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Chapter 1

Inflammation in chronic kidney dysfunction

Despite advances in treatment and better knowledge of renal pathophys-
iology, the prevalence of chronic kidney disease (CKD) continues to increase, with 
recent data indicating a rise in CKD prevalence of 19,6% in the past decade (1). 
Patients suffering from CKD can progress to end-stage renal disease (ESRD), re-
quiring renal replacement therapy. Moreover CKD patients have a higher risk of 
death from cardiovascular disease compared to  individuals without CKD (2). CKD 
has a variety of pathophysiological causes, but most of these causes are incurable 
at this moment. Therefore treatment of CKD consist predominantly of prevent-
ing complications and slowing disease progression, giving rise to the need for 
new treatment strategies to treat the underlying cause of CKD. On a worldwide 
basis, diabetic kidney disease is the leading cause of CKD and ESRD, and preva-
lence of diabetic kidney disease keeps increasing (3,4). Other important causes 
of CKD are inflammatory diseases of the kidney, especially different forms of glo-
merulonephritis such as IgA nephropathy, glomerulonephritis related to other 
(auto-)immune mediated diseases such as systemic lupus erythematosus (SLE) 
or small-vessel vasculitis or tubulo-interstitial diseases. Also loss of graft function 
following renal transplantation caused by procedure related damage, medication 
and immunological processes (rejection) attributes significantly to the incidence 
of CKD. Importantly, in all these widely different circumstances leading to renal 
function loss, an inflammatory component with complement activation and/or 
cellular infiltrates is a major factor in the pathophysiology. In some the inflamma-
tory component is the initiating event, while in most the inflammation is seen as 
a progressive factor.

The immune system is characterized by a humoral and cellular branch 
which can both be divided in an innate branch and an acquired branch. Innate 
immunity is seen as the first line of defense and is largely characterized by the 
complement system (humoral) and by neutrophils and antigen presenting cells 
like macrophages and dendritic cells (cellular). Acquired immunity is character-
ized by antibody producing B-cells (humoral) and antigen-specific T-cells (cellu-
lar). In general it can be stated that the innate immunity is the first line of defense 
and is quick and powerful ,however, rather non-specific. The innate immune sys-
tem also functions as the initiator for the acquired immune system, presenting 
antigens to T-and B-cells, which subsequently form a specific response to these 
antigens. This thesis focusses mostly on the initiation of the inflammatory re-
sponse in several experimental renal diseases. The initial inflammatory stimulus 
varies among renal diseases, however two processes are critical for the develop-
ment of an innate immune response i.e. complement activation and leukocyte 
infiltration.
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General Introduction

1
Complement in renal diseases

There are 3 known complement pathways i.e. the classical (CP), lectin 
(LP) and alternative pathway (AP) with distinct pathogen/damage recognition 
processes, but all leading to the cleavage of C3 into C3a and C3b eventually fol-
lowed by cleavage of C5 and formation of the membrane attack complex (C5b-9). 
Complement has been identified as an important instigator of the inflammatory 
response in several renal diseases. The CP has been shown to contribute to renal 
injury in various renal diseases. These include predominantly antibody mediated 
diseases like lupus nephritis, anti-GBM glomerulonephritis and membranopro-
liferative glomerulonephritis (5-7). The LP of complement has been shown to be 
involved in a number of renal diseases like diabetic nephropathy, ischemia/reper-
fusion (I/R), transplantation and IgA nephropathy. Although the role of the LP in 
these diseases has in most cases not been causally established, mice deficient 
in MBL have been shown to be partially protected from I/R mediated damage, 
which could be reversed by administering recombinant MBL (8). The same MBL 
deficient model was used in an experimental model for diabetes and the results 
showed that MBL deficient mice were partially protected from renal damage due 
to hyperglycemia (9). A role for the AP of complement has been causally estab-
lished in I/R injury, as factor B deficient mice were partially protected against 
functional and morphological renal injury in an experimental renal I/R model. 
Interestingly factor B deficient mice also showed a reduced influx of neutrophils 
in the outer medulla after I/R (10). Moreover the AP has been identified as a 
major player in the initiation of proteinuria mediated tubular epithelial damage. 
Amongst others, our group has shown that AP factors bind to tubular epithelium 
and activate the AP, resulting in tubular atrophy (11,12). These findings indicate 
that complement can be considered a therapeutic target in renal diseases. Com-
plement inhibitors are on the market for some time now, but they have only 
been implemented as treatment in some rare renal diseases. Already for some 
years eculizumab, a monoclonal C5 inhibitor, is registered as treatment for atyp-
ical hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria. Fur-
thermore, some data suggest efficacy of eculizumab treatment in some types of 
(complement-related) membranoproliferative glomerulonephritis and humoral 
transplant rejection. However treatment with eculizumab is very expensive and 
therefore not available to all patients. Attempts to develop other C5 inhibitors 
have been undertaken with variable results (13). C5 inhibitors inhibit the termi-
nal phase of all pathways of complement. However, as discussed before, specific 
complement pathways have been linked to specific renal diseases, opening the 
opportunity for the development of pathway specific complement inhibitors. 
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Table 1, Complement pathway involvement in renal diseases

Classical pathway Lectin pathway Alternative pathway

Transplantation  (14) Transplantation  (15) Transplantation  (16)

Lupus nephritis  (5) Ischemia reperfusion  (8) Ischemia reperfusion  (16)

Anti-GBM disease  (7) IgA nephropathy  (17) IgA nephropathy  (18)

Diabetic nephropathy  (19) C3 glomerulopathy  (20)

Membranous nephropathy  
(21)

Hemolytic uremic syndrome  (22)

Henoch-Schönlein purpura 
nephritis  (23)

Dense deposit disease  (24)

ANCA-associated vasculitis  (25)

Membranoproliferative glomerulone-
phritis  (20)

Henoch-Schönlein purpura nephritis  
(23)

Cellular infiltrates in renal disease

The role of leukocyte migration in renal disease has been extensively 
studied. It has for example been shown that macrophage and T-cell migration 
from the vasculature to the mesangial and interstitial areas is crucial in the de-
velopment of diabetic nephropathy (26,27). These same cell types have been 
shown to infiltrate the renal interstitium in chronic transplant dysfunction (28). In 
an I/R model, neutrophils and macrophages have been shown to rapidly infiltrate 
the interstitium, but also CD4+ and CD8+ T-cells and B-cells have been shown to 
infiltrate under these acute inflammatory conditions (29). These studies clearly 
demonstrated that leukocyte infiltration is an important mediator of immuno-
logical mechanisms in (progressive) renal disease and therefore attempts have 
been undertaken to target leukocyte infiltration. MCP-1 knockout studies have 
shown beneficial effects in multiple models including in a model for lupus ne-
phritis. MCP-1 deficient mice showed reduced macrophage and T-cell infiltrates 
in the kidney, reduced proteinuria and renal damage (30). Moreover, in an ex-
perimental rat model for I/R, treatment with a interleukin-1 receptor antagonist 
resulted in reduced cellular influx and reduced I/R mediated damage (31). In an 
experimental model of chronic renal allograft dysfunction, inhibition of leukocyte 
transmigration has shown to be beneficial for allograft survival (32). These stud-
ies demonstrate the potential for inflammation based therapies in renal diseases 
and show that cellular infiltration can be targeted via different routes like inhib-
iting selectins, inhibiting chemokine release, chemokine receptor antagonists or 
disruption of the chemokine gradient. 
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General Introduction

1
Leukocytes: from the vasculature to the lymphatic system

 Inflammation is the influx of leukocytes from the microvasculature into 
the interstitial space. Whether or not leukocytes will start the process of transmi-
gration is determined by the activation of endothelial cells, which in the kidney 
can be activated by cytokine producing resident macrophages, tubular epitheli-
al cells and other cell in the interstitium. Activated endothelium starts express-
ing E-and P-selectin which can interact with  glycoprotein ligands on the cellular 
membrane of leukocytes. These ligands on leukocytes are sialylated fucosylated 
carbohydrate residues of the Lewis x blood group family attached to membrane 
proteins (33). Endothelial cells also upregulate ligands for L-selectin, a membrane 
bound selectin on leukocytes. The interaction between selectins and their ligands 
induces leukocyte rolling on the endothelium and reduces their velocity. Besides 
ligands like E-and P-selectin, endothelial cells also start expressing chemokines. 
These chemokines are presented to high affinity chemokine receptors on leuko-
cytes, resulting in activation and/or expression of integrins (34). Integrins on the 
surface of leukocytes bind to intercellular adhesion molecule (ICAM) and vas-
cular cell adhesion molecule (VCAM) expressed by the activated endothelium, 
facilitating the firm adhesion of the leukocyte and starting the transmigration 
process (35). Once the leukocyte has entered the interstitial space, a chemok-
ine gradients produced by, amongst others, resident macrophages and epithelial 
cells, guides the leukocyte to the site of inflammation. 
 Upon entering the inflammatory area, leukocytes mature and have mul-
tiple functions. For example macrophages produce chemokines and cytokines to 
recruit additional leukocytes and activate other cells like fibroblasts and pericytes 
to become myofibroblasts, which are involved in renal fibrosis. However, mac-
rophages can also phagocytose apoptotic cells, bacteria and debris by a process 
called phagocytosis. Upon stimulation with pro-inflammatory cytokines such as 
TNF-α and/or IL-1β, macrophages can change from their phagocytic phenotype to 
an antigen presenting phenotype (36,37). This phenotypic shift causes a change 
in the expression of chemokine receptors. One of the receptors newly expressed 
is CCR7 which can be activated by CCL21 and CCL19, two chemokines expressed 
by the lymphatic endothelium (38). Migration of antigen presenting cells towards 
the lymphatic system occurs in the same fashion as migration towards the site of 
inflammation, via a chemotactic gradient of chemokines, amongst others CCL21 
and CCL19 (39). Transmigration through the lymphatic endothelium again occurs 
via the binding of integrins to ICAM expressed by the lymphatic endothelial cell 
(40-42). Eventually antigen presenting cells migrate to lymph nodes where they 
interact with lymphocytes to stimulate the acquired immune response.
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Heparan sulfate proteoglycans in the inflammatory response

Heparan sulfate proteoglycans (HSPGs) are linear carbohydrates com-
posed of repeating disaccharide units (glycosaminoglycans) attached to a protein 
core and can be found on cell surfaces and in basement membranes. Related to 
their negative charge, mainly due to carboxyl and sulfate groups within the disac-
charide units, HSPGs can bind numerous cytokines, chemokines, growth factors 
and complement factors. Binding, however, is critically dependent on the special 
distribution and density of the sulfate groups along the glycosaminoglycan chain. 
HSPGs have been shown to act as a ligand for L-selectin, immobilize chemokines 
on the endothelial surface and present them to passing leukocytes and stabi-
lize the chemotactic gradient in the interstitium towards the inflammatory site 
and the lymphatic system (43,44). Moreover, HSPGs have demonstrated to be of 
major importance in the chemokine presentation of chemokines to leukocytes 
migrating toward the lymphatic system (45). Besides that, HSPGs have shown 
to bind and present growth factors like TGF-β and FGF-2 and play a role in tissue 
fibrosis besides the inflammatory response (46,47). 

It is known that HSPGs bind complement factors and thereby regulate 
complement activation on certain cells. Our group has shown that both an in-
hibitor and activator of the AP, factor H and properdin, respectively, can bind 
HSPGs on the tubular epithelium under proteinuric conditions and that binding 
of properdin to tubular epithelial HSPGs is important in the process of comple-
ment mediated tubular epithelial injury in proteinuria (11,12). Heparin, a highly 
sulfated glycosaminoglycan similar in backbone to heparan sulfates, has been 
shown to be able to bind numerous complement factors and is known for its 
complement inhibiting potential (48,49). These studies all in all demonstrate that 
HSPGs on the cellular membrane and in the basement membrane function as 
docking stations for chemokines, L-selectin, but also complement factors. There-
fore HSPGs are pivotal in the processes of cellular infiltration and complement 
activation.

Aim of the thesis

Literature has shown that inflammation plays an important role in vari-
ous renal diseases, of which many are to date incurable. Therefore inflammation 
is considered an important target in renal pathologies. Targeting inflammation 
in renal disease has shown promising results in experimental models and also in 
some clinical trials. Since inflammation is orchestrated by heparan sulfate pro-
teoglycan expression on endothelial and tubular epithelial cells, the aim of this 
thesis is to further unravel the role of HSPGs in inflammation, with a focus on 
leukocyte recruitment and complement activation.
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1
Outline of the thesis

In chapter 2, we reviewed the current state of knowledge regarding 
the role of glycans in tubulo-interstitial inflammation and pathology. We gave 
an elaborate introduction on the formation and function of glycans and discuss 
the role of glycans in renal complement activation, leukocyte recruitment and 
growth factor responses.

Experimental studies have shown that endothelial HSPGs play a role in 
leukocyte recruitment and HSPG deficiency leads to increased leukocyte rolling 
and decreased leukocyte transmigration. Therefore, in chapter 3, we used an 
endothelium specific Ndst1 knockout mouse in an experimental diabetes model 
to investigate the role of HSPGs in diabetic nephropathy and whether endothelial 
HSPGs can be considered a target for therapy in diabetes.

In chapter 4 we investigated the role of two basement membrane proteo-
glycan/collagen hybrids, namely collagen XV and XVIII , in leukocyte recruitment 
in a more acute model of inflammation. It was previously shown that L-selectin 
and MCP-1 binding after an inflammatory stimulus was predominantly located 
in the subendothelial region and facilitated by HSPGs. Since we could not dis-
criminate between apical endothelial and subendothelial HSPGs in chapter 3, we 
performed the experiments in chapter 4 to shed light on the leukocyte recruiting 
function of subendothelial HSPGs.

Since we showed in chapter 3 and 4 that endothelial HSPGs can be a tar-
get for treatment in inflammatory renal diseases we performed an experiment, in 
chapter 5, in which we targeted the interaction between chemokines and HSPGs 
in an experimental renal transplantation setting. To target the HSPG-chemokine 
interaction we use heparin and two modified non-anticoagulant heparin deriva-
tives, which we showed have a higher binding affinity for chemokines than native 
HSPGs.
 In chapter 6, we reviewed the current knowledge on the interaction be-
tween complement and heparin/heparan sulfates. We extensively discussed the 
role of complement in renal diseases and the possibility of complement as a tar-
get for treatment in renal diseases.
 Previous experimental work from our group has shown that properdin 
can bind to HSPGs on tubular epithelium under proteinuric conditions. However 
others showed that the binding of properdin to endothelial cells is dependent 
on initial C3b binding. Therefore we have investigated in chapter 7 whether the 
binding of properdin to tubular epithelial cells is dependent on initial C3b binding 
and whether the binding of properdin to tubular epithelial cells is syndecan-1 
mediated. Moreover, we identified the molecular interactions of properdin with 
C3b, HSPG, and its inhibitor SALP20.
 Since we have reviewed the possibility of heparin/heparan sulfates as 
inhibitors of complement in renal disease, we investigated in chapter 8 whether 
we can identify heparins/heparan sulfates that specifically inhibit preferentially 
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one pathway of the complement system. We tested a library of heparin deriva-
tives/heparan sulfates in the WieLISA complement assay. We also determined 
the inhibitory mechanism of heparin derivatives/ heparan sulfates to the LP of 
complement.
 In chapter 9, we summarized the findings of the experiments performed 
in this thesis, and discussed possible implications of targeting HSPG in renal in-
flammatory disease, both in leukocyte recruitment and complement activation. 
We also discussed the future perspectives of our work.
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Summary

Recently, interesting work is published by Farrar et al. (1) showing the 
interaction of fucosylated glycoproteins on stressed tubular epithelial cells with 
collectin-11 leading to complement activation via the lectin route of comple-
ment. This elegant work stimulated us to evaluate the dark side (bittersweet 
taste) of tubulo-interstitial glycans in kidney tissue damage. As will be worked 
out glycans not only initiate tubular complement activation, but also orchestrate 
tubulo-interstitial leukocyte recruitment and growth factor responses. In this re-
view we restrict ourselves to tubulo-interstitial damage mainly by proteinuria, 
ischemia/reperfusion injury and transplantation, and we discuss the involvement 
of endothelial and tubular glycans in atypical and E. coli-mediated hemolytic ure-
mic syndrome. As will be seen, fucosylated, mannosylated, galactosylated and 
sialylated oligosaccharide structures along with glycosaminoglycans comprise 
most important glycans related to kidney injury pathways. Up to now, therapeu-
tic interventions in these glycan-mediated injury pathways are underexplored 
and warrant further research.

Glycans – An introduction

All cells and extracellular matrices carry an array of covalently attached 
sugars (monosaccharides) or sugar chains (oligo- and polysaccharides) which are 
referred to as carbohydrates or glycans. Glycoconjugates consist of  glycoproteins 
(carrying N-asparagine and O-serine/threonine linked sugars), proteoglycans (car-
rying O-serine linked unbranched sugars called glycosaminoglycans) and glycosh-
ingolipids or glycolipids (carrying ceramide linked sugars). Monosaccharides form 
the basic building blocks of all glycans. Glycanation is mostly a post-translational 
modification and is predominantly confined by a large number of different glyco-
syltransferases within the endoplasmatic reticulum and the Golgi compartment. 
Monosaccharide units of glycans can be modified by methylation, esterification 
(mostly sulfation), deoxygenation and amino group addition. The large number 
of different monosaccharides, its synthesis into oligosaccharides, number and 
position of branching points, and modifications of the saccharide units create 
an enormous heterogeneity in glycans (2,3). It is important to realize that glycan 
structures are not encoded directly in the genome, since, in contrast to DNA, RNA 
and proteins, there is no template for sequence order and linkages of monosac-
charide units, nor for branching of polysaccharide structures and the modifica-
tion reactions. This is why glycobiology is lagging behind the molecular biology 
of nucleic acids and proteins. Because many glycans are on the outer surface of 
cells, they are in a position to modulate cell-cell, cell-matrix, and cell-molecule in-
teractions, and can serve as regulatory switches by rapid turnover and changes in 
glycosyltransferase expression patterns (4). Two major classes of glycan-binding 
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proteins are known, the lectins and glycosaminoglycan-binding proteins. C-type 
lectins (such as the selectin and collectin family members) are calcium-depen-
dent lectins, most other mammalian lectins and glycosaminoglycan-binding pro-
teins are calcium-independent (5,6). As part of the humoral arm of the innate 
immune system, the collectins and ficolins, mostly circulatory lectins, function 
as  pattern recognition molecules, binding glycans on a wide range of bacteria, 
viruses, fungi and protozoa, but also on altered self-structures on apoptotic and 
necrotic cells and are aimed at elimination of these microbes and damaged cells 
(7). The collectins and ficolins initiate the lectin route of complement as will be 
outlined below. 

Glycosaminoglycans are linear polysaccharides covalently bound to a 
core protein, forming a proteoglycan. Based on the composition of glycosamino-
glycan chains, proteoglycans are categorized as heparan sulfate, chondroitin sul-
fate, keratan sulfate or dermatan sulfate proteoglycans (8). The sulfation pattern 
on these glycosaminoglycan chains affects activities of proteoglycans (9). Pro-
teoglycans are found in extracellular matrices and on almost all mammalian cell 
types and they can interact with many factors among which are growth factors, 
cytokines and chemokines. Proteoglycans are involved in cell proliferation, dif-
ferentiation, inflammation, development, cell-cell adhesion and signalling (10). 
Although proteoglycans play a role in mammalian physiology, under certain con-
ditions they can be also involved in pathophysiology as will be outlined below. 
The most abundant glycosaminoglycan found in renal tissue is heparan sulfate. 
These heparan sulfate polysaccharide side chains display variations in sulfation 
and the expression pattern in renal tubulointerstitium of various renal diseas-
es (11). The involvement of tubulo-interstitial glycans in complement activation, 
leukocyte recruitment, growth factor responses, and in the haemolytic uremic 
syndrome is discussed in more detail in this review.

Glycans initiate tubulo-interstitial complement activation

The complement system
The complement system consists of a set of inactive liver-derived plas-

ma components that are linked and activated in a cascading manner. The com-
plement system has more than 60 components and activation fragments, which 
comprise the nine central components of the cascade (C1-C9), multiple activation 
products with diverse biological functions (eg C3a and C5a), regulators and inhib-
itors (eg factor H), proteases (eg factors B and D), and complement receptors (eg 
C1qR and C5aR). Complement is activated by three major pathways, namely i) 
the alternative pathway (spontaneously and constantly activated on biological 
surfaces); ii) the classical pathway (triggered by immune complexes); and iii) the 
lectin pathway (initiated by glycans on microbial surfaces). Activation of each of 
these pathways results in assembly of the so-called C3 convertase, followed by 
formation of the C5 convertase, and finally the terminal C5b-9 membrane attack 
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complex. Basically, the complement system has three major functions: Via C3b 
opsonisation the elimination of cells/microbes by phagocytosis, via the terminal 
C5b-9 complex lysis of cells/microbes, and via C3a and C5a the recruitment of 
neutrophils and macrophages towards sites of injury (12). Renal production of 
complement factors might function as danger signals to initiate and amplify in-
flammatory reactions (13). In general, the complement system is aimed as a first 
defense mechanism against invading microbes and elimination of damaged cells.

The lectin pathway (LP) of complement
The LP is initiated by a number of different well-characterized pattern 

recognition receptors that form macromolecular complexes with the man-
nan-binding lectin serine proteases 1, 2 and 3 (MASP 1-3), which, upon activation 
will cleave C2 and C4 and form the classical C3 convertase. The most important 
LP-associated pattern recognition receptors are mannan binding lectin (MBL), 
and various members of the ficolin and collectin families. Altogether these lec-
tins recognize glycan structures on microbial surfaces, but also on modified-self 
structures, eg on stressed or activated renal tubular cells. As indicated in the April 
issue of J. Clin. Invest. of the year, Farrar et al. published on the detrimental role 
of L-fucosylated glycoproteins on stressed tubular cells with collectin-11 as the 
initiation of LP of complement (1). This concept is worked out in the context of 
murine renal ischemia/reperfusion and in vitro hypoxia and hypothermia of prox-
imal tubular epithelial cells. First observation was a cellular distribution change 
of fucosylated glycoproteins upon tubular stress. Normally these glycoproteins 
are exclusively found in the cytoplasm of tubular cells, however upon cellular in-
jury, tubular cells partly exteriorize these fucosylated glycans, which now become 
expressed in the baso-lateral cell membranes. Second observation was a strong 
induction of collectin-11 in proximal tubular epithelial cells upon stress, which 
was partly excreted and now able to bind with the fucosylated glycans, leading to 
activation of the complement system via the LP. Convincing control experiments 
using collectin-11 KO mice, and specific removal of L-fucose residues by fucosi-
dase treatment underline this concept. Interestingly however, they also show the 
collectin-11 mediated LP complement activation to be MASP-2 dependent, how-
ever C4 independent. This has been described before, but this C4 bypass route 
is not yet identified (14).  Next to collectin-11, also MBL is described to bind to 
tubular cells upon ischemia/reperfusion. Binding is mediated via the highly glyco-
sylated meprins within the brush borders and unidentified mannosylated glyco-
proteins on proximal tubular cells. However, in contrast to collectin-11, MBL did 
not elicit activation of the LP of complement, rather induced cell injury and cell 
death independent of complement activation (15). No glycan-based therapeutic 
interventions have been performed yet in order to interrupt tubular collectin-11 
and/or MBL binding in ischemia/reperfusion or renal transplantation setting.

The alternative pathway (AP) of complement 
It has been known for decades that AP complement components are 
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present on the luminal side of tubular epithelium under proteinuric conditions 
(16). Later, it was shown in vitro that activation of the AP of complement on prox-
imal tubular cells is dependent on the binding of properdin, an activator of the AP 
(17). Moreover these authors found properdin deposition on the brush borders 
of proximal tubular epithelium in biopsies of proteinuric patients and reported 
that urinary properdin excretion is associated with urinary C5b-9 excretion and 
reduced renal function (more severe albuminuria and lower creatinine clear-
ance) in proteinuric patients (17,18). It has been shown independently that tu-
bular C5b-9 formation mediated tubulo-interstitial injury during proteinuria (19). 
After the discovery that properdin played a significant role in the activation of the 
AP under proteinuric conditions, Zaferani and colleagues showed that properdin 
binds heparan sulfate structures in vitro and showed apical co-localization with 
syndecan-1, a major epithelial HSPG, in vivo in proteinuric rats. C3 deposition on 
cultured tubular epithelial cells was shown to be dependent of the binding of 
properdin to heparan sulfate as shown by heparitinase pretreatment of the cells 
and heparinoid competition experiments (20). Although properdin is the only 
initiator of the AP, there are a number of AP inhibitors. One of them, factor H, 
is long known for its binding to heparan sulfates and is present in the urine un-
der proteinuric condition (21). Factor H has multiple glycosaminoglycan binding 
sites, but only recently it has been shown that factor H requires a relatively high 
sulfation content of glycosaminoglycans, mostly seen in N-sulfated domains of 
heparan sulfates. From this observation it was discovered that properdin and fac-
tor H recognize different non-overlapping epitopes on tubular epithelial heparan 
sulfates. Finally, the authors showed that certain low-anticoagulant heparinoids 
can inhibit properdin binding to tubular heparan sulfate, with minor effect of fac-
tor H binding to tubular heparan sulfate. As a result, these heparinoids prevented 
C5b-9 deposition on the epithelial cells and thus control the AP of complement 
(22). Buelli and colleagues showed that protein overloading of cultured HK-2 cells 
led to a reduced heparan sulfate expression and reduced factor H binding. This 
suggests that protein overload induces changes in heparan sulfate proteoglycan 
density and/or sulfation on tubular epithelial cells, accounting for a loss of factor 
H binding sites and subsequent activation of the AP of complement by properdin 
binding (23). Not only during proteinuria, but also upon acute kidney injury (at 
least ischemia/reperfusion in the mouse) both properdin and factor H determine 
tubular injury via AP (24,25). In contrast to apical/luminal deposition of both fac-
tors during proteinuria, upon ischemia/reperfusion both factors deposit at the 
baso-lateral membranes of tubular cells. Whether this binding is also via heparan 
sulfates is not demonstrated. Treatment of renal ischemia/reperfusion and renal 
transplantation in the rat with heparins improved outcome measures, however, 
whether this was achieved via inhibition of complement activation is not known 
(26), since heparin interact with a substantial number of complement factors and 
non-complement mediators (27). It has also been shown that certain sialylated 
glycans can bind factor H and could therefore modulate the alternative pathway 
of complement (28). However it has been shown that the most prominent sialic 
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acid subtype on the tubular cell membrane, α2-6 linked sialic acid glycans, does 
not bind factor H (29). In fact factor H prefers binding to α2-3 linked sialic acid 
glycans, which are more abundant on glomerular endothelium and podocytes. 
The interaction of tubular glycans with the pattern recognition molecules of the 
complement system is schematically depicted in Figure 1.

The classical pathway (CP) of complement
C1q, the initiator of the CP, binds mostly to immobilized immunoglob-

ulins on target structures, and is involved in (auto)immune mediated renal dis-
eases such as lupus nephritis, and have been shown to bind with natural IgM 
antibodies that recognizes phosphomonoesters on hypoxic human epithelial 
cells (30). Besides, it has been shown that C1q directly can bind with heparan 
sulfates, the glycan side chains of heparan sulfate proteoglycans (31). C1q also 
directly binds with advanced glycation end product-modified proteins (32). How-
ever, pathophysiological involvement of these C1q – glycan interactions in the 
tubulo-interstitium have not been described.

Glycans mediate the hemolytic uremic syndrome (HUS)

Tubular globotrihexosylceramide interaction with Shigatoxin 2
Infection with Shigatoxin 2 producing E. coli sometimes progress to he-

molytic uremic syndrome, which is characterized by glomerular thrombotic an-
giopathy and acute tubular damage as a consequence of binding of Shigatoxin 
2 with the glycolipid globotrihexosylceramide (Gb3 or CD77) on glomerular en-
dothelium and tubular epithelium. The involvement of complement in Shigatox-
in-induced HUS is under debate (33). Tubulo-specific depletion of Gb3 protected 
mice from acute renal failure upon a challenge with Shigatoxin 2 (34). Various 
receptor mimics that display multiple copies of the Gb3 trisaccharide have been 
developed, however have not reached the clinic yet (35).

Endothelial sialic acids and heparan sulfate mediate cellular binding of factor H
In contrast to E. coli-mediated HUS, atypical HUS is not induced by Shiga-

toxin-2 rather by reduced regulation of the alternative pathway of complement, 
in about half of the cases due to mutations in factor H. As outlined before, factor 
H is able to bind with cellular sialic acid residues and/or heparan sulfate glycos-
aminoglycans. This interaction is mainly via domains 6-8 and 19-20 of factor H 
(36). Once bound, factor H effectively inhibits alternative pathway activation by 
three different mechanisms, namely inhibition of factor B binding to C3b, decay 
dissociation of Bb from the C3 convertase, and promotion of the inactivation of 
C3b by factor I (37). Mutations in domains 6-8 and/or 19-20 of factor H prevent 
effective cellular binding. Whereas mutations in domains 6-8 are associated with 
dense deposit disease and age-related macular degeneration (36), mutations is 
domains 19-20 are associated with atypical HUS. Impaired interaction of these 
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mutated factor H variants with sialic acids and/or heparan sulfate glycosamino-
glycans in the glycocalyx of endothelial cells allow alternative pathway activation 
via uncontrolled C3bBb alternative convertase formation, leading to endothelial 
complement activation, followed by platelet binding and activation, and finally 
to the disastrous thrombotic microangiopathy (38,39). Inhibition of the comple-
ment cascade by anti-C5 (eculizumab) is a very powerful treatment for atypical 
HUS (40). 

Figure 1. Schematic representation of the interaction of tubular glycans with the pattern recog-
nition molecules of the complement system. During ischemia/reperfusion injury and transplan-
tation (left part of the scheme), mannosylated and/or fucosylated glycans become expressed on 
stressed and activated tubular cells. MBL binds with the mannosylated glycans and induces cell 
death independently of complement activation (5). The fucosylated glycans are recognized by in-
jury-induced collectin-11 and activate the complement system via the lectin route, however inde-
pendent of C4 (1). Under proteinuric conditions (right part of the scheme), heparan sulfate polysac-
charides, mainly present as side chains of syndecan-1 become expressed at the apical membranes 
of epithelial cells, being predominantly, but not exclusively, proximal cells. These heparan glycans 
binds both properdin and factor H on different epitopes along the polysaccharide. Depending on 
the structural composition of the glycan the properdin/factor H balance might be different, thus 
the heparan sulfate structure (sulfation) orchestrate the activation of the alternative pathway of 
complement (10,12).
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Glycans orchestrate tubulo-interstitial leukocyte recruitment

 Upon inflammation in general, leukocytes migrate from the bloodstream 
through the vessel wall towards the site of inflammation. The process of leu-
kocyte trans endothelial migration involves sequentially acting molecules that 
mediate leukocyte rolling, activation, firm adhesion and transmigration. After 
passing the endothelial cell layer, extravasating leukocytes cross the vascular 
basement membrane and migrate through interstitial matrix towards the site 
of injury. As will be outlined, glycans, in particular proteoglycans, are highly in-
volved in various steps of these processes and the kidney is no exception to this 
rule (41). 

Sialylated selectin ligands
Leukocyte rolling over activated endothelium is largely selectin mediat-

ed. E- and P- selectins are expressed on activated endothelium, whereas L-selec-
tin is constitutively expressed on leukocytes. All three selectins bind glycopro-
teins decorated with tetrasaccharides comprising (sulfated and/or fucosylated) 
sialylated Lewisx motifs. Indeed, neutrophil influx was significantly impaired in 
I/R kidneys of mice deficient for both fucosyltransferases IV and VII, enzymes 
involved in the synthesis of fucosylated glycoprotein ligands for L-selectin (42). 
A sialyl Lewisx inhibitor improved outcome of renal I/R (43) and improved renal 
transplant survival in rats (44). 

Heparan sulfate proteoglycans
 P- and L-selectins also recognize heparin-like glycosaminoglycans, identi-
fying vessel wall heparan sulfate proteoglycans as potential physiological ligands 
(45). Upon activation, endothelial cells synthesize chemokines and present these 
via the heparan sulfate glycan chains of heparan sulfate proteoglycans to rolling 
leukocytes. These endothelial heparan sulfate proteoglycan  thus not only bind 
with L-selectin on rolling leukocytes, but at the same time also present chemok-
ines, such as CCL2 (MCP-1) towards rolling leukocytes, and activate the corre-
sponding chemokine receptor, leading to integrin activation and firm adhesion 
of the leukocyte with (sub)endothelial ligands for integrins, such as ICAM-1 and 
VCAM-1, fibronectin and laminins. Support for a functional role of the interaction 
between L-selectin and MCP-1 on one hand and heparan sulfate proteoglycans on 
the other hand is provided by Wang et al. (46)who elegantly showed that reduc-
ing endothelial heparan sulfate sulfation by genetic manipulation impairs neu-
trophil extravasation. Using the same mouse model, Rops et al. showed reduced 
neutrophil influx and dampened inflammatory response in the anti-GBM nephri-
tis model (47). Importantly, in healthy kidneys, vascular heparan sulfates do not 
bind with L-selectin and chemokines, however, upon inflammation convert from 
silent to pro-inflammatory heparan sulfates now able to bind with L-selectin and 
chemokines and thus mediate renal leukocyte recruitment. This heparan sulfate 
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conversion is most likely mediated by a down-regulation of SULF1, an enzyme 
that normally cleaves off 6-O sulfate groups from heparan sulfates, (rendering 
them biologically inactive). Inflammatory downmodulation of SULF1 thus allow 
stable positioning of 6-O sulfates in endothelial heparan sulfates, which thereby 
allow L-selectin and chemokine-mediated leukocyte entry into the kidney (48). 
Another interesting observation is that both in experimental and human renal 
inflamed tissues, L-selectin and MCP-1 binding heparan sulfates are detected at 
the abluminal side of peritubular capillaries and not at the endothelial surface. 
These heparan sulfate proteoglycans  are thus likely to be perlecan, agrin or one 
of the basement membrane associated collagen/proteogycan hybrids, such as 
collagen XV and XVIII. Indeed, mice deficient for both perlecan and collagen XVIII 
or double deficient for collagen XV and XVIII showed reduced/delayed I/R in-
duced neutrophil and monocyte influx, along with improved kidney morphology 
and improved kidney function (48,49). In human renal biopsies of inflammatory 
kidney diseases such as tubulo-interstitial nephritis, the induction of perivascular 
L-selectin/MCP-1  binding heparan sulfates correlate with increased leukocyte 
counts, indicating that these subendothelial heparan sulfate proteoglycans do 
contribute to leukocyte extravasation (11). Likely, inflammation-induced loss of 
endothelial integrity exposes the vascular basement membranes to extrusions of 
rolling and adherent leukocytes. The potential of heparan sulfate – chemokine in-
hibitors as therapeutic agents in inflammatory diseases is increasingly recognized 
(50,51). The involvement of tubulo-interstitial glycans in leukocyte recruitment is 
depicted in Figure 2.

Glycans modulate tubulo-interstitial growth factor responses

Upon acute or chronic kidney injury, a cellular response is initiated being 
either fibrogenic, resulting in progressive renal scarring or regenerative, result-
ing in renal tissue repair. Both fibrogenic and regenerative responses are largely 
driven by growth factors. Binding of those growth factors to their cognate high 
affinity receptor is modulated by glycans as will be outlined below.

Core fucosylation of growth factor receptors
Fucosyltransferase-8 is an enzyme that mediates core alpha1,6-fucosyla-

tion of glycoproteins, among which a number of growth factor receptors. Knock 
down of this enzyme results in loss of receptor core fucosylation and receptor 
activation. This is shown for the TGF-beta receptors ALK5 and TGF-βRII, but also 
for the EGF receptor, the HGF receptor and the PDGF receptor. Interestingly, in 
cultured tubular epithelial cells, blocking of Fucosyltransferase-8 by small inter-
fering RNA technology greatly reduced the phosphorylation of Smad2/3 protein, 
caused by the inactivation of TGF-β/Smad2/3 signaling, and resulted in remis-
sion of epithelial mesenchymal transition (52). Also in vivo, adenoviral-mediated 
knockdown of Fucosyltransferase-8 mRNA inhibited the core fucosylation of the 
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TGF-β receptors ALK5 and TGF-βRII, and ameliorated the progression of renal 
fibrosis induced by ureteral obstruction (53). In contrast to alpha1,6 fucosylation 
(by fucosyltransferase-8) which promotes growth factor signaling, alpha1,3 fu-
cosylation (by fucosyltransferases-4 and -6) suppress receptor dimerization and 
activation of EGF receptor (54). This suggests that switching the various isotypes 
of the fucosyltransferases strongly modulate growth factor responses. Under-
standing of the regulation of these fucosyltransferases is very limited.

Heparan sulfate proteoglycans as coreceptors for growth factor
Heparan sulfate proteoglycans are highly abundant, low affinity co-re-

ceptors for heparin-binding growth factors. Via their heparan sulfate polysaccha-
ride side chains, these proteoglycans  bind the growth factors at the plane of the 
cell membrane, and form functional ternary complexes of heparan sulfate pro-
teoglycan, growth factor with its high affinity receptor. Within the kidney FGF2 
have been identified as a fibrogenic growth factor. The proliferative response of 
renal interstitial fibroblasts to FGF2 is completely dependent on cell surface hep-
aran sulfate proteoglycans (55). Also epithelial mesenchymal transition of renal 
tubular cells by FGF2 proved to be dependent on syndecan-1, a major epithelial 
membrane heparan sulfate proteoglycan (56). Increased 6-O sulfation of hepa-
ran sulfates of cultured tubular cells and within transplanted kidneys promoted 
FGF2 binding and signaling (57). Our group showed increased binding of perlecan 
(large matrix heparan sulfate proteoglycan) with FGF2 in the glomeruli and arte-
rial neointimae of kidneys suffering from chronic transplant dysfunction. Indeed, 
also the proliferative response of mesangial cells was fully heparan sulfate sulfa-
tion dependent (58). FGF2-driven fibrogenic responses could be ameliorated by 
interrupting the heparan sulfate – growth factor interaction by preventing sulfa-
tion of the heparan sulfate glycan chains of heparan sulfate proteoglycans and/
or by competitive blocking with heparin-like glycans (58), showing potential for 
anti-fibrotic therapy. Tubular epithelial heparan sulfate proteoglycans  howev-
er, also contribute to regenerative responses. Tubular overexpression of CD44V3 
(the CD44 variant decorated with heparan sulfate glycans to the V3 domain) 
promotes HGF-driven renal repair (59). We showed tubular syndecan-1, as core-
ceptor for regenerative growth factors such as HB-EGF, to be involved in tubular 
repair in transplanted kidneys (60,61); see Figure 3. Indeed, the tubular regener-
ative response to I/R injury is retarded in syndecan-1 KO mice (60). Apparently, 
the modulatory role of heparan sulfate proteoglycans in growth factor responses 
is highly context and growth factor dependent, exerting opposing roles from pro-
gression of renal fibrosis to renoprotection by tubular regeneration.

Summary and future perspectives

In this review we showed the interaction of different types of tubulo-in-
terstitial glycans with complement factors, selectins, chemokines and growth 
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factors. In most conditions, the modified-self glycan structure is induced upon 
tubular epithelial activation such as ischemia/reperfusion, renal transplantation 
or proteinuria. Often, also the corresponding ligand is induced by these noxi. 
Such injury-induced glycan-ligand interaction often leads to innate immune and 

Figure 2. The involvement of abluminal endothelial heparan sulfate proteoglycans in leukocyte 
recruitment. Both leukocyte adhesion molecule L-selectin (A and B) and chemoattractant MCP-1 
(D and E) are able to bind with endothelial basal lamina associated heparan sulfate proteoglycans, 
especially in renal allografts (B and E), here a one-year protocol biopsy. White arrows indicate the 
L-selectin/MCP-1 binding to endothelial basement membranes. In solid phase binding assays we 
further demonstrate the interaction of L-selectin (C) and MCP-1 (F) with collagen XVIII/heparan sul-
fate proteoglycan fragments. N-terminal non-collagenous domains of short collagen XVIII (compris-
ing amino acids 1-325) and including the TSP1 domain with long (-■-), intermediate (-∆-) or without 
(-◊-) heparan sulfate side chains were immobilized to wells and tested for binding with L-selectin 
(C) and MCP-1 (F). Binding is compared with full length short collagen XVIII (-●-). The binding of 
L-selectin and MCP-1 with collagen XVIII fragments is stronger when the heparan sulfate chains are 
longer. MCP-1 induced monocyte migration is studied in a transwell system (G) where monocytic 
RAW 264.7 cells were added into the top compartment and chemoattractant MCP-1 into the lower 
compartment. Spontaneous migration over albumin-coated membrane in the absence of MCP-1 
was set as 1 and the other values were calculated accordingly. Immobilization of heparin-albumin 
onto the porous membrane, mimicking an artificial basement membrane heparan sulfate proteo-
glycan, promotes monocyte migration (H). Transmigration of monocytes towards MCP-1 (10 ng/ml) 
was increased in the presence of filter-immobilized heparin-albumin and collagen XVIII fragment 
with long heparan sulfate chains (I). The error bars represent SEM. *: p<0.05, **: p<0.01. Magnifi-
cations in A, B, D and E are at 200x. Data is a compilation of work that have been published  before 
and is reproduced with permission of the respective journals (30,31).
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tissue remodeling responses, which, during chronic activation conditions worsen 
renal performance. Despite tremendous research on glycan mimetics in order 
to interrupt abovementioned interactions, clinical application of such drugs is 
disappointing. This is related to the fact that most glycan-protein interactions 
are in the mid-micromolar range of affinity, whereas protein-protein interactions 
are in the desired nanomolar range. A few promising examples however are the 
pan-selectin inhibitor Rivipansel (GMI-1070 by Pfizer) which is currently in phase 
III clinical trial to treat exacerbations of sickle cell disease; and some heparan 
sulfate mimetics (such as M402 by Momenta, PI-88 and PG545 by Progen), which 
are in Phase I-III clinical trials of neoplastic disorders. None of these glycan block-
ers are in renal clinical trials yet. However, in the opinion of the authors, small 

Figure 3. Tubular heparan sulfate proteoglycan syndecan-1, as coreceptor for regenerative 
growth factors such as HB-EGF, is  involved in tubular repair in transplanted kidneys. Both the re-
generative growth factor HB-EGF as well as its co-receptor syndecan-1 are upregulated in one-year 
protocol biopsies of renal allografts (A and B; left two panels) and co-localize at the baso-lateral cell 
membranes of proximal tubular epithelial cells (C). The heparan sulfate side chains of syndecan-1 
are able to bind the growth factor HB-EGF in the allografted kidney in contrast to control renal 
tissue (A and B, third panel). Together with the high affinity EGF receptor, HB-EGF and syndecan-1 
form a functional ternary signaling complex evidenced by phosphorylation of the EGF receptor in 
the allograft, but not in control renal tissue (A and B, right panel). The significance of syndecan-1 
as co-receptor for tubular proliferation and repair is evidenced by the presence of Ki67-prolifera-
tion marker in syndecan-1 positive tubular cells, but not present in syndecan-1 negative tubular 
cells (D). All magnification are 200 x, except the HB-EGF staining in A and B which is 400x. Data is 
a compilation of work that have been published before and is reproduced with permission of the 
respective journals (43,44).
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oligosaccharide-based drugs are insensitive to proteolytic degradation, are rela-
tively easy – thus cheap- to produce and offer excellent pharmacodynamics, as 
exemplified by the widely used low molecular weight heparins. Largest issues 
of these polysaccharide-based drugs are the molecular affinity for their target 
structures and the specificity of ligand recognition. Promising candidate polysac-
charide-based drugs might be non-anticoagulant heparinoids able to modulate 
alternative pathway of complement by preventing properdin from binding to 
cells, however without interfering with factor H binding, and Gb3 trisaccharide 
analogs in order to prevent Shigatoxin-induced HUS. Also small compounds block-
ing enzymatic activity of certain fucosyltransferases might prevent fucosylation 
of collectin-11 ligands, selectins and growth factor receptors, thereby improving 
ischemia/reperfusion injury, inflammation and fibrosis respectively.
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Abstract

Inflammation has been revealed to play a vital role in the development 
of diabetic nephropathy, but the underlying regulatory mechanisms are only 
partially understood. Our previous studies demonstrated that, during acute in-
flammation, endothelial heparan sulfate (HS) contributes to the adhesion and 
transendothelial migration of leukocytes into perivascular tissues by direct inter-
action with L-selectin and the presentation of bound chemokines. In the current 
study we aim to assess the role of endothelial heparan sulfate on chronic renal 
inflammation and fibrosis in a diabetic nephropathy mouse model. 

To induce diabetes, age matched male Ndst1f/fTie2Cre- (wild type) and 
Ndst1f/fTie2Cre+ (specific Ndst1 deletion under Tek2 promotor in endothelium) 
mice on C57Bl/6J background were injected intraperitoneally with streptozotocin 
(50 mg/kg) on five consecutive days (N=10-11/group). Urine and plasma were 
collected. Four weeks after diabetes induction the animals were sacrificed and 
kidneys were analyzed by immunohistochemistry and qRT-PCR. 

Compared to non-diabetic controls, diabetic Ndst1f/fTie2Cre- mice 
showed increased glomerular macrophage infiltration, mannose binding lectin 
complement deposition and glomerulosclerosis however these pathological re-
actions were prevented significantly in the diabetic Ndst1f/fTie2Cre+ animals (all 
three p<0.01). In addition, the expression of podocyte damage marker desmin 
was significantly higher in the Ndst1f/fTie2Cre- group (p<0.001), although the di-
abetic Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ animals had comparable podocyte 
numbers.  In the cortical tubulo-interstitium, similar analyses show decreased 
interstitial macrophages accumulation in the diabetic Ndst1f/fTie2Cre+ animals 
compared to the diabetic Ndst1f/fTie2Cre- mice (p<0.05). Diabetic Ndst1f/fTie2Cre+ 
animals also showed reduced interstitial fibrosis as evidenced by reduced densi-
ty of αSMA-positive myofibroblasts (p<0.01), diminished collagen III deposition 
(p<0.001) and reduced mRNA expressions of collagen (p<0.001) and fibronectin 
(p<0.001). 

Our studies indicate a pivotal role of endothelial HS in the development 
of renal inflammation and fibrosis in diabetic nephropathy in mice. These results 
suggest that HS might be a possible target for therapy in diabetic nephropathy.
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Introduction

Despite improvements in blood glucose control, progression towards 
diabetic nephropathy remains a major burden for diabetic patients and society 
(1,2). Inflammation is increasingly recognized as a key initiator of the histolog-
ical changes seen in diabetic nephropathy leading to the hallmark histological 
changes i.e. glomerulosclerosis, basement membrane thickening and interstitial 
fibrosis (3). Pro-inflammatory cytokines, chemokines and growth factors like IL-1, 
IL-6, IL-18, TNF, MCP-1, RANTES and TGF-β are expressed in diabetic nephropathy 
and are thought to be involved in macrophage influx and play a role in fibrosis in-
duction (3). Targeting some of these chemokines and cytokines has already been 
shown to be effective in reducing clinical symptoms and histological changes in 
(experimental) diabetic nephropathy. MCP-1 deficiency in diabetic db/db mice 
resulted in less albuminuria, reduced interstitial macrophage influx and reduced 
renal fibrosis (4). Early clinical trials on targeting inflammation in diabetic kidney 
disease reveal promising results (5).  As has been shown in general and for dia-
betic nephropathy specifically, the development of fibrosis is largely dependent 
on initiation by an inflammatory response, as has been reviewed by Kanasaki et. 
al (6). It is thought that sustained inflammatory cell activation leads to priming of 
local fibroblasts, resulting in deposition of ECM components (7). This entails that 
inflammation is a major trigger and activator for the fibrotic response and indeed 
MCP-1 deficiency, amongst others, results in reduced renal fibrosis in an animal 
model for type 2 diabetes (4). Another important cytokine signaling between in-
flammatory cells and fibrotic cells is TGF-β and targeting TGF-β has been demon-
strated to reduce fibrosis and kidney hypertrophy in animal models for diabetic 
nephropathy (8-10). Both MCP-1 and TGF-β bind HS with high affinity (11,12), 
which might indicate an important role for HS in the development of fibrosis in 
diabetic nephropathy and suggesting HS as a potential therapeutic target in dia-
betic nephropathy  (11,12).  
 Inflammation is characterized by the influx of leukocytes from the circu-
lation to areas of tissue injury. During hyperglycemic conditions, like in diabetes, 
tissue damage results from alternative glucose metabolism, leading to the acti-
vation of endothelial cells in the glomerulus and the interstitium (13). Activated 
endothelial cells produce ligands for L-selectin, which is expressed on leukocytes, 
causing leukocyte rolling and adhesion to the endothelium (14).  Our previous 
study identified HS expressed on the endothelium as a ligand for L-selectin and 
reduction of sulfation of endothelial HS diminishes the binding of L-selectin to 
these cells, which, in consequence, results in a reduced adhesion of leukocytes to 
the endothelium and reduced neutrophil migration (15). We also reported that 
binding of L-selectin in inflamed renal tissue occurs predominantly on the sub 
endothelial basement membrane (12). The involvement of sub endothelial HS in 
leukocyte transmigration was proven in renal ischemia reperfusion experiments 
in which macrophage influx was reduced in mice deficient for the basement 
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membrane hybrid HSPGs/collagens XV and XVIII (16). Another important factor 
in leukocyte transmigration is the stimulation of leukocytes by binding of chemo-
kines presented on the endothelium to G-protein coupled receptors on leuko-
cytes. The role of endothelial HS on chemokine mediated leukocyte activation 
seems to be multifactorial (17). There is evidence that chemokines immobilized 
on endothelial HS, but not soluble chemokines, induce LFA-1 transformation on 
leukocytes enabling binding to endothelial expressed ICAM-1 and thereby facil-
itate firm adhesion (18). It has also been shown that a chemotactic gradient of 
chemokines bound to endothelial HS facilitates leukocyte migration across the 
endothelium (19). Furthermore it has been shown that chemokine binding to HS 
results in chemokine oligomerization, which might increase the leukocyte acti-
vating potential of chemokines (20). Finally, HS has been demonstrated to be in-
volved in the transcytosis of chemokines across the endothelial layer (15). These 
chemokines are largely produced by perivascular leukocytes and for presentation 
on the luminal side of the endothelial cells they need to be transported through 
the endothelial layer. Studies, including our previous finding (15), have shown 
that this process is HS dependent (19,21).  Taken together, these findings show 
the role of endothelial HS on L-selectin and chemokine-mediated recruitment of 
inflammatory cells.

In HS biosynthesis, the enzyme N-deacetylase/N-sulfotransferase-1 
(Ndst1) initiates modification reactions to generate binding site for protein li-
gand. Lack of the Ndst1 enzyme has been shown to result in an undersulfated 
and therefore biologically less active HS (22). Ndst1 appears to be essential for 
mammalian development. Conventional knockout of Ndst1 in mice results in 
early post-natal death with abnormal lung and forebrain development defects 
(23,24). In previous studies, we generated a conditional Ndst1 mouse (Ndst1f) 
and crossbred with a transgenic mice expressing Cre recombinase under the 
TEK tyrosine-kinase promoter (Tie2Cre) to generate the Tie2Cre+Ndst1f/f mice in 
which Ndst1 is specifically ablated in endothelial cells (15,25,26). In the current 
study we induced diabetes in the Ndst1f/fTie2Cre+ mice and their littermate wild-
type control Ndst1f/fTie2Cre- mice to directly assess the role of endothelial HS in 
development of renal inflammation and fibrosis in the streptozotocin-induced 
diabetic nephropathy mouse model.  

Materials & Methods

Experimental animals
The Ndst1f/fTie2Cre+ mice were generated by breeding Ndst1f/f mice with 

transgenic Tie2Cre mice as previously described (15,26). All experimental mice 
were fully backcrossed to C57BL/6 background and handled according to guide-
lines of the University of Georgia Institutional Animal Care and Use Committee. 

Induction of diabetes
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Baseline plasma and 24 hour urine samples were collected approximate-
ly one week before induction of diabetes. To induce diabetes, 7-11 week old male 
mice received either 50mg/kg streptozotocin for diabetic animals (DB) or citrate 
buffer for healthy controls (HC) intraperitoneally on 5 consecutive days (27). An-
imals were monitored for 2 weeks, where after 24 hour urine was collected and 
blood glucose was measured. Animals responsive to the administered streptozo-
tocin with a blood glucose level over 300 mg/dl were included in the study. Four 
groups of mice were included in the study: HC/Ndst1f/fTie2Cre- (N=3), HC/Ndst1f/

fTie2Cre+ (N=3), DB/ Ndst1f/fTie2Cre- (N=10) and DB/Ndst1f/fTie2Cre+ (N=11). The 
animals were monitored on a daily basis for weight loss, activity and fur condi-
tion. After four weeks of monitoring, the animals were sacrificed and the organs 
were harvested (six weeks after diabetes induction). Before sacrifice plasma and 
24 hour urine were collected. 

Immunohistochemistry
Four µm frozen and formalin-fixed paraffin embedded kidney sections 

were used for immunohistochemical stainings. Details on fixation, antigen retriev-
al, antibodies and conjugates are given in Table 1. All controls (omitting prima-
ry and/or secondary antibodies in various combinations) proved to be negative 
(not shown). For interstitial quantification of macrophages, T-cells, myofibro-
blasts and neutrophils 10 photomicrographs per animal were randomly taken at 
a 200x magnification. Quantification of macrophages, T-cells and myofibroblasts 
was performed using the MacBiophotonics ImageJ software (Rasband, W.S., Im-
ageJ, U.S. National Institute of Health, Bethesda, Maryland, USA). Data was ex-
pressed as % of area stained for F4/80 (macrophages) and CD3 (T-cells) and fold 
increase compared to control for αSMA (myofibroblasts). NimpR14+ neutrophils 
were counted manually and data was expressed as number of neutrophils per 
mm2 of tissue. To quantify WT-1+ podocytes 10 cortical photomicrographs were 
taken randomly of every animal. Podocytes (by positively stained nuclei) were 
counted manually and data was expressed as mean number of podocytes per 
glomerulus. Glomerular macrophages were quantified using the basement mem-
brane HSPG agrin double staining to identify glomeruli. Ten photomicrographs 
per animal were randomly taken from the cortical region of the kidney at 200x 
magnification. Intraglomerular macrophages were counted manually and data 
was expressed as mean number of macrophages per glomerulus. 

Deposition of collagen III, complement MBL-C and C3 was quantified by 
analyzing 10 randomly taken photomicrographs of the cortical region of the kid-
ney per animal, at a magnification of 200x, with MacBiophotonics ImageJ soft-
ware. MBL-C was co-stained with basement membrane HSPG agrin to better 
study the distribution of MBL-C in the glomerulus. Data was expressed as mean 
% of area stained for the respective marker. Collagen III deposition in the glomer-
ulus was quantified using 15 randomly taken photomicrographs of glomeruli at 
400x magnification and analyzed with the MacBiophotonics ImageJ software. 
Data was expressed as the mean % of glomerular area stained for collagen III.
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Table 1, Staining statistics

Cell type Tissue 
processing Marker Antibody Conjugate(s) + Visualization

Macrophages 
+ Agrin

Cryosec-
tions,  

Acetone 
fixed

Agrin + 
F4/80

Rat anti-mouse F4/80 
(eBioscience, CA, 

USA) 1:1500 +  Sheep 
anti- Agrin (GR14, own 

stock), 1:1500

Goat anti-Rat IgG HRP (Jack-
son ImmunoResearch Labora-
tories, West Grove, PA) 1:500 
+  Rabbit anti-Sheep IgG FITC 

(Abcam, Cambridge, UK); 
1:50.  Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

T-cells

Formalde-
hyde fixed, 

paraffin 
embed-

ded, dep-
araffiniza-
tion, Tris/
EDTA (pH 

9.0)

CD3

Rabbit anti-Human 
CD-3 (cross-reactive 
with mouse; DAKO, 
Glostrup, Denmark) 

1:100

Goat anti-Rabbit Ig HRP 1:100. 
Rabbit anti-Goat Ig HRP 

(DAKO, Glostrup, Denmark) 
1:100. Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Neutrophils
Cryosec-

tions,  
Acetone 

fixed

Nim-
pR14

Rat anti-Mouse

NimpR14 (Abcam, 
Cambridge, UK) 

1:2000

Rabbit anti-Rat Ig HRP (DAKO, 
Glostrup, Denmark) 1:100.

3-amino-9-ethyl-carbazole 
(AEC)

Myofibro-
blasts

Cryosec-
tions,  

Acetone 
fixed

αSMA
Mouse anti Rabbit 
anti-SMA 1A4 (Sig-

ma, Zwijndrecht, The 
Netherlands) 1:4000

Goat α Mouse IgG2a HRP 
(Southern Biotech, Birming-

ham, USA) 1:100 
+ Rabbit anti-Goat Ig HRP 

(DAKO, Glostrup, Denmark) 
1:100.  Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Collagen III
Cryosec-

tions,  
Acetone 

fixed

Collagen 
III

Goat anti-Collagen III 
(Southern Biotech, Bir-

mingham, USA) 1:50

Rabbit anti-Goat Ig HRP 1:100.  
Goat  anti-Rabbit Ig HRP 

(DAKO, Glostrup, Denmark) 
1:100.  3-amino-9-ethyl-carba-

zole (AEC)

Podocytes
Cryosec-

tions, 
Acetone 

fixed

Wilms’ 
tumor 
protein 

1

Rabbit  anti-human 
WT-1 

C-19 (Santa Cruz Bio-
technology) 1:100

Goat  anti-Rabbit Ig HRP 1:100 
+ Rabbit  anti-Goat Ig HRP 

1:100 (DAKO, Glostrup, Den-
mark). 3-amino-9-ethyl-carba-

zole (AEC)

MBL-C + 
Agrin

Cryosec-
tions,  

Acetone 
fixed

MBL-C

Rat anti-mouse MBL-C 
(Hycult biotech, Uden, 

the Netherlands ) 
1:100 +  Sheep an-

ti-Agrin (GR14, own 
stock), 1:1500

Goat anti-Rat IgG HRP (Jack-
son ImmunoResearch Lab-
oratories, West Grove, PA) 

1:500 + Rabbit anti Sheep IgG 
FITC (Abcam, Cambridge, UK); 
1:50. Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Complement 
activation

Cryosec-
tions, 

Acetone 
fixed

C3b/
iC3b/
C3c

Rat  anti-Mouse 
C3b  (Hycult biotech, 

Uden, the Nether-
lands) 1:100

Rabbit anti-Rat Ig HRP 1:100 
+ Goat  anti- Rabbit Ig HRP 
(DAKO, Glostrup, Denmark) 

1:100.  3-amino-9-ethyl-carba-
zole (AEC)
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ELISA
Albumin concentration in the urine was determined using the following 

ELISA procedure. 96 wells plates were coated overnight with a goat anti-mouse 
albumin antibody (BETHYL Laboratories, Inc. Montgomery, Texas, USA) diluted 
1:100 in 0.05M Carbonate-Bicarbonate at pH 9.6. After blocking with 50mM 
Tris, 0.14M NaCl, 1% BSA, pH 8.0, urinary samples were incubated for 1 hour in 
various dilutions. Bound albumin was detected using an HRP conjugated goat 
anti-mouse albumin antibody diluted 1:75.000 (BETHYL Laboratories, Inc. Mont-
gomery, Texas, USA). Binding was visualized using 3,3’,5,5’- tetramethylbenzidine 
(Sigma-Aldrich, Zwijndrecht, The Netherlands) where after 1M H2SO4 was added 
and absorbance was measured at 450nm (Benchmark Plus microplate spectro-
photometer, BIORAD). Urinary albumin concentration was determined using a 
standard curve with known albumin concentrations.

Urinary creatinine was measured using the creatinine colorimetric assay 

Figure 1. Validation of the model: FGF-2 binding, hyperglycemia & rising ACR. Binding of exoge-
nous FGF-2 (in red fluorescence) was reduced in the Ndst1f/fTie2Cre+ animals compared to the Nd-
st1f/fTie2Cre- mice (A+B). After administrating streptozotocin for 5 consecutive days plasma glucose 
starts to rise from baseline, reaching approximately 500 mg/dL at 6 weeks after the diabetes induc-
tion (C). No differences in blood glucose levels were observed between Ndst1f/fTie2Cre- and Ndst1f/

fTie2Cre+ diabetic animals. (B) The urinary albumin/creatinine ratio (ACR) starts to increase after in-
duction of diabetes reaching significant level at 6 weeks (P<0.05 and p<0.01), showing albuminuria 
is developing. No significant difference in ACR, both at 2 and 6 weeks post diabetes induction, was 
seen between the Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ group.  In healthy control Ndst1f/fTie2Cre+ 

animals, no albuminuria is developing.  
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kit (Cayman Chemicals, Ann Arbor, Michigan, USA) according to manufacturer’s 
instructions. Albumin values were adjusted for creatinine values by dividing the 
urinary albumin concentration by the urinary creatinine concentration resulting 
in the albumin creatinine ratio (ACR). 

qRT-PCR
RNA was isolated from 10mg pieces of frozen kidney using the FavorPrep 

RNA Purification kit (Favorgen Biotech Corp, Vienna, Austria) according to the 
manufacturer protocol. The RNA concentration and integrity were determined 
by spectrophotometry (Nanodrop Technologies, Wilmington, DE). For quanti-
tative reverse transcription-polymerase chain reaction (qRT-PCR) analysis, total 
RNA was reverse transcribed using the Qiagen reverse transcription kit (Venlo, 
the Netherlands) in accordance to the manufacturer’s protocol. qRT-PCR was 
performed in 384 wells plates (Applied Biosystems, Foster City, CA) with a final 
reaction volume of 10 µl consisting of 3 µl of cDNA, 5 µl of 2x SYBR Green Mas-
ter (Bio-Rad, Veenendaal, The Netherlands), 0,08 µl 50 µM primer mix (0,4µM) 
and 1,92 µl RNA free H20. All reactions were performed in triplicate. The prim-
ers used: desmin forward CAGGATCAACCTTCCTATCC, reverse CTGTCTTTTTGG-
TATGGACTTC, fibronectin forward CCTATAGGATTGGAGACACG, reverse GTTGG-
TAAATAGCTGTTCGG and collagen I forward CGTATCACCAAACTCAGAAG, reverse 
GAAGCAAAGTTTCCTCCAAG were all purchased from Sigma (Sigma, Zwijndrecht, 
The Netherlands). qRT-PCR reaction was performed using a ViiA7 Real-Time PCR 
system (AB applied Biosystems). Differences in the expression of a gene of inter-
est was determined by normalizing the mean Ct-value against the mean Ct value 
of ribosomal 36B4 housekeeping gene (forward: AAGCGCGTCCTGGGATTGTC and 
reverse: GCAGCCGCAAATGAGATGG) using ΔCt-method: ΔCt= Ct gene of interest 
– Ct mean 36B4. Relative expression of gene of interest was calculated as 2-(ΔCt). 
Control non-diabetic samples of both strains did not show differences for any of 
the transcripts and were represented in one group.

Statistics
Data is expressed as mean ± SEM unless otherwise specified. Statistical 

analysis was performed using a two sided, Student’s t-test to compare the DB/
Ndst1f/fTie2Cre- and DB/Ndst1f/fTie2Cre+ group. When the variances were not 
equal a Welch’s correction was applied. P<0.05 was considered statistically sig-
nificant.

Results

Validation of the animal model
To verify the under sulfated status of the endothelial HS in the Ndst1f/

fTie2Cre+ animals, an FGF-2 binding assay was performed. The growth factor FGF-
2 binds HS with a high affinity and the binding requires HS to be modified with 
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Figure 2. Endothelial Ndst1 deficiency protects from glomerular macrophage influx, collagen 
deposition, MBL deposition and podocyte damage in STZ-diabetic kidney disease. (A-D) Glomer-
ular macrophage influx (green)(white arrows) was markedly reduced in the Ndst1f/fTie2Cre+ ani-
mals compared to the Ndst1f/fTie2Cre- group (p<0.001). Basement membrane HSPG agrin (red) was 
used to identify glomeruli. (E-H) MBL-C deposition (green)(white arrows) in the kidney was reduced 
in the Ndst1f/fTie2Cre+ group compared to the positive Ndst1f/fTie2Cre- group (p<0.01). Basement 
membrane HSPG agrin (red) was used to identify glomeruli. However, C3b deposition was minor 
and not different among the groups (O). Staining for collagen III revealed a strong reduction in the 
deposition in the Ndst1f/fTie2Cre+ group compared to the fibrotic Ndst1f/fTie2Cre- group (p<0.001) 
(I-L). Podocyte damage was measured by the mRNA expression of desmin and was reduced in the 
Ndst1f/fTie2Cre+ group compared to the Ndst1f/fTie2Cre- group (p<0.001) (M). However podocyte 
number did not differ among the groups. (N). Representative photomicrographs were taken at 400x 
magnification.
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Figure 3. Endothelial Ndst1 deficiency reduces interstitial inflammation under diabetic condi-
tions. Kidney sections were stained for macrophages (F4/80), T-cells (CD3) and neutrophils (Nim-
pR14). (A-D) Macrophage (green) influx in diabetes is increased in diabetic animals compared to 
health controls. However the increase is reduced in the Ndst1f/fTie2Cre+ group compared to the 
Ndst1f/fTie2Cre- group (p<0.05). Agrin staining (red) was used to clarify the renal histology. T-cells 
(E) and neutrophil (F) influx were unchanged between the Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ 
group. Moreover compared to healthy control animals T-cell influx was not increased in the diabet-
ic groups. Representative photomicrographs were taken at 200x magnification.
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N- and 2-O-sulfation (28,29). Ndst1f/fTie2Cre- mice clearly showed strong FGF-2 
binding, predominantly with the peritubular capillaries (Fig. 1A). In contrast, FGF-
2 binding was markedly reduced in the Ndst1f/fTie2Cre+ mice (Fig. 1B). This obser-
vation demonstrated that sulfation modification of endothelial HS in the peritu-
bular area is reduced in the Ndst1f/fTie2Cre+ kidney. After induction of diabetes, 
plasma glucose gradually increased over time, but no difference in glucose levels 
between the Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ animals were seen (Fig. 1C), 
indicating that deficiency of endothelial HS does not prevent diabetes develop-
ment in the mice. The mice were characterized by increased 24h urinary volume 
accompanied by increased water intake (not shown). Urinary albumin excretion 
developed over time as shown by an increased albumin creatinine ratio (ACR) 
between 2 and 6 weeks follow-up (p<0.01). However, these parameters were not 
different between the Ndst1f/fTie2Cre- and the Ndst1f/fTie2Cre+ animals (Fig. 1D), 
indicating endothelial Ndst1 deficiency could not prevent nor significantly reduce 
albuminuria. No increase in ACR was seen over time in HC mice, including both 
the Ndst1f/fTie2Cre- and the Ndst1f/fTie2Cre+ animals. 

Glomerular inflammation and fibrosis in experimental diabetes is dependent 
on endothelial HS 

Macrophage staining (F4-80 antibody) revealed that compared to healthy 
controls, glomerular macrophage influx was markedly increased in diabetic Nd-
st1f/fTie2Cre- mice, while no increase was observed in the diabetic Ndst1f/fTie2Cre+ 
animals (Fig. 2A-D). To more precisely localize the infiltrated macrophages in the 
glomerulus, macrophages were co-stained for heparan sulfate proteoglycan 
agrin, a useful marker for the glomerular basement membrane. The co-staining 
revealed that macrophages were predominantly situated in the outer mesangial 
areas. 

Several reports have shown a role for Mannan Binding Lectin (MBL) path-
way of complement-mediated damage in diabetes both in experimental models 
and human diabetes (30-32). In our study, staining for MBL-C deposition indeed 
showed an increase in MBL-C deposition mainly in the glomeruli of diabetic mice 
compared to the healthy controls. Moreover, the Ndst1f/fTie2Cre+ diabetic group 
showed a reduction in the MBL-C deposition compared to Ndst1f/fTie2Cre- diabet-
ic animals (p<0.01)(Fig. 2H). In the healthy control animals, less MBL-C staining 
was seen in glomeruli and more specifically in the glomerular mesangium (Fig. 
2E). The strongest signals were seen at the base of the glomeruli, where the ef-
ferent and afferent arterioles invade the glomerulus. In diabetic animals the dis-
tribution of the MBL-C was more widely distributed in the glomerulus (Fig. 2F+G). 
As a measure of complement activation, C3 deposition was assessed. However 
the increase in MBL-C deposition in the diabetic Ndst1f/fTie2Cre- group was not 
accompanied by increased C3 deposition as no differences were observed be-
tween both genotype diabetic groups after staining for C3 (Fig. 2O). C3 deposi-
tions were seen in both the glomerulus and in peri-tubular area, most probably 
in peri-tubular capillaries. 



50

Chapter 3

Figure 4. Endothelial Ndst1 deficiency abolishes interstitial fibrosis. To assess the interstitial 
deposition of fibrotic components, sections were stained for myofibroblast marker αSMA and 
collagen III. (A-D) Although there was some variability, the increase in αSMA expression (grey) 
was significantly reduced in the diabetic Ndst1f/fTie2Cre+ group compared to the diabetic Ndst1f/

fTie2Cre- group (p<0.05). Data was expressed as mean increase of αSMA expression compared to 
control. (E-H) Collagen III deposition was increased in the Ndst1f/fTie2Cre- group, but the increase 
was diminished in the Ndst1f/fTie2Cre+ group (p<0.001). (I+J) At mRNA level both collagen I and 
fibronectin were expressed higher in the Ndst1f/fTie2Cre- group compared to the Ndst1f/fTie2Cre+ 
group (p<0.01 and p<0.001 respectively). The diabetic Ndst1f/fTie2Cre+ animals and healthy con-
trols had comparable mRNA levels of collagen I and fibronectin. Representative photomicrographs 
were taken at 200x magnification.
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Mesangial collagen III deposition was determined as a measure for glo-
merulosclerosis. Increased glomerular collagen III depositions were completely 
absent in the Ndst1f/fTie2Cre+ group in contrast to the Ndst1f/fTie2Cre- animals 
(p<0.001) (Fig. 2I-L).  To evaluate podocyte number and damage, podocytes were 
counted manually (WT-1 positive nuclei). No podocyte loss was observed in the 
diabetic animals compared to the healthy controls and no differences between 
Ndst1f/fTie2Cre- and Ndst1f/fTie2Cre+ groups was seen (Fig. 2N). However, more 
sensitive assessment of podocyte injury was done by measuring mRNA levels of 
the podocyte damage marker desmin and revealed an increase in expression in 
diabetic Ndst1f/fTie2Cre- animals, which was lower in the Ndst1f/fTie2Cre+ mice 
(p<0.001) (Fig. 2M).

Collectively, these data show that glomerular influx of macrophages, 
deposition of lectin complement component MBL and glomerulosclerosis in 
STZ-diabetic kidney disease in the mouse were completely prevented by Ndst1 
deficiency in endothelial cells.

Tubulo-interstitial macrophage influx and fibrosis are reduced by endothelial 
HS deficiency in experimental diabetes

To evaluate the effect of the endothelial Ndst1 deficiency on tubulo-in-
terstitial leukocyte influx under experimental diabetic conditions, density of 
macrophages, T-cells and neutrophils in the interstitium were quantified using 
immunofluorescent staining. Diabetic conditions resulted in a significant influx 
of macrophages in wild type mice. Interestingly, interstitial macrophage stain-
ing was significantly reduced in the diabetic Ndst1f/fTie2Cre+ group compared to 
the diabetic Ndst1f/fTie2Cre- group (p<0.05) (Fig. 3A-D). Most macrophages were 
found in the peri-tubular compartment, while only a few macrophages were in-
tra-tubular. Diabetic condition was not associated with accumulation of T-cells 
and neutrophils in Ndst1f/fTie2Cre- mice and no differences were seen between 
Ndst1f/fTie2Cre+ and Ndst1f/fTie2Cre- animals (Fig. 3 E+F). 

Hyperglycemia-induced interstitial fibrosis is prevented by endothelial HS de-
ficiency
 To assess whether or not endothelial HS is required for development of 
hyperglycemia-induced interstitial fibrosis, the kidney tissue sections from the 
diabetic mice were stained for expression of α- SMA, a key marker of myofibro-
blasts. Quantification showed that the accumulation of myofibroblasts was abun-
dant in the interstitium of the Ndst1f/fTie2Cre- group, but was completely absent 
in the Ndst1f/fTie2Cre+ mice (Fig. 4A-D). Myofibroblasts are known producers of 
interstitial collagens. To find further support for the decrease of fibrosis in Ndst1f/

fTie2Cre+ mice, collagen III deposition was determined. Anti-collagen III staining 
revealed a reduction in collagen III deposition in Ndst1f/fTie2Cre+ mice compared 
to the fibrotic Ndst1f/fTie2Cre- animals (p<0.001) (Fig. 4E-H). In agreement with 
these findings, we also observed higher mRNA expressions of collagen I and fi-
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bronectin, two additional fibrotic markers, in the diabetic Ndst1f/fTie2Cre- mice 
than in the diabetic Ndst1f/fTie2Cre+ mice (both p<0.001) (Fig. 4I+J). Taken togeth-
er, these data show that not only glomerular changes, but also tubulo-interstitial 
inflammation and fibrosis were prevented by endothelial Ndst1 deficiency.
 
Discussion

In this study we demonstrate the crucial role of endothelial HS in diabe-
tes-induced chronic renal inflammation and fibrosis. Endothelial Ndst1 deficien-
cy resulted in a reduced macrophage accumulation both in the glomerulus and 
in the tubulo-interstitium in diabetic animals. The reduction in cellular inflamma-
tion was accompanied by a reduced diabetes-induced glomerular MBL-C depo-
sition in the Ndst1f/fTie2Cre+ mice. In addition, endothelial Ndst1 deficiency also 
associated with reduced renal fibrosis under diabetic conditions as shown by the 
decreased deposition of collagen III both in the tubulo-interstitium and in glom-
eruli and a reduced accumulation of myofibroblasts in the tubulo-interstitium. 

It is generally accepted that endothelial HS proteoglycans play a pivot-
al role in leukocyte migration under inflammatory conditions where they act as 
a ligand for L-selectin and as docking structures for chemokines and cytokines, 
presenting them to high affinity receptors of leukocytes. As has been shown in 
other inflammatory disease models (33,34), endothelial Ndst1 deficiency leads 
to a reduced macrophage accumulation in our study as well.  Since we showed 
reduced glomerular and tubulo-interstitial macrophage accumulation, this find-
ing strongly support a direct role of endothelial HSPGs on macrophage migration. 
Previously performed in vitro experiments have shown a strong reduction in mac-
rophage, monocyte and neutrophil transmigration over Ndst1 deficient endothe-
lium (15,34,35). In vivo studies demonstrated that neutrophil transmigration is 
hampered in endothelial specific Ndst1 deficient mice in an acute inflammatory 
model (15). However our chronic STZ-induced diabetes model is not character-
ized by neutrophil influx as can be seen in figure 3F.  The difference is thought 
mostly due to different sets of chemokines that are involved in the various exper-
imental conditions, such as MCP-1 is critical for macrophage transmigration (4), 
whereas IL-8, MIP-2 and KC are more potent for neutrophil migration (15).

HSPGs produced in the endothelial cell are mainly deposited in the ablu-
minal basement membrane but are also expressed on the apical side of endothe-
lial cells (28). We have shown before that predominantly basement membrane 
HSPGs are involved in L-selectin and chemokine binding under inflammatory con-
ditions (12). We also showed before that mice lacking two dominant endothelial 
basement membrane HSPGs, namely proteoglycan/collagen XV and XVIII hybrids, 
which are decorated mainly by HS side chains, showed strongly impaired neutro-
phil and macrophage transmigration in a renal ischemia/reperfusion model (16). 
Therefore we suggest that the protective effect of endothelial Ndst1 deficiency 
on diabetic inflammation is predominantly due to the expression of undersulfat-
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ed HSPGs in the abluminal basement membrane of endothelial cells, although 
we cannot exclude a potential role of luminal expressed HSPGs. 

The role of inflammation as a trigger and activator of renal fibrosis is 
rather well established (7,36). Interestingly, in our model, compared to the inhib-
itory  effect on inflammation, a far stronger effect of endothelial Ndst1 deficiency 
was seen on ECM production, both in the tubulo-interstitium as in the glomeru-
lus. And although endothelial Ndst1 deficiency has been shown before to reduce 
inflammation in a number of different models, such a clear anti-fibrotic effect of 
endothelial Ndst1 deficiency has not been shown before (15,25,33,34,37). It is 
known that activated macrophages are key regulators of fibroblast differentiation 
to collagen producing myofibroblasts in renal pathology (38) and this could be an 
explanation for the reduction in myofibroblasts seen in the Ndst1 deficient mice 
in our study. However, since the inhibitory effect of endothelial Ndst1 deficiency 
on fibrosis is far stronger compared to the effect on macrophage influx so we 
suggest other HS-dependent mechanisms play roles as well.  

It has long been thought that renal myofibroblasts originated predomi-
nantly from resident fibroblasts, however recent work showed a significant con-
tribution of circulation derived and CXCL16 dependent fibrocyte influx to ECM 
expansion in a renal fibrosis model (39). Although the role of endothelial HSPGs 
on fibrocyte influx is unknown, CXCL16 has been demonstrated to be a hepa-
rin-binding chemokine, suggesting a role for endothelial HSPGs in CXCL12-medi-
ated fibrocyte transmigration (40). This could explain the dramatically decreased 
interstitial myofibroblast number and fibrosis in the endothelial HSPG deficient 
animals in our experiment. In addition, the endothelial cell itself is a source of 
ECM deposition. Under stimulus of heparan-binding factors, like TGF-β1, pro-
duced under hyperglycemic conditions, endothelial cells have been shown to 
undergo endothelial to mesenchymal transition (EndMT) (41). Although the role 
of endothelial HSPG on EndMT is unknown, an inhibition in EndMT due to Ndst1 
deficiency might be a possible explanation for the reduced ECM deposition ob-
served in our study. Which of these mechanisms leads to the reduced ECM depo-
sitions in our study has not been determined yet. However the severity of the 
reduction in ECM deposits might indicate involvement of endothelial HSPG in 
multiple pro-fibrotic processes under diabetic conditions.

Despite strong effects of endothelial Ndst1 deficiency on inflammation 
and fibrosis, we could not show a significant improvement in urinary albumin ex-
cretion, which might be due to the relatively short follow-up. In recent years the 
paradigm that glomerular endothelial HSPG are directly involved in the glomeru-
lar filtration barrier has been challenged (42). In agreement with this, our study 
did not find a significant protective effect of endothelial Ndst1 deficiency on pro-
teinuria. However, we are aware of the evidence that Ndst1 deficient-endothelial 
cells still express undersulfated HS, and HS in basement membranes and ECM 
is also contributed by other type of cells, such as podocytes in the glomerulus 
and pericytes and/or vascular smooth muscle cells in non-glomerular vessels. 
Further studies, such as complete elimination of HS expression in endothelial 
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cells and podocytes, will enable to clearly address the role of HS in glomerular 
filtration barrier.  Nevertheless, our studies clearly demonstrate that endothelial 
HS plays a major role in development of diabetes-induced renal inflammation 
and fibrosis, highlighting endothelial HS is a potential target for therapies to limit 
progression of diabetic nephropathy. 
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Abstract

Collagen type XV and XVIII are proteoglycans found in the basement 
membrane zones of endothelial and epithelial cells, and known for their cryptic 
anti-angiogenic domains named restin and endostatin, respectively. Mutations 
or deletions of these collagens are associated with eye, muscle and microvessel 
phenotypes. We now describe a novel role for these collagens, namely a support-
ive role in leukocyte recruitment. 

We subjected mice deficient in collagen XV or collagen XVIII, and their 
compound mutant, as well as the wild-type control mice to bilateral renal isch-
emia/reperfusion, and evaluated renal function, tubular injury, and neutrophil 
and macrophage influx at different time points after ischemia/reperfusion. 

Five days after ischemia/reperfusion, the collagen XV, collagen XVIII and 
the compound mutant mice showed diminished serum urea levels compared 
to wild-type mice (all p<0.05). Histology showed reduced tubular damage, and 
decreased inflammatory cell influx in all mutant mice, which were more pro-
nounced in the compound mutant despite increased expression of MCP-1 and 
TNF-α in double mutant mice compared to wildtype mice. Both type XV and type 
XVIII collagen bear glycosaminoglycan side chains and an in vitro approach with 
recombinant collagen XVIII fragments with variable glycanation indicated a role 
for these side chains in leukocyte migration. 

Thus, basement membrane zone collagen/proteoglycan hybrids facilitate 
leukocyte influx and tubular damage after renal ischemia/reperfusion and might 
be potential intervention targets for the reduction of inflammation in this con-
dition.
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Introduction

Extracellular matrix (ECM) forms a major part of the cell microenviron-
ments and affects many cellular functions such as differentiation, proliferation 
and migration. Basement membranes (BM) represent a specialized ECM which 
forms a thin sheet-like structure around or below cells (1). In the kidney all (mi-
cro)vessels and tubules are endowed with a subendothelial and subepithelial BM, 
respectively. The key proteins in the BMs include laminin, collagen IV, nidogens, 
agrin and perlecan, but they also contain numerous other components such as 
collagen XVIII, and in the adjacent fibrillar matrix also collagen XV (2,3). Collagens 
XV and XVIII assemble to homotrimers and are classified as the multiplexin group 
due to the presence of multiple non-collagenous interruptions in their central 
triple-helix. Both collagen XV and XVIII are also proteoglycans (PG). Collagen XVIII 
is a heparan sulfate PG (HSPG) while in collagen XV glycosaminoglycan (GAG) 
side chain composition is variable, in the kidney mainly HS (4). Collagen XVIII oc-
curs as three N-terminal variant isoforms, which are expressed in a tissue-specific 
manner (5,6). In the short isoform a trombospondin-1-like (Tsp1) sequence at the 
N-terminus precedes the central collagenous domain. The longest isoform also 
includes a domain of unknown function (DUF), as well as a frizzled domain FZC18, 
which is spliced out from the middle variant (7). The C-terminal non-collagenous 
domain, present in all isoforms, contains a 20-kDa endostatin part which can be 
proteolytically cleaved and displays angiostatic properties in vitro and in vivo 
(7,8). Collagen XV also has an endostatin-like region in its non-collagenous C-ter-
minal which is called restin (9). Mutations in collagen XVIII in humans results in 
the Knobloch syndrome (10). This syndrome is characterized by an ocular pheno-
type, which is also seen in mice lacking collagen XVIII (11). There are no known 
collagen XV mutations in human, however mice deficient for collagen XV show 
skeletal myopathy, impaired cardiac function and defects in microvasculature of 
the heart and skin (12,13). During Drosophila embryonic development, the col-
lagen XV/XVIII orthologue is involved in stabilizing morphogen gradients, most 
likely by their HS side chains (14,15). 

In the kidney, both collagen XV and XVIII are found in BMs, including 
Bowman’s capsule, glomerular, tubular and vascular BM and mesangial matrix 
(16,17). Previous ultrastructural analyses have revealed that collagen XV is asso-
ciated with fibrillar collagen network adjacent to epithelial and endothelial BMs 
(4,13). Collagen XVIII, on the other hand, is an integral BM protein, its  short iso-
form being the main form in endothelial BMs (7). and the sole form in the kidney 
tubular BM (16). However, in the glomerular BM (GBM) more than one forms are 
present, the short being the main form in the endothelial side while the longer 
forms locate in the podocyte side of the GBM (16). It has been shown that colla-
gen XVIII is upregulated shortly after renal ischemia/ reperfusion (I/R) and after 
renal transplantation, and is involved in glomerulonephritis (18-20). In addition, 
we have shown that monocyte influx upon renal I/R is impaired in mice lacking 
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the BM HSPGs perlecan and collagen XVIII (21). 
Renal I/R injury is a process that always occurs after renal transplanta-

tion, as well as in acute kidney injury. Although the mechanisms of I/R injury 
are incompletely understood, the involvement of the innate immune system in 
I/R injury is well established. Upregulation of inflammatory chemokines, adhe-
sion molecules, complement factors and ECM components upon I/R have been 
shown (21-23). I/R is characterized by an initial phase of inflammation followed 
by a repair phase in which tubular cells start to proliferate and differentiate to 
repair tubular damage (24,25). The roles of vascular BM, and more specifically of 
the BM associated collagens XV and XVIII/HSPGs hybrid molecules in perivascu-
lar inflammatory cell recruitment and tissue injury are incompletely understood. 
Therefore, we investigated the role of collagen XV and XVIII in renal I/R injury and 
repair. Using mice mutant for collagen XVIII (Col18a1-/-), collagen XV (Col15a1-/-), 
and their compound mutants (Col15a1-/- × Col18a1-/-), in a bilateral renal I/R 
model, we evaluated renal function and histopathological changes at day 1, 5 
and 10 after I/R.

Materials & Methods

Animals and Renal ischemia/reperfusion
Adult wild-type (WT), Col18a1-/- (11), Col15a1-/- (12), and compound mu-

tant Col15a1-/- × Col18a1-/- male mice (26), all in C57BL/6 background and ranging 
from 10 to 18 weeks old, were used for the experiment. Bilateral renal warm I/R 
was performed under general anesthesia through a midline abdominal incision 
by closing the right and left renal pedicle with microaneurysm clamps for 25 min-
utes. After clamp removal, kidneys were visually checked for restoration of blood 
flow. The abdomen was closed, and mice received a subcutaneous injection of 
50 μg/kg buprenorphin (Temgesic; Schering-Plough) for analgetic purposes. Four 
to seven mice per genetic group were sacrificed using carbon dioxide at selected 
timepoints at day 1, day 5 or day 10 after reperfusion. Sham-operated mice un-
derwent the same procedure without clamping and were sacrificed using carbon 
dioxide 1 day after the surgery. Both kidneys were removed and preserved either 
snap-frozen, or formalin-fixed and paraffin-embedded. Blood samples were col-
lected at the time of sacrification and serum urea was measured on a multi-test 
analyzer system (Roche Modular; F. Hoffmann-La Roche Ltd, Basel, Switzerland) 
at the central clinical laboratory of the University Medical Center Groningen. The 
animal experiments were approved by the National Animal Experiment Board in 
Finland.

Histology and immunohistology
To determine the tubular damage, formalin-fixed and paraffin-embed-

ded kidney sections (4 μm) were stained with periodic acid Schiff’s (PAS) reagent. 
Tubules showing necrosis (defined by the loss of nuclei) were quantified in ten 
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non-overlapping photographs (×400 magnification) in the outer medullary zone 
of both kidneys and expressed as a mean percentage of affected tubuli. For quan-
tification of neutrophils, macrophages and MCP-1, acetone fixed cryosections (4 
μm) were blocked with 5% normal goat serum, followed by incubation of rat an-
ti-neutrophil (Serotec, Oxford, UK), rat anti-macrophage (F4/80; eBioscience, CA, 
USA) antibodies, and rabbit ant-mouse MCP-1 (FL-148; SantaCruz, Dallas, Texas, 
USA) respectively. Goat anti-rat IgG HRP (Jackson ImmunoResearch, Suffolk, UK) 
or goat anti-rabbit IgG HRP (DAKO, Glostrup, Denmark) followed by TSATM te-
tramethylrhodamine signal amplification system (PerkinElmer LAS Inc., Boston, 
USA) was used to visualize the signals. Stained neutrophils and macrophages 
were counted in the outer medullary region of both kidney specimens from ten 
non-overlapping fields (×400 magnification). Collagen XVIII staining was done on 
acetone-fixed cryosections after blocking with 5% normal goat serum. Sections 
were incubated with a rabbit anti-mouse collagen XVIII NC11 antibody (kindly pro-
vided by Dr. T. Sasaki, Dept. Biochemistry and Molecular Biology, Oregon Health 
and Science University, Portland, OR, USA), followed by secondary FITC-conju-
gated goat anti-rabbit antibody (Southern Biotech, Alabama, USA). Collagen XV 
was visualized in acetone-fixed cryosections with a rabbit anti-mouse collagen XV 
antibody (Heljasvaara et al., unpublished) in a similar way. To detect VCAM-1 ex-
pression, cryosections were fixed with acetone and endogenous peroxidase was 
inactivated by 0.5% phenylhydrazine (Envision kit, DAKO, Glostrup, Denmark). 
Sections were blocked with 1% BSA, followed by sequential incubations with rat 
anti-VCAM-1 (Millipore, CA, USA), rabbit anti-rat IgG (DAKO, Glostrup, Denmark) 
and HRP-conjugated anti-rabbit IgG (Envision kit, DAKO, Glostrup, Denmark). The 
signal was visualized by AEC (Envision kit, DAKO, Glostrup, Denmark). Tubular 
expression of VCAM-1 was determined in the whole kidney at ×50 magnifica-
tion using ImageJ 1.41 (Rasband, W.S., ImageJ, U.S. National Institutes of Health, 
Bethesda, Maryland, USA). Images of immunofluorescent staining were captured 
with confocal microscopy (Zeiss LSM 780, Jena, Germany) at the University Med-
ical Center Groningen, Imaging and Microscopy Center (UMIC). A Leica DM 2000 
LED (Leica microsystems BV., Rijswijk, the Netherlands) microscope equipped 
with a Leica DFC 450 camera was used for light microscopy.

Gene transcript analysis
RNA was isolated from frozen tissue by Tissue Total RNA extraction kit 

( Favorgen Biotech Corp, Vienna, Austria) according to the manufacturer pro-
tocol. RNA concentration and integrity were determined by spectrophotometry 
(Nanodrop Technologies, Wilmington, DE). For quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR), total RNA was reverse transcribed 
using Qiagen reverse transcription kit (Venlo, the Netherlands) in accordance 
to the manufacturer’s protocol. Subsequently, samples for qRT-PCR, consisting 
of 5 μl cDNA (1 ng/μl), 4,5 μl SYBR Green Supermix (BioRad, Veenendaal, The 
Netherlands) and 0.5 μl gene specific primer (0.5 mM), were pipetted into a 384 
wells plate (Applied Biosystems, Foster City, CA). All reactions were performed in 
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triplicate. The primers used for MCP-1: forward accagcagcaggtgtccc and reverse 
gcacagacctctctctcttgagctt, for TNF-α forward: catcttctcaaaattcgagtgacaa and re-
verse tgggagtagacaaggtacaaccc, and for VCAM forward: acccaaacagaggcagagtg 
and reverse cacttgagcaggtcaggttc were all purchased from Sigma. Amplification 
was performed using an ABI7900HT Thermal cycler (Applied Biosystems) with 
40 thermal cycles of 95°C for 15s, 57°C for 30s and 72°C for 30s. Data analysis 
was performed using science detection software 2.4 (Applied Biosystems). To 
determine differences in expression of gene of interest, Ct-values were normal-
ized against mean Ct-values of ribosomal 36B4 housekeeping gene (forward: gg-
ccaataaggtgccagct and reverse: tgatcagcccgaaggagaag) using ΔCt-method: ΔCt= 
Ct gene of interest – Ct mean 36B4. Relative expression of gene of interest was calculated 
as 2-(ΔCt).

Expression and purification of recombinant collagen XVIII
The entire N-terminal non-collagenous domain of short collagen XVIII 

comprising the amino acid residues 1-325 and including Tsp-1 sequence was ampli-
fied by PCR from murine Col18a1 cDNA(26) using the primers 5’-ctagata^agcttct-
ggggagatggcgcccaggtggcacctc-3’ (HindIII cleavage site) and 5’-tcattgt^ctagacta-
atggtgatggtgatgatgctttatcaagcc-3’ (XbaI cleavage site, Stop codon underlined, 
histidine tag in italics) and cloned into mammalian expression vector pcDNA3.1(+) 
(Invitrogen, Carlsbad, CA, USA). The expression construct was transfected (Fu-
GENE® 6 Transfection Reagent, Roche) into HEK-293 cells (ATCC® CRL-1573), sta-
ble cell lines were selected in the presence of 500 µg/ml of Geneticin G418 anti-
biotic (Invitrogen), and recombinant protein, termed Tsp-C18, was purified from 
the conditioned media (CM) by metal ion affinity chromatography (ProBond™ 
Purification System; Invitrogen) and dialyzed against 1xPBS, pH 7.0. Tsp1-C18 was 
further purified by gel filtration using Superdex 200 column (GE Healthcare Life 

Figure 1. Serum urea levels in WT, collagen XV and/ or XVIII deficient mice after renal I/R. WT 
mice showed an increased serum urea levels at day 5 after I/R while all collagen mutant mice (Co-
l15a1-/- and Col18a1-/- p<0.05, and Col15a1-/- × Col18a1-/- p<0.01) had significantly lower serum urea 
levels compared to WT at this time point. The results are expresses as serum urea mmol/l ± SEM. 
*: p<0.05, **: p<0.01.
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Figure 2. Reduced neutrophil influx after renal I/R in the mutant mice for collagen XV and XVIII. 
A: Immunofluorescent staining for collagen IV, XV and XVIII (green) and neutrophils (red) in WT and 
double mutant mice at day 1 after I/R showed presence of collagen IV, XV and XVIII in peritubular 
capillaries (white arrows) in WT mice and accumulation of neutrophils around these capillaries. 
Less neutrophil influx (in red) was observed in double mutant mice, also lacking collagen XV and 
XVIII signals (in green). Nuclei are shown in blue. Scale bars 20 μm. B: Immunofluorescent staining 
for neutrophils (red) and nuclei (blue) in WT and double mutant sham operated mice at day 1 after 
I/R showed the absence of neurophils in renal tissues. Scale bars 20 μm. C: Number of neutrophils 
per HPF (High Power Field) at different timepoints after I/R. At day 1 after reperfusion double mu-
tant mice showed a decreased number of neutrophils compared to WT mice (p<0.05). At day 5 sig-
nificantly less neutrophils were observed in kidneys of Col15a1-/- and Col18a1-/- mice compared to 
WT (p<0.05) as well as in those of double mutant mice compared to WT (p<0.01). Data is presented 
as mean ± SEM. *: p<0.05, **: p<0.01.
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Sciences, Uppsala, Sweden) and separated fractions were analyzed by Western 
blot using anti-all-18 antibody (14). Combined fractions containing either high 
molecular weight (MW) or core Tsp1-C18 were digested with heparitinase I (Sig-
ma Aldrich) (0.4-1,5 mU/µg of protein) in 50 mmol/l Tris-HCl, 50 mmol/l NaCl, 
15 mM CaCl2 , pH 7.0, at 37°C overnight. Fractions containing high MW Tsp1-C18 
were also digested with chondroitinase ABC (Sigma Aldrich) (17 mU/µg of pro-
tein) in 50 mmol/l Tris-HCl, 50 mmol/l NaCl, pH 8.0, or with combination of both 
enzymes in 50 mmol/l Tris-HCl, 50 mmol/l NaCl, 15 mM CaCl2, pH 7.5, at 37°C 
overnight. Two fractions containing high MW Tsp1-C18 with GAG chains of vari-
able lengths (fraction 29/Long GAG chain and 33/Intermediate-GAG-chain, see 
Fig. 6A), as well as two apparently non-glycosylated core protein fractions (39 
and 40 combined) were used for the subsequent binding and migration assays. 
In addition, an insert encoding for the full-length short isoform of collagen XVIII 
(Short-ColXVIII) was assembled from murine Col18a1 cDNA clones (27-29), and 
cloned into the mammalian expression vector pREP7 (Invitrogen). The expression 
construct was transfected into 293-EBNA cells (Invitrogen), and stable cell lines 
were selected in the presence of 200 µg/ml of Hygromycin B (Invitrogen). Se-
rum-free CM from the Short-XVIII (2) was collected for the binding and migration 
assays. 

Solid phase binding assay
Maxisorp 96-well plates (U96 from VWR International, Amsterdam, The 

Netherlands) were coated overnight with purified Tsp-C18 carrying GAG chains 
of variable lengths (Long GAG chain, Intermediate GAG chain and Core-Tsp1-C18) 
diluted 1:10 with phosphate buffered saline (PBS), pH 7.5, as well as with the se-
rum-free CM collected from 293-EBNA cells expressing the Short-ColXVIII. After 
washing with PBS- 0.05% Tween 20, the wells were blocked with 5% skimmed 
milk powder in PBS for 1 h. After washing, a dilution range of recombinant L-se-
lectin-IgM chimera (30) or recombinant human MCP-1 (Peprotech EC) was added 
to the wells. L-selectin-IgM was detected with HRP-conjugated rabbit anti-human 
IgM (2 µg/ml; DAKO, Glostrup, Denmark) after repeated washes with PBS-Tween. 
MCP-1 was detected with monoclonal mouse anti-human MCP-1 antibody (0.5 
µg/ml; eBioscience, CA, USA), followed by HRP-labeled goat anti-mouse 
immunoglobulins (DAKO, Glostrup, Denmark). HRP-conjugated secondary 
antibodies were detected with 3,3’,5,5’-tetramethylbenzidine substrate (Sigma, 
Zwijndrecht, The Netherlands) for 15 min in the dark, and the color reaction was 
quenched by H2SO4. Absorbance was measured at 450 nm with a microplate 
reader. All incubations were done at room temperature in a volume of 100 µl/
well.

Migration assay
Mouse leukemic monocyte/ macrophage cell line (RAW 264.7) was pur-

chased from ATCC (Wesel, Germany). Cells were cultured in DMEM containing 
4.5 g/L glucose supplemented with 10% fetal bovine serum, 1% penicillin and 
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Figure 3. Reduced macrophage/ monocyte influx after renal I/R in double mutant mice for colla-
gen XV and XVIII. A: Immunofluorescent staining for collagen IV, XV and XVIII (green) and macro-
phages (red) in WT and double mutant mice at day 5 after I/R showed presence of collagen IV, XV 
and XVIII in peritubular capillaries (white arrows) in WT mice and accumulation of macrophage/ 
monocytes around these capillaries. Less macrophage influx (in red) was observed in double mu-
tant mice, also lacking collagen XV and XVIII signal (in green). The nuclei are stained in blue. Scale 
bars 20 μm. B: Immunofluorescent staining for macrophages (red) and nuclei (blue) in WT and 
double mutant sham operated mice at day 5 after I/R showed no macrophage/monocyte  in renal 
tissues. Scale bars 20 μm. C: Number of macrophage/monocytes per HPF (High Power Field) at 
different timepoints after I/R. At day 5 significantly less macrophage/ monocytes were observed 
in kidneys of Col15a1-/- × Col18a1-/- mice compared to WT (p<0.05). Data is presented as mean ± 
SEM. *: p<0.05.
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streptomycin, and 1% L-glutamine (all purchased from Invitrogen). The migration 
assays were done using ChemoTx® chemotaxis system according to the manufac-
turer’s protocol (NeuroProbe, Inc.; USA). In brief, the polycarbonate membranes 
(8 mm2 filter area; 3 µm pore size) were coated overnight at 4°C with albumin 
(control; 10µg/ml; Sigma), heparin-albumin (10µg/ml; Sigma), Long-GAG-chain, 
Intermediate-GAG-chain and Core-Tsp1-C18 (diluted 1:4 with PBS), as well as 
with undiluted serum-free Short-ColXVIII CM. The membrane was washed with 
culture medium, and recombinant human MCP-1 (10 ng/ml in culture medium; 
Peprotech EC) was added to the lower chambers of the plate, and RAW 264.7 cells 
(1×104) in 20 µl culture medium were added to the upper chamber. The plate was 
incubated in 37°C for 4 hours. The membrane was washed with PBS. The upper 
side of the membrane was cleaned with cotton swab and the membrane was 
fixed in 4% formaldehyde. The lower side of the membrane was stained with 
DAPI and the cells attached to the lower side were counted using a Leica DM 
4000B immunofluorescence microscope. Meanwhile, the plate was centrifuged 
and the lower chambers of the plate were fixed with 4% formaldehyde. The cells 
in the lower chambers were also counted under the microscope as mentioned 
above. The total number of migrated cells in the control albumin-coated wells 
was set to 1, and the other values were calculated accordingly.

Figure 4. Tubular damage is reduced in double mutant mice deficient of collagen XV and XVIII 
compared to the WT mice. A-D: Paraffin-embedded sections stained with periodic acid Schiff’s 
(PAS) reagent in sham operated WT(day 1; A), in sham-operated Col15a1-/- × Col18a1-/- compound 
mutant mice (day 1; B) and in WT (C) and Col15a1-/- × Col18a1-/- compound mutant mice (D) at 
day 5 after renal I/R. WT mice showed tubular casts, tubular widening and flattening, and loss of 
nuclei in tubular cells (black arrows). Such damage was not observed in double collagen mutant 
mice kidneys. Scale bars 50 μm. E: Percentage of tubular damage was determined at different time 
points after I/R (see methods) in the Col15a1-/-, Col18a1-/- and Col15a1-/- × Col18a1-/- double mutant 
mice compared to the WT controls (*: day 5 p<0.01 double mutant mice compare to WT). Data is 
presented as mean percentage ± SEM.
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Statistics
Statistical analysis was performed using the One-Way ANOVA followed 

by Dunnett post-hoc multiple comparison test in SPSS 20.0 software, with P < 
0.05 considered as statistically significant.

Results

Less renal function loss in collagen XV and XVIII deficient mice after I/R
We evaluated renal function by measuring urea levels in serum samples 

collected at different time points after I/R, and compared them to those of sham 
operated mice at day 0. As expected, the WT mice showed a worsening in renal 
function manifested by a rise in serum urea level (highest value at day 5) which 
decreased to the baseline level at day 10 due to regeneration of renal cells (Fig. 
1). There was no significant difference between mutant and WT mice at day 1 and 
day 10. However, 5 days after I/R both Col18a1-/- and Col15a1-/- mutants had sig-
nificantly lower serum urea values compared to WT animals (both p<0.05). The 

Figure 5. Tubular cell activation marker VCAM-1 is reduced in double mutant mice, deficient of 
collagen XV and XVIII compared to the WT mice.  A-D: Cryosections stained for VCAM-1 expression 
in sham operated (day 1; A), in sham-operated Col15a1-/- × Col18a1-/- compound mutant mice (day 
1; B) and in WT (C) and Col15a1-/- × Col18a1-/- compound mutant mice (D) at day 5. WT mice showed 
an upregulation of VCAM-1 in tubular compartment while sham and double collagen deficient mice 
showed a weak VCAM-1 expression in between of tubuli (peritubular capillaries). Scale bars 50 μm. 
E: Tubular cell activation was quantified as percentage of VCAM-1 expression in tubular cells at dif-
ferent timepoints after I/R in the Col15a1-/-, Col18a1-/- and Col15a1-/- × Col18a1-/- double compound 
compared to WT mice (**: at day 5 p<0.01 double mutant mice compared to WT) (see methods). 
Data is presented as mean percentage ± SEM. F: Quantitative RT-PCR on RNA isolated from renal 
tissue, day 5 after I/R. VCAM-1 mRNA expression is reduced in all mutant mice, and reached statis-
tical significance in the double KO mice (***: p<0.001).
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decrease in serum urea was even more significant in Col15a1-/- × Col18a1-/- dou-
ble mutant mice compared to WT controls (p<0.01; Fig.1). These results indicate 
that our mutant animals have less renal function loss at day 5 than control WT 
mice. 

Less influx of inflammatory cells into collagen XV and XVIII deficient kidneys 
after I/R

It is known that I/R evokes a strong inflammatory reaction, characterized 
by an early neutrophil influx, followed by monocyte/macrophage recruitment. 
Immunofluorescent staining of kidney samples confirmed that collagen XV and 
XVIII localize in peritubular capillary and tubular BMs, analogously to a common 
BM marker collagen IV (Fig. 2A and 3A). Neutrophil recruitment was the highest 
at 1 day after I/R in WT mice (Fig. 2C). All collagen deficient groups showed low-
er numbers of neutrophils compared to WT group at day 1, but only in the Co-

Figure 6. Increased expression of TNF-α and MCP-1 in double mutant mice, lacking both collagen 
XV and XVIII compared to WT. A-B: Immunofluorescent staining of MCP-1 (red) in WT (A) and 
double mutant mice (B) at day 5. Double mutant mice showed an increased expression of MCP-1 in 
peri-tubular capillaries. Scale bars 20 μm. C: mRNA expression of MCP-1 in renal tissue of Col15a1-/-, 
Col18a1-/- and Col15a1-/- × Col18a1-/- double compound compared to WT mice at day 5 after I/R 
(***: p<0.001 double mutant mice compared to WT). D: mRNA expression of TNF-α in renal tissue 
of Col15a1-/-, Col18a1-/- and Col15a1-/- × Col18a1-/- double compound compared to WT mice at day 
5 after I/R (**: p<0.01 double mutant mice compared to WT).
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l15a1-/- × Col18a1-/- double mutant mice the difference was statistically significant 
(p<0.05). Nevertheless, at day 5 the neutrophil influx was significantly reduced 
in Col18a1-/- (p<0.05), Col15a1-/- (p<0.05) and Col15a1-/- × Col18a1-/- double de-
ficient mice (p<0.01) compared to WT controls (Fig. 2A-C). Sham animals in WT 
group and double collagen deficient group showed no neutrophil influx (Fig. 2B).  
As expected, monocyte/macrophage influx peaked at day 5 after I/R injury and 
started to decline at day 10. In all time points Col15a1-/- × Col18a1-/- mice showed 
lower macrophage influx compared to WT mice (Fig. 3A-C); this difference was 
significant at day 5 after I/R (p<0.05; Fig. 3C). As shown in Fig. 3B no macrophage 
staining was found in WT and double collagen deficient sham animals (Fig. 3B). 
These data indicate impaired influx of inflammatory cells after renal I/R in mice 
lacking BM-associated collagens XV and XVIII.

Less tubular injury and tubular activation in collagen XV and XVIII deficient kid-
neys after I/R
 Tubular injury, determined as the percentage of necrotic tubules in kid-
ney specimen, showed correlation with the inflammatory cell influx. One day af-
ter I/R all animals showed increased tubular injury. Although none of the single 
mutant groups was significantly different from WT, compound Col15a1-/- × Co-
l18a1-/- mutants had the lowest amount of tubular injury. At day 5, Col15a1-/- × 
Col18a1-/- double null mice showed also statistically significantly lower tubular 
damage compared to WT mice (p<0.05). At day 10, tubular injury was reduced in 
all animals to the level of sham values due to regeneration capability of tubular 
cells after I/R (Fig. 4E). No tubular injury was seen in sham-operated WT and dou-
ble KO mice groups (Fig. 4A-B). Quantification of tubular injury in the single Co-
l15a1-/- and Col18a1-/- mutant mice showed a tubular damage score in between 
the WT and double mutant mice. Taken together, the absence of BM-associated 
collagens XV and XVIII appears to lead to less severe tubular damage after I/R 
injury. 
 Our results in WT mice showed upregulation of VCAM-1 in activated 
tubular cells upon I/R (Fig. 5C versus A (sham)). In the double mutant mice no 
tubular VCAM-1 expression was induced at day 5 compared to WT mice (Fig. 
5E: p<0.01; Fig. 5D versus 5B). Sham-operated WT and double KO mice did only 
express low amounts of VCAM-1 in a peri-tubular fashion (Fig. 5A and B respec-
tively). Single Col15a1-/- and Col18a1-/- mice showed a non-significant reduction 
in tubular cell activation on day 5 and 10 (Fig. 5E).Quantitative RT-PCR, done on 
RNA purified from day 5 kidneys corroborate the VCAM-1 protein staining (Fig. 
5F). This indicates less tubular cell activation at this time point in the double 
collagen mutant mice which correlates with lower tubular damage score in these 
mice at day 5 after I/R.

Inflammatory cytokines are upregulated in double collagen deficient mice
To further investigate the mechanism behind the reduced influx of the 
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inflammatory cells in the collagen mutant mice, we measured the gene expres-
sion of MCP-1 and TNF-α in all groups at day 5 (Fig. 6C-D). The result showed a 
significantly higher expression of both MCP-1 and TNF-α in double deficient mice 
at day 5 compared to WT mice (p<0.001 and p<0.01 respectively). The result for 
MCP-1 was confirmed by immunohistochemistry, showing more MCP-1 expres-
sion in peritubular capillaries of double deficient mice (Fig. 6A-B). Thus, despite 
increased expression of pro-inflammatory cytokines in the collagen XV and/or 

Figure 7. Production and characterization of recombinant mouse Tsp1-C18 and Short-XVIII by 
Western blotting with anti-all-18 antibody. A: Gel filtration fractions of recombinant Tsp1-C18 with 
variable degree of glycosylation and non-glycosylated core protein of ~55 kDa separated by 10% 
SDS-PAGE. Fractions 29 and 33 with Long and Intermediate GAG chains, respectively, and 39-40 
containing core Tsp-C18 were used for binding and migration experiments. B: Expression of full-
length Short-XVIII by two representative stable 293-EBNA clones 1 and 2. Apparently non-glyco-
sylated Short-XVIII of ~180 kDa was detected in cell lysates (L). Conditioned cell culture media (CM) 
contained highly glycosylated recombinant Short-XVIII migrating as a smear above 200 kDa in 7% 
SDS-PAGE. Control 293-EBNA cell lysate and CM did not show reactivity for anti-all-18 antibody 
with short exposure. C: Heparitinase I treatment of intermediate Tsp1-C18 (fractions 31 and 33, 
MW ~130 kDa) removed most GAG chains and revealed a core protein of ~55 kDa. Heparitinase 
I treatment did not alter the size of low MW Tsp1-C18 (fractions 39-40) suggesting that this band 
represents non-glycosylated core protein. D: Heparitinase I and chondroitinase ABC treatments of 
intermediate Tsp1-C18 (fractions 31 and 33) indicate that most of the GAGs within recombinant 
Tsp1-C18 produced in HEK-293 cells are HS chains. 
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XVIII deficient mice, the reduced influx of inflammatory cells in the same animals 
underlines the importance of collagen XV and XVIII for leukocyte entry.

Collagen XVIII proteoglycan is involved in monocyte/macrophage migration in 
vitro

N-terminal non-collagenous portion of short collagen XVIII, Tsp1-C18, 
was expressed in mammalian HEK-293 cells and purified from CM using metal ion 
affinity and gel filtration chromatography. Western blot analysis of collected frac-
tions with anti-all-18 antibody revealed that separated fractions contained GAG 
chains with variable lengths (Fig. 7A). Combined fractions containing intermedi-
ate or low molecular weight (MW) Tsp1-C18 were digested with heparitinase I. 
Enzyme treatment of intermediate MW (~130 kDa) Tsp1-C18 removed most of 
the GAG chains, reduced the size of the protein smear to 70-100 kDa, and result-
ed in the appearance of a ~55 kDa protein band (Fig. 7C). No apparent change in 
the molecule size was seen when low MW protein was treated with heparitinase 
I suggesting that the ~55 kDa band represents the core Tsp1-C18 (Fig. 7C). Thus, 
the gel filtration chromatography allowed separation of recombinant Tsp1-C18 
fractions with variable degree of glycosylation and non-glycosylated core protein. 
Besides heparitinase I alone, the intermediate MW Tsp1-C18 was digested also 

Figure 8. Collagen XVIII interacts with L-selectin and MCP-1 via its N-terminal HS side chains. A: 
Solid phase binding assay showed a dose dependent binding of L-selectin to full-length short col-
lagen XVIII (Short-XVIII), and to its N terminal non-collagenous portion (Tsp1-C18) bearing HS side 
chains. The interaction of L-selectin with HS side chains on collagen XVIII is stronger when the HS 
side chains are longer. B: The interaction of MCP-1 with Short-XVIII and Tsp1-C18 bearing HS side 
chains in solid phase binding assay. MCP-1 interacts with collagen XVIII in a dose-dependent man-
ner and the interaction is dependent on the length of HS side chains. Both assays were performed 
at least three times and the graphs show a representative experiment. PBS coated wells were used 
as negative controls (not shown).
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with chondroitinase ABC or with combination of both enzymes. Heparitinase I 
plus chondroitinase treatment totally abolished the protein smear and revealed 
the ~55 kDa core protein (Fig. 7D). Chondroitinase treatment alone had a minor 
effect on Tsp1-C18 resulting in the appearance a weak core band while most of 
the protein remained glycosylated with no apparent change in the molecule size 
(Fig. 7D). These data indicate that the N-terminal portion of short collagen XVIII 
produced in HEK-293 cells carries GAGs and most of them are HS chains.

The full-length Short-XVIII protein was detected in the stable 293-EBNA 
cell lysate and CM with mouse anti-all-18 antibody (Fig. 7B). In the CM this anti-
body recognized a smear with MW well above 200 kDa indicating the presence of 
GAG chains, while in the cell lysate a protein with MW of ~180 kDa was detected. 
The latter closely corresponds to the size of non-glycosylated core protein de-
duced form the amino acid sequence of the mouse short collagen XVIII isoform, 
as well as that of human, rat and chicken short isoform (6, 31, 32).

We performed solid phase binding experiments to test the interaction of colla-

Figure 9. MCP-1-induced monocyte migration is increased in the presence of immobilized hepa-
rin-albumin and glycosylated collagen XVIII. A: MCP-1 dose dependently increased the migration 
of monocytes over a porous membrane. Immobilization of heparin-albumin, mimicking an artificial 
BM HSPG, promotes monocyte transmigration. Spontaneous migration over albumin-coated mem-
brane in the absence of MCP-1 was set as 1 and the other values were calculated accordingly. The 
error bars represent SEM. B: Transmigration of monocytes towards MCP-1 (10ng/ml) was increased 
in the presence of heparin-albumin and collagen XVIII with long GAG chains. Heparin-albumin in-
creased the monocyte migration significantly compared to albumin coated membrane (p<0.01). 
N-terminal fragment of short collagen XVIII with long GAG chains promoted transmigration signifi-
cantly compared to albumin and N-terminal fragment without GAG chain (both p<0.05). Relative to 
albumin, also the full-length short collagen XVIII promoted MCP-1-induced monocyte transmigra-
tion to some extent (not significant). Data is calculated relative to migration over albumin-coated 
membrane towards 10ng/ml MCP-1. The error bars represent SEM. *: p<0.05, **: p<0.01.
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gen XVIII with L-selectin and MCP-1. First, to verify the direct interaction between HS/
CS side chains within the short collagen XVIII isoform and L-selectin, recombi-
nant human L-selectin-IgM chimeric protein was incubated in wells coated either 
with the CM containing full length short isoform (Short-XVIII), or with purified 
N-terminal Tsp1-C18 fragments of this isoform with various degrees of glycana-
tion. The results showed a dose-dependent binding of L-selectin to Short-XVIII . 
Moreover, the binding of L-selectin to high MW Tsp1-C18 with the longest GAG 
chains was very strong even at the lowest L-selectin concentrations. No binding 
was detected between L-selectin and the low MW Tsp1-C18 which lacked GAG 
chains (Fig. 7A, C), and moderate binding was observed to the fragment with in-
termediate GAG chains (Fig. 8A), thus confirming the view that GAG chains have 
a role in L-selectin binding.
 In order to test the binding of collagen XVIII to MCP-1, a similar solid 
phase binding assay was done by incubating increasing concentrations of MCP-
1 on collagen XVIII coated wells. As it is shown in Fig. 8B, the Tsp1-C18 frag-
ment lacking GAG chains showed no interaction with MCP-1, while MCP-1 
bound dose-dependently to the full length molecule and to the two N-terminal 
fragments carrying intermediate and long GAG chains. The high MW Tsp1-C18 
showed the strongest interaction with MCP-1 (Fig. 8B). These data suggests that 
collagen XVIII HS/CS side chains are involved in influx of monocytes mostly via 
interaction with MCP-1 and/or L-selectin. 

We next investigated the involvement of HS/CS side chains of collagen 
XVIII in leukocyte migration using an in vitro approach. To this end, a Transwell 
migration assay was performed in which mouse leukemic monocyte macrophage 
RAW 264.7 cells were induced to migrate towards MCP-1 over porous mem-
branes coated with albumin, heparin-albumin, Short-XVIII or N-terminal non-col-
lagenous fragments with differing GAG chain lengths. The filter-immobilized hep-
arin-albumin is a model compound that represents here a BM HSPG. As expected, 
adding MCP-1 to the lower compartment of albumin-coated control wells result-
ed in a dose-dependent increase in migration of the monocytes (Fig. 9A). Coating 
with heparin-albumin raised the amount of spontaneous and MCP-1-induced cell 
migration in comparison to albumin. In addition, in the presence of 10 ng/ml 
MCP-1 the number of migrated cells through filters coated with heparin-albumin 
(p<0.01) or with Tsp1-C18 carrying the longest GAG chains (p<0.05) raised sig-
nificantly compared to their migration on albumin coated filters. Besides, RAW 
264.7 cell migration was significantly increased in the presence of Tsp1-C18 with 
long GAG chains by comparison to core protein (p<0.05). Also full-length Short-
XVIII increased the migration compared to albumin or core Tsp1-C18, but the 
differences were not statistically significant. These in vitro data indicate that GAG 
polysaccharide side chains in the tested artificial BMs substantially contribute to 
chemokine-driven/ induced transmigration of monocytes. 
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Discussion

We demonstrate here that relative to the WT controls, the mice lacking 
expression of BM-associated collagen types XV or XVIII, and in particular mice 
lacking both BM-associated collagens (Col15a1-/- × Col18a1-/- compound mutant), 
show less susceptibility to tubular damage and loss of kidney function after renal 
I/R. Despite an upregulation of inflammatory cytokines MCP-1 and TNF-α, we 
observed less inflammatory cell influx at day 5 after I/R, and less tubular cell 
activation and less tubular damage on the same day. These mice also have a 
better renal function at day 5, demonstrated by lower urea levels in the circula-
tion. Complementing in vitro data show that the GAG polysaccharide side chains 
of the short collagen XVIII isoform are involved in the binding of L-selectin and 
MCP-1, facilitating the migration of leukocytes into the inflamed kidney. Togeth-
er, these data suggest an important role for collagen XV and XVIII in inflamma-
tion-induced renal damage after I/R.

 Tubular damage in I/R model has been shown to be directly related to 
leukocyte influx (22). Besides, infiltrated leukocytes, especially monocytes/mac-
rophages contribute to epithelial to mesenchymal transition of the tubular ep-
ithelial cells, which upon de-differentiation become ICAM-1/VCAM-1 positive 
(31). This tubular expression of adhesion molecules is not involved in leukocyte 
influx, since this is predominantly orchestrated at the level of the endothelial 
cells, rather form a retention motif for VLA-4 positive leukocytes and can be used 
as a measure for tubular activation/de-differentiation (32). Our compound mu-
tant mice have a better renal function and less tubular damage, most likely due 
to less inflammatory cell influx into diseased kidney. Therefore, based on our 
novel and previous findings we consider three different mechanisms underlying 
the reduced leukocyte recruitment after I/R in the Col15a1-/- × Col18a1-/- mice. 

First, we reported broadened tubular BM in Col18a1-/- mice compared to 
WT (33), suggesting that a modified physical structure of BM in our mutant mice 
could be partially responsible for less leukocyte influx after I/R. Kinnunen et al. 
showed that although it is not noticeable in normal condition, the tubular BM 
of collagen XVIII deficient mice shows some structural abnormalities (16) which 
might result in an altered response after I/R and affect leukocyte influx and the 
degree of damage. However, that needs further research to be confirmed. 

Second, Celie et al. (21) previously showed that BM proteoglycans, in-
cluding collagen XVIII, can bind to L-selectin and facilitate leukocyte migration. 
Kawashima et al. suggested that collagen XVIII may provide a link between se-
lectin-mediated cell adhesion and chemokine-induced cellular activation and 
accelerate the progression of leukocyte infiltration in renal inflammation. They 
also demonstrated a direct interaction of collagen XVIII HS side chains with L-se-
lectin and MCP-1 in vitro (34). Others showed the interaction of proteoglycans 
with the leukocyte adhesion molecules MAC-1 and VLA-4 (35,36). We confirmed 
here the direct interaction between L-selectin and the tubular BM-specific short 
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collagen XVIII molecule. Furthermore, we showed that the long HS chains with-
in N-terminal non-collagenous portion of this particular isoform contain HS do-
mains that can interact with L-selectin. This interaction indicates the involvement 
of collagen XVIII GAG chains in leukocyte adhesion and migration via interaction 
with L-selectin, and can at least partly explain less influx of inflammatory cells in 
collagen XVIII deficient mice. 

Third, proteoglycans are known to stabilize gradients of chemokines and 
cytokines (37,38). As shown by Celie et al., binding sites for MCP-1, a potent che-
moattractant for monocytes/ macrophages, were increased after I/R and are pre-
dominantly mediated by HSPGs in BM (21). Our data confirms the involvement 
of collagen XVIII GAG side chains in chemokine-derived leukocyte migration and 
solid phase binding assay showed the binding of collagen XVIII to MCP-1 via its 
GAG chains. The binding appeared to be stronger when the GAG side chains at-
tached to collagen XVIII were longer indicating that certain HS domains/ length of 
collagen XVIII are needed to efficiently bind this chemokine. Moreover involve-
ment of specific GAG side chains of collagen XVIII in chemokine-induced leuko-
cyte migration was confirmed by the significant increase in monocyte migration 
over filters coated with N-terminal fragment with longest GAG chains compared 
to filters coated with N-terminal fragments without GAG chains. Since the Coll 
XVIII Tsp1-C18 fragment has one predicted GAG attachment site, we assume that 
fraction 32-34 of the collagen XVIII Tsp1-C18 fragment (see Fig.7A) has HS-GAG 
chains of intermediate length. However, we cannot exclude the possibility that 
these fractions with shorter HS-GAG side chain were decorated with different 
sulfation pattern that will influence L-selectin and MCP-1 binding and leukocyte 
migration. We show an increase in expression of MCP-1 in renal tissue of double 
collagen deficient mice at the same timepoint that the animals show the lowest 
influx of the cells. Our results show that even increased expression of MCP-1 
does not lead to higher inflammatory cells influx if the BM HSPGs are absent. 
These findings highlight the importance of the interaction between collagen XV 
and XVIII and chemokines such as MCP-1 in cell influx. 

Since the two BM collagens type XV and XVIII have some similarities, in-
cluding the Tsp-1 domain at the N-terminus and the GAG side chains, we specu-
late that lacking both of those BM zone collagen/ proteoglycan hybrid molecules 
results in a pronounced effect as shown by the lowest neutrophil and monocyte/ 
macrophage influx and the highest expression of MCP-1 in double mutant mice  
in our study. Unfortunately, we could not test here the role of GAG chains of 
collagen XV, owing to the fact that our recombinant collagen XV is produced in 
insect cells and lack GAG chains (39). The interactions of GAGs within collagen 
XV with L-selectin and MCP-1 have to be demonstrated and studied in detail to 
achieve full understanding of the roles of this BM collagen in kidney injuries. 

Collectively, our data show that collagens XV and/or XVIII HSPGs can, via 
their GAG side chains, mediate leukocyte migration over vascular BMs. This novel 
functions of BM collagen XV and XVIII might operate besides to the described 
roles of laminin 411 and the BM low expression regions in leukocyte migration 
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over BMs (40,41). Based on our results we speculate on new therapeutic inter-
ventions with (non-anticoagulant) heparinoids mimicking the BM collagens XV 
and XVIII GAGs after renal I/R and renal transplantation. Further experiments 
might prove the efficacy of this heparinoid intervention approach.
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Abstract

Chronic renal transplant dysfunction is characterized by loss of renal 
function and tissue remodeling, including chronic inflammation and lymph ves-
sel formation. Proteoglycans are known for their chemokine presenting capacity. 
We hypothesize that interruption of the lymphatic chemokine – proteoglycan 
interaction interferes with the lymphatic outflow of leukocytes from the renal 
graft and might decrease the anti-graft allo-immune response.

In a rat renal chronic transplant dysfunction model (female Dark-Agouti 
to male Wistar Furth), chemokines were profiled by qRT-PCR in microdissected 
tubulo-interstitial tissue. Disruption of lymphatic chemokine – proteoglycan in-
teraction was studied by (non-anticoagulant) heparin-derived polysaccharides in 
vitro and in renal allografts. The renal allograft function was assessed by rise in 
plasma creatinine and urea.

Within newly-formed lymph vessels of transplanted kidneys, numerous 
CD45+ leukocytes were found, mainly MHCII+, ED-1-, IDO-, HIS14-, CD103-  antigen 
presenting cells, most likely representing a subset of dendritic cells. Treatment 
of transplanted rats with regular heparin and two different (non-)anticoagulant 
heparin derivatives revealed worsening of kidney function only in the glycol-split 
heparin treated group despite a two-fold reduction of tubulo-interstitial leuko-
cytes (p<0.02). Quantitative digital image analysis however revealed increased 
numbers of intra-lymphatic antigen-presenting cells only in the glycol-split hep-
arin group (p<0.01). The number of intra-lymphatic leukocytes significantly cor-
relates with plasma creatinine and urea, and inversely with creatinine clearance.

Treatment of transplanted rats with glycol-split heparin significantly 
increases the number of intra-lymphatic antigen presenting cells, by increased 
renal diffusion of lymphatic chemokines, thereby increasing the activation and 
recruitment of antigen presenting cells towards the lymph vessel. This effect is 
unwanted in the transplantation setting, but might be advantageous in e.g. den-
dritic cell vaccination.
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Introduction

Chronic transplant dysfunction (CTD) is characterized by decline in kid-
ney allograft function over time and is related to progressive tissue remodeling 
in the transplanted kidney. Histologically, CTD is characterized by chronic lesions 
such as interstitial fibrosis and tubular atrophy, transplant vasculopathy, focal 
segmental glomerulosclerosis and lymphangiogenesis (1-3). Lymphangiogenesis 
is the growth of new lymph vessel via sprouting from existing lymph vessels or 
by trans-differentiation of monocytes/macrophages into lymphatic endothelial 
cells, processes which are often initiated by tissue inflammation (4). A common 
hypothesis nowadays is that inflammation and lymphangiogenesis have mutu-
al interactions. In the kidney, inflammation promotes lymph angiogenesis by 
stimulating the production of lymphangiogenic factors like vascular endothelial 
growth factor C (VEGF-C) by activated tubular epithelial cells and macrophages 
(5,6), while lymph vessels can produce pro-inflammatory cytokines and form the 
major exit route for leukocytes. MHC class II expressing antigen presenting cells 
(APCs), mainly dendritic cells (DCs), are believed to be the leukocyte subtype 
exiting the interstitium via lymph vessel in CTD and promote allorecognition and 
alloreactivity.

In transplantation, the exact role of lymphangiogenesis is not yet clear. 
Although a beneficial hyaluronan draining effect of newly formed lymph vessels 
in lung transplants has recently been discovered (7). We and others showed that 
lymphangiogenesis is associated with poor transplant prognosis (8,9), which 
might be related to an increased migration of DCs to lymph nodes in transplanted 
organs suffering from lymphangiogenesis. Increased DC migration in turn leads 
to increased antigen presentation in lymph nodes resulting in a stronger T and B 
lymphocyte-mediated allo-immune response (6). Efforts have been undertaken 
to block lymph vessel formation in experimental transplantation models and has 
been shown to increase graft survival (10). However in the kidney, lymph vessel 
blockade might lead to renal edema, which has already been shown in mTOR 
inhibitors like rapamycin and is thought to be due to the inhibition of lymphan-
giogenesis (11). Therefore, instead of focusing on the inhibition of lymphangio-
genesis, reduction of renal interstitial leukocyte in- and efflux might be a way to 
improve renal function and graft survival.

Most research on the mechanism and function of APCs has been done 
in DCs, which are believed to be the most important APC. In DCs, pathogenic 
or non-self-antigen uptake causes maturation and subsequent C-C chemokine 
receptor 7 (CCR7) expression on the cell surface. Chemokine (C-C motif) ligand 
(CCL) 19 and CCL21 are ligands for CCR7 and both have been shown to stimu-
late DC migration (12,13). CCL21 is produced by lymphatic endothelial cells and 
stored intracellularly. Upon release CCL21 and CCL19 bind to heparan sulfate pro-
teoglycans (HSPGs) present in the basement membrane of lymph vessels and 
form a short chemotactic gradient around the lymph vessel (14,15). The sulfation 
pattern of heparan sulfate (HS) can influence its capability to bind CCL19 and 
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CCL21 as shown by Yin and colleagues (16). 
Besides CCL21 and 19, the lymph endothelial cells produce other chemo-

kines like CX3CL1 and CXCL12 which are also believed to attract DCs via a che-
motactic gradient. CXCL12 probably via HS binding, but since CX3CL1 is a non-
HS binding chemokine it is believed to form a fluid phase gradient (17,18). It is 
currently believed that the CX3CL1 and CXCL12 chemotactic gradient causes DC 
migration towards the lymph vessel, where high concentrations of CCL21 cause 
integrin activation and subsequent ICAM-1-mediated transmigration through 
lymphatic endothelium (18). CC-chemokines like CCL2 and CCL5, involved in HS 
mediated DC influx from the blood, might also play a role in DC migration to-
wards the lymphatic system since it has been shown that these chemokines are 
upregulated in lymphatic endothelial cells in inflammatory conditions (19). 

It has been recognized already for some time that proteoglycans play 
a pivotal role in the inflammatory process. Therefore strategies have been de-
veloped to use the proteoglycan chemokine interaction as a target for therapy. 
In kidney transplantation it has been shown that treatment with multiple low 
molecular weight heparins reduce signs of progressive renal failure in experimen-
tal renal transplantation (20,21). In these studies the authors showed that low 
molecular weight (LMW) heparin reduces renal monocyte, T-cell and major his-
tocompatibility complex II positive (MHCII+) infiltration. However none of these 
studies reported on the effect of heparinoids on the migration of leukocytes 
towards the lymph vessels. Furthermore, these studies were done with LWM 
heparin with anti-coagulant properties besides anti-inflammatory properties. 
Anti-coagulant heparin has been shown to result in an increased risk of hem-
orrhagic complications in patients early after transplantation (22). This shows 
that the anti-coagulant function of heparin is a major burden for the application 
of heparin in anti-inflammatory treatment. However in experimental renal isch-
emia-reperfusion injury, it has been demonstrated that treatment with a syn-
thetic and non-anticoagulant heparin pentasaccharide reduced inflammation 
and neutrophil accumulation (23,24). This shows that non anti-coagulant hepa-
rins might still exert anti-inflammatory effects despite losing their anti-coagulant 
function. Therefore in this study we used, besides unfractionated heparin, two 
clinically more favorable non anti-coagulant heparin derivatives, to evaluate the 
potency of these heparins to interrupt the proteoglycan - chemokine interaction.

In this study we hypothesized that newly-formed lymph vessels in re-
nal grafts are actively involved in leukocyte migration from the graft towards the 
draining lymph node in order to build an alloresponse. Secondly we hypothesized 
that interruption of chemokine – proteoglycan interaction by non-anticoagulant 
heparin derivatives might interfere with the lymphatic outflow of leukocytes 
from the renal graft and might decrease the anti-graft allo-immune response. 
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Material & Methods

Rat kidney transplantation model (Experiment 1) 
Kidney allo-transplantation was performed from female Dark-Agouti 

(DA) donors to male DA or Wistar Furth (WF) recipients according to standard 
procedures as described previously (25). The following experimental groups 
were included: control DA kidneys (N=5), DA-to-DA isografts (N=5), and DA-to-
WF allografts (N=5). Isograft recipients were sacrificed at day 81 (range 70-84) 
and allograft recipients at day 65 (range 54-84 days) after transplantation. The 
local animal ethics committee of the University of Groningen approved all the 
procedures used in the study and the Principles of Laboratory Animal Care (Na-
tional Institute of Health publication no. 86-23) were followed. 

Laser Dissection Microscopy
Tubulo-interstitial tissue was dissected using the Leica Microdissection 

microscope (Leica Microsystems, Houston, Texas). RNA isolation and quantitative 
RT-PCR were performed essentially according to Asgeirsdottir et al (26). Experi-
mental details are described elsewhere (27). Gene expression was analyzed with 
a custom made microfluidic card-based low density array (Applied Biosystems, 
Nieuwerkerk a/d IJssel, the Netherlands) using the ABI Prism 7900HT Sequence 
Detection System (Applied Biosystems, Nieuwerkerk a/d IJssel, the Netherlands). 
Composition of the low density array is indicated in Table 1. mRNA expression 
levels of CCL21 and 19 were measured separately in a qRT-PCR analysis. Final 
reaction volume was 10 µl consisting of 3µl cDNA, 5µl SYBR green Supermix (Bio-
Rad, Veenendaal, The Netherlands), 0,8µl primer mix and 1,2 µl nuclease-free 
water. Reactions were performed using the ViiATM 7 Real-Time PCR System (Ap-
plied Biosystems, The Netherlands) at 95°C for 15s, 60 °C for 15s, and 72°C for 5s, 
for 40 cycles. Relative mRNA levels were calculated as 2−ΔCT, in which ΔCT is CTgene 

of interest – CTβ-actin. 

Immunohistochemistry
Four µm acetone fixed frozen kidney sections were blocked for endoge-

nous peroxidase activity with 0,03% H2O2. Sections were incubated for 1 hr with 
mouse anti-rat perlecan (10B2, kindly provided by Dr. Couchman, Biomedicine 
Institute, University of Copenhagen, Denmark) and rabbit anti-LYVE-1 (Millipore, 
Amsterdam, The Netherlands). For stainings LYVE-1 was chosen over podoplanin 
as lymph vessel marker due to cross-reactivity issues. Binding of primary anti-
body was detected by incubating the sections for 30 minutes with rabbit an-
ti-mouse HRP (DAKO, Belgium) and goat anti-rabbit FITC (SouthernBiotech, USA) 
diluted in PBS containing normal rat serum. HRP activity was visualized using the 
Tetramethylrhodamine System (PerkinElmer LAS Inc). Nuclei were stained with 
DAPI. After the staining procedure photomicrographs were taken at 640x mag-
nification.
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Table 1. mRNA transcripts quantified in low density and regular qRT-PCR.

Gene name General name Gene symbol Assay ID

Lymphatic markers

Podoplanin Podoplanin Pdpn Rn00571195_m1

Proteoglycans

Perlecan Perlecan LOC313641 Rn01515780_g1

Chemoattractants

Monocyte chemoattractant 
protein

CCL2 Ccl2 Rn00580555_m1

RANTES CCL5 Ccl5 Rn00579590_m1

CX3CL1 CX3CL1 Cx3cl1 Rn00593186_m1

CXCL12 CXCL12 Cxcl12 Rn00573260_m1

CCL19 CCL19 Ccl19 Rn_Ccl19_1_SG

CCL21 CCL21 Ccl21 Rn_Ccl21_1_SG

Reference Gene

Β-actin (2x) Beta-actin Actb Rn00667869_m1

Heparin/heparin derivatives intervention study (Experiment 2)
In this study 38 female DA rats (donors) and 38 male WF rats (recipients) 

were used. Intervention was done with regular, unfractionated heparin (hepa-
rin, m.w. 21,116) and two non-anticoagulant heparin derivatives derived from 
heparin: N-desulfated and N-reacetylated heparin (N-acetylated heparin, m.w. 
18,269) and periodate-oxidized, borohydride-reduced heparin (glycol split-hep-
arin, m.w. 16,522). Production and characterization of these non-anticoagulant 
heparin derivatives have been described before (28,29). The control transplant-
ed group received daily vehicle (saline) injections. One day before transplanta-
tion, treatment with the respective formulations was started. The above men-
tioned groups daily received heparin/ non-anticoagulant heparin derivative 
between 9.00am and 12.00am dissolved in saline, injected subcutaneously at 2 
mg/kg body weigh/day until sacrifice. The treatment dose was chosen accord-
ing to previous studies (20,21) and is in the physiological range normally used 
for the treatment of thrombotic complications. Total follow up was 65±4 days 
(mean±SD). Animals were monitored on a daily basis for weight loss, activity and 
fur condition. When deteriorating condition of the animal was suspected, i.e. 
weight loss of >15% within 1 week and/or inactivity and/or worsened fur condi-
tion, a veterinarian was consulted and if necessary animals were sacrificed and 
regarded as drop outs. Upon sacrification animals were put under anesthesia and 
the vascular system was flushed with saline. During the follow up of 2-9 weeks, 
preterm graft loss occurred in 3 rats in the vehicle-treated group (N=10), 5 in the 
unfractionated heparin group (N=9), 2 in the glycol-split heparin group (N=9) and 
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5 in the N-acetylated heparin group (N=10). In total 15 animals dropped out of 
the experiment, of which 13 were sacrificed and 2 died without prior notice of 
illness. Graft loss was not significantly different among the groups. 

Immunohistochemistry
Four µm frozen and formalin-fixed paraffin embedded kidney sections 

were used for immunohistochemical stainings. Details on fixation, antigen re-
trieval, antibodies and conjugates are given in Table 2. All controls (omitting pri-
mary and/or secondary antibodies in various combinations) proved to be nega-
tive (not shown). As a lymphatic endothelium marker VEGFR3, podoplanin and 
LYVE-1 were tested. VEGFR3 appeared to be the most specific, i.e. no vessels 
were VEGFR3+ without being LYVE-1 or podoplanin positive. Hence, where possi-
ble, VEGFR3 was used as a lymphatic endothelial marker. When staining results 
were significantly better or double staining interactions prevented the use of 
VEGFR3, podoplanin or LYVE-1 was used as a lymphatic endothelial marker. After 
the staining procedure 20 photomicrographs were taken at 200x magnification 
from blood vessels or lymph vessels in cortical regions. Quantification of CD45+ 
leukocytes adherent to blood vessel endothelium, and leukocytes, MHCII+, ED-1+, 
CD3+, IDO+, HIS14+, CD103+ and HIS48+ cells inside lymphatic vessels was per-
formed by using Aperio Imagescope software (Leica biosystems, Houston, Texas). 
The blood vessel and lymph vessel endothelium was encircled and endothelial 
circumference and area of the vessel were calculated. Counted cells were ex-
pressed as number of cells per 100 µm of endothelium. Interstitial inflammation 
was determined by measuring the amount of CD45+ nucleated cells in the renal 
cortex using the TissueFAXS software (Tissuegnostics, Vienna, Austria). Data is 
expressed as number of nucleated cells positive for CD45 in the renal cortex. 
Lymphangiogenesis was determined by staining transplanted and non-transplant-
ed kidneys of vehicle treated animals and counting the amount of lymph vessels 
per high power field. 10 photomicrographs per animals were randomly taken at 
100x magnification and manually quantified. CCL21 expression in the kidney was 
determined using 30 photomicrographs per animal which were randomly taken 
at 100X magnification. Quantification was done using the MacBiophotonics Im-
ageJ program (Rasband, W.S., ImageJ, U.S. National Institute of Health, Bethesda, 
Maryland, USA). Data are expressed as % positive stained surface area.

Quantification of interstitial fibrosis was done by staining sections in the 
following manner. Four µm formalin fixed and paraffin embedded sections were 
deparaffinized and incubated in Picro Sirius red solution (0,1g Sirius red in 100 
ml picric acid) for 1 hour. Thereafter sections were incubated in 0,01 N HCl for 2 
minutes, dehydrated and covered using DEPEX (Klinipath BV, Duiven, The Nether-
lands) mounting medium. Per kidney 25 photomicrographs were randomly taken 
at 200x magnification and digitally analyzed using MacBiophotonics ImageJ pro-
gram (Rasband, W.S., ImageJ, U.S. National Institute of Health, Bethesda, Mary-
land, USA). The amount of interstitial fibrosis was expressed as % positive surface 
area.
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Table 2. Immunohistochemical staining characteristics

Cell type Tissue processing Marker Antibody Conjugate + Visualization

Lym-
phatic  

endothe-
lium

Formaldehyde 
fixed, paraffin 

embedded, depa-
raffinization, Tris/

EDTA (pH 9.0)

Podo-
planin

Mouse anti-rat 
Podoplanin, (An-
giobio, Huissen, 

Netherlands) 1:100

Goat anti mouse Ig PO (South-
ern Biotech, Birmingham, 

USA); 1:100, 3,3’-Diaminoben-
zidine (DAB) (DAKO, Glostrup, 

Denmark) followed by PAS 
staining

Lym-
phatic 

endothe-
lium

Cryosections,  
Acetone fixed

VEGFR3 Goat anti-mouse 
VEGFR3 (R&D sys-

tems, Minneapolis, 
USA) 1:40

Rabbit anti- goat Ig HRP 
(DAKO, Glostrup, Denmark) 

1:100.  Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Vascular 
endothe-

lium + 
Leuko-
cytes

Cryosections,  
Acetone fixed

Van Wil-
lebrand 
factor + 

CD45

Rabbit anti-human 
vWF (Abcam, Cam-
bridge, UK) 1:400  
+ Mouse anti-rat 
CD45 antibody 

(clone OX-1) 1:4

Goat anti-Rabbit Ig-FITC 
(DAKO, Glostrup, Denmark) 

1:50 + Goat anti-mouse Ig HRP 
1:100  (DAKO, Glostrup, Den-
mark). Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Lym-
phatic 

endothe-
lium + 
APC’s

Cryosections,  
Acetone fixed

VEGFR3 
+ MHCII

Goat anti-mouse 
VEGFR3 (R&D 

systems, Minne-
apolis, USA)  1:40 
+ Mouse anti-rat 

MHCII (Hycult 
biotech) 1:100

Rabbit anti-mouse Ig Biotin 
(DAKO, Glostrup, Denmark) 
1:100 + Rabbit anti- goat Ig 
HRP 1:100 (DAKO, Glostrup, 
Denmark). Strepavidin-FITC 
1:25  (DAKO, Glostrup, Den-

mark) + Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Lym-
phatic 

endothe-
lium + 
Mac-

rophages

Cryosections,  
Acetone fixed

VEGFR3 
+ ED-1

Goat anti-mouse 
VEGFR3 (R&D sys-

tems, Minneapolis, 
USA)  1:40 + mouse 
anti-rat CD68 anti-
body (clone ED-1), 

(abd serotech, 
Oxford, UK), 1:500.

Rabbit anti-mouse Ig Biotin 
(DAKO, Glostrup, Denmark) 
1:100 + Rabbit anti- goat Ig 
HRP 1:100 (DAKO, Glostrup, 
Denmark). Strepavidin-FITC 
1:25  (DAKO, Glostrup, Den-

mark) + Tetramethylrhodamine 
System (PerkinElmer LAS Inc)

Lym-
phatic 

endothe-
lium + 
T-cells

Cryosections,  
Acetone fixed

VEGFR3 
+ CD3

Goat anti-mouse 
VEGFR3 (R&D sys-

tems, Minneapolis, 
USA) 1:40 + Rabbit 
anti-human CD3; 
(DAKO, Glostrup, 
Denmark) 1:100.

Mouse anti-rabbit IgG HRP 
(DAKO, Glostrup, Denmark) 

1:100 + Rabbit anti- goat 
Ig FITC 1:50. Tetramethyl-

rhodamine System (PerkinElm-
er LAS Inc)
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Lym-
phatic 

endothe-
lium + 

Neutro-
phils

Cryosections,  
Acetone fixed

VEGFR3 
+ HIS48

Goat anti-mouse 
VEGFR3 (R&D 

systems, Minne-
apolis, USA)  1:40 
+ Mouse anti-rat 

HIS48 (Kindly pro-
vided by prof. dr. 
Hillebrands) 1:2.

Rabbit anti-mouse IgM HRP 
(Southern Biotech, Birming-

ham, USA) 1:100 + Rabbit 
anti- goat Ig FITC 1:50. Te-

tramethylrhodamine System 
(PerkinElmer LAS Inc)

Lym-
phatic 

endothe-
lium + In-
doleam-

ine 2, 
3-di-

oxy-ge-
nase 
(IDO)

Cryosections,  
Acetone fixed

VEGFR3 
+ IDO

Goat anti-mouse 
VEGFR3 (R&D sys-

tems, Minneapolis, 
USA)  1:40 + Rabbit 

anti-Human IDO 
(Millipore, Amster-
dam, The Nether-

lands) 1:50

Mouse anti-rabbit IgG HRP 
(DAKO, Glostrup, Denmark) 

1:100 +  Donkey anti-Goat IgG 
(Southern Biotech, Birming-

ham, USA) 1:50. Tetramethyl-
rhodamine System (PerkinElm-

er LAS Inc)

Lym-
phatic 

endothe-
lium + 
B-cells

Cryosections,  
Acetone fixed

VEGR-
FR3 + 
HIS14

Goat anti-mouse 
VEGFR3 (R&D 

systems, Minne-
apolis, USA)  1:40 
+ Mouse anti-Rat 

HIS14 (Kindly 
provided by  prof. 

dr. Hillebrands) 
1:1000.  (30)

Donkey anti-Goat IgG (South-
ern Biotech, Birmingham, 

USA) 1:50. + Goat anti-Mouse 
IgG1 HRP ( Southern Biotech, 
Birmingham, USA) 1:100.  Te-
tramethylrhodamine System 

(PerkinElmer LAS Inc)

Lym-
phatic 

endothe-
lium + 

Dendrit-
ic-cells

Cryosections,  
Acetone fixed

Lyve-1 + 
OX-62

Sheep anti-rat 
Lyve-1 ( R&D 

systems, Minne-
apolis, USA) 1:100 
+ Mouse anti-rat 
CD103 (OX-62)

(Hercules, CA, USA) 
1:100

Rabbit anti-sheep FITC ( Ab-
cam, Cambridge, UK) 1:50 

+ Goat anti-mouse IgG1 
HRP (Southern Biotech, Bir-
mingham, USA) 1:100.  Te-

tramethylrhodamine System 
(PerkinElmer LAS Inc)

CCL21 
expres-

sion

Cryosections,  
Acetone fixed

CCL21 Goat anti-mouse 
CCL21 (R&D sys-

tems, Minneapolis, 
USA) 1:20 

Rabbit anti-Goat HRP (DAKO, 
Glostrup, Denmark) 1:100,  

Tetramethylrhodamine System 
(PerkinElmer LAS Inc)

ELISA competition assay
We used ELISA to evaluate whether heparin/ non-anticoagulant heparin 

derivatives compete with the binding of CCL2 and CCL21 to perlecan. For that 
purpose Maxisorp 96-well flat bottom microtiter plates (U96 from VWR Interna-
tional, Amsterdam, The Netherlands) were coated overnight in PBS with 5 μg per-
lecan/ml PBS (Sigma, Zwijndrecht, The Netherlands). After washing in PBS, wells 
were blocked with 5% skimmed milk powder in PBS for 1 h. In a separate microti-
ter plate, 1,25 μg/ml human recombinant CCL2 or 0,7 μg/ml recombinant CCL21 
(both: PeproTech, Hamburg, Germany) were incubated with a dilution range of 
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either unfractionated heparin, N-acetylated heparin or glycol-split-heparin for 30 
min, then transferred to the ELISA plate and incubated for 1 h. The concentra-
tions of CCL2 (1.25 µg/ml) an CCL21 (0,7 µg/ml) were chosen in order to achieve 
an ELISA signal of around 1.5 OD. The wells were washed again, and respectively 
monoclonal mouse anti-human CCL2 IgG1 (1:1000; eBioscience, Frankfurt, Ger-
many) or Goat anti- mouse CCL21 IgG (1:500, R&D systems, Minneapolis, USA)  
diluted in 1% skimmed milk powder was added for 1 h. After washing, HRP-la-
beled goat anti-mouse IgG1, 1:500 (Southern biotech, Birmingham, USA) or Rab-
bit anti- Goat Ig, 1:500 (DAKO, Glostrup, Denmark) was added. Substrate reaction 
was done with 3,3’,5,5’-tetramethylbenzidine substrate (Sigma, Zwijndrecht, The 
Netherlands) for 15 min in the dark, and the reaction was stopped by adding 
1.5 N H2SO4. Absorbance was measured at 450 nm in a microplate reader. All 
incubations were done at room temperature in a volume of 100μl/well. All exper-
iments were performed three times in duplicate.

Statistics 
mRNA expression levels were analyzed using a one-way ANOVA with 

Tukey’s post hoc test. In the rat transplantation experiment, differences between 
the groups were analyzed using a Mann Whitney U test adjusted for multiple 
comparisons. P<0.05 was considered statistically significant. The inhibitory effect 

Lyve-1

E
Overlay

F
Perlecan

D

B CA

Figure 1, CTD in allografted kidneys is accompanied by lymph vessel formation.
(A) Counting of VEGFR3+ lymph vessels revealed a threefold increase in allografted kidneys com-
pared to the non-transplanted contralateral kidneys from the same donor rats (p<0.01). qRT-PCR of 
podoplanin and perlecan in dissected tubulo-interstitium revealed an increase in the expression of 
the (B) lymphatic endothelial marker podoplanin and (C) the vascular basement membrane marker 
perlecan in allografted kidneys (N=5) compared to non-transplanted control kidneys (N=5)(both 
p<0,05). Data are presented as mean ± SEM.  DA-to-DA isografted kidneys (N=5) did not show an 
increase in the expression of podoplanin and perlecan. Double staining for perlecan (D) and lym-
phatic marker LYVE-1 (E) revealed co-localization of perlecan and lymphatic endothelium (F).
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5of heparinoids in vitro and lymphangiogenesis were analyzed by a two-way ANO-
VA. Spearman correlation analysis was performed to show correlations between 
histological parameters and kidney function.

Results

Experiment 1
To show lymphangiogenesis, identify the presence of perlecan in the 

lymphatic basement membrane and measure the lymphatic chemokine expres-
sion profile in renal transplantation we counted VEGFR3 positive lymph vessels 
in non-transplanted donor and allografted kidneys and evaluated untreated al-
lograft, isograft and control kidneys for perlecan, podoplanin and chemokine ex-
pression.

Perlecan is a constitute of lymphatic basement membrane and is upregulated 
in CTD-associated lymphangiogenesis

Counting the number of VEGFR3+ lymph vessels in non-transplanted con-
trol kidneys and untreated allografted kidneys shows a marked increase in lymph 
vessels in allografted kidneys (Fig 1A). Double staining for perlecan and lymph 
vessels by LYVE-1 showed perlecan in vascular basement membranes. Partial co-
localization of perlecan with the LYVE-1 positive lymphatic endothelium reveals 

A

FED

CB

Figure 2, Tubulo-interstitial upregulation of lymphatic chemokines.
qRT-PCR for lymphatic chemokines in laser dissected tubulo-interstitium reveals a strong increase 
of CCL21, CCL19, CCL2 and CCL5 in allografted kidneys (N=5) compared to healthy control kidneys 
(N=5) (P<0,01, P<0,001,P<0,01 and P<0,05 respectively). No upregulation was seen in CX3CL1 and 
CXCL12 expression in allografts. Isografted kidneys (N=5) showed upregulation of only CX3CL1. Ex-
periments were done in triplicate. Data are presented as mean ± SEM. 
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Leukocytes

A

Tolerogenic cells

F

Macrophages

C

MHC II+

B

B-cells

E

G

D
Dendritic cells

Figure 3, Intra-lymphatic leukocytes in CTD are mainly HLA-II+, ED-1-, IDO-, CD103- and HIS14- 
APCs. Intra-lymphatic leukocytes were scored by counting intra luminal nucleated cells in a podo-
planin/PAS double staining (A). Intra lymphatic MHCII+ cells (B)(green), macrophages (ED-1)(C)
(green),dendritic cells (CD103)(D)(green), B-cells (HIS14)(E)(red) and tolerogenic cells (IDO)(F)(red) 
were scored in a double staining with the lymphatic marker VEGFR3 or Lyve-1. Closed arrows point 
out intralymphatic accumulation of cells positive for the respective staining. Open arrows indicate 
presence of cells positive for the respective staining outside the lymphatic system. Comparing the 
intra-lymphatic amount of different leukocyte species in untreated renal allografts (N=7) revealed 
that the main cell accumulating in the tubulo-interstitium is MHCII+, ED-1-, IDO-, CD103- and HIS14- 

(G), likely representing antigen presenting cells. Scale bars represent 50µm. Data are presented as 
mean ± SEM.
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perlecan being a constituent of the lymphatic basement membrane (Fig 1D-F). 
qRT-PCR of laser dissected tubulo-interstitium of allografted kidneys showed an 
increase in both perlecan and podoplanin expression compared to non-trans-
planted controls (both p<0,05)(Fig 1B+C). The increase of VEGFR3+ lymph ves-
sels and an increased expression of both perlecan and podoplanin shows that in 

D

E

C F

A

B

Ve
hi

cl
e

Gl
yc

ol
-s

pl
it 

he
pa

rin

Figure 4, Effect of heparin/non-anticoagulant heparin derivative treatment on leukocyte influx 
in rat renal transplantation. Adhesion (white arrows) of leukocytes (CD45 in red) to blood vessel 
endothelium (vWF in green) in kidney allografts is reduced in the glycol-split heparin treated rats 
(N=7) compared to the vehicle treated rats (N=7) (p<0.05) (A-C). Moreover, glycol-split heparin 
treatment (N=7) also reduces leukocyte count in the interstitium of transplanted rat kidneys (CD45 
in red), compared to vehicle treated animals (N=7) (p<0.05) (D-F). No significant differences were 
seen between heparin (N=4) or N-acetylated heparin treated animals (N=5) compared to vehicle 
treated animals (N=7). Dotted lines represent vessel lumen. Scale bars represent 50µm. Data are 
presented as mean ± SEM.
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transplantation there is an ongoing expansion of the lymphatic system. 

Tubulo-interstitial chemokine expression is increased in renal transplantation 
qRT-PCR of laser dissected tubulo-interstitium was performed to assess 

whether newly-formed lymph vessels were active in producing chemokines. Al-
lograft kidneys show a markedly increased expression of CCL21 and CCL19 com-
pared to non-transplanted controls (p<0.01, p<0.001 resp.)(Fig 2A+B). Since 
CCL21 is considered the most important chemokine for lymphatic migration, 
these results suggest functionality of the newly formed lymph vessels. CCL2 and 
CCL5 are most known for their role in leukocyte influx from the vascular system 
into the interstitium. It is however known that they also play a role in leukocyte 
efflux towards lymph vessels. In allograft kidneys both CCL2 and CCL5 expression 

Leukocytes MHC II+ cells

Macrophages

A B

ED

C

B-cells

Dendritic cells

Figure 5, Glycol-split heparin treatment increased intra-lymphatic leukocyte accumulation. Nu-
cleated cells on the luminal side of lymph vessels were identified and counted to assess the in-
tralymphatic accumulation of leukocytes in heparin/non-anticoagulant heparin derivative treated 
allograft kidneys. Glycol-split heparin treatment resulted in an increased lymphatic leukocyte ac-
cumulation compared to vehicle treated animals (p<0,01)(A). Data is expressed as the number of 
cells per 100 µm of endothelium. Staining for both lymphatic endothelium and MHCII revealed a 
borderline increase of MHCII positive cells in the lymphatic lumen in glycol-split heparin treated 
(N=7) compared to vehicle treated animals (N=7) (p=0,08) (B). Intralymphatic scoring of CD103+ 
dendritic cells, HIS14+ B-cells and ED-1+ macrophages did not reveal any effect of heparin/non-anti-
coagulant heparin derivative treatment on the intraluminal presence of these cells (C-E). No signif-
icant differences were seen between heparin (N=4) or N-acetylated heparin treated animals (N=5) 
compared to vehicle treated animals (N=7) in either of the intralymphatic cell populations. Scoring 
was performed as in figure 3. Data are presented as mean ± SEM
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A B

E
Vehicle Glycol-split heparin

C D

Figure 6, Glycol-split heparin revealed a high binding affinity for chemokines resulting in reduced 
(peri-)lymphatic CCL21 presence in glycol-split heparin treated kidneys. To determine whether 
heparin/non-anticoagulant heparin derivatives are capable of competing with the CCL2 and CCL21 
interaction with perlecan, CCL2 or CCL21 were incubated together with a concentration range 
of heparin/non-anticoagulant heparin derivatives on a perlecan coated plate. Residual CCL2 and 
CCL21 binding to the immobilized perlecan was measured and revealed that glycol-split heparin 
has the highest affinity for CCL2 and CCL21 (A+B). Significant differences are expressed as gly-
col-split heparin compared to heparin (†) and N-acetylated heparin (*). Experiments were done 
3 times in duplicate. In vivo treatment with glycol-split heparin (N=7) resulted in a reduced CCL21 
staining of (peri-)lymphatic areas compared to vehicle treated animals (N=7) (C-E). Lymph vessels 
are pointed with white arrows. Scale bars represent 50µm. *= p<0,05, ††/**= p<0,01, †††/***= 
p<0,001. Data are presented as mean ± SEM.
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is upregulated in the tubulo-interstitium compared to non-transplanted controls 
(p<0.01, p<0.05 resp.)(Fig 2C+D). It is however not known whether the rise in 
CCL2 and CCL5 expression can be accounted to either vascular or lymphatic en-
dothelial cells or both. Chemokines CX3CL1 and CXCL12, which can also be in-
volved in lymphatic leukocyte migration, do not show increased expression in 
allografted kidneys (Fig 2E+F). These results show that lymphatic endothelium 
specific chemokines are upregulated in the tubulo-interstitium of renal allografts.

Newly formed lymph vessels in renal transplantation contain predominantly 
APCs

Leukocyte accumulation in lymph vessels was scored to determine 
whether newly formed lymph vessels are functional. Scoring showed an increase 
in leukocyte accumulation in lymph vessel lumen. Intra luminal nucleated cells 
were seen in approximately 90% of the lymph vessels scored, giving a strong in-
dication that newly formed lymph vessels were active in accumulating leukocytes 
(Fig 3A). To investigate which leukocyte subtypes are exiting the interstitium via 
the lymphatic route we scored MHCII+ cells (Fig 3B), macrophages (ED-1)(Fig 3C), 
dendritic cells (CD103)(Fig 3D), B-cells (HIS14) (Fig 3E), tolerogenic cells (IDO) (Fig 
3F), T-cells (CD3) and neutrophils (HIS48) in the lumen of cortical lymphatic ves-
sels. The results showed intra-lymphatic cells to be mainly MHCII+, ED-1-, CD103- 
and HIS14- suggesting antigen-presenting cells are predominantly accumulating 
in lymph vessels in CTD (Fig 3G). Like ED-1+ macrophages, IDO+ tolerogenic cells 
and HIS14+ B-cells, T-cells and neutrophils are scarce in the lymphatic lumen. 

Experiment 2
To evaluate the effect of heparin/ non-anticoagulant heparin derivatives 

on inflammation, lymphatic migration and kidney function, transplanted animals 
were treated daily with the heparin/ non-anticoagulant heparin derivatives. In-
flammation, lymphatic leukocyte accumulation and renal function were deter-
mined.

Treatment of renal transplanted rats with glycol split heparin reduced renal 
leukocyte recruitment

Glycosaminoglycans have been shown to have anti-inflammatory poten-
tial. To investigate whether heparin/non-anticoagulant heparin derivative treat-
ment could reduce renal leukocyte recruitment, we scored the number of CD45+ 
leukocytes adhered to vascular endothelium, visualized by a van Willebrand fac-
tor staining. Adjusted for vascular endothelial length, glycol-split heparin-treated 
animals showed a significant reduction in the number of CD45+ leukocytes ad-
herent to the 
vascular endothelium compared to vehicle-treated animals (p<0.05)(Fig 4A-C). 
No differences were seen between the vehicle treated group and either the un-
fractionated heparin or the N-acetylated heparin group. To assess whether the 
reduction in endothelial leukocyte adherence in the glycol-split heparin group 
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resulted in a reduction in the tubulo-interstitial inflammation, CD45+ cells in the 
interstitium were scored. Values are expressed as the percentage of CD45+ cells 
in the renal cortex. In the tubulo-interstitium the glycol-split heparin group also 
showed a reduction in leukocyte influx compared to vehicle treatment (Fig 4D-
F).  No differences were seen between the vehicle treated group and either the 
unfractionated heparin or the N-acetylated heparin group. Scoring of interstitial 
leukocyte subtypes was performed for T-cells (CD3), neutrophils (HIS48), MHC II+ 
cells, dendritic cells (CD103) and macrophages (ED-1), however no differences 
between treatment groups were found (data not shown).

Table 3. Kidney function parameters measured at baseline, 4 and 8 weeks after transplantation.
Plasma and urine was collected at baseline, 4 and 8 weeks after transplantation. Both plasma cre-
atinine and urea rose during follow-up after transplantation while the creatinine clearance was 
reduced in all groups. Although not significant, glycol-split heparin treatment seemed to result 
in higher plasma creatinine and urea and lower creatinine clearance compared to vehicle treated 
animals. Also kidney hypertrophy, a measure for worsening kidney condition, was highest in gly-
col-split heparin treated animals. 

Timepoint Vehicle (n=7) Heparin 
(n=4)

Glycol-split  
heparin (n=7)

Nac hepa-
rin (n=5)

Δ kidney weight 1,3(0,4-2,3) 1,2(0,9-1,5) 1,5(0,4-3,1) 1,4(1-1,7)

Plasma creati-
nine (µmol/L)

Baseline 19(18-21) 19(19-21) 15(14-17) 15(15-19)

4 weeks after Tx 73(59-120) 64(52-73) 65(54-168) 81(53-84)

8 weeks after Tx 96(73-139) 72(58-99) 136(70-207) 73(58-122)

Creatinine 
Clearance (ml/

min)

Baseline 3,0(2,8-3,8) 2,6(2,5-3,0) 3,5(2,7-3,7) 3,0(2,3-3,0)

4 weeks after Tx 0,7(0,4-1,1) 1,0(1,0-1,3) 1,0(0,5-1,2) 0,7(0,1-0,8)

8 weeks after Tx 0,6(0,3-1,0) 0,8(0,5-1,2) 0,4(0,2-0,9) 0,9(0,4-1,0)

Plasma  urea 
(mmol/L)

Baseline 6(5-7) 6(5-7) 6(5-6) 6(5-6)

4 weeks after Tx 20(18,3-36) 18(16-20) 20(14-39) 19(15-24)

8 weeks after Tx 28(21-51) 22(18-37) 43(21-64) 27(24-40)

Treatment of renal transplanted rats with glycol split heparin increased APC 
accumulation in lymph vessels and worsened renal outcome

To investigate whether glycol-split heparin treatment and the subse-
quent reduction of inflammation resulted in a better graft function we measured 
plasma creatinine and urea and determined creatinine clearance. Treatment with 
heparin/ non-anticoagulant heparin derivatives did not alter survival nor result-
ed in improved transplant function. Moreover, it seems to worsen kidney func-
tion in the glycol-split heparin treated group. Although not significant, creatinine 
clearance seems to be lower in glycol-split treated animals compared to vehicle 
treated animals (0,4 and 0,6 ml/min resp.) and plasma urea is higher (43 and 28 
mmol/L resp.).  Also kidney hypertrophy is the highest in the glycol-split heparin 
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treated group (Table 3).
To explain why a reduction in inflammation did not lead to a reduced 

alloresponse and subsequently to an improved graft function in the glycol-split 
heparin group, we investigated the effect of heparin/ non-anticoagulant heparin 
derivatives treatment on leukocyte efflux from the interstitium towards the lym-
phatic system. In a podoplanin/periodic acid - Schiff double staining the number 
of leukocytes on the luminal side of the lymphatic endothelium was scored. Sig-
nificantly more leukocytes were accumulated on the luminal side of the lymphat-
ic endothelium in the glycol-split heparin group compared to the vehicle treated 
group (p<0.01) (Fig 5A). Since we showed earlier that the major leukocyte sub-
type that accumulates in the lymphatics is MHCII+, we also quantified whether 
heparin/ non-anticoagulant heparin derivative treatment could decrease MHCII+ 
cell accumulation in the lymphatic lumen. The results showed that accumula-
tion of MHCII+ APCs is borderline increased in glycol-split heparin treated group 
compared to vehicle treated animals (p=0,08) (Fig 5B). Heparin and N-acetylated 
heparin treated did not show an effect on intra-lymphatic MHCII+ cell accumula-
tion. Staining for dendritic cells (CD103), macrophages (ED-1) and B-cells (HIS14) 
revealed a lower mean number of dendritic cells, macrophages and B-cells in 
the lymphatic lumen compared to MHC II+ APCs in all treatment groups and ve-
hicle treated animals. Moreover, no effect of treatment was seen in dendritic 
cell, macrophage and B-cell accumulation in the lymphatic lumen (Fig 5C-E). Also 
neutrophil (HIS48), tolerogenic cells (IDO) and T-cell (CD3) accumulation in the 
lymphatic lumen did not show treatment induced alterations (data not shown).

Glycol split heparin inhibited binding of CCL21 to immobilized perlecan in vitro 
and dispersed CCL21 in vivo

To explain why treatment with glycol-split heparin both leads to reduced 
leukocyte influx but increased accumulation in lymph vessels we tested in vitro if 
heparin/ non-anticoagulant heparin derivative treatment could inhibit the bind-
ing of CCL2 and CCL21 to immobilized perlecan. In this experiment we co-incu-
bated CCL2 or CCL21 with increasing amounts of the heparin/ non-anticoagulant 
heparin derivatives and measured the binding of these chemokines to immobi-
lized perlecan. Glycol-split heparin shows the strongest inhibition of CCL2 bind-
ing to perlecan whereas heparin and N-acetylated heparin show equal ability to 
inhibit CCL2 binding to perlecan (Fig 6A). Glycol-split heparin and heparin show 
equal ability to inhibit the binding of CCL21 to perlecan. Of the non-anticoagulant 
heparin derivatives, N-acetylated heparin shows the lowest affinity for CCL21 (Fig 
6B), which can be explained by the lower sulfation degree of N-acetylated hepa-
rin compared to heparin and glycol-split heparin. 

To test whether treatment with heparin/ non-anticoagulant heparin de-
rivatives had an effect on the tissue distribution of CCL21, CCL21 was stained and 
quantified in the renal cortex. In the unmodified heparin and glycol-split heparin 
group CCL21 positivity was predominantly seen in vessel like structures, likely 
lymph vessels (Fig 6D). In contrast, vehicle and N-acetyl heparin treated animals 
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showed a more expanded staining in the peri-lymphatic interstitium (Fig 6C), 
besides a lymphatic endothelial staining pattern like in heparin and glycol-split 
heparin. Quantification of CCL21 in the renal cortex revealed a reduced CCL21 
expression in the glycol-split heparin group compared to vehicle treated animals 
(Fig 6E). This might imply that the strong affinity of heparin and glycol-split hep-
arin for CCL21 causes CCL21 to disperse from the lymphatic endothelium and its 
direct periphery, expanding the chemotactic gradient. 

Intra-lymphatic leukocytes, rather than interstitial leukocytes or fibrosis cor-
related with reduced allograft function

To evaluate potential implications of leukocyte efflux towards lymph ves-
sels we performed correlation analyses. We correlated serum creatinine, serum 
urea and creatinine clearance as renal function parameters with interstitial leu-
kocyte numbers, interstitial fibrosis and total intra-lymphatic leukocyte numbers. 
Serum creatinine levels failed to show a correlation with interstitial inflammation 
and interstitial fibrosis (r2=-0.278 and r2=0.126 resp.)(Fig 7A+B), but it showed a 
strong positive correlation with the total number of intra-lymphatic leukocytes 
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Figure 7, Kidney function correlated with lymphatic leukocytes. Correlation analysis between kid-
ney function (plasma creatinine, plasma urea and creatinine clearance) and histological parameters 
(interstitial inflammation, interstitial fibrosis and lymphatic leukocytes) revealed that there is no 
correlation between kidney function and interstitial inflammation or interstitial fibrosis. However, 
there was a strong correlation between kidney function and the total number of intra lymphatic 
leukocytes (C: p=0.001, F: p<0.001, I: p<0.01).
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(r2=0.443; p=0,001) (Fig 7C). Serum urea levels also showed a positive correla-
tion with the total number of intra-lymphatic leukocytes (r2=0.483; p<0,001)
(Fig 7F), but not with interstitial inflammation and interstitial fibrosis (r2=0.007 
and r2=0.003 resp.)(Fig 7D+E). The same effect can be seen in the correlation be-
tween creatinine clearance and the histological kidney injury parameters. Creati-
nine clearance showed an inverse correlation with the total number of lymphatic 
leukocytes (r2=0.323; p=0,009)(Fig 7I) and no correlation with interstitial inflam-
mation and interstitial fibrosis (r2=0.065 and r2=0.009 resp.)(Fig 7G+H).

Discussion

This study indicates that lymph vessels formed in renal transplants are 
actively involved in the migration of leukocytes. These migrating leukocytes con-
sist mostly of MHCII+, CD103-, ED-1- and HIS14- APCs. We show that treatment 
of transplanted rats with (non-) anticoagulant glycol-split heparin increases 
the presence of leukocytes in lymphatic vessels, predominantly MHCII+, ED-1- , 
CD103- and HIS14- APCs, possibly by tissue diffusion of lymphatic chemokines 
such as CCL21 from lymphatic HSPGs. And finally we show that lymphatic leuko-
cyte accumulation correlates more with loss of renal function compared to classic 
histological hallmarks of alloresponse i.e. interstitial inflammation and fibrosis.

It is an ongoing debate whether newly-formed lymph vessels are actively 
involved in leukocyte migration towards lymph nodes (5). Our results indicate 
that the newly formed lymph vessels are active in producing chemokines and 
attracting leukocytes. Furthermore we show an upregulation of perlecan and 
podoplanin expression in transplanted kidneys, which might suggest an increase 
in the formation of lymph vessels and underlying basement membrane which 
hosts perlecan as one of its proteoglycans. Perlecan, amongst other proteogly-
cans, acts as a docking platform for lymphatic chemokines like CCL21 and thereby 
facilitates the formation of a chemotactic gradient for leukocytes in the lymphat-
ic basement membrane. CCL21 is seen as the most important chemokine for lym-
phatic control of migration (18). In our study we show a strong CCL21 expression 
in the tubulo-interstitium of allografted kidneys. This finding is in accordance 
with literature showing that activated primary human dermal lymphatic endo-
thelial cells secrete and produce CCL21 upon inflammatory stimuli (31). Inter-
estingly, treatment of allograft kidneys with glycol-split heparin reduces CCL21 
staining in the kidney.   

The migration of leukocytes towards the lymph vessels is of major im-
portance in the development of an allograft response. In our study we show that 
lymphatic leukocyte accumulation inversely correlates with renal function, as 
opposed to classic histological damage parameters like interstitial inflammation 
and fibrosis (3). To our knowledge this has not been shown before. The domi-
nant leukocyte subset migrating across lymphatic endothelium in our study is 
the MHCII+, CD103-, ED-1- and HIS 14- APC which shows that it is most likely a 
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subset of DC. Classical non-lymphoid DCs are devided in a CD103+, CD11b- and a 
CD103-, CD11b+ group (32). The main function of CD103+, CD11b- DCs is thought 
to be cytokine production and cross-presentation (33). CD103-, CD11b+ DCs are 
characterized by their strong expression of MHC class II and this subset of DCs 
is therefore thought to be important in the induction of CD4+ T cells (34,35). In 
chronic allograft dysfunction it has been demonstrated before that CD4+ T cells 
play a pivotal role in the onset of remodeling (36). Since the intralymphatic leu-
kocyte population in our study is MHC class II+ while being CD103-, ED-1- and HIS 
14- , these cells probably function as CD4+ T-cell activating APCs and are most 
likely dendritic cells of the CD103-, CD11b+ subtype. Studies using anti-CCL21 an-
tibodies have shown that CCL21 is critical in DC migration (13). PCR data in our 
model shows a substantial increase in CCL21 expression and staining for CCL21 
shows substantial release of CCL21 in the interstitium, without differences in the 
number of lymph vessel in the tissue. This might be an explanation why MHCII+, 
CD103- ED-1- and HIS14- APCs are most abundantly leukocyte migrating in trans-
plantation. 

We could not show a positive effect of heparin/ non-anticoagulant hepa-
rin derivatives treatment on graft function and outcome, despite others reported 
this (20,37,38). Experiments performed by Braun and colleagues showed that 
LMWH reviparin can improve renal function and reduce inflammation in experi-
mental renal transplants (20). We could repeat the reduction of inflammation by 
treatment with glycol split heparin, but we failed to show improved renal func-
tion. This can be explained by the differences in study design, since we treated 
with high molecular weight heparin/ non-anticoagulant heparin derivatives and 
used a full HLA mismatch model compared to the milder Lewis to Fisher model 
used in the studies of Braun et. al.. The influence of molecular weight of heparin/ 
non-anticoagulant heparin derivatives can be the subject of future research. The 
most prominent difference with former studies is that we show an increase in 
leukocyte accumulation in lymph vessels by treatment with glycol-split heparin. 
As far as we know this effect of heparin/ non-anticoagulant heparin derivatives 
has never been shown before and might well explain the decreased renal func-
tion parameters in the glycol-split heparin treated group. 

In vitro we showed an inhibitory effect of glycol-split heparin on the bind-
ing of CCL2 and CCL21 to immobilized HSPG’s. The effect of glycol-split heparin 
treatment on leukocyte influx from the vascular system might be explained by 
‘elution’ of chemokines such as CCL2 from endothelial proteoglycans, prevent-
ing activating and transmigration of rolling leukocytes. This might explain the 
reduced influx of leukocytes seen in the glycol-split heparin treated group. The 
stronger affinity of glycol-split heparin (in comparison with unmodified heparin) 
for CCL2 could be explained by the chain flexibility induced by the presence of 
glycol split residues that can allow a better interaction with CCL2. 

The increased lymphatic accumulation of leukocytes and the higher bind-
ing affinity for CCL21 in vitro in the glycol-split heparin treated group might indi-
cate that CCL21 can disperse more in vivo by binding to glycol-split heparin. This 
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could expand the chemotactic gradient and therefore increase leukocyte migra-
tion towards lymph vessels. This is supported by the finding that CCL21 is less 
abundantly present in the peri-lymphatic area in glycol-split heparin treated ani-
mals. The migration stimulatory effects of HS or heparin have been shown before 
in vitro for other heparin binding cytokines and chemokines like CXCL12 (SDF-1) 
and IL-8 (39,40). Another aiding factor might be that HS chains can oligomerize 
CCL21 which might increase the affinity for CCR7 (16). The oligomerization of 
CCL21 upon binding with glycol-split heparin might also stimulate the effective-
ness of CCL21 to activate interstitial leukocytes, adding to the effect of glycol-split 
heparin as a CCL21 potentiator. Lately more evidence is accumulating which in-
dicates that HS might act as a co-receptor for chemokine presentation (16,41). 
In vitro heparin, like glycol-split heparin, also showed a high binding affinity for 
CCL21 and subsequently heparin treatment of transplanted kidneys showed a 
high dispersion of CCL21 in vivo. Heparin treatment, however, failed to show in-
creased DC accumulation in lymph vessels. This discrepancy might be explained 
by the fact that glycol splitting of heparin makes it less vulnerable to heparanase 
cleaving, an abundant enzyme in inflammation (42). 

The results in our study lead to the conclusion that heparin/ non-antico-
agulant heparin derivative treatment in transplantation is not beneficial for graft 
function and survival. We do, however, show a novel effect of heparinoids in 
inflammation. The increase of leukocyte trafficking towards lymph vessel is cer-
tainly not preferable in inflammatory conditions like transplantation. However, in 
conditions in which increased antigen presentation is desired this effect can be 
beneficial. The trafficking and transmigration of DCs has been of interest in mul-
tiple research areas such as vaccine and cancer research (43). In these research 
fields it has been shown that in vivo stimulation can activate DCs and increase 
their homing (44). Since we show this effect for glycol-split heparin, it might be 
that glycol-split heparin is of interest in these fields. In transplantation the focus 
of DC research has mainly been on the in vitro propagation of tolerogenic donor 
and recipient DCs to induce T lymphocyte allograft tolerance (45). DC homing is 
of major importance in these therapies so glycol-split heparin could be a valuable 
addition to these studies as well.
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Abstract

Current management of end stage renal failure is based on renal replace-
ment therapy by dialysis or transplantation. Increased occurrence of renal failure 
in both native and transplanted kidneys indicates a need for novel therapies to 
stop or limit the progression of the disease. Acute kidney injury and proteinuria 
are major risk factors in the development of renal failure. In this regard innate im-
munity plays an important role in the pathogenesis of renal diseases both in na-
tive and transplanted kidneys. The complement system is a major humoral part 
of innate defense. Next to the well-known complement activators, quite a num-
ber of the complement factors react with proteoglycans both on cellular mem-
branes as well in the extracellular compartment. Therefore, these interactions 
might serve as targets for intervention. In this review the current knowledge of 
interactions between proteoglycans and complement is reviewed and additional-
ly the options for  interfere in the progression of renal disease is discussed.
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Introduction

The prevalence of chronic renal diseases is increasing worldwide. There 
is a great need to identify therapies that arrest disease progression to end-stage 
renal failure. A prolonged survival for end-stage renal disease (ESRD) patients  
was achieved by renal replacement therapy either by dialysis or by renal trans-
plantation. However, renal replacement therapy is costly and consumes a large 
proportion of the health care budget. Therefore, efforts should be directed to 
discover ways to prevent the need for dialysis or renal transplantation in as many 
patients as possible.

In general, progressive renal function loss is associated with immune 
activation, marked by renal and systemic inflammation. ESRD-associated inflam-
mation in native and transplanted kidneys is due to activation of the innate im-
mune system, mediated by monocytes, macrophages, complement system and 
chemokines (1). Proteinuria and I/R are major risk factors for progressive renal 
function loss in both native and transplanted kidneys. Moreover, the role of in-
nate immunity in the pathogenesis of tubulo-interstitial injury in both proteinuria 
and I/R as well as in transplanted kidneys is established (2-4). 

The complement system is a major player in innate immunity. The im-
portance of complement activation is documented in a number of renal diseases 
such as atypical hemolytic uremic syndrome, C3 nephropathies, and autoimmune 
mediated glomerulonephritides (e.g. Lupus nephritis) (5-7). However activation 
of complement occurs in a wider range of renal patients (e.g. proteinuric pa-
tients). Since the prevalence of aHUS, C3 nephritis and autoimmune mediated 
glomerulonephritis is low compared to proteinuria and I/R induced renal injury, 
the focus of this review will be on complement activation in proteinuria, I/R and 
renal transplantation. Several studies have revealed that the complement system 
and in particular the alternative pathway (AP) is activated in both renal allograft 
rejection process (8, 9) and I/R (10). In proteinuria as well, the role of the AP is 
documented (2). Therefore, it would be interesting to target components of the 
complement system in chronic renal disease patients to reduce the progression 
of renal function loss. A class of molecules which could be used for this purpose 
are the heparan sulfates (HS) and HS-related heparin and/or derivatives. Besides 
a plethora of other proteins, HS and heparins are able to bind to many comple-
ment proteins, which normally result in an inactivation of the complement cas-
cade (11). The knowledge of these interactions can be used for the development 
of new HS/heparin-based drugs for targeted complement intervention in renal 
(transplantation) patients.

This review gives an overview of the involvement of innate immune 
system, in particular the complement system in progression of renal damage in 
proteinuria, I/R and transplantation. The current knowledge of complement-hep-
arin/HS interactions is summarized. Finally, the possibility of using heparin/HS 
related polysaccharides to interfere with complement system will be discussed.



114

Chapter 6

The complement system

The complement system consists of a set of proenzymatic liver-derived 
plasma components that are linked and activated in a cascading manner. The 
complement system has more than 60 components and activation fragments, 
which comprise the nine central components of the cascade (C1-C9), multiple 
activation products with diverse biological functions (eg C3a and C5a), regulators 
and inhibitors (eg factor H), proteases (eg factors B and D), and complement re-
ceptors (eg C3R and C5aR). Complement is activated by three major pathways, 
namely i) the alternative pathway (spontaneously and constantly activated on bi-
ological surfaces); ii) the classical pathway (triggered by immune complexes); and 
iii) the lectin pathway (initiated by complex carbohydrates on microbial surfaces). 
Activation of each of these pathways results in assembly of C3 convertases, fol-
lowed by formation of the C5 convertase, and finally the terminal C5b-9 mem-
brane attack complex (MAC). Basically, the complement system has three major 

Figure 1. Overview of the complement cascade. Complement activation occurs via three pathways. 
The classical pathway starts by binding of C1q to immune complexes. Binding of mannose-binding 
lectin and ficolins to non-self carbohydrates initiates the MBL pathway. The alternative pathway is 
activated by binding of C3b, C3(H2O) or properdin to target cells. All three pathways consecutively 
generate C3 convertases, C5 convertase and membrane attack complex. Side products of comple-
ment activation (C3a and C5a) are anaphylatoxins. A number of regulatory factors (CD55, CD46, 
factor H, factor I, CD59) control complement activation.  
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functions: Via C3b opsonisation of cells/microbes by phagocytosis, via the termi-
nal C5b-9 complex lysis of cells/microbes, and via the anaphylactic C3a and C5a 
the recruitment of neutrophils and macrophages towards sites of injury. Novel 
aspects are local production of complement that function as danger signals to 
initiate and amplify inflammatory reactions and the production of complement 
by immune cells, having implications for transplantation and autoimmunity (12). 
An overview of the three complement pathways is depicted in figure 1.

Complement in renal diseases 

Innate immunity and particularly the complement system participate in 
renal injury and repair. Since recently excellent reviews are published on the role 
of complement in auto-immune mediated renal diseases (7), hemolytic uremic 
syndrome (6), and C3 nephropathies (5), this review will discuss renal diseases 
which include a wider range of renal patients namely acute kidney injury (mostly 
I/R), transplantation and proteinuria. The role of complement activation in these 
three conditions will be summarized below.

Acute Kidney Injury
I/R is the leading cause of acute kidney injury in transplanted and native 

kidneys. Early in ischemia phase, hypoxia and anoxia initiate cell injury, while 
in the reperfusion phase all innate immune components (complement factors, 
cytokines, chemokines and inflammatory cells) come into play and boost the in-
flammatory response (3). Renal tubular cells have been shown to express TLR2 
and 4 and they produce a number of complement factors in response to ischemia 
and pro-inflammatory cytokines. The complement system has been shown to 
be activated mainly via AP and MBL pathways after renal I/R (10, 13). Targeting 
complement has been shown to be beneficial in renal I/R (14).

Figure 2. Properdin colocalizes with heparan sulfate proteoglycan syndecan 1 on the apical side 
of renal tubular epithelial cells. Double staining of adriamycin-induced nephropathy rat renal 
tissue showed a colocalization of syndecan-1 (red) with properdin (green) on the apical side of 
tubuli (A: DAPI for nuclear staining; B: syndecan-1;  C: properdin; D: merge). Scale bar represents 
20µm. (This research was originally published in Journal of Biological Chemistry. Zaferani A, Vives 
RR, van der Pol P, et al. Identification of tubular heparan sulfate as a docking platform for the al-
ternative complement component properdin in proteinuric renal disease. J.Biol.Chem. 2011; 286: 
5359-5367. © the American Society for Biochemistry and Molecular Biology)
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Transplantation
Besides a dominant role of cytotoxic T-cells of the adaptive immune sys-

tem, innate immunity is involved in acute rejection and chronic transplant dys-
function in renal transplantation. Activation of the innate immune system can 
directly lead to organ damage and also enhances the specific anti-donor immune 
response of the recipient (15). Activation of complement system in antibody me-
diated renal allograft rejection (AMR) is demonstrated by diagnostic C4d stain-
ing on tubular cells (16). Eculizumab is a monoclonal antibody that blocks the 
cleavage of C5 to C5a and C5b and thus inhibits the terminal pathway of comple-
ment system. Prevention of acute AMR by eculizumab also indicates involvement 
of complement cascade in allograft rejection (16). Moreover, supplementing 
the organ preservation solution during cold ischemia time with a C5a receptor 
antagonist has been shown to result in a better graft function and less tubular 
damage in mouse renal transplantation (17). Besides, complement inhibition has 
been proven to be beneficial in cardiac transplantation (18). The role of comple-
ment activation in acute and chronic renal allograft rejection has been recently 
reviewed (4, 16). Interestingly Nakorchevsky et al. have recently shown the in-
volvement of AP in chronic allograft rejection by a large-scale proteogenomic 
analysis approach (9). 

 
Proteinuria

Proteinuria is a marker of renal damage regardless of the etiology of the 
disease. In addition, proteinuria itself leads to kidney function loss and scarring 
thus progression of renal disease (2). Complement factors have been shown to 
contribute to proteinuria derived tubular injury. This contribution can occur at 
least via two mechanisms, first by presence of complement factors in ultrafiltrate 
because of an altered glomerular barrier, and secondly by intra-renal production 
and activation of complement components by tubular cells. Tubular cells have 
been shown to produce a large number of complement factors under normal 
conditions which is enhanced upon stimulation with proteins, immune complex-
es and cytokines (2, 19). Therefore it seems reasonable that lowering proteinuria 
can reduce complement activation and inflammation in renal tissue (20). On the 
other hand several studies have shown that deletion of some complement fac-
tors or inhibition of complement activation decreases the level of proteinuria 
in several animal models (21, 22). Recently we showed that during proteinuria 
properdin, the positive regulator of alternative pathway, interacts with heparan 
sulfate proteoglycans on the apical side of tubular cells (figure 2) and that this 
interaction results in activation of complement (23). Moreover we showed that 
factor H, the regulator of alternative pathway, also interacts with tubular hepa-
ran sulfates and locally inhibits the complement system. Interestingly, factor H 
and properdin interact with different epitopes on tubular heparan sulfates (24). 
Since the reduction of proteinuria is a major therapeutic goal in reducing risk for 
progression of renal injury, the interaction of complement factors with proteogly-
cans can be a potential target for therapy.
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The complement activation cascade can be targeted at different levels 
and by various approaches to attenuate complement mediated injury, such as: 
soluble complement receptors or regulatory proteins (eg sCR1 and sCD59-Ig), 
antibodies against complement components (C5 antibodies such as eculizum-
ab, and antibodies against C5a), complement receptor antagonists (C5a recep-
tor antagonists), or even siRNA techniques to down-modulate C3 or C5. In most 
approaches therapy is done with recombinant proteins or antibodies which are 
expensive and susceptible to proteolytic breakdown. Because many comple-
ment factors can interact with the polysaccharide glycosaminoglycan (GAG) side 
chains of proteoglycans, and these GAG chains might be considered as potential 
complement inhibitory moieties, we now introduce and discuss proteoglycans in 
more detail.

Proteoglycans

 Proteoglycans (PGs) are complex glycoconjugates composed of a core 
protein and one or more glycosaminoglycan (GAG) chains. GAGs are linear poly-
saccharides consisting of repeating disaccharide building blocks. These disaccha-
ride blocks are built by a N-acetyl-D-glucosamine or N-acetyl-D-galactosamine 
and an uronic acid (D-glucuronic acid or L-iduronic acid) or a galactose unit. 
Based on the disaccharide composition, GAGs are classified in four groups: (1) 
hyaluronan; (2) keratan sulfate; (3) chondroitin sulfate (including dermatan sul-
fate); and (4) heparan sulfate (HS, including heparin, which has a higher sulfa-
tion/disaccharide ratio and a higher iduronic acid content than HS) (25). Taking 
into account that each PG has a different core protein, variable number of GAG 
chains with different disaccharide composition, variable chain length and various 
post-translational modifications, it is clear that the diversity of PGs is very com-
plex. The fine structure of GAGs is subject to regulation by variable expression of 
all Golgi enzymes involved in GAG synthesis and modifications. PGs are found on 
the cell surface, as well as in intracellular granules, in the basement membranes 
of various tissues, and in the extracellular matrix. PGs are involved in various 
biological activities mostly via their GAG chains, such as cell–cell and cell–ma-
trix interactions, cell migration and proliferation, growth factor sequestration, 
chemokine and cytokine activation, microbial recognition and tissue morpho-
genesis during embryonic development and tumor growth (26). PGs are able to 
interact with various proteins based on their negative charge, however in some 
cases a specific sequence or motif on the GAG chain is required for PG-protein 
interaction. A well-known example is the specific pentasaccharide domain within 
heparin which is able to bind to serine protease inhibitor antithrombin III and en-
hance its activity to inhibit the coagulants thrombin and factor Xa (27). Following 
the discovery of antithrombin III binding pentasaccharide, substantial effort has 
been made to investigate other protein-GAG interactions, with a major focus on 
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Table 1. Examples of heparan sulfates binding proteins involved in various biological pathways (In 
modified form reproduced with permission from Dreyfuss et al. (28)

Cell surface
Adhesion molecules such as L-selectin, P-selectin and 
PECAM-1 (Platelet Endothelial Cell Adhesion Molecule)
Tyrosine kinase receptors such as FGF receptors
Integrins like MAC-1 (Monocyte Adhesion Molecule) and VLA-4
Complement receptors like CR3 and CR4
Extracellular matrix
Collagens
Fibronectin
Laminin
Growth factors
HB-EGF (Heparin Binding- Epidermal Growth Factor)
FGFs (Fibroblast Growth Factors)
VEGF (Vascular Endothelial Growth Factor)
TGF-β (Transforming Growth Factor)
HGF (Hepatocyte Growth Factor)
Cytokines/Chemokines
Interleukins such as IL-1, -2, -3, -4, -5, -7, -8, -10, -12
Chemokines such as CCL-2 (MCP-1) and CCL5 (RANTES)
TNF-α (Tumor Necrosis Factor)
Morphogens such as Wnt
Others
Complement factors
DNA and RNA polymerases
Angiogenin
Cathepsin B and G
Neutrophil elastase
Annexin V

heparin/HS-like GAGs. The modifications on HS GAG chains influence their in-
teraction with their various protein ligands. Most important determinants 
of HS-protein interaction on HS chains are the density and position of sulfate 
groups, the length of HS chain, epimerization and 3D conformation (28). These 
various proteins seem to require different HS motifs to interact with HSPGs. But 
likewise antithrombin III-heparin interaction, there is no clear evidence that the 
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distinctive sequence specificity can be generalized to other GAG–protein inter-
actions. As summarized in table 1, HSPGs can affect cell activities via their inter-
action with chemokines, cytokines, growth factors, adhesion molecules,  matrix 
proteins, and others including complement factors.

Interaction of complement components with GAGs

Many complement factors and complement regulators are able to in-
teract with the GAG side chains of PGs. This suggests that PGs might act as dock-
ing platforms for complement activation. Since most PGs are found on the cell 
membrane, in basement membranes and interstitial matrix, these are the loca-
tions were complement can be initiated. Importantly, this is highly dependent 
on the fine structure of the GAGs involved, since the GAG binding requirements 
differ among complement factors and regulators. This suggests that the GAG fine 
structure defines whether complement might go on (by preferential binding of 
complement factors) or off (by preferential binding of complement regulatory 
proteins). Targeted intervention with GAGs might thus interfere with comple-
ment activation at the tissue level, but also in the plasma. Two comprehensive 
studies on the binding capabilities of heparin to complement proteins have been 
performed by Sahu et al and Yu et al (11, 29). The majority of these interactions 
have regulatory functions and mostly result in the inhibition of the complement 
cascade. We now briefly summarize current knowledge on individual comple-
ment (regulatory) proteins interacting with GAGs. Most important references are 
shown in table 2. 

Classical pathway
The interaction of HS/heparin with a number of classical pathway com-

plement factors has been studied widely (table 2). Most of these interactions 
result in inhibition of complement activation. 

MBL pathway
Little is known about the interactions of GAGs with MBL or the MASPs 

(table 2). Nevertheless, it has been reported that the anticoagulant antithrombin 
can inhibit both MASP-1 and MASP-2, provided that heparin is present as well 
(table 2). These data suggest that non-anticoagulant GAGs does not interfere 
with the MBL pathway.
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Table 2. an overview of complement factors interacting with GAGs

Pathway/Factors Ligand References

CP

C1 Heparin, heparan sulfates, fucans,  dermatan sulfate (38, 39)

C1q Heparin (29)

C1 inhibitor Heparin, LMW heparin, Heparan sulfate (29, 38, 40)

C2, C4, C4b Heparin (29)

C4bp Heparin, Heparan sulfate (29, 41)

MBL

Antithrombin Heparin (42)

MASP-1, MASP-2 Heparin (43)

AP

C3, C3b Heparin (30)

Factor B Heparin (29, 39)

Factor D Heparin (29)

Factor H Heparin, Heparan sulfate, Dextran sulfate (24, 29)

CFHR-1 Heparin (44)

CFHR-5 Heparin (45)

Properdin Heparin, Heparan sulfate, Dextran sulfate (23)

Terminal pathway

C6, C8, C9 Heparin (29)

Vitronectin Heparin, Heparan sulfate, LMW dextran sulfate (34)

Receptors

CR3 (CD11b/CD18) Heparan sulfate (35)

CR4 (CD11c/CD18) Heparin (36)

Alternative pathway
Fluid phase heparin can inhibit the formation of the AP convertase by 

blocking the C3b binding site for factor B (30). Factor B itself also interacts with 
heparin as shown by several studies, however the outcome of their interaction 
is not clear (11). Factor H is the main fluid phase regulator of AP which helps to 
distinguish between self and non-self cell surfaces by binding to host cell surface. 
Essential for this function is the recognition of host cell polyanions like sialic ac-
ids and GAGs such as HS. The interaction of factor H with heparins results in an 
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increase of the affinity for C3b. Also dextran sulfate, CS-A, carragenan and sialo-
glycopeptide can enhance the affinity of factor H for C3b. In contrast, bacterial 
polysialic acid is not able to activate factor H (31). Recently we demonstrated the 
GAG dependent binding of factor H to renal tubular cells (24). Properdin is the 
only positive regulator of the AP. It stabilizes the C3 convertase of the AP and it 
can initiate the AP by binding to target cells (32). Kemper et al have shown that 
properdin binds to GAGs on apoptotic T-cells and activates AP (33). Recently, we 
showed that on tubular cells during proteinuria, tubular HSPG binds properdin 
and acts as a docking platform for AP activation (23). Since PGs are shown to 
interact with several AP components (table 2) a complex picture evolves. More 
research is needed in the nature and consequences of these interactions.

Terminal components of complement cascade
Vitronectin inhibits complement mediated cell lysis by preventing the 

MAC formation. The active, MAC-bound form of vitronectin interacts with hep-
arin via a GAG-binding domain (34). The main role of this interaction is likely to 
position vitronectin on self cell surfaces to protect the own tissue from comple-
ment induced damage. 

Complement receptors 
Two cell surface receptors that are known to bind heparin and HS are 

type 3 complement receptor (CD11b/CD18=MAC-1=CR3) and the type 4 comple-
ment receptor (CD11c/CD18=αxβ2=CR4=p150/95) present on phagocytic cells 
(35, 36). Both can bind to iC3b, a cleavage product of C3b that can opsonize 
microbes. Binding to iC3b results in increased phagocytosis. The interaction of 
GAGs with these receptors is important for leukocyte transmigration, but it has 
been shown that heparin can act as a competitive inhibitor of iC3b too (37). 

Proteoglycan- complement interaction as possible targets for 
intervention in renal diseases

The various mechanisms of action of HS-related GAGs for potential drug 
application has been recently reviewed. However targeting the complement sys-
tem with HS related GAGs specially in renal conditions like proteinuria has not 
been discussed (42). The idea of using GAGs  as complement inhibitors in inflam-
matory renal diseases was already postulated in 1970 when Herdman and col-
leagues published a report on treatment of progressive renal disease with hepa-
rin as an anti-complement agent (46). Some in vivo evidence of heparin induced 
complement inhibition was already shown in the early seventies by Wardle and 
Uldall. They treated nephritic patients with a short term heparin intervention 
and found a 25% decrease in complement activation in serum (47). Busch et. 
al. showed that heparin can dose dependently inhibit the changes in allograft 
rejection in a primate renal transplantation model (48). Another study in guinea 
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pigs also showed reduced complement activation in animals treated with hepa-
rin or N-acetyl heparin, with significantly reduced anti-coagulant activity, after 
CVF induced complement activation (49). These same investigators showed hep-
arin to be more effective in complement inhibition in human serum compared to 
guinea pig serum, but did not show these findings in vivo (50). Van Bruggen and 
colleagues in 1996 showed that treatments with heparin, N-desulfated/acetylat-
ed heparin and LMW heparin are effective in reducing immunoglobulin and C3 
deposits in the glomerular capillary wall of MRL/lpr mice (51). Others revealed 
the inhibitory effect in all three pathways of complement activation and protec-
tion from complement-induced damage in xenotransplantation by dextran sul-
fate (52). A more recent discovery shows heparin coated membranes to be effec-
tive in reducing complement induced inflammatory processes in extracorporeal 
circuits during cardiopulmonary bypass and renal dialysis (53). Te Velthuis and 
colleagues confirmed these findings and unveiled the inhibitory effect of hepa-
rin on complement activation to be mediated via the alternative pathway, more 
specifically at the C3 convertase level (54). Another application of heparin was 
reported by Girardi and colleagues showing heparin and LMW heparin to prevent 
complement activation by aPL antibodies in vivo and in vitro preventing pregnan-
cy complications in mice (55). Another study showed interaction of heparin and 
LMW heparin with the C1q molecule of the classical pathway during pregnancy 
(56). These in vivo studies show a wide variety of heparin/heparinoids interac-
tions with the complement system and show an enormous potential of heparin/
heparinoids for clinical use. Thus patients with proteinuria, graft rejection and 
acute kidney injury in which complement system is shown to play a major role 
could benefit from a targeted inhibition of complement system. However, the 
complex pleiotropic actions of heparin(oids) (Table 1) hampers clinical use as an 
anti-complement medication. 

Therapeutic intervention with GAGs in renal diseases mostly has been 
focused on reduction of proteinuria in diabetic nephropathy (57, 58). Among the 
heparinoids used for proteinuria treatment, sulodexide (a mixture of heparin and 
dermatan sulfate act as a heparanase inhibitor) have been studied extensively. 
The results so far are inconclusive, while some clinical trials have failed to show 
the effect of sulodexide, others have reported successful reduction of proteinuria 
with sulodexide application. Sulodexide is mainly a heparanase inhibitor which 
prevents the heparanase mediated cleavage of GAGs. Little is known about the 
sulodexide interaction with complement factors. Therefore, it would be interest-
ing to test this drug regarding its binding properties to complement factors.

Heparin was originally discovered for its anti-coagulant activity and 
when treating patients with heparin to counteract complement activation, anti-
coagulation is a serious side effect. Moreover, treatment with heparin can result 
in heparin-induced thrombocytopenia type II which is an autoimmune response 
against platelet factor 4, bearing a great risk for thrombosis (59). Besides anti-
thrombin binding, heparin interacts with a variety of molecules and is known 
to inhibit growth factor function, chemokine functions like chemotaxis and cell 
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activation, cytokine function and selectin binding (26). Therefore, selecting GAGs 
for clinical use should be done carefully and the emphasis should be on selecting 
complement pathway specific GAGs to minimize cross reactivity with other bio-
logical pathways like coagulation and non-complement mediated inflammation.

Selecting GAGs with defined complement target specificity and accept-
able side effects for use in the clinic still has a way to go. We recently showed 
some low anticoagulant heparinoids being able to inhibit properdin binding to 
tubular HS while showing only minor interference with factor H binding to tu-
bular HS, resulting in reduced complement activation (24). This finding demon-
strates  selective targeting of specific complement factors by GAGs in renal dis-
ease, although cross-binding of these GAGs to other proteins have not been 
investigated in much detail. An important issue is the source of the GAG. Most 
studies so far have been done with heparin and chemical modifications thereof 
(see above). Positive results have been published using natural sulfated polysac-
charides (fucans) isolated from brown seaweed which exert anti-inflammatory 
and anti-complementary actions while they have only little anticoagulant activity 
(39). It is also possible to fully synthesize heparin-like polysaccharides. However, 
at present these fully synthetic heparin-like molecules can only be produced in 
small polymers (<8 sacharide units). For the reduction of complement with fully 
synthetically produced polysaccharides, the binding requirements of the target-
ed complement factor for the polysaccharide should be known. Consequently 
multiple tetra- or pentasaccharides with a strong affinity  for the target can be 
designed. These oligosaccharides, which should differ in methylation and/or sul-
fation, can then be tested for their activity, bioavailability and undesired affinity 
to other molecules (60, 61). This process is costly and takes time but can be suc-
cessful as shown by two fully synthetic anticoagulants which are produced in this 
way and used in the clinic today (62). To reduce the steps and costs necessary for 
introducing effective synthetic HS/heparin glycomimetica on the market, it is pro-
posed to generate a HS/heparin library for synthetic oligosaccharides synthesized 
from disaccharide building blocks. In this way separate oligosaccharides can be 
analyzed for their affinity for complement factors and other potential HS-binding 
proteins before they are used as a potential drug (63).

As we describe in this review a large body of evidence supports the use 
of GAGs as potential modulators of the complement system. However, a num-
ber of problems in using GAGs as anti-complement agents should be overcome. 
Further research and the establishment of a (semi-)synthetic GAG library could 
prove to be a major step towards complement specific heparinoid drugs. 
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Abstract

During proteinuria, complement components pass the glomerular mem-
brane and cause alternative pathway (AP) activation on tubular epithelium. Our 
group has shown before that the AP component properdin binds to heparan sul-
fate proteoglycans on tubular epithelium and thereby activates the AP of com-
plement. Salp20 is a protein derived from the deer tick Ixodes scapulari and has 
been shown to be able to inhibit properdin and thereby inhibit the AP. Comp-
statin is a C3 blocker and prevents the cleavage of C3 into C3a and C3b, thereby 
inhibiting all three complement pathways. The aim of this study is to determine 
whether properdin-heparan sulfate initiated AP activation in solid phase assays 
and on proximal tubular epithelial cells (PTECs) can be inhibited by compstatin 
and Salp20. 

Binding of properdin to HK-2 cells was determined in the presence of 
compstatin and Salp20 to evaluate the dependency of binding of properdin on 
initial C3b deposition and whether AP activation could be inhibited. The binding 
of properdin was also evaluated on syndecan-1 knockout HK-2 cells. The interac-
tion between Salp20 and properdin, and the effect on C3b and heparan sulfate 
binding to properdin was tested using an ELISA method. 

Binding of properdin to PTECs could be inhibited by Salp20 but not by 
compstatin, while AP activation, measured by C3b deposition, could be inhibited 
by both compstatin and Salp20. ELISA experiments showed dose-dependent inhi-
bition of properdin binding to C3b and heparan sulfate proteoglycans by Salp20. 
It was shown that Salp20 binds to properdin but not to C3b. Syndecan-1 deficien-
cy in PTECs resulted in a reduction of properdin binding to PTECs. 

In this study we showed that properdin binding to PTECs can be prevent-
ed by Salp20, but not by compstatin in vitro. Both complement inhibitors could 
prevent properdin-mediated C3 activation. This work suggests that a Salp20 an-
alogue might be a viable AP inhibitor in proteinuria mediated AP activation on 
PTECs.
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Introduction

Proteinuria is caused by the passage of proteins through damaged glo-
merular filtration barrier and is an independent prognostic factor for the progres-
sion of chronic renal failure to end stage renal disease (1). Several mechanisms 
have been postulated on how proteinuria causes renal damage, one of them 
being a complement mediated mechanism. Evidence for involvement of the 
complement system was already shown in 1985 when Camussi and colleagues 
demonstrated C3 deposits on the proximal tubular epithelial cells (PTECs) of ne-
phrotic patients (2).  It is now thought that complement can activate on PTECs 
because they do not have complement regulatory mechanisms since under phys-
iological conditions PTECs do not encounter complement factors. This failure to 
downregulate the complement cascade then leads to tubular epithelial damage 
on PTECs under proteinuric conditions. 

The complement system consists of three pathways; the lectin pathway 
(LP), classical pathway (CP) and alternative pathway (AP). The LP and CP are initi-
ated by pattern recognition molecules (e.g. MBL and C1), while the AP was clas-
sically thought to be a purely auto-activating route. The three pathways merge at 
the formation of a C3 convertase, in the CP and LP  this is the C4bC2a complex, 
while in the AP the C3bBb complex is formed. The C3bBb complex is relatively un-
stable in plasma and is therefore be stabilized by properdin, the only known pos-
itive regulator of the complement system. In the AP auto-activating theory it was 
thought that stabilizing the C3bBb complex was the only function of properdin, 
however in the past decade, data has accumulated stating that properdin can 
act as a pattern recognition molecule on PTECs, apoptotic, necrotic and bacterial 
cells as reviewed by Kemper et. al. (3). As ligands for properdin DNA and glycos-
aminoglycans have been proposed (4,5). However this theory was questioned by 
Harboe and colleagues since they showed that properdin binding to granulocyte 
MPO, endothelial cells and Neisseria Meningitidis is completely dependent on 
initial C3b binding, raising doubt on the conclusions of formerly published work 
(6). Their conclusion was based on properdin binding experiments in the pres-
ence or absence of compstatin, a circular peptide inhibiting the cleavage of C3 
into C3a and C3b.

The role of AP activation, and more specifically properdin, in proteinuric 
patients was firmly established by the in vivo presence of properdin on the PTEC 
brush border and by the in vitro binding of properdin and subsequent comple-
ment activation on HK-2 cells, but not on endothelial cells (7). Later the same 
group showed urinary properdin excretion to be associated with renal comple-
ment activation and worsening renal function (8). Our group showed that the 
binding of properdin to HK-2 cells is dependent on heparan sulfates (HS), since 
pretreatment of the cells with heparitinase abolished the binding of properdin 
(9). Moreover, treatment of the HK-2 cells with heparin and non-anticoagulant 
heparinoids could reduce the binding of properdin, showing the treatment po-
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tential of heparinoids in complement mediated proteinuric damage (10). Co-lo-
calization of properdin with syndecan-1 on PTECs in an adriamycin induced ne-
phropathy model suggested a role for the heparan sulfated proteoglycan (HSPG) 
syndecan-1 in the tubular binding of properdin (9). Syndecan-1 is one of the ma-
jor membrane spanning HSPGs and has been shown to be upregulated on tubu-
lar epithelium in renal disease (11). Our group has shown before that syndecan-1 
expression on tubular epithelium correlates with renal repair mechanisms (12) 
and that syndecan-1 deficiency in human tubular epithelial cells leads to reduced 
proliferation (11). However a direct role for syndecan-1 in complement activation 
has never been described. 

Although the AP has been shown to play a role in numerous diseases, 
no specific inhibitor for the AP is available.  A novel AP inhibitor Salp20, is a pro-
tein derived from the deer tick Ixodes scapulari and has been shown to inhibit 
the AP via the displacement of properdin causing an accelerated decay of the 
C3bBb complex and subsequent inhibition of the AP up to 70% (13,14). In vivo 
treatment with Salp20 in mice showed a reduction of AP mediated damage in 
ovalbumine-induced asthma, elastase-induced abdominal aortic aneurysm and 
after intraperitoneal injections with LPS (15). However up to our knowledge no 
experiments have been performed in inhibiting AP activation on PTECs using 
Salp20. Therefore in this study we investigated in more detail the interactions of 
properdin with C3b and HSPGs and its intervention by compstatin and Salp20.  

Methods

HK-2 cells
 The immortalized human kidney proximal epithelial cell line HK-2 was 
obtained at ATCC (Manassas VA, USA). Cells were cultured in DMEM/F12 medium 
1:1 (Invitrogen, Carlsbad, CA, USA), supplemented with 5µg/ml  insulin, 5 µg/
ml transferrin, 5 µg/ml selenium, 36 ng/ml hydrocortison, 10 ng/ml epidermal 
growth factor (All purchased from Sigma, Zwijndrecht, The Netherlands), and 50 
U/ml penicillin, 50 µg/ml streptomycin and 25 mM Hepes (All purchased from 
Invitrogen, Carlsbad, CA, USA).

Syndecan-1 knockout cell line
 Production of the syndecan-1 knockout HK-2 cell line by shRNA tech-
nology has been described before (18). To confirm syndecan-1 knockdown, syn-
decan-1 expression was determined by flow cytometry. Cells were detached us-
ing cell dissociation solution (Sigma, Zwijndrecht, The Netherlands). Cells were 
collected, centrifuged and washed with phosphate-buffered saline (PBS)/0.5% 
bovine serum albumin, followed by incubation with anti-syndecan-1 (CD138) an-
tibody in PBS/0.5% bovine serum albumin (30 min on ice). After washing, cells 
were incubated with FITC-labeled anti-mouse IgG (30 min on ice), washed, and 
analyzed by FACS (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ). Non-rele-
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vant mouse IgG served as isotype control.

Recombinant Salp20
 A DNA fragment encoding Ixodes scapularis Salp20 (UniProtKB: Q95WZ1 
(residue 22-183)) was amplified by PCR from Salp20 synthetic DNA optimized for 
mammalian expression (GeneART ThermoFisher), and ligated into BamHI-NotI 
sites of vector pUPE106.03 (U-Protein Express BV, Utrecht, the Netherlands). The 
expressed protein has a cystatin secretion signal peptide, an N-terminal (His6)
GlySer-tag and an C-terminal Ala3 cloning artefact due to the NotI restriction site. 
The construct was transiently expressed in N-acetylglucosaminyltranferase I-de-
ficient (GnTI-) Epstein-Barr virus nuclear antigen I(EBNA1)-expressing HEK293 
cells cultured in suspension (U-Protein Express BV, Utrecht, the Netherlands). 
Secreted Salp20 was captured by incubating culture medium with Ni-Sepharose 
excel beads (GE Healthcare) at 4°C for 2 hours, followed by washing with 25 mM 
HEPES pH 7.8, 500 mM NaCl, 15 mM imidazole. After elution using the washing 
buffer supplemented with 250 mM imidazole the sample was further purified by 
gel-filtration using a Superdex 200 increase 10/300 GL column (GE Healthcare) 
equilibrated in 25 mM HEPES pH 7.8, 150 mM NaCl. Salp20 was concentrated 
to 8.4 mg/ml by centrifugation using a 5-kDa cut-off concentrator before plunge 
freezing in liquid nitrogen and storage at -80°C.

Inhibition of properdin binding and AP activation by compstatin and Salp20 on 
HK-2 cells 

Human properdin and rabbit anti-human properdin was prepared as de-
scribed before (7). To evaluate the C3b independent binding of properdin to HK-2 
cells or syndecan-1 knockout HK-2 cells, cells were cultured on a 6 well tissue 
culture plate and incubated for 36-48 hours with 10 µg/ml compstatin to prevent 
eventual C3b deposition. To evaluate whether Salp20 can inhibit the binding of 
properdin and the activation of C3 on PTECs, cells were cultured in a 6 well tissue 
culture plates. Non-enzymatic cell dissociation solution (Sigma, Zwijndrecht, The 
Netherlands) was added and incubated for 1 hour at 37°C to harvest the cells. 
Cells were transferred in a 5ml FACS tube and centrifuged for 5 minutes at 300g 
and 20°C to prevent complement activation. After washing, cells were incubat-
ed for 30 minutes with 10µg/ml purified properdin and co-incubated with fresh 
compstatin at a concentration of 10µg/ml at 37°C or incubated with a pre-incu-
bated concentration range of Salp20 with 3% serum for 1h at 37 °C. Cells were 
centrifuged for 5 minutes at 300g at 20°C. For compstatin mediated inhibition 
assays, cells were incubated with human serum in the presence or absence of 10 
µg/ml compstatin for 45 minutes at 37°C, where after cells were centrifuged for 
5 minutes at 300g at 20°C. In experiments where serum was used as a source of 
properdin, the purified properdin incubation step was omitted.
 To detect bound properdin and activated C3, cells were subsequently 
incubated with either rabbit anti-human properdin or with mouse anti-human 
activated C3 (Hycult biotech, Uden, The Netherlands) for 30 min on ice. Cells 
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A B

E F

C D

Figure 1. Inhibition of AP activation by compstatin and Salp20.
Co-incubation of compstatin with properdin on HK-2 cells does not result in a reduction of proper-
din binding (A). Incubating serum with compstatin with serum after properdin loading of HK-2 cells 
does inhibit the activation of C3 and thus leads to a reduced deposition of C3b (B). Compstatin also 
failed to inhibit the deposition of properdin from a serum concentration range on HK-2 cells (C), but 
is able to inhibit properdin mediated C3b deposition on HK-2 cells  (D). Salp20 showed to be able to 
inhibit binding of properdin from serum to HK-2 cells dose dependently (E). Moreover Salp20 also 
inhibited the deposition of C3b in a dose dependent manner (F).
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were washed with ice cold PBS + 1%BSA, centrifuged for 5 minutes at 300g at 
4°C, and incubated with goat anti-rabbit FITC or goat anti-mouse FITC (Both pur-
chased from Southern Biotech, Birmingham, USA) for 30 min on ice. Annexin V 
(eBioscience,) was included for staining of apoptotic and dead cells. Propidium 
iodide 1 μg/ml (Molecular Probes, Leiden, The Netherlands) was added just be-
fore the measurement to be able to exclude apoptotic cells. Properdin binding 
and C3 deposition on non-apoptotic cells were assessed using a FACSCalibur flow 
cytometer (BD Biosciences).

Inhibition of binding of properdin to C3b and HSPGs
 The ELISA method was used to evaluate whether Salp20, C3b and HSPG 
can inhibit the binding of properdin to C3b and HSPGs. For that purpose Maxi-
sorp 96-well flat bottom microtiter plates (U96 from VWR International, Amster-
dam, The Netherlands) were coated overnight with either 1μg/ml HSPG (perle-
can; Sigma, Zwijndrecht, The Netherlands) or 1µg/ml of C3b in PBS at 4°C. C3b 
was purified as described before (16). After washing in PBS, wells were blocked 
with 1% BSA in PBS for 1 h at 37°C. A concentration range of Salp20, C3b or HSPG 
were pre-incubated with 62,5ng/ml properdin (Millipore, Billerica, Massachu-
setts, USA) in PBS, 0,05% Tween and 1% BSA for 15 minutes at room tempera-
ture. Thereafter the co-incubated Salp20, C3b or HSPGs and properdin was incu-
bated on the HSPG and C3b coated plate for 1 hour at 37 °C. Binding of properdin 
was detected with biotinylated rabbit anti-human properdin 1:3000 diluted in 

Figure 2. Properdin binding to HK-2 cells is partially dependent on syndecan-1.
To evaluate the binding of properdin to HSPG syndecan-1 on proximal tubular epithelium, proper-
din binding to synd-1-/- cells was tested. Syndecan-1 deficient cells show a reduction in properdin 
binding compared to HK-2 WT cells. The difference was however not significant. Experiments were 
independently repeated in quadruplicate. Data is expressed as mean ± SEM.
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PBS, 0,05% Tween and 1% BSA. After washing streptavidin HRP (DAKO, Glostrup, 
Denmark) 1:5000 was incubated for 1 hour. Substrate reaction was done with 
3,3’,5,5’-tetramethylbenzidine substrate (Sigma, Zwijndrecht, The Netherlands) 
for 15 min in the dark, and the reaction was stopped by adding 1.5 N H2SO4. 
Absorbance was measured at 450 nm in a microplate reader. All incubations were 
done in a volume of 100μl/well. 

Results

AP activation but not properdin binding to PTECs can be inhibited by compsta-
tin, while Salp20 inhibits both

It has been shown before that proteinuria induced AP activation on 
PTECs is mediated by properdin binding to the tubular epithelial membrane (7). 
Attempts have been undertaken to reduce proteinuria induced tubular damage 
and our group has shown that (non-anticoagulant) heparinoids can inhibit the 
binding of properdin to HSPGs (9), which can be found on the cellular membrane 
of PTECs. In this study we test the non-specific complement inhibitor compstatin 

A B

C D

Figure 3. C3b and HSPGs can bind properdin simultaneously while Salp20 can inhibit binding of 
properdin to both.
(A) pre-incubation of properdin with C3b does not lead to reduced properdin binding to immo-
bilized HSPGs. (B) Vice versa, pre-incubation of HSPGs with properdin does not lead to reduced 
binding of properdin to immobilized C3b. (C) Salp20 however does inhibit the interaction between 
properdin and HSPG, and also between C3b and properdin (D). Experiments were independently 
repeated in duplicate. Data is expressed as mean ± SEM.
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and the AP specific inhibitor Salp20 for their inhibitory potential on properdin 
binding and AP activation on PTECs. 

FACS analysis of the HK-2 cells showed properdin binds to HK-2 cells in a 
similar fashion when incubated with and without compstatin, indicating that com-
pstatin is unable to inhibit properdin binding to PTECs (Fig. 1A). This also shows 
that properdin binds to PTECs in a C3b independent fashion since C3b deposition 
is inhibited by pre-incubation with compstatin. This implies that properdin might 
act as a pattern recognition molecule on PTECs. PTEC bound properdin showed 
to stimulate C3b deposition after incubation with serum (Fig. 1B). Co-incubation 
of serum with compstatin resulted in the inhibition of C3b deposition, verifying 
the C3 inhibitory potential of compstatin (Fig 1B).

When serum was used as a source of properdin instead of purified 
properdin, properdin bound to HK-2 cells in a dose dependent manner when the 
serum was incubated up to 50% concentration (Fig. 1C). Co incubation of serum 
with compstatin showed that compstatin was still unable to inhibit the deposi-
tion of properdin on HK-2 cells, further strengthening the finding that properdin 
binding to PTECs is independent of prior C3b deposition. (Fig. 1C). In these exper-
iments more C3 is present when properdin is binding to HK-2 cells, due to the se-
rum source of properdin. Measurements of C3 deposition on HK-2 cells after in-
cubation with serum confirms the functionality of compstatin, since no increase 
in C3b deposition was seen in higher serum concentration during co-incubation 
with compstatin (Fig. 1D). These data confirm the earlier finding of the C3b inde-
pendent binding of properdin to PTECs. Besides compstatin, recombinant deer 
tick Ixodes scapulari protein Salp20 protein was also tested for properdin and AP 
inhibitory potential. Incubation of 3% serum led to properdin deposition on the 
HK-2 cells, while pre-incubation of the serum with Salp20 led to a dose depen-
dent reduction in properdin binding to the cells (Fig. 1E). An inhibitory effect of 
±90% was achieved when incubating the cells with 500µg/ml Salp20. Salp20 also 
showed to be effective in the inhibition of AP activation, measured by C3b depo-
sition. Concentration dependent inhibition of C3b deposition by Salp20 showed 
a similar pattern compared to properdin binding inhibition (Fig. 1F). The maxi-
mum concentration of Salp20, 500µg/ml, resulted in an inhibition of ±80% in C3b 
deposition compared to a non-inhibited control.  

Binding of properdin to proximal tubular epithelial cells is partly mediated by 
syndecan-1

In the former experiments we showed that properdin binding to PTECs 
is independent of initial C3b deposition and that properdin might function as a 
pattern recognition molecule. However these studies do not show the binding 
epitope of properdin on PTECs. In former studies by our group it was shown that 
heparitinase I treatment of HK-2 cells and nephropathic renal tissue obliterated 
properdin binding, while immunofluorescent staining showed co-localization of 
properdin with syndecan-1 in vivo on tubular epithelium under nephrotic condi-
tions (9). To confirm the interaction between syndecan-1 and properdin we now 
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tested properdin binding capacities of syndecan-1 silenced cells by short hairpin 
RNA technology. Stably transfected HK-2 Synd1-/- cells showed ~80% reduction in 
syndecan-1 expression. The HK-2 Synd-1-/- cells show a ~50% reduced properdin 
binding potential compared to HK-2 WT cells, however not significant (Fig. 2). 
The failure to show significance is due to the variability between measurements. 
Within experiment the HK-2 Synd-1-/- cell consistently showed less properdin 
binding, although not significant, indicating that syndecan-1 might by a binding 
ligand for properdin on proximal tubular epithelium.

C3b and HSPG have different binding epitopes on properdin, Salp20 inhibits 
both

It was shown before that C3 and HSPGs have different binding epitopes 
on properdin, but the binding epitopes are very close (17,18). To evaluate wheth-
er properdin binding to C3 interferes with binding to HSPG and vice versa, pre-in-
cubated properdin and C3b was incubated on a HSPG coated plate and vice versa. 
Pre incubation of properdin with C3b could not reduce the binding of properdin 
to immobilized HSPG in neither of the concentrations tested (Fig. 3A). Pre incu-
bation of properdin with HSPGs could also not reduce the binding of properdin 
to immobilized C3b (Fig. 3B). These results confirm that C3b and HSPGs do not 
have the same binding epitope on properdin and that steric hindrance does not 
interfere with simultaneous binding of C3b and HSPG to properdin.
  Above we showed that Salp20 can inhibit the binding of properdin and 
the deposition of C3b on HK-2 cells. To evaluate whether Salp20 inhibits the bind-
ing of properdin to HSPGs or the binding of C3b to properdin, we co incubated 
Salp20 with properdin and measured the binding of properdin to HSPG or C3b. 
The results showed that Salp20 can indeed inhibit the binding of properdin to 
both C3b and HSPGs in a dose dependent manner. The IC50 of Salp20 was 47ng/
ml for properdin inhibition to C3b (Fig. 3D) and 18ng/ml for binding of properdin 
to HSPGs (Fig. 3C).

Discussion

In this study we have shown that compstatin cannot inhibit the binding 
of properdin to PTECs cells, but is able to inhibit C3b deposition, while Salp20 
can inhibit both the deposition of properdin and C3b to these cells. We show 
that properdin might be a pattern recognition molecule and that syndecan-1 is 
a ligand for properdin on PTECs. It was shown that C3b and HSPG binding to 
properdin does not interfere with each other, indicating different binding epi-
topes. Salp20 showed to be able to inhibit both the binding of C3b and HSPGs to 
properdin. 

It has long been assumed that properdin could act as a pattern recogni-
tion molecule and we, amongst others, have shown evidence for this theory by 
demonstrating that during proteinuria, properdin recognizes and binds to HSPGs 
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on tubular epithelial cells (9). Our results in this study, using the C3 inhibitor com-
pstatin, showed that compstatin can inhibit complement activation, and there-
fore C3b deposition, but cannot inhibit the deposition of properdin on PTECs. 
These results indicate that the binding of properdin to PTECs is independent of 
initial C3b deposition despite results of Harboe et. al. showing that properdin 
binding on endothelial cells and Neisseria meningitidis is dependent on initial 
C3 deposition (6). Our findings open again the discussion on whether proper-
din could be a pattern recognition molecule in the AP. Pattern recognition of 
properdin has been indicated in other properdin interactions as well. Properdin 
binding to DNA and glycosaminoglycans on late apoptotic cells and necrotic cells 
has been suggested to be independent of initial C3 deposition (4,5). Glycosami-
noglycans and DNA share a strong negative charge, while properdin is strongly 
positively charged. Therefore it is thought that the interaction of properdin with 
glycosaminoglycans and DNA is based on charge - charge interactions. 

Our group has shown earlier that syndecan-1 and properdin co-localize 
on PTECs under proteinuric conditions (9). In this study we showed that syn-
decan-1 might be a ligand of properdin using a syndecan-1 deficient HK-2 strain. 
Syndecan-1 is one of the major membrane spanning HSPGs and the interac-
tion of properdin and HSPGs has been long known. Properdin consists of sev-
en non-identical trombospondin-1 repeats (TSR) and literature has shown that 
a fragment consisting of TSR 4 & 5 forms the binding site for glycosaminogly-
cans, but also for C3b (18). Earlier work already showed that trypsin treatment 
of properdin, cleaving the TSR 5 in half results in an inability to bind C3b, while 
the glycosaminoglycans binding remains intact (17). In conclusion, these studies 
show that the binding site for C3b and glycosaminoglycans on properdin is dif-
ferent but very close. Our results also indicate that the binding site of HSPGs and 
C3 on properdin do not overlap since we showed that neither HSPGs nor C3b can 
inhibit the binding of properdin to the other. However we do show that the deer 
tick protein Salp20 can inhibit both the binding of HSPGs and C3 to properdin. 

Salp20 has shown before to displace properdin from the C3 convertase, 
resulting in accelerated decay of the convertase (14). Our results confirm that 
Salp20 can inhibit the binding of properdin to C3b and thereby reduce the AP 
activation on PTECs. However we also showed that Salp20 can inhibit the binding 
of properdin to HSPGs, indicating a double inhibitory role for Salp20 in properdin 
mediated AP activation on PTECs. Showing the potential of Salp20 as a candidate 
for targeting AP activation in proteinuric conditions. The results further strength-
en the data shown by others that C3b and glycosaminoglycans have a closely 
related binding epitope on properdin (18). It has been demonstrated before that 
Salp20 can inhibit the AP of complement in multiple disease models (15). In this 
study we showed that salp20 can be a viable candidate as inhibitor of the AP in 
proteinuric disease. However, since Salp20 is a tick protein, it will be strongly 
immunogenic. Therefore, before testing in animal models, small molecule ana-
logues of the Salp20 binding region should be produced and tested in vitro and in 
vivo for their AP inhibiting potential. 
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Abstract

It is well known that heparin and other glycosaminoglycans (GAGs) in-
hibit complement activation. It is however not known whether GAGs can path-
way-specifically inhibit the complement system. Therefore we evaluated a library 
of GAGs for their pathway specific complement inhibiting potential.

Heparin-derived, heparan sulfate-derived, E.coli K5 polysaccharide-de-
rived and heparin-related GAGs were tested for complement pathway-specific 
inhibition. Solid-phase binding of MBL-MASP complex to immobilized proteogly-
cans was performed as well as double confocal immunofluorescence microscopy 
for MBL and the hybrid proteoglycan/collagen XVIII in streptozotocin induced di-
abetic mice with and without endothelial heparan sulfate deficiency. 

In vitro pathway-specific complement assays showed that highly sulfated 
GAGs inhibited all three pathways of complement. Small heparin and heparan 
sulfate oligosaccharides were exclusive inhibitors of the lectin pathway (LP). Hep-
arin-derived oligosaccharides showed identical inhibition of the ficolin-3 medi-
ated LP activation, failed to inhibit the binding of MBL to mannan, but inhibited 
C4 cleavage by MASPs in a sulfation-dependent way. Vice versa, the MBL-MASP 
complex showed specific binding to heparin-albumin, while MBL and collagen 
XVIII showed co-localization in the glomerular capillary wall of diabetic mice, 
which was reduced in diabetic mice with endothelial heparan sulfate deficiency.

Our data show that highly sulfated GAGs mediated inhibition of all three 
complement pathways, whereas short heparin- and heparan sulfate-derived oli-
gosaccharides exclusively blocked the lectin pathway via MASP inhibition. Bind-
ing of the MBL-MASP complex to immobilized heparin and co-localization of MBL 
with collagen XVIII indicate that in vivo heparan sulfate proteoglycans might act 
as docking platform for the MBL-MASP complex and initiation of the lectin path-
way.
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Introduction

 As a part of the innate immune system, complement consists of soluble 
and cell bound proteins. The complement system might be activated via three 
different pathways; the classical pathway (CP), lectin pathway (LP) and alterna-
tive pathway (AP). The CP is initiated by the binding of C1q to IgG or IgM and the 
LP by pattern recognition molecules binding to carbohydrates of pathogens or 
self-antigen. This leads to a conformational change and subsequent activation 
of the serine proteases C1r/C1s and MASP-1/MASP-2, respectively. These serine 
proteases cleave C2 and C4, forming the C4bC2a complex, a C3 convertase which 
deposits C3b initiating the AP. The AP however acts also independently from CP 
or LP activation, and can be initiated either by auto activation of C3 eventually 
forming the C3 convertase C3bBb, or by in situ binding of AP stimulator properdin  
to the cell surface. Formation of the C5 convertase eventually leads to the forma-
tion of the C5b-9 membrane attack complex, resulting in cell lysis (1).
 In the nephrology field, complement has gained increased attention in 
recent years as studies have identified complement as a key player in multiple 
renal diseases. The classical pathway (CP) has been shown to play a major role 
in the auto-immune disease lupus erythematosus (2). In addition, lectin pathway 
(LP) components, either in plasma or deposited within the kidney, have been 
correlated to disease progression following human kidney transplantation, IgA 
nephropathy and diabetic nephropathy (3-5). Furthermore, it has been shown 
that mannan binding lectin (MBL) and collectin-11 recognize epitopes in I/R 
damaged kidneys and increase I/R induced damage (6,7). Finally, the alternative 
pathway (AP) has been identified as a factor in the physiopathology of dense de-
posit disease, C3 glomerulopathy, hemolytic uremic syndrome, and progression 
of proteinuric renal diseases (8-12). Therefore, complement-based therapies can 
potentially be of great use in a variety of renal diseases and conditions. 
 The in vivo inhibitory potential of heparin on the complement system 
has been known for approximately 25 years (13). Since then, numerous interac-
tions have been described between glycosaminoglycans (GAGs) such as heparin, 
and complement components. In the lectin route of complement, anti-thrombin 
bound to heparin is a strong inhibitor of C4 cleavage by MASPs (14). Besides the 
lectin pathway, heparin can also inhibit the classical pathway by directly inhib-
iting the C1q subunit of C1 or by potentiating the effect of C1-inhibitor (15-17). 
Studies by our group showed that the binding of both properdin, an alternative 
pathway initiator and stabilizer, and factor H, an alternative pathway inhibitor, 
to heparan sulfates (HS) on proximal tubular epithelial cells can be prevented by 
heparin and some other GAGs (11,12). These studies indicate that GAGs have the 
potential to inhibit different components of the three pathways of the comple-
ments system. 
 Proteoglycans are glycoconjugates consisting of a core protein to which 
GAGs are covalently attached. Proteoglycans can be found on the cell mem-
brane, such as the members of the syndecan and the glypican families, and in 
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extracellular matrix like versican, perlecan and the hybrid proteoglycan/collagen 
XVIII. Membrane proteoglycans function as highly abundant, relatively low af-
finity co-receptors for growth factors, chemokines, and adhesion molecules and 
modulate proliferation, migration and adhesion events. Matrix-associated prote-
oglycans mostly function as storage depot for mediators, which can be released 
for paracrine functions upon tissue remodeling by proteases and/or heparanase 
(18,19). GAGs consist of repetitive disaccharide units, which can be modified in 
their length and sulfation pattern to influence their binding capacity and func-
tion. The effects of GAG length modifications have been known for some time 
and have e.g. led to the introduction of low molecular weight heparins for an-
ti-coagulation properties. Modifications of HS sulfation are well known from in 
vivo modifications of proteoglycan side chains upon stimuli like inflammation and 
fibrosis (20,21). HS/Heparin can carry sulfate groups on the N position and/or on 
the 3-O, 6-O and 2-O position of glucosamine and iduronic acid residues respec-
tively. Degree of sulfation is positively correlated to the electro-negativity of HS/
Heparin and therefore to their binding capacity, making it an important factor in 
the functionality of cells. It has for example been shown that the binding of hepa-
rin to anti-thrombin III depends on a specific pentasaccharide structure, in which 
3-O sulfation is essential (22). Moreover, our group has shown that properdin 
and factor H require different GAG sulfation patterns for HS binding (12). These 
examples illustrate the important role of chain length and sulfation pattern for 
the biological properties of GAGs (and specific interactions).
 In this study, we aimed at identifying pathway-specific complement in-
hibiting GAGs from a library of natural and enzymatically and chemically mod-
ified and/or depolymerized GAGs. We show that small heparin and HS-derived 
oligosaccharides are specific inhibitors of the LP of complement and that these 
sugars inhibit the LP via inhibition of the MASP enzymes. Moreover, we provide 
evidence that HS proteoglycans in situ might function as docking platform form 
LP activation in vivo.

Material & Methods

Polysaccharides
 Heparin from ovine intestinal mucosa, heparin from bovine lung, heparin 
and HS from porcine intestinal mucosa, Chondroitin sulfate-A, -B, -and C, dex-
tran T40, dextran sulfate, fucoidan, were purchased from Sigma (Sigma, Zwijn-
drecht, The Netherlands). Nadroparin (Fraxiparine®) was purchased from Sanofi 
Winthrop (Maassluis, The Netherlands), Dalteparin (Fragmin®) was purchased 
from Pharmacia & Upjohn, and enoxaparin (Clexane®) was purchased from 
Rhone-Poulenc Rorer (Paris, France). HS isolated from bovine kidney or from En-
gelbreth-Holm-Swarm sarcoma were obtained from Seikagaku Corp. Escherichia 
coli capsular polysaccharide K5, with the same (GlcUA→GlcNAc)n structure as the 
non-sulfated HS/heparin biosynthetic precursor polysaccharide (23); O-sulfated 
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K5 and low molecular weight O-sulfated K5; were kindly provided by Dr. G. van 
Dedem (Diosynth, Oss, The Netherlands). HS from bovine intestine was kindly 
provided by Marco Maccarana (Department of Experimental Medical Science, 
Biomedical Center, University of Lund, Sweden) (24).
 HS from human aorta was isolated essentially as described by Iverius 
(25).  N + O-sulfated K5 was produced by N-deacetylation (hydrazinolysis), subse-
quent N-sulfation with sulfur trioxide-trimethylamine (26), followed by N-acetyl-
ation. The same procedure was followed for HS from bovine kidney to make a 
fully N-sulfated HS. Heparin and HS derived oligosaccharides were prepared as 
previously described (27,28). Disaccharide analysis of heparin tetrasaccharides 
was achieved by reverse-phase ion-pair high-performance liquid chromatography 
(RPIP-HPLC) as described before (29) (supplemental data). Treatment of heparin 
and HS by the 6-O-endosulfatase HSulf-2 was performed as previously described 
(30). Enoxaparin tetrasaccharides were isolated and characterized as described 
before (31), N-desulfated, re-acetylated heparin and periodate reduced, re-oxi-
dized heparin were kindly provided by dr. Annamaria Naggi (Ronzoni Institute, 
Milano, Italy) and were prepared and characterized as described before (32).

Wieslab pathway-specific complement assay
 The Wieslab complement assay (WieLISA) kits were obtained from Euro 
Diagnostica, Malmö, Sweden (33).  Positive control serum delivered with the kits 
was used as serum source for all measurements. GAGs were diluted in route spe-
cific buffer delivered with the kit. Final GAG concentration was 100ug/ml in the 
CP and LP assay and due to a higher incubated serum concentration 200ug/ml in 
the AP assay. Serum was added to the diluted GAGs right before the plates were 
incubated at 37°C for 70 minutes. Except for the serum (+/- GAGs) incubation, 
the kit protocol was followed. Data were expressed as % inhibition compared to 
the positive control. Dose dependent assays were done as described above. 

Wieslab Ficolin-3 LP assay
 Wieslab Ficolin-3 assay kits were obtained from Euro Diagnostica, Malmö, 
Sweden (34). Positive control serum delivered with the kits was used as serum 
source for all measurements. GAGs were pre-diluted in the buffer delivered with 
the kit. Serum was added right before the plates were incubated at 37 °C for 70 
minutes. Except for the serum (+/- GAGs) incubation the kit protocol was fol-
lowed. Data were expressed as % inhibition compared to the positive control. 

MBL binding assay
 To evaluate whether GAGs could inhibit the mannan - MBL interaction, 
Maxisorp immunoassay plates were incubated overnight with 100 µg/ml man-
nan (Sigma, Zwijndrecht, The Netherlands) diluted in 0,1M NaCO3, pH 9,6. Plates 
were blocked with 1% BSA in PBS for 1h. Thereafter, pooled serum diluted 1:50 in 
GVB++ buffer, described by Roos et. al. (35), were pre-incubated with a  concen-
tration range of GAGs, for 15 minutes at room temperature. The pre-incubated 
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mixture was then incubated for 60 minutes on the mannan coated plates at 37°C. 
Bound MBL was detected with a DIG-labeled mouse anti-human MBL antibody 
1:1000 (Hycult Biotech, Uden, the Netherlands) and a Sheep anti-DIG HRP labe-
led conjugate 1:8000 (Roche Diagnostics, Mannheim, Germany). The assay was 
developed using tetramethylbenzidine (TMB) (Sigma, Zwijndrecht, The Nether-
lands) and the reaction was stopped with 1M H2SO4. Absorbance was measured 
at 450 nm in a microplate reader.  Data was expressed as % inhibition compared 
to non-inhibited control.

C4 inhibition assays 
 To evaluate whether GAGs inhibit the C4 cleavage (followed by C4b dep-
osition) by MASPs, we performed a C4 cleaving assay, as first described by Peter-
son and colleagues (36). Maxisorp immunoassay plates were incubated overnight 
with 100 µg/ml mannan (Sigma, Zwijndrecht, The Netherlands) diluted in 0,1M 
NaCO3, pH 9,6. Thereafter, plates were blocked for 1h using  10 mM Tris-HCl, 
140mM NaCl, 0,1% BSA, pH 7,4. Next, pooled serum diluted 1:100 in 20mM Tris-
HCl, 10mM CaCl2, 1M NaCl, 0,05% Triton X-100, 0,1% BSA, pH 7,4 was incubated 
overnight at 4°C. Incubation of serum in 1M NaCl allows MBL/MASP complexes 
to bind to mannan, but prevents MASP activation and subsequent complement 
activation. After washing, MBL coated plates were pre-incubated with 50µl GAG 
at twice the final concentration in 10 mM Tris-HCl, 140mM NaCl, 5mM CaCl2, 
0,05% Tween, 0,1% BSA, pH 7,4 for 30 minutes at 37°C. Non-inhibited control 
wells were incubated with buffer only. Without washing, 50µl of 5µg/ml purified 
C4 (Hycult Biotech, Uden, the Netherlands) diluted in 10 mM Tris-HCl, 140mM 
NaCl, 5mM CaCl2, 0,05% Tween, 0,1% BSA, pH 7,4 was added to the pre-incu-
bated GAGs and incubated for 1h at 37°C. After washing, C4b deposition was 
detected using a DIG labeled mouse anti-human C4 antibody dilution 1:4000, 
followed by incubation with a Sheep anti-DIG HRP labeled antibody (Roche Diag-
nostics, Mannheim, Germany, dilution 1:8000). The assay was developed using 
TMB (Sigma, Zwijndrecht, The Netherlands) and the reaction was stopped with 
1M H2SO4. Absorbance was measured at 450 nm in a microplate reader.  Data was 
expressed as % inhibition compared to non-inhibited control. Experiments were 
independently reproduced in triplicate.

Heparin-MBL/MASP interaction ELISA
 To test whether we could show binding of MBL/MASP proteins to hepa-
rin, we coated Maxisorp immunoassay plates overnight with 5 µg/ml heparin-al-
bumin diluted in PBS. After washing, plates were blocked using 1% BSA in PBS 
for 1h. Thereafter, pooled human serum diluted in GVB++ buffer was incubated 
for 2h at 4°C. Binding of lectin route components was detected by incubating 
either mouse anti-human MBL, rat anti-human MASP-2 or mouse anti-human 
MASP-1 (Hycult Biotech, Uden, the Netherlands) diluted at 1:200 in PBS, 1% BSA 
and 0,05% Tween. Rabbit anti-Rat HRP labeled or Rabbit anti-mouse HRP labeled 
(DAKO, Glostrup, Denmark) diluted at 1:500 in PBS, 1% BSA and 0,05% Tween 
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was incubated for 1h. The assay was developed using TMB (Sigma, Zwijndrecht, 
The Netherlands), the reaction was stopped with 1M H2SO4. Absorbance was 
measured at 450 nm in a microplate reader.  

Experimental animals
 The Ndst1f/fTie2Cre+ mice were generated by breeding Ndst1f/f mice with 
transgenic Tie2Cre mice, as previously described (37,38). All experimental mice 
were fully backcrossed to C57BL/6 background and handled according to guide-
lines of the University of Georgia Institutional Animal Care and Use Committee. 

Induction of diabetes
 To induce diabetes, 7-11 week old male mice received 50mg/kg strepto-
zotocin intraperitoneally during 5 consecutive days (39). Animals responsive to 
the administered streptozotocin with a blood glucose level over 300 mg/dl two 
weeks after diabetes induction were included in the study. The mice were mon-
itored on a daily basis for weight loss, activity and fur condition. Six weeks after 
diabetes induction the DB/Ndst1f/fTie2Cre-  and DB/Ndst1f/fTie2Cre+ mice were 
sacrificed and the organs were harvested as described previously (40).

Immunohistochemistry
 Four µm frozen kidney sections were used for immunofluorescent stain-
ings. Sections were fixated with acetone followed by blocking endogenous per-
oxidase (0.03% H2O2)  and non-specific binding epitopes using 2% BSA. Collagen 
XVIII was detected using a rabbit anti-mouse collagen XVIII antibody directed 
against the NC1 epitope of collagen XVIII (kindly provided by Dr. T. Sasaki, Dept. 
Biochemistry and Molecular Biology, Oregon Health and Science University, Port-
land, OR, USA). MBL-C was detected using a rat anti-mouse MBL-C antibody (Hy-
cult Biotech, Uden, the Netherlands). Primary antibody binding was detected 
with a FITC labeled goat anti-rabbit IgG (Southern Biotech, Birmingham, USA) 
and an HRP labeled rabbit anti-rat IgG (DAKO, Glostrup, Denmark), separated 
by a blocking step with 2% normal rabbit serum to blocked unbound anti-rabbit 
epitopes. TSA tyramide-TRITC System (PerkinElmer LAS Inc) was used as a HRP 
substrate. Photomicrographs were taken at 630x magnification with confocal mi-
croscope (Leica SP8, Leica microsystems BV., Rijswijk, the Netherlands) at the 
Imaging and Microscopy Center (UMIC) of the University Medical Center Gronin-
gen. 

Results

Small heparan sulfate- and heparin-derived oligosaccharides specifically inhibit 
the lectin pathway, while GAG chain length and sulfation determines blockade 
of all three routes of complement
 A library of naturally, chemically or enzymatically modified and synthet-
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ic GAGs, as well as size-defined GAG depolymerization products was tested for 
their complement inhibiting potential in the WieLISA, which allows separate 
evaluation of the three pathways of the complement system. From the results 
(Table 1), it can be seen that heparins inhibit all three complement pathways. 
Heparin from different sources e.g. porcine intestinal mucosa and bovine lung 
shows strong inhibitory potential for all pathways. 6-O desulfated and N-desul-
fated heparin remain inhibitors of all pathways, showing that N- or 6-O-sulfation 
is not crucially involved in complement inhibition, as confirmed by the inhibitory 
profile of O-sulfated E. coli K5 polysaccharide (see below). However, the potential 
of 6-O desulfated and N-desulfated heparin to inhibit the CP and AP is reduced 
compared to unmodified heparin, indicating that the degree of sulfation seems 
to be important for efficient complement inhibition. Periodate reduced, re-oxi-
dized heparin is a non-anticoagulant heparin derivate in which the structure of 
the antithrombin binding site was modified, and the results in table 1 show that 
despite losing the ability to interact with antithrombin III, it remains able to inhib-
it all complement pathways, suggesting that the introduction of flexible joints at 
level of non-sulfated uronic acids in the heparin backbone structure is tolerated 
for complement inhibition and there is not relationship with the anticoagulant 
activity. LMW-heparins like fragmin, fraxiparin and enoxaparin are widely used 
in the clinic as anticoagulants and show strong potential to inhibit the LP and the 
AP, but show reduced inhibition of the CP compared to unfractionated heparin. 
Reducing the N-sulfation degree in LMW heparin significantly reduces the ability 
to inhibit all complement pathways. Smaller heparin fragments retain their abili-
ty to inhibit the LP, but are no longer able to inhibit the CP and AP, indicating that 
GAG chain length is a major determinant for CP and AP inhibition. The smallest 
heparin fragment tested, i.e. tetrasaccharides (4-mer), are found to be complete-
ly specific for inhibition of the LP.
 E. Coli-derived K5 polysaccharides share their polysaccharide backbone 
with heparin except that K5 polysaccharides carry exclusively glucuronic acid C5 
epimers, while heparin features >80% iduronic acid C5 epimers. Native K5 does 
not contain any sulfate groups and did not inhibit the complement system. O-sul-
fated and N + O-sulfated K5 both show strong inhibitory capacity for all three 
complement pathways, indicating that N-sulfation (next to O-sulfation) is not 
crucial for complement inhibition, as was also seen in the N-desulfated heparin 
derivatives (see above). O-sulfated K5 hexasaccharide does not inhibit the com-
plement unlike heparin hexasaccharides (see above). Whether this is due to the 
absence of N-sulfation, to the lack of C5 epimerization of the uronic acid residues 
in E. coli K5 polysaccharides compared to heparin, or by the different positioning 
of the O-sulfate groups is unknown.
 We also tested GAGs and polysaccharides with a different backbone 
structure than heparin. These results indicate that the chemical structure of the 
repeating unit is of lesser importance compared to the degree of sulfation when 
looking at complement inhibitory potential. Highly sulfated polysaccharides like 
fucoidan and dextran sulfate and to a lesser extent sulodexide (mixture of hep-
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arin (80%) and dermatan sulfate (20%)) show inhibition of all complement path-
ways. Chondroitin sulfate B (dermatan sulfate) with an intermediate amount of 
sulfates and high content of iduronic acid shows some inhibition of the LP, but 
not of the CP and AP, while chondroitin sulfates –A and –C with similar sulfation 
degree and the non-sulfated dextran T40 didn’t inhibit the three complement 
routes. 
 HS have a slightly different disaccharide composition compared to hepa-
rin and are less and more variably sulfated. HS from different sources (e.g. human 
aorta and bovine kidney) show in general substantial LP inhibition without signif-
icantly inhibiting the CP and AP. When the sulfation degree increases, HS become 
more potent inhibitors of the CP and AP, as depicted in figure 1E. Sulf2 treated HS 
from porcine mucosa does not show an altered inhibitory potential for a pathway 
compared to untreated HS from porcine mucosa, indicating that HS 6-O sulfation 
is not crucial for complement inhibition. Smaller HS fragments were found to be 
more specific inhibitors of the LP. 12-mer and 8-mer HS fragments showed com-
plete specificity for the LP and did not show any inhibition of the CP and AP. The 
4-mer did not show any inhibitory capacity for any pathway (HS-derived 6-mer 
was not available). 
 To test the effect of GAG length on the inhibitory potential of the comple-
ment system, 5 heparin fragments ranging from unfractionated heparin to hep-
arin-derived tetrasaccharides were tested in the WieLISA in a dose dependent 
fashion. As expected, unfractionated heparin showed the strongest inhibition in 
all pathways (Fig. 1A-C). Interestingly, the LP was inhibited most potently by un-
fractionated heparin with an IC50 value of 2µg/ml, in contrast to the CP (IC50: 
39) and the AP (IC50: 76)(Fig. 1D). Heparin octasaccharides and smaller heparin 
fragments become, up to the concentrations tested, specific LP inhibitors; IC50: 
octasaccharides: 3 µg/ml, hexasaccharides: 4 µg/ml and tetrasaccharides: 21 µg/
ml (Fig. 1D). These results indicate that a certain heparin chain length is required 
for inhibition of the CP and AP, while heparin fragments up to 4 saccharides in 
length can inhibit the LP.
 To illustrate the effect of heparin/HS sulfation on the inhibitory capacity 
of complement, we selected 6 heparin/HS/K5 preparations with different sul-
fation degrees from table 1 and displayed them in figure 1E. Heparin with >2,5 
sulfate groups per disaccharide showed, as observed before, strong inhibitory 
potential for all complement pathways. A reduced number of sulfate groups to 
1,0 or 0,8 per disaccharide, attenuated predominantly the ability to inhibit the CP 
and AP. Further lowering the sulfate content resulted in a reduced inhibition of all 
complement pathways (Fig. 1E).
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Table 1. Complement inhibition by heparin(oids), (derivatives of) K5 polysaccharide, (derivatives 
of) heparan sulfates and some other glycosaminoglycans. 
A library of glycosaminoglycan-derived polysaccharides were tested in the WieLISA for their com-
plement inhibiting potential. Values are expressed as percentage inhibition compared to control 
values without inhibitor. GAGs were added in a concentration of 100ug/ml in the classical and lec-
tin pathway assay and due to a higher serum concentration at 200ug/ml in the alternative pathway 
assay.      

Glycosaminoglycans Classical path-
way

Lectin path-
way

Alternative 
pathway

Heparins and heparins derivatives

Porcine intestinal mucosa 84,96 98,20 99,84

Ovine intestinal mucosa 82,74 96,99 96,27

Bovine lung 65,79 89,99 73,77

SULF-2 treated heparin 53,52 95,64 48,31

N-desulfated, re-acetylated heparin 6,22 52,35 41,73

Periodate reduced, re-oxidized heparin 60,03 91,28 97,32

LMW-heparin (Fragmin) Mw: 6000 72,58 98,27 98,43

LMW-heparin (Fraxiparin) Mw: 4500 48,33 95,36 92,27

LMW-heparin (Enoxaparin) Mw: 4500 64,55 97,39 94,98

LMW N-desulfated, reacetylated heparin 8,39 46,18 44,27

Heparin-derived 18-mer 12,82 71,02 20,01

Heparin-derived 16-mer 26,81 89,53 25,31

Heparin-derived 14-mer 25,85 91,67 35,24

Heparin-derived 12-mer 25,51 94,03 37,71

Heparin-derived 10-mer 14,26 87,46 21,23

Heparin-derived 8-mer 19,97 93,18 25,79

Heparin-derived 6-mer 11,59 92,70 0,00

Heparin-derived 4-mer 0,00 73,74 0,00

E. coli K5-derived polysaccharides

Native K5 0,00 0,81 2,92

O-sulfated K5 99,51 84,18 89,24

N-+ O-sulfated  K5 99,54 92,94 97,19

O-sulfated K5 hexasaccharides 0,00 2,37 0,00

Glycosaminoglycans

Chondroitin sulfate A 0,00 1,43 2,33

Chondroitin sulfate C 0,00 0,00 0,00

Chondroitin sulfate B (Dermatan sulfate) 0,00 38,95 7,29
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Sulodexide 52,04 92,75 73,01

Polysaccarides

Dextran T40 3,80 7,72 16,54

Dextran sulfate 100 99,47 99,65

Fucoidan 98,27 77,85 78,71

Heparan sulfate and Heparan sulfate derivatives 

HS human aorta 5,19 22,89 7,25

HS EHS mouse sarcoma 16,86 31,48 22,13

HS bovine intestine 20,59 76,20 39,42

HS bovine kidney 3,00 72,90 0,00

N-sulfated HS bovine kidney 4,68 31,81 11,57

HS porcine mucosa 8,83 94,91 0,00

HSulf2 treated  porcine mucosal HS 26,83 94,50 25,71

Heparan sulfate derived 18-mer 4,94 90,86 24,93

Heparan sulfate derived 16-mer 10,73 91,86 32,14

Heparan sulfate derived 14-mer 3,76 91,91 17,50

Heparan sulfate derived 12-mer 0,41 92,81 2,57

Heparan sulfate derived 10-mer 0,00 87,02 0,00

Heparan sulfate derived 8-mer 0,00 73,64 0,00

Heparan sulfate derived 4-mer 0,00 0,00 0,00

Heparin oligosaccharides inhibit the protease enzymatic activity of MASPs and 
thereby reduce C4b deposition
 The previous results showed that smaller heparin fragments can specifi-
cally inhibit the LP of complement. The LP differs from the CP only in the pattern 
recognition molecule: MBL (in the WieLISA) vs. C1q, and the serine protease, 
MASP-1 and -2 vs C1r and C1s. To pinpoint whether the small heparin oligosac-
charides interfere with MBL or MASP, the inhibitory effect of heparin (fragments) 
on the MBL-mannan interaction was tested. Serum was co-incubated with the 
heparin (fragments) on a mannan coated plate and MBL binding to mannan was 
used as a read out. The results revealed that none of the selected heparin prepa-
rations, which all inhibit the LP in the WieLISA, could not inhibit the MBL binding 
to mannan in any of the concentrations tested (Fig. 2A). 
 To strengthen the conclusion that heparin does not interfere with the 
MBL-mannan interaction, heparin (fragments) were tested in a ficolin-3 mediated 
LP activity assay. This assay measures LP activity with ficolin-3 as pattern recog-
nition molecule for immobilized acetylated BSA instead of MBL with immobilized 
mannan. In ficolin-3 mediated LP activation cleaving of C4 and C2 is, like in the 
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MBL mediated route, dependent on MASP activity. The heparin (fragments) show 
a dose dependent inhibitory pattern in the ficolin-3 mediated LP assay identical 
to the MBL mediated WieLISA (Fig. 2B versus 1B). Unfractionated heparin shows 
the strongest inhibitory effect with an IC50 of 3 µg/ml. Decreasing the GAG length 
results in reduced inhibitory potential for LMW heparin, octasaccharides and 
hexasaccharides heparin (IC50: 7 µg/ml, 11 µg/ml and 16 µg/ml respectively). 
Heparin tetrasaccharides show the lowest inhibitory potential with an IC50 of 
342 µg/ml (Fig. 2B). These results indicate that the inhibition of the LP by heparin 
(oligosaccharides) is via inhibition of the MASP enzymes and not via inhibition of 
the pattern recognition molecules MBL and ficolin-3.
 We showed that smaller heparin fragments did not inhibit the CP, while 
the CP and LP are only separated by the pattern recognition molecule and the 
serine proteases. We already showed that the heparin oligosaccharides do not 
inhibit the pattern recognition molecule of the LP. Therefore the tested heparin 

Figure 1, Effect of GAG length and sulfation on complement inhibition 
Complement inhibitory potential of selected heparin derivatives was evaluated in a dose depend-
ent fashion. The concentration-response curves of representative experiments show that all hepa-
rin derivatives tested are strong LP inhibitors (B), while the CP and AP are only inhibited by heparin 
and LMW heparin in concentrations of ≥50µg/ml (A+C). Heparin hexa-and tetrasaccharides are ful-
ly specific LP inhibitors (A-C). (D) IC50 values (µg/ml) of the dose dependent inhibition assays (A-C) 
of the heparin fragments tested. (E) Illustration of the role of sulfation on complement inhibition. 
The average amount of sulfate groups per disaccharide is between brackets. Heparin shows inhib-
itory potential for all pathways. Reducing the number of sulfate groups per disaccharide results 
predominantly in a reduced potential to inhibit the CP and AP while the inhibitory potential for the 
LP is initially preserved.
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8
oligosaccharides are likely to inhibit the function of the MASP enzymes. To test 
this, we used an assay to measure the C4 cleavage potential (by measuring C4d 
deposition) of the MASPs. Since C4 is completely cleaved by MASP-2, this is pre-
dominantly a MASP-2 assay (41). Interestingly unfractionated heparin showed a 
relatively mild inhibitory potential (IC50: 102 µg/ml) compared to the LMW-hep-
arin enoxaparin, heparin oligosaccharide and heparin hexasaccharide (IC50: 63 
µg/ml, 59 µg/ml and 70 µg/ml respectively). The weakest inhibitory effect is 
shown by the heparin tetrasaccharide with an IC50 of 296 µg/ml (Fig. 2C). These 
assays revealed that heparin oligosaccharides inhibit the LP at the level of the 
MASP enzymes in a dose dependent manner.

A B

C

Unfractionated heparin

Heparin tetrasaccharide

Heparin hexasaccharide
Heparin octasaccharide
LMW heparin

Figure 2. Heparin-derived oligosaccharides inhibit the lectin pathway of complement via inhibi-
tion of C4d deposition
To determine which LP component is inhibited by heparin derivatives MBL and MASP inhibition 
was tested. Representative experiments show that heparin derivatives did not inhibit the binding 
of MBL to mannan (A). The selected heparin fragments did however show inhibition of the LP 
when the LP was initiated by ficolin-3 binding (B). Heparin fragments did also show an inhibitory 
effect in a C4d deposition assay, as a measure for MASP-2 activity (C). Data are expressed as single 
measurement (A+B) or mean ± SEM (C)
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Sulfation pattern determines the lectin pathway inhibitory potential of heparin 
tetrasaccharides
 To determine the importance of positioning of the sulfate groups within 
the heparin tetrasaccharides for the inhibition of the LP, three differently sul-
fated tetrasaccharides were isolated to homogeneity and characterized for di-
saccharide composition; dp4-1 (ΔHexA,2S-GlcNS + ΔHexA,2S-GlcNS,6S),  dp4-2 
(ΔHexA-GlcNS,6S + ΔHexA,2S-GlcNS,6S) and dp4-3 (ΔHexA,2S-GlcNS,6S + ΔHex-
A,2S-GlcNS,6S) were tested in the WieLISA and the C4 activation assay (for data 
on the characterization of the tetrasaccharides see supplemental data). The most 
sulfated tetrasaccharide dp4-3 was the only compound able to inhibit the LP of 
complement with an IC50 of ≤50µg/ml. This IC50 values is similar to the tetrasac-
charide tested in figure 1. No inhibitory effect of these compounds was seen in 
the CP or AP (Table 2).
 
Table 2. Inhibition of the lectin pathway by differently sulfated heparin tetrasaccharides
Differently sulfated tetrasaccharides were tested for LP inhibitory potential to evaluate the im-
portance of O- and N-sulfation on LP inhibition. Data are expressed as % inhibition compared to 
non-inhibited control.

Saccharides Classical 
pathway

Lectin path-
way

Alternative 
pathway

WieLISA
IC50 (µg/ml)

Dp4-1 >50 >50 >50
Dp4-2 >50 >50 >50
Dp4-3 >50 23,25 >50
ΔU,2S,GlcNS,6S,IdoA2S,GlcNS,6S 
(37% of mixture)

>50 >50 >50

C4 deposition assay
Dp4-1 - 198,2 -
Dp4-2 - 306,9 -
Dp4-3 - 187,6 -

 To evaluate the MASP-2 inhibitory capacity, these tetrasaccharides were 
tested in the C4d deposition assay as described above. Dp4-3 showed, like in the 
WieLISA assay the strongest inhibitory potential with an IC50 of 188 µg/ml. The 
tetrasaccharide sulfated on the 2-O and N position, dp4-1, showed a comparable 
or slightly weaker inhibitory capacity (IC50 198 µg/ml), while the tetrasaccharide 
sulfated on the 6-O and N position, dp4-2, showed a reduced inhibition (IC50 307 
µg/ml). Besides, a different tetrasaccharide fraction was obtained by size exclu-
sion chromatography after β-elimination depolymerization of the LMW-heparin 
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enoxaparin. This tetrasaccharide preparation contained for only 37% the fully 
tri-sulfated pattern ΔU,2S,GlcNS,6S,IdoA2S,GlcNS,6S as determined by LC/MS. 
This preparation was barely inhibitory for the LP of complement (IC50:>50 µg/
ml). This finding corroborates that the fully trisulfated heparin-derived tetrasac-
charide is the compound that specifically inhibits the LP, most likely by inhibiting 
the enzymatic activity of MASP-2.

MBL-MASP complex binds to immobilized heparin
 We have shown in this study that specific domains in heparins and HS 
can inhibit the LP of complement by inhibiting the enzymatic activity of the MASP 
enzymes. To test whether the MBL/MASP complex in serum indeed binds to sol-
id phase heparin/HS, we incubated serum in heparin-albumin coated wells and 
measured whether MBL, MASP-1 and MASP-2  were bound to the immobilized 
heparin. The results showed binding of MBL and both MASP enzymes to immo-
bilized heparin in a similar dose dependent fashion (Fig. 3A). These results could 
suggest that MBL and MASP bind to heparin in complex form, as it is found in 
serum.   
 These results made us hypothesize that HS in extracellular matrices and 
cell membranes could function as docking platforms for the MBL/MASP complex 
in vivo. We therefore selected a streptozotocin-induced diabetic mouse model, 
which is known for LP involvement in glomerular pathology. Because there is 
currently no working MASP staining available, we decided to demonstrate the 
presence of the MBL/MASP complex by MBL staining. The localization of the 
MBL/MASP complex was evaluated in wild-type diabetic mice and in endothelial 
Ndst1 knockout diabetic mice (37,40). Ndst1 is an enzyme catalyzing N-sulfation 
of HS during the polysaccharide biosynthesis, and endothelial deficiency of Ndst1 
results in strongly undersulfated endothelial HS proteoglycans (HSPGs). The MBL 
staining was double stained with collagen XVIII, a basement membrane HSPG. 
We earlier showed endothelial basement membranes including the glomerular 
basement membrane and mesangial matrix to be positive for collagen XVIII, and 
we also showed the existence of subendothelial binding sites for adhesion mol-
ecule L-selectin and chemoattractant MCP-1 within the HS side chains of mouse 
collagen XVIII (42,43). Double staining for collagen XVIII and MBL in wild type 
diabetic mice revealed that MBL and collagen XVIII co-localize both in the me-
sangial areas as well as in the glomerular basement membranes of the glomeruli 
(Fig. 3C-E). On the contrary, mice deficient in endothelial Ndst1 and therefore 
deficient in endothelial HSPGs, did show MBL deposition in the mesangial areas, 
but not within the glomerular basement membranes of the glomeruli (Fig. 3F-
H). Upon quantification, MBL deposition was significantly reduced in the kidneys 
of the KO mice (Fig. 3B). These results indicate that mesangial and glomerular 
basement membrane HSPGs like collagen XVIII, might serve as docking platforms 
for MBL/MASP in diabetic mice. Dysfunctional endothelial HSPGs thus resulted 
in reduced glomerular basement membrane deposition of MBL/MASP complex, 
without any change in the mesangial areas. 
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Figure 3, HSPGs might serve as docking stations for the MBL/MASP complex
(A): A representative experiment shows that incubation of serum on a heparin-albumin coated 
plate resulted in MBL and MASP1/2 binding to heparin, most likely in complexed form. (B):  En-
dothelial Ndst1 knockout resulted in reduced MBL deposition in the glomeruli of streptozotocin 
induced diabetic mice compared to wildtype mice as shown before {{296 Ditmer T., Talsma;}}. (C-
H): Representative double staining for collagen XVIII and MBL revealed co-localization in the glo-
merular capillary wall (closed arrows) and mesangial areas (open arrows) of the glomerulus in 
WT diabetic mice (C-E), while the diabetic mice with deficient endothelial HSPG showed reduced 
staining along the glomerular capillary wall, however with unchanged mesangial depositions (open 
arrows) (F-H). 
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Discussion

 The interaction of GAGs (especially heparin-related GAGs) with comple-
ment has been known for some decades, however it was never tested on a larger 
scale whether GAGs and derivatives thereof could be specific inhibitors of either 
of the complement pathways. In this study we tested a library of GAG-related 
polysaccharides for their complement inhibitory capacity and showed that only 
the LP of complement can be specifically inhibited by some HS and heparin- and 
HS-derived oligosaccharides. Decreasing the disaccharide length of the HS and 
heparin oligosaccharides resulted in more specificity for the LP and loss of CP 
and AP inhibitory activity. Since the LP shares the C3 convertase C4b2a with the 
CP, LP-specific GAGs must inhibit either the MASP enzymes or the pattern recog-
nition molecules of the LP. Our results show that heparin fragments inhibited the 
cleaving of C4, but did not inhibit the binding of MBL to mannan, suggesting an 
inhibitory effect of GAGs on either MASP-1 or MASP-2 activity. This conclusion is 
further strengthened by the finding that the tested GAGs are also able to inhibit 
the LP initiated by ficolin-3 as a pattern recognition molecule. We could also show 
binding of the MBL/MASP complex to immobilized heparin and co-localization of 
MBL and the HSPG collagen XVIII in the glomerular capillary wall and mesangial 
area of murine diabetic glomeruli, with reduced capillary wall deposition of MBL 
in diabetic mice with endothelial HS deficiency. These data suggest that HS in situ 
might function as a focus point of LP initiation.
 GAG length, disaccharide composition and linkages, together with sulfa-
tion pattern form the main determinants for binding properties to a number of 
proteins and this study shows that this holds true for complement components 
as well. We showed that smaller heparin and HS depolymerization products lose 
their ability to inhibit the CP and AP and become specific inhibitors for the LP. 
This is an interesting finding, since most interactions between GAGs and proteins 
require either substantial polysaccharide length, or a specific sulfation pattern 
of defined length like e.g. the interaction between GAGs and anti-thrombin III 
(44). Anti-thrombin bound to heparin has been shown to be a potent inhibitor 
of the LP, however binding of heparin-based oligosaccharides to anti-thrombin III 
requires a specific 3-O sulfated pentasaccharide sequence (22). Since our results 
show that heparin tetrasaccharides without any 3-O sulfation can inhibit the LP, 
we prove that small GAGs can also inhibit the LP through an anti-thrombin III inde-
pendent mechanism. This is supported by the fact that non-antithrombin binding 
GAGs like GS-H and HS inhibit the LP of complement. Moreover, the heparin frag-
ments all inhibit the activation of C4 in the absence of ATIII. The comparison of 
four different β-elimination heparin-derived tetrasaccharide fragments revealed 
the best LP/MASP inhibition by the fully hexasulfated ΔHexA,2S-GlcNS,6S + ΔHex-
A,2S-GlcNS,6S structure. This structure could be a promising starting molecule to 
develop related small glycan-based LP/MASP inhibitors with higher affinity.
 In larger GAGs, the inhibitory capacity is predominantly determined by 
sulfation degree and not by disaccharide composition and linkages. Besides hep-
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arin, GAGs carrying a different backbone like O-sulfated E. coli K5 polysaccharide, 
and GAG-like polysaccharides fucoidan and dextran sulfate show equally strong 
inhibition of all complement pathways, indicating an important role for GAG 
sulfation for complement inhibition. As we demonstrate in figure 1E, inhibition 
of the CP and AP is dependent on a relatively high sulfation degree, therefore 
the lower sulfated HS lacked inhibitory capacity for these pathways. It can be 
appreciated from table 1 that in most cases the inhibitory capacity of GAGs is 
comparable for the CP and AP. This might suggest that the CP and AP share an 
inhibitory GAG binding epitope.  The known interactions between GAGs and the 
complement system have been summarized by us before (45) and we have more 
extensively investigated the interaction between GAGs and properdin (11). Inter-
estingly, the GAGs showing the highest affinity for properdin in the study earlier 
conducted, also show the strongest CP and AP inhibition (11). This might indicate 
a role for the GAG/properdin interaction in our current results. Properdin is a 
stimulator of the AP, by stabilizing the C3 convertase, but can have the same ef-
fect in the CP since cleaving of C3 by the C3 convertase C4bC2a can be followed 
by AP activation. Whether the inhibition by GAGs of the CP and AP is indeed 
properdin mediated or not should be studied further, since interactions between 
GAGs on one hand and AP activator properdin, AP inhibitor factor H (12) and CP 
inhibitors like C1-inhibitor on the other hand have been described (46).
 We showed in this study that the inhibitory effect of GAGs on the lec-
tin route of complement is not pattern recognition molecule related, but rather 
MASP related. As delicately shown by Héja and colleagues, MASP-2 is solely re-
sponsible for the activation of C4 and both MASP-1 and 2 are responsible for the 
activation of C2 (41). Although this study shows that GAGs inhibit the C4 activa-
tion, we can only speculate that heparin fragments may inhibit MASP-1 or 2. Lit-
erature has demonstrated that MASP-2, but not MASP-1, has a highly positively 
charged exosite located in the serine protease domain (47,48). Under physiologi-
cal conditions, this positively charged exosite is believed to be the binding site of 
C4, which carries a negatively charged cluster. Since heparin, and HS to a lesser 
extent, are negatively charged due to their sulfate groups, we propose that spe-
cific LP inhibition by HS and heparin oligosaccharides occurs via binding to this 
positively charged exosite. Since we also showed binding of the MBL-MASP com-
plex to immobilized heparin, the theory of heparin binding to MASP-2 is strength-
ened as there are no other positively charged areas on the MBL-MASP complex, 
except for the carbohydrate recognition domains on the MBL molecule. However 
since we have shown that the binding of MBL to mannan cannot be inhibited by 
heparin fragments, inhibition of LP activation by binding of heparin derivatives to 
MBL is unlikely. 
 The finding that the MBL-MASP complex can bind to heparin and that HS 
GAGs can inhibit the LP of complement, however does suggest that HS proteogly-
cans in vivo can bind this complex and act as a docking station for the MBL-MASP 
complex and localize LP activity. This might thus imply that in vivo cell membrane 
and/or basement membrane HSPGs endowed with defined MASP-binding sac-
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charide epitopes, critically determine LP localization and activation under certain 
circumstances. In support to this, we showed differential co-localization of MBL 
and HS proteoglycan collagen XVIII within the glomerular capillary wall of diabet-
ic mice, depending on the presence or absence of functional endothelial HS. Nev-
ertheless, we show in this study that HS and small heparin fragments are specific 
LP inhibitors, although IC50 values are rather high, indicating micromolar affinity 
range. To date there is no specific LP inhibitor on the market, although a phase 
II clinical trial in renal patients using humanized anti-MASP-2 mAb (OMS721 by 
OMEROS, Saettle WA, USA) was recently closed with promising results in patients 
suffering from IgA nephropathy and lupus nephritis.  Current treatment option 
for LP mediated conditions would be C5 inhibitor eculizumab. However eculi-
zumab is very expensive and inhibits all three complement pathways. The use of 
polysaccharide-based therapeutics has the advantages: production can be cheap 
and easy, and polysaccharides are not susceptible to proteolytic enzymes, mak-
ing them less vulnerable to degradation. Moreover, decades of experience has 
been obtained with heparin based therapeutics in the field of anti-coagulation. 
Therefore, we believe that polysaccharide based specific LP inhibitors have good 
potential for further development.
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Supplementary Methods

Disaccharide analysis of Heparin tetrasaccharides
 Heparin tetrasaccharide species dp4-1, dp4-2 and dp4-3 (1 µg) resus-
pended in 100 µl of 100 mM sodium acetate, 0.5 mM CaCl2, pH 7.1 were digested 
to disaccharides by successive incubations with 10 mU of heparinase I (Grampi-
an enzymes, Orkney, UK) overnight at 30 °C, and with 10 mU of heparinase II/
heparinase III (Grampian enzymes) for 24 h at 37 °C. Disaccharide analysis was 
determined by reverse-phase ion-pair high-performance liquid chromatography 
(RPIP-HPLC). Digestion products were applied to a Luna 5µ C18 reversed phase 
column (4.6 × 150 mm, Phenomenex) run at 1.1 mL/min in 1.2 mM tetra-N-bu-
tylammonium hydrogen sulfate, 8.5% acetonitrile. Disaccharides were resolved 
using a multi-step NaCl gradient (0–8 mM in 10 min, 8–30 mM in 1 min, 30–56 
mM in 11.5 min, 56–106 mM in 1.5 min, and 106 mM for 6 min) calibrated with 
disaccharide standards (Iduron). Detection was achieved by on-line post-column 
disaccharide derivatization. A solution of 0.25% 2-cyanoacetamide, 0.5% NaOH 
at a flow rate of 0.35 mL/min was added to the column eluents, followed heating 
in a reaction oven (130°C, 10m loop). Derivatized disaccharides were then de-
tected by fluorescence measurement (excitation 346 nm, emission 410 nm).

Supplementary figure

Disaccharides dp4-1 dp4-2 dp4-3

NAc - - -
NS - - -
6S - - -
2S - - -
NS6S - 52,3 -
NS2S 44.1 - -
2S6S - - -
NS2S6S 55.9 47.7 100

Figure S1. Disaccharide analysis of heparin tetrasaccharides
Disaccharide composition of Heparin tetrasaccharides dp4-1, dp4-2 and dp4-3. NAc = ΔHexUA-
GlcNAc; NS = ΔHexUA-GlcNS; 6S = ΔHexUA-GlcNAc,6S; 2S = ΔHexUA,2S-GlcNAc; NS6S = ΔHex-
UA-GlcNS6S; NS2S = ΔHexUA,2S-GlcNS; 2S6S = ΔHexUA,2S-GlcNAc,6S; NS2S6S = ΔHexU-
A,2S-GlcNS6S; - = not detected.



166



167

9
 

Summary, General Discussion & 
Future Perspectives



168

Chapter 9

In this thesis we explored the role of heparan sulfate proteoglycans 
(HSPGs) in renal inflammation, with a focus on leukocyte migration and comple-
ment activation. We experimentally showed the crucial role of (sub-)endothe-
lial HSPGs on renal leukocyte infiltration in diabetic kidney disease, ischemia/
reperfusion (I/R) and renal transplantation. In a rat renal transplantation model, 
we demonstrated that treatment with heparin (derivatives) doesn’t lead to im-
proved graft function, despite reduced inflammation, most likely due to increased 
lymphatic migration of antigen presenting cells as a result of heparin (deriva-
tive) treatment. In the second part of the thesis we showed HSPGs to function 
as docking platforms for complement components. We showed that binding of 
the alternative complement pathway component properdin to tubular epithelial 
cells is largely syndecan-1/heparan sulfate dependent, but, in contrast to other 
sites, does not require initial C3b binding and efficiently initiates the alternative 
route of complement. We furthermore showed that bound properdin can be dis-
sociated from cellular heparan sulfate by tick protein SALP20, a powerful inhibi-
tor of the alternative pathway of complement. Moreover, we demonstrated the 
potential of heparan sulfate (HS) and heparin derivatives to specifically inhibit 
the lectin pathway of complement via MASP enzyme inhibition and that HSPGs 
might dock the MBL/MASP complex. 
 About a decade ago, Wang and colleagues elegantly showed that en-
dothelial HSPGs are major contributors to leukocyte recruitment. It was shown 
that endothelial HSPGs are ligands for L-selectin and play a role in chemokine 
presentation to high affinity receptors on leukocytes (1). The group of Wang, we 
and others subsequently explored the role of endothelial HSPGs in various dis-
eases concluding that the interaction between endothelial HSPGs,  L-selectin and 
chemokines can be a target for anti-inflammatory treatment (2-5). In chapter 
3 we showed, in line with these results, that glomerular and tubulo-interstitial 
leukocyte recruitment in experimental diabetic kidney disease is attenuated by 
endothelial deficient in sulfated HSPGs. Moreover and more importantly, we 
showed a protective effect of under sulfated endothelial HSPGs on renal fibrosis, 
which has not been shown before. The relationship between HSPGs and fibrosis 
has been known for quite some time (6) and our group already demonstrated 
that HSPG expression is changed under pro-fibrotic circumstances (7). In line with 
these findings, Alhasan and colleagues showed that fibrosis in chronic transplant 
dysfunction is accompanied by an increased expression of 6-O sulfated heparan 
sulfates on tubular epithelium and that 6-O sulfation increases the binding of 
FGF-2 to tubular epithelial cells, leading to increased pro-fibrotic signaling (8). Al-
though these studies focused primarily on the effect of HSPG changes in epithe-
lial cells, we showed in chapter 3 that under sulfated endothelial HSPGs prevent 
glomerulosclerosis and interstitial fibrosis. Whether endothelial HSPGs influence 
the fibrotic process directly or indirectly via prevention of inflammatory leuko-
cyte influx we can only speculate on. It is known that inflammation and fibrosis 
are closely linked to each other (9). However a direct effect of under sulfated 
endothelial HSPGs on fibrosis due to a disruption of fibrocyte influx, disruption of 
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chemokine signaling to myofibroblasts or disruption of the signaling pathways of 
endothelial to mesenchymal transition could also contribute to the effect seen. 
Further research on how under sulfated endothelial HSPGs contribute to an an-
ti-fibrotic effect could be interesting both from a clinical and mechanistic point of 
view.

In the research field of proteoglycans and inflammation there is some 
controversy on the question whether endothelial basement membrane (BM) or 
endothelial surface layer (ESL) HSPGs are the major contributors to leukocyte 
recruitment. From the data in chapter 3, and other publications, it becomes 
clear that endothelial HSPGs are involved in leukocyte recruitment. However 
since endothelial cells produce both the ESL and in part the BM HSPGs, no firm 
conclusions could be drawn from these experiments on the localization of in-
volved endothelial HSPG (2,3). Therefore in chapter 4 we studied in vitro and in 
vivo the effect of collagen XV and XVIII deficiency on leukocyte recruitment in 
an ischemia reperfusion (I/R) model. Collagen XV and XVIII are collagen/HSPG 
hybrid molecules which are present in the abluminal BM zone of blood vessels. 
We demonstrated that collagen XV and XVIII are essential for macrophage and 
neutrophil recruitment, indicating that these BM HSPGs play a dominant role 
in leukocyte transmigration. It is thought that ESL HSPGs are primarily involved 
in binding of L-selectin and presenting chemokines to high affinity receptors on 
leukocytes. It has however also been shown that deficiency of syndecan-1, an ESL 
HSPGs, results in increased leukocyte transmigration (10). Therefore a second 
theory constitutes that the ESL under normal circumstances is covering E- and 
P-selectin and adhesion molecules such as ICAM-1 and VCAM-1 on the endo-
thelial cell, but degradation of the ESL under inflammatory stimuli reveals these 
selectins and CAMs, thereby aiding in leukocyte transmigration. It is for example 
thought that the anti-inflammatory effect of sulodexide, a mixture of heparan 
sulfate and dermatan sulfate, is partially because of the inhibition of hepara-
nase-1, thereby inhibiting the degradation of the ESL (11,12). The roles of the ESL 
in leukocyte recruitment have recently been nicely summarized by Marki et. al. 
(13). The contribution of BM HSPGs is thought to be more in terms of chemokine 
gradient stabilization over the entire width of the basement membrane, which is 
essential to overcome the physical BM barrier for leukocyte extravasation. Thus, 
in chapter 4 we showed that deficiency of the endothelial BM for HSPGs can 
obliterate the transmigration of neutrophils and macrophages. This finding is in 
line with experiments of Celie and colleagues who showed that under inflamma-
tory circumstances, BM HSPGs convert into major chemokine, but also L-selectin 
binding entities. This indicates that BM HSPGs might be more than just chemo-
kine presenters in leukocyte transmigration (4). Comprehensive models should 
be developed to study the exact contribution of ESL and BM HSPGs in leukocyte 
recruitment. 

Knockout studies for endothelial and BM HSPGs as shown in chapter 3 
& 4 suggest that the interaction between HSPGs and chemokines could be a tar-
get for therapy in inflammatory renal diseases. Targeting the chemokine - HSPG 
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interaction to reduce inflammation has been tested in various experimental 
models using different methods. Gschwandtner and colleagues used a CXCL8 
mutant with high affinity for GAGs but without signaling activity in a model for 
lung fibrosis, uveitis and urinary tract infection. In all experimental models the 
treatment with the decoy protein resulted in reduced leukocyte transmigration 
(14). In experimental renal chronic transplant dysfunction, treatment with low 
molecular weight reviparin resulted in reduced leukocyte accumulation in the in-
terstitium and improved graft function compared to controls (15). Trials to target 
the chemokine HSPG interaction in humans have been undertaken by targeting 
MCP-1. It has been shown in a phase II clinical trial that treatment with a MCP-
1 neutralizing spiegelmer (emapticap pegol) can reduce the albumin creatinine 
ratio in diabetic nephropathy patients (16). These positive results in clinical trials 
open the opportunity to investigate whether the chemokine HSPG interaction is 
a viable target in other inflammatory diseases as well.
 In chapter 5 we treated allografted rats with heparin and two heparin 
derivatives to interrupt the chemokine/HSPGs interaction and subsequently re-
duce leukocyte migration in this model for chronic transplant dysfunction. It had 
already been shown that heparin derivatives like reviparin could reduce leuko-
cyte migration and allograft dysfunction (15). However these studies were done 
with anti-coagulant heparin derivatives, which can be a disadvantageous feature 
in anti-inflammatory treatment when anti-coagulation is clinically undesirable. 
Therefore, in chapter 5, we included two heparin derivatives lacking anti-coagu-
lant action. One of the non-anti-coagulant heparins, glycol-split heparin, showed 
a reduction in leukocyte accumulation in the interstitium, however, failed to im-
prove graft function. To the contrary, treatment with glycol-split heparin seemed 
to reduce graft function, although not significantly. We showed in chapter 5 
that this is related to increased antigen presenting cell migration towards the 
lymphatic system. Migration of antigen presenting cells over the lymphatic en-
dothelium is, like vascular leukocyte migration, chemokine gradient mediated. 
Two majorly involved chemokines in this process are CCL19 and CCL21. Of the 
latter we showed that it can bind glycol-split heparin with a higher affinity than 
perlecan, a major constituent of the (lymph-) endothelial BM and a stabilizer of 
the chemokine gradient. Together with literature showing that CCL21 binding to 
glycosaminoglycans (GAGs) results in oligomerization, leading to increased func-
tionality of CCL21 (17), we conclude that the reduction in graft function in gly-
col-split heparin treated animals may be  due to an increased antigen presenting 
cells migration towards the lymphatic system. This increased migration can then 
lead to increased antigen presentation in lymph nodes resulting in a stronger al-
lograft response by the acquired immune system. Glycol-split heparin differs sig-
nificantly from the LMW heparin reviparin in length and molecular flexibility. This 
could explain the different results in our study compared to other studies using 
heparin (derivatives) in inflammatory models. The stimulatory effect on lymphat-
ic migration of glycol-split heparin is disadvantageous in treating chronic trans-
plant dysfunction, however could be useful in the cancer research field where it 
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can be of interest to stimulate antigen presenting cell migration to strengthen the 
acquired immune response against malignant cells. Therefore stimulating APC 
migration using heparin derivatives could increase the response to therapy (18).
 Since the results from chapter 5 show that high affinity for multiple 
chemokines can lead to unwanted effects, it can be concluded that specific af-
finity for one target in the inflammatory cascade should be an important fea-
ture of GAG based anti-inflammatory agents. For the use of GAGs in targeting 
the chemokine HSPG interaction, a library of GAGs should be tested for affinity 
for multiple chemokines involved, as has been done for the complement system 
in chapter 8, to prevent unwanted effects as seen in chapter 5. Thereafter the 
effect of GAG binding on chemokines should be thoroughly investigated since 
most GAG/chemokine interactions facilitate oligomerization, increasing their ef-
fectiveness as has been demonstrated in vivo (19,20). It might be interesting to 
test whether GAGs can inhibit the oligomerization of chemokines. Small heparin 
fragments, as have been shown to be specific and functional in chapter 8, might 
be a suitable candidate to bind the GAG binding epitope on chemokines, without 
stimulating oligomerization. It has e.g. been shown in vitro that heparin tetra-
saccharides have an inhibitory effect on the interaction between CCL5 and CCR1 
(21). Other options can be to target leukocyte entry from the vasculature via the 
chemokine/HSPG interaction. Targeting chemokines using monoclonal antibod-
ies, e.g. against MCP-1, has been discussed before in this chapter. Studies using 
siRNA to reduce GAG sulfation, via the inhibition of the transcription of sulfo-
transferases, have shown to reduce macrophage influx and improve respiratory 
function in elastase induce pulmonary emphysema (22). Concluding from chap-
ter 2, 3, 4 & 5, we think that targeting the chemokine/HSPG interaction can by a 
viable target in renal inflammatory mechanisms. Multiple methods to target this 
interaction have been shown to be effective in different experimental models. 
 One of the interesting findings from chapter 5 is the ability to influence 
the effectiveness of lymphatic chemokines and thereby increase lymphatic mi-
gration of leukocytes. In chapter 5 we unfortunately showed an increase in the 
lymphatic leukocyte migration while in transplantation a reduction in lymphatic 
leukocyte migration could be beneficial for the patient. Inhibition of the CCL21/
CCR7 signaling has already been shown to improve graft function in corneal 
transplantation, by reducing dendritic cell migration to the draining lymph node 
by treatment with a CCR7 blocking agent (23). Whether an inhibiting effect on 
the CCL21/CCR7 axis can be repeated by a GAG based treatment is unknown. 
Heparin treatment of CCR7 carrying leukocytes did not influence migration over 
high endothelial venules (24). Targeting CCL21 with unfractionated heparins to 
reduce lymphatic leukocyte migration has been proven difficult in chapter 5. 
Literature shows that binding of heparin to CCL21 induces oligomerization and 
therefore increased function of CCL21 (25). Although it has been shown in vitro 
that heparin can also inhibit the function of CCL21 and reduce lymphocyte trans-
migration across high endothelial venules (24). This indicates that there might be 
possibilities for GAG based treatment in lymphatic leukocyte migration; however 
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the exact influence of heparin (derivative) binding on CCL21 effectiveness should 
be studied first. 

Many anti-inflammatory therapeutics released in the past few years like 
eculizumab and golimumab are monoclonal antibodies and therefore protein 
based. However these protein based therapeutics have some disadvantages like 
production costs, susceptibility to proteolysis and, in case of monoclonal anti-
bodies, the necessity of intravenous access and the development of an immu-
nological response against the therapeutic antibody. These disadvantages can 
be overcome by using GAG based therapeutics, although chapter 5 reveals one 
of the major problems in GAG based therapy namely specificity. Other factors 
important in therapeutic application like bio distribution and type of chemical 
bonding are relatively comparable between glycans and protein based therapies. 
Concerning ligand specificity, GAGs are synthesized in the Golgi apparatus by po-
lymerization of the monosaccharide units and are subsequently sulfated by a 
number of enzymes. The degree of sulfation as well as the position of the sulfate 
groups determines the binding affinity for different ligands. Although a disaccha-
ride unit can be sulfated on the N-, 2O-, 3O- and 6O- positions, leading to a wide 
variety of GAGs, these polysaccharides are not produced to bind specifically one 
ligand, unlike antibodies. Antibodies are produced to target one epitope on a 
ligand and are negatively selected for cross reaction to auto antigens. This differ-
ence in synthesis process makes the glycan more prone to have affinity for mul-
tiple epitopes and therefore more prone to cross react and subsequently more 
prone to side effects, as seen in chapter 5. Nevertheless, glycan based therapy 
has major advances too, e.g. easy and cheap production, and relatively easy ad-
ministration, although subcutaneous injection is still needed. Decades of experi-
ence with heparin as anti-coagulant with relatively minor side effects, shows that 
GAG based therapy targeting inflammation should be considered a viable option. 

Besides leukocyte recruitment we also investigated the role of HSPGs in 
complement activation in this thesis. The current standings in the treatment of 
complement using GAGs were reviewed in chapter 6. Literature has shown that 
properdin, a positive regulator of the alternative pathway (AP), is an important 
mediator in proteinuria induced tubular epithelial damage (26,27). Subsequently 
our group revealed that under proteinuric conditions properdin bind to HSPGs 
on proximal tubular epithelial cells (PTECs). In these studies the epitope require-
ments for properdin interaction with HS was determined and it was shown that 
binding of properdin to PTECs was significantly different from binding to endo-
thelial cells (28,29). However, a study by Harboe and colleagues showed that 
on endothelial cells binding of properdin is dependent on the initial binding 
of C3b (30). In chapter 7 we convincingly showed that binding of properdin to 
PTECs is independent of prior C3b deposition and binding experiments with syn-
decan-1 knockout PTECs reveal that binding of properdin is largely dependent of 
syndecan-1. These results indicate that under proteinuric conditions, properdin 
binds to HSPGs on the surface of PTECs and initiates the formation of the alterna-
tive C3 convertase. Whether properdin can be a viable target for intervention in 
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proteinuria mediated tubular epithelial damage should be investigated. 
In chapter 7 we furthermore show that Salp20, a tick saliva protein, binds 

with high affinity to properdin, independent of initial C3b binding, prevents bind-
ing of properdin to HSPGs and can dose dependently inhibit the deposition of 
C3b on PTECs in vitro. The fact that both the binding of C3b and HSPG can be 
blocked by Salp20, suggests that C3b, HSPGs and Salp20 share the same binding 
epitope on properdin. However, delicate work by two separate groups showed 
that the epitopes on properdin for C3b and sulfated glycoconjugates are not 
the same but positioned close to each other. They showed that C3b and HSPG 
binding is dependent on the trombospondin-1 repeat 5 of properdin. However 
trypsin treatment of properdin resulted in an altered trombospondin-1 repeat 
5 and thereby abolished C3b binding while sulfated glycoconjugates still bound 
(31,32). Nevertheless it is interesting that Salp20 can inhibit both the binding of 
C3b and HSPGs to properdin and this bimodal inhibiting effect could be beneficial 
for developing an AP blocking agent for proteinuric patients. As discussed in the 
thesis introduction, many renal diseases are characterized by AP activation and 
therefore Salp20 mediated inhibition of properdin could be a viable target for 
treatment of AP mediated renal diseases. In OVA-induced asthma and elastase 
induced abdominal aortic aneurysm Salp20 has already demonstrated a reduc-
tion in AP activation and subsequent injury (33). If the immunogenicity of Salp20 
can be tackled, further research should be undertaken to evaluate the clinical 
potential of this powerful inhibitor.

In chapter 6 and 7 we discuss multiple interactions between GAGs and 
complement factors, and present literature that shows that heparin can bind a 
variety of complement factors with high affinity (34). To evaluate whether this 
interaction can be targeted using heparan sulfate/heparin derivatives, we tested 
a library of GAGs for their complement inhibiting potential in chapter 8. From 
the library of GAGs we could not identify a specific classical pathway (CP) or AP 
inhibitor. However, we demonstrated that small heparin- and heparan sulfate-de-
rived oligosaccharides specifically inhibit the lectin pathway (LP) of complement 
and that this is most likely by inhibition of the MASP enzymes. The direct effect 
of GAGs on the MASP enzymes should however be confirmed in experiments 
with recombinant MASP enzymes. Nevertheless it is an interesting finding since 
the LP has been identified as a contributor to several renal diseases like I/R and 
transplantation, but also diabetic nephropathy, as we have shown in chapter 3. 
Interestingly, inhibition of MASP-2 using monoclonal antibodies has been shown 
to reduce LP mediated experimental gastrointestinal I/R injury (35) and clinical 
phase II trials are now performed to evaluate the effect of these monoclonal 
antibodies in patients suffering from thrombotic microangiopathies. However, 
complete consensus is not yet reached on the exact mechanism by which the 
LP causes injury in I/R, either via the canonical LP activation pathway, or via a 
LP activation independent pathway. Doubt is raised by a delicate study showing 
that MBL can be internalized by tubular epithelial cells after reperfusion injury 
and display pro-inflammatory effects separate of LP activation (36). One could 
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speculate about the mechanism of internalization, but it could well be that the 
interaction between GAGs and the MBL/MASP complex is a mediator in the in-
ternalization process. 

MASP enzymes belong to the family of serine proteases. Interactions be-
tween GAGs and serine proteases (inhibitors) have long been known, of which 
the interaction with anti-thrombin III is most studied (37). Studies concerning 
the interaction of GAGs with anti-thrombin III indicate that a penta-saccharide 
is the smallest GAGs able to stimulate the effect of anti-thrombin (38). This 
suggests that the tetra-and hexa-saccharides tested in chapter 8 cannot inhib-
it anti-thrombin III. Whether this is the case, and whether the tested tetra-and 
hexa-saccharides can influence the function of other serine proteases (inhibitors) 
should be tested. Unfortunately our results in chapter 8 indicate that inhibition 
of the MASP enzymes requires relatively high concentrations of small heparin 
fragments, although affinity studies should be performed in surface plasmon res-
onance experiments to confirm this. Nevertheless, this indicates that it might be 
hard to achieve therapeutically sufficient plasma levels in clinical and experimen-
tal treatment. However we do show that it is possible to inhibit a specific com-
plement pathway using small GAGs with a reasonable affinity, which might form 
the basis for further development of small glycan-based specific MASP inhibitors.

Future perspectives

 Classic anti-inflammatory drugs like prednisolone are nonspecific inhibi-
tors of the immune system, inhibiting the activation of pro-inflammatory cellular 
pathways. This entails that they are powerful inhibitors and are usable in a wide 
variety of inflammation mediated diseases. The downsides to this however are 
the non-specific inhibition and multiple immunological and non-immunological 
side effects, predominantly on the long run. Therefore the need for new, more 
specific anti-inflammatory drugs is clear. In this thesis we targeted two distinct 
processes in inflammation namely cellular influx from the vascular system and 
proteinuria induced complement activation on renal tubular epithelium. We 
have shown like others that targeting the interaction of HS with inflammatory 
components is a promising way to reduce inflammation. We attempted to tar-
get this interaction using GAGs e.g. modified heparin derivatives. However we 
have only tested a small amount of the different GAGs available. Sources for 
GAGs can be animals, plants and bacteria, but semi-synthetic or fully-synthetic 
GAGs can also be produced. The GAGs derived from these sources have different 
characteristics and can be chemically modified to represent a specific length and 
sulfation pattern. These characteristics of GAGs can be very influential in their 
binding properties as can be seen in this thesis. The use of GAGs as a treatment 
for inflammation has a number of advantages since they are easy to produce and 
therefore cheap. Moreover, a lot of experience has been obtained with the use 
of heparin and LMW-heparins as anti-coagulant drugs which can be used in other 
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GAG based treatments. However, as discussed in various chapters and above, a 
downside of GAG based treatment is the nonspecific binding of inflammatory 
mediator’s by GAGs. Although high affinity protein binding by GAGs has been 
shown before in the interaction between heparin and antithrombin III, affinity 
for inflammatory mediators is often in the micro molar range instead of the nano 
molar range like in protein based treatment, as demonstrated in this thesis.
 Based on this thesis and on literature it is fair to state that targeting the 
interaction between endo-and epithelial cells and chemokines, cytokines, com-
plement factors and lectins is a promising strategy to reduce inflammation. The 
down modulation of specific sulfotransferases and the use of GAG based ther-
apies in inflammation have potential. The finding that endothelial HSPGs play 
a role in the development of fibrosis has not been shown before. It would be 
interesting to unravel in which pro-fibrotic pathway the endothelial HSPGs are 
involved. Moreover treatment strategies targeting endothelial HSPG synthesis or 
sulfation could be tested in renal models for fibrosis. Targeting the chemokine/
HSPG interaction using fluid phase GAGs has been proven difficult , however oth-
er ways to target this interaction can be very interesting. Silencing RNA against 
sulfotransferases might reduce both the migration of leukocytes trough the vas-
cular endothelium, and might also influence the lymphatic migration, since this 
process is also reliant on the chemokine/HSPG interaction. This thesis also shows 
potential for small heparin fragments and Salp20 in treating LP and AP mediat-
ed diseases respectively. It would be interesting to study whether small heparin 
fragments can inhibit LP activation on cells and reduce LP mediated renal injury 
in e.g. experimental I/R. In case of Salp20 the focus should be on determining 
the properdin binding epitope and on constructing non immunogenic analogues, 
which should be tested in vitro and in experimental models for their AP inhibiting 
potential.
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 Veel nierziekten worden gekarakteriseerd door een ontstekingscompo-
nent die in belangrijke mate bijdraagt aan de uiteindelijke verbindweefseling van 
de nieren, leidend tot eind stadium nierfalen, ongeacht het onderliggende gron-
dlijden. Een ontstekingsreactie heeft vele componenten, de twee componeten 
die in dit proefschrift besproken worden zijn cellulaire infiltratie en activatie van 
het complement systeem. Het belang van cellulaire ontstekingsinfiltraten en 
complement activatie in nefrologische aandoeningen is al eerder aangetoond. 
Massale infiltratie van leukocyten kan bijvoorbeeld worden gezien bij ischemie/
reperfusie en bij acute en chronische transplantaat rejectie. Meer subtiele infil-
tratie van bijvoorbeeld macrofagen en T-cellen kan worden gezien in diabetische 
nefropathie. Activatie van het complement systeem is een belangrijke compo-
nent in de schade die ontstaat na ischemie/reperfusie als ook bij acute en chro-
nische afstoting na niertransplantatie. Daarnaast zijn er nefrologische aandoe-
ningen zoals C3 glomerulopathie en hemolytisch uremisch syndroom die kunnen 
ontstaan door defecten in de regulatie van het complement systeem. Gebrek aan 
regulatie van complement activatie op tubulus epitheel is ook een van de mech-
anismen waardoor er tubulaire schade optreedt bij proteïnurie. In het algemeen 
betekent dit dat remming van de ontstekingsreactie bij nierziekten de cellulaire 
activatie verlaagt en verbindweefseling vertraagt en de nieren daardoor langer 
hun functie behouden, wat uiteraard belangrijk is voor nierpatiënten.
 Ontstekingsreacties worden uitgevoerd door ons immuunsysteem, 
bestaande uit een aangeboren en een verworven deel, die beiden weer onderver-
deeld kunnen worden in een cellulair en een humoraal deel. De aangeboren im-
muniteit kan snel worden aangezwengeld, maar is relatief aspecifiek en daardoor 
vaak niet bij machte een infectie voldoende te verwijderen. De humorale tak van 
de aangeboren immuniteit bestaat voornamelijk uit het complement systeem. 
Het complement systeem is een eiwit cascade die aan pathogenen bindt en ze 
zo beter herkenbaar maakt voor de cellulaire tak van het immuunsysteem, maar 
complement kan zelf ook pathogenen doden. De cellulaire tak van de aangeboren 
immuniteit bestaat o.a. uit granulocyten, macrofagen, dendritische cellen en NK 
cellen. Deze cellen kunnen, o.a. met behulp van het complement systeem, patho-
genen doden, maar zijn hier minder effectief in dan het verworven immuunsys-
teem. Echter is de verworven immuniteit afhankelijk van de aangeboren immu-
niteit om een goede respons tegen pathogenen te organiseren. Zo opsoniseren 
macrofagen en dendritische cellen de pathogenen, lyseren deze en presenteren 
de eiwitten aan cellen van het verworven immuunsysteem. Zodoende worden 
macrofagen en dendrieten ook wel antigen presenterende cellen genoemd. Deze 
antigenen stimuleren B-cellen (humoraal) en T-cellen (cellulair) tot de productie 
van antigen specifieke antilichamen en cytotoxische T-cellen. Omdat antilicha-
men en cytotoxische T-cellen veel specifieker pathogenen aan kunnen vallen zijn 
ze beduidend  effectiever. 
 Leukocyt migratie van de circulatie naar een infectiehaard of gebied met 
weefselschade is een belangrijk proces in de ontstekingsreactie. Vanuit de plek 
des onheils produceren o.a. epitheel cellen en weefselmacrofagen cytokines en 
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chemokines, stoffen die bedoeld zijn om het endotheel te activeren en leukocyt-
en naar zich toe te lokken. Deze chemokines worden gebonden door heparan 
sulfaat proteoglycanen (HSPGs) aan de basolaterale kant van het endotheel en 
worden zo getransporteerd naar de apicale kant waar ze leukocyten, die circuler-
en in de bloedsomloop, kunnen activeren. Geactiveerd endotheel gaat onder inv-
loed hiervan selectines, adhesiemoleculen en chemokines tot expressie brengen. 
L-selectine op leukocyten kan binden aan HSPGs op endotheel en faciliteert het 
rollen en daardoor afremmen van de leukocyt. Chemokines binden aan HSPGs 
op het endotheel waar ze worden gepresenteerd aan de leukocyten. Die gaan 
in reactie op deze stimulus integrines activeren. Binding van deze integrines 
aan intercellular adhesion molecule (ICAM) en vascular cell adhesion molecule 
(VCAM) op het endotheel zorgt ervoor dat de leukocyt zich stevig kan binden aan 
de endotheelcel, dit wordt gevolgd door de transmigratie van de leukocyt door 
de endotheel laag. Eenmaal aan de basolaterale zijde van het endotheel moet de 
leukocyt zijn weg vinden naar de plaats van ontsteking. Hierbij wordt de leuko-
cyt geholpen door een concentratiegradiënt van chemokines geproduceerd door 
geactiveerd epitheel en weefsel macrofagen. Deze gradiënt wordt gestabiliseerd 
doordat de chemokines binden aan HSPGs. Hiermee zijn HSPGs een spil in de 
migratie van leukocyten van de circulatie naar de plaats van de ontstekingsreac-
tie. Eenmaal aangekomen bij de ontstekingshaard blijkt het complementsysteem 
inmiddels ook al geactiveerd te zijn. Beschadigde lichaamscellen en/of pathoge-
nen zijn hierdoor bedekt met eiwitten van het complementsysteem die bijdragen 
aan celdood en opruiming van deze beschadigde cellen en pathogenen. Ook veel 
componenten van het complementsysteem kunnen een binding aangaan met 
HSPGs, die daarmee een herkenningsmotief kunnen vormen voor complemen-
tactivatie.
 HSPGs vormen een klasse proteoglycanen betaande uit een eiwitkern met 
daaraan gekoppelde lineaire polysacchariden die zijn opgebouwd uit repeteren-
de disacchariden, de heparan sulfaat ketens. De heparan sulfaat zijketens kunnen 
zeer variabel worden gesulfateerd op diverse posities in de disaccharides. Deze 
sulfateringspatronen worden bepaald door sulfotransferases in het Golgi appa-
raat van de cel en bepalen daarmee welke eiwitten kunnen binden aan heparan 
sulfaten en welke niet. HSPGs maken deel uit van de bekleding van de celmem-
braan en van de extra cellulaire matrix (ECM), ook wel bindweefsel genoemd. Er 
wordt ook onderscheid gemaakt in membraangebonden en ECM HSPGs. Soorten 
HSPGs die voorkomen op het celmembraan zijn syndecan en glypican en HSPGs 
die voorkomen in de ECM zijn perlecan, agrin en collageen XVIII. Onder ‘normale’ 
fysiologische omstandigheden zijn HSPGs o.a. belangrijk in het onderhouden van 
cel-cel contact, initiëren van endocytose en het samenbrengen van ligand en re-
ceptor op het cel membraan. Echter kan de sulfatering van HSPGs onder bep-
aalde omstandigheden dermate aangepast worden dat deze een ander binding-
sprofiel krijgen. Pro-inflammatoire en pro-fibrotische omstandigheden kunnen 
leiden tot de aanmaak van sulfotransferases in cellen, dit leidt vervolgens tot een 
zwaardere sulfatering van de HSPGs. Dit zorgt voor andere bindingscapaciteiten 
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en een andere functie, bijvoorbeeld in de migratie van leukocyten en binden van 
complementfactoren.
 Dit proefschrift concentreert zich op het belang van weefsel HSPGs op 
cellulaire ontstekingsinfiltraten en de activatie van het complement systeem 
en of ontsteking in de nier en complementactivatie geremd kunnen worden 
op basis van heparan sulfaat gebaseerde therapie. Het eerste deel van 
het proefschrift gaat voornamelijk over de rol van HSPGs in leukocyt migratie 
en of dit een doelwit kan zijn voor therapeutisch ingrijpen in ontstekingsgeme-
dieerde nefrologische aandoeningen. In hoofdstuk 2 is samengevat wat er tot nu 
toe bekend is over de invloed van glycanen op leukocyt migratie en complement 
activatie. We bediscussiëren de aanwijzingen dat de alternatieve complement 
route stimulator properdine, heparan sulfaten aan de apicale zijde van tubuluse-
pitheelcellen kan herkennen en binden. Zo kan properdine dienen als patroon 
herkenningsmolecuul en het complement systeem activeren op het epitheel. 
Daarnaast wordt uitvoerig de rol van gefucosyleerde glycanen aan de basolater-
ale zijde van tubulus epitheel besproken in de collectin-11 gemedieerde activatie 
van de lectine complement route. Ook wordt de rol van glycanen besproken als 
liganden van selectines en chemokines in de leukocyt migratie vanuit de bloed-
somloop naar het interstitium.
 In de afgelopen jaren is de rol van ontsteking in diabetische nefropathie 
steeds duidelijker geworden. Er is echter nog weinig bekend over de invloed van 
HSPGs op de ontwikkeling van schade in diabetische nefropathie. Daarom is in 
hoofdstuk 3 gekeken naar het effect van endotheliale NDST1 deficiëntie op di-
abetische nefropathie. Het enzym NDST1 voorziet HS van N-sulfaten. Door het 
ontbreken van N-sulfaten kunnen ook andere sulfotransferases de HS ketens niet 
herkennen, waardoor HS ongesulfateerd blijft en daardoor niet functioneel is. 
We lieten zien dat diabetische muizen met een endotheliale Ndst1 deficiëntie 
minder macrofagen in het interstitium en de glomerulus laten zien ten opzichte 
van wildtype muizen. Daarnaast lieten we zien dat in NDST1 deficiënte muizen 
er minder MBL complement depositie plaatsvindt langs de glomerulaire capil-
lairwand. Omdat ontsteking en fibrose zijn sterk met elkaar verbonden zijn heb-
ben we ook gekeken naa de depositie van collageen. Deze was verlaagd in het 
interstitium en de glomeruli van de NDST1 deficiënte dieren, evenals het aantal 
myofibroblasten, de cellen die collageen produceren. Echter leidden deze ver-
schillen niet tot een vermindering van de proteïnurie van de NDST1 deficiënte 
dieren. Desalniettemin lijken endotheliale HSPGs een belangrijke rol te spelen in 
de ontwikkeling van ontsteking en fibrose in diabetische nefropathie en kunnen 
derhalve als doelwit voor therapie getest worden.
 Hoofdstuk 3 laat het belang van endotheliale HSPGs in ontsteking zien. 
Het is uit dit hoofdstuk echter niet goed op te maken of dit effect voornamelijk 
door de apicale of de basolaterale HSPGs komt. Daarom is in hoofdstuk 4 gekek-
en naar een ischemie/reperfusie (I/R) model waarbij de muizen deficiënt zijn 
in collageen XV of XVIII of beide. Collageen XV en XVIII worden beide geclas-
sificeerd als proteoglycaan, collageen XVIII is een HSPGs, terwijl de gebonden 
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glycosaminoglycanen (GAGs) van collageen XV van variabele GAG soorten zijn. 
Muizen deficiënt in beide collageen soorten vertoonden een lagere plasma ure-
umconcentratie 5 dagen na I/R en minder neutrofiel en macrofaag infiltratie in 
het interstitium op respectievelijk 1 en 5 dagen na I/R. Daarnaast liet een histolo-
gische beoordeling zien dat in de dubbel mutant er minder tubulaire schade was 
5 dagen na de I/R. Naast de accumulatie van leukocyten was ook de expressie 
van pro-inflammatoire factoren, zoals VCAM-1, gereduceerd in de dubbel mu-
tant muis. Eerder werk door onze groep liet al zien dat subendotheliale HSPGs, 
monocyte chemoattractant protein 1 (MCP-1) en L-selectine bindende entiteiten 
werden tijdens een inflammatoir proces. Dit hoofdstuk laat zien dat MCP-1 en 
L-selectine binden aan de HS zijketens van collageen XVIII en dat MCP-1 binding 
aan collageen XVIII de migratie van leukocyten kan stimuleren. Interessant is ech-
ter dat pro-inflammatoire factoren als MCP-1 en tumor necrosis factor α (TNF-α) 
op eiwit niveau sterker tot expressie komen in de dubbele mutant, terwijl deze 
verminderde ontsteking liet zien. Een verklaring hiervoor zou kunnen zijn dat col-
lageen XV en XVIII een rol spelen in excretie van deze cytokines middels vesicles. 
Alhoewel er op dit gebied weinig bekend is in de literatuur, is het aannemelijk 
dat HSPGs in vesicles een rol spelen bij het versmelten van de membraan van 
de vesicle en de membraan van de cel. Concluderend laat dit hoofdstuk zien dat 
HSPGs in de basaal membraan van het endotheel een belangrijke rol spelen in de 
transmigratie van leukocyten. 
 In hoofdstuk 5 is met de kennis uit de vorige 2 hoofdstukken geprobeerd 
ontsteking te remmen in een rat transplantatie model met een op GAG geba-
seerde therapie. Met dagelijkse subcutane injecties met het hoog gesulfateerde 
heparine proberen we op het nierendotheel de interactie tussen HSPGs en 
chemokines en selectines te remmen. Omdat heparine een sterke anticoagu-
lant is hebben we 2 extra groepen geïncludeerd die worden behandeld met de 
non-anticoagulante heparines; glycol-split heparine en N-acetylated heparine. 
Behandeling met de non-anticoagulante heparine glycol-split heparine result-
eert in een afname van de hoeveelheid trans migrerende leukocyten vanuit de 
circulatie. Deze remming van de ontsteking wordt echter niet opgevolgd door 
een verbetering van de nierfunctie. Sterker nog, de nierfunctie lijkt achteruit te 
gaan in de glycol-split heparine behandelde dieren. Dubbel kleuring van de lym-
fevaten en leukocyten geeft hier een mogelijke verklaring voor. Deze kleuring laat 
namelijk zien dat in de glycol-split heparine behandelde dieren de hoeveelheid 
leukocyten in de lymfe vaten toegenomen is, wat kan leiden tot een sterkere afs-
totingsreactie. Kleuring voor een van de belangrijkste chemokines voor migratie 
naar lymfevaten, CCL21, laat zien dat dit chemokine in de glycolsplit heparine 
groep rond lymfevaten nauwelijks aan te kleuren is, terwijl in de vehicle behan-
delde groep CCL21 sterk aanwezig is rond lymfevaten. Dit kan er op duiden dat 
glycol-split heparine de CCL21 bindt, welke daardoor verder kan verspreiden en 
beter functioneert door clustering van CCL21. Normaal gesproken bindt CCL21 
aan HSPGs rond de lymfevaten. Hoofdstuk 5 laat o.a. zien dat glycol-split hepa-
rine de CCL21 van HSPGs af kan halen door met een sterkere affiniteit te binden. 
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Eerder is al bewezen dat binding van CCL21 aan HS en heparine leidt tot cluster-
ing, waardoor de functionaliteit van CCL21 verhoogd wordt, wat de resultaten uit 
hoofdstuk 5 zou kunnen verklaren. Dit hoofdstuk laat zien dat GAG gebaseerde 
therapie kan werken, maar dat specificiteit voor bepaalde liganden belangrijk is 
om ongewenste effecten zoveel mogelijk te beperken.
 Het tweede deel van dit proefschrift gaat over de rol van HSPGs in com-
plement activatie en de mogelijkheid van GAG gebaseerde therapie om comple-
ment activatie te remmen. Hoofdstuk 6 is een review over de bekende interacties 
tussen complement en HSPGs en een opsomming van de plaatsen waar GAGs aan 
kunnen grijpen in het complement systeem om deze te remmen. Het comple-
ment systeem bestaat uit 3 routes. De klassieke (CP), lectine (LP) en alternatieve 
(AP) route. De CP en LP worden beide geïnitieerd door patroon herkenningsmol-
eculen, C1q voor de CP en MBL, ficolines en collectins voor de LP. Activatie van 
aan deze patroon herkenningsmoleculen  gebonden serine proteasen leidt tot de 
omzetting van C4 en C2 in de C3 convertase C4bC2a. Omzetting van C3 in C3a en 
C3b leidt tot activatie van de AP en resulteert via de omzetting van C5 in het cel 
lysis inducerende terminale complement complex. De AP kan ook worden geac-
tiveerd door spontane omzetting van C3 en door binding van properdine, een AP 
stabilisator aan GAGs en DNA. Er zijn van alle complement routes interacties met 
GAGs bekend en hoofdstuk 6 bediscussieert de mogelijkheid tot het remmen van 
complement activatie middels GAGs. 
 Onze groep heeft eerder laten zien dat binding van properdine aan HSPGs 
op het tubulus epitheel een belangrijke rol speelt in de complement activatie op 
dit tubulus epitheel onder proteïnurische omstandigheden. In hoofdstuk 7 laten 
we zien dat deze binding gedeeltelijk plaatsvindt aan syndecan-1. Daarnaast lat-
en we zien dat C3 remmer compstatin en AP remmer Salp20 beide de AP kunnen 
remmen maar dat Salp20 tevens de binding van properdine aan proximaal tubu-
lus epitheliale cellen (PTECs) kan remmen maar compstatin niet. Dit laat zien dat 
de binding van properdine aan PTECs niet afhankelijk is van initiële C3 depositie, 
zoals eerder gesuggereerd door andere onderzoekers. Hieruit kan ook gecon-
cludeerd worden dat properdine een patroon herkenningsmolecuul is, aangez-
ien properdine zonder hulp aan HSPGs kan binden. We hebben tevens laten zien 
dat Salp20 properdine binding aan C3b én HSPGs kan remmen. Het is eerder 
aangetoond dat de bindingsplaatsen van HSPGs en C3 op properdine dichtbij el-
kaar liggen maar niet hetzelfde is. Dit laten wij indirect ook zien, aangezien C3 
de binding van properdine aan HSPGs niet kan remmen, en vice versa HSPGs de 
binding van properdine aan C3 niet kunnen remmen. Dat Salp20 zowel de bind-
ing van properdine aan C3 als HSPGs kan remmen betekent dat de remming van 
properdine tweeledig  is, wat gunstig is voor het therapeutisch potentieel. Een 
obstakel dat nog overwonnen moet worden is het feit dat Salp20 een tekeneiwit 
is en dus hoog immunogeen. Het definiëren van de SALP20 bindingsepitoop en 
hier een niet immunogeen small-molecule analoog van maken zou een goede 
optie kunnen zijn voor verdere ontwikkeling. 
 In de inleiding van het proefschrift laten we zien dat specifieke comple-
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ment routes betrokken zijn bij bepaalde nefrologische aandoeningen. Echter 
zijn de complement remmers van nu niet specifiek voor een van de drie routes 
maar remmen in plaats daarvan het gehele complement systeem. In hoofdstuk 8 
testen we een groot aantal GAGs en gerelateerd polysachariden voor hun com-
plement route specifieke inhibitie capaciteit. Het blijkt dat heparines doorgaans 
alledrie de  routes remmen maar dat heparine fragmenten specifiekere LP rem-
mers worden naarmate ze kleiner worden en volledig LP specifiek zijn als ze de 
lengte van een tetrasacharide hebben. HS van verschillende bronnen zijn voor-
namelijk LP remmers met ook een matig remmende werking op de CP en AP. De 
remming van heparine (oligosachariden) vindt plaats door de remming van de 
MASP enzymen en niet via de remming van de binding van MBL aan mannan. 
Proeven met verschillend gesulfateerde heparine tetrasachariden laten zien dat 
ook hier de sterkte van sulfatering van belang is; sterker gesulfateerde tetras-
achariden remmen  de LP beter. We laten niet alleen zien dat heparine en HS 
MASPs  kunnen binden, maar tonen ook aan dat het MBL/MASP complex aan 
geïmmobiliseerde HSPGs kan binden. Dit suggereert dat HSPGs in vivo mogelijk 
als aanlegsteiger kan functioneren voor het MBL/MASP complex en dat HSPGs 
kunnen dienen als eerste bindingsplaats voor LP activatie. Dubbelkleuring voor 
collageen XVIII en MBL in het eerder gebruikte NDST1 deficiënte diabetische ne-
fropathie model bevestigen deze bevindingen. Dit hoofdstuk laat zien dat de LP 
specifiek met kleine HS/heparine oligosaccharides is te remmen en dat HSPGs 
mogelijk een bindingsplaats vormen voor het MBL/MASP complex. 
 In de algemene discussie in hoofdstuk 9 concluderen we dat het remmen 
van de chemokine/HSPG interactie en het remmen van het complement systeem 
in nefrologische aandoeningen goede opties zijn om verder te onderzoeken. Of 
het remmen hiervan het makkelijkst is met GAGs is de vraag. GAGs zoals hep-
arine zijn eerder met succes ingezet in de kliniek, echter blijkt uit hoofdstuk 5 
dat specificiteit voor een ligand belangrijk is om ongewenste activiteit van de 
GAG te voorkomen. Het inhiberen van de chemokine/HSPG interactie is al vak-
er succesvol gebleken in experimentele studies. Zo is siRNA om GAG sulfatering 
te remmen al effectief gebleken in elastase geïnduceerd pulmonair emfyseem 
en zijn MCP-1 neutraliserende spiegelmers al effectief gebleken in een klinische 
trial voor diabetische nefropathie. Experimentele testen met GAGs in niertrans-
plantatie hebben ook positieve resultaten laten op de nierfunctie. Zo heeft de 
laag moleculair gewicht heparine reviparine al laten zien de leukocyt migratie te 
kunnen remmen en te resulteren in een verbeterde nierfunctie. In complement 
gemedieerde aandoeningen, en met name tubulaire schade door proteïnurie 
zouden GAGs een goede therapeutische entiteit kunnen zijn vanwege de goede 
uitscheiding in de urine, goedkope productie en jarenlange ervaring met GAG 
gebaseerde medicatie. Echter is de remming van de AP met Salp20 ook veelbe-
lovend. Salp20 heeft al in meerdere experimentele modellen laten zien de AP te 
kunnen remmen en de functie te kunnen verbeteren. Concluderend kan worden 
gesteld dat de resultaten van het remmen van de chemokine/HSPG interactie 
om ontsteking en fibrose te onderdrukken en het remmen van complement met 
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GAGs veelbelovend zijn. Echter zijn er nog de nodige problemen m.b.t. onder 
andere specificiteit en immunogeniciteit die overkomen moeten worden.
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 Ditmer Talsma was born in Leeuwarden, the Netherlands, on the 7th of 
September (28) as son of Lucas Talsma and Houkje Rijpstra. After finishing high 
school in 2007 at Piter Jelles Aldlân in Leeuwarden, he studied Life Sciences & 
Technology at the University of Groningen, with a major in Biomedical Scienc-
es and a minor in Psychology. After finishing his bachelor he continued with his 
master in Biomedical Sciences, which included a 7 month internship at the de-
partment of Experimental Nephrology. Under supervision of Kiran Katta and dr. 
Jaap van den Born he studied the effect of non anti-coagulant heparin derivatives 
in transplantation. During this year Ditmer decided to apply for the zij-instroom 
geneeskunde, a shortcut to medicine in which the bachelor is completed in 1 
year. After finishing the bachelor of medicine, he started his medical scientific 
internship under supervision of dr. Jaap van den Born to finish the first two publi-
cations with which he started during his master Biomedical Sciences. With these 
manuscripts submitted he applied for the MD/PhD program, organized by the 
Junior scientific masterclass. 
 He started his MD/PhD trajectory in 2014 in the UMCG under supervi-
sion of prof. dr. Coen Stegeman, prof. dr. Moh Daha, dr. Jaap van den Born and dr. 
Marc Seelen on the role of renal heparan sulfates in leukocyte transmigration and 
glycan treatment strategies in renal inflammatory disease. As is common in the 
MD/PhD program Ditmer combined the research with his clinical internships. He 
did his M2 clinical internships in the Medical Center Leeuwarden and finished the 
second year of the medical master with an internship in the Luis Felipe Moncada 
hospital in San Carlos, Nicaragua. After deciding to pursue a career in surgery he 
did his M3 internship at the department of General Surgery and Plastic Surgery 
at the Martini hospital in Groningen. Ditmer is currently working as physician 
assistant at the department of General Surgery at the Medisch Spectrum Twente 
and wants to become a physician in training in surgery in the near future.
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 The past 4 years have been a learning experience which I will never for-
get. Receiving the ability to combine my medical studies with my PhD gave me 
the opportunity to experience both worlds in close succession and determine my 
future career plan. Although my name is on this thesis, I could not have done it 
without help from a lot of people, which I would like to thank in the following 
section. 
 Allereerst moet ik Jaap van den Born bedanken. Hoewel we qua persoon-
lijkheid en achtergrond van elkaar verschillen, waren we een zeer goede combi-
natie op de werkvloer. Dit blijkt alleen al uit het feit dat ik nooit meer weg ben 
gegaan nadat ik ruim  7 jaar geleden voor het eerst voet in je lab zette. Daarom 
kan ik ook zeggen dat jij me geschoold hebt in het doen van onderzoek. Ook buit-
en het onderzoek om heb ik veel van je geleerd; zowel op het gebied van omgaan 
met tegenslagen als van jouw kijk op de wereld. Zo heb ik bewondering voor de 
manier waarop jij het geloof beleeft (en mij daar af en toe wat onderwijs in gaf) 
en voor de manier waarop jij altijd een positieve kijk op dingen blijft houden. 
Nu komt er na ruim 7 jaar langzaam een eind aan onze samenwerking en ik kan 
alleen maar hopen dat ik in de toekomst weer zo’n positieve, sociale en kundige 
begeleider tref.
 Daarnaast wil ik Coen Stegeman en Moh Daha bedanken voor de 
meetings, adviezen, verhalen, voorstellen en discussies. Zonder jullie was het 
proefschrift er niet gekomen. Coen, iedere keer als ik je kantoor binnenstapte 
was ik benieuwd of de vloer vrij was van dossiers en ik moet zeggen dat dit af 
en toe bijna het geval was. Ik hoop dat je in de komende maanden tijd vindt om 
de laatste dossiers te archiveren en dat de overgang naar het nieuwe patiënten-
dossier vlot verloopt. Moh, ik vind jouw passie voor de wetenschap bewonder-
enswaardig en je steekt mensen er altijd mee aan. Ook mij heb je ermee weten 
te inspireren. Daarnaast vind ik het bijzonder dat je met minimale introductie 
proeven en onderzoeksopzetten direct in een goed kader kan plaatsen en ook 
direct de pijnpunten kan benoemen.
 Ik wil graag de leden van de leescommissie prof. dr. P. Heeringa, prof. dr. 
C. Van Kooten en prof. dr. H.J. Lambers Heerspink bedanken voor het investeren 
van tijd in mijn proefschrift.
 Iemand die ook een groot aandeel heeft in dit proefschift is Miriam, de 
liefde van mijn leven. Jouw steun was onmisbaar tijdens deze vaak behoorlijk 
drukke periode en ik ben je dan ook veel dank verschuldigd. Vooral eind 2015 
toen het me bijna te veel werd heb je ervoor gezorgd dat we het samen toch 
gered hebben om alle ballen in de lucht te houden. Nu gaan we straks samen het 
avontuur aan in Enschede waar ik erg naar uit kijk en ik weet zeker dat het ons 
daar ook goed zal vergaan. 
 Heit, mem, Marrit, Maarten, ik wol jimme betankje foar de help yn de 
ôfrûne jierren en fansels foar de âlderlyke stipe. Yn de ôfrûne jierren begjin ik 
mear en mear te snappen hoe grut de ynfloed fan dyn âlders is op dyn alge-
miene foarming. Dêrom binne jimme de basis foar dit proefskrift en hie ik it 
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sûnder jimme nea folbringe kint. Jimme binne foarbylden fan hoe ‘sto mei hurd 
wurkjen in soad berikke kinst op sawol it sosjale as karrière flak. Lykwols wurd 
it foar heit ek ris tiid om wat minder hurd te wurkjen en ris wat faker oan rêst ta 
te kommen. Ik wol  Marrit en Maarten ek betankje. Alderearst Marrit om dast 
do myn lytse suske bist. Earder wie ús broer/suster relaasje faak wat lestich mar 
ik bin bliid dat wy no better mei elkoar om gean. Ook groot respect heb ik voor 
Maarten, jouw tomeloze doorzettingsvermogen sleept jou door veel beproevin-
gen. Zo zal ik nooit vergeten dat je met ons ongetraind in 1 dag van Maastricht 
naar Groningen gefietst bent. Ook tijdens de adventure race hebben we samen 
afgezien en dat verbroederd.
 Pake, Beppe, omke Klaas en de rest fan de famylje. It moat soms moeilijk 
west wêze om te begripen wêr ik no krekt mei dwaande wie, mar jimme bleau-
wen altyd ynteresse toanen en besochten it te begripen. It litte bliken fan jimme 
grutsk hat my ek altyd erg sterkt. Ik bin erg bliid in aardige en hechte famylje 
te hawwen en ik hoopje dat dit sa bliuwe mei. Ik wol hjir ek noch in momint 
nimme om beppe Antsje te betankjen. Ek al bisto net mear ûnder ús, dien leave 
en goede karakter sil my altyd by bliuwe en sjoch ik as foarbyld. Ek wol ik graach 
stilstean by pake Tjitze, ek al ha ik jo nea kend, ik hear altyd dat ik in soad op jo 
lykje, yn namme en persoan. 
 Ook erg veel dank ben ik verschuldigd aan mijn vrienden van het eerste 
uur. Errit, Jurjen, Geert, Ronald, Jan-Jorrit, Wouter en Edwin. Wat hebben we 
veel gelachen op feestjes, vakanties etc. Zonder jullie had mijn studietijd er heel 
anders uit gezien en was dit proefschrift er wellicht helemaal niet gekomen. Ik 
vind het mooi om te zien dat we elkaar altijd naar een hoger niveau hebben 
willen tillen (en af en toe ook naar een lager niveau als er bij een feesje weer 
veel te veel drank in was geslagen). Met name Geert heeft me met klasse C bier 
naar een lager niveau willen helpen, maar laten we eerlijk zijn, door een kater 
van euroshopper bier te overwinnen wordt een mens alleen maar sterker. Geert, 
ik heb veel respect voor je keuze dat je nog een studie bent gaan volgen en ik 
ben blij dat ik je daar af en toe bij heb kunnen helpen. Jan-Jorrit, al spreken we 
elkaar niet vaak, ik kan je droge humor en je acties vaak erg waarderen. De ge-
broeders de Boer, erg veel respect dat jullie je hebben weten te ontworstelen 
uit het Driesumse milieu. Ik waardeer jullie directheid en no-nonsense houding. 
Ik heb dan ook genoten om tijdens het zijinstroomjaar nog eens een jaartje met 
je te mogen studeren Errit. Daarnaast vind ik het mooi om te zien dat Wouter 
en ik samen begonnen zijn Biologie te studeren en nu na 10 jaar beide (tand)
arts zijn, een PhD hebben en ook nog eens beide in Twente wonen. Dan hebben 
we toch wat bereikt, vooral dat we in Twente wonen... Heel veel plezier met de 
kleine straks en zoals beloofd komen we oppassen. Het langst van allemaal ken 
ik Ronald en je kunt best stellen dat onze vriendschap zijn ups en downs heeft 
gehad. Desondanks hebben we veel gelachen en leuke dingen gedaan. Ik heb 
veel respect voor hoe je je door de afgelopen jaren heen hebt geslagen en altijd 
positief blijft, dat getuigt van karakter.  En nog een speciale dank aan Edwin, want 
laten we eerlijk zijn, ik heb qua studietraject jou eigenlijk simpelweg nagedaan. Jij 
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was tijdens de studie, omdat je gedurende geneeskunde altijd een jaar voor liep 
op mij, een mooi richtpunt en ontdekker van de mogelijkheden. Ik denk oprecht 
dat, ook al hadden we niet altijd even vaak contact, mijn studietijd er zonder jou 
heel anders uit had gezien.
 A substantial part of the experiments in this thesis were done by stu-
dents. I would like to thank Melinda, Athaya and Firas for their effort during the 
short project that they participated in. I hope you learned a lot, I sure did from 
you. Erg blij ben ik geweest met de hulp die Berna en Marieke hebben geboden 
in het doen van de proeven van hoofdstuk 3. Ik heb in deze perioden veel ge-
leerd over het begeleiden van studenten en hoe leuk het kan zijn om een project 
samen te doen. En naast het serieuze onderzoek hebben we ook veel lol gemaakt 
samen met Wouter. De ervaring van het begeleiden van jullie voor meerdere 
maanden heeft mij veel bijgebracht en ik hoop jullie ook. 
 Er wordt wel eens gezegd dat laboranten de ruggengraat zijn van het lab 
en dat is bij de nefrologie niet anders. Wendy en Anita, jullie waren mijn steun 
en toeverlaat tijdens de uren die ik gespendeerd heb in het lab. Jullie waren er 
altijd om vragen te beantwoorden en te laten zien hoe ik iets aan moest pakken. 
Dit proefschirft was er dan zonder jullie ook niet gekomen. Naast de praktische 
zaken waren jullie ook altijd in voor een praatje op zijn tijd wat de sfeer op het 
lab zeker ten goede komt. Ik hoop dat jullie nog jaren met veel plezier op het lab 
mogen werken. 
 Invaluable in my transition from bachelor research student to PhD can-
didate were my colleagues. My supervisors Anna, Kiran and Azi taught me the 
basics of science in both a practical and theoretical way, resulting amongst others 
in co-authorships in this thesis. Other colleagues were always available for ques-
tions like Pramod, Katarina, Leandro and Maaike. I must have done something 
right during that time because I was asked to be paranimph for both Saritha and 
Saleh, which was a great honor for me. In hindsight it is nice to notice that later 
in my PhD I could take on the role of advisor instead of the question asker. I hope 
the new PhD candidates in the lab, Rosa, Tina and Praghy, have a wonderful time 
and come up with a great thesis in the end. I hope you can keep up the good spirit 
of the lab. I would also like to thank the colleagues of the medical biology like 
Marloes, Marjoeska, Byamba, Vincenzo, Monica, Bram, Nathaly, Mojtaba, Olaf, 
Genaro and Susana for keeping me company every now and then. You sure made 
the waiting steps a lot less dull. 
 Een collega die een speciale vermelding hier verdient is Wouter. Vanaf de 
eerste dag van mijn PhD zaten wij naast elkaar. We hebben de opleiding biologie 
gedeeltelijk samen doorlopen en konden het direct goed vinden. Ik heb veel aan 
je gehad qua morele support en praktische tips. Ik bewonder hoe jij je zaken 
altijd zo goed voor elkaar hebt en ik moet zeggen dat dit mij ook wel een beetje 
lui maakte in het noteren van zaken, aangezien belangrijke adressen en telefoon-
nummers altijd bij jou op een post-it te vinden waren. Ook al ga ik nu in Enschede 
wonen, ik hoop dat we elkaar nog vaak zullen zien. Ik zal in ieder geval altijd aan 
je moeten denken wanneer er een Duitser in een bevroren vijver gaat springen.
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Ook wil ik hier Rosa nog noemen. Ik vind erg fijn dat wij zo goed op kunnen schi-
eten zowel tijdens als na het werk. Ik waardeer je eigenschap dat je vaak met wil-
de ideëen komt en dat je ze het liefst allemaal uitvoert en hier ook echt voor gaat. 
Ik heb veel respect voor het feit dat je de end to end cycletocht hebt volbracht. 
Chapeau! Ik hoop dan ook dat we nog vaak samen gaan fietsen in Tecklenburg of 
de Ardennen.
 I would also like to send many thanks to my collaborators from the Struc-
tural Biology group in Grenoble and the Ronzoni Institute in Milan, especially to 
Romain Vives, Annamaria Naggi and Giangiacomo Torri. I have ready appreciated 
your honest and direct comments on my manuscript and I could profit a lot from 
your knowledge on glycan structure and synthesis.
 Aangezien ik een groot deel van mijn PhD ook coschappen heb gelopen 
wil ik de mensen met wie ik dit samen heb gedaan hier ook noemen. Ik heb mijn 
coschappen in het MCL en het Martini ziekenhuis als erg plezierig ervaren en dat 
was zonder de input van collega’s onmogelijk geweest. Ik heb in deze periode erg 
leuke mensen ontmoet en ik hoop dat ik jullie nog lang blijf zien. In het speciaal 
wil ik hier Sjoukje en Bernadette noemen. In het eerste gesprek met jou Sjoukje, 
bleek al dat we een gezamenlijke interesse hebben, namelijk wielrennen. Beide 
zijn we begonnen met wielrennen na knieklachten, waarbij die van mij verbleken 
bij die van jou, maar dat even terzijde. Dit eerste gesprek is uitgelopen op mooie 
tochten zoals met 35 graden van Leeuwarden naar Groningen fietsen, op kersta-
vond de Tecklenburger rundfahrt fietsen en meest recent het volbrengen van een 
adventure race. Ik hoop dat we in de toekomst nog vele tochten mogen maken. 
Bernadette, ons eerste gesprek was op de boot naar Ameland en het klikte direct. 
In jou kan ik je winnaarsmentaliteit erg waarderen. Of het nou met sport of spel 
is, jij rust niet voordat je hebt gewonnen. Ik ben erg vereerd dat ik paranimph 
mag zijn tijdens jouw promotie en ik weet zeker dat het een groot succes gaat 
worden.
 Tevens ligt een gedeelte van de basis voor dit proefschrift bij de studiegen-
oten van Biologie. Toen we in 2007 met elkaar begonnen aan de studie Biologie 
hebben we het vaak erg gezellig gemaakt tijdens colleges en de tijd daar omheen. 
Dit heeft mede mijn passie voor de biologie en het menselijk lichaam gestimu-
leerd, wat uiteindelijk geleid heeft tot dit proefschrift. En daarom, ook al hebben 
we niet regelmatig contact meer, wil ik jullie, Anke, Fimke, Eric, Erik, Jonathan, 
Jolien, Gerda, Jolanda, Dieuwke en Edwin toch erg bedanken. 




