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Chapter 1

Heart failure (HF) is major public health issue affecting over 20 million people globally 
and remains the number one cause of death in the world 1. The first longitudinal studies 
examining cardiovascular disease began during the fifties in the United States and resulted in 
the Framingham and Olmsted county cohorts 2, 3. This led to the finding that the incidence of 
HF increases with age in both North America and Europe 4, 5, and is getting more pronounced. 
Indeed, a recent American Heart Association report stated that HF is a chronic condition 
currently affecting over 5.7 million people in the United States and costing around 30.7 
billion dollar every year 6.These numbers will rise to an estimated 8 million affected individuals 
costing approximately 70 billion dollars by 2030, emphasizing the immense societal burden of 
this disease. European studies reveal similar annual health care expenditure on HF patients 7, 8 
with a rising incidence to 10-22 per 1000 for people over 65 years of age 9-11. 

HF is a clinical syndrome diagnosed according to the guidelines defined by the 
European Society for HF in 2012 12.It is characterized by either an abnormal structure or 
function of the heart at rest, with typical clinical symptoms like shortness of breath at rest 
or during exertion, fatigue and fluid retention such as pulmonary congestion or peripheral 
edema 12. These clinical symptoms together with electrocardiogram, laboratory testing and 
echocardiography help in determining appropriate therapeutic strategy and also provide 
substantial prognostic information. The current standard for treating HF patients, consisting 
of ACE-inhibitors, diuretics, β-blockers and mineralocorticoid-receptor antagonist (MRA) 
mainly focus on fighting clinical symptoms without having any evident effect of the underlying 
pathophysiology. Because HF is such a complex syndrome where many underlying etiologies 
may affect pericardium, myocardium, endocardium, cardiac valves, vasculature, or metabolism, 
the identification of new effective therapies has been very challenging these past decades 13. As 
a result, the prognosis of HF is still poor, underlining the clinical need for drugs designed for 
improving clinical outcome 14. The major challenge here is identifying the pathophysiological 
mechanisms that contribute to the development of HF, triggering either systolic or diastolic 
dysfunction. This distinction is critical as they require a different pharmacological approach 
despite their similar clinical presentation 15. Where systolic HF is characterized by reduced 
ejection fraction on echocardiography (contraction incapacities; left ventricular ejection 
fraction EF ≤40 percent; HEFrEF), the ejection fraction in diastolic dysfunction is preserved 
(relaxation incapacities; meaning a left ventricular EF ≥50 percent; HEFpEF) 13. Though 
etiology does not allow for proper discrimination, risk factors like increased age 16 and gender 
are more observed in HEFpEF patient populations (≈80% woman in HEFpEF with ≈50% 
in HEFrEF 17-19) (Figure 1). While the extent of pathophysiological overlap between these 
syndromes needs to be properly established, studies have already revealed that many shared 
triggers lead to several shared fundamental pathophysiological changes such as cardiomyocyte 
death, cardiomyocyte hypertrophy, cardiac inflammation followed by (reactive) fibrosis. Whilst 
the contributions of inflammation and reactive fibrosis are established for systolic HF 20-22, they 
are only starting to become recognized in the pathogenesis of diastolic HF 23, 24.

Systolic heart failure is the result of coronary (ischemic) heart disease, idiopathic dilated 
cardiomyopathy (DCM), hypertension or valvular disease. While myocardial infarction is 
the most common cause for the development of HF 25, it is closely followed by idiopathic 
DCM. Interestingly, in DCM misdiagnosing is quite common 26, 27 as about 10 percent of 
these patients actually suffer from myocarditis 28. Though, the true incidence of myocarditis 
is unknown because of sporadic endo-myocardial biopsy collection and the overall difficulty 
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to diagnose this disease 29, it still remains a serious cause for HF development particularly in 
previously healthy individuals, with guidelines for diagnosis and treatment still lacking 30.

 

Figure 1 This schematic overview illustrates the complexity of the heart failure syndrome.
Many triggers like drugs, toxins, pathogens and mutations can result in damage to the myocardium. This damage will 
lead to four pathophysiological changes that advocate cardiac remodeling and subsequent heart failure development:  
cardiomyocyte death, inflammation, fibrosis and cardiomyocyte hypertrophy. The combination of environmental 
triggers with genetic mutations or genetic susceptibly, such as gender or ageing, can further promote cardiac damage 
and heart failure development. Finally, added existence of comorbidities will enhance the ongoing changes in the 
myocardium. Where some risk factor like diabetes, obesity and female gender are more associated with the development 
of HEFpEF, others such as cardiac ischemia, myocarditis or male gender have been shown to be more associated with 
the development of HEFrEF. Though, all triggers can cause the development of the entire range of heart failure, 
which is characterized by the morphological appearance of the heart as well as the functional characteristics (LVEF).  
HEFpEF : Heart Failure with preserved Ejection Fraction, HEFrEF : Heart Failure with reduced Ejection Fraction.
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Aim and Outline of this Thesis
The main aim of this thesis is to unravel the role of the extracellular environment to cardiac 

inflammation during HF development. The pathophysiological contribution of secreted 
proteins osteoglycin, SPARC and semaphorin 3A on the development and maintenance of 
cardiac inflammation as a consequence of viral myocarditis or myocardial infarction will be 
addressed. 

Chapter 1 gives a concise introduction to the functions of the immune system. The 
basic innate and adaptive immune response towards pathogens will be discussed and 
provide the necessary background for understanding how the immune system contribution 
to HF development. Chapter 2 will elaborate on how the extracellular compartment in the 
myocardium can have diverse, and sometimes opposing, functions in cardiac disease. Not only 
the composition and plasticity will be discussed, also the current knowledge on the role of 
several individual proteins in cardiac inflammation and fibrosis will be addressed. Chapter 3, 4 
and 5 will reveal experimental evidence of three individual extracellular proteins that regulate 
cardiac inflammation either during virus or ischemia induced cardiac disease. These chapters 
will demonstrate the role of the extracellular milieu in regulating  cardiac inflammation through 
either affecting (1) immune cell activation, (2) recruitment, (3) immune cell resolution; the 
pillars of immunity. The value of these findings to our current knowledge of the immune 
system as well as its clinical utility for HF patients will be addressed in Chapter 6. 
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Chapter 2

The Equilibrium Compatible with Life
Homeostasis is one of the fundamental characteristics of any living organism and defines 

the line between life and death. It implies a situation where all systems within a living organism 
are in perfect balance and the internal milieu does not change albeit the changing external 
milieu.  Therefore every threat that endangers homeostasis has to be eradicated by the immune 
system in order to return to a ‘steady-state’ situation.  When dealing with multifaceted human 
diseases, the many complex pathophysiological processes that occur simultaneously call for the 
continuous pursuit for a new immunological balance. As immune cells patrol tissues with the 
purpose of alarming and recruiting other immune cells when homeostasis is compromised, they 
have to be mobile, fast and effective and most importantly very vigilant of their environment. 
To better appreciate and comprehend our sophisticated immune system in relation to complex 
diseases such as heart failure (HF) we should go back to where the immune system originated. 

The Evolution of Immunity
The first described ancestors of the modern immune system are unicellular microorganisms 

like the amoeba. Amoebas possessed a specific surface receptor that allowed them to 
distinguish food (micro-organisms) from other amoebas (also micro-organisms). Through an 
unknown evolutionary mechanism, they developed a basic unicellular immune response which 
prevented their own extinction 1. The present innate immune cells such as neutrophils and 
macrophages, still owe their ontogenesis and phylogenesis to the amoeba. As a consequence 
of evolutionary changes in the earth’s atmosphere from oxygen-poor to oxygen-rich, aerobic 
metabolism originated producing up to eighteen times more energy than the thus far used 
anaerobic metabolism. This new source of energy enabled many more biological reactions 
to take place simultaneously, promoting organelle formation and cell compartmentalization, 
ensuing the birth of the eukaryotes 2.  However, this shift towards multi-cellularity required the 
emergence of a more complex system of self-surveillance than that of unicellular organisms, as 
the detection and removal of altered or damaged ‘self ’ became as important for survival as the 
necessity to recognize and remove pathogens 3.

Since the ancient amoeba-like macrophage a large variety of different immune cells have 
entered the arena, forming the intricate human immune system that we know today. However a 
unifying feature characterizes innate immunity throughout evolution: the conserved molecular 
pattern recognition by receptors such as nucleotide-binding oligomerization domain receptors 
(NOD-like receptors or NLRs), retinoic acid-inducible gene I-like RNA helicases (RIG-I-like 
receptors or RLRs), C-type lectin receptors (CLRs) and the Toll-Like receptors (TLRs) 4, 5.  In 
fact, extensive genomic analysis of invertebrates, vertebrates, and plants suggests that before 
separating their routes on the phylogenetic tree, they possessed refined defense mechanisms 
comprised of the shared Toll pathway 6. The origination of innate immunity was founded by 
the discovery of this specific Toll pathway, and encompasses the Toll-like receptors that we 
know today. As multi-cellular organisms kept evolving, their complexity increased and triggered 
them to acquire an even more advanced immune system. The rise of adaptive immunity in 
vertebrates not only enhanced the immune systems response to pathogens, it also created a 
memory towards them 7.Though homologue forms of immunoglobulin 8 and highly diverse 
lymphocytes with unique anticipatory receptors 9, 10 have been found in jawless vertebrates 
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(hagfish and lamprey), adaptive immunity is limited to the jawed vertebrates. It is characterized 
by the presence of a thymus and secondary lymphoid tissues as well as immunoglobulins, T-cell 
receptors (TCRs) and polymorphic major histocompatibility complex (MHC) class I and class 
II molecules 11, 12.  

Self/Non-Self versus Danger
As keepers of general homeostasis, the immune system must be primed and respond 

quickly to anything endangering the precious balance. For many years the precept on what 
would alarm the immune system in case of danger has been ‘non-self ’. This perception is easily 
supported when thinking of the main threat of our unicellular ancestors in their struggle for 
life, which are pathogens. However, when considering intricate multi-cellular organisms like 
human and complicates diseases like HF, this belief may fall short. Therefore, not long ago 
the dictum was challenged by a novel perception stating that it is not ‘non-self ’ but rather 
‘danger’ that sets the alarm. Was this the beginning of an ongoing revolution in the world of 
immunology?     

While the conceptual foundation for the ‘self ’ versus ‘non-self ’ theory was made by Ellie 
Metchnikoff 13, the theory was established by Macfarlane Burnet and Peter Medawar 14, for 
which they received the Nobel Prize in 1960 15. The theory assumes that from birth multicellular 
organisms know what ‘self ’ looks like and only attack what they have not seen before. This 
explains how foreign pathogens are recognized and eliminated and is perfectly in line with the 
unicellular immune response observed in the amoeba. However, several problems with this 
theory surfaced in the nineties and entailed basic concerns regarding cancer, transplant surgery 
and physiological changes like puberty and pregnancy 16. If the immune system only tolerates 
what it has encountered in neonatal life then all new ‘self ’ antigens, endogenous or exogenous, 
should be eliminated. However, in reality the immune system develops a specific immune 
response towards certain new ‘self ’ antigens while tolerating others. This hiatus was the core 
for Polly Matzinger to formulate a new theory centralizing ‘danger’ instead of ‘non-self ’ as 
the driving force behind immunity 16. Rather than responding to ‘non-self ’, the immune 
system gets alarmed by ‘danger-signals’ that are coming from stressed or necrotic cells, and 
not form the invading pathogen. While this theory seems very plausible, similar shortcomings 
are present given that bacterial LPS, bacterial DNA and mimics of viral RNA can activate the 
immune system without directly causing cell damage 17. The ‘self ’ versus ‘non-self ’ theory may 
not be false; it may just be that the definition for ‘self ’ and ‘non-self ’ needs to be refined. On 
the other hand, if we accept that the immune system has been stitched together throughout 
evolution and uses a diverse collection of innate and adaptive defense mechanisms, it may be 
impossible to explain immunity within one ‘theory’ or another. Furthermore explaining the 
multifaceted immune system by one single paradigm is an oversimplification as each organ 
identifies and responds differently to approaching danger based on their relative sterility 18. As a 
result, not only the location of sentinel cells can differ, also their activation threshold and PRR 
expression profiles may vary between organs 19, 20. Finally, besides using the shared TLRs for 
detecting environmental changes, each organ utilizes additional yet specialized innate immune 
instruments and regulatory mechanisms 21. Pluralistic approaches therefore seem inescapable 
when dealing with human immunity.  
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Innate versus Adaptive Immunity 
The primal innate immune system establishes the first line of defense against pathogens in 

metazoans, playing a vital role in early pathogen recognition and removal and the subsequent 
pro-inflammatory responses. Instead, the adaptive immune system is responsible for 
eliminating pathogens in the later phase of infection and in the generation of immunological 
memory. Where the adaptive immune response is characterized by specificity created by clonal 
gene rearrangements from a broad repertoire of antigen-specific receptors on lymphocytes, 
the innate immune response is considered as rather nonspecific and is controlled primarily by 
phagocytic cells and antigen-presenting cells, such as macrophages, neutrophils and dendritic 
cells 1, 22. However due to the close relations between adaptive and innate immune, the 
classification is rather artificial (Figure 1).

deteCting threats: Pattern assoCiated reCognition

Molecular pattern recognition by the innate immune system comprises a family of fairly 
universal and well-conserved receptors (pattern recognition receptors or PRRs) that recognize 
repeating patterns in common and well-conserved ligands. These receptors detect pathogen-
associated molecular patterns (PAMPs) but also recognize molecules that are produced as a result 
of tissue injury; the aptly named damage associated molecular pattern molecules (DAMPs) 
(Figure 1). This places the detection and removal of damaged ‘self ’ equally as important as 
the recognition and removal of pathogens. These high affinity, low specificity innate immune 
receptors (e.g. CLRs, RLRs, NLRs and TLRs) are comprised of protein domains that are 
specific for the type of ligand they recognize. Most classes of human pathogens are recognized 
by the carbohydrate-recognition domains in the transmembrane or secreted CLRs, as they 
recognize highly complex structures composed of carbohydrate residues 23. Importantly, as both 
pathogen and host can contain carbohydrate residues, it has been observed that these receptors 
are capable of detecting intricate differences in the arrangement and branching of carbohydrate 
residues which is the direct result of differential protein glycosylation 24. Furthermore, RLRs 
recognize double stranded RNA, the replication intermediate of RNA viruses, via their 
C-terminal domain and helicase domain 25. Transmembrane TLRs and cytoplasmic NLRs 
recognize molecular patterns from a fundamentally diverse collection of bacterial, fungal, viral 
and parasite-derived elements but also degradation products of extracellular matrix proteins 
via their leucine rich repeat (LRR) domain 26, 27, 28. The LRR domains are common to proteins 
associated with innate immunity in many phylogenetically distant lineages (e.g. prokaryotes 
versus eukaryotes) 29, 30. In jawless vertebrates, they even form the foundation of the adaptive 
immune response as the combinatorial assembly of LRR gene segments in adaptable lymphocyte 
receptors creates the physical diversity for antigen recognition 10, 31. These LRRs are important 
for protein-protein interactions and have been found in over two hundred different proteins, 
including bacterial virulence factors, cell-adhesion molecules, enzymes, hormone receptors, 
tyrosine kinase receptors and extracellular matrix binding proteoglycans and glycoproteins 32, 

33. However, the evolution of LRRs is not well understood and it is not even known whether all 
LRRs share a common ancestor 34. Currently mutations or polymorphisms in over thirty LRR-
genes have been implicated in human diseases with inflammatory components, e.g. frameshift 
mutations in NOD2 in Crohn disease 35, 36, e.g. polymorphisms in the MHC class II trans-
activator (MHC2TA) in rheumatoid arthritis, multiple sclerosis and myocardial infarction 37 
and mutation in TLR5 in Legionnaire disease 38.
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the innate resPonse: CoMPleMent and PhagoCytosis

The fast elimination of pathogens is primarily based on PRR-induced immune activation, 
complement activation and phagocytosis. All metazoans possess one of the earliest and universal 
elements of innate immunity that is mucosal epithelia. Mucosal epithelia is vital in protecting 
the host from invasion as well as in establishing a symbiotic relationship with the commensal 
microflora such as that found in the gut 39. The necessity for the mucosal immune system to 
strike a balance between tolerance and immunity encouraged the existence of compartment-
specific immunity. In fact, in mucosal epithelium there is differential expression of PRRs 
depending on basolateral and intracellular localization allowing for innate immune recognition 
of commensal bacteria yet confining innate immune activation 39, 40. 

Along with mucosae, the first line of defense in humans is skin. Pathogen colonization 
in the skin is limited due to its low water content, acidic pH, resident commensal microflora 
and surface-deposited antimicrobial lipids 41.  The production of mucins by epithelial cells 
however confines pathogenic colonization in the mucosae. Mucins are comprised of heavily 
glycosylated proteins forming a secreted gel-like sheet covering the epithelium. This mucus 
coating not only serves as a chemical barrier and epithelial lubricant, it also protects the 
mucosal lining from pathogen invasion as it contains a variety of host-derived molecules like 
immunoglobulin A (IgA) and anti-microbial peptides 42, 43. If pathogenic bacteria successfully 
manage to cross the mucus coating and invade the epithelium, neutrophils and macrophages 
are responsible for their phagocytic uptake and elimination as well as the secretion of pro-
inflammatory cytokines such as IL-1β and IL-6 26. Not only do they activate the endothelium 
hence facilitate the recruitment of more phagocytes, upon entering the circulation these pro-
inflammatory cytokines promote the secretion of acute phase proteins by hepatocytes in the 
liver. These acute phase proteins in their turn enhance phagocytosis (opsonizing) and activate 
the complement system 44. The complement system helps to rapidly attract more macrophages 
and neutrophils (chemotaxis), to opsonize microbial infected cells for phagocytosis and to 
induce targeted cells lysis by rupturing the cell membrane of foreign cells 44. Though these 
mechanisms seem apt at protecting us from pathogen invasion, innate immunity does not 
always prevail in effectively eliminating the invasion of countless pathogens in intricate 
multicellular organisms like humans. Therefore the immune system acquired of an extra level 
complexity; adaptive immunity. 

Continuous interPlay: innate and adaPtive

Lymphocytes (T-cells and B-cells) express antigen receptors that are incredibly specific and 
effective in recognizing and eliminating pathogens and infected/ or damaged cells. However, 
as conventional lymphocyte antigen receptors are assembled essentially at random, they are in 
essence incapable of pathogen recognizing and elimination. Therefore, they require instructions 
specifying the source and appearance of the antigen they need to recognize and eliminate. 
These instructions come from the innate immune system during phagocytosis. Phagocytosis 
is the consequence of the close interaction of several high affinity, low specificity phagocytic-
receptors (PRRs, scavenger receptors, integrin’s, complement receptors and Fc receptors) 45, 

46 (Figure 1).  As antigen presentation to intracellular NLRs and TLRs is occurring in the 
phagosome while the pathogen is being eliminated, antigens derived from the pathogen are 
also degraded and processed in order to be presented to the adaptive immune system through 
the major histocompatibility complex (MHC) 47. Interestingly, the immunological effect of 
engagement of the phagocytic-receptors is not only dependent on the engaged ligand, it also 
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depends greatly on the cellular context 48, meaning the specific environmental conditions at 
that give time. This suggests that subtraction of the specific immunological meaning introduces 
a particular challenge for these high affinity, low specificity receptors and results in highly 
pliable immune responses 49. However, it is not fully understood whether this immunological 
effect is determined by the receptor that is involved, by the cargo that is internalized or whether 
phagocytic-receptors affect signaling from other receptors involved during phagocytosis, such 
as TLRs 47, 50.

the adaPtive resPonse: Cell lysis and antibody resPonse

Presentation of antigens in MHC-complexes on the surface of antigen-presenting cells 
is how high affinity, high specificity lymphocyte-antigen receptors come into contact with 
the pathogens. In order to find each other, specialized lymphoid tissues have evolved as a 
central meeting point. Lymphocytes circulate through these lymphoid tissues, which drain 
most bodily tissues and organs, until they encounter the antigen presenting cell presenting 
an antigen for which they have a high affinity and high specificity 51. This encounter will in 
both B- and T-lymphocytes initiate antibody responses and cell-mediated immune responses 
respectively. In antibody responses, antigen recognition by B-lymphocyte leads to activation, 
expansion and subsequent secretion of antibodies also known as immunoglobulins. The 
lavish of these antibodies circulate in the bloodstream and bind specifically to the antigen 
that initiated their production. Antibody-antigen binding not only inactivates viruses and 
microbial toxins by hindering their ability to bind to receptors on host cells, it also helps the 
innate immune system in recognizing invading pathogens for phagocytosis. In cell-mediated 
immune responses on the other hand, activated T-lymphocytes expand exponentially and 
interact directly with the specific pathogenic antigen  that is presented on the surface of host 
cells in MHC complexes. Consequently, the T-lymphocytes eliminate the infected host cell 
thereby attempting to halt the spread of the intracellular pathogens. T-lymphocytes also 
produce lymphokines that enhance the killing of pathogens in the phagosomes 52 (Figure 1). 
Most importantly, the human immune system can remember every antigen encountered by 
the development of memory B and/or T-cells. This unique feature of mammalian immunity 
promotes the immediate recognition and rapid yet specific response when encountering a 
particular antigen for the second time, without recurring debilitating disease 1.

The minute immunity prevails, it needs to be resolved to prevent further collateral damage 
53. Immune resolution is already initiated in the first hours after the onset of the immune 
response through both chemical mediators (lipoxins) as well as cellular programs (apoptosis 
and ingestion of neutrophils) 54. It is only after complete termination of immunity that the 
damage can be inventoried and the tissue repaired in order to reestablish homeostasis. 

the iMMune systeM and the heart: sterile versus nonsterile

Though pathogens are the most ancient threats to organisms and have therefore been 
the driving force behind the evolutionary development of the immune system, recognition 
and elimination of altered or damaged ‘self ’ turned out to be just as vital for survival of 
multi-cellular organisms. Since the initial aim of the immune system is rather imprecise and 
unspecific, collateral damage is often faced. Whilst in pathogens-induced inflammation this 
imposed collateral damage is an acceptable price to pay, in situations where the provoking 
stimulus is non-pathogenic the cost-benefit ratio may be high 55. 

‘Danger’ or ‘nonself ’ (for example pathogens, toxins, drugs or ischemia) can damage the 
heart at the expense of homeostasis hence demand for the pursuit of a new balance, led by 
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the immune system. Where in infectious or non-sterile disease the elimination of the invader 
is evolutionary prioritized and needs to be addressed vigorously, sterile diseases require a 
more subtle approach. However, because in both diseases the organism relies on the shared 
high affinity, low specificity PRRs for recognizing the environmental changes, interpreting 
the underlying cause of damage, translating it into a well-tailored immune response seems 
challenging. However challenging, PRR recognition of PAMPs does result in added tailoring 
of the innate immune response towards viruses, bacteria or fungi. The consecutive production 
of type I interferons, in addition to the common cytokines and chemokines, is what 
distinguishes nonsterile from sterile immune activation as type I interferons modulate cell 
growth, establish an anti-viral state and influence the activation of various innate immune cells 
56-59. Unfortunately, cardiotropic viruses have evolved a repertoire of tactics that allow them to 
antagonize interferons and thus evade the protective innate response of the host and replicate 
effectively in the cardiomyocytes 60. Because cardiotropic viruses invading the myocardium 
induce cardiomyocytes death, DAMPs are also produced which amplify the immune response. 
Though it might seem compelling to think that attenuating inflammatory activity allows for 
increased viral replication, the opposite is the case. More inflammation supports virus-driven 
cellular signaling for successful replication 61, 62. Therefore, our increased understanding of the 
contribution of inflammation to cardiac injury during viral myocarditis implies that effective 
therapies should aim for selective intervention instead of broad immunosuppression 63.  

In sterile cardiac diseases like atherosclerosis or ischemia-induced cardiac injury, several 
endogenous TLR activators are involved in initiation and progression of the disease 64. 
Here, sustained TLR activation by endogenous DAMPs, related to cell necrosis or matrix 
degradation, support inflammation and accompanying collateral damage. This continuing 
PRR activation in sterile diseases like cardiac ischemic injury or pressure overload is followed 
by the recruitment of numerous neutrophils from the circulation to the myocardium 65. It has 
been shown that lack of neutrophils is devastating in infectious diseases due to the destructive 
spread of microbial particles 66. However, while neutrophils are vital for fighting pathogens, 
in sterile diseases their value is negligible and even promotes collateral damage by protease 
secretion. Inhibiting the recruitment of neutrophils in sterile cardiac injury was shown to be 
favorable for proper wound healing after ischemia 67, 68. Therefore, hindering their presence 
in the heart may prohibit ongoing maladaptive changes leading to the development of HF 
69. In normal pathophysiology, the timely clearance of recruited neutrophils is the duty of 
macrophages and indispensable in promoting the shift towards tissue healing. Once more 
phagocytosis lays the groundwork seeing that macrophages that have ingested apoptotic cells 
increase their production of anti-inflammatory and pro-fibrotic cytokines, while decreasing 
the production of pro-inflammatory cytokines 70, 71. Certainly, hindrance of phagocytosis by 
macrophages promotes the continuing of inflammation in myocardial infarction 72, 73. The 
transition from inflammation to healing is believed to be the result of a shift in the  macrophage 
phenotype from inflammatory (‘M1’) to healing (‘M2’). However, whether macrophages can 
be classified as phenotypically fixed rather that a continuously changing and heterogeneous cell 
population needs still to be defined 74. The identification of two immune phases in response to 
ischemic injury does imply the existence of distinct monocyte and macrophages phenotypes 
75-77. Where pro-inflammatory immune cells are crucial in the first phase of cardiac repair, 
a timely shift towards an anti-inflammatory phase is critical for clearing inflammation and 
promoting subsequent healing 78, 79. So promoting the shift towards immune resolution 
presents an interesting new therapeutic avenue for suppressing HF development 77. 
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Figure 2 The immune system
The schematic overview illustrates the core modalities of the innate immune system. In response to cardiomyocyte 
injury or damage, eithers DAMPs or DAMPs and PAMPs are produced to alarm the immune system.  Resident 
macrophages or dendritic cells containing Pattern Recognition Receptors (PRRs) recognize these molecular patterns 
and as a consequence start producing cytokines and chemokines (1.). These cytokines and chemokines activate the 
endothelium by increasing the expression of adhesion molecules. Recognition of adhesion molecules by circulating 
monocytes and neutrophils results in their recruitment to the site of injury (2.). The recruited monocytes transform 
into tissue macrophages which, together with neutrophil, clear all necrotic debris and pathogenic intruders by means 
of phagocytosis (3.). This vital step allows for antigen presentation which mobilizes the adaptive immune system. 
Phagocytosis is also a crucial initiator of immune resolution. Consequently, neutrophils become apoptotic, the 
phenotype of resident macrophages changes and a distinct monocyte subset is recruited. These healing macrophages 
clear the apoptotic neutrophils and promote the deposition of ECM components for proper scar formation (4.). 
Noteworthy, the innate immune responses and adaptive immune responses are tightly linked. A clear distinction 
between them on the basis of time is therefore extremely artificial.   
PRR : Pathogen Recognition Receptor, DAMP : Danger Associated Molecular Pattern, PAMP : Pathogen Associated 
Molecular Pattern, ECM : extracellular matrix
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Finally, even without the presence of pathogenic invaders the involvement of adaptive 
immunity often follows, with varying outcomes 80. As MHC class II molecules present 
degradation products originating from the lysosomal compartments, they present both 
‘nonself ’ and ‘self ’-antigens. Fusion of the phagosome with the lysosome is vital for effective 
pathogen clearance as the lysosome contains an array of enzymes capable of breaking down 
proteins, nucleic acids, carbohydrates and lipids. As these membrane enclosed organelles form 
the digestive system of the cell, they digest not only on material taken up via phagocytosis 
(pathogens) but also material taken up via endocytosis (extracellular material) or obsolete 
intracellular components (autophagy) 81, 82. Whereas in homeostasis the presentation of ‘self ’ 
antigens is vital for ensuring immune tolerance at surface barriers (skin and mucosae) 83, 
upon injury it might result in transient autoimmunity with subsequent collateral damage. 
Illustratively, lack of B- and T-lymphocytes reduced myocardial infarct size in mice after 
ischemic injury 84. Unsupportively however, improved wound healing after ischemic injury 
was found in mice lacking MHC class II complexes suggesting a protective role for auto-
antigen presentation 85. 

Conclusion
Protecting organisms form both internal and external threats, is the sole mission of our 

ancient immune system. Assembling tools throughout its evolutionary life in order to keep 
up with rapid and constantly growing demands of evolving metazoans, was a requisite for 
fulfilling this mission. To date, our immune system is the most vigilant and vibrant organ 
closely collaborating with the endocrine and nervous system. Intimate relations with both 
the cellular and extracellular component are vital and provide indispensable information 
to the immune system. Misleading the immune system by pharmacologically rewiring this 
information coming from dying cells and extracellular components may form the key for 
curing life threatening human diseases like HF. In this, deciphering all endogenous immune-
informants and/ or regulators introduces an exhilarating challenge for fundamental research. 
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Abstract
Structural and non-structural proteins, creating strength and plasticity. The non-structural 

compartment of the ECM houses a variety of proteins which are vital for ECM plasticity, and 
can be divided into three major groups: glycoproteins, proteoglycans and glycosaminoglycans 
(GAGs). The common denominator for these groups is glycosylation, which refers to the 
decoration of proteins or lipids with sugars. This review will discuss the fundamental role of 
the matrix in cardiac development, homeostasis and remodeling, from a glycobiology point of 
view. Glycoproteins (e.g. thrombospondins, SPARC, tenascins), proteoglycans (e.g. versican, 
syndecans, biglycan) and GAGs (e.g. hyaluronan, heparan sulfate) are upregulated upon 
cardiac injury and regulate key processes in the remodeling myocardium like inflammation, 
fibrosis and angiogenesis. Albeit, some parallels can be made regarding the processes these 
proteins are involved in, their specific functions are extremely diverse. In fact, under varying 
conditions, individual proteins can even have opposing functions, making the spatiotemporal 
contribution of these proteins in the rearrangement of the multifaceted ECM very hard to 
grasp.  Alterations of protein characteristics by the addition of sugars may explain the immense, 
yet tightly regulated, variability of the remodeling cardiac matrix. Understanding the role of 
glycosylation in altering the ultimate function of glycoproteins, proteoglycans and GAGs in 
the myocardium, may lead to the development of new biochemical structures or compounds 
with great therapeutic potential for patients with heart disease.
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Introduction
The cardiac extracellular matrix (ECM) is a complex meshwork of fibers comprised of 

matrix proteins in which cardiac myocytes, fibroblasts, leukocytes and cardiac vascular cells 
reside. Beside its structural role giving strength and support to the cardiac cells, the cardiac 
ECM also has important non-structural properties by accommodating multiple proteins with 
growth factor- and cell-receptor-binding properties. The present review will describe in detail 
the central involvement of the non-structural proteins in cardiac development and ‘cardiac 
remodeling’. Our focus will mainly be on glycosylation, the decoration of proteins with 
added sugars that results in diversification of protein functionality, creating proteoglycans and 
glycoproteins, such as the well-known matricellular proteins 1, 2. To facilitate understanding of 
the functional diversity that added sugars contribute to the cardiac ECM, we will briefly describe 
some basic biochemical concepts regarding their biosynthesis and structure. Subsequently, we 
will discuss established functions, and will speculate on probable functions, of essential sugars 
and of the most important extracellular proteoglycans and glycoproteins (Figure 1).

Orchestrating the Ever-Changing Appearance of 
the Cardiac ECM

Cardiac remodeling is the adaptive response of the cellular and extracellular compartments 
of the heart to mechanical or hormonal activation leading to changes in shape, volume and 
mass of the left ventricle 3.  Key initiators of this remodeling process are ischemia, pressure 
overload, ageing and viral infection 4. Non-structural proteins are important modulators of 
ECM rearrangement in response to cardiac injury, demonstrated by their increased expression 
upon cardiac injury 5. The numerous functions of these proteins are generally ascribed to their 
different structural protein domains, yet ´when´ and ´why´ these protein domains have such 

GAGSGLYCOPROTEINS PROTEOGLYCANS
Hyalectans Basement  

Membrane 
proteoglycans

Cell Surface 
proteoglycans

Small Leucine 
Rich Proteoglycans

HyaluronanFibers

Elastins
Vnot glycosylated,

OthersPrototypical
matricellular 

proteins

Thrombospondin

SPARC

Osteopontin
Periostin

CCN

Tenascin

Fibronectin
Laminin

Class V

BiglycanX DecorinX Asporin

OsteoglycinX EpiphycanX 
Optican

LumicanX FibromodulinX 
PRELPX KeratocanX Osteoadherin

Collagens Versican
Neurocan

Aggrecan

Perlecan
Collagen XVIII

Agrin

Syndecan
Glypican

Class I

Class II

Class III

Class IV

Brevican

ChondroadherinX  NyctalopinX
Tsukushi
PodocanX Podocanvlike protein 1

Figure 1 Classification of extracellular matrix (ECM) proteins. 
The cardiac ECM is a complex meshwork of structural and non structural proteins and sugars that are further 
subdivided into glycoproteins, proteoglycans, and glycosaminoglycans. Some proteins serve a structural (blue) 
function in the ECM (eg, collagens), whereas others have nonstructural (pink) roles, such as matricellular proteins. 
In addition, there are glycoproteins such as fibronectin that are able to do both (purple). This reservoir of glycosylated 
proteins allows for flexibility and diversity in how cardiac ECM functions in health and disease. GAG indicates 
glycosaminoglycan; and SPARC, secreted protein acidic and rich in cysteine.
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diverse and sometimes even opposing functions, is rarely addressed. Part of the explanation lies 
in proteolytic processing of non-structural proteins by MMPs, which can release previously 
masked epitopes increasing functionality 6. This well accepted concept however doesn’t explain 
‘why’, under pathophysiological conditions, these core protein domains are released at very 
specific times by very ubiquitously expressed enzymes.  Glycosylation on the other hand, may 
expand the functional plasticity of these proteins by influencing protein folding, through 
protection from degradation or even by altering epitope recognition. Moreover, some sugars 
even have independent functionalities hence are accountable for many important biological 
protein functions. We believe our attention must shift towards the prominent biological process 
of glycosylation, which increases the functional range of the ECM and allows for a more 
complete explanation of spatiotemporal, functional variability of core protein domains. For 
the purpose of this review, we would like to place glycobiology at the heart of our reassessment 
of the cardiac ECM.

Glycosylation: What is it and Why is it Important?
Glycosylation, the addition of sugars prior to protein secretion, is one of the most 

prominent and complex forms of post-translational modification in biology 7, 8. More than 
50% of the proteins in vertebrates are predicted to be glycosylated, allowing for enormous 
diversity in both structure and function 9.  Sugars were first demonstrated in eukaryotes in 
1930 and about 40 years later in bacteria and archaea 10. However, they are also present in 
‘living fossils’ (cyanobacteria isolated from marine stromatolites), suggesting that eukaryotes 
may have inherited this glycosylation machinery from bacteria 8, 11. Accordingly, sugars are one 
of the four basic components of eukaryotic cells, and are present intracellular, extracellular 
or on the surface 10. They modulate various biological processes like cell adhesion, signal 
transduction, immunity, embryonic development and microbial recognition, to name a few 12, 

13. The most common forms of glycosylation in mammalian cells are N-linked and O-linked, 
and can modify both intracellular and extracellular proteins and lipids. N-linked and O-linked 
glycosylation of nascent proteins takes place in the Endoplasmic Reticulum (ER) as well as the 
Golgi Apparatus, and entails many different enzymes 14, 15. The difference between N-linked 
and O-linked glycosylation lies in which amino acid they bind to, either the amide nitrogen 
‘N-H’ of an Asparagine residue (N- linked) or hydroxyl ‘-OH’ group of Serine or Threonine 
residues (O-linked). Via either N-linked or O-linked glycosylation, different sugar chains like 
glycans and glycosaminoglycans (GAGs) are bound to proteins. Branched oligosaccharides 
(glycans) alter protein function by influencing protein folding, stability, activity, distribution, 
targeting and recognition 16, 17 by forming glycoproteins. Unbranched linear polysaccharides 
consisting of repeating disaccharide units (GAGs) add biological function to proteins 7, 16, 

17 by forming proteoglycans (Figure 2). Recapitulating, glycans are biologically active sugars 
that don’t have independent functions but merely alter original protein function, creating 
glycoproteins. GAGs are biologically active sugars with independent functions that can be 
found on their own or bound to a core protein in the cardiac ECM, creating proteoglycans. 
GAGs thereby can both influence and enrich protein functionality. However, their biological 
function is not dependent on their attachment to a protein. 
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GAGs: Great Potential for Sugars in Cardiac 
Matrix Biology

GAGs are among the most negatively charged molecules in mammalian tissues, allowing 
reversible and irreversible interaction with other matrix proteins, growth factors and growth 
factor receptors in the ECM that bear positive charges on their surface. Their varied intracellular 
production and seemingly random attachment to proteins, allows for wide-ranging protein 
functionality by altering or adding specific protein functions/characteristics. Before we 
consider the broad range of functions of the most important bound GAGs in the cardiac 
ECM, we will attempt to introduce some key biochemical concepts to facilitate understanding 
of their functional variability.

gags and ProteoglyCans: biosynthesis oF variable PolysaCCharide struCtures

The broad range in functions of the different GAGs can be attributed to their distinct 
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Figure 2 Glycosylation. 
Glycolsylation of matrix proteins is a post-translational modification taking place in the endoplasmatic reticulum (ER) 
and the Golgi apparatus of mammalian cells. Glycosylation is the addition of either glycans or glycosaminoglycans 
(GAGs) to the protein backbone. Glycans are bound via O-linked and N-linked glycosylation, whereas GAGs are 
mostly bound via O-linked glycosylation. Multiple enzymes enable the addition of these chains to the protein and 
are responsible for chain elongation and modification, such as sulfation (S) and phosphorylation (P), resulting in the 
formation of proteoglycans and glycoproteins. Depending on protein characteristics and enzymatic availability, any 
sugar chains can potentially be bound to any protein backbone, forming diverse proteoglycan or glycoprotein structures, 
as found in the extracellular matrix (ECM). Fuc indicates fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, 
glucose; GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; IdoA, iduronic acid; Man, mannose; Sia, sialic acid; and 
Xyl, xylose.
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assembly of sugars. Based on their core disaccharide structure, GAGs are subdivided into four 
major groups: chondroitin-(CS)/ dermatan sulfate (DS), heparin, heparan sulfate (HS), keratan 
sulfate (KS) and hyaluronan, also known as hyaluronic acid. All GAGs are produced in the ER 
and Golgi apparatus except for hyaluronan, which is not generated in the Golgi but formed 
at the plasma membrane. It therefore is not attached to a core protein and also not sulfated in 
contrast to the other GAGs 18, 19. In order to fully understand the importance of variation in 
GAG structures for GAG and proteoglycan function, we will briefly discuss O-linked GAG 
synthesis, exemplifying variability for all N-linked and O-linked GAGs and glycans.  For more 
detailed information regarding N-linked or O-linked glycosylation we would like to refer to 
specialized biochemical reviews 7, 8.

Translated proteins entering the ER are first modified by xylosyltransferases, adding xylose 
(Xyl) to a serine or threonine residue. Subsequently, in the Golgi apparatus different enzymes 
are responsible for adding two galactose (Gal) residues and a glucuronic acid (GlcA), which 
completes the tetrasaccharide linker unit (Figure 2). Addition of the fifth monosaccharide 
determines whether the sugar chain will become heparin/ HS or CS/ DS. Several enzymes 
like EXT1 and EXT2 (glucuronyl/N-acetylglucosaminyl transferases) further elongate the 
heparin/ HS chain by adding repeating disaccharide units after which epimerase converts 
GlcA to Iduronic acid (IdoA). Epimerization is an important step in the formation of these 
GAG structures, since IdoA can change important functional characteristic of the sugar 
chain. Elongation of the CS/ DS chain on the other hand, is being coordinated by 6 different 
chondroitin glycotransferases. Further, epimerization of GlcA to IdoA is required to form DS, 
although this is not a requisite for the formation of CS. Lastly, chains are modified by multiple 
N-, O-sulfotransferases and N-deacetylase 20, which can further influence ultimate functional 
properties. The importance of all these specific enzymes in overall protein function is supported 
by the broad clinical manifestation of inherited glycosylation disorders in humans, such as 
carbohydrate-deficient glycoprotein syndromes and congenital disorders of glycosylation 
(CDG) 21. 

gags and ProteoglyCans: CustoMizing sugars and sugar-Protein struCtures to 
Meet environMental needs?

The functional plasticity of GAG and proteoglycan structures is illustrated by the non-
template driven synthesis in the Golgi apparatus, which we described briefly in the previous 
section. Hence, what decides whether a sugar chain will become HS or DS and to what extent 
the chain is modified? Up to now, studies have mainly focused on investigating the role of total 
protein content in cardiac disease; as a result, the effect of proteoglycan/GAG composition and 
proteolytic processing on protein function is not often addressed. However, several important 
concepts have been established regarding GAG chain extension and modification. Besides 
important protein characteristics 22, the spatiotemporal distribution of the enzymes in the ER 
and Golgi apparatus can influence the eventual ‘GAG-protein’ structure produced by the cell 
23, 24. In spite of extensive research, the sequential and mutual role of these sixteen currently 
identified and differentially expressed enzymes, together with their co-localization in the Golgi 
apparatus, hasn’t been completely clarified. Nevertheless, the significance of enzymatic chain 
modifications (sulfation) for ultimate functional characteristics of the GAG chain is well 
established, as illustrated by HS in HS proteoglycans syndecan and perlecan. HS is required 
for bFGF-receptor binding and activity, in both these HS proteoglycans 25. Affinity purified 
testing of several HS proteoglycan species however, demonstrates high affinity of perlecan in 
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promoting and activating bFGF-receptor binding, whereas the affinity of syndecan-4 appears 
to be very low 26. As it appears, bFGF binding by HS is dependent on differential structural 
requirements of the HS chain, like the sulfation pattern, creating functional variability 25. Still, 
whether there is a pre-determined fixed GAG-sequence remains elusive 27-29. Yet, this vibrant 
glycosylation machinery in the Golgi enables production of unfixed GAG or glycan structures, 
leading to unfixed proteoglycan or glycoprotein structures, thereby significantly increasing 
biological variability of these proteins adjustable to environmental needs.  

Besides increasing functional variability by creating unfixed proteoglycan or glycoprotein 
structures, spatiotemporal proteolytic processing further increases the functional range of these 
single proteins. The significance of proteolytic processing in protein functionality is suggested 
by the membrane bound HS proteoglycan syndecan-4.  In the remodeling heart, full-length 
membrane-bound syndecan-4 and its shed extracellular ectodomain have very distinct effects 
30.  Enzymatic shedding or degradation of syndecan-4 alters its structural conformation and 
thereby its function. This emphasizes again protein plasticity by tailoring GAG/proteoglycan 
production and proteolytic processing in response to environmental needs.

gags and ProteoglyCans: CliniCal relevanCe oF studying CustoMized sugars or 
sugar-Protein struCtures

The clinical relevance of glycosylation was first recognized in the early 1930 by the discovery 
of blood groups, for which different sugars are responsible 31. Furthermore, heparin is one 
of the most commonly used anti-thrombotic drugs worldwide 32. The importance of GAGs 
and proteoglycans for clinical practice is illustrated by the recall of heparin in 2008. In late 
2007 and early 2008, administration of anticoagulant heparin in hemodialysis patients caused 
serious adverse effects, including hypotension, swelling of the larynx and angioedema and in 
some cases even death 33. Oversulfated CS was later identified as a contaminant, explaining 
the anaphylactic response 33. Further examination of the heparin samples demonstrated the 
presence of N-acetyl glucosamine residues in a small heparin fraction 34. Previous analysis already 
showed that substitution of the amino group of the glucosamine residue with an acetyl group 
can subsequently change the function of heparin, confirmed by the clear non-anticoagulant 
properties of N-acetyl heparin 35, 36. In fact, the substitute groups on the glucosamine residue 
determine its anticoagulant activity and in vivo deposition 35, which illustrates the importance 
of the understanding GAG biosynthesis and chain structure for clinical use. 

 
gags in the heart: Challenging Candidates For Future researCh 

Hyaluronan and Heparin

Hyaluronan is the largest GAG in the cardiac ECM, and is the only one not attached to a 
core protein. It is known to form non-covalently linked complexes with proteoglycans. It was 
the first GAG to be discovered in 1934 by Karl Meyer and John W. Palmer 37 and therefore the 
most comprehensively described in the heart 38-50. Expression of hyaluronan is upregulated in 
experimental models of myocardial infarction 50, myocarditis 51 and cardiac hypertrophy 43, 49.

In 1985, West et al  demonstrated, that oligosaccharides derived from high molecular weight 
hyaluronan can have very distinct functions compared with the large hyaluronan variants 52. In 
the intact ECM, hyaluronan exists mainly as a high molecular weight polysaccharide, whereas 
upon injury, low molecular weight fragments are generated 53. These hyaluronan fragments 
induce pro-inflammatory signaling in endothelial cells and leukocytes; their clearance through 
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a CD44-dependent mechanism is a major step in resolution of the inflammatory response 
54. Moreover, hyaluronan/CD44 signaling plays an important role in  promoting wound 
healing.55  Hyaluronan is essential for TGF-beta induced myofibroblast differentiation 56-60.
CD44 null fibroblasts exhibit impaired responses to TGF-beta 54, highlighting the potential 
involvement of hyaluronan/CD44 signaling in cardiac repair. Lastly, an in vitro study suggests 
protective effects of hyaluronan on peroxide-treated cardiomyocytes 40. 

Implications in cardiac remodeling have also been demonstrated for heparin, a GAG 
secreted by mast cells. Beneficial effects of N-acetyl heparin administration have been 
demonstrated in rodent myocardial infarction as suggested by preserved cardiac function and 
reduced infarct size 61-65.

Heparan Sulfate, CHondroitin Sulfate and dermatan Sulfate

Published evidence suggests that HS, CS and DS are important in cardiac development and in 
the pathogenesis of valvular heart disease 66-74. Also, GAGs are important in cardiac remodeling 
75, more specifically in cardiac hypertrophy 76, age-related degeneration of the myocardium 77, 

78 and myocardial infarction 79, 80. Their importance is suggested by the increased expression of 
xylotransferase I, the enzyme responsible for attaching the GAG tertrasaccharide linker unit, 
and CS in patients with dilated cardiomyopathy 75. This upregulation is also seen in fibroblasts 
stimulated with TGF-beta or subjected to mechanical stress 75. Some experimental studies 
support a potential role for GAGs in cardiac remodeling following myocardial infarction, 
demonstrated by the increase of CS and DS expression in the myocardial scars of dogs and 
rats 80, 81. In fact, rats receiving gene transfer therapy with VEGF immediately after myocardial 
infarction, show increased presence of CS and HS, and a clear downregulation of heparanase 
(a HS degrading enzyme) 79, which has been associated with improved cardiomyocyte survival 
and enhanced revascularization, recovery and function 82. The significance of GAGs in tissue 
organization and repair is further supported by the association of tissue degeneration with 
decreased GAG content in porcine aortic valves 78. Remarkably, in the aged rat myocardium, 
alterations occur in the sulfation pattern of the HS side chains leading to structural and 
functional changes, such as the altered capacity of potentiating growth factor function 77. 
Most importantly, heparin and HS can inhibit angiotensin II-induced hypertrophy in rat 
neonatal cardiomyocyte, indicating great therapeutic potential for these GAGs in hypertrophic 
cardiomyopathies 83. 

Proteoglycans in the Heart
Matrix proteoglycans are divided into subgroups according to their extracellular localization, 

size and their structural properties (figure 1); they include the hyalectans (versican, aggrecan, 
neurocan and brevican), the basement membrane proteoglycans (perlecan, collagen type 
XVIII and agrin), cell surface proteoglycans, (syndecans and glypicans) and small leucine rich 
proteoglycans (such as biglycan, decorin, lumican and osteoglycin) 84. Although studies into 
the role of matrix proteoglycans in the heart are limited, we will focus on the proteoglycans 
that have been implicated in cardiac pathology and will briefly discuss their effects in other 
systems that may be relevant to cardiac pathophysiologic conditions (see Table 1). 

Cell surFaCe ProteoglyCans: syndeCans

Syndecans are a family of four transmembrane receptors consisting of a conserved 
extracellular ectodomain, a transmembrane domain and a very short cytoplasmic domain 85. 
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The extracellular ectodomain is unique for every syndecan, yet it contains conserved GAG 
attachment sites, of which HS is the most prevalent 86. The extracellular domain of syndecan, 
with its HS/CS side chains, can modulate interactions with other matrix proteins, growth 
factors or growth factor receptors.

Transcript levels of all four syndecan members increase in the myocardium of mice and rats 
upon injury 85, 87-89. Increased syndecan-1 and -4 expression is of great significance in infarct 
healing 90, protecting against cardiac dysfunction and dilatation 30, 91. Indeed, loss-of-function 
studies show an important role for syndecan-1 in proper infarct healing. Fourteen days after 
myocardial infarction, mice lacking syndecan-1 demonstrate increased leukocyte recruitment 
and impaired formation of collagen fibers in the infarct area 91. In fact, overexpressing syndecan-1 
further protects against cardiac dysfunction and dilatation by reducing inflammation and by 
improving collagen quality in the infarct 91; these findings may suggest therapeutic potential. 
However, the effects of syndecan-1 in experimental models of cardiac remodeling are not always 
protective, reflecting the diverse functions of the molecule. Increased syndecan-1 expression 
during angiotensin II-induced pressure overload, increases cardiac fibrosis by increasing CCN2 
and collagen expression, thereby inducing cardiac dysfunction 92, 93.

Evidence from loss-of-function studies suggest that syndecan-4 also plays an important 
role in cardiac remodeling following myocardial infarction. Syndecan-4 null mice demonstrate 
increased cardiac rupture and worse cardiac function after myocardial infarction by impaired 
granulation tissue formation 30. Lack of syndecan-4 also impairs fibroblast function and bFGF 
induced endothelial cell proliferation and tube formation 30. Overexpressing syndecan-4 with 
an adenoviral (Ad) vector in a rat myocardial infarction model further supports the protective 
role of this proteoglycan, possibly mediated by inducing angiogenesis, and by inhibiting 
inflammation and fibrosis 94. On the other hand, overexpression of the syndecan-4 ectodomain 
appears to be deleterious. As mentioned previously, overexpressing the extracellular domain of 
syndecan-4 impairs cardiac function and increases cardiac rupture after myocardial infarction 
by impairing granulation tissue formation 30. This syndecan-4 ectodomain produced by the 
adenoviral overexpressing vector, similar to syndecan-4 produced by enzymatic shedding, acts 
as a dominant-negative inhibitor of endogenous syndecan-4 30. While lack of syndecan-4 is 
associated with impaired wound healing after myocardial infarction mainly by influencing 
fibroblast/leukocyte recruitment and function, a cardiomyocyte-specific function may affect 
the outcome simultaneously. In a model of ischemia–reperfusion injury, syndecan-4 null 
mice exhibited increased myocardial damage due to enhanced cardiomyocyte apoptosis 95. 
Hence lack of syndecan-4 is associated with increased infarct size. However, 7 days after 
ischemia–reperfusion syndecan-4 loss is also associated with increased cardiomyocyte area and 
enhanced nuclear factor of activated T-cell (NFAT) activity in the border infarct and remote 
left ventricle, with accompanying improved cardiac function 95. In fact, by inhibiting NFAT 
signaling syndecan-4 null mice develop left ventricular dilatation and dysfunction in response 
to aortic banding, instead of concentric hypertrophy as found in the wild type animals 96. The 
effects of syndecan-4 on both cardiomyocytes and fibroblasts/leukocytes demonstrate different 
functions during different stages of the disease. This might be a consequence of differential 
glycosylation patterns demonstrating its flexibility as a cell surface proteoglycan, however 
further research is needed to confirm this hypothesis. 

hyaleCtans: versiCan

The dynamic ECM comprises various multifunctional proteins which confer not 
only structural integrity but also the bioavailability of growth factors and cytokines to the 
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surrounding tissue. Hyalectans, a group of proteoglycans named after their lectin-binding 
properties and their ability to bind hyaluronan 97, are amongst these multifunctional ECM 
proteins. The size of the core protein of these proteoglycans varies between 50-400 kDa and 
contains around 100-150 GAGs. Hence, glycosylation further increases their molecular 
weight, as a result of which they are found in the ECM with sizes ranging from 1000 to 2500 
kDa 98-100. Further alternative splicing of the versican gene which encodes the GAG chain 
binding sites generates at least 4 isoforms with different molecular weights, creating even more 
variation. These large matrix components interact with other matrix proteins, growth factor 
and cell surface receptors. 

Versican is ubiquitously expressed throughout the body and was first appreciated in the 
joints and cartilage for its hygroscopic properties. Attracting or holding water in the ECM is 
very important for enabling cell motility during development and disease. Studies regarding 
the functions of versican in the heart show that it is a much-needed component in the cardiac 
ECM during cardiac development 66, 67, 101, 102 and may be involved in the pathogenesis of 
valvular disease 102-104. Unfortunately, not much is known regarding specific functions of 
versican in conditions associated with cardiac remodeling, such as myocardial infarction, 
angiotensin-induced cardiac hypertrophy, ageing or myocarditis. However, versican may 
exert important actions on the remodeling heart by modulating cytokine and growth factor 
responses and through interactions with other components of the extracellular matrix. Versican 
can bind many matrix components and inflammatory mediators, including  hyaluronan, type 
I collagen, tenascin-R, fibulin-1 and -2, fibrillin-1, fibronectin and chemokines 105. Moreover, 
versican binds several cell surface receptors such as CD44, beta1 integrin  epidermal growth 
factor receptor (EGFR), L and P-selectin 106, low density lipoprotein (LDL), glycoprotein 
ligand-1 105, 107 and TLR 2 108, and may modulate a wide range of cellular responses, such as cell 
proliferation,  motility and inflammatory activation. In vitro studies have suggested important 
actions of versican in modulating inflammatory responses; these actions could be important 
in a wide range of cardiac pathophysiologic conditions including myocardial infarction and 
myocarditis. For instance, versican binding to hyaluronan may promote leukocyte adhesion to 
the ECM 106, 109, 110 which may trigger CD44 signaling 106. Also, versican-mediated stimulation 
of TLRs following injury elicits pro-inflammatory cytokine production and therefore enhances 
leukocyte attraction 111. Recruited leukocytes comprising monocytes show a clear induction of 
versican expression, which is further induced upon differentiation towards macrophages 112. 
In the heart, versican induction is also observed in monocytes that infiltrate the myocardial 
infarct 113. It has even been proposed that versican is related to macrophage polarization, a key 
cellular event in myocardial inflammation and repair, suggested by decreased versican gene 
expression in M2 versus M1 human macrophages 114.  

baseMent MeMbrane ProteoglyCans: PerleCan

Perlecan is a large basement membrane proteoglycan most predominantly found in the 
vascular ECM. It contains both pro- and anti-angiogenic properties, which are partly mediated 
through the binding capacities of its HS with FGF2 115, 116. The specific role of perlecan and 
its HS side chains in angiogenesis remains to be elucidated. It has been speculated that varied 
biochemical GAG and protein-GAG structures together with their proteolytic processing may 
be responsible for the broad and seemingly inconsistent functional range of perlecan. Our 
knowledge on the role of perlecan in the myocardium is limited to studies demonstrating 
its crucial role in cardiac development 117-119. Whether perlecan is involved in regulation of 
angiogenesis following myocardial ischemia and/or infarction, remains unknown. 
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sMall leuCine riCh ProteoglyCans

Small leucine rich proteoglycans (SLRPs) represent a group of extracellular proteins with 
similar low molecular weight (36-42kDa) and structural organization comprising leucine rich 
repeats flanked by cysteine residues. The SLRPs are divided into 5 different protein classes 
(figure 1) based on their unique composition of tandem leucine rich repeats (LRRs) 120. Each 
SLRP can be differentially glycosylated by the attachment of various types of glycans and 
GAGs. After original identification of these proteoglycans in the bone and cartilage 121, their 
involvement has expanded to cancer biology, immunity and embryonic development 122-124. 
As a result of their diverse protein cores and GAG side chains, SLRPs interact with various 
cytokines, growth factors, cell surface receptors as well as other matrix proteins. Indeed they 
can bind different types of collagens 125, TLRs 123, epidermal growth factor receptor (EGFR) 
and insulin growth factor receptor (IGFR) 126, LDL receptor 127 and TGF-beta 128. These 
interactions illustrate the involvement of SLRPs in a wide range of cellular functions and 
pathophysiologic responses, including  collagen fibril assembly 125, inflammation 123, cell 
proliferation 126, atherosclerosis 127 and fibrosis 128, hence emphasizing their potential role in 
cardiac matrix biology. 

The expression pattern of SLRPs supports their possible involvement in cardiac homeostasis 
and remodeling. Indeed, SLRPs decorin, biglycan and lumican are ubiquitously expressed in 
mitral valves 70, 129. Following mitral regurgitation, decorin expression increases in the mitral 
valve leaflets 130 whereas in the left ventricle decorin and lumican expression decreases 131.  
Remodeling of the left ventricle in response to mechanical or hormonal activation leads to 
changes in the expression of matrix components, like these SLRPs. In patients with aortic 
stenosis, expression of the SLRP osteoglycin is markedly increased and shows a strong correlation 
with left ventricular mass illustrating the association between SLRPs and cardiac remodeling 
132. Although all members of the SLRPs are important regulatory ECM components 132, 133, 
we will only focus on the main members that have been implicated in myocardial pathology. 
However, published evidence on the specific functions of SLRPs in cardiac remodeling is 
limited.

ClaSS i SlrpS: niglyCan and deCorin

Biglycan and Decorin are members of Class I SLRPs and contain either CS or DS side-
chains, which are often highly sulfated. These SLRPs modulate ECM organization, cellular 
adhesion and migration 133. Their expression is ubiquitous in the normal heart 134-136, and 
increases in response to pressure overload 137-139 and myocardial infarction 140-142. Biglycan 
appears crucial in infarct healing by ensuring proper collagen scar formation through stimulating 
collagen fibril assembly and thereby prevents infarct dilatation and overall dysfunction 143, 

144. Transgenic mice overexpressing human biglycan upregulate the expression of proteins like 
TGF-beta and the NOS family, suggesting a potential role for biglycan in cardiac remodeling 
and cardioprotection 145. In vitro studies suggest a cytoprotective effect for biglycan in neonatal 
rat cardiomyocytes mediated through upregulation of eNOS transcript and protein levels, and 
a subsequent increase in  cardiomyocyte nitric oxide content 146. Biglycan may modulate the 
inflammatory response by binding with TLR2 and TLR4 147-150 and may be involved in fibrosis 
by binding to collagen fibrils 125.   

 Myocardial decorin expression increases after infarction and correlates with collagen 
deposition, TGF-beta levels and SMAD expression 140, 142, 151. Decorin may negatively regulate 
fibrosis. In vitro, addition of exogenous decorin significantly decreased collagen production 
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by TGF-beta-stimulated human cardiac fibroblasts 152. In vivo, decorin overexpression with 
an adeno-associated viral vector post myocardial infarction leads to reduced cardiac fibrosis 
and improves cardiac function 153. Decorin may be implicated in the pathogenesis of cardiac 
fibrosis  through  binding  to TGF-beta 128 and by associating with  collagens I and III 154, 155, 
thus playing  an important role in  collagen cross-linking.  Decorin DS side chain is  involved 
in proper collagen assembly and mediates cellular adhesion to the ECM 156. The biological 
relevance of this GAG in matrix structure is illustrated by thinner collagen fibers and increased 
focal adhesion in mice lacking decorin. In contrast,  mice  lacking only  the DS side chain have 
thicker collagen fibrils 156.  Much like biglycan, decorin can act as an endogenous ligand for 
TLR2 and -4 stimulating the production of pro-inflammatory cytokines in macrophages 157, 
and may play a role in activation of the myocardial inflammatory responses. 

ClaSS ii SlrpS: lumiCan

Lumican is ubiquitously expressed in adult mice where the heart and the eye showed the 
highest levels of expression 158. Modification of lumican with KS to form a proteoglycan is 
crucial for corneal transparency 159. Attachment of KS to lumican mainly occurs in the eye, 
whereas in other organs like the heart, lumican is present as a glycoprotein without any GAGs 
attached. However, increased lumican expression in the rat heart after ischemia-reperfusion 
does consist of both the proteoglycan and the glycoprotein, which are differentially expressed 
during the different phases of wound healing 160. Indeed, alterations in glycosylation of decorin 
and lumican core protein in response to pressure overload might be important in cardiac 
remodeling, with a potential important role for CS/DS GAG chain-synthesizing enzymes 161. 
Interestingly, both lumican and decorin can be cleaved by MMP-1, suggesting that proteolytic 
processing is very precisely regulated and crucial for proteoglycan-mediated spatiotemporal 
functions 162. 

Like biglycan and decorin, lumican is also important in modulating the inflammatory 
response by presenting LPS to CD14, thereby activating TLR4 in macrophages 163. Further, 
lumican regulates neutrophil infiltration in a murine keratitis model, by interacting with 
CXCL1 thus creating a chemokine gradient along which these neutrophils infiltrate the 
injured tissue 164. By interacting with collagens and other matrix components, like aggrecan 
and integrins,125 lumican modulates matrix rearrangement and collagen assembly, as 
supported by decreased hepatic fibrosis, impaired collagen fibrillogenesis and increased matrix 
turnover upon liver injury in mice lacking lumican 165. The diversity of this SLRP and its 
potential to interact with many matrix components, cytokines and growth factors together 
with the upregulation of lumican in experimental and clinical heart failure 166-168, makes it a 
very interesting candidate for future research. 

Glycoproteins in the Heart: the Matricellular 
Proteins

As described above, part of the non-structural role of the ECM is assigned to a family of 
structurally unrelated glycoproteins, which have been termed ‘matricellular proteins’ by Paul 
Bornstein 169, 170. The first proteins classified in this group of proteins were SPARC (secreted 
protein acidic and rich in cysteine or osteonectin), Thrombospondin-1 (TSP1) and Tenascin C; 
osteopontin (OPN), periostin, TSP2, TSP4, tenascin-X, CCN1 (Cyr61) and CCN2 (CTGF) 
were later added to this group of prototypical matricellular proteins. For the purpose of this 
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review we will focus on selected matricellular proteins with a key role in cardiac remodeling 
(see Table 1), as a comprehensive review can be found elsewhere 1. 

throMbosPondins

This family of large secreted glycoproteins, consisting of five members, is subdivided 
into two different groups based on their structural organization and oligomerization status. 
Members of the first group, thrombospondin (TSP) 1 and 2, form trimers whereas the 
remaining members, TSP 3-5, arrange as pentamers 171. Up to now, research has focused 
more on the extensive role of the trimeric TSPs in the heart, though some recent studies 
have unveiled the involvement of the pentameric TSPs –in particular TSP4- in cardiac disease. 
As typical matricellular proteins, TSPs are not present in the normal adult ECM, but their 
expression increases greatly in response to injury and during cardiac development. TSP1 is 
transiently expressed during cardiac development whereas TSP2 expression is abundant in 
connective tissues of many organs 172. TSP3-5 expression during development is restricted to 
specific organs, such as the brain, cartilage, lung and nervous system 172-174.

TSPs are of key importance in cardiac pathology. TSP1 and 2 are protective after myocardial 
infarction and pressure overload by preserving the cardiac matrix possibly via inhibition of 
MMP activity and by facilitating TGF-beta activation (specific for TSP1) 175-177.TSP-1 is a 
potent angiostatic mediator; in the diabetic heart TSP1 has been shown to promote vascular 
rarefaction by enhancing angiopoietin-2 expression 178. In the ageing heart TSP2 has protective 
effects by activating pro-survival Akt signaling and by inhibiting MMP activity 179. 

Further the functional domains of TSP1 and 2 can interact with collagens and with a 
variety of other matrix components, like cytokines, growth factors and proteases, altering their 
activity 180. Also, TSP1 and 2 are capable of changing focal (‘strong’) adhesion to a more 
intermediate state as suggested by its typical de-adhesive properties, similar to those of other 
matricellular proteins like SPARC and tenascin-C 181. Lastly TSP1 and 2 demonstrate anti-
inflammatory properties 182, 183, mainly by increasing regulatory T-cell activation 182, 184. The 
increased number of regulatory T-cells was shown in murine hearts of wild type mice suffering 
from viral myocarditis compared to their knock out littermates 182. More specifically, a CD47-
specific TSP peptide containing the C-terminal domain, promotes the generation of human 
regulatory T-cells that suppress the proliferation and cytokine production of autologous T-cells 
184.  Other effects of TSPs on modulating the immune response are mostly prompted by TSP1/ 
CD36 interaction, which regulates clearance of apoptotic neutrophils 185,  and TSP1 initiated 
TGF-beta activation. 

TSP4 displays similar protective effects, like TSP1 and 2, in a murine trans-aortic 
constriction model, suggested by the increased heart weight and accentuated reactive fibrosis 
observed in TSP4 null mice 186. Interestingly, Lynch et al recently suggested that  the protective 
effects of TSP4 in the remodeling myocardium may be due to augmentation of cardiomyocyte 
endoplasmic reticulum function through effects on nuclear shuttling of activating transcription 
factor 6alpha (Atf6alpha), leading to reduced protein synthesis, enhanced degradation of 
damaged or misfolded proteins, and selectively induced expression of protective proteins 187. 
Upregulation of TSPs in human patients suffering from aortic stenosis (TSP2) 176 or end-stage 
dilated cardiomyopathy (TSP4) 188, further supports the importance of TSPs during cardiac 
remodeling. The involvement of TSPs in human cardiac disease was supported by findings 
demonstrating an association between single nucleotide polymorphisms (SNP) in TSPs and 
premature coronary athero-thrombotic disease 189.
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sParC
The classical matricellular protein SPARC also known as osteonectin, due to its original 

detection in the bone 190, consists of a EF-hand calcium binding domain, a follistatin like 
domain and a kazal serine protease inhibitor domain 191. SPARC has a high affinity for collagen, 
and facilitates collagen cross-linking. The latter is needed for proper infarct healing, as the 
absence of SPARC in mice caused increased cardiac rupture and dysfunction after myocardial 
infarction 192. In contrast, this increased collagen cross-linking is detrimental in pressure 
overload 193 and ageing 194, as it induces increased diastolic dysfunction. Hence, expression of 
SPARC after myocardial infarction 195 is beneficial whereas expression in response to pressure 
overload 193 and as a consequence of ageing 194, can be detrimental for maintaining cardiac 
function.

Proteolytic cleavage of SPARC by several MMPs (including MMP-2, -3, -7 and -13) 
modulates its function thereby increasing the affinity for collagen 196, 197 or releasing smaller 
proteolytic protein fragments that can, for instance, modulate angiogenesis 198. As a classical 
matricellular protein, SPARC features de-adhesion properties 181 and modulates the activity 
of various growth factors crucially involved in tissue repair, angiogenesis and fibrosis such 
as FGF2 199, VEGF 200, platelet derived growth factor (PDGF) 201, insulin like growth factor 
(IGF) I 202 and TGF-beta 203, 204. 

tenasCins

Tenascins are a group of proteins consisting of four highly conserved hexameric 
glycoproteins termed tenascin C, X, R and W. Two members of the tenascin family, (tenascin 
C and X) modulate cell migration, adhesion and growth in a typical matricellular manner 205-

207. Several common functional domains are present in this group, such as EGF-like repeats, 
fibronectin type-III domains and a fibrinogen globe 208. Tenascin C is markedly expressed during 
embryonic development, mainly in connective tissues; however its expression is suppressed in 
adult tissues and re-appears upon injury or remodeling, and in response to mechanical strain in 
fibroblasts 209. Various factors, released during cardiac remodeling, like FGF2 and TGF-beta, 
increase tenascin C expression, which suggests that it may be important for regulating fibrosis 
and inflammation. Tenascin C is strongly induced in inflammatory processes and may regulate 
leukocyte recruitment in a context-dependent manner 210, 211. Moreover, it can activate TLR4 as 
an endogenous ligand 212. Tenascin C loss has protective effects in post-infarction remodeling 
213, however, the mechanisms responsible for these actions remain poorly understood. Like 
all matricellular proteins, tenascin C can induce a de-adhesive state in fibroblasts, potentially 
by prohibiting integrin mediated attachment by binding fibronectin 214, 215. In the heart, 
upregulation of tenascin C after myocardial infarction 216, pressure overload 217 or myocarditis 
218 is a characteristic of cardiac remodeling. Consequently, when this upregulated glycoprotein 
is released into the blood stream of human patients with a wide range of cardiac conditions, 
it becomes a reliable biomarker predicting the degree of cardiac remodeling and subsequent 
mortality 219-222.

osteoPontin

First identified in the bone in 1985 223, osteopontin (OPN) also  known as bone sialoprotein 
I (BSP-1 or BNSP) or early T-lymphocyte activation (ETA-1), has all the characteristics of a 
matricellular protein and is  highly up-regulated upon injury 224. OPN, consists of a calcium 
binding domain and larger integrin-binding domains, which is cleaved by thrombin 225, 
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releasing an integrin binding site that is involved in leukocyte adherence 226. Experimental 
models of cardiac fibrosis and hypertrophy resulted in marked OPN up-regulation 227, 228 which 
results in pro-hypertrophic 229 and pro-fibrotic 230 responses. Further, OPN expression increases 
upon myocardial infarction 231, ageing 232 and valvular disease 233. This secreted glycoprotein 
functions as a classical non-structural matricellular protein but also has apparent cytokine-like 
properties 234, 235. OPN can interact with integrin-receptors, including the vitronectin receptor, 
and CD44 and hence is involved in bone mineralization, cancer biology, inflammation, wound 
healing, leukocyte function and recruitment, and cell survival 234. Specifically in the heart, 
OPN up-regulation in response to myocardial infarction, primarily localized in macrophages 
236, is crucial for proper collagen deposition and reduction of chamber dilatation thereby 
protecting from adverse cardiac remodeling 231. Most importantly, in patients with heart failure 
237, myocardial infarction 238 or stenotic valvular 239-241 disease, OPN plasma levels appears to 
be a very promising biomarker for prediction 242 or progression 243 of heart diseases related to 
adverse cardiac remodeling.

Periostin

This recently discovered glycoprotein was originally named ‘osteoblast specific factor 2’ 
due to its bone function, and later renamed due to its high abundance in the periosteum 
and periodontal ligament to periostin 244. Periostin shares structural homology with axon 
guidance protein fasciclin1, containing similar sequences that allow binding to integrin’s and 
GAGs 245. Therefore, due to its high expression upon injury 246-248, and potential to interact 
with other matrix components and integrins, periostin became accepted as a matricellular 
protein. Periostin is consistently elevated in response to myocardial injury 249-252 and associated 
with fibrosis. Its up-regulation prevents cardiac rupture by stimulating fibroblast recruitment, 
myofibroblast transdifferentation and collagen deposition 253, 254. Indeed, experimentally 
controlled delivery of recombinant periostin peptide into the pericardial space in swine 
after myocardial infarction, results in increased fibrosis in the remote region one and twelve 
weeks after treatment 255. In response to pressure overload, periostin also enables fibroblast 
recruitment, myofibroblast transdifferentation and collagen deposition, yet also induces slight 
cardiomyocyte hypertrophy without leading to decompensation 253. Interestingly, periostin 
re-expression in mice after cardiac injury is selective for pathological stimuli as it is not re-
expressed in response to physiological stimuli like hypertrophy induced forced swimming or 
voluntary wheel running exercise 253. Although, levels of periostin in human patients with 
heart failure 251 or acute myocardial infarction 250 are elevated, research regarding its diagnostic 
or therapeutic potential in humans is still warranted.

CCns

The CCN family consists of 6 members and owes its name to its first members: Cysteine 
rich protein 61 (Cyr61), Connective tissue growth factor (CTGF) and Nephroblastoma 
overexpressed protein (Nov), also known as CCN1, CCN2 and CCN3. They consist of an 
Insulin-like growth factor binding domain, a von Willebrand factor type C repeat and a single 
TSR domain 256. Although originally considered as growth factors, many studies over the 
past decades have demonstrated them to act as modulators of cell-ECM adhesion through 
their interactions with integrins, HS proteoglycans, growth factors and cytokines 257. Since 
their identification as matricellular proteins, CCNs have been studied quite extensively in 
heart disease. Almost all CCNs members show marked up-regulation in response to injury. 
CCN2 is the most comprehensively studied member of the CCN family in relation to 
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cardiac disease. The evident up-regulation of CCN2 in response to myocardial infarction 
258 and pressure overload 259-261 is essential for potentiating TGF-beta signaling, stimulating 
survival of cardiomyocytes and enabling proper angiogenic and fibrotic responses, both in 
myocardial infarction 262-264 and in response to pressure overload 265-269. In contrast, CCN5 
over-expression, diminishes the hypertrophic and fibrotic response following pressure overload 
by influencing TGF-beta/ SMAD3 signaling 268. Further, increased expression of CCN1 
in response to myocardial infarction or pressure overload 270 may modulate phenotype and 
function of leukocytes, cardiomyocytes and fibroblasts 271. Overexpression of CCN1 in 
experimental autoimmune myocarditis confirms the potential role of CCN1 on leukocyte 
behavior by decreasing cardiac inflammation 272, 273. Finally, although the in vivo effects of 
CCN4 up-regulation after myocardial infarction remain unclear, in vitro studies suggest a role 
for CCN4 in fibroblast proliferation and transduction of pro-hypertrophic and pro-survival 
signals in cardiomyocytes 274-276.
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Conclusion and Future Perspectives 
The complex architectural arrangement of the cardiac ECM is crucial for maintaining 

proper cardiac function and hence requires tight regulation. Research in the past decades has 
focused on identifying the various proteins and proteases that serve as orchestrators of ECM 
rearrangement in response to injury. This is illustrated by the critical role of proteoglycans, 
glycoproteins and GAGs in orchestrating cardiac ECM reorganization during tissue remodeling 
and in regulation of cardiac inflammation, angiogenesis and fibrosis (Figure 3). In line with the 
search for new clinically relevant GAGs, proteoglycans or glycoproteins in the cardiovascular 
field, we propose focusing on some promising candidates, such as perlecan, versican, 
hyaluronan, SLRPs like lumican, decorin and biglycan, but also the less known SLRPs like 
asporin, osteoglycin and epiphycan. Understanding their biochemical structure, in relation 
to their biological function, may lead to the development of new biochemical structures or 
compounds with great therapeutic potential for patients with heart disease.

Elastin Versican

AggrecanIntegrinTLR4 HS CS

DSDecorin Growth factor KS
CytokineN

chemokine

MMPs Chemokine 
receptor

Endogenous 
ligands for TLR4: DecorinY 

BiglycanY Versican
Hyaluronan

Syndecan produces a 
chemokine gradient

DecorinY Biglycan and 
SPARC enable proper 

collagen assembly

SPARCPerlecan Syndecan

Fibronectin Biglycan

CD44

HEALTHY MYOCARDIUM MYOCARDIAL INFARCTION

Endothelial cell Cardiac myocyte
Collagen Hyaluronan

Fibroblast Macrophage

Figure 3 Complex cardiac extracellular matrix (ECM) with potential functions of some residing 
matrix elements. 

In healthy myocardium, the ECM forms a complex architectural meshwork and cytokine reservoir, through the 
close interaction of all matrix components. These include hyaluronan, CD44, collagens, hyalectans, basement 
membrane proteoglycans, fibronectin, and integrins. On cardiac damage, macrophages invade the cardiac tissue via 
interactions with ECM components hyaluronan and fibronectin, in turn secreting proteases that degrade the ECM 
and releasing cytokines bound in the matrix. The degraded ECM elements may further amplify the immune response 
by either stimulating important danger signal receptors such as TLR-4 (eg, hyaluronan, decorin, and versican) or 
producing chemokine gradients for the recruitment of leukocytes (eg, syndecan). Furthermore, proteoglycans, such 
as decorin and biglycan, and glycoproteins, such as SPARC, enable proper collagen assembly. An independent role of 
glycosaminoglycans (CS, DS, and HS) is starting to emerge, further elaborating the extensive repertoire of the ECM 
in health and disease. CS indicates chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; KS, keratan sulfate; 
and TLR-4, toll-like receptor-4.
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Up to now, the remarkable variety in function of many glycoproteins, as well as of the less 
well-studied proteoglycans, has been primarily attributed to their assortment of active protein 
domains, which can be molded by process-specific proteases to increasing their functional 
range. We believe that sugars, like glycans and GAGs, are crucial in directing, changing and 
impending proteolytic cleavage of proteins, customizing them to environmental needs and as a 
result increasing their domain-based-functions. Glycosylation is a much more comprehensive 
explanation as to how glycoproteins and proteoglycans broaden their functional range and 
contribute to the plasticity of the cardiac ECM. However research regarding the role of sugars, 
either alone or attached to a protein backbone, and their spatio-temporal function is still in an 
early phase, with a focus on the role of total GAG or proteoglycan content in the heart. It is the 
biochemically variable non-template driven sugars, together with their position on the protein, 
that tremendously enhance potential interactions with other matrix proteins, growth factors and 
growth factor receptors. Yet there are challenges to be faced.  GAGs are also subjected to specific 
degrading enzymes changing their appearance and function 277-279. Hence, looking at the total 
GAG or proteoglycan content introduces difficulties in attributing functionality. So how do 
we address the plasticity of these proteins and sugars in the ever-changing cardiac ECM? When 
investigating the role of specific proteoglycans, glycoproteins or GAGs in transgenic animals, 
the type and range of glycosylation of the studied protein could be identified. The extent of 
glycosylation could be determined by using specific polysaccharide lyases 280 or preferably Mass 
Spectometry 281. Care must be taken when linking in vivo studies with in vitro experiments, 
since the glycosylation pattern can differ significantly. Further, protein epitopes or sugars, to 
which newly identified functions can be ascribed, should be identified. A further obstacle is 
understanding the plasticity of the protein over time, in animal disease models. In reality, many 
different cell types produce undefined GAG/ glycans structures, hence undefined glycoprotein 
and proteoglycan structures, which together with proteolytic processing can influence protein 
appearance and function over time. Therefore specific attention is needed in understanding 
what drives this tailor-made cell specific glycosylation. How is it directed? Where can we 
intervene? Cell-specific and inducible transgenic animal models studying the role of specific 
enzymes in the ER and Golgi could give more insight in the sequential and mutual role of 
the sixteen currently identified and differentially expressed enzymes, hence explain a crucial 
determinant of ECM plasticity upon injury. Understanding why and when these seemingly 
random modification occur, may lead to the discovery of very specific glycosylation profiles 
allowing well-tailored disease interventions.
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Abstract
Background: Viral myocarditis can severely damage the myocardium through excessive 

infiltration of immune cells. Osteoglycin (OGN) is a small leucine-rich repeat proteoglycan 
(SLRP) involved in cardiac fibrosis after myocardial infarction. Whether this SLRP may also 
affect cardiac inflammation and the resulting injury in myocarditis is unknown. 

Methods and Results: This study uncovered a previously unidentified 72-kDa variant of 
OGN that is predominant in viral myocarditis. Enzymatic assays revealed that the 32-kDa 
protein core of OGN can be post-translationally modified by O-linked glycosylation to the 
72-kDa chondroitin sulfate OGN, and the 34-kDa dermatan sulfate OGN. The 72-kDa 
OGN is expressed in the cell membrane of circulating and resident cardiac macrophages and 
neutrophils in both human and murine cells. Co-immunoprecipitation and OGN siRNA 
experiments reveal that this 72-kDa variant binds and activates toll-like receptor-4 (TLR4) 
with a concomitant increase in IL-6, TNF-α, IL-1β and IL-12 expression. Accordingly, 
absence of OGN in knockout mice significantly decreased cardiac inflammation in CVB3-
induced myocarditis and delayed mortality in lipopolysaccharide-induced endotoxemia 
with the reduced production of pro-inflammatory cytokines. Finally, fluorescence activated 
cell sorting analysis in human OGN-positive circulating neutrophils revealed the enhanced 
phosphorylation of c jun, emphasizing the importance of OGN in innate immune activation.  

Conclusion:  The current study discovered a novel 72-kDa chondroitin sulfate OGN that 
is specific for innate immune cells. This variant is able to bind and activate TLR4. The absence 
of OGN therefore decreases the cytokine response upon LPS injection and reduces cardiac 
inflammation and injury in viral myocarditis.
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Introduction

Osteoglycin (OGN) belongs to the small leucine-rich proteoglycan (SLRP) family of 
proteins, which also includes biglycan and decorin. These SLRPs are well known for their well-
timed action on shaping the architecture and organization of collagen-rich extracellular matrices 
in the heart and other organs 1. We have recently demonstrated that OGN is critical during the 
wound healing process after myocardial infarction by stimulating the formation of well-aligned 
collagen fibers in the infarct scar 2. Some matrix components, proteoglycans and glycoproteins, 
have been recognized for regulating inflammation in organs outside the heart 3; however, no 
such role has been described for OGN in either the heart or other organs. Furthermore, OGN 
is a proteoglycan and is therefore subject to glycosylation, a post-translation modification that 
adds glycosaminoglycans and glycans to proteins in the endoplasmic reticulum and Golgi 
apparatus, diversifying protein function. While OGN requires glycosaminoglycan keratan 
sulfate for corneal transparency 4, 5, no clear-cut and comprehensive description of all potential 
glycosylation variants is available. Moreover, nothing is known about its glycosylation state 
during heart failure or the impact that this may have on its immune modulatory function. 

Cardiac inflammation with consecutive adverse remodeling as a consequence of cardiac 
damage is an important cause of heart failure and sudden cardiac death in previously healthy, 
young individuals 6. Understanding how the immune system responds to various endangering 
stimuli (ischemia versus viruses) might clarify the contribution of the inflammatory response 
to adverse cardiac remodeling and hence lead to the discovery of specific therapeutic strategies. 
The need for new specific therapeutic strategies is underlined by the poor prognosis once heart 
failure becomes chronic 7. 

Here, we discovered that SLRP OGN is differentially glycosylated in myocarditis relative 
to myocardial infarction. Whereas the OGN-dermatan sulfate (34 kDa) is linked to cardiac 
fibrosis, the previously unknown OGN-chondroitin sulfate (72 kDa) predominates in the cell 
membrane of both murine and human leukocytes. This 72-kDa inflammatory variant binds 
to TLR4 and enhances its activation. As such, increased OGN results in exaggerated innate 
immune responses in endotoxemia and viral myocarditis. 

Material and Methods
aniMals

C57Bl6/J male and female OGN-KO mice (backcrossed more than 15 times) and WT 
mice in the same background between 8 and 12 weeks of age were used in this study, and all 
experiments were performed using age and sex-matched groups. Mice were maintained in 
specific pathogen-free facilities at Leuven University. All of the study protocols were approved 
by the Animal Care and Use Committee of the University of Leuven 243/2013. Experiments 
were performed according to the official rules formulated in the Belgian law on the care and 
use of experimental animals.

Murine Cvb3-induCed viral MyoCarditis Model

Eight to twelve week old OGN-KO and WT mice were inoculated by intraperitoneal 
(ip) injection of 1 × 107 cells with a 50% infective dose (CCID50) of CVB3 (Nancy Strain) 
diluted in 0.2 mL of saline on day 0. All animals were anaesthetized with an ip injection of 
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Xylazine (10 mg/kg) and Ketamine (100 mg/kg) and sacrificed by cervical dislocation 2, 4 or 7 
days after CVB3 infection. Organs were excised for further molecular and histological analyses. 

endotoxiC shoCk Model and Cytokine MeasureMents

Age and sex matched OGN WT and KO mice between 6 and 12 weeks of age were given 
an ip injection of 40 mg of D-galactosamine (200 µl) followed by an intravenous injection of 
LPS (E. coli Ultrapure O111:B4, InvivoGen) after 15 minutes. One hour later, whole blood 
was taken via eye puncture, after which survival was monitored every hour. After allowing the 
blood to clot by leaving it undisturbed at room temperature for approximately 30 minutes, the 
clot was removed by centrifuging at 1.000-2.000 g for 10 minutes in a refrigerated centrifuge. 
Serum was stored at -20ºC prior to cytokine measurements. Cytokines were measured in 
serum and medium from in vitro macrophage experiments using V-PLEX Proinflammatory 
Panel1 (mouse) Kit (K15048D-1) according to the manufacturer’s protocol.

staining and iMMunohistoCheMistry

Hearts were perfused from the apex with PBS, fixed overnight in zinc fixative (BD 
Pharmingen, 550523) and processed the following day prior to being embedded in paraffin. 
The paraffin embedded left ventricle was cut longitudinally in 4-μm sections and stained with 
hematoxylin and eosin (necrosis/ inflammation) or Sirius red F3BA (fibrosis). 

Immunohistochemistry on zinc-fixed paraffin sections was performed without using 
antigen retrieval according to a protocol using antibodies against CD45 (BD Pharmingen; 
1:200), Mac3 (Serotec MCAP497; 1:100), CD3 (Thermo Scientific; 1:200), TLR4 (Abcam, 
ab22048) and OGN (for human slides, Sigma HPA013132, 1:200; for murine slides, US 
Biological O8062-05A, 1:100). Images were acquired using Leica Qwin image processing 
software (Leica, Germany). 

Western Wlotting and enzyMe treatMents

Tissues were lysed in RIPA SDS (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% 
sodium deoxycholate, 1% NP40, Proteinase Inhibitor Cocktail, Roche, 11697498001 and 
0.5 mM orthovanadate), after which the protein concentration was determined using a 
Micro BCA Protein assay kit (Thermo Scientific, Lot MJ162220). Samples were diluted to a 
final concentration of 2 µg/ul, after which two times sample buffer (25 ml 0.5 M Tris-HCl, 
20 ml 100% glycerol, 20 ml, 20% SDS, 35 ml Aqua Dest with 1:10 β-Mercaptoethanol) 
was added to protein samples at a 1:1 ratio. Cells were directly lysed in sample buffer. For 
western blot analyses, 20 µg of protein was loaded on a 10% gel (4 ml Aqua Dest, 3.3 ml 
30% bisacrylamide, 2.5 ml 1.5 M Tris-HCl, pH 8.8, 0.1 ml 10% SDS, 0.004 ml TEMED). 
SDS PAGE was performed at 150 V for approximately 90 minutes, after which the gel was 
transferred to a PVDF membrane by blotting at 200 mA for 2 h. The membranes were blocked 
with 3.5% protifar (Nutricia) for 1 h. Primary antibody was incubated overnight in 5% BSA 
for osteoglycin (R&D, MAB2949), MyD88 (CTS, #4283S), (p)ERK1/2 (CTS, #9101S and 
#4695P), (p)JNK (CTS, #9251 and #9252), (p)p38 (CTS, #4631S and #9212) and (p)c-jun 
(CTS, #3270P and #9165P). Secondary antibodies conjugated with horseradish peroxidase 
(HRP) against rabbit (CTS, #7074S), mouse (CTS, #7076S) or rat (Santa Cruz, E2313) were 
next detected using enhanced chemi-luminescence, visualized with an Artemis CCD Camera 
and quantified using ImageJ. 

Enzyme treatments were carried out on macrophage cell lysates that were lysed in RIPA 
SDS. After determining the protein concentration of the sample with a Micro BCA Protein 
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assay kit, 10 µg of protein lysate (10 ul) was denaturated by the addition of denaturation 
buffer (supplied with PGNase; Bioke, P0705S) and heated for 3 minutes at 100ºC. Then, 
enzymes were added to the lysate and incubated according to the standard protocol (PGNase, 
Biolabs P0705S or Current Protocol in Molecular Biology, 17.13B 8). The enzymes used were 
Chondroitinase ABC (Sigma, C3667), Endo-B-galactidase (Sigma, C6920), Heparinase III 
(Sigma, H8891), Chondroitinase B (Sigma, C8058) and PGNase (Bioke, P0705S). For every 
enzyme, a control sample was incubated at the same temperature and time. Finally, protein 
glycosylation was analyzed by immunoblotting to determine size changes.   

struCture and doCking PrediCtion

We used the I-TASSER web service [MM1 8], [MM2 9], [MM3 10] to predict the 3D 
structure of OGN (on 2014-07-12). The default parameters for I-TASSER were used. As an 
input sequence for OGN, the amino acid sequence from UniProt (Q62000) was used. The 
docking prediction of TLR4 (PDB ID: 2Z64, chain A) and OGN was calculated using the 
Hex web service [MM4 11]. Again, the default parameters were used. Visualization of the 
resulting structures was performed in Jmol (14.2.2, http://www.jmol.org/).

Co-iMMunoPreCiPitation and Cell FraCtionation

Fifty microliters of sheep anti-mouse M280 Dynabeads (Invitrogen, 11201D) was prepared 
according to the manufacturer’s protocol and incubated with either 4 µg of anti-TLR4 (Abcam, 
ab22048) or 4 µg of normal mouse serum (NMS; Sigma, M5905) in 50 µl for 2 h at 4°C. One 
bacterial plate with macrophages was lysed in PBS, spun down for 10 min at 1200 rpm and 
dissolved in 5 ml of IP buffer (150 mM NaCl, 20 mM Tris-HCl, 5 mM EDTA, 1% Triton + 
Proteinase Inhibitor Cocktail, Roche, 11697498001) for 1 h at 4°C in a head-to-head rotator. 
After determining the protein concentration (Thermo Scientific, Lot MJ162220), 300 µg of 
protein lysate in 200 µl of IP buffer was mixed with preincubated TLR4- or NMS-sheep anti-
mouse M280 Dynabeads overnight at 4°C. The next day, the Dynabeads were washed three 
times and the pellets were dissolved in 50 µl of 2x sample buffer. Proteins were analyzed by 
western blotting as previously described. 

Cell fractionation was performed by lysing macrophages that were seeded in 6-well plates 
(800,000 cells/well) in 200 µl of ice cold hypotonic lysis buffer (5 mM Tris-HCl, pH 7.4, 5 
mM NaCl, 2 mM EDTA, 1 mM CaCl2, 1 mM MgCl2, 2 mM DTT + Proteinase Inhibitor 
Cocktail, Roche, 11697498001), after which they were spun down for 1 h at max speed 
(13200 rpm) at 4°C. The pellet or membrane fraction was dissolved in 50 µl of 2x sample 
buffer. The cytosol fraction was dissolved 1:4 with 4x sample buffer, and twice the amount was 
loaded compared to that of the membrane fraction. Proteins were analyzed by western blotting 
as previously described.

hek blue Cell exPeriMents

HEK-Blue™ mTLR4 reporting cells were purchased through InvivoGen, were obtained 
by co-transfection of the murine TLR4, MD-2 and CD14 co-receptor genes and an inducible 
SEAP reporter gene into HEK293 cells (HEK-Blue™ mTLR4, hkb-mtlr4, InvivoGen) and 
were cultured according to the manufacturer’s protocol. As the SEAP reporter gene was placed 
under the control of an IFN-γ minimal promoter fused to five NFκB and AP1-binding sites, 
stimulation with a TLR4 ligand activates NFκB and AP1, which induces the production of 
SEAP. SEAP production was measured using QUANTI Blue (QUANTI-Blue™, rep-qb1, 
InvivoGen) according to the manufacturer’s protocol. Cells were stimulated with either 2 or 
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10 ng/ml LPS (Sigma) and all other TLR ligands (Mouse TLR1-9 Agonist Kit, tlrl-kit1mw, 
InvivoGen; TLR specific ligands: Pam3CSK4 for TLR1/2, Poly(I:C) (HMW) for TLR3, LPS-
EK for TLR4, FLA-ST for TLR5, FLS-1 for TLR6/2 and ODN1826 for TLR9) were stimulated 
at the concentrations described in the manufacturers protocols. Before stimulation the cells 
were transfected with either Silencer® Negative Control siRNA (Life Technologies, AM4611) 
or Silencer® OGN siRNA (Life Technologies, L-090181-01) by using Lipopfectamine® 2000 
(Invitrogen, 11668-030) according to manufacturer’s protocol. Fourtyeight hours after 
transfection the cells were seeded in 96-wells plates and the TLR ligands were added. 

bone MarroW-derived MaCroPhage isolation and exPeriMents

Both tibias and femurs were collected from OGN WT and KO mice in ice cold PBS and 
stripped of muscles. After placing the stripped bones in 70% ethanol for approximately 45 
seconds, they were again washed with PBS, after which the ends were removed and the inner 
bone marrow was flushed with a 25-G syringe filled with cold PBS. After flushing all of the 
bones, a single cell suspension was obtained by pushing the suspension through a 100 µm 
Nylon cell strainer. Cells were spun down at 1200 rpm, placed in bacterial plates in RPMI 1640 
with 15% LCM for cell culture, and differentiated for approximately 8 to 10 days; medium 
was added or replaced every 2-3 days. Experiments were performed after differentiation for 
8-10 days. Cells were counted using a Burker Turk cell counting chamber, and 400,000 cells 
were seeded in 12-well plates. The cells were stimulated the next day, after the cells had adhered 
to the plastic, with 10 ng/ml LPS (Sigma). At the end of the experiments, the cells were directly 
harvested in RLT buffer for RNA isolation and sample buffer for immunoblotting. 

huMan buFFy Coat PreParation and dynabead Cell isolation

Blood samples were collected using 5-ml BD Vacutainer K2E (EDTA) tubes with erythrocyte 
lysis buffer (8.4 g NH4Cl + 0.84 g NaHCO3 in 1 L Aqua Dest, pH 7.2-7.4). Blood was spun 
down at 200 g with the brake off for 20 minutes. Platelet-rich plasma was removed, after 
which the cells were incubated for 3 minutes with 10 ml of ice cold erythrocyte lysis buffer. 
Next, the cells were spun down at 1500 rpm for 10 minutes. Erythrocyte lysis was repeated if 
erythrocytes were still present because this would interfere with Dynabead cell isolation. One 
hundred microliters of Dynabeads® M-280 Sheep Anti-Rabbit IgG (Invitrogen, 11203D) was 
incubated with 8 µg of anti-OGN antibody (Sigma HPA013132) overnight at 4ºC according 
to the manufacturer’s protocol in washing buffer (Ca2+- and Mg2+-free phosphate buffered 
saline (PBS) supplemented with 0.1% bovine serum albumin (BSA) and 2 mM EDTA at pH 
7.4). The next day, the beads were washed 3 times with washing buffer, after which they were 
incubated with the buffy coat lysates. The buffy coat lysates were washed twice with PBS with 
0.1% BSA by centrifugation at 225 g for 8 min at 2-8°C and re-suspended at 1 x 108 cells/ml 
in PBS with 0.1% BSA. One milliliter of cell suspension was incubated with 100 µl of beads 
at 2-8°C for 30 min with gentle tilting and rotation. After washing the bead-bound cells twice, 
they were resuspended in 100 µL of buffer for FACS analysis. The term input is referring to 
the complete human buffy coat samples that were used. Addition of the OGN bound beads 
removed all OGN-positive leukocytes form these total buffy coats. The remaining fraction was 
referred to as OGN-negative. All fractions were analyzed by FACS. Also, the phosphorylation 
of c jun was determined by dissolving all fractions in sample buffer, after determining total 
protein content by using Micro BCA™ Protein Assay Kit (Life Technologies, 23235)
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huMan saMPles

For Immunohistochemical analysis, histological section were obtained from sixteen patients 
suggestive of viral myocarditis and of fourteen post mortem ‘healthy controls’ manually 
selected based on clinicopathological reports from the host university hospital (Charité, Berlin, 
Germany) by an experienced pathologist (E.V.), who was not involved in the preclinical data 
acquisition. The ethical commission of Charité Germany approved the study.For western 
blot analysis, human endomyocardial biopsy samples suggestive of myocardial infarction of 
post mortem ‘healthy controls’ were manually selected based on clinicopathological reports 
from the host university hospital (MUMC, Maastricht, The Netherlands) by an experienced 
pathologist (E.V.), who was not involved in the preclinical data acquisition. The ethical 
commission of MUMC Maastricht approved the study. Buffy coats for western blot analysis 
and flow cytometry were collected from healthy volunteers after providing proper informed 
consent. 

FloW CytoMetry

Cells were stained with anti-CD3-FITC, CD66b-FITC, CD19-FITC, CD19-BV421, 
CD56-PE and HLA-DR-V55 (BD Biosciences) and measured with FACS-Canto II (BD 
Biosciences). Results were analysed with FACSdiva software (BD Biosciences).

rtPCr
Real-time reverse transcriptase–polymerase chain reaction (RT-PCR) analysis was performed 

(Bio-Rad, Maastricht, Netherlands) to determine the transcript levels of the following genes:
CVB3  forward primer ACGAATCCCAGTGTGTTTTGG 
           reverse primer TGCTCAAAAACGGTATGGACAT at 63.9°C.
IL-6   forward primer CAAAGCCAGAGTCCTTCAGAG 
    reverse primer GCCACTCCTTCTGTGACTCC at 63.9°C.
TNFα   forward primer CCACCACGCTCTTCTGTCTA
    reverse primer AGGGTCTGGGCCATAGAACT at 63.9°C.
IL-1β   forward primer GTAATGAAAGACGGCACACC
    reverse primer TACCAGTTGGGGAACTCTGC at 63.9°C.
IL-12   forward primer CTAGACAAGGGCATGCTGGT
    reverse primer TCTCCCACAGGAGGTTTCTG at 63.9°C.
OGN    forward primer CCTGGAATCTGTGCCTCCTA
    reverse primer TCCAGGCGAATCTCTTCAAT at 63.9°C.
XYLT2   forward primer AGAGTCTGGAGGTTGGTACTGAG
    reverse primer GCTACGGGCTCATCCAGTG at 61°C.
GlcNact  forward primer GCTACTTCTAGAACCATTCTTGTCA
   reverse primer GCATAAGTTTCGTTGGTTCTGT at 61°C.
Gsgalnact   forward primer GACTCGCCGAGGCTTTACTC
    reverse primer AGTCATAGCCCCAAAGTGGC at 61°C.
Gluc-C5-Epimerase forward primer GTGGAGTTGAAGGTGTGCCA
    reverse primer GTGAGGGGGTTTCTCGGTTA at 61°C.
GAPDH   forward primer GGTGGACCTCATGGCCTACA
   reverse primer CTCTCTTGCTCAGTGTCCTTGCT at 
   63.9°C.
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The primer sequences of these genes were determined by NCBI software analysis of Primer 
BLAST. The details of the sequences and thermal cycling conditions were according to the 
standard protocol. Data were acquired and analyzed with IQ5 software (Bio-Rad, Maastricht, 
Netherlands).

statistiCal analysis

The results represent the mean ± SEM unless otherwise indicated. For murine studies, 
D´Agistino and Pearson’s omnibus normality test was performed. Statistical significance was 
determined by unpaired Student’s t test and one-way ANOVA when the data were normally 
distributed. Wilcoxon, Mann-Whitney and Kruskal-Wallis tests with Dunn’s Multiple 
Comparison test were used for non-parametric data as indicated. The Gehan-Breslow-Wilcoxon 
test was used for survival analysis. Statistical analyses were performed with GraphPad Prism 
software v5.0 with *p < 0.05, **p < 0.01, and ***p < 0.001. 

Results
diFFerent ogn variants are Present in diFFerent CardiaC Pathologies

First, protein expression of OGN was studied in murine hearts 7 days after intraperitoneal 
injection of Coxsackie B3 virus (CVB3). The sole presence of a new yet undescribed cardiac 
OGN variant of approximately 72-kDa was found in the murine hearts with viral myocarditis 
(Figure 1A). Contrarily, a 34-kDa OGN variant was highly abundant in murine myocardial 
infarcts (Figure 1A), which may be in accordance with its association with collagen fibrillogenesis 
12, 13. When further analyzing OGN protein expression in different tissues, we identified very 
distinct yet consistent glycosylation patterns. Murine corneal tissues had a high abundance 
of the 50-kDa keratan sulfate variant 4 which is in line with literature findings. Tissues with 
high collagen and connective tissue contents, such as bone, tail and skin, presented with the 
34-kDa variant (Figure 1B). Furthermore, human tissue and blood samples demonstrated a 
comparable occurrence of the OGN protein variants. In post mortem left ventricular tissues 
from ischemic patients in which the collagen content, as a consequence of fibrosis, is high, the 
34-kDa OGN variant was detected, while it could not be found in control patients (Figure 
1C). This is supported by immunohistochemical staining for OGN in human myocardial 
infarcts, revealing that OGN staining clearly matched cardiac fibrosis 14. Interestingly, the 
72-kDa variant was highly expressed on human circulating leukocytes (Figure 1D), whereas it 
could not be detected in post mortem splenic tissue (Figure 1C). Therefore, we hypothesized 
that the presence of distinct OGN variants may be associated with the specific underlying 
pathophysiological processes. In viral myocarditis patients, where there is both fibrosis and 
inflammation 15, we identified an increase in OGN staining compared to control hearts (Figure 
1E,F). Here, positive OGN staining was found in areas with fibrosis (Figure 1G) but also 
on immune cells (Figure 1H). Correspondingly, in our murine model of CVB3 myocarditis, 
where inflammation is present but fibrosis is not 16, OGN staining predominated on leukocytes 
(Figure 1H,I). Consequently, the observed variation in size of this proteoglycan in relation to 
either cardiac fibrosis (34-kDa) or cardiac inflammation (72-kDa) led us to hypothesize that 
differential glycosylation may be in control. 
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ogn is Present on CardiaC and CirCulating innate iMMune Cells

As the 72-kDa ‘inflammatory’ OGN (iOGN) was primarily found in viral myocarditis 
on leukocytes, we further analyzed its specific expression in circulatory leukocytes versus 
cardiac leukocytes using immunofluorescence and flow cytometry in both mice and humans. 
OGN clearly co-stained with both murine neutrophil (Gr1)- and monocyte/macrophage  

 
 
 
 
 
(Mac3)-markers in the myocardium (Figure 2A). To verify that the relevance of OGN wasn’t 
exclusive for mice we confirmed its occurrence on circulating human leukocytes, the source for 
cardiac inflammation in response to CVB3 infection. Human peripheral leukocytes in blood 
smears and buffy coats demonstrated a similar colocalization of OGN with human peripheral 
neutrophil- and monocyte-markers (Figure 2B). Separating OGN-positive peripheral 
leukocytes (OGN +ve) from the total circulating peripheral leukocytes by using OGN-bound 
magnetic Dynabeads allowed us to better identify the OGN expressing circulating immune cell 
population by FACS analysis. As approximately 50-70% of all human circulating leukocytes 
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Figure 1 Murine and human tissues express different OGN variants in distinct cardiac diseases.
(A) Western blot analysis for OGN revealed a small variant (34 kDa) in murine myocardial infarction, whereas in 
murine viral myocarditis a large variant (72 kDa) was present (n ≥ 4). (B) Differential expression of the main OGN 
variants in various healthy murine tissues. (C) Western blot analysis for OGN in human ischemic myocardial tissue 
showing increased expression of the large (72 kDa) and the small (34 kDa) OGN variants relative to those in the 
control cardiac tissue. (D) Human buffy coat revealed a similar presence of the OGN variants with high abundance of 
the 72-kDa variant, which was barely detectable in human splenic tissues. (E) Increased immunohistochemical OGN 
staining was found in patients diagnosed with myocarditis. (F) Quantification of OGN staining in patients diagnosed 
with myocarditis (n ≥ 14).  (G) OGN expression in human myocarditis biopsies coincided with fibrosis as shown by 
Sirius red staining. (H) OGN staining was also found on leukocytes in human myocarditis biopsies as well as in the 
hearts of mice subjected to CVB3-induced myocarditis. (I) Immunofluoresence demonstrated the co-localization of 
OGN with CD45+ leukocytes in the hearts of mice subjected to virus myocarditis. All experiments were repeated at 
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are composed of neutrophils, FACS analyses revealed the presence of OGN predominantly 
on peripheral neutrophils (Figure 2C-E). Interestingly, these circulating iOGN-positive 
leukocytes showed significantly more phosphorylation of c jun than the iOGN negative 
leukocytes, suggesting very distinct phenotypic characteristics for these iOGN-positive innate 
immune cells (Figure 2F). 

glyCosylation leads to diFFerent ogn variants

Because glycosylation is a very dynamic step that adds glycans or glycosaminoglycans to 
proteins, we explored whether the production of these different OGNs originated from the 
single 32-kDa protein backbone. Therefore, to better characterize the glycosylation of the three 
main OGN protein variants found in the heart (34, 50 and 72 kDa), we treated protein lysates 
with specific enzymes that are able to cleave the different glycosaminoglycans or glycans. We 
found that the 50-kDa OGN has N-linked glycans and N-linked keratan sulfate attached 
(Figure 3A). The addition of O-linked dermatan sulfate resulted in the formation of the 34-
kDa variant (Figure 3A). Furthermore, the addition of chondroitin sulfate led to the formation 
of the 72-kDa variant, which is potentially a dimer that could only be reduced by treatment 
with all enzymes simultaneously (Figure 3A). In brief, the 32-kDa protein core of OGN can be 
post-translationally modified by either O- or N-linked glycosylation (Figure 3B).

Interestingly, whereas the 72-kDa inflammatory OGN (iOGN) variant was primarily 
located in the cell membrane of both human peripheral leukocytes and murine bone marrow-
derived macrophages (BMDMs), the 34-kDa fibrosis OGN (fOGN) was located in the 
cytosol, as revealed by cell fractionation (Figure 3C,E). Furthermore, stimulation of BMDMs 
with lipopolysaccharides (LPS) not only resulted in a significant increase in the transcript 
levels of OGN (Figure 3D), protein expression of the 72-kDa iOGN membrane variant also 
increased in response to LPS (Figure 3E). Furthermore, the transcription and translation of 
OGN was paralleled by an increased gene expression of key glycosylation enzymes, such as 
Xylosyl transferase 2 (XYLT2) and D-glucuronyl C5-epimerase (Supplementary Figure 1). 
LPS thus increases the transcription, translation and glycosylation of OGN. 

MeMbrane-bound inFlaMMatory iogn interaCts With tlr4 in leukoCytes

Next, we sought to accurately understand the biological role of the 72-kDa iOGN that was 
present on innate immune cells where it was responsible for the apparent “active” phenotypic 
appearance of these cells. Given the ability of leucine-rich repeats to interact with TLRs 17, 
we speculated that this 72-kDa membrane-anchored OGN might influence TLR signaling. 
In silico structure modeling predicted a potential interaction between the concave leucine-
rich surface of OGN and the extracellular LRR domain of TLR4, that has been implicated 
in CVB3-myocarditis disease severity 18, 19 (Figure 4A). Therefore, HEK-Blue™-mTLR cells 
containing an inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene were 
stimulated with TLR specific ligands (Pam3CSK4 for TLR1/2, Poly(I:C) (HMW) for TLR3, 
LPS-EK for TLR4, FLA-ST for TLR5, FLS-1 for TLR6/2 and ODN1826 for TLR9) with 
and without OGN knockdown (Supplementary Figure 2A). OGN knockdown significantly 
decreased TLR3, -4 and -5 signaling (Figure 4B), supporting a possible interaction between 
OGN and TLRs. Moreover, OGN co-immunoprecipitated with TLR4 in both human 
peripheral leukocytes as well as in BMDM lysates (Figure 4C,D). In line with this observation, 
immunofluorescence showed co-expression of OGN with TLR4 on primary macrophages 
(Figure 4E). 
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As approximately 8 ± 2% of the human peripheral circulating leukocytes expressing OGN 
on their surface appear to be more “activated” (Figure 2D-F), we wondered whether this may 
be a consequence of augmented TLR4 signaling. To validate the interaction of OGN with 
TLR4 in vivo, we reasoned that a lack of OGN on circulating leukocytes in OGN null mice, 
may alter TLR4 signaling in the mouse model of endotoxemia. We therefore subjected OGN 
WT and KO mice to endotoxemia, a model of septic shock where TLR4 activation is, in 
part, driving pathogenesis. Although mortality was severe in both genotypes, OGN WT mice 
died earlier than their OGN KO littermates (Table 1, p = 0.05; Median survival: 8 h in WT 
versus 14 h in KO; ratio 0.5714 with 95% CI of 0.030-1.113). The serum levels of IL-12 
and IL-1β were also measured and significantly higher in OGN WT mice than in their KO 
littermates 1 h after receiving an intravenous dose of LPS (Table 1). Because only a small subset 
of circulating leukocytes expressed iOGN, no clear differences were found in the serum TNFα 
and IL-6 levels (Table 1). Collectively, these findings suggest that iOGN present on innate 
immune cells is crucial for boosting TLR4 activation.

WT 
 (n=23)

KO 
(n=22)

Median survival 
(hours) 8 14

Ratio 0,57 (95% CI 
of ratio 0,03 to 1,11) 

Log-rank (Mantel Cox) 
test p=0.05

TNFα    (pg/ml) 5796 ± 570,5 5862 ± 505,1 p=0.90

IL-6      (pg/ml) 56191 ± 237,9 55820 ± 294,4 p=0.30

IL-12    (pg/ml) 396,3 ± 25,7 320 ± 24,4 p=0.03

IL-1β    (pg/ml) 17,5 ± 1,5 12,5 ± 1,4 p=0.02

table 1 iOGN on circulating leukocytes enhances TLR4 activation in a murine model for 
endotoxemia.
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ogn ProMotes tlr4 aCtivation by enhanCing MaPk-induCed Cytokine ProduCtion

As TLR4 activation leads to the expression of pro-inflammatory cytokines due to 
phosphorylation of many downstream kinases, we wanted to confirm that the TLR4-OGN 
interaction influenced TLR4 signaling. By stimulating isolated WT and KO macrophages 
with LPS we first analyzed TLR4 activation by determining pro-inflammatory cytokine 
expression. The transcript levels of IL-6 and TNFα were significantly increased in WT 
macrophages 1 h after LPS stimulation (Figure 5A,B), resulting in increased protein levels of 
these cytokines in the medium 6 h after stimulation (p < 0.05, Figure 5E,G). Concordantly, 
RNA expression of IL-1β and IL-12 in OGN WT macrophages was significantly higher 6 
h after LPS stimulation (Figure 5C,D). Next we examined whether OGN could influence 
the phosphorylation of several kinases that are needed for TLR4 activation. KO macrophages 
lacked the significant MyD88 induction that was apparent in WT macrophages in response 
to LPS (p < 0.001, Figure 5F,H). Furthermore, a striking increase of c-jun phosphorylation 
was found in response to LPS in WT compared to KO macrophages, as a consequence of 
increased MAPK phosphorylation (p < 0.001, Figure 5F, I-L). Thus, our findings confirm 
that the interaction of OGN with TLR4 enhances TLR4 activation by increasing pro-
inflammatory cytokine expression by influencing c-jun phosphorylation (Figure 7).  

Figure 5 OGN promotes TLR4 activation by enhancing MAPK-induced cytokine production.
Bone marrow-derived macrophages (BMDMs) from WT and KO mice were isolated and stimulated with LPS (10 
ng/ml). (A-D) LPS stimulation resulted in the blunted induction of pro-inflammatory cytokines TNFα and IL-6 
expression (1 h) as well as IL-1β and IL-12 at a later stage (6 h) (C,D). This difference in TLR4 activation was reflected 
in the lower TNFα and IL-6 expression levels in the medium (E,G). This increased cytokine production was the result 
of significant induction of MyD88, that was blunted in the OGN KO BMDMs (F). (H) Quantification of MyD88 
in WT and KO BMDMs, n = 3. (F) Western blot analysis and further quantification revealed blunted c jun, Erk1/2 
and JNK phosphorylation in the KO BMDMs (I-L). All experiments were repeated at least twice. n ≥ 3; *p < 0.05; 
**p < 0.01; ***p < 0.001.
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iogn Present on innate iMMune Cells during viral MyoCarditis aggravates 
CardiaC inFlaMMation

Next, we wondered whether the lack of this OGN-TLR4 interaction may influence cardiac 
inflammation as lack of TLR4 signaling during viral myocarditis has previously been associated 
with decreased cardiac inflammation 20, 21. Therefore, we subjected male OGN WT and KO 
mice to the murine model of CVB3-induced myocarditis. The absence of OGN in KO mice 
significantly reduced cardiac immune cell infiltration relative to that of WT mice 7 days after 
viral exposure (8 ± 1.89% in OGN WT, n = 11 vs 1.9 ± 0.4% in KO, n = 9; p = 0.01) 
(Figure 6A-B). More specifically, infiltration of leukocytes (CD45), lymphocytes (CD3) and 
macrophages (Mac3) decreased in the absence of OGN (Figure 6C-F), supporting the pro-
inflammatory role of OGN in myocarditis through enhanced TLR4 signaling. Furthermore, 
while CVB3 viral levels and immune cell recruitment were still similar in the heart at day 
4, IL-1β expression was already significantly increased in the hearts of OGN WT animals, 
again supporting enhanced TLR4 activation in the presence of iOGN (Figure 6G-I). In 
conclusion, the absence of OGN decreases immune cell infiltration in CVB3-infected murine 
hearts, suggesting that increased expression of leukocyte-specific 72 kDa OGN in myocarditis 
aggravates cardiac inflammation.
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Discussion
This study has identified three major OGN variants that are formed via either N- or O-linked 

glycosylation and correlated with distinct pathophysiological processes. First, the attachment 
of N-linked glycans and keratan sulfate to the 50-kDa OGN variant predominates in the 
eye, where it is important for corneal transparency 4. The smallest 34-kDa dermatan sulfate-
OGN variant is highly abundant in fibrotic tissues, as in cardiac infarct scars 14. This fibrotic 
dermatan sulfate-OGN (fOGN) is needed for proper collagen fibrillogenesis in the heart 12, 13, 
which is in line with previous observations where dermatan sulfate is itself involved in kidney 
fibrosis 22, 23.  Interestingly, we uncovered a new O-linked chondroitin sulfate OGN variant 
(iOGN, 72-kDa) that is present in the membrane of immune cells, where it binds and activates 
TLRs. Chondroitin sulfate binding to the protein backbone of OGN may result in putative 
dimerization as predicted in silico and supported by previous studies for other SLRPs 24, 25. 
Collectively, these data indicate that a matrix element can have distinct appearances and roles 
in different disease contexts due to glycosylation, significantly increasing our understanding 
of the versatile nature of the ECM. Furthermore, as glycosylation is important for the sorting 
and distribution of proteins within the cell 26, 27, it may also explain the transportation of 
OGN to either the cell membrane (iOGN) or extracellular environment (fOGN). However, 
it is still unclear what drives these protein glycosylation processes, as the serial and mutual role 
of differentially expressed glycosylation enzymes has not been completely elucidated.  Hence, 
at present, proper tools to study these spatio-temporal differences in protein glycosylation are 
limited.

Nonetheless, we found that this 72-kDa iOGN is present on innate immune cells in the 
heart or in circulation, where it can bind and activate TLR4 (Figure 7). This may, in part, 
explain the decreased cardiac inflammation and necrosis in myocarditis in the absence of 
OGN. Our findings are in line with previous studies revealing that distinct SLRPs, such as 
decorin and biglycan, directly stimulate TLRs 28, 29. Moreover, it has been speculated that 
SLRPs like biglycan may cluster TLRs and influence their downstream signaling events 30. 
Though, where biglycan acts as direct endogenous ligand of TLR4, OGN acts more like a 
co-receptor influencing TLR4 signaling in the cell membrane. Aside from influencing cardiac 
inflammation in viral myocarditis, the interaction of OGN with TLR4 may also influence 
the development and progression of other cardiac diseases. Therefore, as TLR signaling 
contributes to the pathogenesis of ischemic myocardial injury 31-33, myocarditis 32-34, septic 
cardiomyopathy 32-34, atherosclerosis 32, 35  and, most importantly, the progression of heart 
failure 32, 33, therapeutically modifying these receptors seems promising. In patients, however, 
the results have been mixed. While, monoclonal antibodies against TLR2 (OPN-305) have 
been beneficial in reducing ischemia-reperfusion injury in pigs [36] and are safe and well 
tolerated in healthy volunteers 37, they still need to be tested in Phase II clinical trials. In 
comparison, despite promising preclinical studies 38, 39, no clear benefit was identified for the 
TLR4-specific antagonist Eritoran in elective cardiac surgery patients in a Phase II, double-
blind, placebo-controlled study 40. The failure of such studies emphasizes the complexity of 
TLR activation and highlights the need to better understand the exact mechanisms utilized by 
host-derived ligands 41.

This apparent duality in TLR signaling may be reflected by the diverse nature of endogenous 
ligands (e.g., versican 42, tenascin C 43 and hyaluronan 44, 45). Whereas in normal conditions the 
intact ECM does not allow TLR4 activation, upon disease this inhibition is lost as production 
of endogenous ligands increases and matrix degradation further liberates other endogenous 
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agonist(s) 46. Moreover, combining glycosylation with increased secretion and/or proteolytic 
processing of endogenous TLR ligands in the ECM, further diversifies the regulation of TLR 
responses. The range of TLR ligands as a consequence of these processes differs in various 
disease conditions 47. This may explain why, in sterile conditions, such as myocardial infarction, 
OGN does not seem to influence inflammation 2, whereas in non-sterile conditions, such as 
viral myocarditis, it does 48, 49. Where in viral myocarditis both Danger Associated Molecular 
Patterns (DAMPs) and Pathogen Associated Molecular Patterns (PAMPs) are present and 
recognized by TLRs, in myocardial infarction the TLR-ligands solely consist of DAMPs. The 
complete collection of exogenous and endogenous ligands in the extracellular space that are 
interacting with TLRs will determine the final immunological outcome. Therefore, as TLR3 
is clearly implicated in immune activation in viral myocarditis 50, further exploration of OGN 
and TLR3 and 5 interactions may further explain the different effect of OGN on cardiac 
inflammation in different cardiac diseases.

Figure 7 Schematic overview of the proposed iOGN:TLR4 signaling pathway. 
TLR4 stimulation with LPS results in receptor dimerization and subsequent high affinity binding of the bridging 
adaptor molecules TRAM and TIRAP. The bound and activated MyD88 then activates IRAK4, TRAF6, TAK1, and 
IKK complexes, and TRIF signals through RIP1 to TRAF6/TAK1 and IKK. Both of these pathways result in increased 
pro-inflammatory cytokine expression. The phosphorylation of MAPKs by TAK1 is enhanced by OGN, resulting 
in increased c jun phosphorylation with subsequent nuclear translocation of AP1 (the phosphorylated c jun/c fos 
complex), which again resulted in increased pro-inflammatory cytokine expression, reinforcing the inflammatory 
response 53.
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Finally, we found that in humans iOGN was expressed on migrated myocardial as well as 
circulating leukocytes, where expression was found on macrophages but most abundant on a 
subset of circulating neutrophils. Recent studies have confirmed that rather than being an end-
stage uniform cell population, neutrophils display a great level of plasticity. Hence, distinct 
neutrophil phenotypes and/or subsets will develop in response to a wide range of physiological 
and pathological (e.g. inflammation and infection) conditions 51. The identification of OGN 
as a surface marker on approximately 8% of circulating leukocytes displaying a more pro-
inflammatory phenotype, distinguishes a new specialized neutrophil subset. This observed 
neutrophil phenotype with accompanying functional characteristics therefore may contribute 
to the development of inflammatory cardiac diseases, as has been recognized for other 
neutrophil subsets during disease 51, 52.

In conclusion, we have identified for the first time that SLRP OGN can be glycosylated 
in multiple ways, resulting in the production a dermatan sulfate glycosylated variant (fOGN) 
that is associated with fibrosis and a chondroitin sulfate glycosylated membrane-bound variant 
(iOGN) that is linked to inflammation. This iOGN is present in circulating and cardiac innate 
immune cells where it boosts TLR4 signaling, as in viral myocarditis and septic shock. 
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Abstract
Aims: Viral presence in the heart triggers leukocyte recruitment and pathological 

remodelling processes leading to ventricular dysfunction. Extracellular non-structural matrix 
proteins, such as SPARC, are critical regulators of cardiac fibrosis but their role in regulating 
cardiac inflammation is not well characterised. In this study we investigate the function of 
SPARC during CoxsackieB3-mediated myocarditis.

Method and Results: In the murine model of myocarditis, absence of SPARC resulted 
in increased mortality and cardiac inflammation that was reversed after adenovirus-mediated 
overexpression of SPARC. Intra-vital microscopy of the cremaster muscle showed that 
SPARC null mice had increased leukocyte adhesion efficacy, decreased leukocyte velocity, and 
enhanced microvascular permeability. This was also confirmed in the vasculature of the heart. 
Electron microscopic imaging identified an impaired microvascular endothelial glycocalyx 
in SPARC null mice. Furthermore, enzymatic digestion of the main glycocalyx components 
using hyaluronidase resulted in comparable increases in cardiac inflammation during viral 
myocarditis as well as decreased leukocyte velocity and increased microvascular leakiness. 
Importantly, systemic administration of recombinant SPARC restored leukocyte velocity and 
vascular leakiness when the glycocalyx was compromised. 

Conclusion: SPARC, and the endothelial glycocalyx, function to limit adverse cardiac 
inflammation during viral myocarditis. SPARC is a targetable component of the glycocalyx, 
reducing leukocyte adhesion and restoring endothelial barrier function.
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Introduction
Cardiotropic viruses, such as the entero-coxsackie B viruses, induce severe cardiac 

inflammation in susceptible patients resulting in cardiac dysfunction and possibly sudden 
death. This form of heart disease is particularly devastating as it affects previously healthy 
young adults. Though in some cases the cardiac inflammation resolves itself, in approximately 
a third of patients the acute inflammatory phase can transition into chronic inflammation, 
triggering cardiomyocyte death, decreased cardiac function and eventually heart failure 1. 
Elucidating the underlying mechanisms of enhanced or sustained cardiac inflammation can 
facilitate the development of new specific therapies for viral myocarditis, which are currently 
still lacking. 

Matricellular proteins (MCPs) are a group of non-structural proteins that are present 
in the ECM and modulate cellular function. Their expression is low during normal post-
natal life but is dramatically up regulated upon tissue injury, where they bind to cell surface 
receptors, growth factors, cytokines and proteases 2. SPARCs main biological function has 
been attributed to fibroblast function in connective tissue 3-6 but there are well-described 
functions for SPARC during tumour development 7, 8 and angiogenesis 9. The recruitment of 
leukocytes to the site of injury is a co-ordinated process that requires interactions of leukocytes 
and the endothelium as well as reorganisation of the endothelial cell cytoskeleton 10. Though 
certain matricellular proteins have been recognized for regulating cardiac inflammation 11, 
whether-and how-SPARC is needed for in vivo cardiac leukocyte recruitment is unknown. The 
aim of the present study was to investigate how SPARC regulates pathological inflammation, 
in particular during virus-induced myocarditis.

Material and Methods
aniMals

C57Bl6/J male and female mice SPARC-KO (backcrossed 10 times) and WT C57Bl6/J 
mice (Harlan, the Netherlands between 10–18 weeks of age were used. Mice were maintained 
in specific pathogen-free facilities at Maastricht or Leuven University. The Animal Care and 
Use Committee of the University of Maastricht and Leuven approved all described study 
protocols, according to the Dutch and Belgian law.

Murine Cvb3 induCed viral MyoCarditis Model

Eight to 12-week old inbred C57Bl6/J SPARC-KO and WT mice were infected with 
a SPARC adenoviral overexpressing vector or R5 control vector 12 7 days before the mice 
were inoculated intra-peritoneal (i.p.) with 1×107 cell culture 50% infective dose (CCID50) 
of CVB3 (Nancy Strain). For long-term administration (5 weeks) mice received SPARC via 
osmotic minipump. Mice received hyaluronidase (iv 70U) 13 one hour prior to CVB3. All 
animals were anaesthetized with an intra-peritoneal injection of Xylazine (10mg/kg) and 
Ketamine (100mg/kg) and sacrificed by cervical dislocation. Troponin was measured using a 
high sensitivity ELISA (Roche Diagnostics).

Mouse CreMaster PreParation and intravital MiCrosCoPy

Mice were anesthetized  and the exposed muscle was positioned on a clear Silicon pedestal 
and longitudinally incised from the apex to the inguinal canal with minimal disruption of the 
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vascular supply. The stage of the intravital microscope (Olympus BHM) was coupled to a cooled 
intensified CCD video camera (GenIV ICCD, Princeton Instruments). Cremaster muscle 
capillaries were examined with a water immersion objective lens (Olympus; LUMPlanFL, NA 
0.9). The muscle was continuously (5 ml/min) superfused at 37°C with a bicarbonate-buffered 
physiological salt solution (PSS). Texas Red labeled 40 kDa dextrans (Dex-40; Invitrogen) were 
intravenously injected at 10 mg/ml in PBS. Cremaster capillaries of 30-50μm were chosen for 
examination from different microscopic field, and recorded on videotape using trans and epi-
illumination. After baseline recordings were made (15-20min) TNFα (2ng/ml; Peprotech) was 
dropped on the Cremaster muscle for 5 minutes. Recordings of the same capillaries were made 
at baseline, after 60 and 120 minutes. 0.1 ml recombinant SPARC (15 microgram/kg, R and 
D systems) was injected i.v at a concentration of 0,15mg/kg prior to TNFα stimulation. 0.1 
ml (35U) of hyaluronidase was injected after the equilibration period and SPARC was injected 
10 minutes after the injection of hyaluronidase. Rolling leukocytes were measured by counting 
the visible passing leukocytes for 60 seconds. Counting cells that adhered to the vessel wall 
for ≥30 seconds and did not move more than their own diameter in distance across the vessel 
wall during this period qualified as adherent leukocytes. Adhesion efficacy could be calculated 
by dividing the number of adherent leukocytes by the total number of rolling leukocytes. 
Leukocyte velocities were determined by measuring the time it took individual cells to travel 
150um in distance. Only cells that were visible during the entire course were included (15 cells 
per vessel with 5 vessels per mouse). Hokawo 2.5 Wasabi Software and Image J 1.48v were 
used for post-hoc data analysis.  

glyCoCalyx MeasureMents 
The lateral thigh muscle of C57Bl6/J SPARC-KO and WT mice was prepared for side 

stream dark-field imaging. The perfused boundary region (PBR) was measured using the 
GlycoCheck Measurement Software 14. Extrapolated glycocalyx thickness is the inverse % PBR 
of WT mice; increases in PBR represent deeper penetration of erythrocytes into the glycocalyx.

CardiaC FraCtionation and FloW CytoMetry 
Peripheral blood and the cardiac immune cell fractions were analysed using a FACS 

CantoII flow cytometer (Becton Dickenson (BD), San Diego, CA). Cells were first incubated 
with anti-CD16/32 (eBioscience, San Diego, CA) to block Fc receptor binding. CD45+ 
leukocytes subpopulations were defined as follows: T lymphocytes (CD3+), B lymphocytes 
(B220+), Granulocytes (CD11b+ Ly6G+), Monocytes (CD11b+ F4/80-). Absolute counts 
for cardiac and blood samples were determined with BD Truecount™ tubes according to the 
manufacturer’s instructions. 

staining and iMMunohistoCheMistry

4 μm thick sections were stained with CD45 (BD Pharmingen) and CD3 (Thermo Scientific) 
for determining the amount of inflammation. Immunofluorescence of paraffin sections was 
performed according to protocol using antibodies against CD45 (BD Pharmingen), CD31 
(BD Pharmingen), VCAM-1 (BD Pharmingen) and SPARC (R&D). Images were acquired 
using Leica Qwin image processing software (Leica, Germany).

t-Cell assays

Spleen cells were sorted with an Aria II Sorter using the following antibodies CD11b, 
CD11c, CD19, CD4, CD8, CD25 (e-biosciences). Populations were defined as follows CD4+ 
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cells (CD11b-, CD11c-, CD19-, CD4+, CD8-, CD25-) and CD8+ cells (CD11b-, CD11c-, 
CD19-, CD4-, CD8+, CD25-). Cells were incubated at different concentration with CD8/
CD28 beads (DynaBeads, Invitrogen) for 72hrs at 37°C alone or in the presence of sorted 
CD4+ CD25+ T regulatory cells, before undergoing FACS analysis.

eleCtron MiCrosCoPy

Hearts were fixed by perfusing 5-10ml of Glutaraldehyde 2,5%, Saccharose 12%, Na-
cacodylate 3 H2O 0,4M pH 7,3, lanthanum 4% pH 7,4 after which they were sectioned into 
small cubes that were fixed for another 2 hours. Samples were dehydrated in graded series of 
ethanol and embedded in Araldite (CY-212; Serva). Ultrathin sections were counterstained 
with uranium acetate and lead citrate prior to examination in a Philips CM100 electron 
microscope.

real tiMe PCr 
Real-time reverse transcriptase–polymerase chain reaction (RT-PCR) analysis was performed 

(Bio-Rad, Maastricht, Netherlands) to determine transcript with the following primers; iNOS 
(FWD GCA-GCG-GCT-CCA-TGA-CTC-CC, BWD AGG-TGG-TCC-TCC-TCC-GGG-
TG), CD68 (FWD CCA-GCT-GTT-CAC-CTT-GAC-CT, BWD CAA-TGA-TGA-GAG-
GCA-GCA-AG), Arginase1 (FWD CAA-GAC-AGG-GCT-CCT-TTC-AG, BWD GCT-
TAT-GGT-TAC-CCT-CCC-GT), U6 (FWD CGC-TTC-GGC-AGC-ACA-TAT-AC, BWD 
TTC-ACG-AAT-TTG-CGT-GTC-AT), MDA5 (FWD GCC-TGG-AAC-GTA-GAC-GAC-
AT, BWD TTG-GGC-CAC-TTC-CAT-TTG-GT), RIG-1 (FWD AGA-CGG-TTC-ACC-
GCA-TAC-AG, BWD AAG-CGT-CTC-CAA-GGA-CAG-TG), CVB3 (FWD ACG-AAT-
CCC-AGT-GTG-TTT-TGG, BWD TGC-TCA-AAA-ACG-GTA-TGG-ACA-T), TLR3 
(FWD AGC-ATC-AAA-AGA-AGC-CGA-AA, BWD CTT-GCT-GAA-CTG-CGT-GAT-
GT). Data were acquired and analyzed IQ5 software (Bio-Rad, Maastricht, Netherlands).

adhesion assay

Endothelial cells were seeded on μ-slide VI0.4 (Ibidi, Planegg, Germany) and then 
stimulated with TNFα for 24 hours. Blood was isolate from mice and the red blood cells were 
lysed to produce a mixed leukocyte population prior to staining with CFSE. Endothelial cells 
were exposed to leukocytes under shear as previously described 15.

vasCular PerMeability assay

Evans Blue and bead extravasation experiments were performed as previously described 16, 

17 . Briefly, a 1:10 dilution of red fluorescent microbeads (Invitrogen, Fluospheres) was tail vein 
injected. The beads were allowed to circulate for 2 minutes, before intracardiac perfusion of 
1% PFA for 15 minutes. Heart were then dissected, further fixed for 1 hour in 1% PFA, cryo-
embedded, sectioned and then immunostained for VE-Cadherin (R&D Systems). Sections 
were imaged using z-sectioning on a confocal Zeiss LSM700.

eChoCardiograPhiC and eleCtroCardiograM reCordings

Animals were anesthetized and placed in a supine position on a heating pad to keep the 
internal body temperature between 37.5-37.7°C by using a rectal probe. Standard views were 
obtained in 2-D as well as M-mode by transthoracic echocardiography using a 12 MHz probe 
(Hewlett Packard, Amsterdam, the Netherlands) on a Visual Sonics echocardiograph. For 
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electrocardiogram recordings, needle electrodes were inserted under the skin in axillary and 
inguinal positions. When the temperature was stable, an ECG was recorded for 1 min using 
the Powerlab 16/35 equipped with a 16 channel bioelectric amplifier (AD Instruments, United 
Kingdom), and 10 beat measurements of routine ECG parameters, such as RR interval, heart 
rate, PR interval, QRS interval, QT (normal and Fridericia corrected = QTc) interval and JT 
interval duration, Tpeak-Tend, and the amplitudes of the R and T wave, were performed with 
Labchart Pro Version 8 (AD Instruments).

statistiCal analysis

Results represent the mean ± SD unless indicated otherwise. For murine studies, D´Agostino 
and Pearson’s omnibus normality test was performed. Statistical significance was determined 
by unpaired Student’s t test or ANOVA when data was normally distributed. Wilcoxon, Mann-
Whitney or Kruskal-Wallis test was used for non-parametric data as indicated.  Gehan-Breslow-
Wilcoxon or Mantel-Cox test was used for survival analysis. Statistical analyses were performed 
with Prism GraphPad software v5.0 (*p < 0.05), (**p < 0.005), (***p < 0.0001). 
 
Results

absenCe oF sParC inCreases CardiaC inFlaMMation during viral MyoCarditis.
SPARC expression in WT hearts, assessed by immunohistochemistry and immunoblotting, 

initially decreased 5 days after human coxsackie B3 virus (CVB3) injection, but then increased 
significantly at 11 days (Figure 1A-C). Absence of SPARC led to increased mortality (7/12 in 
KO vs. 4/14 in WT at 7 days; p=0.06) (Figure 1D) but did not alter the viral replication cycle 
of CVB3, as cardiac levels did not significantly differ during the onset of cardiac viral infection 
at days 2(Figure 1E). Viral levels were not significantly altered in the KO as compared to WT 
mice at peak viremia (day 5) in either the heart or the spleen, nor were there difference in the 
expression of virus recognition receptors TLR3, RIG-1 and MDA-5 (supplemental figure 1). 
However SPARC null mice had more cardiac infiltration as indicated by H&E staining and 
a higher amount of CD45+ leukocytes present in the heart as compared to WT mice at day 
7 (0.7±0.2% vs 6.8±1.8% for WT and KO respectively; p<0.005 (Figure 1F-G). Adenovirus 
mediated overexpression of SPARC, significantly reduced the CD45+ leukocyte infiltration 
in SPARC null mice to 1.5±0.3% (Figure 1G) almost to WT levels. Circulating troponin 
levels increased significantly following CVB3 administration in KO and WT mice but was not 
changed with SPARC overexpression (Figure 1H). In order to explore the long-term effect of 
SPARC loss on cardiac function after viral myocarditis, SPARC KO and WT mice underwent 
echocardiographic assessments at 4 days, 5-weeks and 9 weeks after viral infection (Table 1). 
Concomitantly a group of KO and WT mice received SPARC systemically for 5 weeks and also 
underwent echocardiographic evaluation at 4 days and 5 weeks (Table 1). Survival was lower 
during first 5 weeks in the KO mice (9/21, 43%) as compared to WT mice (11/14, 72%) and 
dilated cardiomyopathy only occurring in the KO mice at 9 weeks (p=0.02 and p=0.04, for 
fractional shortening and left ventricular systolic dimension respectively). Interestingly in the 
surviving mice at 9 weeks the incidence of conductance abnormalities observed in an ECG 
were higher in the WT than in the KO mice (Table 1, supplemental Figure 3). Though SPARC 
administration did not affect the cardiac function or cardiac dimension in both WT and KO 
mice at 5 weeks it did significantly improve the survival of KO mice (14/15, p=0.009). 
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Figure 1 SPARC is needed to limit cardiac inflammation during viral myocarditis.
(A) SPARC expression initially decreases after CVB3 infection but then increases significantly (n=3). (B) Western 
blot analysis confirms the biphasic response in SPARC levels during viral myocarditis. (C) Quantification of SPARC 
protein levels (n=3,4,5 respectively; *p=0.01, **p=0.005, ***p=0.0007). (D) Survival of SPARC null and WT animals 
during CVB3 infection (mortality: 7/12 in SPARC null versus 4/14 in WT, p=0.06). (E) Cardiac CVB3 levels are 
similar in both genotypes (n=4). (F) H&E staining showing difference in myocyte necrosis and cellular infiltration 
between WT and KO animals. (G) CD45 staining and quantification of left ventricular sections 7 days after CVB3 
injection showing increased cardiac leukocytes in SPARC KO hearts (**p=0.004, n≥10 per group). Adenoviral 
overexpression of SPARC in null mice significantly reduced the amount of CD45+ infiltration in the heart (n≥7 
per group).   (H) ELISA for serum troponin levels revealed increased troponin levels in response to viral exposure 
without any difference between both genotypes (n=4,7,6 respectively;*p=0.04,**=0.01,***0.0005) All images shown 
are representative, Scale bar: 200 µm.

sParC regulates leukoCyte reCruitMent during viral MyoCarditis but does not 
direCtly Control leukoCyte ProliFeration or adhesion.

FACS analysis of circulating leukocytes showed no changes between SPARC WT and null 
mice in the amount or distribution of leukocytes either at baseline (Figure 2A) or after CVB3 
infection (Figure 2B). However, FACS analysis of the cardiac leukocyte population 4 days 
post infection, when there is onset of inflammation but when mortality is not yet observed, 
confirmed a rapid recruitment of innate immune cells in mice lacking SPARC (Figure 2C-D). 
The absolute amount of monocytes and granulocyte populations in the heart were significantly 
higher in SPARC KO as compared to baseline, which was not the case for WT mice (p<0.05, 
Figure 2C and 2D, respectively). CVB3 infection resulted in a concomitant increase in the 
cardiac CD3+ lymphocytic presence at day 7 (p=0.08, 10 vs 22 cells per mm2 for WT and 
SPARC null mice respectively, Supplemental Fig.2A). Though the absence of SPARC affected 
the CD3 infiltrate in the heart in vivo, SPARC null CD4+ or CD8+ lymphocytes were equally 
distributed as demonstrated by FACS analysis of the leukocyte fraction (Figure 2E). In vitro 
splenic KO lymphocytes proliferated equally well as WT cells and the suppressive capacity 
of T-regulatory cells was comparable (Supplemental Fig.2B). Nor was there a difference in 
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the relative amount of M1 and M2 markers between KO and WT mice in the heart at day 
7 (Supplemental Fig. 2C-D). Finally in order to assess whether SPARC absence affects the 
adhesion of leukocytes to endothelial cells, we performed in vitro adhesion assay under static 
conditions and under flow. Freshly isolated leukocytes from KO and WT mice adhered equally 
well to TNFα stimulated cardiac microvascular endothelial cells (Figure 2F-G).

Figure 2 Absence of SPARC results in faster leukocyte recruitment to the heart.
(A) FACS analysis of circulating leukocytes (CD45), monocytes, granulocytes, and lymphocyte populations shows no 
differences between SPARC null and WT mice at baseline or (B) 4 days after injection with CVB3 (n≥5 per group). 
(C) Cardiac monocytes and (D) granulocytes were significantly increased in the SPARC null mice though not in the 
WT mice, 4 days after CVB3 infection (*p≤0.01; n≥5). (E) The percentage of CD4 and CD8 T-lymphocytes did not 
differ between WT and KO mice (n=4 per group). (F-G) Furthermore, neither static nor flow adherence of WT versus 
KO leukocytes differed (n=3 per group for flow, n=5 per group for static).

sParC Modulates leukoCyte adhesion and endothelial barrier integrity.
In order to further elaborate on how SPARC affects leukocyte recruitment in vivo, we 

performed intra-vital microscopy of the microvasculature in the cremaster muscle. This allows 
the visualization of the microvessels and can be used for the assessment of leukocyte adherence, 
rolling and velocity 18 (Figure 3A-B). Lack of SPARC did not affect the number of adherent 
cells itself (Figure 3C), though the number of rolling leukocytes after TNFα was reduced 
(Figure 3D). The adhesion efficacy - seen as the percentage of adhering cells over total rolling 
cells 19 – was significantly increased in SPARC null mice, with a 8.6-fold increase in SPARC 
null mice versus a 4-fold increase in SPARC WT mice after TNFα stimulation (p<0.05) 
(Figure 3E). Furthermore, TNFα stimulation reduced the velocities of individual leukocytes 
in WT mice (p<0.0001, Figure 3F-G). Leukocyte velocities were also significantly reduced 
in SPARC null mice as compared to WT both at baseline (p<0.0001, Figure 3F) and further 
reduced after TNFα stimulation (p<0.001, Figure 3G). Importantly, injection of recombinant 
SPARC restored the observed alterations in the SPARC null mice, both at baseline and upon 
TNFα stimulation (p<0.0001). 

sParC is Present in the endothelial glyCoCalyx.
SPARC co-stained with the endothelium specific proteins CD31 and VCAM-1 in CVB3-

infected hearts (Figure 4A). Furthermore it co-localized with Wheat Germ Agglutinin, staining 
lectins of the microvasculature and did not co-localize on CD45+ leukocytes. The glycocalyx, 
which consists of proteoglycans, glycoproteins and glycolipids, regulates vascular permeability 
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and hence plays a central role in modulating the influx of inflammatory cells under homeostasis 
as well as pathophysiological conditions 20-22. Electron microscopy of the glycocalyx revealed 
either absence or a severely damaged glycocalyx of both capillaries and arterioles in the heart 
of KO mice, whilst a normal glycocalyx was visible in their WT littermates (Figure 4B). The 
defect in endothelial glycocalyx composition in SPARC null animals was confirmed Using 
GlycoCheck Measurement Software (p<0.05, Figure 4C). Finally, SPARC was detected in a 
pull down of cardiac endothelial cells using heparin-sepharose beads (Figure 4D), confirming 
the expression of SPARC in cardiac endothelial cells and the interaction between SPARC and 
heparan sulfates, a characteristic of glycocalyx components 23, 24. 

Figure 3 Absence of SPARC results in increased leukocyte-endothelial interactions.
 (A) Using intra-vital microscopy of the cremaster muscle, the number of adherent leukocytes (B), was measure 
in SPARC null and WT animals. (C) No differences were observed in the number of adherent cells (D) though 
a significantly lower amount of leukocytes were rolling in the SPARC KO mice. (E) Adhesion efficacy, calculated 
by dividing the number of adherent leukocytes by total rolling leukocytes, was significantly higher in SPARC KO 
animals. (F) Cumulative frequency distribution of leukocyte velocities show significant differences between the 3 
groups before and after (G) TNFα (KO vs WT ***p=0.0001; KO+SPARC vs KO #p=0.0003). 
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Figure 4 SPARC is present within the endothelial glycocalyx. 
(A) SPARC showed positive staining in blood vessels coinciding with WGA (glycoproteins and proteoglycans stain), 
CD31 and VCAM-1 but not with CD45+ leukocytes during viral myocarditis. All images shown are representative, 
scale bar: 50µm. (B)Electron microscopic imaging of cardiac capillaries and arterioles demonstrating compromised 
endothelial glycocalyx in heart sections of SPARC null mice (scale bar: 500nm). (lu: Lumen, gly: glycocalyx, ec: 
endothelial cell). (C) in vivo Glycocheck measurement in SPARC WT and null animals confirmed worse glycocalyx 
integrity in the absence of SPARC (*p=0.04; n≥8 per group). (D) Pull down of SPARC with protein A/G heparin 
coated sepharose beads in a cardiac endothelial cell lysate. 

sParC and the endothelial glyCoCalyx are essential For Maintaining barrier 
ProPerties during viral MyoCarditis.

Intra-vital microscopy of the cremaster microvessels allows for the study vascular 
permeability by quantifying the extravasation of fluorescently labeled Dextrans. Capillary 
leakiness due to TNFalpha was significantly higher in SPARC null as compared to WT mice 
(p>0.005, Figure 5A-B). Interestingly, administration of recombinant SPARC significantly 
rescued the vascular leakiness observed in SPARC null animals (Figure 5A-B). To corroborate 
our finding in the cremaster to the microvasculature of other organs, two independent analyses 
of vascular permeability were performed. Evaluation of Evans blue uptake in various organs 
after systemic flushing showed that KO mice had higher amounts of Evans Blue in the heart, 
lung and liver as compared to WT mice but not in the spleen or skin (Figure 5C). Furthermore 
qualitative analysis of systemically injected microspheres shows higher amounts of beads in 
the cardiac environment of KO as compared to WT mice (Figure 5D). As a proof of concept, 
intra-vital microscopy was performed in WT mice where the glycocalyx was damaged 13, 25.  
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Degradation of the glycocalyx by injection of hyaluronidase resulted in reduced leukocyte 
velocities (p<0.001, Figure 6A) and increased vascular leakiness (p>0.0005, Figure 6B-C). 
Again, increasing circulating levels of SPARC after enzymatic degradation of the endothelial 
surface layer restored leukocyte velocities and microvascular leakiness back to baseline values 
(Figure 6A-C). Finally, hyaluronidase-mediated degradation of the glycocalyx was performed in 
WT mice prior to CVB3 infection. Hyaluronidase treatment significantly increased the cardiac 
infiltration (Figure 6D) and CD45+ content of the heart 7 days after viral infection (4±1% in 
control vs. 9±2% in hyaluronidase treated; p<0.05) (Figure 6E-F). Similarly to when SPARC 
is absent, hyaluronidase treatment did not affect the viral levels during the viremic phase (day 
2, Figure 6G). Finally, to validate changes in endothelial glycocalyx during viral myocarditis 
levels of circulating hyaluronan were measured following CVB3 infection. Hyaluronan levels 
increased significantly 7days after viral infection (p<0.05, Figure 6H). 
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Discussion
The present study demonstrates that the extracellular matrix protein SPARC is an essential 

regulator of microvascular barrier function via the endothelial glycocalyx, as leukocyte adhesion 
and vascular permeability increase when the endothelial barrier is compromised, either by 
lack of SPARC or by enzyme treatment of its major components (hyaluronans). Finally, these 
alterations in glycocalyx integrity result in increased cardiac inflammation and injury during 
viral myocarditis. 

The composition of the glycocalyx is controlled by multiple factors and requires a timely 
balance between synthesis (sheer stress) and degradation (inflammation). Though little is 
known about the regulation of the glycocalyx, there is growing appreciation of its importance 
in organ homeostasis and disease. Numerous studies show that changes in shear stress, hypoxia, 
hyperglycemia, oxidized LDL or inflammation can induce glycocalyx perturbation and hence 
contribute to the vascular dysfunction observed in sepsis 26, acute respiratory syndrome 27, 
albuminuria 28, atherosclerosis 29, diabetes 30 and obesity 14. 
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This study is the first to implicate glycocalyx perturbations during viral myocarditis yet 
changes in myocardial glycocalyx have been observed in other cardiac pathologies such as 
ischemia-reperfusion injury 31, excessive oedema 32 and cardiogenic shock 33. Furthermore 
a recent review about the cardiovascular manifestations of dengue fever, suggested that 
alterations in glycocalyx might contribute to the capillary leakiness observed during infection 
and contribute to the myocarditis observed 34. The glycocalyx is a challenging entity to study 
due to its fragility and the difficulty in preserving its delicate structure. Using methodologies 
were the glycocalyx remains better intact we were able to observe that SPARC is needed for 
an intact glycocalyx. The need to have SPARC for proper endothelial glycocalyx composition 
has not been identified before, though in vitro studies have shown that SPARC can bind to 
albumin 35, which itself can regulate glycocalyx integrity 28. Glycoproteins have been suggested 
as important ‘backbone’ molecules for the glycocalyx structure 36 and therefore it is possible 
that the limited glycocalyx in the SPARC null mice is due to a lack of glycocalyx anchoring 
rather than an impaired glycocalyx synthesis. Recent studies also show significant increases in 
plasma SPARC levels in patients with diabetes and coronary artery disease 37, 38 where increases 
of hyaluronan have also been described 39, 40. 

Schmidt et al recently demonstrated the importance of the glycocalyx in affecting 
leukocyte adhesion as enzymatic treatment with heparanase compromised the glycocalyx and 
led to increased neutrophil adhesion 41. Here we show that a disrupted glycocalyx either by 
the absence of SPARC or enzymatic treatment also results in higher capillary permeability 
and hence increased extravasation. In vitro experiments suggest that leukocyte-derived SPARC 
facilitate leukocyte transmigration across an endothelial monolayer 42, and that applied SPARC 
induced changes in the endothelial cytoskeleton 43. However, in vitro studies performed under 
static culture conditions, do not express a robust glycocalyx and hence cannot be used to assess 
the contribution of the glycocalyx to leukocyte-endothelial interactions. Our data are in line 
with previous in vivo studies where absence of SPARC resulted in increased inflammation and 
leukocyte recruitment during peritonitis 44, bleomycin lung injury 44, 45 and hypersensitivity 
46, though no study up to now has explored the role of SPARC on vascular permeability in 
vivo. Interesting systemic administration of SPARC restored endothelial barrier properties, 
and reduced the adverse inflammation. During myocarditis systemic SPARC rescued KO mice 
survival though it did not affect the amount of myocyte cell injury as measured by troponin 
levels. These data suggest that infiltrating leukocytes brings on acute mortality during viral 
myocarditis, but that inflammatory dilated cardiomyopathy develops progressively. Similarly 
to the clinical scenario dilated cardiomyopathy was not present in all CVB3 infected mice at 
9 weeks. However we did observe dilated cardiomyopathy in more KO mice than WT mice. 
Interestingly, KO mice that received SPARC during the first 5 weeks following viral infection 
had a trend to better cardiac function at 9 weeks as compared to KO mice that had not received 
SPARC at all (29.7±7%, vs 26.4±7% FS respectively, p=0.14). These data are in line with other 
studies showing that limiting the cardiac infiltration during the acute phase improves the long 
term function 47.

Collectively, our data identify SPARC as crucial component of the endothelial barrier 
and thus prevents pathological cardiac inflammation. SPARC may therefore represent a novel 
therapeutic tool to repair or maintain endothelial barrier integrity, not only during viral 
myocarditis and but also in other diseases where the endothelial barrier is compromised such 
as septic shock, ischemia or diabetes. 
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Hyaluronan

VCAM1VCAM1VCAM1

Proteoglycan

Heparan sulfate
Chondroitin sulfate

SPARC

Adhesion molecules

MonocyteNeutrophil

Endothelial cell

Normal Myocarditis

Glycocalyx
CVB3

Figure 7 Scheme illustrating the proposed function of SPARC maintaining endothelial barrier 
function during viral myocarditis.
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suPPleMentary Figure 2
(A) CD3 staining and quantification 
showing an increase T-lymphocyte 
presence in SPARC KO hearts, n≥10 
per group). Adenoviral overexpression 
of SPARC in null animals significantly 
reduced the amount of CD3+ 
infiltration in the heart (n≥7 per 
group). (B) Activation of CD4 (CD4+, 
CD25-) and CD8 T-lymphocytes with 
expander beads showed that absence of 
SPARC did not alter the proliferation 
of T-cells, nor the suppressive capacity 
of the regulatory T-cells (n=3). (C-D) 
INOS and Arginase-1 transcript levels 
did not differ between both genotypes 
(n≥4).

suPPleMentary Figure 1
(A)There were no differences in the 
transcript levels of CVB3 between 
SPARC WT and KO mice in the 
heart or the spleen 4 days after viral 
infection. (B-D) Also, no differences 
were found in the expression of virus 
recognition receptors TLR3, RIG-1 
and MDA5 upon viral exposure (n=5).
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Representative ECG of healthy mouse Representative ECGs of VM mice

deep Q-wave

A B

Negative T-wave

suPPleMentary Figure 3
(A)Representative ECG of a healthy mouse and examples of observed abnormalities, in WT mice such as (B) negative 
T-waves or deep Q-waves.
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Abstract 
Rationale and Objective: The involvement of cardiac inflammation in the development 

of heart failure has been recognized for some years now. Optimal healing after myocardial 
infarction requires not only its induction but also its timely resolution. Here we investigate 
whether Semaphorin3A regulates cardiac inflammation and hence represents a novel 
therapeutic target for ischemic heart disease.

Methods and Results: Expression of Sema3A increased in response to myocardial ischemia 
in mice from day 3-post myocardial infarction and was expressed predominantly by leukocytes.  
Subsequently, Semaphorin3A heterozygote and wild type mice were subjected to myocardial 
infarction. Whilst infarct sizes were similar 14 days after infarction, infarct thickness and 
fractional shortening were significantly reduced in Semaphorin3A heterozygous mice as 
compared to their wild type littermates (11±2% vs 17±2% respectively, p<0.05). Furthermore, 
significantly more CD45 positive cells were present in the infarcted area in the heterozygotes 
as compared to wild type hearts, with no differences in cardiac blood vessel density, fibrosis 
or cardiomyocyte cross sectional area. Reduced Semaphorin3A also resulted in increased 
cardiac inflammation in the coxackie-B3 myocarditis model. In vitro experiments showed that 
stimulation with recombinant protein Semaphorin3A retards the migration of monocytes, 
induces the apoptosis of classical macrophages, promotes their polarization to resolution-phase 
macrophages and enhances their efferoctytic ability. Finally, in cardiac tissue from the mouse 
model of myocardial infarction Semaphorin3A heterozygous mice had lower expression of 
apoptotic markers as well as markers for resolution-phase macrophages.

Conclusion: Collectively our data demonstrates that Semaphorin3A reduces cardiac 
inflammation and improves cardiac function after myocardial infarction by promoting the 
resolution of inflammation. 
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Introduction
The improved clinical management of acute myocardial infarction (AMI) has resulted 

in a substantial reduction in mortality, yet this has led to the increased prevalence of heart 
failure and represents a huge socio-economic burden 1.  Cardiac inflammation in response to 
ischemia is key for repairing the damaged myocardium yet sustained inflammation results in 
adverse remodeling and consequently poor cardiac function and prognosis 2. Thus post-infarct 
inflammation is a double edge sword needing containment via the timely clearance of recruited 
pro-inflammatory leukocytes 3. The recruitment of pro-inflammatory monocytes (LyChi) 
has been well characterized 4 but little is known about factors that switch off inflammation. 
Recent studies have introduced the possibility that the transition to repair is not solely driven 
by the recruitment of reparative monocytes (LyClow) from the circulation but suggest that 
local factors may be key in promoting resolution from within the heart 5. Understanding the 
molecular mechanisms that underline the transition to repair is important in designing new 
effective therapeutic strategies. 

Semaphorin 3A (Sema3A) is a secreted glycoprotein first identified as a chemo-repellent 
during axonal guidance,6 and crucial for embryonic development 7, 8. In addition to its 
involvement in cell motility9 and neuronal-vascular growth 10, 11, Sema3A has also been 
ascribed tumor-reducing capacities 12 and anti-inflammatory properties during dermatitis 
13, autoimmune arthritis 14 and kidney injury 15. Sema3A is also a potent suppressor of 
T-lymphocyte activity 16-19. In the failing heart, Sema3A is expressed by cardiomyocytes and 
is thought to contribute to the sympathetic denervation in chronic heart failure 20, yet its 
function during cardiac inflammation is unknown. In this study, we identify Sema3A as a key 
factor in promoting the resolution of inflammation thereby facilitating cardiac wound healing 
and improving cardiac function. 

Material and Methods
aniMals

For this study sema3A heterozygote knock out (HZ) mice and Wild type (WT) mice 
were used, and were a gift from dr. J. Verhaagen, Netherlands Institute for Neuroscience, 
Amsterdam. All animal experiments were approved by the Animal Care Committees of 
Maastricht University (DEC 2007-051/2013-055) and Leuven University (ECD 232/2013). 
Mice were age-matched at the start of the experimental protocol and experiments were 
performed using both male and female mice at random. 

Myocardial Infarction Model
Myocardial infarction was induced by ligation of the left anterior descending artery after 

subcutaneously anaesthetizing the animals with a mix of ketamine xylazine, respectively 100 
mg/kg and 5 mg/kg subcutaneously in a volume of 0,1 ml 0,9% NaCl/10 gram bodyweight. 
After anesthetizing, the animals were intubated with a 20-gauge intra-tracheal cannula. Rectal 
temperature was constantly measured during the procedures. After shaving the animals, an 
incision was made microscopically. As a clear view of the left coronary artery is reached, the left 
anterior descending artery was ligated. After successful ligation of the left anterior descending 
artery, the wound was closed with soluble stitches. Sham operations included all procedures 
except ligation of the left anterior descending artery. Echocardiography was performed prior 
to sacrifice at 2 weeks post myocardial infarction. Heart, lung, kidney and liver weights were 
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measured. The left ventricle was separated from the heart and divided for histological and 
molecular analyses. Heart tissue for molecular analyses was immediately placed in liquid 
nitrogen, and stored at -80ºC. 

eChoCardiograPhy

To gain echocardiographic images, the animals were anesthetized by ventilation with 
isoflurane 3-4%. The anesthesia was maintained by artificially ventilating with a mixture of 
O2 and N2O [1:2 (vol/vol)] to which isoflurane 1.5-2.5% was added. Standard views were 
obtained in 2-D as well as M-mode by transthoracic echocardiography using a 12 MHz probe 
(Hewlett Packard, Amsterdam, the Netherlands) on a Visual Sonics echocardiograph.

viral MyoCarditis Model

Eight to 12-week old Sema3A HZ and WT mice were inoculated intra-peritoneal (i.p.) 
with 1×107 cell culture 50% infective dose (CCID50) of CVB3 (Nancy Strain) diluted in 
0.2mL of saline on day 0. All animals were anaesthetized with an i.p. injection of Xylazine 
(10mg/kg) and Ketamine (100mg/kg) and sacrificed by cervical dislocation 4 or 7 days after 
CVB3 infection. Organs were excised for further molecular and histological analysis. 

staining and iMMunohistoCheMistry

Hearts were perfused from the apex with phosphate buffered saline (PBS), fixed overnight 
and processed the following day, before being embedded in paraffin. The embedded left 
ventricle was cut longitudinally in 4 μm sections to optimally demonstrate the infract area. 
Sections were stained with hematoxylin/eosin for detection of infarct size and thickness. 
Collagen was stained on cardiac sections using Sirius Red, and the amount of collagen 
was quantified. Immunohistochemistry on paraffin sections was performed according to 
protocol using antibodies against CD45 (leukocytes), CD68 or Mac-3 (macrophages) CD31 
(endothelial cells) and sema3A and quantified in the infarct area. Images were acquired using 
Leica Qwin image processing software (Leica, Germany).

Western blot

Tissues were lysed in RIPA SDS (50mM TrisHCl, 150mM NaCl, 0.1% SDS, 0.5% 
sodium deoxycholate, 1% NP40, Proteinase Inhibitor Cocktail, Roche, 11697498001 and 
0.5mM Orthovandedate) after which the protein concentration was determined using a Micro 
BCA Protein assay kit (Thermo Scientific, lot# MJ162220). Samples were diluted to a final 
concentration of 2ug/ul after which two times sample buffer (25ml 0.5M TrisHCl, 20ml 
100% glycerol, 20ml, 20% SDS, 35 ml Aqua Dest with 1:10 β-Mecarptoethanol) was added 
to protein samples 1:1. Cells were directly lysed in sample buffer. For western blot analyses 
20ug protein was loaded on a 10% gel (4ml Aqua Dest, 3.3ml 30% AcrylBisAmide, 2.5ml 
1.5M TrisHcl pH8.8, 0.1ml 10%SDS, 0.004ml TEMED). SDS PAGE was performed at 
150V for approximately 90 minutes after which the gel was transferred to a PVDF membrane 
by blotting at 200mA for 2 hours. Membranes were blocked with 3.5% protifar for 1 hour. 
Overnight primary antibody incubation was performed in 5% BSA with antibodies against 
Semaphorin 3A (Abcam, ab23393), Cleaved Caspase 3 (Cell Signaling Technology (CST) 
#9664S), BCL2 (Cell Signaling Technology (CST) #2870S), GAPDH (Milipore, MAB374). 
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rtPCr
Real-time reverse transcriptase–polymerase chain reaction (RT-PCR or QPCR) 

analysis was performed (Bio-Rad, Maastricht, Netherlands) to describe transcript 
levels of sema3A (forward primer CGGTGGCTCAATGATCCTAGA, reverse 
primer TTTGTCATCTTCAGGGTTGTCACT at 63.9°C), CVB3 (forward primer 
ACGAATCCCAGTGTGTTTTGG, reverse primer TGCTCAAAAACGGTATGGACAT 
at 63.9°C), GAPDH (forward primer GGTGGACCTCATGGCCTACA, reverse primer 
CTCTCTTGCTCAGTGTCCTTGCT at 63.9°C). The primers sequences of these genes 
were determined by NCBI software analysis of Primer BLAST. Details of sequences and 
thermal cycle conditions are according to protocol. Data were acquired and analyzed IQ5 
software (Bio-Rad, Maastricht, Netherlands).

MonoCyte isolation ForM Murine sPleens

Spleens were collected from sema3A WT and HZ mice and cut into small pieces. With 
the back of a syringe the spleen was pushed through a 70 µm Cell Strainer (BD Falcon) while 
rinsing with ice cold PBS. After collection the cells in a 50 ml tube they were spun down. A 
single cell suspension was obtained by dissolving the cells in 1 ml ice cold PBS which and 
followed by manual counting of cell with the use of a Burker Turk Counting chamber. Cells 
were spun down again and dissolved in the appropriate volume of PBS for MACS miltenyi 
monocyte isolation. Monocytes were isolated using mouse CD11b Microbeads (Miltenyi) and 
MACS LS separation columns (Miltenyi) according to manufacturer’s protocol. After isolation, 
monocytes were labeled using CFSE (CellTrace™ CFSE Cell Proliferation Kit) according to 
manufacturer’s protocol.

CheMotaxis assay or boyden ChaMber assay

250.000 monocytes were seeded onto the upper chamber fluoroblok inserts (Falcon, 
Fluorescence Blocking PET track-etched membrane 24-well format) in 200 µl, while 700 µl of 
phenol free RPMI containing either sema3A or fMLP was filled into the lower one. Monocyte 
migration was monitored by acquiring six microscopic images per well, avoiding the center 
and edges of the well. These images were taken at 1, 2 and 4 hours for spontaneous migration, 
and 4 hours for comparing WT and HZ monocyte chemotaxis. Images were analyzed using 
ImageJ software.  

bone MarroW derived MaCroPhages isolation

Both tibia and femurs were collected form Sema3A WT mice in ice cold PBS and stripped 
from muscles. After placing the stripped bones in 70% Ethanol for approximately 45 seconds 
they washed again with PBS after which the ends were cut off and the inner bone marrow was 
flushed out with a 25G syringe filled with cold PBS. After flushing all the bones a single cell 
suspension was obtained by pushing the suspension through a 100µm Nylon cell strainer. Cells 
were spun down at 1200 rpm and placed in bacterial plates in RPMI 1640 with 15% LCM for 
culture and differentiation for approximately 8 to 10 days, adding or replacing medium every 
2-3 days. Experiments were performed after differentiation of 8-10 days. Cells were counted 
using a Burker Turk cell counting chamber and 400.000 cells seeded in 12-wells plates. The 
cells were stimulated the next day after the cells had adhered to the plastic. At the end of the 
experiments the cells were directly harvested in RLT buffer for RNA isolation, and sample 
buffer for immunoblotting.
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eFFeroCytosis assay

Macrophages (200.000) were seeded in 24-well tissue culture plate and polarized with 
either 10ng/ml LPS and 10ng/ml INF-γ or 10ng/ml IL-10 with and without presence of 
150ng/ml recombinant sema3A. Jurkat-cells were cultured in 10mm dishes in RPMI 1640 
with 10%FBS. Jurkat-cells were stained with CFSE (CellTrace™ CSFE (Cat. no. C34554), Life 
Technologies), according to the protocol supplied by the manufacturer. Briefly, cells were spun 
down and incubated with CFSE labeling solution (1:1000 in warm PBS) for approximately 
15 minutes at 37 degrees Cº. Subsequently, they were re-pelleted and incubated in fresh pre-
warmed medium for another 30 minutes. After washing the cells with PBS they were counted 
and re-suspended in 10ml medium in a 10mm dish. Irradiating the cells for 5 min with 
1200x100µJoule/cm2 induced apoptosis in the Jurkat cells. To ensure homogenous exposure 
the plate was swirled every 60 seconds. The irradiated cells were incubated for another 2 hours 
after which they were seeded in a 1:1 ratio on top of the seeded macrophages and incubated 
with the polarized macrophages for approximately 45 minutes. Afterwards they were removed 
and the macrophages washed twice with ice cold PBS and fixed with 1% Paraformaldehyde for 
10 minutes. Cells were then washed again with PBS after which images were taken immediately. 

statistiCal analysis

Data were expressed as mean ± SEM. No repeated measurements were performed. 
Echocardiograph measurements and histological and molecular analysis in sham operated and 
infarct groups were performed in independent groups. Normal distribution of all continuous 
variables was tested using the method Kolmogorov and Smirnov. An unpaired T-test was used 
in most of the comparisons when groups passed the normality test. However, a Mann-Whitney 
test was used when the standard deviations of two groups were significantly different. A two 
sided P value < 0.05 was considered statistically significant. 
 
Results

seMa3a exPression inCreases during MyoCardial inFarCt healing 
Three days after myocardial infarction Sema3A gene expression increased significant in the 

areas bordering the infarcted tissue (p<0.05), returning back to baseline levels after 14 days 
(Fig.1A, p<0.005). In the infarcted area expression of Sema3A transcripts increased significantly 
only at 14 days after infarction (Fig.1B, p<0.001). Concomitantly, Sema3A expression was 
observed predominantly in the border zone and not in the infarcted area at 3 days (Fig. 1C), 
whilst at 14 days Sema3A expression was concentrated within the infarct (Fig. 1D). While 
sema3A co-localized with some CD31 positive capillaries (Fig. 1E) at 14 days, sema3A was 
detected on infiltrated leukocytes and specifically on the resident macrophage population. 
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Figure 1 Sema3A expression 
increases during infarct healing 
and is present on macrophages.

(A) RNA Sema3A expression increased 
significantly in the border zone three 
days after myocardial infarction (*p < 
0.05, **p < 0.01, n ≥ 4). (B) Fourteen 
days after ischemic injury, the expression 
also increased in the infarcted area (***p 
< 0,001, n ≥ 4). (C-D) The expression of 
sema3A in both the infarct and border zone 
was confirmed by immunohistochemistry. 
Where sema3A expression predominated 
in the border zone 3 days after MI, 
fourteen days after MI the increased 
expression in the infarct became more 
apparent. Immunofluorescence further 
revealed sema3A location on microvessels 
but most importantly on leukocytes and 
macrophages (E).  All experiments were 
repeated at least twice. Scale bar: 50 µm. 

table  1 Echocardiography at baseline and 14 days post-MI.

Sham 14 days post-MI

WT
n=8

HZ
n=10

WT
n=13

HZ
n=14

IVSd (mm) 0.8 ± 0.02 0.8 ± 0.04 0.6 ± 0.06 0.5 ± 0.05£

LVPWd (mm) 0.8 ± 0.02 0.8 ± 0.02 0.8 ± 0.04 0.7 ± 0.04

LVIDd (mm) 3.9 ± 0.07 3.9 ± 0.07 4.9 ± 0.2£ 4.6 ± 0.1£

LVIDs (mm) 2.7 ± 0.05 2.8 ± 0.07 4.1 ± 0.2£ 4.0 ± 0.1£

FS (%) 30 ± 0.5 30 ± 0.8 17 ± 1.9£ 11 ± 1.6*£

Heart rate (bpm) 543 ± 55 576 ± 27 580 ± 22 597 ± 15

IVSd, interventricular septum diastole; LVPWd, left ventricular posterior wall diastole; LVIDd, 
left ventricular internal diameter diastole; LVIDs, left ventricular internal diameter systole; FS, 
fractional shortening; MI, myocardial infarction

£ p<0.05 sham versus MI
* p<0.05 Sema3A WT vs HZ post-MI 
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seMa3a reduCes CardiaC inFlaMMation aFter MyoCardial injury

Sema3A Knockout mice are embryonically lethal 7. Therefore, Sema3A WT and HZ mice 
were subjected to the mouse model of myocardial infarction (Fig. 2A). Though mortality 
and infarct size between both genotypes were similar (Fig. 2A-C), fractional shortening was 
significantly reduced in Sema3A HZ as compared to WT mice (p<0.05, Fig. 2D, table 1). 
Furthermore no significant differences in collagen content, cardiomyocyte hypertrophy or 
capillary density were seen within the infarcted area between genotypes (Table 2). However, 
the amount of CD45-positive leukocytes was significantly greater in Sema3A HZ than in WT 
mice in the border zone at 3 days, but did not differ in the infarct zone (p<0.005, Fig. 2E-F).

 

Inversely, at 14 days post MI a significant greater number of CD45-positive leukocytes 
was observed in the infarct zone of sema3A HZ mice as compared to WT mice but not in the 
border (p<0.001, Fig. 2G-H).  Finally, more macrophages were present in the infarcted area of 
the sema3A HZ mice as compared to WT mice at 14 days (p<0.005, Table 2). 

Sema3A expression was observed on the cardiac leukocytes and macrophages in a second 
model of cardiac injury (the murine model of viral myocarditis, Fig. 3A).  In addition, Sema 
HZ mice had a greater degree of cellular infiltration after 7 days (p<0.05, Fig. 3B), though viral 
gene expression in the heart was similar during the viremic phase of disease (data not shown). 
Finally, Sema3A HZ mice had increased cardiac leukocytes and macrophages as compared to 
WT mice (p<0.05,Fig. 3C-D). 
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Figure 2 Sema3A regulates inflammation during infarct healing.
(A) Coronary artery occlusion in sema3A WT and HZ mice did not result in a difference in mortality. (B-C) 
Despite comparable infarct sizes between both groups, sema3A HZ mice showed worse cardiac function with 
decreased fractional shortening (D, *p < 0.05, n ≥ 13). The number of recruited immune cells was determined by 
immunohistochemical staining for both the infarct and the border zone, three and fourteen days after MI. (E) Sema3A 
HZ had more leukocytes in the border zone three days after ischemic injury as compared to WT (**p < 0.01, n ≥ 4. 
(F) Fourteen days after infarction the increased presence of leukocytes in sema3A HZ mice was also apparent in the 
infarct area. (***p < 0.001, n ≥ 9)  All experiments were repeated at least twice.    
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Figure 3 Sema3A regulates inflammation during viral myocarditis.
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relative to WT mice seven days after viral exposure and the quantification of staining ( **p < 0.01, n ≥ 11). (C) Increased 
immune infiltration in Sema3A HZ mice was confirmed by the greater presence of CD45 positive leukocytes and (D) 
and macrophages (*p < 0.05, n ≥ 11). Scale: 50 µm 
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Figure 4 Sema3A inhibits chemotaxis 
and promotes pro-inflammatory 

macrophages clearance by inducing 
apoptosis.

The migratory capacity of isolated splenic 
monocytes was assessed using a Boyden 
Chamber Assay for chemotaxis. (A) The 
migratory capacity of sema3A WT and HZ 
monocytes towards the chemoattractant 
fMLP1 revealed the decreased migratory 
capacity in sema3A WT monocytes as 
compared to HZ (*p < 0.05, ***p < 0.001, 
n = 4). (B) Sole presence of sema3A in the 
lower chamber significantly confirmed 
decreased migration by inhibiting 
spontaneous migration of monocytes (*p 
< 0.05, n = 4). (C) Bone Marrow Derived 
Macrophages were isolated and polarized 
for 24 hours in the presence of either IL-10 
or LPS in combination with INFγ towards 
M2 and M1 respectively. Stimulation of 
M1 with sema3A resulted in a decreased cell 
density as compared to M2 cells. Western 
blot analyses (D) and quantification (E, F) 
for Cleaved Caspase 3 (CC3) and BCL-
2 revealed the decreased cell density in the 
M1 as a consequence of increased apoptosis 
(**p < 0.01, n = 3). Western blot analysis 
(G) and quantification (H) revealed clear 
presence of CC3 in WT myocardial infarcts 
that could not be detected in HZ mice 
(n = 6).
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seMa3a is CruCial For Constraining MonoCyte reCruitMent and induCing Pro-
inFlaMMatory MaCroPhage aPoPtosis

In vitro chemotaxis experiments addressed whether sema3A could regulate monocyte 
migration. Isolated primary monocytes from HZ mice migrated significantly faster towards 
the chemoattractant fMLP than WT monocytes (p<0.001,Fig. 4A). In parallel, the presence of 
recombinant sema3A protein in the bottom of a Boyden chamber impeded the migration of 
WT monocytes (p<0.05, Fig.4B). Bone marrow derived macrophages were polarized towards 
an anti-inflammatory (alternative-Mφ, M2) phenotype or towards a pro-inflammatory 
(classical-Mφ, M1) phenotype 21, prior to stimulation with recombinant Sema3A. Stimulation 
with recombinant Sema3A of the polarized cells resulted in a visible decrease in cell density 
in the pro-inflammatory classical-Mφ (M1) but not in the alternative-Mφ (M2) (Fig. 4C). 
Furthermore, stimulation with Sema3A significantly increased the levels of apoptotic markers 
cleaved caspase-3 (CC3) and BCL2 in the classical-Mφ but not in alternative-Mφ (p<0.01, 
Fig. 4D-E). Finally, Sema HZ mice had no detectable CC3 protein expression in the infarcted 
area, which was detectable in the infarcts of WT mice at 14 days post MI (Fig. 4F). 
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Figure 5 Immune resolution is promoted by sema3A via selective induction of a phenotypic switch 
in pro-inflammatory macrophages towards resolution-phase-macrophages.

Bone Marrow Derived Macrophages were isolated and polarized for 24 hours towards M1 with and without the 
presence of sema3A. (A-C) The expression of iNOS, IL-10 and YM1 increased significantly in response to stimulation 
with sema3A (*p < 0.05, ***p < 0.001, n = 3). Interestingly, the addition of sema3A resulted in a marked induction 
of COX2 transcript levels (D) and protein levels (E) (***p < 0.001, n = 3). Clearance of apoptotic cells by means 
of efferocytosis was assessed in vitro. Fluorescently labeled apoptotic Jurkat-cells were fed to M2 and M1 with and 
without the presence of sema3A. As expected, M2 were significantly better at clearing apoptotic Jurkat-cells than M1 
(F, G). Remarkably, addition of sema3A to M1 resulted in a significant increase in the percentage of efferocytotic 
cells (F, G) (**p < 0.01, n = 3). All experiments were repeated at least twice. The increased expression of COX2 in the 
presence of sema3A was also apparent in in vivo cardiac tissue, while the level of CD68 positivity was diminished (H, 
I) (* p < 0.05)  
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seMa3a ProMotes the transition oF ClassiCally aCtivated MaCroPhages toWards 
resolution 

Resolution-phase macrophages are neither classical-Mφ nor alternative-Mφ but a hybrid 
of both, and are characterized by the expression of inducible cyclooxygenase (COX2) and 
iNOS 22. Stimulation of classical-Mφ (M1) with recombinant Sema3A significantly increased 
the transcript expression of Mφ-markers i-NOS, IL-10, YM-1 and COX-2 (Fig. 5A-D). 
Furthermore, Sema3A stimulation increased COX2 protein levels in the pro-inflammatory 
classical-Mφ (M1) but not in the alternative-Mφ (M2, Fig 5E). To show that sema3A shifts the 
function of classical-Mφ towards resolution efferocytosis, which is crucial for correct infarct 
healing 23, 24, was assessed. Alternative-Mφ are better at clearing dying cells than classical-
Mφhowever, in the presence of recombinant sema3A classical-Mφ increased significantly their 
efferocytotic capabilities (p<0.01, Fig 5F-G). Finally, COX2 levels were significantly lower 
in infarcted cardiac tissue of Sema3A HZ as compared to WT mice, despite higher levels of 
CD68 (p<0.05,Fig. 5-H-I). 

Discussion

The present study demonstrates that sema3A is imperative for proper myocardial wound 
healing. It is the first study to demonstrate a role for sema3A in promoting the resolution of 
inflammation after AMI. The recruitment of monocytes is of critical importance in the wound 
healing response following myocardial injury but restraining the flow of monocytes is equally 
needed in order to avoid excessive inflammation 25.  Sema3A regulates the inflammatory phase 
following myocardial injury by curbing the flow of recruited cells but also promoting the 
transition of classical-Mφ to resolution or alternative-Mφ. 

Recently, Hou et al demonstrated that sema3A induces vascular permeability in cerebral 
ischemia-induced brain damage via the neuropilin-2/VEGR1 receptor complex 26. In addition, 
Sema3A also competes with VEGF, hence affects vascular permeability during angiogenesis 
27.  Despite cardiac ischemia initiating changes in vascular permeability and angiogenesis, the 
reduced sema3A in the HZ mice did not affect these processes. Sema 3A has not previously 
been ascribed a role in resolving inflammation, though Sema3A has been shown to limit the 
recruitment of tumor-associated macrophages, restricting angiogenesis and restoring antitumor 
immunity 28. In this study we show that Sema3A promotes the resolution of inflammation 
by regulating monocyte/macrophage function in 4 ways: (1) limiting the recruitment of 
monocytes, (2) promoting the apoptosis of classical-Mφ (M1) and (3) stimulating their 
transition to resolution-phase macrophages thereby (4) enhancing efferocytosis (Fig. 6). 
Though it is accepted that alternative-Mφ, along with resolution-Mφ are critical for the 
transition to repair, little is still known about the local factors that mediate the shift. Recently 
IRF5 and NR4a-1 were shown to be critical in promoting the transition of macrophages 
towards resolution 5, 29, however more is known about the signals coming from T-cell subsets 
that promote repair such as IL-13 30 and thymosin beta 4,31. Here we show that sema3A is 
vital for regulating cardiac monocyte/macrophage function in response to ischemic or virus 
induced myocardial injury. By encouraging a shift towards immune resolution, sema3A helps 
to maintain cardiac function. Sema3A may therefore be of therapeutic value not only as an 
anti-inflammatory agent in autoimmune diseases and cancer but potentially in preventing the 
development of heart failure by limiting adverse cardiac remodeling. 
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Figure 6 Sema3A promotes immune resolution.
Schematic overview of how sema3A promotes immune resolution on four different levels. Presence of sema3A in the 
border zone (1) prohibits excessive immune cell recruitment to the infarct. (2) Sema3A in the infarct promotes the 
clearance of inflammation by inducing apoptosis in M1 macrophages (3), promotes a phenotypic shift of M1cells 
towards resolution (Mr) and (4) enhances efferocytosis in M1 cells.
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Vigilance of the extracellular space is vital for sensing the environmental changes that 
disturb homeostasis and ensures organismal survival. In response to injury however, the number 
of required immune cells needs to increase dramatically, requiring cell-mediated proteolytic 
extracellular matrix (ECM) degradation and remodeling. We now know that secreted or 
proteolytic released ECM products are not innocent waste products, rather they play a far 
more sophisticated role in regulating local immune responses. Not only do ECM components 
attract immune cells, they are also important for macrophage activation and T helper cell 
maturation 1. Since the extracellular space of every organ has a very unique architecture attuned 
to its specific function, the local immune response between different organs may vary 2. The 
aim of this thesis was to investigate the function of three components of this extracellular space 
during cardiac disease. 

The contributions of ECM components Osteoglycin (OGN), SPARC and Semaphorin 
3A (sema3A) in regulating cardiac inflammation are discussed in Chapter 3-5. Though all 
are present in the extracellular space, each of these proteins regulates cardiac inflammation 
in a different way. OGN is vital in enhancing the activation of immune cells upon tissue 
injury (Chapter 3). SPARC regulates the immune response by prohibiting aggravated immune 
cell recruitment by maintaining endothelial barrier properties and this can be targeted by 
the administration of recombinant protein, positively influencing the local cardiac immune 
response (Chapter 4). Presence of sema3A in the extracellular space allows for the clearance of 
pro-inflammatory macrophages by altering their properties and stimulating them to become 
apoptotic (Chapter 5). Finally, this thesis reveals that glycosylation creates different forms of 
the proteoglycan OGN and hence decides its cellular location and its subsequent function: 
either in the extracellular matrix promoting the alignment of collagen fibers or in the cell 
membrane enhancing TLR activation (Chapter 3). 

The Glycome as Regulator of Pattern Recognition 
Receptors Activation

The development and preservation of complex organism like humans is an incredibly 
complex undertaking. Every essential biological process needs specific molecular structures for 
its execution. Information regarding the configuration of these specific molecular structures 
lies within the genome. However, when considering simple bacteria and higher eukaryotes, it 
is hard to imagine that a modest increase in the number of genes would allow for the dramatic 
jump in complexity between these organisms. Here, the evolutionary origination of glycans 
empowered the creation of new molecular entities that do not necessitate a direct genetic 
template 3. These glycans are very important in controlling the appearance of both intracellular 
as well as extracellular proteins produced by the cell. The variation in glycan production as a 
consequence of the spatio-temporal expression of glycosyltransferases and glycosidase enzymes 
in the endoplasmic reticulum and golgi apparatus is immense. Whilst over 200 glycosylation 
enzymes have been recognized in the mammalian genome 4, currently only 16 enzymes have 
been identified or cloned 5. As about ninety-five percent of all secreted proteins are subjected 
to glycosylation 6, there is a clear scientific need for unravelling this complex process and its 
biological implications. Collectively, glycans are the result of a complex biosynthetic pathway 
that is affected by hundreds of genetic and environmental factors.
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There is growing appreciation of the importance of glycosylation in diseases such as cancer 7, 
alzheimer 8, diabetes 9, and autoimmune disease 10. Also glycosylation contributes significantly 
to the pathogenesis of ageing by exacerbated inflammation 11, in turn causing altered PRR 
responsiveness 12. The close connection of the endoplasmic reticulum and golgi apparatus 
with the extracellular milieu makes this glycosylation machinery particularly well equipped for 
interacting with pathogens. Therefore, as glycans became more and more complex throughout 
evolution, vertebrates  developed a phyloglycomic recognition system, such as the Toll-like 
receptors and C-type lectin receptors, to detect the glycans of lower organisms so as to tell 
apart self from non-self 13. Unraveling the code of highly complex and extremely variable 
glycan structures is key as it may reveal tailored PRR activation that may lead to well-cut 
immune responses. Yet, as the regulation of glycan production and degradation is exceptionally 
intricate, this has been an extremely challenging undertaking. Not only the transcriptional 
regulation of glycosylation enzymes is imperative for glycan formation, also the availability 
of the essential molecular substrates is vital. Furthermore, because the cellular localization of 
key glycosylation enzymes can change due to environmental changes, glycan production is 
continuously changing and frequently associated with changing cellular phenotypes 14.    

Instead of working as an on/off switch, glycosylation allows for a continuously adapting 
machinery that contributes to protein structure and enables novel functions. Studies have 
shown that glycosylation can modify proteins by either enhancing their PRR receptor 
affinity or impeding PRR binding 15-18. Moreover, upon matrix degradation in response to 
injury, proteolytic processing of ECM components can release previously masked epitopes 
making them available for receptor binding.  Interaction of PRR with endogenous proteins 
may therefore contribute substantially to the immunological concept of ‘self-versus nonself ’ 
and help to tailor the immune response. However the possible recognition of a broad range 
of endogenous, continuously evolving ligands by PRRs, challenges the existing theories 
explaining our immune system. Rather than giving fixed, consistent and well-defined responses 
as suggested by both the ‘self-versus non-self ’ and ‘Danger-model’ theories, it is more probable 
that every immune response initiated by PRR-ligand interaction can generate a variety of 
modifiable responses that depend on the environmental appearance of the endogenous ligands 
at that given moment. Therefore the makeup of the extracellular space during diseases is critical 
in defining the type and intensity of the immune response.

Despite the cardiac phenotype in patients suffering from congenital glycosylation disorders 
19, very little is known about glycosylation in relation to cardiovascular disease. Many studies 
describing protein glycosylation use targeted approaches, commonly immunohistochemistry 
with monoclonal antibodies or lectins against specific glycan epitopes. While these targeted 
approaches have a relatively high specificity, the non-targeted approach using liquid 
chromatography tandem mass spectrometry (LC-MS/MS) provides the ability to systematically 
profile dynamic glycomes and uncover novel disease-associated (proteo)-glycans. This approach 
has yet to be fully applied for the identification of cardiac specific glycomes but offers hope for 
future biomarker and drug development in cardiovascular disease.

Secreted Glycoproteins as Regulators of Immune 
Cell Recruitment

Upon tissue damage chemokines and cytokines produced by resident immune cells 
activate the local endothelium of blood vessels. This local change in endothelial appearance 
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is recognized by circulating immune cells and followed by their extravasation. While many 
secreted proteins residing in either the basement membrane or extracellular space interact 
with invading leukocytes facilitating their movement in the diseased tissue 20, their remit as 
a protective barrier, in the form of the endothelial glycocalyx, has received limited attention. 
Nevertheless, the endothelial glycocalyx is an intricate structure, varying from 2-3µm in small 
arteries 21 to 4.5µm in carotid arteries 22, that is comprised of a negatively charged network 
of glycoproteins, glycolipids and proteoglycans. Shedding of this structure upon injury by 
extracellular proteases exposes adhesion molecules and promotes leukocyte extravasation 23. 
Just as ECM composition is different from organ to organ, the appearance of the endothelial 
glycocalyx may also vary greatly depending on the vascular endothelial bed 24-26. As the 
importance of the endothelial glycocalyx has been acknowledged for several cardiovascular 
diseases like diabetes 27, coronary artery disease 28, and atherosclerosis 29, targeted therapeutic 
approaches directed at restoring glycocalyx integrity may hamper disease progression. As this 
structure is easily targetable via the circulation, manipulation of the endothelial glycocalyx may 
have great therapeutic implications for many diseases like heart failure (HF). Additionally, the 
detection of glycocalyx components in the circulation could have important prognostic value 
in HF patients. Certainly, the identification of SPARC as a trivial component of the cardiac 
microvascular glycocalyx, as described in this thesis, may serve as such a prognostic factor as 
recent studies show a significant increase in plasma SPARC levels in patients with diabetes 
and coronary artery disease 30, 31. Therefore, further identification of compositional changes in 
different vascular beds might serve as a detailed and specific biomarker pointing precisely at the 
injurious tissue and possibly the stage of the disease. 

Secreted Glycoproteins Promote Immune 
Resolution

Whereas targeting of the endothelial glycocalyx may restrain immune cell recruitment and 
HF progression, modulation of macrophage persistence might present another interesting 
approach for repressing HF development 32, 33, 34, 35, 36. Whilst resolution of inflammation is 
a vital process in wound healing 37 its role in cardiac disease is rather unexplored. For proper 
wound healing to evolve, the initial inflammatory response has to shut down in order to allow 
for the reinstatement of the ECM and tissue remodeling 38. Therefore, while the influx of 
pro-inflammatory monocytes and macrophages is vital in the early stages of myocardial infarct 
healing, a timely shift towards recruitment of anti-inflammatory monocytes and macrophages 
is key 34, 39. This shift can be promoted by either (1) the activation of immune suppressive cell 
populations, (2) soluble mediators that actively drive immune suppression, (3) the loss of pro-
inflammatory stimuli or (4) induction of immune cell apoptosis 40. Though there is substantial 
overlap in these pathways, they display the different levels at which immune resolution can 
be promoted. It has already been shown that loss of the balance between the pro- and anti-
inflammatory responses is occurring in critically ill patients 41-43 and current advances emphasize 
the relevance and therapeutic potential of promoting immune resolution in myocardial 
infarct healing 32, 44, 45, however with  limited transferability of this therapy to patients. By 
affecting all three of the aforementioned pathways, secreted protein sema3A encourages the 
timely shift towards resolution of cardiac inflammation. Though precise identification of the 
sema3A protein epitope that is responsible for specific macrophage phenotype manipulation 
in healing infarcts is needed, the clinical potential of small peptides is much more promising 
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than gene-delivery therapies. As HF progression is characterized by sustained inflammation 
46, promoting resolution of inflammation generates an extremely interesting new therapeutic 
avenue, especially as lower levels of pro-resolving and anti-inflammatory lipoxins are clearly 
associated with higher severity of HF 47. 

Conclusions and Future Perspectives
This thesis attempts to acknowledge the complexity of the immune system during HF 

progression by expanding on its close interaction with the cardiac extracellular compartment 
and the many modalities at which secreted proteins can regulate inflammation in cardiac 
disease. Despite the existing therapies, the clinical outcome of patients with chronic HF is still 
very poor and extremely difficult to predict. Many studies show that cytokines are progressively 
elevated in HF patients with poor prognosis and point to the important role of the immune 
system in the propagation of HF 48-51. However, therapies targeting these cytokines are very 
unspecific and have therefore been largely unsuccessful thus far 52-54. This also exposes limited 
appreciation for the intricacy of the immune system in chronic HF development, resulting in 
an oversimplified approach to treatment. Not only does this thesis show that these secreted 
proteins play a role in activating or alarming the immune system, they can also modulate 
immune cell recruitment and promote the resolution of inflammation (Figure 1). This specific 
and multi-layered regulation of immunity by the extracellular proteo-glycomes provides novel 
insights that may lead to specific therapeutic tailoring of immune responses in cardiac disease. 

Firstly, by detecting specific protein appearances as markers for the underlying tissue-
specific pathophysiological processes may help tremendously in understanding the regulatory 
potential of secreted proteins in immune responses during cardiac diseases. Further unraveling 
the glycosylation differences in cardiac disease may create an immense repertoire of novel and 
well-tailored therapeutic targets. By applying the latest glycoproteomics techniques in specific 
animal models and HF patients, unique disease specific proteo-glycomes can be identified 
and related to the underlying pathophysiology. This may represent the future in our quest to 
improve treatment of HF patients. 
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IMMUNE ACTIVATION
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Figure 1 Secreted Glycoproteins and Proteoglycans Orchestrate Inflammation in Cardiac Disease.
This illustration represents the importance of three independent matrix elements in innate immunity. While 
Osteoglycin (OGN) enhances immune activation with subsequent aggravated immune cell recruitment, SPARC 
restrains immune cell recruitment at the level of the endothelium. As part of the endothelial glycocalyx SPARC 
prohibits leukocyte endothelial interactions thereby prohibiting leukocyte extravasation and subsequent cardiac 
inflammation.  Finally, semaphorin3A (sema3A) plays a vital role in clearing the massively infiltrated immune cells by 
restraining excessive leukocyte recruitment and by diminishing the presence of classical-MΦ(M1) thru the induction 
of apoptosis and stimulating their transition to resolution-phase macrophages thereby enhancing efferocytosis . 
PRR : Pathogen Recognition Receptor, DAMP : Danger Associated Molecular Pattern, PAMP : Pathogen Associated 
Molecular Pattern
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Heart failure (HF) is major public health issue and remains the number one cause of 
death in the world. It is characterized by an abnormal structure or function of the heart at 
rest accompanied by typical clinical symptoms such as shortness of breath, fatigue and fluid 
retention. The current therapeutic strategies are mainly supportive in fighting these clinical 
symptoms without having any evident effect of the underlying pathophysiology. Because 
HF is such a complex syndrome where many underlying etiologies may affect pericardium, 
myocardium, endocardium, cardiac valves, vasculature, or metabolism, the identification of 
new effective therapies has been very challenging these past decades. 

This thesis described the importance of the extracellular environment on cardiac 
inflammation during HF development. Not only does this thesis emphasize that glycoproteins 
and proteoglycans exert regulatory functions in the extracellular space, it also expands this 
extracellular space to the vascular lining known as the endothelial glycocalyx.  Importantly, 
this thesis highlights the significance of glycosylation, a post-translational process that adds 
onto the protein-core different forms of sugars (glycans), which tremendously increases the 
functional variability of the protein. As a result the ECM extends its biological functions 
beyond maintaining structural integrity to include cell adhesion, signal transduction, immunity, 
embryonic development and microbial recognition, hence regulate cardiac inflammation. The 
pathophysiological contribution of secreted proteins osteoglycin, SPARC and semaphorin 
3A on the expansion and maintenance of cardiac inflammation as a consequence of viral 
myocarditis or myocardial infarction are addressed. As the role of extracellular matrix proteins 
until now has mainly focused on its implication in cardiac fibrosis, we wondered whether 
these versatile protein could also affect cardiac inflammation. As immunity is the driving force 
behind many diseases we used two models to investigate the contribution of the immune 
system in heart failure. By looking at sterile inflammation versus non-sterile inflammation we 
tried to unravel the mysteries of extracellular matrix: an ever changing and diverse entity.

We first have explained the responsibilities of the immune system when facing exogenous 
threats. Intimate relations with both the cellular and extracellular component are vital and 
provide indispensable information to the immune system regarding these threats. Chapter 
2 describes the role of this extracellular compartment in regulating vital processes like 
inflammation and fibrosis that follow tissue injury. Not only does this chapter emphasize the 
multiplicity and variability of this extracellular environment, it also emphasizes its potential 
for future therapeutic strategies. 
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The conceivable implication of specific extracellular glycoproteins and proteoglycans is 
then discussed in Chapter 3, 4 and 5.  Here we have shown experimental evidence for the 
modulatory effect on cardiac inflammation of three individual extracellular proteins either 
during virus or ischemia induced cardiac disease. 

Proteoglycan Osteoglycin is important for providing information to immune system 
via pattern recognition receptors thereby enhancing its activity and subsequent cardiac 
inflammation during viral myocarditis. We revealed that Osteoglycin has a versatile appearance 
as a consequence of glycosylation, which correlates with the underlying pathophysiology 
process. Glycoprotein SPARC on the other hand revealed to be vital in the extracellular 
lining of the blood vessels known as the endothelial glycocalyx, where it regulates vascular 
permeability as well as leukocyte recruitment. We have demonstrated that lack of SPARC 
severely compromised the cardiac microvascular glycocalyx thereby dismantling its barrier 
functions. This results in increased cardiac inflammation in virus induced cardiac injury. 
Interestingly, we have proposed therapeutic potential by restoring the glycocalyx via exogenous 
administration of SPARC as this reduced leukocyte recruitment and vascular permeability 
hence cardiac inflammation. Finally we have identified the importance of a third extracellular 
component in regulating cardiac inflammation, glycoprotein semaphorin 3A. For this study 
we have used both the viral myocarditis model as well as the myocardial infarction model. We 
have shown that semaphorin 3A reduced cardiac inflammation in both models by promoting 
immune resolution. While recruitment of neutrophils and monocytes is vital in the early 
stages of tissue injury, timely clearance is indispensable for adequate tissue healing. This thesis 
revealed that semaphorin 3A specifically affects the polarization state of pro-inflammatory M1 
macrophages. Also, semaphorin 3A particularly induced apoptosis in these pro-inflammatory 
M1 macrophages while not affecting the more anti-inflammatory macrophages phenotype. 

In summary, this thesis presents important roles for secreted glycoproteins and 
proteoglycans during inflammation in heart disease. These fundamental findings do not only 
complement our understanding of cardiac disease development that leads to HF, it revealed 
universal interactions of the immune system with the extracellular milieu. Misleading the 
immune system by pharmacologically rewiring the information coming from the extracellular 
components may form the key for curing life threatening human diseases like HF.
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Hartfalen (HF) is een enorm maatschappelijk probleem en blijft de meest voorkomende 
doodsoorzaak wereldwijd. Het wordt gekenmerkd door een abnormale structuur en functie 
van de hartspier in rust en presenteert zich vaak met typische symptomen als kortademigheid, 
moeheid en oedeem. De huidige therapieën voor HF zijn voornamelijk ondersteunend en 
bestrijden enkel symtomen zonder dat ze daadwerkelijk de onderliggende pathophysiologische 
oorzaak aanpakken. Gezien HF een complex klinisch syndroom betreft dat zowel het 
pericardium, myocardium, endocardium, kleppen, bloedvaten en metabolisme raakt, is het 
vinden van nieuwe effectieve therapieën een uitdaging.

Dit proefschrift beschrijft het belang van de extracellulaire matrix op cardiale inflammatie 
gedurende de ontwikkeling van HF. Dit proefschrift benadrukt niet alleen dat glycoproteïnen 
en proteoglycanen belangrijke regulatoire functies vervullen in de extracellulaire ruimte, het 
beschrijft eveneens een verbreding van zijn bereik naar de bekleding van de bloedvaten ook 
wel bekend als de endotheliale glycocalyx. Bovendien toont dit proefschrift het belang van 
glycosylatie, een post-translationele modificatie die suikers (glycanen) aan de proteïne hangt, 
wat de functionele biologische variabiliteit van het proteïne immens vergroot. Dientengevolge 
vergoot de extracellulaire matrix zijn repertoire van louter behoud van de structurele 
integriteit, naar cel adhesie, signaal tranductie, immuniteit, embryologische ontwikkeling en 
het herkenning van pathogenen. De pathofysiologische bijdrage van gesecreteerde proteïnen 
osteoglycine, SPARC en semaphorine 3A op de uitbreiding en handhaving van cardiale 
inflammatie als gevolg van virale myocarditis danwel myocard infarct wordt beschreven. 
Waar de voornaamste focus bij het bestuderen van extracellulaire matrix proteïnen haar rol in 
cardiale fibrose is geweest, vroegen wij ons juist af wat haar rol zou zijn op inflammatie in het 
hart. Omdat immuniteit de drijvende kracht is achter veel ziekten, hebben we hierbij gebruik 
gemaakt van twee modellen om dit te onderzoeken. Door te kijken naar zowel steriele alsook 
niet-steriele inflammatie hebben we getracht het mysterie van de extracellulaire matrix, een 
continue veranderende en diverse entiteit, op te helderen.

Allereerst leggen we uit wat de verantwoordelijkheden van het immuunsysteem zijn 
wanneer het in aanraking komt met bedreigingen van buitenaf. Nauwe relaties met zowel het 
cellulaire als extracellulaire compartiment zijn cruciaal voor het verschaffen van onmisbare 
informatie over deze ‘bedreigingen’ aan het imuun systeem. 
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Hoofdstuk 2 bespreekt vervolgens de rol van de extracellulaire ruimte in het reguleren 
van belangrijke processen in het hart, zoals inflammatie en fibrose, die het gevolg zijn van 
weefselschade. Dit hoofdstuk beschrijft niet alleen de veelheid en variabiliteit van dit 
extracellulaire milieu, het benadrukt tevens zijn therapeutische mogelijkheden. De potentie 
van specifieke glycoproteïnen en proteoglycanen wordt vervolgens besproken in hoofstuk 3, 4 
en 5. Hier tonen experimentele data het modulerende effect van drie individuele proteïnen op 
cardiale inflammatie in virus of ischemie geïnduceerde hartschade. Proteoglycan osteoglycine 
is belangrijk voor het verschaffen van informatie aan het immuun systeem via de ‘patroon 
herkennings receptoren’, en versterkt de immuun reactie. Verder laten we zien dat osteoglycine 
meerdere verschijningsvormen heeft als gevolg van glycosylatie. Deze verschillende 
verschijningsvormen zijn zijn gerelateerd aan een onderliggend pathofysiologisch proces. 
Glycoproteïne SPARC aan de andere kant blijkt cruciaal te zijn in de extracellulaire bekleding 
van de bloedvaten, de endotheliale glycocalyx. Hier reguleert het vasculaire permeabiliteit en 
de werving van leukocyten. We tonen dat een gebrek aan SPARC de microvasculaire glycocalyx 
in het hart ernstig beperkt waardoor zijn barriere functie wordt ontmanteld. Dit resulteert in 
een toename van inflammatie na virus geïnduceerde schade aan de hartspier. Tot slot hebben 
we het belang van een derde gesecreteerde  glycoproteïne ontraveld, namelijk semaphorine 3A. 
Voor deze studie hebben we gebruik gemaakt van zowel een model van virale myocarditis als 
ook myocard infarct. We tonen dat semaphorine 3A inflammatie beïnvloed in beide modellen 
door immuun resolutie te promoten. Wijl werving van neutrofielen en monocyten cruciaal 
is in de vroege fase na weefselschade, is het tijdig opruimen van deze cellen onmisbaar voor 
adequate wondgenezing.  Dit proefschrift laat zien dat semaphorine 3A specifiek de polarisatie 
van pro-inflammatoire M1 macrophages beïnvloed. Bovendien induceert het apoptose in 
enkel deze M1 macrophagen, zonder een effect te hebben op het meer anti-inflammatoire 
phenotype. 

Samenvattend, presenteert dit proefschrift belangrijke functies voor gesecreteerde 
glycoproteïnen en proteoglycanen tijdens inflammatie in hartziekte. Deze fundamentele 
bevindingen vergroten niet alleen ons begrip van de ontwikkeling van hartziekten die 
kunnen lijden tot HF, het toont ook universele interacties van het immuun systeem met het 
extracellulaire milieu. Misleiding van het immuun systeem door pharmacologisch informatie 
afkomstig van de extracellulaire ruimte te overschrijven, zou de sleutel kunnen zijn naar de 
genezing van HF.
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Introduction

Heart failure is a deadly disease affecting over 20 million people worldwide. This vast 
prevalence of heart disease looms the prevalence of cancer and presents a serious societal 
burden. Though we are currently striving to find new therapeutic strategies to treat heart failure 
patients, we are currently still struggling to understand the intricate changes that occur in the 
diseased myocardium in response to injury. Complete understanding of the intricate biology 
of the cardiac extracellular matrix in relation to heart failure development may prevail novel 
inputs to treat and cure this disease. In particular comprehending the close interaction of the 
cardiac extracellular matrix with the immune system as immunity is one of the driving forces 
behind adverse cardiac remodeling hence heart failure development.

In this thesis I demonstrate that the cardiac extracellular matrix is a very dynamic entity that 
is continuously changing and adapting towards its environment (Chapter 3). The constantly 
adapting appearance of the extracellular matrix is illustrated by small leucine rich proteoglycan 
Osteoglycin (Chapter  4) in myocardial infarction versus viral myocarditis. That extracellular 
proteins are vital for regulating tissue homeostasis is illustrated by the novel role of glycoprotein 
SPARC in the microvascular glycocalyx where it regulates cardiac inflammation (Chapter 5). 
Not only recruitment of immune cells can be controlled by the extracellular environment, 
also the clearance of inflammation is under control of the production of versatile extracellular 
glycoproteins and proteoglycans. Demonstrative of this is the influence of semaphorin 3A 
on the clearance of pro-inflammatory M1 macrophages during myocardial infarct healing as 
illustrated in Chapter 6. This thesis therefore highlights novel imperative knowledge on how 
the ever-changing cardiac extracellular matrix regulates inflammation in cardiac disease. 

The Extracellular Matrix: my ‘Heart’ to Society

Fundamental knowledge on versatile extracellular matrix proteins in relation to cardiac 
inflammation exhibits a novel platform for heart failure drug development. Though drug 
discovery is needed for improving the treatment of heart failure patients, unravelling all 
biological aspects of this disease entity proceeds in time. As a clinician I feel we should value the 
significance of fundamental research for this purpose. Creating knowledge without thinking 
about practical applications is what science is all about. The pursuit for complete understanding 
of human biology in health and disease is imperative for drug discovery. Indeed, where micro-
RNAs have already disclosed a novel layer of biological complexity in cardiac disease in the 
early nineties thereby introducing a tremendous nursery for drug discovery, I believe this thesis 
suggests that the the ever-changing and versatile proteoglycans and glycoproteins residing in 
the extracellular matrix impose even greater therapeutic potential.  

Science communication
As a clinician and person I feel strongly about clear, open and vociferous communication 

on our fundamental scientific findings to a layman’s audience. I feel the general public should 
be informed about the importance of fundamental biological discoveries in order to appreciate 
its relevance and value for the eventual drug discovery and development.  If we can go on this 
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quest together by increasing the commitment and involvement of society, the chance of finding 
that one cure for heart failure might be closer than we think. In this thesis I have tried to gather 
all the necessary expertise that was needed to unravel the intricacy of the studied proteins. 
Not only these collaborations but also conferences allow for attaining feedback from experts 
in the field on the obstacles one faces when unraveling the multifariousness of glycobiology. 
The feedback that I have received has helped me in formulating sharp hypothesis thereby 
facilitating the quest for answers. Fortunately this process work two ways as my presentations 
on conferences has also resulted in increased attention for the importance yet intricacy of 
glycobiology in the heart. This collective search for novel therapeutic strategies in cardiology is 
presented by this thesis and will hopefully aid heart failure drug development.  

The Extracellular Matrix: from Mice to Man
Because the level of complexity of the extracellular matrix takes precedence over that of 

micro-RNA biology, unraveling the appearance of this ever-changing extracellular structure 
is challenging. Untying all players in the extracellular compartment and assigning individual 
value to each of them in the seemingly chaotic series of events that occur during disease, 
may help in finding an entrance to influence the outcome of the disease.  However, where 
does one start with such an overwhelming endeavor. As we currently lack the technology to 
create biologically identical robots to mimic our human diseases, at present we still use animal 
models for this purpose. The fact that heart disease is a highly complex illness where many 
factor contribute to disease progression and outcome doesn’t allow us to use cell culture or 
in silico calculation to study its pathophysiology. Nevertheless, we should strive for reducing 
and replacing the use of animals for scientific purposes by stimulating collaborations with 
researchers all over the world. 

Translation to other Fields
While inflammation is a major contributor to cardiac disease development and progression, 

it is certainly nog exclusive to the myocardium. Indeed, one of the most intriguing aspects of 
studying inflammation is the multiplicity of the inflammatory mediators that are constantly 
being discovered, like microRNAs, adipokines, inflammasomes and the danger signals like 
extracellular glycoproteins and proteoglycans. Interestingly, their effect on target tissues 
seems very universal and numerous studies have demonstrated that inflammatory responses 
represent the ‘common soil’ of the multifactorial diseases, covering both chronic inflammatory 
rheumatic disorders as well as an extensive range of conditions including cardiovascular disease, 
neurodegenerative diseases, type 2 diabetes, obesity, asthma, ageing and cancer. Therefore, this 
thesis unravels novel inflammatory mediators that influence cardiac inflammation, hence are 
likely to involve general inflammatory responses.

Conclusion
Heart failure is a tremendous societal burden and current therapies are mainly supportive. 

Hence, there is real need for finding new therapeutic strategies. Where micro-RNAs have 
already opened the stage for novel drug discovery, extracellular glycoproteins and proteoglycans 
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are an even greater nursery for heart failure drug discovery. Fundamental findings as described 
in this thesis are vital in this search. Not only in cardiovascular disease do extracellular 
glycoproteins and proteoglycans present novel treatment possibilities, numerous diseases could 
benefit the multiplicity of the novel inflammatory mediators described in this thesis.  Finally, 
as a clinician, I would like to emphasize that this thesis shows that fundamental research is an 
inseparable keystone in drug discovery.
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HF  Heart Failure
VM  Viral Myocarditis
MI  Myocardial Infarction
HEFpEF Heart Failure with preserved Ejection Fraction
HEFrEF Heart Failure with reduced Ejection Fraction
OGN Osteoglycin
SPARC  Secreted protein acidic rich in cysteine
Sema3A Semaphorin 3A
ECM Extracellular matrix
GAG  Glycosaminoglycan
HS  Heparan sulfate
CS  Chondroitin sulfate
DS  Dermatan sulfate
KS  Keratan sulfate
ER  Endoplasmic reticulum
MI  Myocardial infarction
Ang  Angiotensin
I/R  Ischemia reperfusion
TAC  Transaortic constriction
AB  Aortic banding
VM  Viral myocarditis
AIM  Autoimmune myocarditis
MMP Matrix metallo protease
FGF  Fibroblast growth factor
TGF  Transforming growth factor
TLR  Toll like receptor
EGFR  Epidermal growth factor receptor
IGFR Insulin growth factor receptor 
LDL  low density lipoprotein
SLRP Small leucine rich proteoglycan
TSP  Thrombospondin
OPN  Osteopontin
EXT1/EXT2  Glucuronyl/N-acetylglucosaminyl transferases
GlcNAc  N-acetylglucosamine 
Xyl  Xylose 
GalNAc  N-acetylgalactosamine 
Sia   Sialic acid 
Fuc  Fucose
IdoA  Iduronic acid  
GlcA  Glucuronic acid 
Man  Mannose 
Gal   Galactose
Glc   Glucose
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Promoveren is een beproeving. Een beproeving die je passie destilleert, je idealen in 
perspectief plaats maar vooral karakter bouwt. Geloven, volhouden, afzien maar vooral niet 
opgeven. Als jonge naïeve onderzoeker begon ik vol passie aan mijn ideaal, fundamenteel 
wetenschappelijk onderzoek. Het ideaalbeeld is wellicht wat verbleekt maar mijn passie is 
blijven bestaan. Inventief fröbelen in het lab gecombineerd met volhardende nieuwsgierigheid 
hebben bijgedragen aan dit proefschrift. Echter dit fröbelen had zonder de hulp van velen niet 
kunnen leiden tot mijn ‘chef d'oeuvre’. Ik ben dankbaar voor de bijdrage van allen echter wil 
enkele personen in het bijzonder bedanken.  

Beste professor Heymans, beste Stephane. Hoewel u als mijn promotor niet verantwoordelijk 
was voor mijn dagelijkse begeleiding ben ik u bijzonder dankbaar voor uw geloof in mij, mijn 
ideëen en mijn experimentele aanpak. Wat me van u het meest zal bijblijven is uw tomeloze 
opportunisme. Ondanks dat uw pogingen tot omdenken soms met gevoelens van wanhoop 
werden ontvangen in het lab, is dit een kracht die ik bijzonder in u waardeer. Ik geloof 
inderdaad dat we tot alles instaat zijn als we maar geloven, volhouden en vooral niet opgeven. 
Een wijsheid die me hopelijk in mijn verdere wetenschappelijke carrière zal bijstaan.  Bedankt 
voor al uw steun, vertrouwen en de kansen die u me heeft gegeven.

My dearest co-promotor, lieve Anna;) Ik heb het vaak gezegd maar ik had me echt geen 
fijnere co-promoter kunnen wensen. Niet alleen jouw aanstekelijke passie en nieuwsgierigheid 
hebben me enorm geïnspireerd, maar vooral bij jouw pragmatische, no-nonsense aanpak voelde 
ik me extreem comfortabel. Dat ons beider hart sneller gaat kloppen van mooi fundamenteel 
onderzoek werd me met name in Boston duidelijk. Jij bent voor mij wat in de Dikke van 
Dale bij ‘wetenschapper’ hoort te staan! ... naast Nahrendorf, Matzinger, Molkentin en Mayr 
natuurlijk:P  Ik meen oprecht dat ik niet in woorden kan uitdrukken hoe bijzonder ik je 
waardeer. Ik wil je bedanken voor al je steun en vertrouwen. Ik hoop van harte dat we in de 
toekomst nog mooie dingen kunnen doen samen, zoals wellicht onze eerste Nature paper 
publiceren (dromen mag;-))

Mijn paranimfen Barbara en Eline. Lieve Babs, hier dan het hoofdstuk dat ik beloofd heb 
aan je te wijden;-) Wat was het altijd heerlijk dat ik ten alle tijden bij je binnen kon hupsen 
voor de ow zo nodige afleiding. Van heerlijk platte, flauwe grappen naar serieuze gesprekken 
over ‘het leven’ tijdens het drinken van koffie of het genieten van de culinaire mensa lunch, het 
kon allemaal. Ik waardeer je oprechtheid en hoop dat we contact blijven houden lieve Babs!! 
Fijn dat je achter me staat als paranimf. Lieve Eline, mijn klankbord en gouden afleiding 
tijdens deze jaren. Heerlijke fietstochtjes, geniale vakantie en altijd bereid om mijn onderzoeks 
belvenissen aan te horen, die jij overigens altijd perfect kon plaatsen. Ik ben dankbaar voor 
onze waardevolle vriendschap en trots dat je als paranimf achter me staat!

Lieve Paolo, dear Paolo. I still remember our first experiments in the dreadfulness of the old 
and haunted REGA-institute. We immediately had a relational fit and I have loved working 
with you since then. The most daunting memory I recall is the one where we had to do all the 
glycocalyx measurements. We were dressed as astronauts while sitting on reversed buckets in a 
2x2m2 closet with no windows that we stuffed with too much expensive equipment, while I 
had to listen to you sing along to Kylie Minogue. The horror… how would I have ever survived 
if it wasn’t for you? Thanks so much Paolo for not only being a great colleague these years but 
also for being a dear friend. 
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Mijn overige leuke collegaatjes uit Leuven: Ward, Lucas en Sophie. Beste Ward, ik heb veel 
bewondering voor je ijzeren disipline en Vlaamse correctheid;-) Je bent een dierbare collega 
waar ik veel aan heb gehad. Dank voor de waardevolle discussies over alle genot en deugd van 
het lab. Ik weet zeker dat je een zeer succesvolle onderzoeker en clinicus zal zijn. We gaan elkaar 
tegenkomen! 

Lucas, rasoptimest en mede-mimelecan gedupeerde. Wat heb ik onzettend met jou kunnen 
lachen. Je verfijnde zelfspot betreffende je memorabele presentatie op de ESC in Zweden, waar 
helaas niemand bij was om het na te vertellen;-), alsook onze mooie avond in de kroeg in Les 
Diableret. Je droge zwartgallige humor waren een balsem voor mijn beproefde geest en onze 
mimelecan-discussies hebben zondermeer bijgedragen aan nieuwe inzichten. Dank daarvoor. 
Lieve Sophie, niet alleen je bijstand bij mijn en onze gezamelijke projecten hebben me enorm 
geholpen maar ook onze gezellige weekendjes en stapavonden. Onder andere op de bruiloft 
van Paolo hebben we tot in de late uurtjes onze dansmoves getoond. Helaas arriveerde ik 
hierdoor wel iets laten dan gepland op het Matrix Biology congres de volgende dag, stomme 
Belgische treinen;-)

Aan mijn dagelijkse werkplezier hebben onder andere Wouter, Tim en Georg hun steentje 
bijgedragen. Van gezellige borrels in de Thembi’s naar koffie drinken in de mensa. Derks, 
partner in crime die me verliet voor Dresden! Je jaloersmakende relaxte attitude werkte erg 
rustgevend. Een hardcore Bioloog die douchet met zijn mountainbike en al bierdrinkend de 
Cauberg beklimt, voor jou was niks te gek. Je bent een topcollega, dank voor alle mooie 
momenten.  Tim, while you probably won’t consider this a compliment, your envious attitude 
towards research to me exemplifies your Deutsche Gründlichkeit. While we did not use a 
similar approach workwise, we did fight the same battles a PhD student faces and there I truly 
found your support. You were always willing to help and listen when I needed it. Thanks so 
much for being a great colleague these years! George or Georg!! I really treasure the precious 
typical Georg moments I have experienced,  like when you wore your ‘Back off I am doing 
Science’ shirt when you had to teach, or how you sniffled when you were presenting in the 
labmeeting after making a joke that nobody understood. That I have added phrases like 
‘freakishly awesome’ to my vocabulary is all your merits. You really trained me in all the ins and 
outs of ‘nerd-iness’ which has truly enriched my life;-) I mean now I know why I should never 
wear red if I want to stay alive! But seriously Georg, thanks so much for everything, you rock! 

Naast mijn directe PhD collega’s wil ik uiteraard het fundament van het lab bedanken. 
Custers! Loze kreten en oergeluiden is hoe we met name met elkaar communiceerden, lekker 
lomp en primair. Ik vind je echt een top kerel en heb ontzettend fijn met je samengewerkt in 
het lab. Al moest ik je wel streng doch vriendelijk verzoeken tijdens het pipetteren even je mond 
te houden, dat gaat gewoon mis (remember;-))! In het bijzonder moet ik ook Rick en Wouter 
bedanken voor hun waardevolle lessen en alle antwoorden op mijn technische vragen. Wouter, 
ik heb je steun in het ‘verdorven’ instituut ‘de academie’ enorm gewaardeerd. Frustratie ging je 
te lijf met cynisme en sarcasme, ik hou ervan. Erg bewonder ik je grondigheid en ingenieuze 
ideëen die zijn tijd ver vooruit zijn, dus hou vol… die Nobelprijs is dichtbij!  Rick, de western 
blot koning en mijn guru al deze jaren. Jij was de enige die mijn pijn begreep in het afscheid 
van de ouderwetse DOKA. De magie is er gewoon echt af… Ik ben je zeer dankbaar voor je 
hulp en begeleiding bij het ontrafelen van ‘das mimecan mistery’.  

Beste Jurgen. Ook jou wil ik bijzonder danken voor je begeleiding van mijn Cremaster 
experimenten. Je oprechte enthousiasme, meedenken en interesse hebben deze studie 
mede tot een succes gemaakt. Ook erg dankbaar ben ik Hanneke voor het aanleren van de 
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ingewikkelde micro-chirurgischie ingreep. Al was ik in het begin jaloers op jouw prachtige 
Cremaster-preparaten, daar die van mij er nog redelijk gehavend uitzagen, door je geduld en 
behulpzaamheid ben ik er uiteindelijk in geslaagd om blind met 2 vingers in m’n neus die 
sinaasappel in dat neusgat te stoppen! Dank voor je heerlijke gevoel voor humor en de fijne 
samenwerking. Bart, ook jou wil ik natuurlijk bedanken voor al je hulp! 

Naast al dat zwoegen in het lab is het ook erg belangrijk je werk te profileren op 
vooraanstaande wetenschappelijke congressen. Misschien nog wel veel belangrijker hierbij zijn 
de juiste congresmaatjes. And ow my! Waar ik in mijn eerste jaar met Corsten nog cultuur 
en wetenschap heb mogen snuiven in de prachtige steden les Diablerets en Ulm, hebben 
Hazebroek, Merken en misses Sanders voor nog meer memorabele momenten gezorgd in onder 
andere Athene en Sevilla. Dank voor deze fantastische en onvergetelijke herinneringen: goud! 
Maarten, jou wil ik in het bijzonder bedanken voor je oprechte interesse en enthousiasme in 
mijn gestuntel in het lab, je was een top collega en bent een waardevolle vriend.

Ook Blanche, Marc, Geert, Laura, Robin, Monika, Lilian en Steffie wil ik bedanken voor 
alle werkplezier afelopen jaren. Daarnaast heeft de open samenwerking in het groot cardiolab 
een rijke omgeving geboden om mijn ervaring op te doen. Mijn dank gaat hierbij onder andere 
uit naar Leon, Paula, Servé, Natasja, Rio, Burçu, Ellen, Ella en Nicole. Tenslotte mijn dank aan 
alle indirecte collega’s die hebben bijgedragen aan mijn werk afgelopen jaren. Freek, Nynke, 
Daniel, de medewerkers van het CPV waarbij in het bijzonder Richard en Paulien. Verder 
natuurlijk dank aan Mark Schellings, die het wetenschappelijke vuur in mij als jonge student 
heeft aangewakkerd. 

Niet alleen mijn collega’s op de werkvloer zijn bepalend geweest voor mijn leven in de 
krochten van de Universiteit, eenmaal daglicht aanschouwend heeft de steun van velen me 
bij tijd en wijlen opmerkzaam gemaakt voor de betrekkelijkheid van mijn werk. Cruciaal 
en verfrissend, het heeft me scherp gehouden. Mijn dierbare vriendinnen Hanne, Rikst en 
Martine wil ik met name danken hiervoor. 

Graag wil ik ook Prof. dr. C. Schalkwijk, Prof. Dr. T.M. Hackeng, Prof. dr. M. Mayr, Prof. 
dr. M.J.Th.H. Goumans en Dr. P. van Paassen voor het beoordelen van dit proefschrift.

En dan tot slot mijn dierbare familie. Ook al hebben jullie volgens mij nooit ècht begrepen 
wat ik heb uitgespookt al die jaren, bedankt voor al jullie steun. Geert, jou wil ik in het 
bijzonder bedanken voor je onvoorwaardelijke steun als mijn rots in de branding gedurende 
deze jaren. Ik ben je ontzettend dankbaar voor je vertrouwen en geloof in mij en mijn kunnen.

Marieke rienks

MaastriCht, Februari 2016
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Curriculum Vitae

Born in Leeuwarden, the Netherlands, Marieke completed her Master in Medicine in 2010 
at Maastricht University where she did her clinical internships in both academic and regional 
hospitals in the Netherlands. Marieke’ first contact with scientific research was in the third 
year of her Medical training were she volunteered as a student assistant in the department 
of Neurosurgery and Anesthesiology, which led to a poster presentation at the 'International 
Anesthesia Research Society Conference’ in 2008 in San Francisco. Her interest and passion 
for molecular biology became increasingly clear during her following internships, which 
convinced her in pursuing a PhD position in Basic Research after graduation. Her interest for 
Cardiology and Internal Medicine led to an application in the lab of Professor Heymans, were 
she focused on the role of matrix proteins in inflammatory cardiomyopathies. During her PhD 
she was awarded for oral (poster) presentations such as the Young Investigators Award at the 
Dutch German joint meeting, the Young Investigators Award at the Heart Failure meeting, 
best thematic poster at the Experimental Biology meeting and best parallel presentation at 
the third Cardiovascular Conference. Furthermore she was nominated for the project Faces 
of Science of the Royal Netherlands Academy of Arts and Sciences and de Jonge Akademie, 
in collaboration with Kennislink, were she discussed her live, her research and her passions. 
By writing a blog on lab animal science for Faces of Science, she was asked by the Stichting 
Informatie Dierproeven or SID to help promote honest and open communication about lab 
animal science as a board member. She finished her research in juli 2015 and is currently 
working as a resident specializing in Internal Medicine at the Jeroen Bosch hospital in ‘s 
Hertogenbosch. 
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Marieke Rienks, Anna-Pia Papageorgiou, Nikolaos G Frangogiannis and Stephane Heymans. 
The Myocardial Extracellular Matrix: An ever changing and diverse entity. Circulation Research 
2014; 114: 872-888

Marieke Rienks, Elizabeth A Jones, Jurgen van Teeffelen, Paolo Carai, Bart Eskens, 
Wouter Verhesen, Bianca Hemmeryckx, Rick van Leeuwen, Stephane Heymans*, Anna-Pia 
Papageorgiou* (* contributed equally). The extracellular matrix protein SPARC is crucial in 
maintaining endothelial barrier function and prevents adverse cardiac inflammation. (under 
revision)

Marieke Rienks, Anna-Pia Papageorgiou. Novel regulators of cardiac inflammation: Matricellular 
proteins expand their repertoire. Journal of Molecular and Cellular Cardiology. (accepted with 
minor revisions)

Anna-Pia Papageorgiou*, Ward Heggermont*, Marieke Rienks, Paolo Carai, Lies Langouche, 
Wouter Verhesen, Rudolf De Boer, Stephane Heymans. (*contributed equally) Liver X receptor 
activation by T0901317 enhances CVB3 viral replication during myocarditis by stimulating 
lipogenesis. Cardiovasc Res. 2015 Jul 1;107(1):78-88. doi: 10.1093/cvr/cvv157. Epub 2015 
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Marieke Rienks, Anna Papageorgiou, Wouter Verhesen, Rick v. Leeuwen, Paolo Carai, Dirk 
Westermann, Stephane Heymans. The chondroitin sulfate variant of Osteoglycin increases cardiac 
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