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Summary and General Discussion

Function and assessment of the endothelial glycocalyx

The endothelial glycocalyx (EG) covers the endothelium throughout the whole
vasculature. Its strategic location, between the circulating blood and the endothelium
with its underlying tissue, points towards a potentially important functional role for the
glycocalyx. The layer is involved in almost all functions of the endothelium; it contributes
to the permeability barrier, it protects against coagulation and inflammation and is involved
in NO regulation, shear sensing and cell-cell signaling. Perturbation of this gel-like layer
is associated with inflammation and various vasculature-related pathologies. Moreover,
since the endothelial glycocalyx is in direct contact with pathogenic factors (e.g. elevated
glucose, increased lipids and disturbed shear stresses) it has been proposed to be one of
the first casualties during endothelial activation [1]. Consequently, alterations within the
EG are proposed to be an early risk marker for vascular dysfunction. Monitoring changes
is therefore proposed to identify early risk for cardiovascular disease. However, since it is
difficult to keep the structure in its original in vivo state, visualization of this EG remains
challenging.

In this thesis we studied the endothelial glycocalyx using a variety of visualization
techniques. We showed an overview of the current techniques to visualize the endothelial
glycocalyx in Chapter 2. By stimulating endothelial cells with prolonged shear stress, we
aimed to mimic an in vivo situation and thereby stimulate EG production. With lectins
and GAG-specific antibodies, we visualized compositional and dimensional changes
within the endothelial glycocalyx after prolonged flow culture.

In chapter 4 we used thick freshly isolated kidney slices, to diminish the influence of
processing techniques on EG structure. After staining with lectins and endothelial
markers, we quantified the luminal endothelial glycocalyx thickness and density. In
addition, we used electronic microscopy in combination with cupromeronic blue, a
compound that stabilizes and stains the EG. This enables visualization of the exact location
of the endothelial glycocalyx in high detail and revealed the presence of dense endothelial
glycocalyx plugs within the endothelial fenestrae. Moreover, it revealed a structurally
heterogeneous glycocalyx on top of the endothelial layer, depending most likely both on
endothelial phenotype and location.

In chapter 5 and 6 we used a relatively new technique to noninvasively detect changes
in the red blood cell exclusion properties of the endothelial glycocalyx, reflected by the
perfused boundary region (PBR). By monitoring the sublingual vasculature with SDF
imaging in human participants, this technique can be used to evaluate microvascular
health and perhaps even predict cardiovascular risk. With the current technique, changes
in EG in severely diseased patients have been detected noninvasively [2-4].



Structure and composition of the endothelial glycocalyx

In vitro, the endothelial glycocalyx lacks much of its barrier function when compared to
the in vivo situation [5,6]. Furthermore, endothelial glycocalyx dimension is reduced in
vitro [7]. Endothelial cells in culture normally lack exposure to continuous blood flow
and in vivo studies revealed that a disturbed blood flow is associated with glycocalyx
perturbation [8-10], while continuous laminar shear stress has been proposed to be
involved in endothelial glycocalyx production [11-14]. We set out to determine the effect
of prolonged shear stress on the endothelial surface glycocalyx in culture in Chapter 3.
Particularly, we have focused on the role of prolonged shear stress on the compositional
and functional changes in the luminal endothelial glycocalyx. We therefore reconstructed
the endothelial layer to a 3-dimensional image and specifically quantified the luminal
endothelial glycocalyx staining.

To determine overall changes in the endothelial glycocalyx, we used the lectin wheat germ
agglutinin (WGA). We observed an increase in WGA intensity and thickness and found
a more homogenous distribution of the WGA staining on top of the endothelial layer.
Previously, WGA staining on endothelial cells was decreased in a model of spontaneous
kidney failure in aged rats [15]. Consequently, the observed increase of WGA staining
upon prolonged exposure to flow most likely reflects an improved glycocalyx structure.

Within the endothelial glycocalyx, heparan sulfates (HS) play a crucial role in signal
transduction from the vasculature to the endothelium and its underlying tissues. In
particular, variation in HS disaccharide sequence and sulfation patterns determines
binding properties for circulating proteins [16,17]. Consequently, HS are involved in many
cellular processes such as attachment, migration, differentiation, blood coagulation, lipid
metabolism, and inflammation [16]. Therefore we also investigated HS compositional
changes in the glycocalyx. For this, we used the HS-antibodies 10E4 and JM403. 10E4
has been shown to need mixed HS domains, containing both N-acetylated and N-sulfated
disaccharide units, for binding [18]. In contrast, JM403 binding to HS depends on the
presence of N-unsubstituted glucosamine [19]. In our study we found a marked increase
of JM403 staining after 1 days of culture under flow. This coincided with an increase of IL-8
gene expression. After 7 days of flow culture, the JM403 staining was hardly present. Since
its presence is relatively rare it has been proposed that the N-unsubstituted glucosamine
residues contribute to selective protein binding and therefore in biological and pathological
cell processes [20]. This is supported by the finding that these N-unsubstituted HS domains
have been demonstrated to be involved in L-selectin binding [21]. The observed decrease
in JM403 binding therefore indicates a reduction in pro-inflammatory HS epitopes within
the endothelial glycocalyx.

The decreased adhesion of monocytes after blocking the epitope for J]M403 binding not
only supports this hypothesis, but also suggests a direct involvement of this HS epitope
in binding of inflammatory cells. This study shows that prolonged shear stress induces
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an anti-inflammatory glycocalyx/HS phenotype. Moreover, it shows that endothelial
glycocalyx composition is changed upon a shift in environment, which adds an extra layer
of regulation to cell-cell communication by changing the binding capacity for specific
signalling- or adhesion proteins. Consequently, modification of the endothelial glycocalyx
is a highly interesting target to fine-tune receptor-ligand interactions on the endothelium.
This definitely underlines the necessity for studying HS modifications in endothelial
function.

The endothelial glycocalyx as a barrier in glomerular filtration

Within the glomerulus, the glomerular filtration barrier (GFB) is the main site for
filtration in the kidney. The GFB consists of endothelium with its glycocalyx, a glomerular
basement membrane (GBM) and podocytes. Although it is well established that every
single layer contributes to the glomerular filtration barrier (GFB), the exact function of the
separate layers is still unknown. As early as 1976, Ryan and Karnovsky demonstrated that
plasma albumin does not pass the highly fenestrated endothelial layer of the glomerular
capillary wall [22]. The observation that the endothelial fenestrae, which are big enough to
allow protein passage, were filled with endothelial glycocalyx indicates that this glycocalyx
functions as a first barrier within the GFB [23,24].

In chapter 4 we demonstrated a role for the endothelial glycocalyx and more specifically
the subcomponent hyaluronan in the glomerular filtration barrier. We show that
glomerular fenestrae are filled with dense negatively charged polysaccharide structures.
Upon infusion of hyaluronidase, albumin passage across the endothelium can be observed
in almost all the glomeruli. Such albumin passage was not observed for the control
animals. In conclusion, in this study we have shown that the glomerular EG functions as a
selective protein permeability barrier. In support of this, endothelial glycocalyx disruption
by displacing non-covalently bound proteins has been demonstrated to result in an acute
increase of albuminuria [25]. Moreover, glycosaminoglycan-degrading enzymes such as
chondroitinase and heparinase have also been shown to alter the charge selectivity of the
glomerular filter [26,27]. In addition, in aged Munich-Wistar-Fromter rats, albuminuria
associates with endothelial glycocalyx loss.

Although we used a model to specifically determine the role of hyaluronan in the
glomerular filtration barrier, it is tempting to speculate about the implications of
glycocalyx damage in the development of renal failure. Based on the presented data we
suggest that damage of the endothelial glycocalyx results in very early damage in the
glomerular filtration barrier. Consequently, during diseases in which glomerular failure
is observed, glycocalyx damage might be one of the first changes upon exposure to risk
factors. In diabetes, for example, an increase in heparanase and hyaluronidase has been
demonstrated, most likely as a consequence of increased levels of risk factors such as
hyperglycemia, and hyperlipidemia [28-31]. Moreover, both hyperglycemia and diabetes



have been associated with a reduction in endothelial glycocalyx volume [32,33]. As shown
in our model, the perturbation of the ESL within the glomerular filtration barrier leads
to protein leakage and binding (/uptake) by podocytes. This could initiate inflammatory
signalling and contribute to podocyte transformation and effacement, as was postulated
by Morigi et al. [34], and matches early activation of podocytes observed in our model.
When prolonging the time of damage it seems to be reasonable to expect accumulation
of damage leading to changes in podocyte morphology. Eventually loss of podocyte
morphology leads to a severely damaged glomerular filtration barrier. Based on this
model, we propose that the endothelial glycocalyx is the first casualty during prolonged
risk factor exposure. Both the subsequent activation of endothelial cells, as the passage of
proteins over the filtration barrier, leads to a disturbed cell-cell signalling within the GFB
which can result in activation of endothelial cells, podocytes and mesangium (figure 1).
However, although albumin passes the filtration barrier during this stage, we hypothesize
that albuminuria only develops when chronic activation results in structural damage, such
as podocyte flattening, mesangial expansion and loss of endothelial fenestrae [35].

Physiological situation: Early EG degradation: Chronic EG degradation:
EG binds proteins (Alb) Alb passes GFB Podocyte effacement
EG allows passage of fluid/small molecules ; Podocytes bind Alb and get activated ; Loss of EC fenestrae
Proteinuria
. . .
.
. * . . ° .

.
N AN NN

Figure 1: Schematic overview of the hypothesized mechanism of glomerular barrier failure. Dur-

ing a healthy situation the glycocalyx covers the glomerular endothelium and fills the fenestrae. Proteins,
such as albumin, are adsorbed by the endothelial glycocalyx. In this way they form a barrier for circulating
plasma proteins, which are consequently unable ro cross the filtration barrier. In contrast, the gel-like gly-
cocalyx allows passage of smaller molecules and fluids, thus facilitating glomerular filtration (left). During
early endothelial glycocalyx modification and degradation, less protein can be bound and proteins can pass
the filtration barrier. Here, proteins can bind to podocytes, parietal epithelial cells and tubular epithelial
cells. These cells get activated as a result of binding and uptake of proteins (middle). Upon chronic EG deg-
radation, proteins continuously pass the filtration barrier. As a result, podocytes are chronically activated
and effacement will occur. Loss of the glomerular barrier structure will eventually result in large quantities
of proteins passing the glomerular filtration barrier which leads to glomerular and kidney failure (right).
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The observation that albuminuria in aged Munich Wistar Fromter rats associates with
glycocalyx loss, suggests that widespread loss of the endothelial glycocalyx might link
albuminuric kidney disease with systemic vascular dysfunction. Based on our data and
these earlier studies, we propose that endothelial glycocalyx dysfunction is a central
mediator in the development of both renal and cardiovascular failure [15,36]. This is
supported by the Steno hypothesis, proposed by Deckert et al in 1989 [37]. In the Steno
hypothesis, perturbation of the extracellular matrix, more specifically of the HS within
this matrix, was proposed to be a key factor in the development of both renal failure
and cardiovascular disease. We propose a revised hypothesis: Perturbation of the
luminal extracellular matrix, thus endothelial glycocalyx, is the central mediator for the
development of both renal and cardiovascular failure. More detailed studies, for example
in a model in which one could follow both the development of glycocalyx damage as
the effects on macrovascular- and renal pathologies in time, are of utmost importance
to study this hypothesis. When this hypothesis can be supported by future studies, the
endothelial glycocalyx might become a crucial target for therapeutics to prevent vascular
damage and the subsequent risk for, among others, CVD and renal disease.



Estimating endothelial glycocalyx changes in patients using SDF imaging

As discussed in chapter 2, it is difficult to measure glycocalyx dimensions in patients. Until
recently, shed syndecan-1 has been used, since glycocalyx shedding (e.g. in inflammatory
conditions) is thought to contribute to plasma levels of soluble syndecan-1 [38]. However,
the exact underlying mechanisms and dynamics of proteoglycan shedding and its link
with various vascular pathologies are largely unknown, making it difficult to interpret this
parameter. Moreover, the absence of shedding of one specific proteoglycan might not per
definition mean that endothelial glycocalyx properties are unaltered. In chapter 5 we used
and validated a newly developed technique to estimate endothelial glycocalyx changes in
a fast and non-invasive manner. We used this automated, and easy to apply approach to
measure the ability of RBC to penetrate the ESL, quantitatively defined as the perfused
boundary region (PBR) [3,39]. Overall, measuring PBR shows to be an easier and less
invasive method than measuring shed markers like syndecan and thrombomodulin.
However, more studies are necessary to study the selectivity and sensitivity of the PBR as
a marker for early vascular damage.

In chapter 5 we have shown that patients with an impaired kidney function have a larger
PBR, which reflects a loss of endothelial surface layer dimensions. Also, ESL dimensions
in patients with a stable kidney transplant were indistinguishable from healthy controls,
while patients developing IFTA (Interstitial Fibrosis and Tubular Atrophy) revealed a
larger PBR, i.e. ESL loss. These changes in PBR are reflected by the presence of the shed
ESL components sTM and syndecan-1.

Previously, renal failure was shown to correlate with increased concentrations of shed
hyaluronan [3], and release of the endothelium specific proteoglycan thrombomodulin
coincides with diabetes and diabetic nephropathy [40,41]. Here, we showed that patients
with renal failure have increased circulating levels of syndecan-1, which could be reversed
by kidney transplantation. In addition a correlation between PBR, the glycocalyx shedding
markers sTM and syndecan-1 and the endothelial activation marker Ang2 was observed.
This also validates both glycocalyx measurements within this study.[42]

Plasma and serum biomarkers and PBR measurements corroborate the observation that
loss of renal function is associated with endothelial activation and loss of ESL thickness.
Furthermore, we show that we are able to discriminate between a group of participants
with and without renal failure, thereby validating the PBR measurements. Although the
causality still needs further study, the association of glycocalyx damage, renal failure and
endothelial activation shown in this study further supports the earlier proposed role for
endothelial glycocalyx perturbation as a central mediator in the development of both
renal failure and CVD.

In Chapter 6, we set up a study to try to answer the question whether endothelial glycocalyx
damage is predictive for the development of vasculature related pathologies. The NEO
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study, described in this chapter, is a prospective cohort study of 6,673 individuals aged
between 45 and 65 years, to study the mechanisms underlying the development of disease
in obesity. Among others, we have estimated the ESL thickness in these participants as
baseline measurement for future studies. Although in general this population is yet only at
risk for cardiovascular disease, due to oversampling of BMI > 25, a high variation in PBR
was observed. Nonetheless, no correlations with other known risk markers were observed,
which might be explained by the observed high inter-individual variation. Future follow-
up of this study cohort, allowing events to occur, should address whether PBR associates
with the development of cardiovascular disease.

Within the baseline measurements of the NEO study we did observe an association
between changes in endothelial glycocalyx properties (PBR) and estimates of microvascular
perfusion in the sublingual microcirculation. The strongest association was observed
between PBR and RBC filling percentage, which represents the microvascular perfusion
changes over time. Although this population is only at risk for cardiovascular disease,
the high variation in PBR and negative correlation of PBR with perfusion estimates
might indicate the onset of the development of vascular dysfunction in a subset of these
participants.

In conclusion, changes in the ESL have been postulated to associate with, and maybe even
precede, vascular and renal damage [1]. In this thesis we confirm a correlation between
glycocalyx dimensions, perfusion, renal failure and vascular activation. Because measuring
PBR in the microcirculation is a non-invasive and fast method to assess changes in the
ESL in patients, this is a promising new method for clinical monitoring of the systemic
microvasculature. Furthermore, follow-up of the NEO study cohort should address
whether PBR associates with, or might even predict the development of cardiovascular
disease.



Conclusion and future perspectives

The endothelial glycocalyx is a highly interactive matrix that facilitates protein-protein
and protein-receptor interactions and thereby serves as a key modifier of endothelial
function. Both structural dimension as well as biochemical composition determines its
properties as a bioactive scaffold.

The structure and modifications of carbohydrates are highly complex and exceed the
complexity of proteins and genes. Studying glycocalyx composition has proven very
challenging due to the structural fragility and the complex sugar biochemistry involved.
However, modern imaging technology, as discussed in this thesis, opens up opportunities
to take the glycocalyx into account when studying vascular and renal physiology. While
it is still technically impossible to unequivocally chemically characterize HS and HA
variability, most of our knowledge on disaccharide modification - function relationships
needs to be derived from experiments where enzymes that edit the chemical composition
of the glycocalyx are conditionally knocked out. The development of new methods to study
the exact structure and composition of this luminal endothelial glycocalyx is therefore of
key importance to obtain more insight in the endothelial glycocalyx function.

Together with earlier published data [43], our data in chapter 4 and 5 points towards
a central role for endothelial glycocalyx perturbations in the development of both
cardiovascular disease and renal failure. Consequently, the role of endothelial glycocalyx
damage in development of vascular related pathologies needs to be further studied. The
development of the SDF camera might enable us to study glycocalyx perturbations in
large cohorts. For now, structural dimensions of the glycocalyx have been measured using
SDF imaging in severely diseased patients [3,44,45]. However, to be able to detect early
glycocalyx damage and thus predict the development of cardiovascular disease, further
development and optimization of this technique is required.

Altogether, development of further insight in structure-function relationships of the
glycocalyx will create new perspectives in our understanding of physiology and provide
opportunities to innovate medicine. Development of technological innovations that
enable the further interrogation and the modulation of glycocalyx function will prove to
be a critical success factor.
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