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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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