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Abstract

Atypical hemolytic uremic syndrome and thrombotic thrombocytopenic purpura have traditionally 

been considered separate entities. Defects in the regulation of the complement alternative pathway 

occur in atypical hemolytic uremic syndrome, and defects in the cleavage of von Willebrand factor 
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(VWF)-multimers arise in thrombotic thrombocytopenic purpura. However, recent studies suggest 

that both entities are related as defects in the disease-causing pathways overlap or show functional 

interactions. Here we investigate the possible functional link of VWF-multimers and the 

complement system on endothelial cells. Blood outgrowth endothelial cells (BOECs) were 

obtained from 3 healthy individuals and 2 patients with Type 3 von Willebrand disease lacking 

VWF. Cells were exposed to a standardized complement challenge via the combination of 

classical and alternative pathway activation and 50% normal human serum resulting in 

complement fixation to the endothelial surface. Under these conditions we found the expected 

release of VWF-multimers causing platelet adhesion onto BOECs from healthy individuals. 

Importantly, in BOECs derived from patients with von Willebrand disease complement C3c 

deposition and cytotoxicity were more pronounced than on BOECs derived from normal 

individuals. This is of particular importance as primary glomerular endothelial cells display a 

heterogeneous expression pattern of VWF with overall reduced VWF abundance. Thus, our results 

support a mechanistic link between VWF-multimers and the complement system. However, our 

findings also identify VWF as a new complement regulator on vascular endothelial cells and 

suggest that VWF has a protective effect on endothelial cells and complement-mediated injury.
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Atypical hemolytic uremic syndrome (aHUS) and thrombotic thrombocytopenic purpura 

(TTP) define variants of the extending spectrum of thrombotic microangiopathies (TMAs). 

aHUS occurs due to the dysfunctional regulation of the complement alternative pathway 

(AP) caused by mutations or inhibiting autoantibodies affecting the function of complement 

activators or regulators with subsequent microvascular endothelial cell (EC) injury and the 

formation of platelet microthrombi.1 TTP, by contrast, is caused by either a deficiency of a 

dis- integrin and metalloproteinase with a thrombospondin type 1 motif member 13 

(ADAMTS13) or autoantibodies inhibiting its function, allowing ultra-large VWF-multimers 

to be released from ECs into the bloodstream, bind platelets, and produce occlusive thrombi.
2,3

Traditionally aHUS and TTP were considered 2 distinct pathologies, although both 

ultimately lead to a microangiopathic hemolytic anemia.4 However, recognizing their 

significant clinical overlap, the concept of a disease spectrum with shared underlying 

pathogenetic mechanisms, for instance, complement AP defects, was also proposed.5,6 The 

finding of decreased C3 levels7 and increased complement AP activity in TTP patients,8 

along with the experimental observation that serum from TTP patients can result in 

complement deposition on ECs,9 further supports such an overlap. A recent study found that 

80% of an aHUS patient cohort carried at least 1 non-synonymous change in ADAMTS13.10 

Recent studies further linked the complement AP and its principal regulator, complement 

factor H (CFH), with VWF and its cleaving protease, ADAMTS13.11–14 Most recently, the 

assembly and activation of complement AP components was shown on ultra-large VWF-
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multimer strings secreted from and anchored to ECs (human umbilical vein ECs 

[HUVECs]).11

We aimed to explore the possible functional link between VWF-multimers and the 

complement system using BOECs from patients with Type 3 von Willebrand disease (VWD) 

lacking functional VWF.15 We utilized a standardized strategy of exposing BOECs to a 

complement challenge,16–18 which allowed us to study EC responses ultimately leading to a 

TMA phenotype (i.e., complement deposition, VWF release, platelet adhesion, and EC 

injury). Unexpectedly, we found that endothelial complement fixation was increased on 

VWD BOECs, and those pathologic consequences of complement fixation such as EC injury 

and cytotoxicity as well as platelet adhesion were enhanced, findings in keeping with VWF 

acting to downregulate complement-mediated EC injury. This has physiological implications 

since (primary) glomerular ECs (GECs) show heterogeneous VWF expression both in vitro 
and in vivo.

RESULTS

BOECs demonstrate a stable EC phenotype and express the key membrane-anchored 
complement regulators

BOECs are late outgrowth endothelial colony-forming cells derived from circulating 

endothelial progenitor cells isolated from peripheral blood.19,20 For this study we generated 

BOECs from 3 healthy adult donors and 2 patients with VWD and confirmed their EC 

phenotype and stability in an early and late passage (Supplementary Figure S1A–D). Using 

flow cytometry, we determined that the expression level of the membrane-anchored 

complement regulators CD46, CD55, and CD59 was similar in control and VWD BOECs 

(Figure 1). Using reverse transcription quantitative real-time PCR (RT-qPCR), we also 

confirmed that the baseline gene expression of these complement regulators was similar 

between controls and HUVECs (Supplementary Figure S1E). Of note, in both BOECs and 

HUVECs the expression level of CD59 was about 10-fold higher as compared to CD46 and 

CD55.

Type 3 VWD BOECs lack VWF expression

VWF was lacking from plasma of Type 3 VWD patients (Figure 2a, lanes 3 and 4). In 

addition, VWF was found in cell lysates of control BOECs but lacking from VWF BOECs 

(Figure 2b), and VWF mRNA expression in Type 3 VWD BOECs was only 5.6% of that in 

controls (Figure 2c).

Complement fixation on ECs is achieved by recruitment of both the classical and 
alternative pathways

We established a method of complement fixation on ECs using (blocking) antibodies 

specific to the membrane-anchored complement regulators CD46, CD55, and CD59 

followed by exposure to 50% normal human serum (NHS) in serum-free media (SFM). Of 

note, the use of anti-CD46 or -CD55 alone was not sufficient to enhance C3c deposition. 

The use of anti-CD59 antibody, however, was alone able to significantly increase C3c 

deposition, and the use of all 3 antibodies was additive (Supplementary Figure S2A, B). 
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Using 50% NHS was more effective than 25% or 10% NHS (Supplementary Figure S2E). 

This method combines the effects of complement induction via sensitization (via the 

classical pathway) and complement amplification (via the alternative pathway [AP])—a 

strategy that has previously been utilized.16–18 The contribution of the classical pathway was 

confirmed using C1q-deficient NHS (CompTech, Tyler, TX), which reduced EC 

complement (C3c) fixation by ~ 80% (Supplementary Figure S2C, D). C5b-9 deposition on 

ECs was determined by immunofluorescence (Supplementary Figure S2F), which confirmed 

full activation of the complement cascade.

Given the ~ 10-fold higher surface expression of CD59 on BOECs (confirmed by both RT-

qPCR and flow cytometry) (Supplementary Figure S1E; data not shown for flow cytometry), 

the fact that the monoclonal anti-CD59 antibody is an IgG2b—an isotype known to activate 

complement via the classical pathway—and the fact that the mouse monoclonal antibodies 

to CD46 and CD55 are IgG1 and typically non-complement-activating, complement fixation 

to BOECs in our model is likely due to anti-CD59 antibody-initiated classical pathway 

activation.21 Of note, complement fixation was also achieved by incubating BOECs with a 

non–complement-specific, rabbit polyclonal anti-β2-micro-globulin antibody 

(Supplementary Figure S3). In keeping with their lower expression level, antibodies to 

PECAM/CD31 (mouse monoclonal IgG1) and endoglin/CD107a (mouse monoclonal 

IgG2a) were not able to induce complement fixation (data not shown).

Taken together, we have established a reliable and reproducible method of complement 

fixation on ECs.

Complement fixation on ECs results in VWF release

VWF, stored in Weibel–Palade bodies, was released upon complement fixation. By using 2 

different antibodies against VWF we were able to identify stored VWF (cells permeabilized) 

and released VWF (cells non-permeabilized). We observed that over time VWF was 

released, and after 60 minutes control BOECs were almost completely depleted of 

(intracellular) VWF (Figure 3).

Complement fixation on BOECs results in platelet adhesion via VWF

In aHUS dysregulation of the complement AP is hypothesized to ultimately lead to EC 

activation, a procoagulant endothelium, and platelet aggregation. To investigate the 

functional role of VWF in this context, we quantified platelet adhesion to complement-

challenged BOECs grown in a microfluidic flow chamber comparing control to VWD 

BOECs. Calcein-labeled platelets (15 × 107 per ml) were perfused at 2 dynes/cm2 for 10 to 

20 minutes over control and VWD BOECs. Platelet adhesion was observed on VWF strings 

(Figure 4a) when BOECs were treated with 50% NHS, a phenomenon that was enhanced 

after EC preincubation with CD46, CD55, and CD59 antibodies (20 platelets per high-power 

field vs. 84 platelets per high-power field at X4 magnification; P < 0.05). Of note, platelets 

adhered only to control BOECs and not to VWD BOECs devoid of VWF (P < 0.001) 

(Figure 4b–d). We conclude from these results that platelet adhesion to BOECs in response 

to complement fixation is VWF dependent.
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Complement fixation on BOECs is increased in the absence of VWF

To investigate the functional relevance of VWF for complement fixation on ECs, we 

performed flow cytometry detecting C3c deposition on control and VWD BOECs as 

follows: (i) 50% NHS, (ii) functional blockade of 1 membrane-anchored complement 

regulator (CD46) with 50% NHS, and (iii) combined sensitization and functional blockade 

using monoclonal antibodies to the 3 main complement regulators (CD46, CD55, and 

CD59) with 50% NHS. We observed an increase of C3c deposition on VWD BOECs after 

preincubation with CD46, CD55, and CD59 antibodies as compared to control BOECs (i.e., 

increase in median fluorescence intensity from 3450 ± 1599 to 5861 ± 3332, P < 0.05, N = 

5; Figure 5). Thus, under complement stress, the absence of VWF resulted in increased 

complement fixation.

BOEC cytotoxicity is increased in the absence of VWF

Cytotoxicity was quantified by the measurement of lactate dehydrogenase (LDH) released 

from BOECs into the supernatant. LDH release, reflective of cell damage, correlated with 

incremental complement fixation. LDH release of VWD BOECs was 46% ± 14% when 

treated with 10% NHS, 49% ± 16% when treated with 10% NHS after treatment with the 

anti-CD46 antibody, and 81% ± 20% when treated with 10% NHS after preincubation with 

the CD46, CD55, and CD59 antibodies, as compared to 31% ± 15%, 30% ± 12%, and 48% 

± 28%, respectively, in control BOECs (P < 0.01, P < 0.05, P < 0.05, N = 5; Figure 6).

VWF demonstrates a heterogeneous expression pattern in glomerular ECs

As previously described, VWF expression is not homogeneous but demonstrates a 

heterogeneous expression pattern in ECs.22,23 Studying primary GECs we found decreased 

VWF gene expression and decreased protein levels (Figure 7a and b). By 

immunofluorescence, we confirmed that these findings resulted from VWF heterogeneity. 

VWF was positive in 61.5% of the fixed and stained GECs, only minimally present in 7.7%, 

but completely absent in 31%. GECs were costained for CD144, CD31, or both, in order to 

ensure retention of their EC phenotype (Figure 7c).

DISCUSSION

Thrombotic microangiopathy (TMA) defines a growing spectrum of diseases sharing the 

pathologic consequences of the disruption of the integrity of the vascular endothelium. A 

variety of insults can be responsible for the EC injury, which subsequently recruits the 

inflammatory and coagulatory systems and leads to transient or permanent impairment or 

loss of organ function.1,24 Complement-mediated TMA has been defined as atypical 

hemolytic uremic syndrome (aHUS) and is caused by loss- or gain-of-function mutations in 

complement factors participating in maintaining the balance between complement activation 

and regulation, or the presence of autoantibodies with similar functional consequences.1,25

We developed an ex vivo model utilizing blood outgrowth endothelial cells (BOECs), which 

allows us to study the functional consequences of complement activation on ECs under static 

and microfluidic conditions. The synchronous blockade of the 3 surface regulators CD46, 

CD55, and CD59 via specific inhibiting antibodies allowed us to achieve complement 
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fixation on BOECs recruiting the classical and alternative pathways. EC complement 

fixation resulted in release of VWF as previously also reported by others,26–28 and enhanced 

platelet adhesion and cell injury. Under fluidic conditions we found platelets adhering to 

VWF-multimers.29–31

By contrast, until recently, complement involvement in the pathogenesis of TTP was 

categorically excluded, and genetic or autoimmune defects in the cleavage of VWF-

multimers via ADAMTS13 were claimed to be the sole cause.2,4 Evidence for the functional 

interactions of the 2 systems as recently collected in aHUS and TTP patients10,32,33 and in 
vitro12–14,34 fundamentally challenges the proposed dichotomy. It was first reported in static 

conditions that components of the complement cascade, including C3 and C5, were present 

on EC-secreted VWF-multimers.11 Tati et al. subsequently showed that, under shear 

conditions, and in the absence of ADAMTS13, C3 bound to histamine-induced VWF-

multimers, to VWF adherent platelets, and to ECs secreting VWF.35 While the functional 

implications remained unclear,35 a complement amplifying effect of the association of the 

complement AP and VWF was recently proposed.36

We aimed to study the functional interactions between complement and VWF in TMA 

pathogenesis utilizing BOECs from Type 3 VWD patients. This approach allowed us to take 

advantage of a naturally occurring EC line expressing essentially no VWF, equivalent to a 

VWF-null EC, to study the functional interactions of VWF and the complement system.

It was expected that VWF-multimers act as a complement amplifier on ECs, thus less 

complement activation would be observed on VWD BOECs (cells devoid of VWF). 

Contrary to our expectation, we found that VWD BOECs demonstrated increased C3c 

deposition when compared to control BOECs even though the expression level of 

membrane-anchored complement regulators was not different from that in BOECs. 

Importantly, VWD BOECs exhibited decreased survival of complement-mediated 

cytotoxicity. Taken together, our data suggest that VWF is secreted upon complement 

fixation and serves as a complement regulator on EC surfaces, protecting ECs from 

complement deposition. This adds to the recent finding that secreted VWF might act as a 

cofactor for complement factor I-mediated cleavage and inactivation of C3b.37

The vascular endothelium is diverse, including VWF expression.22 In the pulmonary 

vascular endothelium, VWF expression is strongest in veins and very weak in capillaries.
38,39 By contrast, immunohistochemical studies of normal human kidney tissue obtained 

from biopsies and autopsy specimens showed that the fenestrated glomerular endothelium 

has patchy positivity for VWF.23 Testing primary GECs, we confirmed less VWF by both 

RT-qPCR and Western blot. In addition, immunofluorescence revealed that the overall 

reduced VWF expression level was caused by the complete absence of VWF from about 

one-third of GECs rather than an overall reduced expression level. As the capacity of VWF 

to act as endothelial complement regulator will depend on its abundance, heterogeneous 

VWF expression may explain the susceptibility of the glomerular endothelium to the 

complement-mediated injury in aHUS. The elevated VWF expression level of the brain 

microvasculature,40,41 on the other hand, could explain minimal central nervous system 
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involvement during aHUS and predominant central nervous system manifestation during 

TTP.

In this study we determined that VWF-deficient ECs (Type 3 VWD BOECs) resulted in the 

upregulation of complement-mediated EC injury, contrary to previous suggestions and 

recent publications. We were able to demonstrate that VWF-multimers released by ECs 

contribute to EC protection by acting as complement regulator. The lack of VWF resulted in 

increased complement deposition and cytotoxicity. Our results provide evidence for a 

functional link between complement and VWF. Further work is needed to elucidate the exact 

mechanism of TMA pathogenesis.

MATERIALS AND METHODS

Ethics

Ethics approval was obtained from the Research Ethics Boards of The Hospital for Sick 

Children, Toronto, Ontario, and Queen’s University, Kingston, Ontario, Canada. Written 

informed signed consent was obtained from all patients whose samples were used in this 

study. The study was executed in keeping with the regulations of the Declaration of Helsinki.

Patients

BOECs were isolated from the peripheral blood of 3 healthy adult volunteers (control 

BOECs) and from 2 patients with Type 3 VWD (VWD BOECs). The VWD patients have 

been previously reported and lack functional VWF with undetectable plasma VWF antigen 

levels due to compound heterozygous mutations (c. 876delC, c. 1255C>T; c. 3939G>A, c. 

5842+1 G>C) in both patients.15

Blood outgrowth ECs

Control and VWD BOECs were isolated by a standard protocol (Supplementary Materials 

and Methods)42 and grown in EC growth medium (cEGM-2: Endothelial Basal Medium 2 

[EBM-2] supplemented with growth factors [EGM-2 BulletKit]) (Lonza, Walkersville, MD), 

10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO), and 1% Antibiotic-Antimycotic 

(Gibco, Invitrogen, Life Technologies, Carlsbad, CA). T75 flasks (Sarstedt, Numbrech, 

Germany) were collagen-coated with 0.05 mg/ml of rat tail collagen type I (Becton 

Dickinson, Franklin Lakes, NJ) in 0.02 M glacial acetic acid overnight. Cells were kept at 

37 °C and in an environment with 5% CO2. BOEC characterization is provided in 

Supplementary Figure S1. Passages 3 to 14 were used for experiments, and stable expression 

of VWF across passages was confirmed by RT-qPCR.

Glomerular ECs

Human renal glomerular ECs (GECs) obtained from ScienCell Research Laboratories (San 

Diego, CA)43,44 were cultured in T75 flasks coated with collagen in proprietary EC medium 

(ScienCell Research Laboratories, Carlsbad, CA) supplemented with Endothelial Cell 

Growth Supplement (ScienCell Research Laboratories), 5% fetal bovine serum, and 1% 

Antibiotic-Antimycotic (Gibco, Invitrogen, Life Technologies). Passages 4 to 7 were used 

for experiments.
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Characterization of membrane-anchored complement regulators

For determination of surface expression of the membrane-anchored complement regulators 

CD46 (membrane cofactor protein [MCP]), CD55 (decay accelerating factor [DAF]), and 

CD59 on control BOECs, VWD BOECs, and GECs, we performed both 

immunofluorescence imaging and flow cytometry. Gene expression was quantified via RT-

qPCR on a StepOne System from Life Technologies (Supplementary Materials and 

Methods). For 1 experiment, HUVECs were used.

Characterization of Type 3 VWD patients

VWF-multimers were analyzed in normal human pooled plasma (NHPP; CRYOcheck, 

Canada) and compared to Type 3 VWD (absent VWF) and Type 2A VWD (reduced VWF) 

patients as described previously.45 Briefly, VWF-multimers were separated by sodium 

dodecylsulfate–agarose electrophoresis, transferred onto a nitrocellulose membrane, 

detected with anti-human VWF antibody–horseradish peroxidase (DAKO, Glostrup, 

Denmark), and visualized by luminescence.

In addition, cell lysates of BOECs from Type 3 VWD were examined for VWF-multimers 

(Figure 2b). Multimer analysis was performed as described before46 in gels of medium 

resolution (1.6% LGT agarose type VII, Sigma-Aldrich, Munich, Germany). Gel analysis 

was performed using software provided with the video detection system (AlphaEaseFC 

Stand Alone software, Alpha Innotech Corp., San Leandro, CA). Samples with the same 

quantity of VWF:Ag were applied to the gels. The sensitivity of the assay is high compared 

to that of the VWF:Ag enzyme-linked immunosorbent assay (detection limit 0.038 U/ml = 

~2 pg compared to 0.08 U/ml = ~4 pg).

Complement fixation on BOECs

BOECs were exposed to 50% (in exceptional experiments 10%) NHS with AP buffer [7 mM 

MgCl2, 10 mM EGTA, 144 mM NaCl, 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid buffer, pH 7.4] or serum-free media (SFM) in the presence of 

antibodies specifically blocking the membrane-anchored complement regulators CD46 (with 

monoclonal mouse anti-human anti-CD46 antibody: GB24, IgG116), CD55 (BRIC216, 

IgG1), and CD59 (BRIC229, IgG2b) (International Blood Group Reference Laboratory, 

NHS Blood and Transplant, Bristol, UK). Antibodies were used at a concentration of 5 

μg/ml and diluted in serum-free cEGM-2 media for 30 minutes in all experiments. The 

concentration of blocking antibodies used was derived from titration and saturation 

experiments performed by FACS (Supplementary Figure S4).

C3b deposition was demonstrated by FACS using an antibody to C3c detecting the C3c 

portion of native C3 and C3b (ab15980 and ab4212, Abcam). Cells were seeded overnight in 

6-well plates and incubated with blocking antibodies followed by 50% NHS in AP buffer for 

1 hour. Cells were trypsinized for 1 minute and washed twice in flow buffer (1% fetal bovine 

serum/phosphate-buffered saline). The primary antibody (rabbit anti-C3c, 1:100 dilution, 

Abcam) in flow buffer and the secondary antibody [R-Phycoerythrin–conjugated AffiniPure 

F(ab')2 Fragment donkey anti-rabbit IgG (H + L), 1:200 dilution, Jackson ImmunoResearch, 

West Grove, PA) together with Fixable Viability Dye eFluor780 (1:1000 dilution, 
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eBioscience, San Diego, CA) in phosphate-buffered saline were incubated at 4 °C for 20 

minutes. For experiments with C1q-depleted serum we used a C3c-FITC-conjugated 

antibody from Abcam. C1q-depleted serum was purchased from CompTech.

Assessing functional consequences of complement fixation on BOECs

VWF secretion—Cells were seeded overnight in a 6-well plate and treated with anti-

human CD46, CD55, and CD59 blocking antibodies for 20 minutes, followed by 50% NHS 

in SFM. Primary (sheep anti-human VWF) and secondary antibody were incubated each for 

1 hour at room temperature. Cells were then permeabilized with 0.2% Triton in PBS for 5 

minutes before rabbit anti-human VWF and the secondary antibody were added for 1 hour 

each at room temperature.

LDH cytotoxicity assay—BOECs from 3 healthy controls and 2 Type 3 VWD patients 

were seeded overnight in a 96-well enzyme-linked immunosorbent assay plate (Sarstedt) and 

grown to confluence. After incubation with antibodies, 10% NHS in serum-free media was 

added for 4 hours. A Pierce LDH cytotoxicity assay kit (Thermo Fisher Scientific, Waltham, 

MA) was used according to the manufacturer’s instructions. Optical density was determined 

using a standard curve, normalized to the positive control (maximal release achieved by 

solubilizing cells with lysis buffer), and displayed in percent increase over the negative 

control (10% NHS).

Platelet adhesion assay—Platelets were isolated from healthy controls as described 

elsewhere.47 Isolated, washed platelets were incubated with 2.5 μM calcein (Life 

Technologies) for 30 minutes at 37 °C, pelleted at 950g, and resuspended at a concentration 

of 15 × 107 per ml in Tyrode’s buffer.47 For BOEC–platelet adhesion experiments, control 

BOECs and VWD BOECs were grown in collagen-coated microfluidic channels of the 

BioFlux system (Fluxion Biosciences, South San Francisco, CA) as described before.47 For 

complement challenge experiments, the membrane complement regulators were first 

blocked with anti-human CD46, CD55, and CD59 functional blocking antibodies diluted in 

serum-free media and perfused through the channels at 1 to 2 dynes/cm2 for 30 minutes. 

Fifty percent NHS in AP buffer was subsequently perfused through the BioFlux chambers at 

a shear rate of 2 dynes/cm2 for 60 minutes. For platelet adhesion assays, 15 × 107 per ml 

calcein-labeled platelets in Tyrode’s buffer were flowed through the chamber at 2 dynes/cm2 

for 10 minutes after BOEC exposure to serum. In each experiment 3 pictures of the 

individual channels of the flow chamber were taken with a Leitz DM IL microscope (Leica, 

Wetzlar, Germany) equipped with an Eclipse Ti camera (Nikon, Tokyo, Japan) at X4 

magnification, and platelets adhering were manually counted using ImageJ software.

Statistical analysis

Figures were generated using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA) and displayed as mean and SD. Statistical analysis was performed using either 2-way 

analysis of variance with post hoc analysis or paired t-test. A P value of <0.05 was 

considered statistically significant. In the figure legends, P values are presented as follows: 
*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001, not significant (NS) >0.05.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1|. Complement regulators are present on control and VWD BOECs.
By immunofluorescence (a–f) and flow cytometry (g–l) the surface expression of 

complement regulators CD46, CD55, and CD59 was detected. (a–c) Control blood 

outgrowth endothelial cells (BOECs) and (d–f) von Willebrand disease (VWD) BOECs 

were seeded on cover slips, stained for CD46 (a,d), CD55 (b,e), and CD59 (c,f) and the 

representative secondary antibody (Alexa Fluor 488, green), and they were imaged using a 

fluorescence microscope. Cell nuclei were stained using Hoechst stain (blue). (g–l) For flow 

cytometry, cells were trypsinized off a 6-well plate, and incubated with primary antibody 
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(CD46, CD55, or CD59) and respective secondary Alexa Fluor 488. Surface expression of 

complement regulators was acquired using an Attune Acoustic Focusing Cytometer 

(Invitrogen) and analyzed using FlowJo software. A similar surface expression of 

complement regulators on VWD BOECs (blue) compared to control BOECs (red) was 

observed, as shown in representative images (g–i). The unstained controls are displayed in 

light blue for VWD BOECs and light red for control BOECs. (j–l) Comparison of the 

median fluorescence intensity (MFI) of 3 experiments (n = 3 for control BOECs and n = 2 

for VWD BOECs) did not show a significant difference in surface expression of CD46, 

CD55, and CD59. (P = 0.7; 2-way analysis of variance.)
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Figure 2|. VWD BOECs lack VWF.
(a) Multimer analysis of the Type 3 von Willebrand disease (VWD) patient plasma (T151 

and T050), compared with normal human pooled plasma (NHPP) and Type 2A VWD 

plasma. Both Type 3 VWD plasma samples lack von Willebrand factor (VWF)-multimers. 

Images are taken from the same gel with the black lines indicating separation from lanes that 

were not included in this study. (b) Detection of VWF in control and VWD blood outgrowth 

endothelial cell (BOECs) showed a decreased amount of protein in lysates of VWD patient 

BOECs. (c) mRNA expression levels of VWF were determined by RT-qPCR. VWD BOECs 
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showed minimal VWF mRNA expression (*P < 0.05; paired t-test). VWF mRNA levels 

were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Noone et al. Page 16

Kidney Int. Author manuscript; available in PMC 2019 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3|. Complement fixation results in VWF release.
Von Willebrand factor (VWF) release from control blood outgrowth endothelial cells 

(BOECs) was detected via immunofluorescence. Control BOECs were treated with CD46, 

CD55, and CD59 antibody for 20 minutes, followed by 50% normal human serum for 10, 

30, and 60 minutes. Cells were fixed with 4% paraformaldehyde, followed by sheep anti-

VWF (red). Subsequently, cells were permeabilized with 0.2% Triton in phosphate-buffered 

saline and incubated with rabbit anti-VWF (green). VWF staining before permeabilization 

identifies secreted VWF, VWF staining after permeabilization intracellular VWF. Images 

were taken using an IX81 inverted fluorescence microscope (Olympus Corp., Tokyo, Japan) 

with a 60/1.35 oil immersion objective and a C9100–13 back-thinned EM-CCD camera 

(Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., Japan) with a CSU X1 spinning 
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disk confocal scan head (Yogokawa, Yokogawa Canada, Inc., Alberta, Canada). Bar = 10 

μm.

Noone et al. Page 18

Kidney Int. Author manuscript; available in PMC 2019 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4|. Complement-induced platelet adhesion.
(a) In a fluidic system platelet adhesion on control blood outgrowth endothelial cells 

(BOECs) exposed to complement (treatment as in c) occurred on von Willebrand factor 

(VWF) strings (original magnification X20). (b,c) Von Willebrand disease (VWD) (upper 

channel) and control BOECs (lower channel) were exposed to 50% normal human serum for 

1 hour without (b) or with (c) CD46, CD55, and CD59 treatment; platelets (15 × 107 per ml, 

100 μl per well, in Tyrodes buffer) were perfused at 2 dynes/cm2. No platelet adhesion was 

observed on VWD BOECs. (d) Platelet adhesion was analyzed by counting adherent 
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platelets of 4 random pictures per channel using ImageJ software. Significantly more 

platelets were seen to adhere in control BOECs as compared to VWD BOECs devoid of 

VWF. (N = 3; ***P < 0.001; 2-tailed analysis of variance; Sidak's multiple comparisons 

test.) Pictures were taken with a Nikon Eclipse Ti camera at X4 (b,c) and X20 (a) original 

magnification after 5 minutes.
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Figure 5|. Complement deposition on VWD BOECs.
Surface deposition of C3b detected via a polyclonal rabbit anti-C3c antibody was acquired 

using an Attune Acoustic Focusing Cytometer (Invitrogen) after gating for live and single 

cells. Experiments were performed using 2 different controls and 2 different von Willebrand 

disease (VWD) blood outgrowth endothelial cells (BOECs). (a,c,e) Representative figures 

for control (blue) and VWD BOECs (red) when treated (a) with 50% normal human serum 

(NHS) alone, (c) after CD46 block, and (e) after CD46, CD55, and CD59 block. Unstained 

controls for control (light blue) and VWD BOECs (light red). (b,d,f) The median 

fluorescence intensity (MFI) was calculated using FlowJo software after subtraction of MFI 

of the unstained sample. No difference was observed when control and VWD BOECs were 
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treated (b) with 50% NHS alone or (d) after CD46 block. (f) A significant increase of C3c 

deposition was seen in VWD BOECs compared to control BOECs after functional blockade 

of complement regulators CD46, CD55, CD59, and 50% NHS for 1 hour in both. (N = 5; *P 
< 0.05; paired t-test.)
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Figure 6|. Complement-mediated cytotoxicity in VWD BOECs.
Cell death was measured by detection of lactate dehydrogenase (LDH) release in supernatant 

of control and von Willebrand disease (VWD) blood outgrowth endothelial cells (BOECs) 

after incubation with 10% normal human serum in serum-free media (SFM) for 4 hours of 

pretreatment with none, only CD46, or a combination of CD46, CD55, and CD59 blocking 

antibodies. Cell death was calculated using a standard curve and normalized to positive 

control (100%), obtained adding lysis buffer 45 minutes prior to incubation end. Data were 

gathered from 3 different experiments (mean of 4–8 wells per plate) using 2 different control 

BOECs and 2 different VWD BOECs. A more profound increase of cytotoxicity was 

observed in VWD BOECs compared to control BOECs in all conditions. (*P < 0.05; **P < 

0.01; paired t-test.)
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Figure 7|. Glomerular endothelial cells express less VWF.
(a) Control and glomerular endothelial cell (GEC) lysates were resolved by 1.6% LGT 

agarose gel and probed for von Willebrand factor (VWF). A lower expression of VWF was 

seen in GECs. (b) mRNA levels of VWF were measured by RT-qPCR in control BOECs and 

GECs, and VWF mRNA levels of GECs were only 35% of levels found in control BOECs 

(****P < 0.0001, 2-tailed t-test, N = 3). GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase. (c) Immunofluorescence labeling of GECs with antibodies detecting VWF 

(1:1000, green) and VE-cadherin as endothelial cell marker (1:200, red) revealed partial 

expression of VWF in GECs. Image was taken using an Olympus IX81 inverted 

fluorescence microscope with a 60/1.35 oil immersion objective and a Hamamatsu C9100–

13 back-thinned EM-CCD camera with a Yokogawa CSU X1 spinning disk confocal scan 

head.
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