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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.
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