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van TNC in de ontwikkeling van weefselschade tijdens MRSA infectie. Hoewel de 
verschillen in immuun activatie klein waren, ontwikkelden TNC-/- muizen meer 
weefselschade in hun longen de eerste 6 uur na infectie. Na 24 uur was de pathologie 
in beide genotypen toegenomen, en was het verschil niet langer significant. Na 48 uur 
waren de pathologiescores vergelijkbaar tussen beide genotypen. Ook de totale 
eiwitconcentratie in BAL vloeistof – wat een indicatie geeft van de integriteit van de 
longbarriere – was toegenomen in TNC-/- muizen 6 uur na infectie, maar niet daarna. 
Samengenomen suggereren deze data dat TNC een mild beschermend effect tegen 
longschade zou kunnen hebben tijdens vroege MRSA infectie, maar dat het de 
inflammatoire status en de latere stadia van infectie en resolutie niet sterk beïnvloedt. 

Tot slot, in deze thesis tonen wij aan dat in patiënten plasma TNC concentraties 
geassocieerd zijn met ernstige ziekte en infectie. Tijdens sepsis zijn TNC concentraties 
vooral afhankelijk van de ernst van de ziekte, en niet onafhankelijk geassocieerd met 
mortaliteit. In ons cohort van ARDS patiënten daarentegen, gaf plasma TNC wel een 
onafhankelijke bijdrage aan de prognose van mortaliteit. Als biomarker is TNC niet 
goed in staat om ARDS te diagnosticeren, of om infectieuze van niet-infectieuze 
longziekten te onderscheiden. TFF3 was geassocieerd met abdominale sepsis en 
mortaliteit, maar had geen (onafhankelijke) prognostische waarde voor mortaliteit. 
Hoewel de literatuur TNC beschrijft als een belangrijke aanjager van chronische 
inflammatie in steriele modellen, toonden in vivo studies naar de functie van TNC aan 
dat TNC geen belangrijke rol speelt in het functioneren van het aangeboren 
afweersysteem en bacteriële uitgroei en klaring tijdens bacteriële longontsteking en 
pneumosepsis. De observaties in deze thesis dragen daarom bij aan het recent 
ontstane concept waarin de functie van TNC mogelijk grotendeels afhangt van de 
context waarin het eiwit zich bevindt. 
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General Discussion 
The tenascin C (TNC) protein has been known for almost four decades (1). Since then, 
it has been extensively studied for its roles in embryonic development, neural 
regeneration, cancer metastasis and wound healing (2). In addition, TNC is used as a 
common marker to assess the presence and severity of pulmonary fibrosis in clinical 
and pre-clinical studies. Only recently was TNC described as a damage-associated 
molecular pattern (DAMP) which actively contributes to the persistence of fibrosis (3- 
5). Moreover, TNC was identified as an agonist to toll-like receptor (TLR)4, which plays 
an important role in the activation of the innate immune response (6-12). In adults, 
TNC expression is low, but upregulated at sites of tissue injury (2), and it has been 
suggested that at these sites TNC may drive persistent inflammation via an autocrine 
positive feedback loop (3, 6-8). Sepsis is a life-threatening syndrome that is 
characterized by organ dysfunction caused by a dysregulated host immune response 
during infection (13). Therefore, the aim of this thesis was to describe TNC plasma 
levels in critically ill patients, particularly those with sepsis, and to study the role of 
TNC during the innate immune response to bacterial pneumonia and pneumosepsis 
using pre-clinical models. 

In Part I we used a large observational cohort to demonstrate enhanced plasma TNC 
levels in critically ill patients, throughout the first 4 days of admission to the intensive 
care unit (ICU). Our findings were in accordance with another study reporting 
increased TNC levels in a small cohort of sepsis patients (14). While both studies 
demonstrated an association between TNC and 30 day mortality, we were the first to 
show that this association depends on disease severity. Thus, TNC alone did not 
provide added value as a prognostic marker in sepsis patients on the ICU. We then 
continued to contrast infectious disease to critical illness with non-infectious causes, 
and found TNC levels to be associated with the presence of infection. This was of 
interest especially in the context of community-acquired pneumonia (CAP), which 
remains difficult to quickly and accurately diagnose, especially in those with 
comorbidities and in the elderly (15). Thus far, studies have identified procalcitonin as 
a primary biomarker for CAP diagnosis, but its sensitivity and specificity are limited 
(16, 17). Unfortunately, in our cohort procalcitonin and TNC performed similarly 
poorly and combining the two markers did not improve the diagnostic accuracy of 
either biomarker. Likewise, TNC levels were increased in patients with the common 
ICU complication ARDS (acute respiratory distress syndrome). 

While our data indicate that TNC may be associated more closely to disease severity, 
rather than an independent marker of sepsis and mortality, two important distinctions 
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need to be kept in mind. First, we were only able to study TNC during the first 4 days 
of ICU admission. In a TNC-deficient (TNC-/-) model of rheumatoid arthritis, 
inflammation could not persist beyond the acute response, but instead subsided after 
24 hours in the absence of TNC (7). In a model of bleomycin-induced fibrosis, TNC- 
/- mice initially developed similar disease, but resolved most markers of tissue injury at 
later timepoints while TNC-sufficient (TNC+/+) mice showed further progression of 
disease (3). Thus, persistence of high TNC levels may affect long-term outcome. 
Indeed, it has been shown in vitro that while a low dose of TNC could enhance 
cytokine production by monocytes, a high dose could induce immune tolerance (18), 
which is a major long-term complication in patients with sepsis (19, 20). Additionally, 
CAP patients whose leukocytes show limited in vitro capability to produce TNF in 
response to TLR4 stimulation, also demonstrate increased plasma levels of TNC (21). 
Therefore, it may be of interest to study TNC plasma levels in critically ill patients over 
a longer period of time, and combine it with data on the ability of the host to respond 
to pathogens, as well as relate it to long-term outcome measures. 

A second factor is that besides the dose-dependent effect of TNC on innate immune 
cells, TNC has now been described to have over 500 different splicoforms (12, 22). The 
splicoforms can differ greatly in their size, structure and function, and which form is 
produced depends highly on the cell type producing TNC, as well as the context in 
which TNC is produced (22). Specifically, diseased or highly activated cells frequently 
produce isoforms lacking the so-called AD2AD1 domain, resulting in an 
immunosuppressive TNC isoform (22). Thus, not only the total quantity of TNC, but 
also the balance between specific isoforms may contribute to the outcome of 
inflammatory signalling. Future studies may therefore aim to identify the levels of 
groups of TNC isoforms or, with the increased accessibility to -omics technology, use a 
proteomic approach to determine the main TNC isoforms present in the clinical 
context. 

As the old adage goes, correlation does not imply causation. In Part II we asked what 
role TNC plays during early pneumonia and pneumosepsis. To study this, we used pre- 
clinical models in TNC-/- mice bred on a C57 Bl/6 background, with TNC+/+ mice from 
the same breeding as controls (23). The first model used a virulent strain of Gram- 
negative Klebsiella (K.) pneumoniae, that will rapidly multiply and disseminate to distal 
organs. These mice develop severe pneumonia after 24 hours and progress into 
pneumosepsis. The second model used the Gram-positive methicillin-resistant 
Staphylococcus aureus (MRSA). 

A previous study showed that TNC-/- mice produced less TNF and IL-6 and become less 
severely ill during endotoxemia, where bacterial LPS was injected in a sterile model of 
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inflammation (10). In our models, we did not observe these changes at a protein level 
– although there was a decrease in TNF and IL-6 mRNA during K. pneumoniae
infection. Interestingly, we did not observe a large increase in pulmonary TNC levels
until 42 hours after infection, possibly because TNC protein upregulation depends on
the novo transcription followed by release to the extracellular matrix (ECM), while the
presence of matrix metalloproteases may contribute to degradation of TNC at the site
of inflammation (24). Meanwhile, the shift in cytokine mRNA levels could already be
observed at 24 hours. As these changes precede the rise in total TNC protein, other
factors – such as TNC splicoforms or RNA levels – may play a role in these early stages.

During endotoxemia, the hypo-inflammatory phenotype of TNC-/- mice can be rescued 
via bone marrow engraftment from TNC+/+ mice (10). The authors then showed that in 
vitro, addition of TNC to TNC-/- macrophages did not affect cytokine responses, while 
the addition of pre-miR-155, a microRNA downregulated in TNC-/- mice, restored 
cytokine production. Together, these data indicate that cytokine production of 
macrophages in response to TLR4 stimulation depends on a transcriptional 
programme that is impaired in the absence of TNC transcription, rather than on the 
absence of extracellular TNC. This raised the question whether the TNC protein may 
have an intracellular function in macrophages, or whether the 92.1% of non-protein 
coding TNC RNA contains additional transcriptional regulators (24). In our pre-clinical 
models, we were only able to assess the large FN(III)C isoform, while different 
isoforms may play distinct roles during inflammation as discussed above. 

While both TNC and LPS are TLR4 agonists, they initiate distinct transcriptional 
programmes upon TLR4 signalling (11). In macrophages, LPS induced a phenotype with 
a high production of TNF and proteases, while TNC signalling drove IL-8 production as 
well as the synthesis and modification of ECM molecules. Other cytokines, such as IL-6, 
were equally inducible by either signal. It should be kept in mind, however, that this 
data was gathered under sterile conditions. In our models, a variety of bacterial 
components stimulate the innate immune response, while extensive tissue pathology 
results in release of DAMPs that further affect immune signalling. In our MRSA model, 
TNC mRNA peaked after 6 hours, when the bacterial load was highest. At the same 
time, TNC-/- mice showed an enhanced IL-6 response, while at 24 hours the IL-6 
response was muted, which we also observed at the 24 hour timepoint in our K. 
pneumoniae model, albeit only at the RNA level. Similarly, TNC-/- mice showed 
increased tissue pathology after 6 hours of MRSA infection, but not thereafter. During 
K. pneumoniae pneumosepsis, a similar trend was visible at 24 hours although this did
not reach statistical significance. Together, these data indicate that TNC may provide
some protection against tissue injury during the early phases of bacterial infection –
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which could be mediated by driving a tissue-protective phenotype as described in (11). 
However, its effect on cytokine signalling may be context-dependent, or simply 
drowned out in the complexity of the immune response in the ubiquitous presence of 
live and killed pathogens. Moreover, TNC may play a different role during chronic 
inflammation and resolution; addressing this would require additional clinical and pre- 
clinical studies. 

Any model of disease comes with its limitation, and our studies are no exception. Our 
models used mice on a C57Bl/6 background, which differ in their immune response to 
129/Sv mice (25), which were commonly used in previous studies on the pro- 
inflammatory properties of TNC (7, 10, 11, 26). Recently, 129/Sv mice were reported 
to lack caspase-11, which likely impacts their LPS response (27, 28). Comparing 
endotoxemia models in both mouse strains may provide insight as to which of the 
contrasting results may be due to genetic differences, and which are due to the great 
difference between sterile LPS-induced inflammation and an infection with live 
bacteria. Moreover, constitutive knock-out of TNC in 129/Sv mice is associated with 
alterations in dendritic cell development, as well as minor changes in pulmonary 
morphology (26, 29). We did not observe major morphological changes in our models, 
but such changes may affect the local micro-environment even if we cannot observe 
the effects in the macro-environment. Finally, our models look at the function of TNC 
through comparison with a TNC-null environment. While this is of great interest, as 
beneficial effects may point towards interventions aiming to reduce TNC levels, it has 
to be taken into account that genetic deficiency of any protein may lead to 
compensatory changes during life that result in a phenotype that is not directly 
related to acute elimination of the targeted protein in an adult mouse during infection 
or inflammation. In addition, our studies did not examine the effect over-expression of 
TNC. A newly generated model that allows for conditional TNC over-expression 
through a Cre-loxP system on a C57/Bl6 background enables researchers to study the 
role of TNC during inflammation from a new angle (30). Finally, by focussing on heavy 
TNC isoforms and total TNC mRNA expression, we cannot determine shifts between 
different TNC isoforms, which may well have distinct roles both intracellularly and in 
the ECM. 

TNC deficiency has been associated with an anti-inflammatory effect in a variety of 
disease models, including hepatic ischemia/reperfusion injury (31), concanavalin A– 
induced hepatitis (5), joint inflammation (7, 26), autoimmune encephalomyelitis (32), 
Alzheimer’s disease (33), ovalbumin-induced asthma (34) and bleomycin-induced 
pulmonary fibrosis (3, 4). In this thesis, we expanded upon this literature by studying 
the role of TNC during pneumonia and sepsis. Altogether, the data presented in this 
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thesis argue against an important role of TNC in the immune response during the 
initial stages of infection and sepsis. While our findings contrast with previous 
observations in sterile inflammatory models, they contribute to the growing body of 
evidence that the function of TNC is highly context-dependent. A better understanding 
of the many distinct domains, isoforms and multimers that make up this protein in the 
ECM may provide further insights into its multitude of functions. Additional clinical 
and pre-clinical studies could determine its role during later stages of disease 
development and resolution. In this regard, model selection and study design should 
receive much attention in order to obtain more understanding of the context- and 
time-dependent nature of TNC signalling. 
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thesis argue against an important role of TNC in the immune response during the 
initial stages of infection and sepsis. While our findings contrast with previous 
observations in sterile inflammatory models, they contribute to the growing body of 
evidence that the function of TNC is highly context-dependent. A better understanding 
of the many distinct domains, isoforms and multimers that make up this protein in the 
ECM may provide further insights into its multitude of functions. Additional clinical 
and pre-clinical studies could determine its role during later stages of disease 
development and resolution. In this regard, model selection and study design should 
receive much attention in order to obtain more understanding of the context- and 
time-dependent nature of TNC signalling. 
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