of the area at risk (AAR) 

was assessed using Evans’ blue dye injection and TTC staining as described previously.36
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statistical analysis
Two-way ANOVA with post-hoc Dunnett was used to test the difference in infarct size between groups. 

Correlation coefficient of each pairs of array was assessed using Pearson correlation test. 
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Background 

Exosomes or secreted bi-lipid vesicles from human ESC-derived mesenchymal stem cells (hESC-MSCs) 

have been shown to reduce myocardial ischemia/reperfusion (I/R) injury in animal models. However, 

as hESC-MSCs are not infinitely expansible, large scale production of these exosomes would require 

replenishment of hESC-MSC through derivation from hESCs and incur recurring costs for testing and 

validation of each new batch. Our aim was therefore to investigate if MYC immortalization of hESC-MSC 

would circumvent this constraint without compromising the production of therapeutically efficacious 

exosomes. 

Methods and Results 

The hESC-MSCs were transfected by lentivirus carrying a MYC gene. The transformed cells were analyzed 

for MYC transgene integration, transcript and protein levels, and surface markers, rate of cell cycling, 

telomerase activity, karyotype, genome-wide gene expression and differentiation potential. The 

exosomes were isolated by HPLC fractionation and tested in a mouse model of myocardial I/R injury, 

and infarct sizes were further assessed by using Evans’ blue dye injection and TTC staining. MYC-

transformed MSCs largely resembled the parental hESC-MSCs with major differences being reduced 

plastic adherence, faster growth, failure to senesce, increased MYC protein expression, and loss of in 

vitro adipogenic potential that technically rendered the transformed cells as non-MSCs. Unexpectedly, 

exosomes from MYC-transformed MSCs were able to reduce relative infarct size in a mouse model of 

myocardial I/R injury indicating that the capacity for producing therapeutic exosomes was preserved. 

Conclusions 

Our results demonstrated that MYC transformation is a practical strategy in ensuring an infinite supply 

of cells for the production of exosomes in the milligram range as either therapeutic agents or delivery 

vehicles. In addition, the increased proliferative rate by MYC transformation reduces the time for cell 

production and thereby may reduce production costs.

J Transl Med. 2011;9(1):47

Enabling a robust scalable manufacturing process  

for therapeutic exosomes through oncogenic immortalization  

of human ESC-derived MSCs



98

Immortalized MSC-derived exosomes

Mesenchymal stem cells (MSCs) are multipotent stem cells that have a limited but robust potential to 

differentiate into mesenchymal cell types, e.g. adipocytes, chondrocytes and osteocytes, with negligible 

risk of teratoma formation. MSC transplantation has been used in clinical trials and animal models to 

treat musculoskeletal injuries, improve cardiac function in cardiovascular disease and ameliorate the 

severity of graft-versus-host-disease.1 In recent years, MSC transplantations have demonstrated 

therapeutic efficacy in treating different diseases but the underlying mechanism has been controversial.2-9 

Some reports have suggested that factors secreted by MSCs were responsible for the therapeutic effect 

on arteriogenesis, stem cell crypt in the intestine, ischemic injury, and hematopoiesis.5, 10-20 In support 

of this paracrine hypothesis, many studies have observed that MSCs secrete cytokines, chemokines 

and growth factors that could potentially repair injured cardiac tissue mainly through cardiac and 

vascular tissue growth and regeneration.10, 21 This paracrine hypothesis could potentially provide for a 

non-cell based alternative for using MSC in treatment of cardiovascular disease.22 Non-cell based 

therapies as opposed to cell-based therapies are generally easier to manufacture and are safer as they 

are non-viable and do not elicit immune rejection.

We have previously demonstrated that culture medium conditioned by MSCs that were derived from 

human embryonic stem cells (HuES9.E1 MSCs) or fetal tissues could protect the heart from myocardial 

(I/R) injury and reduce infarct size in both pig and mouse models of myocardial I/R injury. Subsequent 

studies demonstrated that this cardioprotection was mediated by exosomes or microparticles of about 

50-100 ηm in diameter and these microparticles carry both protein and RNA load.23-27 These exosomes 

could be purified as a population of homogenously sized particles by size exclusion on HPLC and reduced 

infarct size in a mouse model of myocardial I/R injury at about a tenth of the dosage of the conditioned 

medium.24, 25

The identification of exosomes as the therapeutic agent in the MSC secretion could potentially provides 

for a biologic- rather than cell-based treatment modality. Unlike cells, exosomes do not elicit acute 

immune rejection and being non-viable and much smaller, they pose less safety risks such as the 

formation of tumor or embolism. Furthermore unlike cell-based therapies where there is a need to 

maintain viability, manufacture and storage of non-viable exosomes is less complex and therefore less 

costly. Besides being therapeutic agents, exosomes have been advocated as “natural” drug delivery 

vehicles.28 These lipid vesicles could be loaded with therapeutic agents and be used to deliver the agents 

in a cell type specific manner. hESC- MSCs could be the ideal cellular source for the efficient production 

of exosomes. We have demonstrated that these cells could be grown in a chemically defined medium 

during the production and harvest of exosomes and these exosomes could be purified by HPLC to 

generate a population of homogenously sized particles.24 Another advantage is that these cells were 

derived from hESCs, an infinitely expansible cell source.

While hESC-MSCs are also highly expansible in culture, they can only undergo a finite number of cell 

divisions. Hereafter, their growth is arrested and they senesce, unlike their parental hESC. Therefore 

there will be a need to constantly derive new batches of MSCs from hESCs to replenish the cell source 

of exosomes with each derivation necessitating recurring cost of derivation, testing and validation. To 

circumvent this need for re-derivation and ensure an infinite supply of identical MSCs for commercially 

sustainable production of exosomes as therapeutic agents or delivery vehicle, we explore the use of 

oncogenic transformation to bypass senescence. Oncogenic transformation could potentially alter the 

cell biology and affect the production or the properties of the exosomes. It was previously reported 

that transfection of v-MYC gene into fetal MSCs immortalized the cells but did not alter the fundament 

characteristics of these MSCs.29 Here we transfected the MSCs with a lentiviral vector containing the 
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MYC gene which encodes for the MYC protein into the previously described hESC derived MSCs (HuES9.

E1 MSC) at passage 21 (p21) and passage 16 (p16) to generate a pooled cell line and three independently 

derived clonal cell lines respectively.26 We examined the transformed cells according to the ISCT minimal 

defining criteria for MSCs namely plastic adherence, surface antigen profile of CD29+, CD44+, CD49a+ 

CD49e+, CD90+, CD105+, CD166+, MHC I+, CD34−, CD45− and HLA-DR−, and potential to differentiate 

into adipocytes, chondrocytes and osteocytes.30 The secretion of these cells was evaluated for the 

presence of exosomes and the therapeutic efficacy of these exosomes were tested in a mouse model 

of myocardial I/R as previously described.24 

 

REsuLts

transforming huEs9.E1 MsC cultures
HuES9.E1 MSCs at p 21 were infected with either GFP- or MYC-containing lentivirus. The infected cultures 

were placed under the puromycin selection for three days. Surviving cells were pooled. PCR amplification 

of genomic DNA demonstrated that the MYC transgene was successfully integrated in the genome 

(Figure 1a). Unlike the MYC-transfected cells which was pooled to form the E1-MYC 21.1 line, the GFP-

transfected cells progressed into senescence with decreasing rate of proliferation and acquiring a much 

flattened, spreading morphology (Figure 1b) and could not be propagated more than five passages 

post-transfection. The MYC- transformed cells expressed a 100 fold increase in MYC transcript level 

relative to the GFP- transfected cells (GFP-MSCs) (Figure 1c) and higher telomerase activity (Figure 1d). 

To generate independently cloned lines, three HuES9.E1 MSC cultures at p16 were independently 

transfected and placed under puromycin drug selection. The surviving cell cultures were cloned by 

limiting dilution to generate three lines, E1-MYC 16.1, E1-MYC 16.2 and E1-MYC 16.3 lines, respectively. 

The lines were karyotyped by G-banding. The cell morphology of all three cell lines was similar to that 

of E1-MYC 21.1 line. Only E1-MYC 16.3 line had the parental karyotype of 46 XX with a pericentric 

inversion of chromosomal 9 between p11 and q13 in 20/20 metaphases, and was therefore used in all 

the subsequent experiments (Figure 1e).26 In contrast to their parental cells, the MYC-transformed cells 

proliferated faster with a population doubling time of 13 hours versus a population doubling time of 

19 hours in untransformed MSCs. The average cell cycle time as measured using CFDA cell labelling as 

previously described was decreased from 19 hours to 11 hours (Figure 1f).31 The transformed cells 

effectively bypassed senescence and continued to maintain their proliferative rates for at least another 

20 passages. The transformed cells were smaller and rounder in shape with prominent nuclei. At high 

cell density, these cells lose contact inhibition resulting in the formation of cell clusters (Figure 1b). 

Consistent with increased proliferation, the cells had higher levels of telomerase activity than GFP-

transfected or non transfected cells (Figure 1d).

Assessment of MYC-MsCs
The MYC-MSC culture were assessed according to the ISCT minimal criteria for the definition of human 

MSCs.30 As observed earlier (Figure 1b), the culture did not adhere to plastic culture dishes as well as 

their untransformed MSCs especially at confluency when the cells started to form clusters instead of 

adhering to the plastic dish as a monolayer. The surface antigen profile of the MYC-transformed cells 

was quite similar to that of their parental cells except in their negative expression of MHC I. The cells 

were CD29+, CD44+, CD49a+ CD49e+, CD73+ , CD90+, CD105+, CD166+, MHC I- , HLA-DR- , CD34- and 
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CD45- (Figure 2). The in vitro differentiation potential of both polyclonal E1-MYC 21.1 and monoclonal 

E1-MYC 16.3 cell lines was next examined (Figure 3). Both cell lines differentiated readily into 

chondrocytes and osteocytes (Figure 3a, b) but not adipocytes. The induction of adipogenesis in MSCs 

required 4 cycles of a 6-day treatment protocol consisting of 3 days’ exposure to induction medium 

and 3 days’ exposure to maintenance medium. We observed that exposure to the induction medium 

induced death in the MYC-transformed cells but not the untransformed parental cells (Figure 3c). These 

observations suggested that MYC-transformed cells cannot undergo adipogenic differentiation. Together, 

these observations demonstrated that unlike a previous report where MYC transformation was observed 

not to alter the fundamental characteristics of MSCs, we observed here that MYC transformation 

affected a defining property of MSCs i.e. the potential to undergo adipogenesis.29

Figure 1. Transformation of hESC-MSC. (A) PCR analysis of cellular DNA from MYC-transfected HuES9.E1 MSCs (E1-
MYC 21.1), GFP transfected HuES9.E1 MSCs (E1-GFP) and the parental MSCs, HuES9.E1 (E1). DNA was amplified 
using primers specific for MYC exon 2 and exon 3, respectively. The expected PCR fragment size for the endogenous 
MYC gene was1.7 kb and for the transfected MYC cDNA was 0.36 kb as represented by the amplified fragment from 
the MYC-lentivirus. (B) Cell Morphology of transfected MSCs as observed under light microscopy. (C) Quantitative 
RT-PCR was performed on RNA from different passages of E1-MYC 21.1 and GFP-MSCs for the level of MYC and ACTIN 
mRNA. The relative MYC-transcript level was normalized to that in GFP- MSCs. (D) Relative telomerase activity. 1 μg 
of cell lysate protein was first used to extend a TS primer by telomerase activity and the telomerase product was 
then quantitated by real time PCR. The Ct value represented the amount of telomerase product and was therefore 
indirectly proportional to telomerase activity in the lysate. (E) Karyotpye analysis of E1-MYC 16.3 by G- banding. (F) 
Rate of cell cycling. Cells were labelled with CFDA and their fluorescence was monitored over time by flow cytometry. 
The loss of cellular fluorescence at each time point was used to calculate the number of cell division that the cells 
have undergone.
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Gene expression profile
Genome-wide gene expression profiling of MYC-transformed MSCs and their parental MSCs by 

microarray hybridisation was performed to assess the relatedness between the cell types. Microarray 

hybridization was performed in duplicate on Sentrix Human Ref-8 Expression BeadChip using RNA from 

E1-MYC 16.3 MSCs at p4, p7, and p8, and from the parental HuES9-E1 MSCs at p15 and p16. The gene 

expression profile (Accession number: GSE25296) among different passages of E1-MYC 16.3 MSCs or 

among different passages of the parental HuES9-E1 MSCs was highly similar with a correlation coefficient, 

r2 being greater than 0.98. The correlation coefficient, r2 between E1-MYC 16.1 MSCs and parental 

HuES9-E1 MSCs, was also relatively high at 0.92 (Figure 4a). 

A total of 161 genes was upregulated and 226 genes downregulated at least 2 fold in E1-MYC 16.1 MSCs 

suggesting that there were changes in gene expression after MYC transformation. These differentially 

expressed genes were functionally clustered by PANTHER (Protein ANalysis THrough Evolutionary 

Relationships) in which the observed frequency of genes for each biological process in each gene set 

Figure 2. Surface antigen profiling. HuES9.E1 and E1-MYC 16.3 MSCs were stained with an appropriate antibody 
conjugated to a fluorescent dye and analyzed by FACS. The fluorescence of HuES9.E1 or E1-MYC 16.3 was the average 
cellular fluorescence of cells at p16 or p6. Nonspecific fluorescence was assessed by incubating the cells with isotype-
matched mouse monoclonal antibodies.
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was compared with the reference frequency which, in this case is the frequency of genes for that 

biological process in the NCBI database.32, 33 There were 11 over-represented biological processes for 

the 161 upregulated genes namely, metabolic process, nucleobase, nucleoside, nucleotide and nucleic 

acid metabolic process, primary metabolic process, amino acid transport, sulfur metabolic process, 

organelle organization, mitochondrion organization, peroxisomal transport, cellular amino acid and 

derivative metabolic process, polyphosphate catabolic process and protein metabolic process. There 

were 4 under-represented processes: vesicle- mediated transport, exocytosis, cell surface receptor 

linked signal transduction, and immune system process (Figure 4b). In the 226 downregulated genes, 

there were 37 over- and 1 under- represented biological processes (Figure 4c). For the up-regulated 

genes, many of the associated over-represented processes were generally important for increasing cell 

mass or anabolic activity for cell division and were consistent with the observed increased cell 

proliferation activity. The under-represented processes, namely vesicle-mediated transport, exocytosis 

suggested that exosome production might not be affected. For the down-regulated genes, the 37 over-

Figure 3. Differentiation of HuES9E1 and E1-MYC 16.3 MSCs. MSCs were induced to undergo (A) osteogenesis and 
then stained with von Kossa stain; (B) chondrogenesis and then stained with Alcian blue; (C) adipogenesis where 
E1-MYC 16.3 and HuES9E1 MSCs were exposed to adipogenesis induction medium for two days. The cells were viewed 
at 100x magnification.
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represented processes could be broadly classified into processes that are associated with adhesion, 

differentiation, communication, immune response, cell death and metabolism. These processes were 

also consistent with some of our observations of the MYC-transformed MSCs, namely reduced adherence 

to plastic, loss of adipogenic differentiation potential and loss of MHC I expression. Cardioprotective 

activity of secretion The loss of adipogenic potential in MYC-transformed MSC suggested that other 

aspects of the characteristics of ESC-derived MSCs such as the production of therapeutic exosomes 

might also be compromised by the transformation. We had previously demonstrated that exosomes 

Figure 4. Gene expression analysis. RNA from HuES9E1 and E1-MYC 16.3 MSCs were hybridized to Sentrix HumanRef-8 
Expression BeadChip Version 3 and analyzed by Beadstudio and Genespring GX 10. (A) Pairwise comparison of gene 
expression between HuES9.E1 and E1-MYC 16.3 MSCs using Beadstudio analysis. (B), 161 genes that were over-
expressed by >2-fold and (C) 226 genes that were under-expressed by >2-fold in E1-MYC 16.3 MSCs were analyzed 
using PANTHER algorithm. The observed frequency of genes for each biological process in each gene set was compared 
with the reference frequency which, in this case is the frequency of genes for that biological process in the NCBI 
database. Those biological processes whose observed frequency exceeds the reference frequency with a p < 0.05 are 
considered significant.
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secreted by ESC-derived MSCs was protective in a mouse model of myocardial I/R injury.24 To test if this 

aspect was compromised, the transformed cells were grown in a chemically defined medium, the 

conditioned culture medium harvested and exosomes were purified as previously described.24, 34 Despite 

increased MYC transcript and protein levels in the transformed cells, MYC protein was not detectable 

in the conditioned medium and purified exosomes (Figure 5a). The HPLC protein profile of the 

conditioned medium was similar to that of conditioned medium from untransformed MSCs (Figure 5b) 

with the fastest eluting fraction having a retention time of about 12 minutes.24 Dynamic light scattering 

analysis of this peak revealed the presence of particles that were within a hydrodynamic radius range 

of 50-65 ηm. In a typical run, we routinely purified about 1.5 mg of exosomes per liter of conditioned 

medium. HPLC- purified exosomes from either E1-MYC 21.1 or E1-MYC 16.3 was administered to the 

mouse model of MYOCARDIAL I/R injury at a dosage of 0.3 or 0.4 μg per mouse respectively (Figure 

Figure 5. Analysis of secretion. (A), Western blot analysis. Proteins from cell lysate, conditioned medium (CM), and 
HPLC purified exosomes of E1MSCs or E1-MYC-MSCs were separated on SDS-PAGE and probed with different antibodies 
to detect MYC (64 kDa), ACTIN (42 kDa), and CD9 (24 kDa). (B) HPLC fractionation and dynamic light scattering of 
CM from E1-MYC-MSC. CM was fractionated on a HPLC using BioSep S4000, 7.8 mm x 30 cm column. The components 
in CM were eluted with 20 mM phosphate buffer with 150 mM of NaCl at pH 7.2. The elution mode was isocratic 
and the run time was 40 minutes. The eluent was monitored for UV absorbance at 220 ηm. Each eluting peak was 
then analyzed by light scattering. The fastest eluting peak (arrow) was collected for testing in a mouse model of 
myocardial ischemia/reperfusion injury. (C) 0.3 μg HPLC-purified exosomes was administered intravenously to a 
mouse model of myocardial I/R injury five minutes before reperfusion. Infarct size (IS) as a percentage of the area 
at risk (AAR) upon treatment with saline (n=10), exosomes from E1- MYC 21.1 (n=5) and exosomes from E1-MYC 
16.3 (n=4) were measured. The relative infarct size (IS/AAR) in mice treated with E1-MYC 21.1 exosome or E1-MYC 
16.3 exosome was 23.4 ± 8.2%, and 22.6 ± 4.5%, respectively and their relative infarct sizes were significantly lower 
than the relative infarct size of 38.5 ± 5.6% in saline-treated mice (p<0.001 and p<0.002, respectively).
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5c). The area at risk (AAR) as a percentage of left ventricular (LV) area in E1-MYC 21.1 exosome, E1-MYC 

16.3 exosome, or the saline-treated control group was similar at 39.1 ±3.4% (n=5), 41.7±4.7% (n=4) 

and 40.8 ±11.8% (n=10), respectively. The relative infarct size (IS/AAR) in mice treated with E1-MYC 

21.1 exosome or E1-MYC 16.3 exosome was 23.4 ± 8.2%, and 22.6 ± 4.5%, respectively and their relative 

infarct sizes were significantly lower than the relative infarct size of 38.5 ±5.6% in saline-treated mice 

(p<0.001 and p<0.002, respectively).

 DIsCussIon

This report describes the transformation of human ESC-derived MSCs by over-expression of MYC gene. 

This transformation enabled the cells to bypass senescence, increase telomerase activity and enhance 

proliferation. Generally, genome-wide gene expression between the transformed cells versus their 

parental cells was conserved with a correlation coefficient of 0.92. The transformed cells also have the 

characteristic surface antigen profile: CD29+, CD44+, CD49a+, CD49e+, CD90+, CD105+, CD166+, MHC 

I- , HLA-DR- , CD34- and CD45- . Although the transformed cells fulfilled most of fundamental requisites 

in ISCT minimal criteria for the definition of human MSCs, they nevertheless have an altered MSC 

phenotype.30 They exhibited reduced adherence to plastic and failed to undergo adipogenesis which 

ironically was reported to be most robust among the three fundamental MSC differentiation potentials 

in the human ESC-derived MSCs.26 Therefore, in contrast to a previous report that observed no 

fundamental changes in MSC properties after MYC transformation, we observed some fundamental 

changes in MYC-transformed cells such that the cells no longer fulfilled the ISCT minimal criteria for 

the definition of human MSCs and are technically not MSCs.29, 30 Despite the loss of a defining MSC 

property, the MYC-transformed cells continued to secrete exosomes that could reduce infarct size in a 

mouse model of myocardial I/R injury. The relative infarct size was 23.4 ± 8.2% and 22.6 ± 4.5% in mice 

treated with exosomes from the polyclonal and monoclonal lines, respectively. The relative infarct size 

in saline treated mice was 38.5 ±5.6%. These relative infarct sizes were comparable to those observed 

in mice treated with exosomes from the untransformed parental MSCs or fetal MSCs.24, 25 The relative 

infarct sizes in mice treated with these exosomes were 17.0 ± 3.6% and 18.1 ± 2.0%, respectively against 

a 34.5 ± 3.3% in saline treated mice. Therefore, both independently transformed polyclonal and 

monoclonal lines also produced exosomes with similar therapeutic efficacy as those produced by 

untransformed MSCs indicating that exosome production was independent of the transformation and 

was consistent and reproducible. The significant reduction of infarct size by exosome treatment and 

the well established correlation between infarct size and subsequent adverse remodeling suggests that 

exosome treatment would enhance the prognostic outcome of reperfusion therapy.35 We noted that 

MYC protein was present in the transformed cells but was not detectable in either the conditioned 

medium or exosome. As onco-protein unlike oncogene cannot be replicated or amplified, the risk of 

tumorigenesis by exosomes from MYC- transformed cells is further mitigated. The use of lentiviral 

vectors for the transformation of the cells poses another potential safety risk. Since the secreted 

exosome and not the transformed cells will be used as therapeutic agents, the risk from the integration 

of lentivirus is mitigated. Also the use of newer generation of lentiviral vector which in our case is a 

third generation lentiviral vector further reduces the risk of producing infectious recombinant viral 

particles. For the actual manufacture of therapeutic exosomes, we propose transforming the cells using 

some of the lentiviral vectors that are currently being tested in clinical trials.36 This will further reduce 
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the risks associated with the use of lentiviral vectors for transformation.

ConCLusIon

In summary, MYC transformation represents a practical strategy in ensuring an infinite supply of cells 

for the production of exosomes in the milligram range as either therapeutic agents or delivery vehicles. 

In addition, the increased proliferative rate reduces the time for cell production and thereby reduces 

production costs. In conclusion, this work despite the lack of exciting novel scientific insights into 

biological processes provides a critical enabling technology for the development of a cost effective 

production process for consistent supplies of HPLC- purified therapeutic human exosomes.
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MEthoDs

oncogenic transformation of huEs9.E1 MsC
The previously described human ESC-derived HuES9.E1 MSCs was infected at p21 or p16 with lentivirus 

carrying either a MYC gene or a GFP gene to generate two types of transfected cells, MYC-MSC and 

GFP-MSC, respectively. The MYC cDNA was amplified from pMXs-hc-MYC using primers PTDMYC (5’ 

GAA TTC GAA TGC CCC TCA ACG TTA GC 3’) and PTDMYCa (5’ CTC GAG CGC ACA AGA GTT CCG TAG C 

3’) and cloned into pLVX-puro vector (Clontech, www.clontech.com).37 Lentiviral particles were produced 

using Lenti-X HT Packaging System and viral titer was determined by using a Lenti-XTM qRT-PCR titration 

kit (Clontech, www.clontech.com). The HuES9.E1 MSCs that were infected at p21 were plated at 106 

cells per 10 cm dish and infected with viruses at a MOI=5 in the presence of 4 μg/ml polybrene for 

overnight.26 Cells were selected under 2 μg/ml puromycin for three days and expanded as per human 

ESC-derived HuES9.E1 MSCs and these cells were pooled to generate the E1-MYC 21.1 line. For the 

HuES9.E1 MSCs that was infected at p16, three independently clonal lines (E1-MYC 16.1, E1-MYC 16.2 

and E1-MYC 16.3) were derived by limiting dilution.26 When the cloned cells were expanded to 107 cells 

(or a confluent 15 cm culture dish), the passage number was designated as passage 1.

The cells were analyzed for MYC transgene integration, transcript and protein levels, surface markers, 

rate of cell cycling, telomerase activity, karyotype, genome-wide gene expression and differentiation 

potential.

hPLC purification of exosomes
The instrument setup consisted of a liquid chromatography system with a binary pump, an auto injector, 

a thermostated column oven and a UV-visible detector operated by the Class VP software from Shimadzu 

Corporation (Kyoto, Japan). The Chromatography columns used were TSK Guard column SWXL, 6 x 40 

mm and TSK gel G4000 SWXL, 7.8 x 300 mm from Tosoh Corporation (Tokyo, Japan). The following 

detectors, Dawn 8 (light scattering), Optilab (refractive index) and QELS (dynamic light scattering) were 
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connected in series following the UV-visible detector. The last three detectors were from Wyatt 

Technology Corporation (California, USA) and were operated by the ASTRA software. The components 

of the sample were separated by size exclusion i.e. the larger molecules will elute before the smaller 

molecules. The eluent buffer used was 20 mM phosphate buffer with 150 mM of NaCl at pH 7.2. This 

buffer was filtered through a pore size of 0.1 μm and degassed for 15 minutes before use. The 

chromatography system was equilibrated at a flow rate of 0.5 ml/min until the signal in Dawn 8 stabilized 

at around 0.3 detector voltage units. The UV-visible detector was set at 220 ηm and the column was 

oven equilibrated to 25°C. The elution mode was isocratic and the run time was 40 minutes. The volume 

of sample injected ranged from 50 to 100 μl. The hydrodynamic radius, Rh, was computed by the QELS 

and Dawn 8 detectors. The highest count rate (Hz) at the peak apex was taken as the Rh. Peaks of the 

separated components visualized at 220 ηm were collected as fractions for further characterization 

studies.

testing secretion for cardioprotection
The conditioned medium was prepared by growing the transformed MSCs in a chemically defined serum 

free culture medium for three days as previously described.34 The concentrated conditioned medium 

was processed by HPLC fractionation to obtain the exosomes as mentioned above. The exosomes were 

tested in a mouse model of myocardial I/R injury. Myocardial ischemia was induced by 30 minutes left 

coronary artery (LCA) occlusion and subsequent reperfusion. Five minutes before reperfusion, mice 

were intravenously infused with 200 μl saline solution of 0.3 μg exosome protein purified from culture 

medium conditioned by MYC-MSCs. Control animals were infused with 200 μl saline. After 24 hours 

reperfusion, infarct size (IS) as a percentage of the area at risk (AAR) was assessed using Evans’ blue 

dye injection and TTC staining as described previously.24 All animal experiments were performed in 

accordance with the national guidelines on animal care and with prior approval by the Animal 

Experimentation Committee of Utrecht University.

statistical analysis
Two-way ANOVA with post-hoc Dunnett was used to test the difference in infarct size between groups. 

Correlation coefficient of each pairs of array was assessed using Pearson correlation test. 
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Background

We have previously identified exosomes as the paracrine cardioprotective factor secreted by 

mesenchymal stem cell (MSCs). However, the mode of action, target signaling pathways and long-term 

physiological consequences of MSC-derived exosome treatment after myocardial infarction remain to 

be addressed.

Methods and Results

Mice (C57Bl6/J) underwent 30 minutes ischemia, followed by reperfusion. Purified exosomes or saline 

were administered 5 minutes before reperfusion. Cardiac function and geometry were assessed using 

9.4T mouse-MRI and invasive PV-loop recordings. MSC-derived exosomes reduced infarct size by 45% 

compared to saline treatment. Ex vivo Langendorff experiments revealed that intact but not lysed 

exosomes enhanced viability of cardiac cells. In addition, exosome treated animals exhibited significant 

preservation of left ventricular geometry and contractile performance during 28 days follow-up. Within 

an hour after reperfusion, exosome treatment increased levels of ATP, NADH, phosphorylated-Akt and 

phosphorylated-GSK-3β, and reduced phosphorylated-c-JNK in ischemic/reperfused hearts. 

Subsequently, local and systemic inflammation was significantly reduced 24 hours after reperfusion.

Conclusions

Our study shows that intact MSC-derived exosomes restore bioenergetics, activate pro-survival signaling 

and inhibit pro-apoptotic signaling. Subsequently, exosomes reduce cell death and inflammation, 

thereby enhancing cardiac function and geometry after myocardial I/R injury. Hence, MSC-derived 

exosomes are a potential adjuvant to reperfusion therapy for myocardial infarction.

Submitted

Exosomes target multiple mediators to reduce cardiac injury
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Myocardial infarction (MI) and related complications (e.g. heart failure) are a great socio-economic 

burden to society and healthcare systems. Recent advances in (interventional) cardiology have resulted 

in timely and optimized coronary flow restoration through the culprit artery. Subsequently, more patients 

survive the initial infarction, but are susceptible to heart failure or other infarct-related comlications.1 

The increase in morbidity after MI triggered the search for adjunctive therapeutics to further limit 

excessive tissue loss and enhance cardiac performance. Pre-clinical studies show a great potential for 

engineered heart tissue for replacement therapy,2, 3 while stem cells injections may be promising in the 

treatment of patients with acute MI.4 Interestingly, there is increasing evidence showing that the 

observed therapeutic effects are partly mediated by stem cell secretion. This so called ‘paracrine 

hypothesis’ has gained much attention and is supported by recent experimental data.5 It has been 

shown that mesenchymal stem cell-conditioned medium (MSC-CM) enhance cardiomyocyte and/or 

progenitor survival after hypoxia-induced injury.6-10 Furthermore, MSC-CM induce angiogenesis in the 

infarcted myocardium.7, 8, 11 We have shown in both murine and porcine models of myocardial ischemia/

reperfusion (I/R) injury that MSC-CM reduces infarct size.12 High performance liquid chromatography 

(HPLC) and dynamic light scatter (DLS) analyses revealed that MSCs secrete cardioprotective 

microparticles with a hydrodynamic radius ranging from 50-65 ηm.13 Furthermore, the therapeutic 

efficacy of MSC-derived exosomes was independent of the tissue source for the MSCs.  For example, 

exosomes from human embryonic stem cell-derived MSCs were similar to those derived from other 

fetal tissue sources (e.g. limb, kidney). This suggests that secretion of therapeutic exosomes may be a 

general property of all MSCs.14 

Exosomes are bi-lipid membrane vesicles with a diameter of 50-100 ηm. They are secreted by various 

cell types through the fusion of multivesicular bodies with the plasma membrane. Exosomes carry a 

complex cargo load of proteins and RNA with the potential to effect many cellular processes and 

pathways.  They are involved in complex cellular interactions such as immune responses, intercellular 

communication and antigen presentation.15 Multivesicular bodies store the exosomes within the cell 

and release them upon fusion with the plasma membrane. The identification of exosomes as the 

cardioprotective factor in MSC secretion makes it a potential therapeutic tool in myocardial infarction. 

In contrast to cell-based therapy, MSC-derived exosomes provide an ‘off-the-shelf’ therapeutic. 

Furthermore, exosomes are potentially safer as they are non-viable and will incur less manufacturing 

and storage costs.  Although we previously described that exosomes reduce infarct size in mice,14 the 

functional consequence and the mechanism for its cardioprotective actions remain unknown. 

In the present study, we show that intact exosomes directly target cardiac cells to reduce infarct size after 

myocardial I/R injury. Furthermore, we demonstrate that exosomes exert a therapeutic effect via well-

defined signaling pathways involved in survival and apoptosis of ischemic/reperfused cardiomyocytes.

 

REsuLts

Intact exosomes reduce myocardial I/R injury through direct interaction with myocardial cells
Thirty minutes ischemia followed by 24 hours reperfusion in saline treated animals resulted in 39±1.8% 

infarction within the AAR (IS/AAR; Figure 1A). A single i.v. bolus of exosomes 5 minutes prior to 

reperfusion reduced infarct size by 45% (21±2.2% IS/AAR; p<0.001), in a dose dependent manner. Infarct 

size reduction in myocardial I/R injury is achieved by either enhanced cardiomyocyte viability, reduced 
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detrimental activation of blood components or both.16-18 We performed ex vivo I/R experiments in 

the Langendorff setup, to determine the relative contribution of parenchymal and circulating cells to 

the cardioprotection mediated by exosomes. Three hours reperfusion with normal buffer after 30 

minutes ischemia resulted in 49±5.3% IS/AAR. Exosome-containing buffer perfusion just prior to 

reperfusion significantly reduced infarct size to the same extent as in the in vivo situation (23±1.5% IS/

AAR; p=0.002). This suggests that exosomes interact directly with cardiac cells to reduce infarct size. It 

is postulated that exosomes are internalized by target cells by endocytosis or phagocytosis in order to 

release their content.19, 20 For this reason, we tested if the cardioprotection was dependent on the 

integrity of the exosomes as lipid microvesicles and not just their cargo. Exosomes were physically 

disrupted by vigorous agitation in a homogenizer before administration. The disrupted exosomes failed 

to reduce infarct size in vivo (37±3.0% IS/AAR; p=.994). In all experiments, the extent of myocardium 

at risk was similar in all groups (mean AAR/LV = 40±1.1%; Figure 1B). 

Figure 1. MSC-derived exosomes reduce myocardial I/R injury in vivo and ex vivo. (A) Infarct size (IS) as a percentage 
of the area-at-risk (AAR) 1 day after I/R injury; *p<0.001, †p=0.001 and ‡p=0.001 compared to saline. (B) AAR as a 
percentage of the left ventricle (LV). Each bar represents Mean±SEM, n=6/group for in vivo and n=4/group for ex 
vivo experiments. 
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Exosome treatment prevents left ventricular dilatation and improves cardiac performance
We next examined the functional consequences of exosome treatment during long-term follow-up. We 

performed serial cardiac MRI measurements to assess both left ventricular (LV) function and geometry 

after I/R injury. There were no differences in LV function and dimensions at baseline. The infarct size 

reduction in exosome treated animals translated into significant preservation of both end-diastolic and 

-systolic volume (EDV, ESV) during follow-up. In addition, ejection fraction was significantly improved 

after exosome treatment at all time points (Figure 2A-C). Wall thickness (WT) of the infarcted area (free 

wall) was equally increased in saline and exosome treated animals 1 day after reperfusion (Figure 2D), 

presumably caused by tissue edema. Although infarct size was reduced, exosome treatment did not 

reduce reperfusion-induced edema as shown by equal increase in thickness of the free wall (infarct 

area) 1 day after reperfusion. The similar extent of tissue edema at day 1 in the MRI studies indicated 

that the amount of endangered myocardium did not differ between the groups. However, exosome 

treatment resulted in decreased thinning of the infarct area during scar maturation. This finding was 

in line with the infarct size reduction seen after exosome treatment. There were no differences in WT 

in the remote myocardium between the groups (Figure 2E). The higher extent of viable tissue after 

exosome treatment also significantly improved systolic thickening of the infarcted area at all time points 

(Figure 2F), and in the remote myocardium 28 days after infarction (Figure 2G). 

At day 28, we also assessed the hemodynamic consequences using LV pressure-volume loop recordings 

after exosome treatment. Consistent with improved LV function and geometry, we observed higher 

contractility and relaxation and reduced end-diastolic pressure (EDP) in exosome treated animals 

(Table 1).

 

Figure 2. MSC-derived exosomes prevent LV dilation and improve systolic function after myocardial I/R injury. 
(A) End-diastolic volume (EDV, µL); *p=0.029 and †p=0.006 compared to saline. (B) End-systolic volume (ESV); *p=0.04, 
†p=0.017 and ‡p=0.002 compared to saline. (C) Ejection fraction (EF, %); *p=0.035, †p=0.015 and ‡p=0.002 compared 
to saline. (D) Wall thickness of the infarct area (WT, mm); *p<0.001 compared to baseline and †p=0.04 compared 
to saline. (E) WT of the remote myocardium. (F) systolic wall thickening (SWT, %); *p=0.011, †p=0.042 and ‡p=0.040 
compared to saline. (G) SWT of the remote myocardium; *p=0.012 compared to saline. Representative MRI images 
are shown. Note the increased LV dimensions at systole and diastole in saline treated animals; Each bar represents 
Mean±SEM, n=10/group for ischemic/reperfused animals n=6/group for sham operated mice.

table 1. Invasive left ventricular pressure measurements 28 days after infarction

saline Exosomes p

BPM 480±7 476±3 .60

ESP 110±2 137±10 .12

EDP 15±1 7±1 .009

dP/dTmax 7496±152 8951±246 .009

dP/dTmin -6680±75 -8241±396 .009

Data are represented as Mean±SEM, n=5/group. BPM=beats per minute, ESP=end-systolic pressure, EDP=end-diastolic 
pressure.
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Exosome treatment restores energy depletion and redox state within 30 minutes after I/R
Mitochondrial dysfunction is one of the most important determinants of viability loss after I/R injury.21 

Mitochondrial dysfunction aggravates the loss of ATP and NADH during ischemia where Kreb’s cycle 

and oxidative phosphorylation are inhibited by the lack of oxygen. Restoring their levels will therefore 

be critical for the recovery of the ischemic/reperfused myocardium. We observed that within 30 minutes 

after reperfusion, the ATP/ADP and NADH/NAD+ ratios in the AAR of exosome-treated animals were 

significantly reduced (Figure 3A and B). These data demonstrate that exosome treatment is highly 

effective in eliciting a rapid biochemical response to restore ATP and NADH levels as reflected by reduced 

ATP/ADP and NADH/NAD+ ratios.

Exosome treatment phosphorylates Akt/GsK3 pathway and inhibits c-JnK signaling after I/R
Paracrine action of MSC secretion has been shown to be mediated via enhanced phosphorylation of 

survival pathways, especially of PI3K/Akt pathway.5-9 In our study, exosome treatment elicited an 

immediate and significant increase in Akt and GSK3 phosphorylation within an hour after reperfusion, 

and this increase was maintained over the next 24 hours (Figure 4A and B). ERK1/2 phosphorylation 

has also shown to be protective in myocardial I/R injury,21 however, was not altered by exosome 

treatment (Figure 4C). Phosphorylation of c-JNK, a known activator of pro-apoptotic signaling, was 

rapidly and significantly reduced in exosome treated animals within 1 hour reperfusion (Figure 4D).

Exosome treatment reduces inflammation after I/R
Myocardial I/R is characterized by accentuated cardiac and systemic inflammation.16 Cardiac inflammation 

was assessed by neutrophil and macrophage infiltration. Exosome treatment significantly reduced 

neutrophil but not macrophage infiltration in the hearts at day 1 and 3 after reperfusion (Figure 5A and 

B). High peripheral white blood cell (WBC) count is associated with larger infarct size, worse cardiac 

performance and poor clinical outcome.22-26 In line with reduced infarct size and improved cardiac 

performance, exosome treatment significantly reduced WBC count compared to saline treated mice 

after I/R injury (Figure 5C).

 

Figure 3. MSC-derived exosomes restore ATP/ADP and NADH/NAD+ levels. Tissue levels of (A) ATP/ADP; *p=0.047 
compared to saline. (B) NADH/NAD+; *p=0.027 compared to saline. Each bar represents Mean±SEM, n=6/group/
time point.
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Figure 4. MSC-derived exosomes induce phosphorylation of Akt and GSK3, and reduce c-JNK phosphorylation after 
myocardial I/R injury. Tissue levels of (A) phospho-Akt (pg/ml); *p=0.025 and †p=0.025 compared to saline. (B) 
phospho-GSK3α/ß; *p=0.025 and †p=0.016 compared to saline. (C) phospho-ERK1/2. (D) phospho-c-JNK; *p=0.045 
compared to saline. Each bar represents Mean±SEM, n=6/group/time point.

Figure 5. MSC-derived exosomes reduce inflammation after myocardial I/R injury. (A) Neutrophil influx (Ly6-Gpos 

cells); *p=0.016 compared to saline. (B) Macrophage influx (MAC3pos cells). Representative staining are shown. (C) 
Peripheral white blood cell counts after myocardial I/R injury; *p=0.045 and †p=0.009 compared to saline. Each bar 
represents Mean±SEM, n=6/group/time point.
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DIsCussIon

Previous studies have shown that MSC transplantation improves cardiac function after infarction. 

The initial hypothesis that this efficacy was mediated by the engraftment and differentiation of 

transplanted MSCs to replace injured tissues is increasingly untenable. Most studies suggest that 

MSCs mediate their therapeutic efficacy through the secretion of paracrine factors.5-7, 27 Like others,8-10 

we have demonstrated that culture medium conditioned by MSCs reduces I/R injury in a pig and 

mouse model.12 We identified the active component in this CM as an exosome, a 50-100 ηm bi-lipid 

membrane secreted microvesicle.13, 14

In this study, we demonstrated that exosomes not only reduced infarct size, but also resulted in a long-

term preservation of cardiac function and reduced adverse remodeling.  Interestingly, the therapeutic 

effect of MSC-derived exosomes was dependent on their physical integrity such that physical disruption 

of the bi-lipid membrane prevented cardioprotection. These observations are consistent with the 

reported uptake of exosomes by cells via endocytosis or phagocytosis,19, 20. Furthermore, ex vivo 

Langendorff experiments revealed that exosomes are able to reduce infarct size to the same extent as 

in the in vivo situation. These findings strongly indicate that exosomes exert their therapeutic effect via 

viability enhancement of cardiac tissue and do not require the presence of circulating blood cells. 

Unfortunately, we were not able to follow exosomes in vivo after administration. It appeared to be 

technically impossible to detect labeled exosomes ex or in vivo after administration, either fluorescent 

(GFPpos-MSC secreted GFPpos-exosomes and ex vivo protein labeling) or radioactive (111In-oxinate labeling). 

The main issue is likely the size of the exosomes that hampers ex vivo labeling and signal intensity once 

taken up by ischemic/reperfused heart tissue. Novel techniques are needed to explore the dynamics 

of exosomes after in vivo administration.

To elucidate the underlying mechanism of cardioprotection by MSC-derived exosomes, we first 

determined the earliest biochemical and molecular changes in the heart.  Within the first hour, exosome 

treatment significantly increased tissue level of ATP and NADH. This demonstrated that exosomes could 

elicit a rapid and efficient correction of the NADH- and ATP-deficit accumulated during ischemia when 

Kreb’s cycle and oxidative phosphorylation are inhibited. These rapid changes were simultaneously 

coupled with the activation of pro-survival Akt and GSK-β3 signaling pathways and inhibition of pro-

apoptotic c-JNK signaling pathway. ATP deficiency is a trigger of apoptosis and in turn apoptosis depletes 

ATP, causing a vicious circle of cell death.28, 29 Therefore the rapid restoration of ATP and NADH by 

exosome treatment increase cellular energy supply and reductive potential to expedite the recovery 

of ischemic/reperfused myocardium and inhibit apoptosis. In order to result in rapid alterations of 

bioenergetics, exosomes need to be internalized fast. It has been shown that the internalization of MSC 

exosomes by H9C2 cardiomyocytes occurs within 30 minutes of exposure.30 The simultaneous restoration 

of cardiac bioenergetics, rapid phosphorylation of pro-survival pathways Akt and GSK-3β and reduced 

phosphorylation of c-JNK probably provided an additional synergy in the amelioration of I/R injury. The 

importance of pro-survival kinases such as PI3 kinase-Akt and ERK1/2 in limiting reperfusion injury was 

recently highlighted in a position paper from the European Society of Cardiology.31 

Finally, we observed decreased neutrophil influx in exosome treated animals. It is likely that the reduced 

influx is secondary to the reduced cardiac injury after exosome treatment, since leukocyte influx did 
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not differ between the groups at 1 hour reperfusion. In addition, we found that the reduced infarct size 

and improved cardiac performance were associated with low WBC counts in exosome treated animals. 

This finding is in line with clinical studies in which infarct size and clinical outcome is directly proportional 

to WBC count22, 24-26. 

The identification of exosomes as the cardioprotective factor in MSC secretion makes it a potential 

therapeutic tool in myocardial infarction. Exosomes will become more attractive when efficacy is shown 

after intracoronary injection in a large animal during the reperfusion phase. Currently, we are putting 

effort to test intracoronary administration of exosomes in a porcine model of myocardial I/R injury. In 

contrast to cell-based therapy, MSC-derived exosomes provide an ‘off-the-shelf’ therapeutic. 

Furthermore, exosomes are potentially safer as they are non-viable and will incur less manufacturing 

and storage costs.

ConCLusIons

We have shown that MSC-derived exosomes rapidly activate multiple cardioprotective pathways to 

reduce infarct size and prevent heart function deterioration after myocardial I/R injury. Our study 

demonstrates that a single intravenous administration of MSC-derived exosomes is effective when 

administered in the late ischemic period, just prior to reperfusion. For these reasons, MSC-derived 

exosomes are a potential candidate for adjunctive therapy for patients suffering from acute myocardial 

infarction.
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Animals and Experimental Design 
Male C57Bl6/J mice (10-12 wks old, 25-30 g) received standard diet and water ad libitum. Saline or 

exosomes were administered intravenously via the tail vein, 5 minutes before reperfusion. Myocardial 

infarction was induced by temporary left coronary artery ligation, just below the left atrial appendage 

as described previously.18 Where possible, recommendations from the National Heart Lung and Blood 

Institute (NHLBI) Working Group on the Translation of Therapies for Protecting the Heart from Ischemia32 

were applied; the surgeon was blinded for the treatment. Digital images of the infarcts were encrypted 

before being analyzed by the researcher. Heart function and geometry assessments were done by a 

technician blinded to treatment. All animal experiments were performed in accordance with the 

Directive 2010/63/EU of the European Parliament, national guidelines on animal care and with prior 

approval by the Animal Experimentation Committee of Utrecht University. 

Myocardial I/R Injury In vivo 
Mice were anesthetized with a mixture of fentanyl (Jansen-Cilag) 0.05 mg/kg, midazolam (Dormicum, 

Roche) 5 mg/kg and medetomidine 0.5 mg/kg through an intraperitoneal injection. The adequacy of 

anesthesia was monitored by checking interdigital painreflexes, righting reflexes, limb/muscle tone and 

spontaneous breathing frequency. Core body temperature was maintained around 37°C during surgery 

by continuous monitoring with a rectal thermometer and automatic heating blanket. Mice were 

intubated and ventilated (Harvard Apparatus Inc.) with 100% oxygen. The left coronary artery (LCA) 

was ligated for 30 minutes with an 8-0 Ethilon (Ethicon) with a section of polyethylene-10 tubing placed 

over the LCA. Ischemia was confirmed by bleaching of the myocardium and ventricular tachyarrhythmia. 

In sham operated animals the suture was placed beneath the LCA without ligating. Reperfusion was 

initiated by releasing the ligature and removing the polyethylene-10 tubing. Reperfusion of the 

endangered myocardium was characterized by typical hyperemia in the first few minutes. In a subgroup 

of mice, a piece of the loosened suture was left in place to determine the area-at-risk (AAR) during 

termination. The chest wall was closed and the animals received subcutaneously atipamezole (Antisedan, 

Pfizer) 2.5 mg/kg, flumazenil (Anexate, Roche) 0.5 mg/kg and buprenorphine (Temgesic, Schering-

Plough) 0.1 mg/kg. Prior to termination, mice were anesthetized as described above before cervical 

dislocation. Hereafter, the hearts were rinsed with saline and subsequently explanted for further 

biochemical and/or histological analysis.

 

Exosome Purification 
Exosomes were purified from huES9.E1 derived MSCs conditioned media (CM) using HPLC, as described 

earlier.14, 33 Briefly, to prepare the CM, 80% confluent HuES9.E1 cell cultures were washed three times 

with PBS and cultured overnight in a chemically defined medium consisting of DMEM without phenol 

red (Invitrogen) and supplemented with insulin, transferrin, and selenoprotein (ITS; Invitrogen), 5 ng/

ml FGF2 (Invitrogen), 5 ng/ml PDGF AB (Peprotech, Rocky Hill, NJ), glutamine-penicillin-streptomycin, 

and β-mercaptoethanol. The cultures were then rinsed three times with PBS, and fresh defined medium 

was added. After 3 days, the medium was collected and centrifuged at 500g, and the supernatant was 

filtered using a 0.2-μm filter.  No Serum was used in the preparation of the CM and the cells were not 

stimulated. Serum-free CM collected from MSCs culture was concentrated 50x by tangential flow 

filtration using a membrane with a 100 kDa MWCO (Sartorius, Goettingen, Germany). Hereafter, CM 
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was passed through chromatography columns (TSK Guard column SWXL, 6x40 mm and TSK gel G4000 

SWXL, 7.8x300 mm, Tosoh Corp., Tokyo, Japan). Exosomes were collected from the first peak of the 

elution, concentrated using 100 kDa MWCO filter (Sartorius). Exosomes were filtered with a 0.22 µm 

filter before storage -80ºC.

Infarct size 
Infarct size (IS) as a percentage of the left ventricle (LV) was determined using Evans’ blue dye injection 

and TTC staining, 1 day after reperfusion (n=6/group). 

Mice were anesthetized as described above with a mixture of fentanyl, midazolam and medetomidine. 

The LCA was ligated once again at the level marked by the suture left in place. Evans’ blue dye (4%) was 

injected via the thoracic aorta in a retrograde fashion. By doing so, one can demarcate non-ischemic 

region in order to determine the area-at-risk (AAR); the extent of myocardial tissue that underwent 

ischemia (i.e. endangered myocardium). Hearts were rapidly explanted, rinsed in 0.9% saline and put 

in -20ºC freezer for 1 hour. Hereafter, hearts were mechanically sliced into four 1-mm cross sections. 

Heart sections were incubated in 1% triphenyltetrazolium-chloride (Sigma-Aldrich) at 37ºC for 15 

minutes before placing them in formaldehyde for another 15 minutes. Viable tissue stains red and 

infarcted tissue appears white. Heart sections were digitally photographed (Canon EOS 400D) under a 

microscope (Carl Zeiss®). IS, AAR and total LV area were measured using ImageJ software (version 1.34). 

Infarct size was corrected for the weight of the corresponding heart slice.

Myocardial I/R Injury Ex vivo 
Mice (n=4/group) were given heparin 50 IE subcutaneously and were operated under general anesthesia 

as described above with a mixture of fentanyl, midazolam and medetomidine. The suture was placed 

beneath the LCA in vivo without ligating. Hereafter, the heart was excised and aortic root was canulated 

and perfused in the Langendorff setup. After 10 min recovery, the suture was tightened to induce 

ischemia for 30 min. Just 5 min prior to reperfusion, the perfusion buffer was changed for a second 

buffer containing 0.4 μg/ml MSC-derived exosomes or control. Reperfusion was initiated by releasing 

the suture. Following 3 hours of reperfusion, Evans’ blue dye was injected after re-ligating the suture 

to demarcate the AAR. Subsequently, TTC staining was performed for infarct size assessment.

Cardiac Magnetic Resonance Imaging 
Twenty-six mice (n=10/group in ischemic and n=6/group in sham operated mice) underwent serial 

assessment of cardiac dimensions and function by high resolution magnetic resonance imaging (MRI, 

9.4 T, Bruker, Rheinstetten, Germany) under isoflurane anesthesia before, 1, 7 and 28 days after MI. 

Long axis and short axis images with 1.0 mm interval between the slices were obtained and used to 

compute end-diastolic volume (EDV, largest volume) and end-systolic volume (ESV, smallest volume). 

The ejection fraction (EF) was calculated as 100*(EDV-ESV)/EDV. Wall thickness (WT) and systolic wall 

thickening (SWT) were assessed from both the septum (remote myocardium) and free wall (infarct 

area). All MRI data are analyzed using Qmass digital imaging software (Medis, Leiden, The 

Netherlands).

Pressure-volume Loop Recordings 
In a subset of mice, invasive assessment of cardiac performance and LV pressure development was 

performed 28 days after infarction. Mice were anesthetized as described above with a mixture of 
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fentanyl, midazolam and medetomidine. A Millar 1.4F pressure catheter (model SPR-839) was inserted 

in a retrograde fashion via the right common carotid artery. Systolic function was assessed by LV end-

systolic pressure and dP/dtmax, whereas diastolic function by LV end-diastolic pressure and dP/dtmin.

Immunohistochemistry 
Upon termination (as described above), hearts were rinsed with saline and excised and fixated in 4% 

formaldehyde and embedded in paraffin. Paraffin sections were stained for Ly-6G (for neutrophils; rat 

anti-mouse Ly-6G 1:100, Abcam, Cambridge, United Kingdom) and MAC-3 (for macrophages; rat anti-

mouse MAC-3 1:30, BD Pharmingen, Breda, the Netherlands). Sections were stained by overnight 

incubation with the first antibody at 4°C for MAC-3 or by 1 hour incubation at RT for Ly-6G. Before 

staining, sections were deparaffinized and endogenous peroxidase was blocked by 30 minutes incubation 

in methanol containing 1.5% H2O2. Antigen retrieval was performed by 20 minutes boiling in citrate 

buffer (MAC-3 and Ly-6G). For MAC-3, sections were pre-incubated with normal goat serum and 

incubated with the primary antibody (1:30 overnight at 4°C). Sections were then incubated for 1 hour 

at RT with a biotin labeled secondary antibody, followed by 1 hour incubation with streptavidin-

horseradish peroxidase at RT and developed with AEC. For Ly-6G, sections were incubated with the 

primary antibody (1:100 for 1 hour at RT). Sections were then incubated for 30 minutes with a secondary 

antibody followed by 30 minutes incubation with Powervision poly-HRP anti-rabbit IgG (ImmunoVision 

Technologies, Daily City, USA). The staining was immediately visualized with Vector NovaREDTM substrate 

kit following the manufacturer’s instructions (Vector Laboratories Inc., Burlingame, USA).

Protein Isolation 
Total protein was isolated from snap frozen infarcted heart sections using 40 mM Tris pH 7.4.

Flow Cytometry 
Phosphorylated target protein for Akt (Ser473), glucogen synthase kinase-3α/β (GSK-3α/β; Ser21/Ser9), 

extracellular signal-regulated kinases-1/2 (ERK1/2; Thr202/Tyr204), c-Jun N-terminal kinase (c-JNK; Thr183/

Tyr185) were measured using the Bio-Plex Multiplex Assay (Bio-Rad Laboratories) according to the 

instructions of the manufacturer, after 1:5 dilution in assay buffer.

AtP/ADP & nADh/nAD+ 
ATP/ADP and NADH/NAD+ ratios were measured in the ischemic area of mice. MI was induced as 

described earlier. After 0 min, 5 min and 30 min of reperfusion, the ischemic area was excised and snap 

frozen using liquid nitrogen. Frozen tissue samples were homogenized with 1 ml extraction buffer and 

supernatant was collected after spinning at 14,000g for 5 minutes. Hereafter, the supernatant was 

passed through 10 kDa MWCO filter (Biovision) before performing the ATP/ADP and NADH/NAD+ assays 

according to the manufacturer’s protocol (Biovision, Mountain view, CA). 

statistical Analysis 
Data are represented as Mean±SEM. One-way ANOVA with post-hoc 2-sided Dunnett t-test adjustment 

(saline was set as control) was used for infarct size comparison between the groups. Non-parametric 

t-test was used for 2 group comparisons. All statistical analyses were performed using SPSS 15.1.1. and 

p < 0.05 was considered significant. The authors had full access to and take full responsibility for the 

integrity of the data. All authors have read and agree to the manuscript as written.
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Background

Excessive inflammation is a known mediator of adverse cardiac remodeling after myocardial infarction. 

Toll-like receptors (TLRs) have been shown to play a crucial role in inflammatory responses after tissue 

injury. In the present study, we explored the functional and biochemical  consequences of TLR2 absence 

in left ventricular remodeling after myocardial infarction.  

Methods and Results

C57Bl6 wild-type (WT), TLR2-/- and chimeric mice underwent permanent ligation of the left coronary 

artery. Cardiac function and geometry were assessed using 9.4T mouse-MRI at baseline, 7 and 28 days 

after infarction. Despite similar infarct size between WT and TLR2-/- mice (39±1.4% vs. 42±1.5%, 

respectively; p=.256), the absence of TLR2 promoted survival and prevented left ventricular dilatation 

during 28 days follow-up. Furthermore, systolic performance of both infarcted and remote myocardium 

was better in TLR2-/- mice compared to WT animals. Chimeric mice experiments revealed that expansive 

remodeling after infarction was mediated by bone marrow-derived TLR2 expression. Characterization 

of peripheral blood cells showed that the absence of TLR2 reduced white blood cell count 7 days after 

infarction. Peripheral blood monocytes of TLR2-/- mice exhibited similar CD11b expression, but reduced 

CD49d levels compared to WT animals 7 days after infarction. The functional and cellular changes in 

TLR2-/- mice were preceded by significant reduction in tissue levels of TNFα, IL-1α, GM-CSF and IL-10 

at 3 days after infarction. 

Conclusions

Lack of TLR2 improves survival and cardiac function after myocardial infarction and is determined by 

leukocytic TLR2 deficiency via reduced inflammation. Hence, TLR2 is a potential therapeutic target to 

prevent adverse remodeling after myocardial infarction

In preparation

Lack of circulating Toll-like receptor 2 promotes survival and 

prevents adverse remodeling after myocardial infarction
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Optimized reperfusion strategies have resulted in improved survival of patients after myocardial 

infarction (MI). Unfortunately, quality of life of surviving patients is significantly decreased due to 

increased morbidity after infarction1. Heart failure is one of the most common complications after 

infarction and inflict an increasing socio-economic burden on Western societies. Currently, the post-

infarct healing process is of increasing importance for therapeutic modulation to enhance cardiac repair 

and function after MI. Inflammation, proliferation and maturation are chronological processes during 

infarct healing that can be targeted independently from each other for therapeutic modulation2. 

Inflammation is an interesting therapeutic target, since it is initiated early and has profound effects for 

the later stages. Cytokine and chemokine production and subsequent leukocyte recruitment are initiated 

after the ischemic injury. Leukocyte migration is a critical first step in the removal of debris and matrix 

breakdown and subsequent scar formation2. The extent and type of inflammation has great impact on 

processes like angiogenesis and fibrosis in the (sub)chronic phase after infarction3-5. For this reason, 

modulation of the early inflammatory process may have great therapeutic value to regulate adaptive 

repair processes hereafter. However, inflammation is not a random binary process rather a well-

orchestrated dynamic response to tissue injury. For this reason, therapeutic modulation is challenging 

and difficult. More importantly, inflammation has shown to have ‘double-edged sword’ characteristics 

thereby complicating therapeutic interventions6, 7.

Recent studies have clearly demonstrated that Toll-like receptor (TLR) deficiency or inhibition enhance 

the ‘good’ and blunt the ‘bad’ of the inflammatory reaction in cardiac ischemia. Traditionally known as 

pathogen recognition receptors, TLRs have been shown to recognize endogenous activators released 

after cardiovascular injury8. TLR2 and 4 have been extensively studied in cardiac ischemia9. TLR4 

deficiency or inhibition protects against ischemia/reperfusion (I/R) injury and adverse  left ventricular 

remodeling10-12. We have recently shown that circulating TLR2 mediates  myocardial I/R injury and that 

its inhibition is cardioprotective. TLR2 inhibition reduces monocytes activation after reperfusion, thereby 

inhibiting cytokine and chemokine production and subsequent reduction of apoptosis13. Furthermore, 

previous studies have shown that TLR2 deficiency prevents maladaptive remodeling14. However, the 

relative contribution of parenchymal and hematopoiesis-derived TLR2 expression to cardiac repair 

responses remain unknown. 

In the present study, we show for the first time that circulating TLR2 expression mediates adverse 

remodeling after myocardial infarction. Furthermore, we investigated the functional and biochemical 

differences between TLR2 deficient and wild type animals during adverse remodeling after infarction. 

REsuLts

Circulating tLR2 Expression Mediates Adverse Remodeling After Infarction
There were no differences between WT and TLR2-/- animals in cardiac function and geometry at baseline. 

Infarct size, determined as a percentage of the left ventricle (IS/LV), showed no differences between 

TLR2-/- and WT mice 2 days after infarction (Figure 1A). Despite similar infarct size, TLR2-/- animals showed 

improved survival compared to WT mice after infarction (Figure 1B). Most animals died between day 

4 and 8 post-MI due to cardiac ruptures. Serial cardiac MRI assessments revealed a significant 

preservation of both function and LV dimensions during 28 days follow-up (Figure 1C and D; Table 1). 

TLR2-/- mice were relatively protected against expansive remodeling of the left ventricle when compared 

to WT animals. We performed bone marrow transplantation experiments from WT to irradiated knock-
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out mice and vice versa, in order to dissect the relative contribution to adverse remodeling of 

parenchymal and circulating TLR2 expression. Chimeric mice experiments revealed that adverse 

remodeling is relatively prevented in WT mice with TLR2-/- bone marrow (WT/TLR2 KO BM). In contrast, 

TLR2-/- mice with WT bone marrow (TLR2 KO/WT BM) exhibit similar LV dilatation compared to irradiated 

WTs with WT bone marrow (WT/WT BM; Figure 1E).

Figure 1. Circulating TLR2 mediates adverse remodeling after myocardial infarction. (A) Infarct size (IS) as a 
percentage of the left ventricle (LV) 2 days after infarction. (B) Kaplan-Meier survival curve. (C) and (D), End-diastolic 
and end-systolic volume, respectively (EDV, ESV); p-values see Table 1.  (E) EDV and ESV in chimeric mice 28 days 
after infarction; *p=0.005 †p=0.007 compared to TLR2 KO/WT BM. Each bar represents Mean±SEM, n=5/group for 
infarct size assessment, n=12 in WT and n=13 in TLR2-/- group for survival analysis. TLR2 KO/WT BM=irradiated TLR2-

/- mice with WT bone marrow, WT/TLR2 KO BM= irradiated WT mice with TLR2-/- bone marrow, WT/WT BM=irradiated 
WT with WT bone marrow.
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tLR2 Deficiency Reduces Inflammation After Infarction
Myocardial infarction is characterized by cytokine and chemokine induction and leukocytosis. In our 

experiments, TLR2 deficiency resulted in a significant reduction of TNFα, IL-1α, IL-10 and GM-CSF 3 

days after infarction (Figure 2A – D). White blood cell counts revealed that TLR2-/- animals exhibited 

reduced leukocytosis compared to WT mice after infarction (Figure 2E).

tLR2 Mediates Integrin-α4 Expression on Circulating Monocytes After Infarction
Monocyte migration to the heart is an integrin-dependent process15. The expression of CD11b did not 

differ between the groups after infarction (Figure 3A). However, compared to WT animals, circulating 

monocytes of TLR2-/- mice expressed decreased levels of CD49d after infarction (Figure 3B).

table 1.

C57BL6/J wt tLR2-/-

Baseline 7 days MI 28 days MI Baseline 7 days MI †p 28 days MI †p

EDV, μl 60.9±3.7 168.6±7.2* 216.3±11.8** 54.1±5.1 110.7±6.6*† <0.001 127.5±6.3**† <0.001

ESV, μl 25.4±4.1 156.7±10.9* 207.4±15.7** 23.7±4.3 93.1±6.0*† <0.001 112.4±6.2**† <0.001

EF, % 59.1±4.1 7.2±2.8* 4.3±2.3** 57.9±4.3 16.0±1.1* NS 11.9±1.0** NS

WT septum 
(remote, mm)

0.90±0.01 0.67±0.06* 0.75±0.02** 0.85±0.02 0.72±0.01* NS 0.71±0.03** NS

WT free wall 
(infarct, mm)

0.90±0.02 0.60±0.08* 0.45±0.04** 0.89±0.01 0.55±0.03* NS 0.45±0.07** NS

SWT septum 
(remote, %)

47.1±1.9 20.6±5.0* 16.1±4.7** 47.1±2.1 36.9±3.1*† 0.009 35.8±3.2**† 0.012

SWT free wall 
(infarct, %)

52.0±1.9 -34.0±5.7* -56.6±3.6** 54.2±1.8 -18.6±4.2* NS -26.2±4.0**† 0.027

One-way ANOVA post hoc Dunnett t-test (2-sided), *p<0.05 compared to baseline, †p compared to WT mice. EDV=end-
diastolic volume, ESV=end-systolic volume, EF=ejection fraction, WT=wall thickness, SWT=systolic wall thickening
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Figure 2. Lack of TLR2 reduces tissue cytokine levels and leukocytosis after infarction. Tissue levels of (A) TNFα; 
*p=0.032 B, (B) IL-1α; *p=0.032 C, (C) IL-10; *p=0.063 and (D) GM-CSF; *p=0.046 compared to WT animals. (E) White 
blood cell counts (WBC) after infarction; *p=0.05 compared to WT animals. Each bar represents Mean±SEM, n=6/
group/time point.
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DIsCussIon

Toll-like receptors as therapeutic targets may hold great therapeutic value in the near future. We have 

shown in both murine and porcine (unpublished data) models that TLR2 inhibition is a good candidate 

for infarct size reduction after ischemia/reperfusion13. The question remains whether TLR2 inhibition 

has adverse effects on remodeling of the scar and remote myocardium in the long-term. There are 

tragic examples in which inflammatory interventions with beneficial effects in the acute phase turned 

out to be devastating in the long-term. Corticosteroid administration reduced infarct size in animal 

experiments, but appeared to result in aneurysm formation and cardiac ruptures in patients after 

infarction6, 7. The main issue of down toning inflammation is impaired healing resulting in reduced 

collagen deposition in the scar and ventricular dilatation. Severe suppression of the immune response 

is associated with a so-called “mummified myocardium”, characterized by delayed debris removal and 

decrease infarct collagen content16. In addition, reduced infarct collagen is associated with more 

pronounced LV dilatation and dysfunction17. A report by Mersmann J et al. suggests that TLR2 deficiency 

results in adverse remodeling after infarction, despite smaller infarct size compared to WT animals18. 

Unfortunately, in their study the background of the TLR2-/- and WT mice were different: C57Bl6 vs. 

C3HeN, respectively. For this reason, it is difficult to draw firm conclusion from these experiments. 

In the present study, we investigated the healing process after infarction in TLR2-/- and WT mice, both 

on a C57Bl6/J background. Despite similar infarct size, cardiac MRI assessments revealed that LV 

dilatation and functional deterioration is relatively prevented in TLR2-/- mice. The improved cardiac 

function and geometry is likely the reason for improved survival in TLR2-/- animals. Moreover, in our 

experiments lack of TLR2 was relatively protective against bulging of the infarcted myocardium. It is 

known that bulging of the infarct (i.e. aneurysm formation) is associated with reduced collagen density 

in the scar17. 

We have previously shown that circulating TLR2 expression mediates ischemia/reperfusion injury of 

the heart13. In addition, it is well-established that leukocytes migrate to the heart to initiate the process 

of myocardial healing2, 5. Hence, we hypothesized that TLR2 expression on circulating blood cells is also 

the main determinant for adverse remodeling. WT mice with TLR2 knock-out bone marrow were indeed 

Figure 3. Lack of TLR2 reduces integrin-α4, but not CD11b expression on monocytes after myocardial infarction. 
(A) CD11b and (B) CD49d on circulating monocytes; *p=0.023 compared to WT animals. Each bar represents 
Mean±SEM, n=6/group/time point. MFI=mean fluorescent intensity
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relatively protected against adverse remodeling compared to TLR2-/- mice with WT bone marrow. 

Findings by Shishido et al.14 and the present study are in strong contrast to the study by Mersmann et 

al. in which TLR2 deficiency was associated with impaired cardiac function and geometry. We believe 

that the different strains used in their experiments (C3HeN background was compared to C57Bl6 

background) are the main reason for the conclusions drawn by Mersmann et al. rather than the TLR2 

knock-out. It is known that mouse strains strongly differ in myocardial healing after infarction19. Since 

improvement in cardiac function is a relative measure, it is of utmost importance that the intervention 

(e.g. knock-out) is the only differing variable and that confounding factors like background strain are 

absent. 

Furthermore, we demonstrated that TLR2-/- mice exhibit reduced cytokine levels and leukocytosis 

compared to WT animal after infarction. These findings are in line with the pro-inflammatory actions 

of TLR2 upon activation. CD49d is an important integrin for leukocyte migration and myofibroblast 

transdifferentiation15, 20. Whether leukocyte infiltration and myofibroblast transdifferentiation is altered 

in TLR2-/- mice remains to be addressed. However, the reduced CD49d expression on circulating TLR2-

/- monocytes after infarction suggests that leukocyte migration and myofibroblast transdifferentiation 

may be altered in TLR2-/- mice.

In conclusion, we have shown that circulating TLR2 mediates maladaptive remodeling after myocardial 

infarction. Lack of TLR2 improves survival and prevents post-infarct heart function deterioration via 

decreased inflammation and reduced migration capacity of monocytes. The exact mechanisms by which 

TLR2 mediates leukocyte migration and myofibroblast transdifferentiation in the healing heart remains 

to be addressed. Our study demonstrates that chronic absence of TLR2 is beneficial after myocardial 

infarction and is a good candidate as a therapeutic target in patients after myocardial infarction.
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MEthoDs

Animals and Experimental Design
TLR2-/- animals were backcrossed for 6 generations into a C57Bl6 background. Male C57Bl6/J and C57Bl6-

TLR2-/- mice (10-12 wks, 25-30 g) received standard diet and water ad libitum. Myocardial infarction 

was induced by permanent left coronary artery ligation, just below the left atrial appendage as described 

previously. Digital images of the infarcts were encrypted before being analyzed by the researcher. Heart 

function and geometry assessments were done by a technician blinded to treatment. All animal 

experiments were performed in accordance with the national guidelines on animal care and with prior 

approval by the Animal Experimentation Committee of Utrecht University. 
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Myocardial Infarction In vivo
Mice were anesthetized with a mixture of Fentanyl (Jansen-Cilag) 0.05 mg/kg, Dormicum (Roche) 5 

mg/kg and medetomidine 0.5 mg/kg through an intraperitoneal injection. Core body temperature was 

maintained around 37°C during surgery by continuous monitoring with a rectal thermometer connected 

to an automatic heating blanket. Mice were intubated and ventilated (Harvard Apparatus Inc.) with 

100% oxygen. The left coronary artery (LCA) was permanently ligated using an 8-0 vicryl suture. Ischemia 

was confirmed by bleaching of the myocardium and ventricular tachyarrhythmia. In sham operated 

animals the suture was placed beneath the LCA without ligating. The chest wall was closed and the 

animals received subcutaneously Antisedan (Pfizer) 2.5 mg/kg, Anexate (Roche) 0.5 mg/kg and Temgesic 

(Schering-Plough) 0.1 mg/kg.

Infarct size
Infarct size (IS) as a percentage of the left ventricle (LV) was determined using Evans’ blue dye injection 

and TTC staining, 2 days after infarction (n=5/group). By assessing infarct size in the acute phase (at 2 

days), one can determine whether differences are present between WT and TLR2-/- mice in myocardial 

perfusion. Hence, 4% Evans blue dye was injected via the thoracic aorta in a retrograde fashion. By 

doing so, one can demarcate the area-at-risk (AAR), the extent of myocardial tissue that underwent 

ischemia (i.e. endangered myocardium). Hearts were rapidly explanted, rinsed in 0.9% saline and put 

in -20ºC freezer for 1 hour. Hereafter, hearts were mechanically sliced into four 1-mm cross sections. 

Heart sections were incubated in 1% triphenyltetrazolium-chloride (Sigma-Aldrich) at 37ºC for 15 

minutes before placing them in formaldehyde for another 15 minutes. Viable tissue stains red and 

infarcted tissue appears white. Heart sections were digitally photographed (Canon EOS 400D) under a 

microscope (Carl Zeiss®). IS, AAR and total LV area were measured using ImageJ software (version 1.34). 

Infarct size was corrected for the weight of the corresponding heart slice.

Generation of Chimeric Mice
We generated chimeric mice to study the relative contribution of TLR2 expression in blood and parenchymal 

cells to cardiac remodeling. Donor bone marrow (BM) cells were collected from wild-type (WT) C57Bl6 

and TLR2 knock-out (TLR2-/-) mice by flushing humerus, femurs and tibiae with RPMI-1640 medium. 

Recipient mice received 5x106 BM cells after receiving a single dose of 7 Gy. Mice recovered for 6 weeks 

to ensure stable engraftment of the donor bone marrow cells. Hereafter, chimerization was confirmed 

by phenotyping TLR2 expression on peripheral blood samples with Cytomics FC500 (Beckman Coulter) 

analysis. Successful chimerization (>95% circulating donor cells) was achieved in all mice (data not shown).  

Irradiated WT mice with TLR2-/- bone marrow are referred as WT/TLR2 KO BM, and TLR2-/- mice with WT 

bone marrow as TLR2 KO/WT BM.

Magnetic Resonance Imaging
Twenty-three mice (n=5 in WT, n=6 in TLR2-/- and n=6 in sham operated mice) underwent serial 

assessment of cardiac dimensions and function by high resolution magnetic resonance imaging (MRI, 

9.4T, Bruker, Rheinstetten, Germany) under isoflurane anesthesia before, 7 and 28 days after MI. 

Long axis and short axis images with 1.0 mm interval between the slices were obtained and used to 

compute end-diastolic volume (EDV, largest volume) and end-systolic volume (ESV, smallest volume). 

The ejection fraction (EF) was calculated as 100*(EDV-ESV)/EDV. Wall thickness (WT) and systolic wall 

thickening (SWT) were assessed from both the septum (remote myocardium) and free wall (infarct 
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area). All MRI data are analyzed using Qmass digital imaging software (Medis, Leiden, The 

Netherlands).

Protein Isolation
Total protein was isolated from snap frozen infarcted heart sections (infarct and remote area separated) 

using 40 mM Tris pH 7.4.

Flow Cytometry
Tumor necrosis factor (TNF)-α, IL-1α, IL-10, and granulocyte macrophage-colony stimulating factor 

(GM-CSF) levels in isolated tissue protein samples were measured by flow cytometry (Cytomics FC500, 

Beckman Coulter) using the Th1/Th2 customized multiplex kit (Bender MedSystems, Vienna, Austria). 

The protein samples were diluted 1:1 in assay buffer, and the protocol is further followed according to 

the manufacturer’s instructions.

CD11b and CD49d expression was assessed on circulating monocytes of EDTA anticoagulated blood 

by flow cytometry. Whole blood was stained for CD11b (FITC, eBioscience, San Diego, Calif), and 

CD49d (Alexa Fluor 488, Serotec, Oxford, UK) and F4/80 for monocytes (Alexa Fluor 647, Serotec, 

Oxford, UK).

statistical Analysis
Data are represented as Mean±SEM. One-way ANOVA with post-hoc LSD test was used for comparison 

>2 groups. Non-parametric t-test for 2 group comparisons. Kaplan-Meier survival analysis with log-rank 

test was used to evaluate mortality differences between groups. All statistical analyses were performed 

using SPSS 15.1.1. and p<0.05 was considered significant. 

The authors had full access to and take full responsibility for the integrity of the data. All authors have 

read and agree to the manuscript as written.
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Background

The extracellular matrix (ECM) may induce detrimental inflammatory responses upon degradation, 

causing adverse cardiac remodeling and heart failure. The ECM protein fibronectin-EDA (EIIIA; EDA) is 

upregulated after tissue injury and may act as a ‘danger signal’ for leukocytes to cause adverse cardiac 

remodeling after infarction. In the present study, we evaluated the role of EDA in regulation of post-

infarct inflammation and repair after myocardial infarction.

Methods and Results

Wild-type and EDA-/- mice underwent permanent ligation of the LCA. Despite equal infarct size between 

groups (38.2±4.6% vs. 38.2±2.9% of LV (p=.985)), EDA-/- mice exhibited less left ventricular dilatation 

and enhanced systolic performance compared to wild-type mice as assessed by serial cardiac MRI 

measurements. In addition, EDA-/- mice exhibited reduced fibrosis of the remote area without affecting 

collagen production, cross-linking and deposition in the infarct area. Subsequently, ventricular 

contractility and relaxation was preserved in EDA-/-. At tissue level, EDA-/- mice showed reduced 

inflammation, metalloproteinase 2 and 9 activity and myofibroblast transdifferentiation. Bone marrow 

transplantation experiments revealed that myocardium-induced EDA and not EDA from circulating cells 

regulates post-infarct remodeling. Finally, the absence of EDA reduced monocyte recruitment as well 

as monocytic TLR2 and CD49d expression after infarction.

Conclusions

Our study demonstrated that parenchymal fn-EDA plays a critical role in adverse cardiac remodeling 

after infarction. Absence of fn-EDA enhances survival and cardiac performance by modulating matrix 

turn-over and inflammation via leukocytes and fibroblasts after infarction.

Circ Res. 2011;108(5):582-92

Lack of fibronectin-EDA promotes survival and prevents  

adverse remodeling and heart function deterioration  

after myocardial infarction
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Heart failure (HF) is becoming a major socio-economic burden for Western societies, for both incidence 

and prevalence numbers are increasing.1 Improved reperfusion strategies have caused a decline in 

death rates after acute myocardial infarction (MI). However, since more patients do survive the initial 

infarction, infarct-related morbidity increases. The extent of tissue loss in the acute phase after MI is a 

major determinant of the degree of adverse remodeling. However, chronic processes like extracellular 

matrix (ECM) turnover, fibrosis and inflammation are key mediators of post-MI cardiac repair and adverse 

remodeling.2 Despite pharmacological advances (e.g. β-blockers, Renin-Angiotensin-Aldosterone system 

inhibitors),3, 4 incidence for HF is increasing and mortality remains very high (5-year mortality 30-70%).5 

Inflammation is the first critical step in tissue repair responses after myocardial infarction. Many 

interventions have been studied to modulate the inflammatory reaction in order to enhance heart 

function and attenuate structural changes leading to HF. However, interfering within the innate immune 

system is not without danger and necessitates understanding in temporal, spatial as well as the (patho)

physiological role of the target.2, 6 Endogenous “danger” signals have gained much interest recently, 

since they are released upon tissue injury and do not play a biological role under normal conditions. 

Danger signals (e.g. cardiac myosin7 and HMGB18) are released upon ECM degradation or cardiomyocyte 

death and can activate leukocytes, thereby inducing the detrimental responses seen after myocardial 

infarction. Toll-like receptors are postulated as one of the main targets for endogenous ligands released 

after infarction.9 Upon recognition of endogenous ligands, TLRs exert the same detrimental inflammatory 

processes via cytokine and chemokine expression. Cellular fibronectin is a multifunctional adhesive 

glycoprotein present in the ECM and is produced by cells (e.g. fibroblast, endothelial cells) in response 

to tissue injury. It contains an alternatively spliced exon encoding type III repeat extra domainA (EIIIA; 

EDA), that act as an endogenous ligand for both TLR2 and 4; in vitro, EDA induces pro-inflammatory 

gene expression and activates monocytes.10 Furthermore, in vivo injection of EDA in murine joints results 

in enhanced inflammation via NF-κB activation.11 In addition to its pro-inflammatory actions, EDA also 

acts as a ligand for several integrins (e.g. VLA-4/CD49d) regulating cell adhesion and proliferation.12, 13 

The presence of EDA is also crucial for myofibroblast phenotype induction and function.14 

In summary, EDA is able to activate leukocytes and cause an upregulation of cytokines and chemokines. 

One might hypothesize that upon degradation of the ECM and/or de novo synthesis after infarction, EDA 

could cause detrimental inflammatory responses. In the present study we show, in vivo, that the lack of 

EDA indeed prevents adverse cardiac remodeling and enhances cardiac function after acute MI.

 

REsuLts

Lack of EDA promotes survival and prevents heart function deterioration as well as 
maladaptive remodeling after myocardial infarction
EDA synthesis is stimulated after infarction in both infarct and remote myocardium, reaching a peak at 

7 and 3 days, respectively (Online Figure I). Baseline MRI assessment of cardiac function and dimensions 

revealed no differences between EDA-/- and WT mice. Microscopic analyses did not show any alterations 

in cellularity and matrix composition in EDA-/- mice (Online Figure II). 

The extent of endangered myocardium (AAR/LV) determined at 2 days post-MI was similar between 

the groups. Infarct size (IS) as percentage of LV was also similar between groups (IS/LV 38.2±1.2%, 

p=0.985; Figure 1A). Kaplan-Meier survival analysis showed a significant survival benefit in EDA-/- mice 

over WTs (Figure 1B). Most deaths occurred after day 6 and were not caused by cardiac rupture (only 
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2 ruptures in the WT and 1 rupture in EDA-/- mice were observed during 28 days follow-up). In line with 

increased mortality, WT mice had greater LV dimensions and reduced systolic performance compared 

to EDA-/- mice (Figure 1C; Table 1). These significant differences were already present 7 days after 

infarction, and continued to deteriorate till 28 days post-MI. EDA-/- mice were relatively protected against 

remodeling and exhibited better systolic function after MI (Figure 1C; Table 1). The protective effect 

seen in EDA-/- was not attributable to changes in the extent of viable tissue, because infarct size did not 

differ between WT and EDA-/- mice 28 days post-MI (33.7±2.3% vs. 34.3±3.5%, respectively; p=0.818). 

However, wall thickness of the infarct area did not decline in EDA-/- mice as much as in WTs. At day 28 

post-infarction, the entire infarct area was replaced by a dense collagen network in both groups. At day 

7, however, there was reduced granulation of the infarct as shown by delayed degradation of acellular 

matrix in EDA-/- mice (Figure 1D). 

Lack of EDA decreases endogenous MMP-2, -9 and elastase activities
Enhanced MMP2 and -9 activities are detrimental for cardiac performance and geometry during the 

post-infarct healing process. We performed zymography to study whether the protection against 

adverse remodeling seen in EDA-/- mice is also attributable to changes in proteinase activity. In line 

with the reduced matrix degradation in the knock-out animals at day 7 observed in histology, both 

active forms of MMP-2 and -9 in infarct areas were reduced in EDA-/- mice, 7 days post-infarction 

(Figure 2). Analysis of the remote area after 7 days infarction was not possible due to very low signal 

intensity. Finally, we studied whether elastase activity was also affected by the absence of EDA. In 

line with reduced MMP2 and -9 activity, elastase activity was also  reduced in EDA-/- mice 7 days after 

infarction (Online Figure III).

EDA-/- mice exhibit less post-infarct fibrosis 
Collagen deposition occurs in the infarct area upon degradation of the matrix and in the remote 

myocardium upon changes in wall stress. Myofibroblasts are the primary source of de novo collagen 

synthesis.2 In our study, collagen deposition in both the infarct and remote area was similar between 

the groups at day 7 post-MI (Online Figure IV). After 28 days, collagen content was again similar in 

the infarct area, suggesting that scar formation is not negatively affected in EDA-/- mice (Figure 3A). 

However, the remote myocardium now contained less collagen fibers in EDA-/- mice compared to WT 

animals (Figure 3B; lower pixel count in the small-size grey value spectrum). These findings were 

supported at the mRNA level. Both procollagen-1 and -3 are reduced in the remote myocardium of 

EDA-/- mice (Figure 3C). Within the infarct, collagen synthesis in EDA-/- mice was again comparable to 

WT animals. There was no difference in lysyl-oxidase and TIMP-2 production between the groups, 

suggesting no differences in collagen cross-linking and protease inhibition, respectively (Online Figure 

V and VI). The reduced fibrosis in the remote myocardium at 28 days post-MI is preceded by a 

significantly decreased myofibroblast transdifferentiation in EDA-/- mice, in both remote and infarct 

areas 7 days after infarction (Figure 3D and E). Periostin is described as a maturation factor of cardiac 

fibroblasts.15 In our study, periostin-positive area was reduced as well in EDA-/- mice compared to WT 

animals (Figure 3F; Online Figure VII). To study whether WT and EDA-/- myofibroblasts differed in their 

matrix synthesis activity and MMP expression profile, we cultured post-infarct myofibroblasts and 

stained for myofibroblast markers and pro-collagen-III. In vitro, There were no differences between 

the two genotypes (Online Figure VIII). In addition, zymography was done using the supernatants of 

the cells and showed also no differences in MMP2 and -9 activity (Online Figure IX).   
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Figure 1. Lack of EDA preserves heart function and geometry after MI. (A) Infarct size (IS) as a percentage of the 
left ventricle (LV) after day 2 ischemia. Representative cross-sections after TTC staining are shown below corresponding 
bars; n=5/group. (B) Kaplan-Meier survival curves; *p0.04 compared with WT ischemic mice; ischemic 15/group, 
sham 6/group. (C), Cardiac geometry in ischemic mice; *p<0.03 and **p<0.001 compared with baseline and sham-
operated mice; †p-value (see Table 1) compared with WT ischemic mice. Representative short-axis and 4-chamber 
views of WT and EDA–/– mice 28 days post-MI. Note the massive pulmonary edema in WT mice (yellow arrows), 
which is almost absent in EDA–/– animals. (D) Reduced matrix degradation in EDA–/– mice 7 days post-MI. *p=0.004. 
Each bar represents mean±SEM, n=15/ischemic group; n=6/sham group. EDV indicates end-diastolic volume; ESV=end-
systolic volume; Ch=chamber.
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Lack of EDA results in enhanced inotropy and lusitropy
Altered fibrotic processes in EDA-/- mice indicate that diastolic function could be affected as well. Table 

2 shows the results from the invasive LV pressure assessments. Contractility, as indicated by dP/dTmax, 

was much higher in EDA-/- mice after 28 days infarction. This confirmed our previous MRI findings, that 

EDA-/- mice exhibit enhanced systolic performance (Table 1). Increase of LVEDP and tau is detrimental 

for heart function and is caused by increase of EDV and/or fibrosis; one of the hallmarks of heart failure. 

Compared to WT animals, diastolic performance was also significantly enhanced in EDA-/- mice after 28 

days infarction. Both parameters were significantly lower in EDA-/- mice compared to WT animals, 

providing evidence that the improved survival in EDA-/- mice is a consequence of both systolic and 

diastolic functional improvements. 

EDA regulates post-MI inflammation
Lack of EDA should result in a decreased inflammatory status, since EDA is considered as a ligand for 

TLR2 and 4. Neutrophils are the first leukocyte subset migrating upon tissue injury and are known to 

be associated with the extent of damage. Neutrophil count in the infarct area was not different between 

the groups (Figure 4A). Hereafter, macrophages clear cell debris (e.g. necrotic  neutrophils and 

cardiomyocytes) and, more importantly, initiate the remodeling process after infarction.2 In our study, 

the number of macrophages was highly reduced in EDA-/- mice 7 days post-infarction (Figure 4B). There 

were no cells detectable after 28 days infarction in both groups (data not shown). In concordance with 

the reduced macrophage influx, levels of TNFα, RANTES, GM-CSF (responsible for recruitment, 

differentiation and maturation of macrophages) and IL-10 were highly reduced in EDA-/- mice, 7 days 

after infarction (Figure 4C-F). In contrast, MCP-1 levels were increased in EDA-/- mice compared to WT 

animals at protein and mRNA level (Online Figure X). 

Parenchymal EDA mediates post-infarct survival and maladaptive remodeling
We generated chimeric mice to differentiate between the contribution of the blood and parenchymal 

compartments to the observed effects after MI. Interestingly, WT/EDA KO BM had similar survival rates 

and cardiac performance compared to WT/WT BM animals. In contrast, EDA KO/WT BM were similar 

Figure 2. Reduced MMP-2 and -9 activities in EDA-/- mice. Isolated infarct samples of WT and EDA-/- mice, 7 days post-
MI. The bars represent the signal intensity/mm2 after background subtraction. Illustrative zymography results are 
shown next to the bars. *p=0.042, †p=0.001 compared to WT animals. Each bar represents Mean±SEM, n=6/group.
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to EDA KO/EDA KO BM animals and showed higher survival rates and exhibited less adverse remodeling 

after MI, compared to WT/EDA KO BM (Figure 5A and B; Table 1). These data indicate that post-infarct 

parenchymal EDA expression drives maladaptive remodeling. From a danger model perspective, we 

may postulate that EDA expression as a danger signal can have profound effects on circulating cells 

which are responsible for post-infarct repair responses.

EDA mediates both integrin-α4 and toll-like receptor signaling in circulating monocytes
EDA is a known ligand for integrin-α4β1 (VLA-4)12  and TLR2 and 4.10 Since parenchymal EDA mediates 

adverse remodeling, we hypothesized that EDA from the heart may serve as an endogenous activator 

of circulating cells after infarction. EDA-/- mice showed a significant reduction in peripheral monocytes 

3 days after infarction, whereas after 7 days the numbers were similar between the groups (Figure 

6A). TLR2 expression on monocytes was significantly altered in the absence of EDA, while TLR4 did 

not show any difference in expression levels after MI between the groups (Figure 6B and C).  

Integrin-α4 (CD49d) expression was also significantly reduced on monocytes of EDA-/- mice after 

infarction (Figure 6D). In addition, there was a subgroup of monocytes that showed a significant 

higher expression level of CD49d. EDA-/- mice showed again a reduced CD49d expression in this 

subgroup, 7 days post-infarction (Figure 6E).
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Figure 3. EDA-/- mice exhibit less fibrosis after MI. 
Histograms give an overview of the entire spectrum of 
collagen intensity. The larger the grey value, the intenser 
the collagen staining. Grey values below 30 are considered 
as background signal of the intensity image acquired after 
polarized light microscopy. (A) Collagen intensity in the 
infarct area, 28 days post-MI. (B) Collagen intensity in the 
remote myocardium, 28 days post-MI. *p=0.042 area 
under the curve. (C) mRNA levels in infarct and remote 
areas during infarct development. Procollagen-1 and -3 
mRNA levels in the remote area are significantly reduced 
in EDA–/– mice. *p=0.004, p=0.008, p=0.007 compared with 
WT animals. (D) Positive a-SMA fraction in LV wall during 
cardiac repair. Vessels are not taken in the positive area 
fraction calculation. *p=0.014. (E) Positive a-SMA fraction 
in infarct and remote area 7 days post-infarct. *P=0.009, 
P=0.047. (F) Periostin-positive area within infarct and 
border zone. *p=0.018, p=0.045. Representative images of 
collagen intensity using white and polarized light 
microscopy. Each bar represents mean±SEM, n=6/group/
time point. LV indicates left ventricular



150

FN-EDA & adverse remodeling



151

FN-EDA & adverse remodeling

CHAPTER
9

table 2. Left ventricular pressure development in WT and EDA-/- mice 28 days after infarction.

Balb/C wt EDA-/- p

Heart rate, BPM 407±17 455±18 NS

LVESP, mmHg 104±4 108±7 NS

LVEDP, mmHg 41±4 22±5 0.014

dP/dTmax, mmHg/s 3362±277 5315±720 0.024

Tau, ms 26±3 14±1 0.018

Npar-test, p-values are shown in table. Data are represented as Mean±SEM, n=5/group. 
BPM=beats per minute, LVESP=left ventricular end-systolic pressure, LVEDP=LV end-diastolic 
pressure, NS=not significant.

Figure 4. EDA mediates detrimental inflammatory responses after MI. (A) Number of neutrophils in the infarct 
area. (B) Reduced macrophage influx in infarct and remote area in EDA-/- mice after infarction. *p=0.028, †p=0.047 
compared to WT. (C) Reduced TNFα levels in heart tissue in EDA-/- mice after infarction. *p=0.011 compared to WT. 
(D) RANTES levels. *p=0.023 compared to WT. (E) GM-CSF levels. *p=0.002 compared to WT. (F) IL-10 levels. *p=0.033 
compared to WT. Representative images of heart cross-sections stained for myofibroblasts (7 days post-MI), 
neutrophils (3 days post-MI) and macrophages (7 days post-MI). Each bar represents Mean±SEM, n=6/group/time 
point.



152

FN-EDA & adverse remodeling

Figure 5. Myocardial EDA expression mediates survival and adverse cardiac remodeling after myocardial infarction. 
(A) Kaplan-Meier survival curves; *p=0.037 compared to WT/EDA KO BM ischemic mice. (B) Cardiac geometry and 
ejection fraction in ischemic mice; *p<0.03 and **p<0.001 compared to baseline and sham operated mice; †p-value 
(see Table 1.) compared to WT/EDA-/- BM ischemic mice. Each bar represents Mean±SEM, n=11/group. WT/WT BM 
indicates WT with WT bone marrow, EDA KO/EDA KO BM=EDA-/- mice with EDA-/- bone marrow. WT/EDA KO BM=WT 
mice with EDA-/- bone marrow, EDA KO/WT BM=EDA-/- animals with WT bone marrow.
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Figure 6. EDA alters peripheral monocyte characteristics 
after infarction. (A) Circulating monocyte count at 
baseline, 3 and 7 days after infarction; *p=0.006. (B) TLR2 
and (C) 4 expression at baseline, 3 and 7 days after 
infarction; *p=0.01, †p=0.02. (D) CD49d and (E) CD49dhigh 
expression after infarction; *p=0.004 and *p=0.028, 
respectively. Each bar represents Mean±SEM, n=8/group/
time point. MFI indicates mean fluorescence intensity.
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DIsCussIon

Heart failure (HF) is already considered as an epidemic of the 21st century and its socio-economic 

burden of HF is likely to increase.16 Mortality after acute MI declines due to pharmacological and 

technical advances facilitating early reperfusion and survival. However, morbidity increases due to the 

excessive tissue loss and detrimental chronic processes during infarct healing. Inflammation is necessary 

for adequate wound healing and interfering with anti-inflammatory agents may be devastating.17 

However, post-infarct recovery is characterized by an auto-destructive inflammatory response causing 

a vicious circle. Hereby, the same inflammatory response influences cardiac performance and geometry 

in a detrimental way. This adverse healing process causes changes in ventricular structural design and 

dimension, referred as adverse cardiac remodeling. Despite the therapeutic advances for patients 

suffering from acute MI, there is a window of opportunity for adjunctive interventions. Especially 

therapeutic targets within our innate immune system hold great promise for future application for 

cardiomyocyte salvage after acute MI.18, 19 Ideally, the optimal therapy for patients suffering from acute 

MI encompasses both cardiomyocyte salvage and attenuating adverse remodeling, without affecting 

a proper scar formation. The discovery of Toll-like receptors (TLRs) has not only provided us with great 

insight into pathophysiological mechanisms in HF, but may also hold therapeutic value. We and others 

have shown that deficient TLR2 and 4 activation has therapeutic effects in murine models of 

atherosclerosis10, 20 and cardiac ischemia.19, 21-23 The idea that pattern recognition receptors also induce 

detrimental inflammatory responses in non-infectious settings has resulted in the search for endogenous 

ligands, so called “danger” signals. These danger signals are thought to be released and/or produced 

during tissue injury and cell stress. From this ‘danger model’ perspective,24 EDA may be a critical mediator 

of adverse remodeling after myocardial infarction.

We have shown that EDA is indeed upregulated after acute MI. This is in line with previous reports that 

EDA is produced in response to tissue injury (reviewed in Ref.12). EDA mRNA levels peaked at day 7 

post-MI in the infarcted wall and returned to baseline levels after 28 days. Immunohistochemistry 

suggested similar if not greater expression of EDA in the remote myocardium. The discrepancy between 

mRNA and protein levels and EDA staining could potentially reflect sampling of EDA pools of differing 

solubility. Experiments with cultured cells have shown that, after synthesis and secretion, soluble 

fibronectin dimers first appear at the cell surface but, over time, incorporate into less soluble multimeric 

aggregates in the ECM.25  Immunohistologic analysis has the capacity to detect such insoluble fibronectin 

aggregates in the ECM of tissues, whereas immunoblot analysis is apt to preferentially detect soluble 

extractable fibronectins.25 Potentially, EDA that is produced after the modest increase in EDA transcription 

in remote myocardium could preferentially incorporate into an insoluble fibronectin pool, thereby 

becoming relatively more evident by immunohistologic than immunoblot analysis (Online Figure I). 

Despite similar infarct size, EDA-/- mice showed enhanced survival compared to WT animals. In addition, 

WT animals exhibited a severely affected cardiac function and profound expansive remodeling during 

28 days of recovery. In contrast, EDA-/- mice showed preserved LV geometry, better systolic performance 

and less LV bulging during systole. Interestingly, this protective effect was already significant 7 days 

after infarction and continued to be apparent in the long-term follow-up. The detrimental changes were 

associated with the EDA mRNA peak seen at day 7. 

We explored several cellular and molecular mechanisms to explain the protective effect of EDA absence 

after myocardial infarction.
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First, we showed that EDA-/- mice have a normal scar formation (normal collagen content in infarct 

area) whereas remote fibrosis was decreased. This was also supported at the mRNA level for both 

procollagen-1 and -3, showing only decreased expression in the remote area. Furthermore, granulation 

of the infarct area was delayed and wall thickness did not decline in EDA-/- mice as much as in WT 

animals. In addition, myofibroblast transdifferentiation in the post-infarct ventricular wall was highly 

suppressed in EDA-/- mice. These observations suggest that EDA does not mediate fibrosis directly, 

since there is selective attenuation of fibrosis in the remote myocardium and not in the scar area in 

EDA-/- mice. We may hypothesize the following mechanisms: due to delayed matrix degradation in 

EDA-/- after infarction, infarct thinning is also delayed. The thicker wall of the infarct area in EDA-/- mice 

results in less wall stress and thus end-diastolic volume is limited. In addition, the decreased wall 

stress in EDA-/- mice may explain the decreased LV pressure-overload in these mice. Subsequently, 

reduced ventricular pressure may result in reduced fibrosis of the remote myocardium, as observed 

in our EDA-/- animals 28 days after infarction. Invasive pressure measurements indeed revealed that 

WT animals have nearly 90% increase of both LVEDP and LV relaxation time compared to EDA-/- mice. 

We studied whether apoptosis in the remote myocardium could explain the functional impairment 

in WT animals, but did not observe a difference in caspase 3 and 7 activity between the groups during 

follow-up (Online Figure XI). 

Secondly, we studied the inflammatory status in the post-infarct hearts. The absence of EDA did not 

affect neutrophil count, suggesting that the extent of tissue injury was similar between the groups. This 

is supported by the observation that infarct size did not differ between the groups. In contrast, 

macrophages (known as key players in adverse cardiac remodeling) migrated less in both the infarct 

and remote myocardium of EDA-/- mice. In addition, lack of EDA protected the animals against the 

production of TNFα, RANTES and GM-CSF; all known detrimental (chemotactic) cytokines in acute MI 

and HF, affecting negatively cardiomyocyte survival and function, and ECM remodeling.2, 18 In contrast, 

MCP-1 is increased in EDA-/- mice. There are several possible explanations for reduced migration of 

mononuclear cells in EDA-/- mice despite increased MCP-1 levels. First, decreased CD49d expression 

seen in our experiments results in reduced migration capacity of monocytes (Figure 6).26 It is likely that 

MCP-1 fails to cause effective migration due to reduced CD49d expression on monocytes. The complexity 

of the role of MCP-1 in adverse remodeling is also shown by the fact that several studies have reported 

contradictory results. Both cardiac-specific MCP-1 overexpression and MCP-1 inhibition have shown to 

prevent adverse remodeling and fibrosis after infarction.27-29

Thirdly, we studied MMP and elastase secretion since MMP2, -9 and elastase have been described as 

mediators of adverse cardiac remodeling.30 Both endogenous MMP2, -9 and elastase activities were 

decreased in EDA-/- mice compared to WT animals. These findings corroborate our MRI observations, 

in which wall thickness of the infarcted free wall is thicker in EDA-/- mice, already at 7 days post-MI 

(Table 1). Our observation of decreased endogenous MMP2 and -9 activities in the absence of EDA is 

supported by Okamura Y et al. They showed that EDA mediates MMP9 production via TLR4 activation.31 

Despite the fact that they did not see any effect on MMP2 production in vitro, we did show that MMP2 

was affected as well in vivo. One possible explanation is that the in vitro setting used by Okamura Y et 

al. does not represent the spatial and temporal dependence of MMP production; infarct and remote 

myocardium have their own MMP signature during the post-MI period.30 In addition, we examined 

whether EDA is a direct inhibitor of MMP2 and 9. Adding recombinant EDA to MMP2 and 9 did not 
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have an inhibitory effect (Online Figure XII) suggesting that the reduced MMP2 and 9 activity observed 

in vivo is likely via reduced secretion.

Finally, we found that EDA expression in resident myocardial cells mediate LV remodeling after infarction. 

Moreover, we have shown that circulating monocytes are significantly affected in the absence of EDA. 

Besides the fact that monocyte numbers are temporarily decreased after infarction, the absence of 

EDA also downregulates TLR2 and CD49d expression in vivo.

Taking these novel findings into account, we can hypothesize the following on the mode of action of 

EDA; 1) both leukocytes and cardiac fibroblasts, critically involved in cardiac remodeling, are activated 

by the “danger” signal EDA produced in the heart after MI; 2) leukocytic integrins (e.g. α4β1) have 

higher binding affinity to the ECM in the presence of EDA,32 resulting in increased migration and/or 

differentiation of leukocytes after MI. It is very likely, that both fibroblast transdifferentiation and 

leukocytic activation and migration contribute equally to the observed effects in our study.

In summary, we have shown that EDA is upregulated in response to the infarction and returns to normal 

levels after long-term survival. In the absence of EDA, post-infarct adverse remodeling is highly 

attenuated with concomitant survival benefit. EDA-/- mice are relatively protected against the profound 

expansive remodeling. In addition, both systolic and diastolic performance is preserved in EDA-/- mice 

via decreased fibrosis and altered inflammation 
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Data supplement
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.

org and contains detailed information regarding MI in vivo, protein and RNA isolation, flow cytometry, 

the generation of chimeric mice, infarct size calculation, MRI measurements, invasive left ventricular 

(LV) pressure measurements, immunohistochemistry, polymerase chain reaction, zymography, caspase 

3/7 activity, elastase activity, myofibroblast culture, fibronectin-EDA Western blotting, and statistical 

analysis.
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Background

Decreased haptoglobin (Hp) functionality due to allelic variations is associated with worsened outcome 

in patients after myocardial infarction (MI) due to increased oxidative stress. However, other mechanisms 

may be involved in a complex process as post-infarct cardiac remodeling. In the present study, we 

identified for the first time PAI-1 activity and VEGFα signaling as novel Hp-mediated pathways involved 

in early and late cardiac repair responses after experimental MI.

Methods and Results

Left coronary artery ligation was performed in Hp-/- and wild-type (WT) mice. Death rate was significantly 

higher in Hp-/- mice (63% vs. 20% in WT mice), commonly caused by cardiac rupture in Hp-/- animals. 

Histological analysis of 3 and 7 days old non-ruptured infarcted hearts revealed more frequent and 

more severe intramural hemorrhage and disorganized granulation tissue in Hp-/- mice. Analyses of non-

ruptured hearts revealed reduced PAI-1 activity and enhanced VEGFα transcription in Hp-/- mice. In line 

with these observations, we found an increased angiogenic response and increased microvascular 

permeability of newly formed vessels in Hp-/- hearts after infarction. During long-term follow-up of the 

surviving animals, we observed altered matrix turnover, impaired scar formation and worsened cardiac 

function and geometry in Hp-/- mice.

Conclusions

Haptoglobin deficiency severely deteriorates tissue repair and cardiac performance after experimental 

MI. Haptoglobin plays a crucial role in both short- and long-term cardiac repair responses by maintaining 

microvascular integrity, myocardial architecture, provisional matrix formation and proper scar 

formation.  

Under revision

Haptoglobin deficiency reduces PAI-1 activity,  

microvascular integrity and enhances adverse remodeling  

after myocardial infarction
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Genetic predispositions of individuals are related with the development of post-ischemic heart failure 

(HF)1. Haptoglobin (Hp) gene polymorphisms are determinants in the outcome of patients after 

myocardial infarction2. The haptoglobin gene has two polymorphic alleles, referred as 1 and 2, that 

results in three different phenotypes in man (Hp 1-1, 1-2, 2-2) that exhibit distinct properties. In contrast, 

mice only carry the Hp-1 allele. The Hp protein has several functions in the repair process following 

acute injury. Hp binds free hemoglobin to prevent hemoglobin-induced oxidative stress3. Anti-

inflammatory and angiogenic functions have also been postulated for Hp4. Interestingly, there appears 

to be a gradual scale of functionality for the different Hp phenotypes: Compared to Hp 1-2 and especially 

to Hp 2-2, Hp 1-1 is superior in forming a complex with free hemoglobin and is associated with less 

adverse atherosclerotic manifestations4, 5. Previous studies showed that increased oxidative stress 

contributed to increased tissue damage in mice with reduced Hp functionality (Hp 2-2)6. However, 

healing and remodeling of the infarcted heart is a complex process involving multiple biological pathways 

and (resident and migrating) cells7, 8. Influx of circulating blood cells, neoangiogenesis, matrix turnover 

and scar maturation are well orchestrated processes determining the fate of both the infarcted and 

remote myocardium. Recent insight showed that non-traditional pathways are involved in infarct healing 

as well. Factors from the coagulation cascade (e.g. FXIII)9, enzymes involved in fibrinolysis (e.g. PAI-1, 

u-PA)10-15 are known to be critical for wound healing after infarction. Therefore, besides oxidative stress, 

other factors may be involved in the Hp-mediated healing processes during infarct remodeling. 

In the present study, we studied the role of Hp in both immediate and chronic repair responses by 

thorough temporal characterization of the healing myocardium after infarction. We report for the first 

time that Hp mediates proper granulation of the injured myocardium and vascular permeability of 

newly formed vessels. Furthermore, Hp regulates PAI-1 activity, matrix turnover and scar maturation 

after infarction. Together, these observations show that Hp, in addition to its anti-oxidative stress 

properties, is critically involved in acute and chronic healing processes of the heart after infarction.

 

REsuLts

haptoglobin deficiency causes cardiac rupture and worsens survival after myocardial 
infarction
Baseline MRI assessment of cardiac function and dimensions and histological examination of cellularity 

in HE stained hearts revealed no differences between Hp-/- and WT mice. Hp transcript level was 

increased in heart tissue after infarction and remained elevated within the infarct area during follow-up 

(Figure 1a). Infarct size was similar between the groups (37.1±0.9% vs. 37.9±1.3%, p=0.806; Figure 1b). 

Kaplan-Meier survival analysis showed a significant increase in mortality in Hp-/- mice around day 3 and 

4 compared to WT animals (Figure 1c). All early deaths (<7 days) in Hp-/- mice were attributable to 

cardiac ruptures (Figure 1d). 

Histological analysis of non-ruptured hearts revealed disorganized granulation of infarcted Hp-/- hearts 

(Figure 1e): 3 days post-infarct Hp-/- hearts showed loss of linear and/or striated architecture of 

enucleated cardiomyocytes, random infiltration of leukocytes and red blood cell (RBC) deposition; 7 

days post-infarct Hp-/- hearts showed enhanced infiltration, presence of a medial layer of residual 

enucleated cardiomyocyte/matrix and again RBC deposition. These characteristics were not or 

significantly less evident in WT animals. Quantification of RBC deposition areas showed that the extent 

of intramural hemorrhage was higher in Hp-/- animals (Figure 1f). 
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Figure 1. Haptoglobin deficiency worsens survival and causes intramural hemorrhage after MI. (A) Haptoglobin 
mRNA levels in the heart during infarct development; *p<0.05 compared to baseline. (B) Infarct size (IS) as a 
percentage of the left ventricle (LV) 2 days after infarction. Representative cross-sections after TTC staining are shown 
below corresponding bars; n=5/group. (C) Kaplan-Meier survival curves; *p=0.03 compared to WT ischemic mice. 
(D) Cardiac rupture; arrow indicates site of rupture, note the massive hemorrhage area within the infarct (bleach 
area), asterix indicates the LCA ligation. (E) Representative images of hematoxyllin-eosin stained hearts. Note the 
excessive red blood cell deposition and disorganized granulation in the Hp-/- hearts. 
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To study whether differences in intraventricular pressure development could contribute to the higher 

incidence of cardiac rupture in Hp-/- animals, we performed invasive pressure-volume loop recordings 

in a subgroup of mice 3 days after infarction. No differences were found in any of the hemodynamic 

parameters (Table 1). 

Finally, we studied CD163 expression in response to the intramural hemorrhages, since haptoglobin 

forms a complex with free hemoglobin to facilitate hemoglobin removal by CD163pos-macrophages3. In 

line with the increased amount of RBC deposition, we observed more CD163pos cells in both the infarct 

and remote area in Hp-/- mice, 3 and 7 days after infarction (Figure 1g). 

haptoglobin deficiency results in increased angiogenic response, vascular permeability and 
oxidative stress
Hp is known to be involved in angiogenesis16. Newly formed vessels may become leaky and lead to 

bleeding in the vascular wall. Therefore, we quantified capillary density at baseline and during follow-

up. At baseline, the capillary density was lower in Hp-/- mice. However, the absolute number of newly 

formed capillaries did not differ between the groups after infarction (Figure 2a). Taking into account 

table 1. LV hemodynamics

C57Bl6 wt haptoglobin-/- p

Heart rate, BPM 406±34 418±37 0.65

LVESP, mmHg 101±14 97±10 0.62

LVEDP, mmHg 8±4 9±1 0.60

dP/dTmax, mmHg/s 6579±654 5839±760 0.19

dP/dTmin, mmHg/s -5266±763 -5047±768 0.70

Tau, ms 17±3 16±4 0.82

All values represent Mean±SEM. BPM=beats per minute, LVESP=left ventricular end-systolic pressure, LVEDP=LV 
end-diastolic pressure.

Figure 1. Haptoglobin deficiency worsens survival and causes intramural hemorrhage after MI. (F) Quantification 
of total red blood cell positive area as a percentage of the field (10x magnification); *p=0.026 and †p=0.029 compared 
to WT animals. (G) CD163+ cell count in infarct and remote area. Representative images are shown; *p=0.03, †p=0.024 
and ‡p=0.028 compared to WT animals. Each bar represents Mean±SEM, n=7/group.



165

Haptoglobin & adverse remodeling

CHAPTER
10

the lower capillary density at baseline, the percentage increase of newly formed capillaries (angiogenesis 

index) was higher in Hp-/- mice (Figure 2b). 

Vascular endothelial growth factor (VEGF) and Angiopoietin-1 (Ang-1) are key players in vessel formation 

and maturation, respectively. It has been shown that newly developed vessels are more leaky when 

they are formed by accentuated VEGF induction without being maturated by Ang-117. In Hp-/- mice, we 

observed significantly higher VEGFα transcription levels compared to WT animals, whereas Ang-1 did 

not differ between the groups during the first week of infarction. Additionally, the ratio VEGFα/Ang-1 

was significantly increased in Hp-/- mice (Figure 2c). Since this finding may contribute to the formation 

of leaky vessels and subsequent RBC deposition, we performed a vascular permeability assay in vivo. 

As shown in Figure 2d, Hp-/- mice exhibited a significantly increased cardiac vascular leakage despite 

equal plasma Evans’ blue dye concentrations after infarction (Figure 2e). We next determined the extent 

of oxidative stress, since it is mediated by haptoglobin and results in increased angiogenesis. In line 

with increased red blood cell deposition and free hemoglobin burden after infarction, we observed 

increased oxidative stress in haptoglobin deficient mice 3 days after infarction (Figure 2f). At baseline, 

the extent of vascular junctions, as demonstrated by retinal angiography, was also impaired in the 

absence of haptoglobin (Figure 2g).

haptoglobin deficiency results in maladaptive remodeling and impaired scar formation 
Having established the short term effects of Hp deficiency on cardiac repair, we studied its long term 

impact on post-infarct remodeling. Serial MRI measurements showed that surviving Hp-/- mice beyond 

day 7, exhibit increased LV dilatation during follow-up (Figure 3a). Systolic wall thickening as a measure 

for systolic performance was also worsened in the absence of Hp as well as cardiac output and LV mass 

(Table 2). Increased bulging of the free wall (i.e. infarct area) suggests impaired formation of a firm scar. 

table 2. Cardiac function and geometry after MI

C57Bl6 wt haptoglobin-/-

Baseline 7 days 28 days Baseline 7 days †p 28 days †p

BPM 367±13 391±17 374±7 399±14 424±15 NS 374±19 NS

EDV, μL 51.6±4.9 103.6±9.3 132.8±6.7 53.0±4.9 131.9±9.5*† 0.018 201.9±24.1**† 0.001

ESV, μL 20.2±4.7 81.6±8.6 108.8±6.1 22.9±3.9 112.4±10.3*† 0.007 181.3±23.9**† 0.001

EF, % 63.7±5.3 22.0±1.6 18.0±2.2 57.7±4.1 15.1±2.0* NS 11.0±1.3**† 0.06

CO, mL/min 11.6±0.8 8.6±0.6 7.6±0.8 12.0±1.0 8.2±0.6* NS 5.7±0.3** NS

LV mass, mg 84.4±4.3 99.2±4.1 99.3±5.3 82.6±3.8 104.6±2.6* NS 113.0±4.4**† 0.07

WT septum 
(remote, mm)

0.95±0.02 0.80±0.02* 0.86±0.01 0.89±0.03 0.72±0.02*† 0.026 0.89±0.03 NS

WT free wall 
(infarct, mm)

0.97±0.02 0.67±0.04* 0.48±0.03** 0.93±0.02 0.48±0.05*† 0.027 0.40±0.03** NS

SWT septum 
(remote, %)

53.8±1.5 37.6±3.1* 44.5±1.3 55.9±1.7 33.7±2.1* NS 37.0±2.2**† 0.027

SWT free wall 
(infarct, %)

55.5±3.9 -17.4±1.2* -30.8±1.8** 54.4±2.1 -30.6±1.7*† 0.007 -44.3±2.1**† 0.001

One-way ANOVA post-hoc LSD: *p<0.03 and **p<0.001 compared to baseline and sham group; †p value compared 
to C57Bl6 WT and sham group. Data are represented as Mean±SEM, n=10 in WT, n=20 in Hp-/- and n=6 in sham group. 
EDV=end-diastolic volume, ESV=end-systolic volume, EF=ejection fraction, CO=cardiac output, LV-left ventricular, 
WT=wall thickness, SWT=systolic wall thickening, NS=not significant.
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Figure 2. Hp mediates angiogenic responses and vascular permeability after MI. (A) Microvessel formation (lectinpos 

vessels) after MI; *p<0.003 compared to WT animals. Representative images from baseline and 28 days post-infarct 
hearts are shown. (B) Relative increase from baseline in capillary density during follow up; *p<0.016 compared to 
WT animals. (C) Tissue levels of VEGFα and Ang-1 mRNA after infarction; for VEGFα *p=0.005, †p=0.002, ‡p=0.001; 
for Ang-1 *p=0.011; for VEGFα/Ang-1 ratio *p=0.021, †p=0.002, ‡p=0.028 compared to WT animals. (D) Cardiac 
vascular permeability; *p<0.014 compared to WT hearts. (E) Plasma Evans’ blue dye concentration. (F) Oxidative 
stress in cardiac protein extracts 3 days after infarction; *p=0.043. (G) Retinal angiography and quantification of 
intervascular junctions; *p=0.021. Each bar represents Mean±SEM, n=7/group/time point, n=4/group for vascular 
permeability assay.

table 3. Procollagen-1, -3 and lysyl-oxidase mRNA levels after MI

C57Bl6 wt haptoglobin-/-

Days after MI 0 3 7 28 0 3 7 28 †p

Procollagen-1 .01±.001 .21±.03* .72±.06* .14±.02* .01±.002 .16±.01* .83±.13* .11±.02* NS

Procollagen-3 .09±.01 1.55±.17* 5.63±.64* 1.87±.24* .11±.01 1.39±.14* 5.93±.86* 1.20±.15*† .02

TGF-β1 .01±.001 .02±.002 .03±.008* .03±.005* .01±.002 .02±.004 .03±.006* .01±.003*† .005

LOX .01±.002 .10±.01* .40±.02* .15±.02* .01±.001 .10±.01* .40±.05* .11±.01*† .04

All values represent Mean±SEM. mRNA levels are expressed as a ratio to RPL27 mRNA. LOX=lysyl-oxidase, 
NS=not significant. *p<0.05 compared to baseline and †p-value compared to WT
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Indeed, collagen density staining analysis revealed reduced collagen deposition in Hp-/- mice (Figure 

3b). Histological examination revealed, again, loss of structured striation of collagen fibers in the infarct 

zone. We measured mRNA levels of pro-collagen-1/3 and TGF-β1 to investigate whether collagen 

synthesis could explain the observed morphological observations. Both procollagen-3 and TGF-β1 mRNA 

were significantly reduced in Hp-/- mice 28 days after MI (Table 3). In addition, lysyl-oxidase levels were 

reduced as well, suggesting impaired collagen cross-linking in Hp-/- mice (Table 3). 

haptoglobin deficiency reduces endogenous activity of PAI-1 and MMP2, and fibronectin 
transcription.
Previous studies have shown that PAI-1 knock-out animals have impaired infarct healing and die mostly 

from cardiac ruptures12, 13, 15. We studied whether Hp regulated PAI-1 activity to explain high incidence 

of cardiac ruptures in Hp-/- mice. In mice with non-ruptured hearts 3 days after infarction, PAI-1 activity 

was highly reduced in both heart tissue and plasma of Hp-/- animals (tissue 3.5±0.8 vs. 1.5±0.2; plasma 

0.12±0.01 vs. 0.08±0.009; Figure 4a).

Orchestrated matrix breakdown is essential for proper scar formation and collagen deposition18, 19. In 

order to quantify the pathological feature of delayed debris removal in Hp-/- animals (Figure 1e), we 

determined the area of enucleated cardiomyocytes within the infarct area in hearts 7 days post-

Figure 3. Hp-/- mice exhibit exaggerated ventricular dilatation after MI. (A) cardiac geometry in ischemic and sham 
operated animals. Representative images in the end-diastolic phase are shown; *p<0.03 and **p<0.001 compared 
to baseline and sham operated mice; †p-value (see Table 2.) compared to WT ischemic mice. (B) Histograms give an 
overview of the entire spectrum of collagen density. The larger the grey value, the higher the collagen density. Grey 
values below 30 are considered as background signal of the intensity image acquired after polarized light microscopy. 
Representative images of 28 days post-infarct hearts are shown. Note the dense and organized collagen fiber structure 
in WT heart in contrast to Hp-/- heart; *p=0.039 difference in area under the curve. Each bar represents Mean±SEM, 
MRI study: n=10 in WT, n=20 in Hp-/-, n=6/sham group; Histology n=7/group. EDV=end-diastolic volume, ESV=end-
systolic volume.
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Figure 4. Hp regulates PAI-1 and MMP2 activity and fibronectin 
production after MI. (A) PAI-1 activity in heart and plasma after 
MI; *p=0.022, †p=0.01 and ‡p=0.036 compared to WT animals. 
(B) Quantification of matrix remnants (% of infarct area) consisting 
of enucleated cardiomyocytes 7 days after infarction; *p=0.019 
compared to WT animals. (C) Endogenous MMP2 and -9 activity 
after MI; *p=0.006 and †p=0.016 compared to WT animals  (D) 
Neutrophil (Ly6-Gpos) and macrophage (MAC3pos) influx in infarct 
area per field; *p=0.037 and †p=0.016 compared to WT animals. 
Representative cross-sections of hearts positive for neutrophils and 
macrophages are shown. (E) Fibronectin mRNA levels; *p=0.036, 
†p=0.028 and ‡p=0.001 compared to WT animals. Each bar 
represents Mean±SEM, n=7/group/time point.
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infarction. Hp deficiency resulted in impaired removal of enucleated cardiomyocytes (Figure 4b), which 

may be due to reduced MMP2 activity (Figure 4c). 

Although neutrophil influx did not differ between the groups, influx of macrophages was increased in 

Hp-/- animals 7 days after MI (Figure  4d).  Hereafter, we studied the involvement of fibronectin since it 

is critically involved in the formation of a provisional matrix to facilitate scar maturation. In line with 

the observed delayed matrix turnover, fibronectin production was also impaired in Hp-/- mice during 

cardiac remodeling (Figure 4e). 

DIsCussIon

Patients differ in their response to ischemic injury and subsequent recovery. It is difficult to assess which 

factor(s) determine the fate of post-infarct repair responses. It is challenging to fully understand a 

complex process such as post-infarct remodeling in which inflammatory, angiogenic and genetic 

mediators play all an important role. Haptoglobin has been shown to be a critical genetic mediator of 

clinical outcome in patient after myocardial infarction20, 21. Further elucidation of haptoglobin-mediated 

pathways involved in cardiac repair after infarction may provide new therapeutic targets to optimize 

treatment for myocardial infarction. 

In the present study we used Hp-/- mice in order to investigate its causal role and identify critical 

pathways mediated by haptoglobin in the response of the heart to myocardial infarction. The most 

evident role of haptoglobin appeared to be the maintenance of normal morphological features of wound 

healing after infarction. We observed that cardiac ruptures occurred more frequently in Hp-/- animals 

and that histological analysis revealed disorganized granulation of the healing myocardium. Analysis of 

hearts that did not rupture showed that in Hp-/- the incidence and size of intramural hemorrhages within 

the infarcted wall is higher compared to WT animals. One possible explanation may be the increased 

microvascular permeability in Hp-/- hearts after infarction. We found that neoangiogenesis in Hp deficient 

mice was accompanied with leakage-prone capillary formation via isolated VEGFα induction, resulting 

in unbalanced VEGFα/Ang-1 transcription. To our knowledge, this is the first time that Hp is associated 

with VEGFα signaling. Further exploration revealed that indeed vascular permeability was increased in 

Hp-/- animals after infarction. The mechanisms by which microvascular permeability is increased in 

newly formed vessels have been attributed to an unbalanced VEGF/Ang-1 transcription. VEGF 

overexpression without Ang-1 induction results in increased leakage-prone vessel formation17.  

Furthermore, our findings may explain previous observations in which reduced Hp functionality (Hp 

2-2) is associated with intraplaque hemorrhage22, 23. We have previously shown that Hp-/- carotid arteries 

share similar morphological features during flow-mediated remodeling. The arterial wall was 

characterized by enhanced leukocyte infiltration and RBC deposition24. Furthermore, our findings 

indicate that therapeutics involving VEGF induction without induced Ang-1 may result in adverse 

hemorrhagic effects in the heart as well. Especially stent-based gene therapy to induce VEGF for 

myocardial ischemia necessitates careful evaluation25.

Secondly, we have identified that PAI-1 activity is haptoglobin-dependent in the early angiogenic 

response after infarction. The detrimental post-infarct phenotype of Hp-/- animals associated with 

reduced PAI-1 activity corroborates previous studies involving PAI-1-/- mice. PAI-1-/- mice exhibit cardiac 

ruptures, ventricular dilatation and impaired cardiac function after infarction12, 13, 15, comparable to our 

findings. Recently, it was shown that PAI-1 deficiency results in increased cardiac vascular permeability26. 
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Our observation that reduced PAI-1 activity is associated with increased VEGF transcription and 

subsequent increased angiogenic response, is supported by earlier experiments. PAI-1 overexpression 

inhibited angiogenic properties of pancreatic cancer cells27, while PAI-1 inhibition enhanced capillary 

formation by endothelial cells in a VEGF- and TGF-β1-dependent manner28. Additionally, the enhanced 

VEGFα transcription may be the result of increased oxidative stress, as illustrated by increased CD163pos 

cell count in Hp-/- mice. It has been shown that angiogenesis is enhanced in the presence of increased 

oxidative stress via enhanced VEGFα signaling29.

One of the consequences of intramural hemorrhage may be increased free hemoglobin-induced 

oxidative stress. It was previously observed that free hemoglobin released during hemolysis was 

associated with severe renal oxidative stress in Hp-/- mice30. Excessive free hemoglobin is a source of 

ferrous ions for the Fenton reaction that results in the highly reactive hydroxyl free radical. Although 

we did not assess the amount of oxidative stress, we do have indirect evidence for increased oxidative 

burden in Hp-/- hearts. Previous studies have shown that haptoglobin binds hemoglobin and enables 

CD163-mediated clearance by macrophages, thereby preventing the release of ferrous ions from free 

hemoglobin and the subsequent formation of reactive free radicals3, 31. In our study, the extent of 

intramural hemorrhage observed in Hp-/- animals was associated with increased number of CD163pos 

cells. This may be due to a compensatory mechanism in which the absence of haptoglobin impairs 

hemoglobin uptake via CD163. As a consequence, the impaired uptake of free hemoglobin results in 

increased oxidative stress resulting in greater cellular damages and an increased need for scavenging 

activity. This postulated mechanism is supported by previous studies in which Hp 2-2 (less functional 

phenotype) is associated with increased intraplaque hemorrhage and redox-active iron22, 23. Furthermore, 

experimental studies have shown that Hp 2-2 mice have higher oxidative stress burden compared to 

Hp 1-1 mice6. 

Finally, in line with previous studies32, we found that the absence of haptoglobin results in impaired 

healing and adverse remodeling after infarction. Haptoglobin appears to be critically involved in 

organizing wound structure and preventing expansive remodeling after infarction. Moreover, fibronectin 

production and collagen deposition were severely affected in Hp-/- mice. After MI, efficient matrix 

breakdown is necessary to form a provisional matrix that can be replaced by a firm collagen-based 

scar18. Our findings suggest that matrix breakdown occurs inefficiently in Hp-/- mice due to decreased 

MMP-2 activity, together with improper formation of a provisional matrix via decreased fibronectin 

production. Our study shows that Hp-/- mice exhibit reduced procollagen-3, TGF-β1 and lysyl-oxidase 

transcription and subsequent reduced collagen deposition 28 days after MI. These significant 

impairments in scar formation may be triggered by suboptimal MMP-2 activity and fibronectin 

production in the early phase after MI. Furthermore, previous clinical studies confirm the deleterious 

consequence of intramural hemorrhage after myocardial infarction. The presence of myocardial 

hemorrhage is an independent determinant of adverse remodeling in patients with acute MI.33

These new functions of haptoglobin may extent our knowledge about impaired tissue repair responses 

associated with the different haptoglobin genotypes. VEGFα signaling, PAI-1 activity and fibronectin 

production in Hp 1-1 compared to Hp 2-2 subjects after infarction is required to validate these 

mechanisms in humans.

In conclusion, our findings show that haptoglobin is involved in remodeling after infarction. We have 

identified PAI-1 activity, VEGFα/Ang-1 signaling and scar maturation as novel processes regulated by 

haptoglobin. The present study provides new insights in myocardial responses after infarction and thus 

may lead to novel therapeutic strategies for cardiac repair after MI.
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MEthoDs

Animals and experimental design
Hp-/- mice are generated by dr. Sai Kiang Lim34 and backcrossed into a C57Bl6 background for 8 

generations. Male C57Bl6 wild-type (WT), Hp-/- (10-12 wks, 25-30 g) received standard diet and water 

ad libitum. Myocardial infarction was induced by left coronary artery ligation, just below the left atrial 

appendage. Detailed information is available in the online Data Supplement.  Digital photos of infarcts 

were encrypted before being analyzed by the researcher. Heart function and geometry assessment was 

done by a technician blinded to genotype. All animal experiments are performed in accordance with 

the national guidelines on animal care and with prior approval by the Animal Experimentation Committee 

of Utrecht University. 

Myocardial infarction in vivo
Mice were anesthetized with a mixture of Fentanyl (Jansen-Cilag) 0.05 mg/kg, Dormicum (Roche) 5 

mg/kg and medetomidine 0.5 mg/kg through an intraperitoneal injection. Core body temperature was 

maintained around 37°C during surgery by continuous monitoring with a rectal thermometer connected 

to an automatic heating blanket. Mice were intubated and ventilated (Harvard Apparatus Inc.) with 

100% oxygen. The left coronary artery (LCA) was permanently ligated using an 8-0 vicryl suture. Ischemia 

was confirmed by bleaching of the myocardium and ventricular tachyarrhythmia. In sham operated 

animals the suture was placed beneath the LCA without ligating. The chest wall was closed and the 

animals received subcutaneously Antisedan (Pfizer) 2.5 mg/kg, Anexate (Roche) 0.5 mg/kg and Temgesic 

(Schering-Plough) 0.1 mg/kg.

Data supplement
The online Data Supplement contains detailed information on infarct size calculation, protein and RNA 

isolation, MRI measurements, invasive LV pressure measurements, immunohistochemistry, polymerase 

chain reaction, zymography, oxidative stress, PAI-1 activity assay and vascular permeability assay

statistics
Data are represented as Mean±SEM. One-way ANOVA with post-hoc LSD test was used for 

comparison >2 groups. Non-parametric t-test (abnormally distributed data) and independent-

samples t-test (for normally distributed data) for 2 group comparisons. Kaplan-Meier survival 

analysis with log-rank test was used to evaluate mortality differences between groups. All statistical 

analyses were performed using SPSS 15.1.1. and p<0.05 was considered significant. The authors 

had full access to and take full responsibility for the integrity of the data. All authors have read 

and agree to the manuscript as written.
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Acute myocardial infarction and related complications are an increasing burden to society and healthcare 

systems.1, 2 Although the risk for cardiovascular disease has risen exponentially after the industrial 

revolution,3 there is a great deal of evidence that ancient societies were well aware of the lethal 

consequences of myocardial infarction. The first clinical descriptions of myocardial infarction dates from 

at least 1550 BC. The ancient Egyptians described “pain in his arm, pain in his breast, on the side of his 

cardia” as symptoms related to a condition in which “death approaches him” (Ebers Papyrus, University 

of Leipzig).4 Some argue that a tomb relief from the 6th Dynasty (2625-2475 BC) named “Sudden Death” 

is the earliest illustration of a lethal acute coronary event (Figure 1).5 Hippocrates (460-377 BC) also 

acknowledged that “frequent recurrence of cardialgia, in an elderly person, announces sudden death”.6, 7 

More interestingly, without having the possibility to examine post-mortem hearts, Hippocrates raised the 

idea  that “with this alteration in the blood (hypercoagulability), air cannot pervade the natural passages 

(stasis)”.4 In this remarkable notion, Hippocrates stated 2 of the three factors influencing thrombosis as 

defined by Virchow 2200 years later. It was William Heberden to introduce “angina pectoris” for the first 

time as a medical term to describe the clinical symptoms related to coronary narrowing.8, 9 However, his 

Figure 1. Tomb relief illustrating the sudden death of an Egyptian nobleman (upper right), surrounded by his grieving 
family and two servants. His wife, (lower left) overcome by emotion, has fainted while two women try to revive her. 
The lower right shows the wife holding on to two servants while she is  being led from the scene (interpretation 
adapted from Bruetsch WL5; Tomb of Sesi at Sakkara. 6th Dynasty 2625-2475 B.C.).
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contemporary John Fothergill and his close friend Edward Jenner were the first to associate coronary 

calcification and thrombosis to the ischemic origin of angina pectoris, respectively.10, 11 At the time, it 

was already a major achievement if one could link the clinical symptoms of myocardial infarction to the 

post-mortem findings. It was not until the beginning of the 20th century, when Vasilii P. Obraztsov first 

described the clinical presentation and coronary thrombosis in the setting of a myocardial infarction.12 

Two years after the Russian publication, dr. James B. Herrick speculated that “the hope for the damaged 

myocardium lies in the direction of securing a supply of blood through friendly neighbouring vessels so 

as to restore as far as possible its functional integrity”. Unfortunately, reperfusion therapy became only 

possible in the 70’ies due to limitations of medical practice at that time. First, Robert B. Jennings showed 

that there is a reversible character of cell death after ischemia in 1960.13 Eugene Braunwald and co-

workers pioneered with pharmacological interventions in animal experiments and human to further 

limit infarct size after successful reperfusion.14-16 The GISSI study group was the first to prove that early 

reperfusion was associated with smaller infarct size and improved clinical outcome after myocardial 

infarction.17 However, experimental data showed that there is an increase in cell death during reperfusion, 

and that adjunctive reperfusion strategies are able to further reduce final infarct size.18, 19 Despite the 

extensive pre-clinical evidence for reduction of reperfusion-induced injury by adjunctive interventions, 

there is not a single example of successful translation from the pre-clinical setting into the clinical arena. 

Nevertheless, optimized blood flow restoration through the culprit coronary artery has resulted in 

increased survival of patients after myocardial infarction over the past decade. Together with an aging 

population, however, increased survival of post-infarct patients resulted in higher incidence of infarct-

related complications in the long-term.1 One of the most common and severe infarct-related complications 

is heart failure. The increasing incidence and prevalence of heart failure intensified research in etiology 

and therapy to decrease the socio-economic burden to society. It becomes more and more clear that 

successful reperfusion is not sufficient to enhance myocardial viability after infarction. Enhancing cardiac 

repair using cellular or biological therapeutic approaches has become a dynamic field of research. Intrinsic 

repair mechanisms initiated after myocardial infarction may result in maladaptive remodeling, also 

referred to as adverse remodeling, of both the infarcted and non-infarcted remote myocardium. Adverse 

remodeling is not a research area that emerged in the past decade. It was already acknowledged in the 

late 70’ies and early 80’ies that healing after infarction was a dynamic process, and that it could 

predispose congestive heart failure and cardiac dysfunction.20-22 Despite a long-lasting understanding of 

post-infarct repair mechanisms and experimental success to reduce reperfusion-induced injury, the 

current status holds a painful truth: increase in infarct-related morbidity of which heart failure has 

reached epidemic proportions in Western societies.1, 2, 23, 24

PREsEnt

In this thesis, we have investigated novel therapeutic targets to enhance cardiac repair and improve 

cardiac function after myocardial infarction. We have tried to approach this objective by targeting 3 

major determinants of post-infarct adverse remodeling and subsequent heart function deterioration: 

1. infarct size

2. detrimental activation of circulating cells

3. deleterious action of danger signals  

Independent from each other, the above mentioned determinants may have direct influence on cardiac 
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repair and function. However, they may influence one another in great sense. In fact, each factors is able 

to trigger a positive feedback mechanism. The exaggeration of the one may result in an accentuation of 

the other and subsequently of the entire triangle (Figure 2). This suggested concept is not entirely 

hypothetical: infarction triggers the release of danger signals due to cell death and matrix turnover. In 

turn, danger signals can activate circulating cells involved in innate immunity.25-27 Enhanced immune 

responses may induce cell death and increase infarct size via increased leukocyte extravasation and 

activation.28-30 As one of the determinants becomes exaggerated or enhanced, it may initiate a vicious 

circle of progressive deterioration of cardiac function and geometry. The following studies demonstrate 

that the same determinants can be used as therapeutic targets to stop the vicious circle and thus enhance 

myocardial viability and cardiac performance.

First, we have shown in Chapter 2 that final infarct size is determined by TLR2 expression on circulating 

cells. Lack of TLR2 on circulating cells reduced infarct size after myocardial ischemia/reperfusion (I/R) 

injury. In line with this observation, systemic inhibition of TLR2 reduced infarct size and deactivated 

circulating monocytes. The therapeutic effect of TLR2 inhibition was established mainly via reduction of 

innate immune activation. Although we have not addressed this point, we suggest that danger signals 

(i.e. DAMPs) released after I/R injury engage with TLR2 on circulating cells in order to activate them 

(Chapter 1). In addition, in Chapter 3, we showed that TLR2 inhibition exerts a therapeutic effect in a 

large animal model. In Chapter 7 we showed that, despite similar infarct size, mice with TLR2 deficient 

bone marrow cells were protected against cardiac function deterioration and adverse remodeling 

compared to mice with wild-type bone marrow. Together, these data show that absent TLR2 signaling 

in circulating cells is able to reduce innate immune activation, reduce infarct size and enhances cardiac 

repair after myocardial infarction. 

Secondly, we established infarct size reduction by mesenchymal stem cell (MSC)-derived exosome 

administration (Chapter 4-6). We showed that MSC-derived exosome administration just prior to 

reperfusion improves cardiac function and preserves left ventricular dimensions after myocardial I/R 

injury (Chapter 6). Serial analysis of ischemic/reperfused heart samples revealed that pro-survival 

pathways were activated and pro-apoptotic signaling was reduced, while initial inflammatory responses 

did not differ upon MSC-derived exosome treatment. However, we did observe a reduction in secondary 

leukocytosis during follow-up, when infarct size was finalized (Chapter 6). These data confirm previous 

Figure 2. Schematic overview of determinants of cardiac repair and function
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clinical studies in which infarct size is shown to be directly proportional to white blood cell counts and/

or inflammation after myocardial infarction.31-33 In addition, increased number of circulating white blood 

cells or monocytes are associated with adverse remodeling.34-37 Langendorff-perfused heart experiments 

revealed that exosomes exert their therapeutic action by direct engagement with cardiac cells. Unlike 

TLR2 inhibition, exosomes directly inhibit apoptosis of the myocardium without interplay of circulating 

cells. Together with our findings (Chapter 6), these data confirm that infarct size and peripheral blood 

composition are independent mediators of cardiac repair and function.

Thirdly, we studied the effect of danger signal modification on adverse remodeling. We used fibronectin-

EDA as a target to alter cardiac repair responses after myocardial infarction. Despite similar infarct size, 

mice lacking fibronectin-EDA exhibited less expansive remodeling and improved cardiac performance and 

survival compared to wild-type animals (Chapter 8). Immunohistochemical analysis of post-infarct hearts 

revealed that leukocyte influx was reduced in fibronectin-EDA-/- mice. Biochemical assessment of tissue 

cytokine levels confirmed the reduction of inflammation: TNFα, RANTES, IL-10 and GM-CSF were all 

significantly reduced in the absence of fibronectin-EDA. Analysis of peripheral blood cells showed that 

both the number and activation of monocytes were reduced in fibronectin-EDA-/- mice, compared to 

wild-type animals. These data indicate that fibronectin-EDA has a direct effect on innate immune responses 

and circulating cells, subsequently altering cardiac repair and performance. Ischemia/reperfusion 

experiments revealed that the lack of fibronectin-EDA does not affect infarct size, suggesting that 

fibronectin-EDA does not mediate myocardial viability after I/R injury (unpublished data). In line with the 

proposed notion (Figure 2), the fibronectin-EDA experiments show that danger signal modification alters 

behavior of circulating cells involved in innate immunity and subsequently affect cardiac repair. 

Finally, we studied whether exaggeration of one of the elements in Figure 2 could worsen cardiac repair 

and enhance adverse remodeling. As shown in chapter 9, haptoglobin deficiency resulted in a dramatic 

phenotype after myocardial infarction. Mice lacking haptoglobin exhibited intramural hemorrhage, 

delayed wound repair and subsequent deteriorated scar maturation. All these morphological changes 

resulted in increased cardiac ruptures, increased dilatation of the left ventricle and reduced cardiac 

performance and survival. We hypothesized that the detrimental changes in the heart were initiated at 

a very early stage after the ischemic injury, since immunohistochemical analysis revealed dramatic tissue 

alterations 3 days after infarction. Compared to wild-type animals, haptoglobin deficient mice exhibited 

reduced PAI-1 activity 3 days after infarction. Previous studies with PAI-1 deficient mice documented a 

similar phenotype after infarction.38-40 Furthermore, evaluation of the angiogenic response revealed that 

haptoglobin deficiency was associated with enhanced VEGFα transcription without upregulation of 

Angiopoietin-1. These findings suggested increased vessel formation without maturation, thus 

predisposing leaky vessels. Indeed, the angiogenic response was increased in post-infarct hearts of 

haptoglobin deficient mice. In vivo assessment of vascular permeability confirmed that haptoglobin 

deficient mice exhibited increased vessel permeability after infarction, compared to wild-type animals. 

The question remained what the trigger was for these detrimental biochemical modifications in 

haptoglobin deficient mice. The main function of haptoglobin is the binding of free hemoglobin in order 

to facilitate its clearance by CD163pos macrophages. Excessive free hemoglobin is a source of ferrous ions 

that cause oxidative stress. In concordance with the observation of increased intramural hemorrhage 

in haptoglobin deficient mice, we found increased expression of CD163pos cells and increased oxidative 

stress in the absence of haptoglobin. It is likely that in our study oxidative stress due to excessive red 

blood cell deposition is the main trigger for all deleterious consequences in haptoglobin deficient animals 

after myocardial infarction. Oxidative stress has also been proposed as a danger signal.27, 41 However, 
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there seems to be a different mechanism underlying the reduced PAI-1 activity in the absence of 

haptoglobin. Earlier reports show that oxidative stress actually increases PAI-1 transcription and activity.42, 

43 Future studies are needed to further explore the link between haptoglobin and PAI-1 activity. 

Nevertheless, as proposed in Figure 2, exaggeration of oxidative stress (i.e. danger signal) triggered a 

positive feedback loop that resulted in deterioration of cardiac repair and function in haptoglobin 

deficient mice after myocardial infarction.

FutuRE

So far, successful pre-clinical interventions to enhance myocardial viability or repair have failed in the 

clinical practice.44, 45 There are many reasons, but several major drawbacks from earlier studies have 

resulted in this failure to translate. First, many drugs have been administered before the ischemic insult 

to test their efficacy. Administration prior to the occurrence of acute myocardial infarction is not possible 

in the clinical setting, since acute myocardial infarction is not an elective event and prophylactic 

administration to high-risk patients is not likely. More importantly, reperfusion after ischemia triggers 

different signaling cascades compared to those that are activated during ischemia alone. For this reason, 

compounds that target ischemia-related processes, may not be effective to alter reperfusion-induced 

mechanisms. For example, p38-MAPK inhibitor SB239063 has shown to reduce infarct size when 

administered before the ischemic injury. However, we have demonstrated that SB239063 fails to do so 

when it is given just prior to reperfusion (Chapter 2).  The lack of large animal testing is another reason 

for failure to translate pre-clinical success. It is of utmost importance to reproduce murine results in an 

animal model that shares the same cardiac physiology and anatomy with human (e.g. pigs, sheep). We 

have undertaken the first step to translate TLR2 inhibition into the clinical setting. Using a humanized 

anti-TLR2 antibody OPN-305, we demonstrated that TLR2 inhibition significantly reduces infarct size and  

improves systolic performance in pigs (Chapter 3). In the near future, OPN-305 will enter phase-I/II clinical 

trials. Mesenchymal stem cell (MSC)-derived exosomes are the second potential candidates for therapeutic 

applications. MSCs have shown to elicit a therapeutic effect in human.46 However, it is widely accepted 

that paracrine factors secreted by stem cells are responsible for the observed cardioprotective effect.47 

MSC-derived exosomes provide an “off-the-shelf” therapeutic option, whereas current stem cell therapy 

needs autologous enrichment and local delivery. Furthermore, MSC-derived exosomes are non-viable 

thus potentially safer and cheaper to manufacture and store compared to current stem cell-based 

solutions. Currently, MSC-derived exosomes are being tested in porcine models for myocardial I/R injury, 

skin wounds and human models for alopecia (i.e. hair loss). It is unquestionable that the near future will 

hold either great breakthroughs or major disappointments in the effort to enhance myocardial viability 

and repair after myocardial infarction. Designing  theoretical frameworks based on experimental or 

empirical data is not always helpful to understand pathophysiological processes. The ancient Egyptians 

postulated that angina was the result of noxious substances that could be eliminated via the anus with 

faeces (Ebers Papyrus).4 We know now that atherosclerotic plaques may cause cardiac ischemia. In both 

eras, people tried to understand a pathological event by putting an observation in a theoretical framework. 

However, we still do not know why suddenly a plaque ruptures; how in turn our innate immune system 

becomes activated after myocardial infarction and why it may cause more damage than it actually repairs 

the cardiac wound. In essence, scientific progress is merely changing glasses to optimize one’s vision: still, 

we are hampered by our limited ability to ‘see’ and ‘understand’ the divine nature of the human body. 
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More patients survive the initial myocardial infarction, thanks to pharmacological advances (e.g. anti-

thrombotics) and technical breakthroughs (e.g. stent technology). Unfortunately, the surviving patients 

do suffer from progressive deterioration of cardiac function. For this reason, the incidence of heart 

failure and other MI-related morbidity is increasing. Hence, novel adjunctive therapeutics are necessary 

to further reduce cardiac injury and/or prevent the development of infarct-related complications. In 

this thesis, we studied two major determinants for progressive deterioration of heart function after 

myocardial infarction: 1. myocardial ischemia/reperfusion (I/R) injury and 2. adverse ventricular 

remodeling. 

Myocardial I/R injury is a very complex process involving divergent intracellular pathways as well as 

extracellular mediators causing additional post-ischemic injury. Mediators responsible for cell death 

during ischemia are different from those during the reperfusion phase. Some of the reperfusion-induced 

characteristic molecular alterations have been used as therapeutic targets in both pre-clinical and clinical 

studies, with little success. In Part I of this thesis, we have used the inflammatory response and signaling 

pathways within cardiomyocytes to enhance myocardial viability after I/R injury. In Part II, we used 

certain targets within innate immunity that are crucial for post-infarct repair responses. The reparative 

processes in the infarcted heart, referred to as remodeling, are characterized by inflammation, matrix 

turnover and subsequently scar formation and maturation. The remodeling process may result in the 

preservation of cardiac function after MI. However, when the initial immune response is enhanced and 

detrimentally activated, the heart may dilate and the function will deteriorate. This process of adverse 

remodeling may result in heart failure after MI. 

In Chapter 1, we introduced several basic principles of the post-ischemic repair response mediated by 

innate immunity. Recent basic scientific research has provided exciting insights into the pathogenesis 

of deleterious immune responses after MI. One major radical shift in scientific thinking was the 

postulation of the ‘danger model’ as described first by Polly Matzinger. It provides a theoretical 

framework to understand and explain innate immune activation after cardiac injury. Briefly, molecules 

associated with cell death and matrix degradation (danger associated molecular patterns; DAMPs) may 

trigger immune responses in the absence of pathogens. DAMPs can activate receptors that are known 

as pathogen recognition receptors (PRRs), which are traditionally used by white blood cells to clear 

pathogens like bacteria or virus. But what defines a DAMP? And how do DAMPs activate receptors that 

are designed for pathogen removal? Are PRRs designed for pathogen at all? Despite the fact that these 

questions still remain to be addressed, the ‘danger model’ did trigger the scientific community to search 

for DAMPs that were upregulated after cardiac injury and activated innate immunity. From a ‘danger 

model’ perspective, one could downregulate detrimental immune responses by either preventing 

DAMP-PRR interaction or decreasing DAMP release after cardiac injury. In this thesis we used the ‘danger 

model’ as a theoretical framework to study the molecular and physiological consequences of 

interventions that affected DAMP-PRR interactions using animal models of myocardial infarction. The 

conclusions of the studies are described in Table 1.
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In Chapter 2, we described the use of Toll-like receptor (TLR)-2, a known PRR, as a therapeutic target 

to reduce infarct size in mice. The most interesting finding of the study was the fact that TLR2-associated 

myocardial I/R injury was mediated by bone marrow derived blood cells that express TLR2 on their cell 

surface. For this reason, we successfully used an anti-TLR2 antibody for systemic administration. As 

demonstrated, we observed a 45% reduction in myocardial injury and subsequent improvement in 

heart function via reduced inflammation. The therapeutic effect of TLR2 inhibition was also tested in 

pigs, which is a critical step in clinical translation of pre-clinical success. In Chapter 3, we showed that 

a single intravenous bolus injection of a humanized anti-TLR2 antibody just prior to reperfusion resulted 

in significant reduction of infarct size and improvement in systolic performance of the infarcted area in 

pigs. Together, these data show that TLR2 inhibition is a potential candidate as an adjunctive therapeutic 

for patients suffering from acute MI. 

In the above mentioned studies, we prevented the deleterious interaction of DAMPs and a PRR (i.e. 

TLR2) in myocardial I/R injury. Enhancement of myocardial viability and function may also be established 

by activating pro-survival signaling pathways and/or reducing pro-apoptotic signaling in cardiomyocytes. 

Previous studies have shown that stem cell secretion is able to enhance viability of cardiomyocytes, 

reduce infarct size and improve cardiac performance. This phenomenon is known as the ‘paracrine 

action’ of stem cells. In Chapter 4, we described the purification of microparticles, referred to as 

exosomes, mediating the therapeutic effect of mesenchymal stem cell (MSC) secretion. We demonstrated 

that a single intravenous bolus injection of exosomes, derived from either embryonic (Chapter 4), fetal 

(Chapter 5) or immortalized sources (Chapter 6), reduce infarct size and improve cardiac performance 

via downregulated apoptotic signaling and enhanced survival pathway activation. 

table 1. Conclusions of the thesis

Conclusions Chapter

Every single molecule released after tissue injury is a potential danger signal 1

Circulating TLR2 mediates TLR2-induced I/R injury 2

TLR2 inhibition reduces infarct size and improves cardiac performance after I/R injury 2 & 3

Exosomes are the mediators of paracrine actions in MSC secretion 4 - 7

MSCs originating from embryonic and fetal tissue secrete similar cardioprotective exosomes 5

Immortalization of MSCs may overcome production and scaling hurdles of exosomes 6

Exosomes interact directly with cardiac cells to reduce injury 7

Intact exosomes are a prerequisite to establish infarct size reduction after I/R injury 7

Exosome treatment reduces infarct-related inflammation 7

Circulating TLR2 mediates TLR2-induced adverse remodeling 8

Lack of TLR2 in circulating cells improves cardiac function and geometry after infarction 8

Fibronectin-EDA activates circulating cells and subsequently mediates adverse remodeling after 
infarction

9

Haptoglobin is crucial for scavenging oxidative stress in the infarcted heart 10

Haptoglobin mediates vascular permeability of newly formed vessels and scar maturation after 
infarction

10



192

Summary

Furthermore, exosomes appeared to have a direct therapeutic effect on cardiac cells, in contrast to 

anti-TLR2 treatment (which exerts its action via blood cells). Not surprisingly, the inflammatory response 

was downregulated in exosome treated animals, supporting the notion that the extent of tissue damage, 

and thus DAMP release, determines the severity of the inflammatory response (Chapter 7).

 

PARt I I

It is well documented that final infarct size is strongly associated with cardiac function and clinical 

outcome. In addition, repair of both the infarct and remote myocardium during the sub-acute and 

chronic phase after MI, may also have profound effects on function and outcome. Enhanced inflammation 

and suboptimal scarring and scar maturation may result in ventricular dilatation and dysfunction, 

referred to as adverse remodeling. In the second part of the thesis, we focused on targets that mediate 

adverse remodeling after infarction.

In line with the infarct size reduction after TLR2 inhibition, we demonstrated that the lack of TLR2 in 

bone marrow derived cells is also beneficial in the long-term. Despite equal infarct size, mice lacking 

TLR2 (compared to mice with functional TLR2) in circulating cells have improved cardiac function and 

preserved ventricular geometry after MI (Chapter 8). In this study, we inhibited DAMP-PRR interaction 

at the side of the target receptor (TLR2), while interference at DAMP-level may exert same protective 

effects. In Chapter 9, we studied the role of fibronectin-EDA in post-infarct remodeling. Fibronectin-EDA 

is upregulated after tissue injury and mediates inflammation via leukocyte activation. We showed that, 

in comparison to wild-type mice, the absence of fibronectin-EDA was associated with improved survival 

and enhanced cardiac performance after MI. Both studies (Chapter 8 & 9) demonstrate the crucial role 

of DAMP-PRR interaction in inflammation during cardiac repair mechanisms after infarction. In the final 

study, we approached the ‘danger model’ from a different perspective. Instead of using it for 

enhancement of cardiac function and repair, we tried to deteriorate cardiac repair and subsequent 

performance. In Chapter 10, we increased the DAMP burden in the heart by increasing oxidative stress 

after infarction. By using mice genetically deleted for the anti-oxidative protein haptoglobin, we showed 

that increased oxidative stress results in a series of detrimental processes in the heart; increased 

intramural hemorrhage and cardiac ruptures, increased macrophage influx and defective scarring and 

scar maturation. Subsequently, mice lacking haptoglobin exhibited decreased cardiac performance and 

lower survival rates compared to wild-type animals after MI. 

In conclusion, the ‘danger model’ is a useful theoretic framework to understand and explore immune 

responses and repair processes after MI. So far, TLR2 inhibition and exosome treatment are potential 

candidates as adjunctive therapeutics to enhance cardiac repair and function in patients suffering from 

acute MI. Future studies are required to confirm the efficacy of exosome treatment in large animals 

and to further explore the role of fibronectin-EDA in infarct-related inflammation.
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Dankzij de ontwikkelingen in zowel farmacologische (e.g. antitrombotica) als technologische interventies 

(e.g. stentplaatsing), overleven steeds meer patiënten een hartinfarct. Een keerzijde van een hogere 

overleving is dat er steeds meer patiënten zijn die chronisch ziek zijn. Doordat er steeds meer patiënten 

een hartinfarct overleven zien we een stijging van het aantal patiënten die lijden aan infarct-gerelateerde 

complicaties, zoals hartfalen. Vandaar dat er een grote behoefte bestaat om nieuwe therapieën te 

ontwikkelen die de schade na een hartinfarct nog verder beperkt en het herstel erna bevordert, zodat 

de kans op complicaties kleiner wordt. In dit proefschrift hebben we tweetal processen bestudeerd die 

van grote invloed zijn op de achteruitgang van de hartfunctie na een hartinfarct: 1. ischemie/reperfusie 

(I/R) schade van het hart en 2. averechts remodelleren van de hartkamer. 

Ischemie/reperfusie schade is de celdood die ontstaat ten gevolge van het herstel van de bloedstroom 

(=reperfusie) in het gebied dat door een vernauwing of afsluiting van een slagader niet van voldoende 

zuurstof (=ischemie) werd voorzien. Dit is een nogal tegenstrijdig proces: het herstel van de bloedstroom 

is juist bedoeld om celdood te beperken. Het openen van een afgesloten vat is een voorwaarde voor 

het bevorderen van de levensvatbaarheid van bedreigd weefsel. De verantwoordelijke processen voor 

reperfusie schade verschillen sterk van de processen die celdood geven ten tijde van ischemie. Hierdoor 

kunnen therapieën ontwikkelt worden die reperfusie schade voorkomen. Experimenteel onderzoek 

heeft aangetoond dat schade ten gevolge van reperfusie voorkomen kan worden, zodat er min of meer 

alleen schade overblijft ten gevolge van  ischemie. In Deel I van dit proefschrift beschrijven we het 

gebruik van ontstekingsprocessen en intracellulaire signaalwegen in hartspiercellen als aangrijpingspunten 

om de levensvatbaarheid van de hartspier te bevorderen. In Deel II maken we gebruik van 

aangrijpingspunten in ons immuunsysteem die bepalend zijn voor het herstel na een hartinfarct. De 

reparatieprocessen in het hart, ook wel remodelleren genoemd, worden gekenmerkt door 

ontstekingsreacties, gevolgd door weefselafbraak en opbouw. Uiteindelijk wordt er een stevig litteken 

gevormd in het afgestorven gebied en nemen de naburige gebieden een deel van de verloren functie 

over. Het remodelleren kan dusdanig geschieden dat de noodzakelijke ontstekingsreacties kwaadaardig 

worden en dus meer schade richten dan dat ze herstellen. Dit proces van kwaadaardige immuunreacties, 

die tot vergroting van de hartkamers leidt en uiteindelijk resulteert in hartfalen, wordt averechts 

remodelleren genoemd.

In hoofdstuk 1 zijn er een aantal basisprincipes geïntroduceerd van reparatie processen in het hart na 

een infarct, die gereguleerd worden door het aangeboren immuun systeem. Recent experimenteel 

onderzoek heeft tot nieuwe inzichten geleid omtrent het ontstaan van schadelijke immuunreacties na 

een hartinfarct. Een grote verandering in het wetenschappelijk denken over dit onderwerp was de 

introductie van het zogenaamde “danger model” (“gevaren model”) door Polly Matzinger. Het “gevaren 

model” is deels een theoretisch kader waarin men de immuunreacties na een hartinfarct kan begrijpen 

en verklaren. Daarnaast kan het dienen als een hypothese (i.e. ideeën) vergaarbak om nieuwe inzichten 

te toetsen. In het kort, beschrijft het “gevaren model” dat elk molecuul dat geassocieerd is met celdood 

of weefselafbraak kan dienen als een gevaren signaal (“danger associated molecular patterns; DAMPs). 

Deze gevaren signalen (i.e. DAMPs) kunnen een immuunreactie teweeg kan brengen, zonder dat daar 

een bacterie of virus bij betrokken is. DAMPs kunnen zogenaamde pathogeen herkennende receptoren 

(pathogen recognition receptors; PRRs) activeren. Deze PRRs bevinden zich op witte bloedcellen, zodat 

deze cellen infecties veroorzaakt door pathogenen (e.g. bacteriën, virussen) kunnen bestrijden. Maar 

wat maakt een DAMP tot een DAMP? Hoe activeren DAMPs de receptoren (i.e. PRRs) die eigenlijk 
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bedoeld zijn om bacteriën op te ruimen en infecties te bestrijden? Zijn PRRs eigenlijk wel bedoeld om 

bacteriën te bestrijden? Deze, en nog andere vragen blijven nog altijd een raadsel. Desondanks heeft 

het “gevaren model” wel de wetenschappelijke gemeenschap geprikkeld om naar moleculen te zoeken 

die vrijkomen na een hartinfarct en een immuunreactie ontketenen. Vanuit een “gevaren model” 

perspectief, kan men kwaadaardige immuunreacties temperen door de interactie DAMP-PRR te 

voorkomen of door de mate van DAMP productie c.q. afgifte te verminderen na hartschade. In dit 

proefschrift hebben we het “gevaren model” als een theoretisch kader gebruikt om moleculaire en 

fysiologische gevolgen te bestuderen van interventies die de het herstel na een hartinfarct positief dan 

wel negatief beïnvloedden. De conclusies van de dierexperimenten staan beschreven in Tabel 1.

 

DEEL I

In hoofdstuk 2 beschrijven we het gebruik van Toll-like receptor (TLR)-2, een bekende PRR, als 

aangrijpingspunt voor de behandeling om infarctgrootte te verminderen in muizen. De meest 

interessante bevinding van de studie was de ontdekking dat TLR2 op bloedcellen verantwoordelijk was 

voor de TLR2-gemedieerde I/R schade van het hart. Door een antistof tegen TLR2 in de bloedbaan te 

spuiten hebben we de infarctgrootte met 45% weten te beperken. We hebben gezien dat middels deze 

behandeling de hartfunctie aanzienlijk verbeterde door een afname van de kwaadaardige 

ontstekingsreacties in het hart. We hebben hierna de TLR2 antistof in een groot proefdiermodel getest, 

om een betere vertaalslag te kunnen maken naar de mens. In hoofdstuk 3 laten we in varkens zien dat 

tabel 1. Conclusies van het proefschrift

Conclusies hoofdstuk

Elk molecuul dat vrijkomt na weefschade is een potentieel gevaren signaal 1

TLR2 op bloedcellen bepaald TLR2-gemedieerde I/R schade 2

Remmen van TLR2 verkleint de infarctgrootte en verbetert de hartfunctie na I/R schade 2 & 3

Exosomen zijn de actieve componenten in de secretie van mesenchymale stamcellen die het hart 
beschermen tegen ischemische schade

4 - 7

Mesenchymale stamcellen van embryonale en foetale origine scheiden vergelijkbare exosomen uit 5

Onsterfelijke mesenchymale stamcellen kunnen belemmeringen ten aanzien van productie en 
schaalvergroting van exosomen uit de weg helpen

6

Het beschermend effect van exosomen wordt bepaald door de directe interactie van exosomen 
met hartcellen

7

Exosomen dienen intact te zijn voor een beschermend effect 7

Exosomen reduceren infarct-gerelateerde ontsteking 7

TLR2 op bloedcellen bepaald TLR2-gemedieerde averechts remodelleren 8

Het ontbreken van TLR2 op bloedcellen verbetert de hartfunctie na een infarct 8

Fibronectin-EDA activeert bloedcellen en resulteert  vervolgens in het averechts remodelleren van 
het hart na een infarct

9

Haptoglobine is cruciaal voor het wegvangen van oxidatieve stress in het geïnfarceerde hart 10

Haptoglobine is betrokken bij de vasculaire permeabiliteit van nieuwgevormde vaten en litteken 
vorming na een hartinfarct

10
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een eenmalige intraveneuze toediening van de antistof tot een significante vermindering van  hartschade  

leidt. De behandeling resulteert in een verbeterde pompfunctie na I/R schade. Deze studies laten zien 

dat een antistof behandeling tegen TLR2 een optie kan zijn in de toekomst voor patiënten die een 

hartinfarct doormaken.

In de bovengenoemde studies hebben we de interactie tussen DAMPs en PRRs voorkomen door TLR2 

te blokkeren middels een antistof. De levensvatbaarheid en functie van het hart kan ook bevorderd 

worden door bepaalde signaalwegen in hartspiercellen te activeren dan wel te remmen. Eerdere studies 

hebben aangetoond dat stamcel secretie de levensvatbaarheid van hartspiercellen bevorderd, de 

infarctgrootte verminderd en de hartfunctie verbeterd. Dit fenomeen wordt ook wel het “paracriene 

effect” van stamcellen genoemd: het zijn niet de stamcellen zelf die het werk doen, maar hetgeen wat 

ze uitscheiden is verantwoordelijk voor het beschermend effect. In hoofdstuk 4 beschrijven we  

minuscule deeltjes, zogenaamde exosomen, die verantwoordelijk zijn voor de beschermende effecten 

van mesenchymale stamcel (MSC) secretie. We tonen aan dat een eenmalige intraveneuze toediening 

van exosomen verkregen uit embryonale (hoofdstuk 4), foetale (hoofdstuk 5) en onsterfelijke MSC 

bronnen (hoofdstuk 6), hartschade vermindert. In hoofdstuk 7 laten we zien dat de hartfunctie 

aanzienlijk verbetert door de activatie van zogenaamde “survival”-signaalwegen en de remming van 

“celdood”-signaalwegen in hartcellen. Daarnaast demonstreren we dat exosomen een direct effect 

hebben op hartcellen om de schade te beperken, in tegenstelling tot de TLR2 antistof behandeling die 

de schade beperkt via de remming van bloedcellen. Niet geheel onverwacht, zien we dat de 

ontstekingsreactie ook minder is in muizen die behandeld zijn met exosomen. Deze bevinding steunt 

de opvatting dat de mate van weefselschade, en dus de mate van DAMP afgifte, de ernst van de 

ontstekingsreactie bepaald (hoofdstuk 7).

 

DEEL I I

Het is reeds bekend dat de infarctgrootte een van de belangrijkste bepalende factoren is voor de 

hartfunctie en overleving na een hartinfarct. Het proces van remodelleren in het hart na een infarct 

kan ook verregaande gevolgen hebben op de functie en overleving. Versterkte ontstekingsreacties en 

matige littekenvorming kan resulteren in vergroting van de hartkamers en verminderde functie. In het 

tweede gedeelte van dit proefschrift hebben we ons gericht op aangrijpingspunten die een bepalende 

rol spelen in averechts remodelleren van het hart na een infarct.

Allereerst late we zien dat wederom in de afwezigheid van TLR2 op bloedcellen averechts remodelleren 

wordt voorkomen en hartfalen wordt beperkt in muizen na een hartinfarct (hoofdstuk 8). In deze studie 

hebben we de interactie tussen DAMP en PRR voorkomen door TLR2 (een PRR) uit te schakelen op 

bloedcellen. Hierdoor kan het immuunsysteem niet geactiveerd raken door bepaalde DAMPs die 

vrijkomen na een hartinfarct. Men zou dus ook hetzelfde effect kunnen bereiken door een DAMP uit 

te schakelen zodat deze geen PRR kan activeren. In hoofdstuk 9 hebben we de rol van fibronectin-EDA 

bestudeerd in het remodelleren van het hart na een infarct. Fibronectin-EDA komt vrij na weefselschade 

en -afbraak en stuurt ontstekingsreacties aan via de activatie van (witte) bloedcellen. We laten zien dat 

muizen die geen fibronectin-EDA kunnen aanmaken een betere hartfunctie en overleving hebben na 

een infarct vergeleken met muizen die wel fibronectin-EDA aanmaken. Beide studies (hoofdstuk 8 & 

9) demonstreren de cruciale rol van DAMP-PRR interactie in ontstekingsreacties gedurende de 
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reparatieprocessen na een hartinfarct. In hoofdstuk 10 benaderen we het “gevaren model” van de 

andere kant: in plaats van het zoeken naar manieren om de hartfunctie en overleving te verbeteren, 

hebben we getracht deze te verslechteren door de DAMP-PRR interactie te versterken. Haptoglobine 

is een eiwit wat vrij komt bij weefselschade en ervoor zorgt dat bepaalde schadelijke stoffen weggevangen 

worden, zoals moleculen die oxidatieve stress veroorzaken. We laten zien dat door het verhogen van 

oxidatieve stress bij muizen die geen haptoglobine kunnen aanmaken er een keten van negatieve 

uitkomsten teweeg wordt gebracht. Muizen zonder haptoglobine hebben te maken met bloedingen en 

scheuren in de hartspierwand, verhoogde toestroom van ontstekingscellen en verslechterde 

littekenvorming. Hierdoor hebben muizen zonder haptoglobine een zeer matige hartfunctie en een 

lagere overlevingskans na een infarct in vergelijking met muizen die wel haptoglobine kunnen 

aanmaken.

We mogen concluderen dat het “gevaren model” een nuttig theoretisch kader is om immuunreacties 

en reparatieprocessen na een hartinfarct te begrijpen en te verkennen. Toekomstige studies zullen 

moeten uitwijzen of TLR2 antistof behandeling ook daadwerkelijk effectief zal zijn in de mens. Daarnaast 

zal uitgezocht moeten worden of behandeling met exosomen ook in een groot proefdiermodel werkt, 

alvorens de exosomen te testen in de mens. Tot slot dient de rol van fibronectin-EDA in de immuunreacties 

na een hartinfarct verder uitgezocht te worden om zodoende het werkingsmechanisme te begrijpen.
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Günümüzde daha fazla hasta, farmakolojik gelişmeler (örn. antitrombotikler) ve teknolojik atılımlar 

(örn. stent teknolojisi) sayesinde, miyokart enfarktüsün (kalp krizinin) başlangıcından sağ olarak çıkıyor. 

Ne yazık ki, kurtulan hastalarda kalp fonksiyon giderek kötüleşiyor ve sonuçta kalp yetmezliği ve diğer 

kalp krizi-ilişkili hastalıklar yükseliyor. Bu yüzden kriz sonrası zararı azaltan ve/veya kalp krizi ile ilgili 

gelişen komplikasyonların oluşumunu engelleyen yeni birleşik tedaviler geliştirilmesi gerekmektedir. Bu 

tezde, miyokart enfarktüs sonrasında kalp fonksiyonunun gittikçe kötüleşmesine yol açan iki büyük 

belirleyici etken üzerinde çalıştık: 1. miyokardial iskemi/reperfüzyon (İ/R) hasarı ve 2. kalbin tersine 

yeniden biçimlenmesi.

Miyokardiyal İ/R hasarı, iskemi sonrası ek hasara yol açan birbirinden farklı hücre içi mekanizmaların 

ve bir o kadar da hücre dışı aracıların dahil olduğu karmaşık bir işlemdir. İskemi sırasında, yani dokuda 

kan dolaşımı yetersiz olduğu anda, hücre ölümünden sorumlu olan aracılar reperfüzyon (kan dolaşımının 

tekrardan sağlanması) evresindekilerden farklıdır. Reperfüzyonun yol açtığı bazı moleküler değişimler 

klinik ve deneysel çalışmalarda tedaviye yönelik hedef alınsa da başarı çok azdır. Bu tezin 1. bölümünde, 

İ/R hasarı sonrası miyokardiyal, yani kalp kası, canlılığın geliştirilmesi amacıyla kardiyomiyositlerdeki 

sinyal yolları ve reperfüzyon uyarımı sonucu oluşan karakteristik moleküler değişimleri araştırdık. İkinci 

Bölümde, enfarktüse karşılık gelişen tamir mekanizmaları için son derece kritik olan, kalıtımsal (doğal) 

bağışıklık sistemindeki belirli hedefleri ele aldık. Kalp krizindeki birbirini izleyen, yeniden biçimlenme 

olarak adlandırılan, süreçler enflamasyon (yani iltihaplanma), doku dönüşümü ve arkasından yara 

oluşumu ve olgunlaşmasıyla tanımlanır.  Yeniden biçimlenme süreci enfarktüs sonrası kalp fonksiyonların 

korunmasıyla sonuçlanabilir. Ancak, başlangıçtaki bağışıklık tepkisi büyük ve tahrip edici olduğunda, 

kalp genişleyebilir ve işlev kötüleşir. Kalpteki bu yeniden yapılaşma süreci enfarktüs sonrasında kalp 

yetmezliğiyle sonuçlanabilir 

Birinci başlıkta, kalıtımsal bağışıklık sistemi tarafından aracılık edilen bazı iskemi-sonrası tamir cevabının 

temel ilkelerini sunduk. Güncel temel bilimsel araştırmalar kalp krizi sonrasındaki yıkıcı bağışıklık 

cevabının patolojik mekanizmalarının iç yüzünü anlamamızda heyecan verici bilgiler sağladı. Bilimsel 

düşüncedeki radikal değişimlerden biri, ilk olarak Polly Matzinger tarafından tanımlanan ‘tehlike modeli’  

hipotezi oldu. Bu hipotez bize, hasar sonrasında kalıtımsal bağışıklığın etkinleşmesini anlamak ve 

açıklamak için teorik bir taslak sağladı. Kısaca açıklamak gerekirse, hücre ölümü ve doku yıkımı ile ilgili 

olan moleküller (İngilizce: danger associated molecular patterns; DAMPs) patojenler olmadan da 

bağışıklık sistemini tetikleyebilir. DAMPs patojen tanıma reseptörleri (İngilizce: pathogen recognition 

receptors; PRRs) olarak bilinen reseptörleri uyarabilir, ki bu reseptörler geleneksel olarak mikrop ve 

virüslerin temizlenmesi için ak yuvarlar tarafından kullanılır. Ancak, bir DAMP ne olarak tanımlanabilir? 

Ve patojenlere karşı oluşturulmuş bir reseptörü nasıl etkinleştirebilir? PRR’ler sadece patojenlere karşı 

mı oluşturulmuştur? Bu soruların hala cevaplandırılmayı beklediği gerçeğine karşın, ‘tehlike modeli’ 

hasar sonrası üretimleri artan ve etkin hale gelen DAMP’ların bilimsel camia tarafından araştırılmasını 

tetiklemiştir. ‘Tehlike modeli’ bakış açısına göre, DAMP-PRR etkileşiminin engellenmesi ya da kalbin 

hasar sonrasında DAMP salgılanmasının azaltılması, yıkıcı bağışıklık cevabının baskılanmasını sağlayabilir. 

Bu tezde, hayvan miyokardiyal enfarktüs modellerinde DAMP-PRR ilişkilerini etkileyen müdahalelerin 

moleküler ve fizyolojik sonuçlarını çalışmak için ‘tehlike modelini’ teorik bir çerçeve olarak kullandık. 

Çalışmaların sonuçları Tablo 1 de açıklanmıştır. 
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İkinci başlıkta, iyi bilinen bir PRR olan Toll-like receptor-2 (TLR2) enfarktüs büyüklüğünü düşürecek bir 

tedavi hedefi olarak kullanımını açıkladık. Çalışmanın en ilginç bulgusu, TLR2 bağımlı miyokardiyal İ/R 

hasarının, hücre yüzeylerinde TLR2 bulunan kemik iliği kaynaklı hücreler tarafından aracılık edilmesidir. 

Bu sayede, anti-TLR2 antikorunu sistemik olarak başarıyla uyguladık. Çalışmada gösterildiği gibi, 

miyokardiyal hasar %45 azaldı ve enflamasyonun azalışına bağlı olarak kalp fonksiyonunda ilerleme 

kaydedildi. TLR2 baskılanmasının tedaviye yönelik etkileri klinik öncesi çalışmaların kliniğe taşınmasında 

kritik bir basamak olan domuzlarda da denedik. üçüncü başlıkta, domuzlarda insan için hazırlanan 

anti-TLR2 antikorunun reperfüzyondan hemen önce damar içi enjekte edilmesinin enfarktüs alanını 

önemli derecede azalttığını ve enfarktüs bölgesindeki kalbin performansını arttırdığını gösterdik. Bu 

verilerin hepsi birlikte, TLR2 baskılanmasının kalp krizi geçiren hastalarda potansiyel ek tedavi adayı 

olduğunu göstermektedir.

Yukarıda bahsedilen çalışmalarda, miyokardiyal İ/R hasarında DAMP ve PRR arasındaki zararlı etkileşimleri 

önlemeye çalıştık. Kalp kasının canlılığı ve fonksiyonu arttırılması, kardiyomyositlerde sağ kalım sinyal 

mekanizmalarının etkinleştirilmesi ve/veya pro-apoptotik sinyallerin baskılanmasıyla da başarılabilir. 

Diğer araştırmacılar tarafından gösterildiği gibi, kök hücre salgıları kardiyomiyositlerde canlılığı arttırıyor, 

enfarktüs büyüklüğünü azaltıyor ve kalp performansını geliştirir. Bu fenomen kök hücrelerin  ‘parakrin 

etkisi’ olarak bilinir. Dördüncü başlıkta, mezenşimal kök hücrelerin (MSC) tedavi edici etkilerine aracılık 

eden ve ekzozom olarak adlandırılan mikro parçacıkların saflaştırılmasını tarif ettik. Embriyonik kaynaklı 

(Başlık 4), fetal (Başlık 5) ya da ölümsüzleştirilen kaynaklardan (Başlık 6) elde edilen ekzozomların tek 

bir dozu damar içine verildiğinde, apoptotik sinyallerin baskılanması ve sağkalım yollarının aktive 

olmasıyla enfarktüs büyüklüğünün azaldığını ve kardiyak performansının arttığını gösterdik. Bunlara ek 

tablo 1. Tezin sonuçları

sonuçlar Başlık

Doku hasarından sonra serbestleşen bütün moleküller potansiyel bir tehlike sinyalidir. 1

Dolaşımdaki TLR2, TLR2 tarafından tetiklenen İ/R hasarına aracılık eder. 2

İ/R hasarı sonrası TLR2 baskılanması enfarktüs büyüklüğünü azaltır ve kalp performansını arttırır 2 & 3

Ekzozomlar MSC salgılarındaki parakrin etkiyi yapan aracılardır 4 - 7

Fetal ve embriyonik dokulardan kaynaklanan MSC’ler benzer kalp koruyucu ekzozomlar salgılar. 5

MSC’lerin ölümsüzleştirilmesiyle ekzozomların üretimi ve ölçeklendirilmesi engeli aşılabilir. 6

Ekzozomlar kalp hücrelerle direk etkileşime girerek hasarı azaltırlar. 7

Sağlam ekzozomlar İ/R hasarından sonra enfarkt büyüklüğünü düşürmede önkoşuldur. 7

Ekzozom tedavisi enfarktüse bağlı enflammasyonu düşürür 7

Dolaşımdaki TLR2, TLR2 tarafından indüklenen tersine yeniden biçimlenmeye aracılık eder. 8

Dolaşımdaki hücrelerde TLR2 eksikliği enfarktüs sonrasında kalp fonksiyonun ve geometrinin 
iyileşmesine sebep olur

8

Fibronectin-EDA enfarktüs sonrasında dolaşım hücrelerini etkinleştirir ve sonrasında tersine 
yeniden biçimlenmeye aracılık eder.

9

Haptoglobin enfarktüs bölgesinde oksidatif stresin ortadan kaldırılmasında kritik öneme sahiptir. 10

Haptoglobin enfarktüs sonrasında yara ve yeni oluşan damarların olgunlaşmasına aracılık eder. 10
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olarak, anti-TLR2 tedavisinin tersine (etkisi kan hücreleri üzerinedir) ekzozomlar kalp hücreleri üzerinde 

direk tedavi edici etki gösteriyorlar. Bağışıklık cevabı ekzozom uygulanan hayvanlarda azalıyor, bu da 

doku hasarının artması ve DAMP salınımının bağışıklık cevabının şiddetini belirlediğine dair görüşü 

destekler niteliktedir (Başlık 7). 

BöLüM II

Enfarktüs alanı büyüklüğünün, kalp fonksiyonu ve klinik sonuçlarla çok güçlü olarak ilişkili olduğu oldukça 

iyi belgelenmiştir. Ek olarak, hem enfarktüs alanı hem de canlı dokunun enfarktüs sonrası tamiri, kalbin 

fonksiyon ve klinik sonuçları üzerine derin etkileri olabilir. Şiddetli enflamasyon, optimum düzeyin altında 

kalan yara olgunlaşması, tersine yeniden biçimlenme olarak belirtilen kalp genişlemesi ve performans 

düşmesi ile sonuçlanabilir. 

TLR2 baskılanması sonrası enfarktüs büyüklüğünde azalışla paralel olarak, kemik iliği kaynaklı hücrelerde 

TLR2 eksikliğinin uzun dönemde yararlı olduğunu gösterdik. Eşit enfarktüs büyüklüğüne karşın, 

dolaşımdaki hücrelerde TLR2 eksikliği olan fareler (fonksiyonel TLR2’ye sahip farelerle karşılaştırıldı) 

enfarktüs sonrasında daha iyi kalp fonksiyonu ve korunmuş kalp geometrisine sahiptirler (Başlık 8). Bu 

çalışmada, DAMP düzeyinde engelleme de aynı etkiyi gösterirken, DAMP-PRR etkileşimini hedef reseptör 

bölgesinde (TLR2) baskıladık. Dokuzuncu başlıkta, fibronectin-EDA’nın enfarktüs sonrası yeniden 

biçimlenmedeki rolünü araştırdık. Fibronectin-EDA doku hasarından sonra üretimi artıyor ve lökosit 

(akyuvarlar) aktivasyonu üzerinden enflamasyona yol açıyor. Normal farelerle karşılaştırıldığında, 

enfarktüs sonrasında fibronectin-EDA eksikliğinin yüksek kalp performansıyla ilişkili olduğunu gösterdik. 

Her iki çalışmada (Başlık 8 & 9) enfarktüsten sonra kalbin tamiri sırasında DAMP-PRR etkileşiminin ne 

kadar önemli bir rolü olduğunu gösteriyor. Son çalışmada, “tehlike modeline” farklı bir açıdan yaklaştık. 

Kalbin fonksiyon ve tamir mekanizmalarının iyileştirilmesinde kullanımı yerine, kalbin tamir 

mekanizmalarını bozmaya ve sonucunda performansı kötüleştirmeye çalıştık. onuncu başlıkta, kalpte 

oksidatif stresi artırarak DAMP yükünü arttırdık. Bir anti-oksidan protein olan haptoglobin geninin eksik 

olduğu farelerde, oksidatif stresin artışı kalp kasının içinde kanamalara, kalp duvarının yırtılmasına, 

artmış lökosit göçüne, hatalı yara oluşumu ve olgunlaşması gibi bir dizi yıkıcı olaya neden olduğunu 

gösterdik. Bunlara bağlı olarak, normal farelerle kıyaslandığında haptoglobinin olmadığı farelerde düşük 

kalp performans ve yüksek ölüm oranı görülmektedir.

Sonuç olarak, “tehlike modeli” kalp krizi sonrasında bağışıklık cevabı ve tamir mekanizmalarını keşfetmek 

için uygun bir teorik kalıptır. Şu ana kadar yaptığımız çalışmalar göstermektedir ki, TLR2 baskılanması 

ve ekzozom tedavisi kalp krizi geçiren hastalarda kalbin tamir ve fonksiyon mekanizmalarının iyileştirilmesi 

için potansiyel ek tedavi edici adaylardır. Bir sonraki adımda, ekzozom tedavisinin yararlılığının büyük 

hayvanlarda teyit edilmesi ve fibronectin-EDA’nın enfarktüs ilişkili enflamasyonda rolünün daha ileri 

düzeyde açıklanması için başka çalışmaların yapılması gerekmektedir.
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Waarschijnlijk is het schrijven van een dankwoord een van de lastigste (stiekem ook de leukste) taken 

voor een promovendus. Manuscripten zijn technisch en zakelijk, en op persoonlijk vlak kan er eigenlijk 

niet veel mis gaan (zelfs de grootste rivalen kunnen coauteur van elkaar zijn). Maar in een dankwoord 

moet je toch wel even opletten dat je mensen niet tekort doet. Of erger, vergeet! Negatieve emoties 

die vrij komen wanneer de een meer regels aan dankwoord krijgt dan de ander, of wie er als eerste 

vermeld wordt. We zijn maar simpele wezens, van vlees en bloed, van altruïstisch tot hoogmoed. 

Mensen zijn menselijk, gelukkig maar. Vandaar dat ik ervoor gekozen heb om mijn dankwoord 

chronologisch te verwoorden: van de eerste persoon die mij in de wereld die “Wetenschap en 

Onderzoek” heet heeft geduwd, tot aan mijn liefste die mij tot het laatste moment van dit proefschrift 

heeft gesteund. En iedereen daartussen die ook maar 1 letter heeft bijgedragen bij de totstandkoming 

van dit proefschrift, ontzettend bedankt!

Prof. dr. M.A. Vos, beste Marc, je vroeg ooit als tutor in jaar 3 van mijn studie Geneeskunde: ”Fatih, hoe 

ga jij je onderscheiden tussen al die 250 studenten?”, waarop ik antwoordde,”door hoge cijfers te halen.” 

Jij gaf aan dat er nog steeds 100 studenten overbleven. Onderzoek! Dat was waarin je mij graag wilde 

zien. Ik hoop dat dit proefschrift enigszins een antwoord op je vraag is. Dank voor het wegwijs maken 

en de stimulerende woorden!

Prof. dr. P.A.F.M. Doevendans, beste Pieter, uit de kamer van prof. Vos naar jouw kamer gehold om te 

vragen of je mijn begeleider wilde zijn voor mijn onderzoek aan de Gazi University te Ankara. Eenmaal 

terug met 2 artikelen, vroeg je wat het werkingsmechanisme was achter het probleem van een van de 

artikelen (“reduced myocardial blush grade” na een hartinfarct). Na wat literatuur onderzoek stuitte ik 

op de fenomenen ischemie/reperfusie schade en no-reflow. Dat was het begin van mijn huidige interesse 

in de moleculaire biologie achter (patho)fysiologische fenomenen van het hart. Het volgende wat je 

zei was: “schrijf maar een onderzoeksvoorstel en daarna het lab in, hier beneden om de hoek.” Ik wil 

je bedanken voor de manier waarop je mij hebt weten te prikkelen, met kritische vragen en uitdagende 

uitspraken. Je hebt een eigen stijl, die niet berust op handje vasthouden, maar meer een die de weg 

wijst en bij uiterste noodzaak bijstuurt. Jij was er altijd, bij die eerste (ontgroenings)momenten: mijn 

eerste orale voordrachten als student op de NVVC, daarna de ESC. Ik waardeer je eerlijkheid en openheid. 

Je misgunt geen succes, integendeel je stimuleert. Ik hoop dat je dat altijd zal blijven doen en kijk uit 

naar ons volgende etentje.

Prof. dr. G. Pasterkamp, beste Gerard, ik kan mijn glimlach niet verbergen tijdens mijn dankwoord 

gericht aan jou. Ik herinner me nog dat ik per ongeluk jouw kamer binnenliep en jij me aankeek met 

een blik van: “wat moet die jongen hier met dat ingewikkeld moleculair-biologisch verhaal.” Vanaf dat 

moment heb ik je zowel op professioneel en persoonlijk vlak mogen leren kennen. Het met “U” 

aangesproken worden heb je er met veel moeite eruit gekregen bij mij. Ik heb ontzettend veel van je 

geleerd en leer nog steeds van je. Ondanks dat je je eigen inbreng bagatelliseert, heb je ontzettend veel 

bijgedragen aan de opzet en uitvoering van de experimenten. Daarnaast zijn je kritische revisies van 

wezenlijk belang geweest voor de duidelijkheid van en de klinische twist aan de manuscripten. Ik ben 

vooral dankbaar voor de vrijheid de je me hebt gegund om de dingen te doen die ik leuk vond, zonder 

dat je me wilde vastpinnen aan voorgeschreven projecten. Ook op persoonlijk vlak heb ik veel van je 

geleerd; je benadering ten opzichte van dilemma’s (onze gesprekken in de taxi van en naar 

contractresearch vergaderingen) en mensen (wetenschappelijk belang vs. industrie belang), of zoals 
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hoe je met bepaalde zaken in een huwelijk omgaat ;). Ik heb veel bewondering voor je; je bevlogenheid 

en inzet voor de Athero-Express, de manier waarop je de tijd managet, hoe je de groep leidt, maar 

vooral je eerlijkheid en integriteit. Ik hoop de komende jaren nog veel met je te kunnen samenwerken 

en zie de toekomst positief en met veel plezier tegemoet.

Prof. dr. D.P.V. de Kleijn, beste Dominique, ook bij jou krijg ik flashbacks van plezierige en grappige 

momenten. Door Gerard bij jou gestationeerd om op moleculair niveau een sparringpartner te hebben. 

Ik realiseer me dat ik geen makkelijke promovendus voor je was. Ik ben eigenwijs en weet maar al te 

graag wat en hoe ik dingen wil. Desondanks, heb je op een hele plezierige manier tijdens 

werkbesprekingen mij op nieuwe gedachten weten te brengen of zaken verder te helpen verhelderen. 

Dat is een kwaliteit waar ik veel bewondering voor heb en hoop dat ik me dat eigen kan maken. Bedankt 

dat ik altijd onaangekondigd bij je binnen kon lopen. Je kennis op moleculair-biologisch vlak hebben 

mij de verdieping gegeven waarnaar ik zocht. Je bent groepsleider en professor, maar je bent niet vies 

om je mouwen op te stropen en zelf aan de slag te gaan in het lab. Zoals toen met de kinetiek 

experimenten voor de TLR2 studie in varkens. In de groene OK pakken, op klompen, dag in en dag uit 

in die stinkende stallen bloed afnemen. Zij aan zij. Ook jij misgunt succes niet, maar stimuleert tot meer. 

Je hebt een hartverwarmende persoonlijkheid, die de ‘ander’ met open armen ontvangt en niet 

veroordeelt op basis van uiterlijk, achtergrond of wat dan ook. Het gaat je om de mens inside en zijn/

haar kwaliteiten. Daarnaast hebben we eigenlijk vooral veel plezier met elkaar beleefd; Singapore 

(sleepy sleepy boulevard, Chilli Crab on the beach), congressen en bij jou thuis (Fatma heeft het nog 

steeds over de bbq!). Ik prijs me gelukkig met jou als promotor en ben ervan overtuigd dat de toekomst 

nog veel leuke en succesvolle momenten zal brengen.

Mw. I. Houwelingen, beste Ineke, Moeders, ik geloof dat er maar weinig stafsecretarissen zijn die de 

passie en betrokkenheid tonen zoals jij die hebt voor het lab. Ik heb altijd je inzet gewaardeerd om 

allerlei zaken op een juiste manier af te handelen. Door je enorme verantwoordelijkheidsgevoel weet 

jij ons lab financieel te monitoren en excessen direct aan te pakken. Niet onbelangrijk voor een 

organisatie waarvan de levensvatbaarheid vooral van financiën afhangt. Ik heb genoten van onze 

gesprekken omtrent de films van de Coen brothers of van Robert Downey Jr. Je optredens in je koor, 

met name de smartlappen waren hilarisch en geweldig om te zien. Ik kijk nog altijd uit naar het volgende 

diner, waarbij je weer alles uit de kast haalt om overheerlijk te koken. Op sommige dagen konden we 

maar beter uit je buurt blijven, want dan was er weer eens iemand die je even moest aanpakken in het 

belang van het lab. Maar veelal kon ik bij je binnenlopen, voor de gezelligheid een praatje maken. Ook 

van jou heb ik veel geleerd, of beter gezegd je hebt me redelijk goed weten op te voeden. Mijn bonnetjes 

kan ik nu beter bewaren en laat ik niet alles rondslingeren. Behalve mijn sleutels…tja. Je bent een sterke 

vrouw met karakter, met wie ik hoop zo lang mogelijk mee samen te werken in mijn carrière. Tot 

snel!

Mw. M. de Rooij, beste Marjolein, Mar, ik zal je lachende groet in de vroege ochtend missen. Meestal 

voor 8 uur nog, wanneer je onze AIO-kamer binnenliep en vroeg: “Heb je al koffie gezet, of moet ik het 

weer doen?”. Stiekem wachtte ik totdat jij de koffie ging zetten, want ik vond het leuk om je lachend 

onze kamer binnen te zien lopen en even bij te praten. Je bent een druk baasje, die ook nog eens haar 

eigen onderneming probeert op te zetten. Ik heb ontzettend veel bewondering voor je energie en 

doorzettingsvermogen, want het is niet makkelijk om secretarieel werk (lab én CTMM!) te combineren 
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met het opzetten van een eigen bedrijf. Je blijft altijd lachen, ook al zit het even niet mee. Ik hoop dat 

je ondernemerschap snel tot successen zal leiden, die je van harte zijn gegund. Als lab waarderen we 

enorm je inzet en vrolijkheid. Ook jij hebt veel bijgedragen aan mijn opvoeding. Als het mijn sleutels 

niet waren, dan was het wel een afspraak die ik vergeten was. We hebben veel gelachen, met elkaar 

en om elkaar. Ik hoop je zo lang mogelijk mee te maken in het lab, en kijk uit naar je volgende kop 

koffie!

Dr. M.B. Smeets, beste Mirjam, jij bent de belangrijkste factor geweest in de snelheid waarmee de 

experimenten werden afgerond. Je in vitro vaardigheden zijn van ongekende waarde geweest voor dit 

proefschrift. In elk opzicht was onze samenwerking een groot succes en zal de komende tijd nog zijn. 

Qua werkmentaliteit lijken we veel op elkaar, waardoor de samenwerking des te plezieriger verloopt. 

We hebben veel frustraties gedeeld, met name het haptoglobine stuk. Desondanks laat je je niet gek 

maken en ga je door tot dat ene succesvolle moment, en het resultaat mag er zijn! Er breekt een nieuwe 

fase aan in onze samenwerking, waarin we het EDA-project een niveau hoger zullen tillen. Je bent 

onlangs moeder geworden van je derde kind en wens ook hierin jou veel geluk en plezier toe. Ik hoop 

nog lang met je te kunnen samenwerken.  Ontzettend bedankt en tot onze volgende 

werkbespreking!

Beste Imo, mijn voorliefde voor de Duitse taal is niet het enige waarom ik je enorm waardeer als collega 

en vriend. Je eerlijkheid, je gevoel voor humor en interesse in auto’s, voetbal en alle andere mooie 

dingen maken dat ik je een geweldige collega en persoon vind. Je wetenschappelijke input en kritische 

blik zijn van groot belang geweest voor mijn experimenten (e.g. TLR2 chimeren weddenschap). Daarnaast 

hoop ik dat we ooit die eerste prijs binnenhalen tijdens het UMCU voetbaltoernooi, altijd maar 2e of 

3e is mooi geweest (bij de laatste kon je helaas niet bij zijn en zie daar het resultaat!). Ik kijk uit naar 

onze samenwerking in het lab en hoop dat we weer snel de BBQ kunnen aansteken.

Ing. B.J. van Middelaar, beste Ben, Meester Ben, ook aan jou heb ik veel te danken op het gebied van 

de microchirurgie. Ik weet nog heel goed toen ik als student het lab binnenkwam en het opereren moest 

leren. Wat ben jij een geweldige leermeester! Geduldig en accuraat! We hebben heel wat tijd 

doorgebracht in het GDL. Eenmaal de basisprincipes te hebben geleerd, was de volgende uitdaging het 

opzetten van een muis ischemie/reperfusie model. Wat een drama was dat in het begin. Na 4 maanden 

van tegenslag hebben we het roer omgegooid. Verfijnde operatie technieken, nieuwe anesthesie 

methode, nieuw apparatuur. Vanaf dat moment ging het alsmaar beter. Jouw inzet is van ongekende 

waarde geweest voor het model. Iedereen die nu I/R schade toepast in de muis hoort zich dat realiseren. 

Je bent er om 7:30 en gaat pas weg als het werk af is. Als promovendus kun je je geen betere biotechnicus 

wensen. Maar het allerbelangrijkste is je zachtaardigheid en je vriendelijkheid. Je bent een goede vriend 

in goede en slechte tijden. Een luisterend oor. We hebben zo veel lol gehad tijdens onze “Evans’ blue 

& TTC sessies” en daarbuiten. Je humor was aanstekelijk; na 8 uur lang opereren kun je niet veel anders 

dan om jezelf lachen! Je hebt onlangs voor een carrière gekozen als basisschool docent. Een moedige 

keuze, omdat het niet makkelijk is om op latere leeftijd jezelf om te laten scholen. Dit bewijst andermaal 

je doorzettingsvermogen. Ik wens je heel veel sterkte en plezier toe. Ben, ontzettend bedankt voor je 

immense bijdrage aan dit proefschrift en je vriendschap!  

Ing. A. Schoneveld, beste Arjan, Koning, ontzettend bedankt voor je bijdrage aan de experimenten. 
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Ondanks je strenge blik, ben je de vriendelijkheid zelve. Daarnaast vond ik onze discussies omtrent 

immunologische fenomenen zeer leerzaam, met name de Treg cel responsen (we moeten dat idee 

concreet gaan aanpakken!). Het feit dat een van je stukken een van de meest geciteerde studies zijn 

van ons lab bewijst je gevoel voor doelgericht experimenteren en vernieuwing. Bij dezen wil ik je 

nogmaals uitnodigen om te promoveren, al was het alleen voor het feestje ;). Met plezier kijk ik terug 

aan ons Singapore tripje, en wie weet kunnen we dat nog eens over doen. Bedankt en kijk uit naar onze 

volgende proef. 

Ing. C. Strijder, beste Chaylendra, Dushi, bedankt voor het bijbrengen van methodes om mijn Excel-

sheets te ordenen, mijn samples te nummeren en op te bergen. Daarnaast was je de eerste die mij 

leerde eiwit te isoleren, een ELISA te doen en een kleuring toe te passen op mijn allereerste studie 

samples. Bedankt voor je gezelligheid, de koffiepauze-momenten en de roti-tips. Heel veel succes met 

je nieuwe carrière en hoop je snel weer te zien!

Mijn bachelor- en masterstudenten Gert-Jan, wies, Judith, Lena en Lars. Jullie inzet is onmiskenbaar 

geweest voor het eindresultaat. Al die coupes, eiwit en RNA samples bewerken en analyseren is werkelijk 

monnikenwerk. Maar ik heb jullie nooit horen klagen (waarschijnlijk wel tegen anderen). Ik hoop dat 

ik jullie enigszins heb kunnen enthousiasmeren voor onderzoek en wetenschap. Zo niet, we hebben in 

ieder geval ontzettend veel lol gehad. Sommigen van jullie zie ik zeker nog terug, anderen hopelijk tot 

ziens!

Mw. E. Velema, beste Evelyn, ontzettend bedankt voor je inzet om de experimenten dusdanig in te 

plannen dat ze toch in een kort tijdsbestek zijn afgerond. Met name in een periode waarin we wel 3 

operaties per dag hadden en biotechnici zich figuurlijk in tweeën moesten delen om de proeven te 

doen. Je hebt ons, onderzoekers, altijd gestimuleerd om kritischer te zijn naar de uitvoerbaarheid van 

de experimenten. Bedankt voor het meedenken, je collegialiteit en energie die je in de projecten hebt 

gestoken. Tot de volgende planning en groot proefdieroverleg!

Dhr. C. Verlaan, beste Cees, Opa, ik ga je ontzettend missen! Je ervaring en kundigheid zijn van groot 

belang geweest voor het direct slagen van de proeven. Je was altijd in voor een grapje of een mop. 

Samen met Hans (Statler & Waldorf), was het elke ochtend weer lachen tijdens de ochtendkoffie sessies 

op het GDL. De hilarische momenten aan de operatietafel die we hebben gedeeld zodra we alleen 

waren zullen mij altijd bijblijven. Ook dat je een dag hebt meegevast tijdens de Ramadan vond ik 

hartstikke leuk om mee te maken. Ontzettend bedankt voor alles en wellicht tot ziens bij het volgende 

experiment, of aan wal ergens in het noorden van het land.

Mw. M. Emons, beste Maringa, bedankt voor je inzet tijdens de varkenexperimenten. Je betrokkenheid 

bij de proeven hebben er zeker bijgedragen dat de experimenten zorgvuldig werden uitgevoerd. Ook 

jij bent een doorzetter en wil graag jezelf verder ontwikkelen. De MRI experimenten in muizen had je 

snel genoeg in de vingers, waardoor je vrij snel zelfstandig inzetbaar werd. Daarnaast ben je een gezellige 

collega, waarmee ik graag in de toekomst mee samenwerk. Bedankt voor alles en tot snel!

Mw. M. Schurink, beste Merel, ook met jou was het heerlijk ontspannen werken. Je ervaring en vrolijke 

verschijning waren welkome eigenschappen tijdens de varkenexperimenten. Bedankt voor je collegialiteit 
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en gezelligheid, en we bestellen snel een broodje bij Tricolore! 

Mw. J. Visser, beste Joyce, niets dan lof voor de kundigheid die je hebt ontwikkeld in een zeer kort 

tijdsbestek. Je was een gangmaker en een gezellige collega, waarmee ik graag samenwerkte. Veel geluk 

gewenst met je nieuwgeboren kind en het zoeken naar een groter huis. Bedankt en tot snel!

Mw. M. Jansen, beste Marlijn, je was to-the-point en heel netjes. Bedank dat je zelfs een paar varkens 

heb willen doen zonder dat ik erbij was. Veel succes in je nieuwe huis en zie je snel op OK of anders bij 

een borrel!

Collega’s van het GDL; beste harry en Fred, geachte heren proefdierdeskundigen, afgelopen 3 jaar heb 

ik met veel plezier met jullie mogen samenwerken. Jullie waren er altijd wanneer ik met een dilemma 

zat of een dringende vraag had. Met alle oprechtheid kan ik zeggen dat Utrecht boft met zulke 

proefdierdeskundigen. Jullie zijn niet alleen kritisch, maar reiken ook oplossingen aan wanneer het 

minder goed is. Jullie kritische blik draagt bij aan een betere opzet van de experimenten en tegelijkertijd 

bevordert die het welzijn van de dieren. Ontzettend bedankt voor jullie samenwerking en waarschijnlijk 

tot snel! hans, ontzettend bedankt voor je tips en verhalen! Je bent altijd in voor een grapje, en kunt 

ook incasseren zoals toen met de pizzakoerier ;). Bedankt voor al die hilarische en gezellige momenten! 

Jan, Jantje, de grote vriendelijke reus. Bedankt voor het verzorgen van mijn muizen. Jouw betrokkenheid 

bij de zorg van de dieren is van groot belang geweest voor het welzijn van de muizen voor en na een 

experiment. Bedankt voor je collegialiteit en gezelligheid! hester, Jannie, nico, Romy (medewerker 

“meegaandheidsoffice”), Anja, helma, Jeroen, tamara, wendy, toon, Jannico, Cees en koffiemaatje 

Peter, allen bedankt voor de gezelligheid en collegialiteit. Jullie inzet voor de administratie en 

dierenverzorging heeft het mij stukken makkelijker gemaakt, maar vooral plezieriger!

Heel veel dank en waardering gaat uit naar mijn kamergenoten, mede promovendi en wetenschappers. 

Beste Daphne, inderdaad collega van het eerste uur, samen gestart en samen klaar. Bedankt voor je 

collegialiteit en de gezelligheid die je altijd en overal meebracht. Heel veel succes in de kliniek. Zoals 

Imo het al had verwoord, bij jou durf ik me zeker te laten behandelen mocht het ooit zover komen. 

René, altijd in voor een goede moleculair-biologische discussie, maar vooral een top vent met een 

vriendelijk en sociaal karakter. Altijd op zoek naar een promotiefilm-moment! Met jou erbij was het 

nooit saai. Bedankt voor alle kritische input, de gezellige momenten en de heerlijke koffie. Ik wens je 

veel succes met het afronden van je proefschrift en ben ervan overtuigd dat je het ver gaat schoppen 

in je nieuwe carrière! Mihaela, inmiddels volop aan de slag als patholoog in opleiding. Het was altijd 

lachen als jouw telefoon afging! Bedankt voor de gezellige momenten en heel veel succes in je carrière. 

Marish, met jouw komst waren de mannen weer in de meerderheid in onze kamer. Discussies gingen 

eindelijk weer  vaker over mooie auto’s en alles wat mannen nog meer interesseert, zoals voetbal ;). 

Succes met het afronden van je experimenten en klinische studie. Ik kijk uit naar onze samenwerking 

in de kliniek! Ellen, ik weet nog goed hoe jij je ambities uitsprak toen je in het lab begon. Hoge impact 

publicaties was een van je doelstellingen. Je talenten en doorzettingsvermogen heb je in ieder geval 

mee, en ik hoop van harte dat je erin slaagt om je ambities waar te maken. Bedankt voor de gezelligheid 

en heel veel succes met het afronden van je promotie! Pleunie, door jou komst waren we weer in de 

minderheid met de mannen, maar desondanks werd het er niet minder gezellig om. Heel veel succes 

met je promotie! sander vd L, sahbi!, ik heb genoten van je enthousiasme en gedrevenheid, en hoop 
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dat de energie die je in je promotie steekt zich dubbel en dwars terugbetaalt. Ik kijk met plezier terug 

naar onze metafysische discussies, filmgesprekken en voetbalpraatjes. Veel succes met je promotie en 

tot snel! Karlijn, Karlijneke, je bent een aimabele collega waarmee ik niet alleen vakinhoudelijk leerzame 

gesprekken had, maar waarmee het ook heel erg gezellig was. Bedankt voor alles en veel succes met 

de voorbereidingen voor je huwelijk! Eissa, my dear friend, you have experienced many challenges and 

drawbacks during your PhD. For this reason, it is even more pleasing to see you succeed at the end. 
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