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Abstract

Background: Scavenger receptors play a significant role in clearing aged proteins from the
plasma, including the large glycoprotein coagulation factors von Willebrand factor (VWF) and
factor VIII (FVI1II). A large GWAS meta analysis has identified genetic variants in the gene
SCARAS, which encodes the class A scavenger receptor SCARADS, as being associated with
plasma levels of VWF and FVIII.

Objectives: The ability of SCARAS to regulate the clearance of VWF-FVIII was characterized.

Methods: VWF-FVIII interactions with SCARAS were evaluated by solid phase binding assays
and /n vitro cell based assays. The influence of SCARADS deficiency on VWF:Ag and half-life was
assessed in a murine model. The expression pattern of SCARAS and its co-localization with VWF
was evaluated in human tissues.

Results: VWF and the VWF-FVIII complex bound to human recombinant SCARADS in a dose-
and calcium-dependent manner. SCARAS expressing HEK 293T cells bound and internalized
VWF and the VWF-FVIII complex into early endosomes. /17 vivo, SCARAS deficiency had a
modest influence on the half-life of human VWF. mRNA analysis and immunohistochemistry
determined that human SCARAGS is expressed in kidney podocytes and the red pulp, white pulp
and marginal zone of the spleen. VWF was found to co-localize with SCARAS expressed by
littoral cells lining the red pulp of the human spleen.

Conclusions: SCARAGS is an adhesive and endocytic receptor for VWEF. In human tissues,
SCARAGS is expressed by kidney podocytes and splenic littoral endothelial cells. SCARAS5 may
have a modest influence on VWF clearance in humans.
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Introduction:

Scavenger receptors are a superfamily of membrane receptors characterized by the ability to
bind and internalize an array of endogenous and exogenous ligands and pathogens.
Scavenger receptors are classified by domain structure and ligand binding properties into 12
separate families (classes A-L) and have been shown to regulate physiological processes
such as clearance of apoptotic and necrotic cellular materials, aged plasma proteins, and
cholesterol [1]. A number of pathophysiological conditions are linked to disordered or
dysfunctional scavenger receptor activity including infection, cancer, and atherosclerosis
[2,3]. Importantly, while scavenger receptors interface directly with and regulate constituents
of the blood or plasma, the influence of this receptor family on the hemostatic system is
largely uncharacterized.

Under physiological conditions, blood is maintained in a fluid state by a balance between
pro- and anticoagulant pathways that rapidly activate to prevent blood loss in response to
vascular injury but prevent pathological thrombus development. Quantitative abnormalities
in plasma levels of coagulation factors, including the multimeric glycoprotein von
Willebrand factor (VWF) can associate with either bleeding disorders (von Willebrand
disease, VWD) or increase the risk for thrombosis [2,4]. Plasma levels of VWF can be
modified by pathways that regulate its synthesis or secretion from endothelial cells or
megakaryocytes, or clearance, which involves a series of semi-selective ligand-receptor
mediated interactions involving hepatocytes, macrophages, and endothelial cells in the liver
and/or spleen [5,6].

To date, receptors belonging to four separate scavenger receptor families, SR-A1 (class A),
asialoglycoprotein receptor (ASGPR, class E), stabilin-2 (class H), and low density
lipoprotein receptor-related protein 1 (LRP-1, class L) have been shown to bind and regulate
the clearance of VWF [7-10]. While the associations between VWF and the receptors SR-
Al, ASGPR, and LRP-1 were characterized in candidate gene rationalized studies, the
influence of stabilin-2 on VWF clearance was first suggested by the CHARGE genome wide
association study (GWAS) meta-analysis, which associated common variants with plasma
levels of VWEF or its binding partner the coagulation cofactor factor VIII (FVIII) [11,12]. In
follow up studies, rare and common S7ABZ2 gene variants have been associated with VWF
plasma levels in normal individuals and patients with type 1 VWD or low VWF, or an
increased risk for venous thromboembolism [8,13,14]. In addition to the STABZlocus, the
CHARGE GWAS identified variants in the genes encoding two other cell surface receptors,
the endocytic lectin receptor CLEC4M and the scavenger receptor SCARAS (Scavenger
Receptor Class A Member 5, or SR-A5), as being associated with plasma VWF and/or FVIII
[12,15].

Similar to SR-A1, SCARAS is a type Il membrane protein and displays homology with
other class A scavenger receptors. SCARADS is comprised of a C-terminus intracellular
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region, a transmembrane region, and extracellular spacer domain, a collagenous domain and
a scavenger receptor cysteine rich (SRCR) domain at the N-terminus [16]. SCARA5S
assembles as a trimer at the cell surface, and has been reported to bind lipopolysaccharide,
ferritin, polyanions, and microbes, but not modified low-density lipoproteins [16,17]. In
mice, SCARAS is expressed by epithelial cells and fibroblasts in the testis, heart, brain, and
spleen [16,18]. In contrast, the expression pattern of SCARADS in human tissues is largely
uncharacterized, although SCARA5 mRNA is expressed in CD31*CD34-CD8a" littoral
cells (LCs), a sub-type of splenic sinusoidal endothelial cells [19]. In this report, we describe
the ability of SCARADS to bind and/or internalize VWF using cell expression and solid phase
binding assays. We determine the influence of SCARAGS deficiency on VWF plasma levels
and half-life in a mouse model. Finally, we investigate the anatomic sites of SCARA5S
mMRNA and protein expression, and its co-localization with VWF in human tissues.

Materials and Methods

Recombinant SCARAS production and purification:

HEK?293 EBNA cells secreting the HIS- and AVI-tagged soluble human SCARAS protein
(structure and sequence provided in Supplemental Figures 2 and 3) into cell culture media
were cultured in DMEM with Glutamax-1 supplemented with 10% fetal calf serum,
penicillin-streptomycin, sodium pyruvate, and selective antibiotics (250 pg/ml G418, 125
ug/ml zeosin) and a daily addition of 100 pug/ml ascorbic acid. Upon confluency, the media
was replaced with serum-free DMEM/F-12 (1:1) supplemented with glutamax-1, penicillin-
streptomycin, sodium pyruvate and ascorbic acid. The serum-free cell culture media was
harvested after 3—-10 days of culture. SCARAS purification was performed on an AKTA pure
25 system by immobilized metal affinity chromatography using a HisTrap Excel column
followed by anion-exchange using a HiTrap Q HT column. The fractions containing the
desired protein were identified by SDS-PAGE and Western blotting, pooled and
concentrated with Amicon Ultra Centrifugal filter, 30 kDa cut-off and then run through a
Superdex 200 size-exclusion chromatography column. Finally, the fractions containing the
purified protein were identified by SDS-PAGE and Western blotting, pooled, and
concentrated for later use. Western blot analysis of the recombinant soluble SCARAS under
non-denaturing conditions indicated that the majority of the protein migrated in a trimeric
form (data not shown), presumably mediated through natural cross-linking via modified
lysine residues in the collagenous region [20].

Solid phase VWF-SCARAS binding assays:

The interaction between recombinant SCARAS and VWF/FVI1I1 was measured as described
[15] with several modifications. Recombinant human SCARAS was coated in carbonate
buffer at 5 pg/mL on Maxisorp plates (Nunc, Rochester, USA). VWF binding to SCARA5
was detected by an HRP-conjugated rabbit anti-VWF antibody (Dako, Agilent, Santa Clara,
USA), FVIII binding to SCARAS was detected by an HRP-conjugated sheep anti-FVI11
antibody (Affinity Biologicals, Ancaster, Canada). For all experiments, binding was
compared with background binding to a BSA-coated negative control. For some
experiments, immobilized SCARAS5 was preincubated with polyinosinic acid potassium salt
(Polyl), poly guanylic acid (PolyG), dextran sulfate, chondroitin sulfate (Sigma Aldrich, St.
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Louis, USA), polyphosphate (PolyP) (courtesy of Dr. JH Morrissey, University of
Michigan), or the following anti-SCARADS antibodies: PA5-23551 (Invitrogen), LS-B5013
(LS Bio), AF4900 (R&D), or mouse anti-human SCARAS5 ah-SR5.2. ah-SR5.2 was
produced and purified as previously described [18] using a human SCARAS peptide (amino
acids 356-495) in an pET28a(+) vector. Antibody binding sites can be found in
Supplemental Figure 2.

Imaging Studies:

Antibodies used include: sheep anti-FVI1I (Affinity Biologicals), rabbit anti-VWF (Dako),
sheep anti-VWF (Abcam, Cambridge, UK), rabbit anti-EEAL (Cell Signalling Technology,
Beverly, MA, USA), rabbit anti-SCARAS (HPA024661, Sigma Aldrich), mouse anti-
SCARAS5 (ah-SR5.2), anti-human CD31 (Dako), anti-human CD68 (Santa Cruz
Biotechnology, Dallas, USA), anti-human synaptopodin (R&D, Minneapolis, USA), mouse
anti-human CD34 (QBENd-10, ThermoFisher Scientific, Waltham, USA) and mouse anti-
human CD8a (4B11, ThermoFisher Scientific).

Immunocytochemistry: HEK 293T cells were transiently transfected with the full-length
human SCARAS5 cDNA by lipofectamine (ThermoFisher Scientific). A 10-20% transfection
efficiency was routinely observed. 24 hours post-transfection, cells were washed and
exposed to VWF and/or FVIII in binding buffer (10 mM HEPES pH 7.4, 135 mM NacCl, 10
mM KCI, 5 mM CaCl,, 2 mM MgSQy,) for 15 — 60 minutes. Cells were prepared for
immunofluorescent imaging as previously described [15].

Immunohistochemistry: DAB peroxidase IHC analysis of SCARAS expression by
normal human tissues was performed using a rabbit anti-human SCARAGS antibody (Sigma
Aldrich) on a Ventana Discovery Immunostainer (Ventana Medical System, Tucson, AZ)
and imaged using an Aperio ScanScope SC slide scanner. Immunofluorescent staining was
performed as previously described and imaging was performed with a Leica SP8 laser
scanning confocal microscope using 63X oil immersion objective [8]. All IHC conditions
were compared with isotype controls (data not shown). All images were analyzed using
ImageJ or FIJI software (NIH, Bethesda, USA).

Animal model and clearance studies:

All animal experiments were approved by the Queen’s University Animal Care Committee
(Kingston, ON, Canada).

Plasma collection from SCARA5 KO mice: Blood was collected from age and sex-
matched 8-10 week old normal C57BI/6 mice from our colony and SCARA5 KO mice [18]
on a C57BI/6 background via inferior vena cava into 10% buffered citrate. Platelet poor
plasma was prepared by centrifugation at 10,000xg for 10 minutes and stored at —80°C until
analysis

VWEF half-life studies: Murine plasma-derived VWF was generated by hydrodynamic tail
vein injection of the murine VWF cDNA into VWF/FVI1I DKO mice. Blood was collected 3
days post-injection, plasma VWF was quantified and diluted to 20 U/mL in VWF/FVIII
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DKO plasma. Human plasma-derived VWF (FVI111-free) was kindly provided by Biotest
(Munich, Germany). C57BI/6 SCARA5 KO were crossed with C57BL/6 VWF KO mice to
generate VWF/SCARADS double knockout (DKO) mice. VWF was administered via tail vein
injection at 200 U/kg. Blood was collected via retro-orbital plexus into 10% buffered citrate.
VWEF clearance statistics were determined by one phase exponential decay or AUC analysis
in Graph Pad Prism (San Diego, USA).

Measurement of VWF:Ag and VWFpp.—VWF:Ag was determined by ELISA using
Dako antibodies (A0082 and P0226). Murine VWEF propeptide (VWFpp) levels were
measured by ELISA as described [21] using 349.2 and 349.3 antibodies kindly provided by
Dr. S. Haberichter (Blood Research Institute, Blood-Center of Wisconsin, Milwaukee,
USA).

Human SCARA5 mRNA quantification:

RNA extracted from human liver, spleen, kidney and testes was purchased from Cell
Applications Inc. (San Diego, CA, USA), and transfected HEK 293T and whole blood RNA
was isolated by RNAeasy Mini Kit (Qiagen, Hilden, Germany). RNA was reverse
transcribed by random hexamer primers using SuperScriptlll reverse transcriptase in
accordance with manufacturer’s protocols. SCARAS and GAPDH gene expression was
quantified using TagMan® Gene Expression Assays with TagMan Fast Advanced
Mastermix (ThermoFisher Scientific).

Statistical analysis:

T-tests or one-way ANOVA was performed on experiments with n=3 using GraphPad Prism
software. Values are expressed as mean + standard error. Figures denote P<0.05 with * and P
<.001 with **,

Results:

SCARAGS directly binds to and mediates the intracellular internalization of VWF:

We first assessed the ability of recombinant human soluble SCARADS to bind directly to
VWEF using a solid phase binding assay. Recombinant human SCARAS5 was adsorbed
directly to a microtitre dish and exposed to combinations of human VWF or FVIII-
containing products in a calcium-supplemented buffer. VWF or FVIII binding was measured
using an HRP-conjugated anti-VWF or anti-FVII1 polyclonal antibody. We observed that
human plasma-derived VWF bound directly to immobilized SCARAGS in a saturable, dose-
dependent manner, as compared with a BSA control (Figure 1A). Here, we estimated the
apparent Kd as 0.125 + 0.01 pg/mL (0.5 nM) confirming that this binding interaction is of
high affinity.

Binding between SCARAS and VWF may be mediated by either the collagenous or SRCR
domains of the SCARAGS protein. The SRCR domain contains 6 cysteine residues that are
likely to participate in intra-chain disulfide bonds that conserve protein conformation and
ligand binding affinity. We confirmed the specificity of SCARA5-VWEF binding in this assay
by blocking immobilized SCARAS5 with anti-SCARADS antibodies prior to the addition of
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soluble VWF (Figure 1B). We observe that antibodies that bind to full length SCARADS, the
collagenous domain and/or the SRCR domain significantly attenuate VWF binding to
SCARAS in this system. We next compared the binding of human rFVIII to immobilized
SCARAGS in the presence or absence of human plasma-derived VWF to a BSA control. Here
we observed that the presence of VWEF significantly enhanced FVIII binding, suggesting that
FVIII may interact with SCARAS through VWEF (Figure 1C) but that SCARADS does not
bind FVIII directly.

Previous studies of the SRCR domain of glycoprotein 340 suggest that the presence of
calcium promotes the conformational stability of the SRCR domain and enhances ligand
binding [22], and similarly, the binding between VWF and SR-A1 is also calcium-dependent
[7]. Using EDTA supplemented or calcium/magnesium-deficient buffers, we demonstrate
that SCARAS5-VWEF binding is inhibited, confirming that this interaction is also calcium-
dependent and partially magnesium-dependent (Figure 1D). Class A scavenger receptors
have been previously reported to bind polyanionic motifs in their respective ligands through
cationic collagenous or cysteine-rich domains [23,24]. We pre-incubated immobilized
recombinant SCARAS with the polyanionic ligands short or long-chain PolyP, Polyl, PolyG,
dextran sulfate (DS) or chondroitin sulfate (CS). Long-chain PolyP, PolyG and dextran
sulfate partially attenuated the interaction between VWF and SCARA5 when compared with
a BSA control (Figure 1E). This observation is consistent with previous studies documenting
that PolyG can inhibit the interaction between SCARAS5-expressing cells and labeled S.
aureus and E. colibioparticles [16].

We next determined the ability of SCARA5-expressing cells to bind and internalize VWF.
HEK 293T cells were transiently transfected with the human SCARAS5 cDNA. 24 hours
post-transfection, cells were washed and exposed to VWF in a calcium-supplemented
binding buffer for 15-60 minutes. Cells were washed and processed for immunofluorescent
imaging as previously described. We observed that human plasma-derived VWF was bound
to and internalized by HEK 293T cells (Figure 2A) expressing the human SCARA5 cDNA
but not to control cells that did not express SCARAS5 including HEK 293T cells transiently
transfected with vector backbone (data not shown). VWF partially co-localized with areas of
SCARAGS expression, which is likely related to the disengagement of receptor-ligand
interaction upon transportation of the complex to the acidic endosomal compartments, and
the potential re-exportation of internalized SCARAJS to the cell membrane by recycling
endosomes. We confirmed that SCARADS expressing HEK 293T cells were able to
internalize VWF into early endosomes, by demonstrating that VWF partially co-localized
with early endosomal antigen-1 (EEAL) within 15 minutes of exposure to VWF (Figure 2B).
Finally, we demonstrate that when SCARA5-expressing HEK 293T cells were exposed to
the VWF-FVIII complex, internalized VWF and FVIII partially co-localized, confirming
that SCARAS can mediate internalization of FVIII in a VWF-dependent manner (Figure
2C). For all merged images an orthogonal view is inset. No FVIII binding to SCARA5-
expressing HEK 293T cells was observed in the absence of VWF (data not shown).
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SCARAGS deficiency does not strongly modify VWF levels or half-life in vivo:

We next assessed the influence of SCARAGS deficiency on plasma VWEF levels and half-life
in a mouse model. We observed no significant differences in VWF:Ag, VWFpp, or VWFpp/
VWEF:Ag, between control C57BI/6 and SCARAS5 KO mice (Figure 3A-C). We then
generated VWF/SCARAS5 DKO mice and measured the half-life of human and murine VWF
(administered by tail vein injection at 200 U/kg) in these animals as compared with VWF
KO mice. We observed no significant difference in the half-life of plasma-derived murine
VWE in the absence of SCARAGS expression (Figure 3D). In contrast, we observed an
increase in the half-life of human plasma-derived VWF in VWF/SCARA5 DKO mice as
compared with VWF KO controls (84.9 minutes versus 66.8 minutes, p=0.026) (Figure 3E).
Area Under Curve (AUC) analysis did not find a significant difference between VWF/
SCARAS5 DKO mice as compared with VWF KO controls for human plasma-derived VWF
(p=0.127) or murine plasma-derived VWF (p=0.982).

Previous studies performed by van Schooten et al. [25] using radiolabelled VWF have
shown that VWF can be taken up by cells in the liver, spleen and kidneys. Given its relative
size and proportionate blood flow it is presumed that the liver is the major site of VWF
clearance in vivo. We infused VWF KO and VWF/SCARAS5 DKO mice with 200 U/kg of
human plasma-derived VWF, perfused and collected liver, spleen and kidney tissues for IHC
after 30 minutes, and stained the tissues using an anti-VWF antibody. VWF stained
predominantly sinusoidal endothelial cells and macrophages in the liver, cells within the
marginal zone and red pulp of the spleen, and within the mesangial cells of the kidney
glomerulus. However, no significant differences were observed in the pattern of VWF
staining between the organs from VWF KO and VWF/SCARA5 DKO mice (Supplemental
Figure 1). Collectively, this data suggests that the predominantly epithelial and fibroblast
expression of SCARAS in mouse tissues does not significantly contribute to VWF clearance
in this animal model.

SCARAGS is expressed in the human kidney and spleen:

We finally assessed the site of SCARAS expression in human tissues using qRT-PCR, and
IHC. There are four alternative splice isoforms of the human SCARAS5 gene that have been
identified. Isoform 1 is the canonical splice form and encodes the full-length SCARA5
protein, while the other three isoforms lack structural elements including the transmembrane
region and SRCR domains that might impair SCARAS function. We utilized two sets of
probes for our quantitative analysis - one designed to detect all four SCARAS isoforms
(spanning exons 4 and 5), and one designed to detect isoforms 1 and 4 which are capable of
encoding the SRCR domain (spanning exons 7 and 8) (Figure 4A). We quantified SCARA5S
MRNA levels from human testes, liver, spleen, kidney and whole blood as compared with a
GAPDH control. We report the Ct values for each sample (using equimolar amounts of
starting cDNA for each reaction) (Figure 4B) and AACt values for SCARADS levels as
compared to the GAPDH control and to the results obtained from the testes samples (Figure
4C). We observed a high level of SCARAS expression in our positive control (HEK 293T
cells transfected with the full length human SCARA5 cDNA). Compared with SCARA5S
levels in the human testes, we observed moderate expression in the spleen and kidney, and
lower expression in the liver and whole blood RNA extracts.
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We next characterized the expression pattern of SCARAS and its localization with VWF and
other cellular markers in human tissues using an antibody that binds within the spacer region
of human SCARAGS (Supplemental Figure 2). This antibody therefore likely recognizes
SCARAG protein isoform 1 (full length), as well as isoforms 2 and 3 but not isoform 4
(Supplemental Figure 2). We confirmed the ability of this antibody to recognize full-length
human SCARADS by immunocytochemistry on HEK 293T cells transfected with the full-
length human SCARAS5 cDNA (data not shown) and then performed IHC in human liver,
kidney and spleen tissues. Using IHC DAB staining in the human liver, we were unable to
detect any SCARAS signal when compared with an isotype control (data not shown), which
is consistent with the published data concerning the expression pattern of murine SCARAS5
in the liver [16,18]. In the human kidney, we observed the majority of SCARADS staining was
localized within the podocytes of the glomerulus (Figure 5A) and confirmed this by co-
staining with the podocyte marker synaptopodin (Figure 5D). Both VWF and CD31 were
expressed by endothelial cells in the glomerulus which are separated from SCARA5-
expressing podocytes by a basement membrane (Figure 5B and 5C). No VWF was found to
associate with SCARAb5-expressing podocytes (Figure 5B).

In the human spleen, we have previously detected VWF associating with CD31 and
stabilin-2 expressing endothelial cells and CD68-expressing macrophages [8]. Additionally,
human VWF infused into VWF KO mice associates predominantly with CD31-expressing
endothelial cells, although some F4/80-expressing macrophages also associated with infused
VWEF. In these studies, IHC analysis of the human spleen demonstrated that cells within the
red pulp, marginal zone, and white pulp of the spleen express SCARADS (Figure 6A).
Immunofluorescent analysis of this tissue demonstrated some colocalization between
SCARAGS and VWEF that occurs in CD31-expressing endothelial cells (Figure 6B, 6C, 6E)
but not CD68-expressing macrophages (Figure 6D).

Previously the mRNA expression of SCARADS in splenic littoral (CD31*CD34~CD8a*) but
not splenic vascular endothelial cells (CD31*CD34*CD8a.") has been reported [19].
Utilizing the same CD8a and CD34 antibodies that have been previously validated for the
isolation of these two cell populations by FACs, we performed IHC on human spleen
samples and co-stained for SCARAS5 and VWF. We observed some co-localization between
SCARAG5 and CD8a expressing cells in the splenic red pulp within endothelial cell-like
structures (Figure 7A). This same population of cells was also found to associate with VWF
staining. Conversely, we observed little co-localization between CD34 and SCARAS
expressing cells in the splenic marginal zone (Figure 7B), although VWF also localized to
CD34-expressing cells. Additional overlays of these images can be found in Supplemental
Figures 3 and 4.

Discussion:

The association between common SCARAS5 gene variants and plasma levels of VWF:Ag or
FVIII:C was first identified by the CHARGE GWAS meta analysis in a population of 23,000
individuals of European ancestry and a subsequent replication cohort of 7600 additional
subjects [12]. In this study, the SCARAS intronic variants rs2726953 and rs9644133 were
shown to associate with a 4.5% (p=1.3x10716) increase and a 4.1% (p=4.4x1071°) decrease
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in plasma VWF and FVII1 levels respectively. Regional plot analysis of the SCARAS5 gene
revealed several other SCARAS5 gene variants that associate with plasma VWF:Ag below a
genome-wide significance threshold of p=5.0x1078. The observation was confirmed in a
recently published follow-up GWAS involving a multi-ethnice population of over 46,000
normal individuals [11]. Analysis using rAggr software under default settings did not
identify any variants in linkage disequilibrium with the CHARGE SNVs outside the
SCARAS gene (Supplemental Tables 1 and 2), indicating that these signals are likely
associated with the SCARAS5 gene.

However, while the association between CHARGE variants in VWF, CLEC4M, STXBPS,
STX2, and STABZ and plasma VWEF levels have been verified in separate smaller
populations of normal individuals or those with quantitative VWF abnormalities, the
association between SCARAS5 gene variants and VWF-FVIII is less clear [8,15,26-29]. One
analysis of the Guttenberg Health Study found an association between the SCARA5 SNV
rs9644133 and plasma FVIII:C in female but not male subjects [30], and the mechanistic
basis for a sex-specific effect is not currently understood. A separate GWAS meta analysis
found an association between a SCARA5 SNV and plasma VWF:Ag in one out of three
patient cohorts, although this association failed to reach a study-wide or GWAS significance
level [31]. Other studies involving normal individuals and patient-based cohorts have failed
to identify an association between SCARA5 gene variants and plasma VWF:Ag levels in
patients with type 1 VWD [27]. In a type 1 VWD study that includes both Canadian and
American subjects, we have previously found that variants in both CLEC4M, and STABZ2
associate with plasma VWF levels [8,32]. However, in the same subjects, no association
between SCARAS gene variants and plasma VWEF levels was observed (Supplemental Table
3). Thus, we undertook these experimental studies to to rule out the possibility of a false
positive GWAS result, identify the mechanistic basis by which the GWAS-identified
SCARAGS variants convey their effects on VWF, and to better understand pathobiological
pathways that contribute to VWEF clearance.

We first began by determining the ability of SCARAGS to bind VWEF using solid phase
binding assays (Figure 1). We determined that SCARAS can bind to VWF with a high
affinity in a calcium- and magnesium-dependent manner. While the predominant ligand
binding-region of the class A scavenger receptors has been previously thought to be the
collagenous domain [33], the SRCR domain, which mediates ligand binding in a number of
protein families, is thought to be the primary ligand-binding domain in the class A scavenger
receptor MARCO [23,34]. As the ligand-binding properties of the SRCR domain of
glycoprotein 340 are enhanced in the presence of calcium [22], this suggests involvement of
the SRCR domain in mediating the interaction between SCARA5 and VWF. Previous
studies have determined that the VWF A1 domain is essential for mediating binding to SR-
Al and LRP-1, however the role of the A1 domain involved in regulating binding to
SCARAG is currently unknown [7,35] Further studies are required to better understand the
mechanistic basis of this interaction. Next, using a heterologous system in which we
transfected the human SCARAS cDNA into HEK 293T cells, we observed that SCARAS5
transfected cells were able to bind to and internalize VWF alone or the VWF-FVIII complex
and transport its VWF cargo to early endosomes in a manner similar to other VWF clearance
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receptors (Figure 2). Collectively, this data suggests that SCARADS is capable of binding to
and mediating the intracellular internalization of VWF.

We next wanted to determine if SCARADS is capable of regulating VWEF clearance using an
in vivo mouse model of SCARAS deficiency. We observed that there was no evidence of
murine VWF clearance in SCARAS5 KO mice, and a modest influence on human VWF
clearance (Figure 3). In some cases, animal models may be only a partially informative tool
for understanding the pathways that regulate VWF-FVIII clearance. For example, the VWF
clearance receptor CLEC4M does not have a murine ortholog, and stabilin-2 clears only the
human but not the murine form of the VWF protein [8,36]. Additionally, some forms of the
VWEF molecule exhibit different clearance profiles in humans when compared to animal
models. ABO glycans can regulate VWEF clearance in human but not in mouse models, while
the common VIWF variants p.T789A/p.Y795= are thought to have a small influence on VWF
clearance in humans but exhibit a large influence in a mouse model [28,37]. Although
murine SCARADS has a ~88% amino acid identity to human SCARADS, the relative affinity of
murine SCARADS for human and murine VWF is unknown. However, murine SCARAS has
only been reported to be expressed on epithelial cells or fibroblasts in the murine testis,
heart, brain, and spleen that do not come into direct contact with the blood [16,18], and not
by macrophages, hepatocytes, or endocytic endothelial cells which are thought to clear the
majority of human VWF [8,25].

As the GWAS data indicated an association between human VWF and human SCARAS5, we
next sought to determine the anatomic site and cell-specific expression pattern of human
SCARAGB. We began by analyzing SCARAS expression in commercially available mMRNA
extracts from human tissues (Figure 4). We observed that the highest SCARAS expression
was found in the testes, followed by the spleen, and kidney, while SCARA5 mRNA levels in
the liver and peripheral blood mononuclear cells was low, consistent with previously
described mouse data [16,18]. We then performed IHC analysis on healthy human liver,
spleen, and kidney tissues using an anti-human SCARAGS antibody that recognizes the
extracellular spacer region that was validated using immunocytochemistry on HEK 293T
cells transiently transfected with the SCARAS cDNA. SCARADS expression was highest in
kidney glomerular podocytes and cells of the red and white pulp of the spleen but absent in
the liver (Figures 5-7).

In the glomerulus of the human kidney, VWEF is expressed by CD31-positive microvascular
endothelial cells, which are separated by a basement membrane from visceral epithelial cells
or podocytes. Here, soluble VWF and other plasma macromolecules circulating in the lumen
of the glomerulus are prevented from being lost in the urine by a glomerular filtration barrier
comprised of the basement membrane, fenestrated endothelium, and the podocyte slit
diaphragm. While endocytic receptors expressed on podocytes have been shown to regulate
the clearance of plasma macromolecules from the basement membrane including FcRn-
mediated clearance of 1gG and the scavenger receptor CXCL16-mediated clearance of
oxLDL [38,39], it is unclear how podocyte-expressed SCARAS may interact with plasma
VWEF in the absence of renal glomerular disease. Importantly, we observed no VWF within
the SCARAS5-expressing cells in the human kidney, and infusion of human plasma-derived
VWEF into VWF KO mice demonstrated that VWF was taken up by kidney mesangial cells
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but not podocytes (Figure 5 and Supplemental Figure 1). Additionally, SCARAS expression
was not previously observed in the glomeruli of the murine kidney [16,18].

Splenic endothelium is comprised of both vascular and fenestrated sinusoidal endothelium
which has endocytic and phagocytic capabilities. Importantly, we have previously
demonstrated that infused human VWEF is taken up by murine splenic sinusoidal
endothelium, which expresses stabilin-2, and that in human splenic tissues VWF co-
localizes with CD31 and stabilin-2 expressing endothelium [8]. Here, we observed that
SCARADS was expressed predominantly in the white pulp of the human spleen, but also
expressed by CD31-positive endothelial cells in the splenic red pulp, but not by CD68-
expressing macrophages (Figure 6). In a systematic characterization of CD45-depleted and
FACs purified human splenic microvascular endothelial cells, CD31*CD34-CD8a." littoral
cells, have been previously demonstrated to express a series of scavenger receptors including
stabilin-1, stabilin-2, the macrophage mannose receptor CD206, and SCARA5 by mRNA
analysis [19]. Consistent with this observation, both VWF and SCARAS co-localized with
CD8a. expressing cells within the red pulp of the spleen in sinusoidal-like structures (Figure
7A). While CD8a is also expressed on subsets of T-cells which can be localized within the
splenic white pulp, T zone, and red pulp, immunohistochemistry analysis with other T-cell
markers (CD3) does not produce the same pattern characteristic of the total CD8a antigen
stain, indicating that both T-cells and endothelial cells are identified by the CD8a marker
[40].

Together, this evidence supports a role for littoral cells as specialized endothelium with
scavenger capabilities within the human spleen, although VWF binding assays performed ex
vivo using littoral endothelial cells derived from the human spleen would be required for
confirmation. Importantly, murine spleens lack sinusoidal structures and given the distinct
patterns of expression between splenic SCARAS expression in human (sinusoidal
endothelium) and murine tissues (interstitial fibroblasts), this may account for the weak
clearance phenotype of human VWF in SCAR5 KO mice [23]. Although the human IHC
analysis cannot definitively demonstrate if VWF/SCARAS co-expressing cells are producing
and/or clearing this VWF, our VWEF infusion data suggests that at least a portion of the VWF
observed in these cells has been endocytosed. Moreover, a previously published microarray
analysis of total RNA from FACS-isolated littoral cells did not identify VWF expression as
being either significantly upregulated or downregulated when compared with a reference
pool [19]. It is therefore plausible that along with stabilin-2 and possibly other receptors,
expression of SCARAS in the splenic sinusoids contributes to the clearance of VWF in
humans.

Trait mapping studies such as GWAS have begun to elucidate the genetic architecture that
regulates complex quantitative traits such as plasma VWF levels, however validation of
these observations using further genetic, cell, and animal models is essential to confirm the
mechanistic basis for these associations. While often the data supporting these associations,
such as that for VWF levels and ABO, STXBP5, and STABZ are robust and rational, other
associations, such as for SCARA5, remain somewhat equivocal. Indeed, it seems plausible
that there is a true biological interaction between SCARA5 and VWF in humans, but that the
magnitude of this effect on VWF clearance and thus VWF plasma levels is not currently
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understood. Further human genetic data, or humanized animal models may be required to
improve our understanding of the regulation of VWF clearance by SCARAS, and how
genetic variants at the SCARA5 locus modify plasma VWF levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials:

. SCARADS was previously identified as a potential clearance receptor for
VWF-FVIII by GWAS

. SCARAGS expressing cells bind to and internalize VWF and the VWF-FVIII
complex

. SCARADS deficiency weakly modifies the half-life of human VWF in a mouse
model

. VWEF co-localizes with SCARAS expressed by human splenic littoral
endothelial cells
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Figure 1. Recombinant soluble SCARADS binds to VWF.
(A) Dose-dependent binding of soluble human plasma-derived VWF to immobilized

recombinant, purified soluble human SCARAGS by solid phase assay. (B) Binding of soluble
human plasma-derived VWF (1 U/mL) to immobilized recombinant human SCARAS5 (5
ug/mL) that was pre-incubated for 30 minutes at room temperature with anti-human
SCARADS antibodies PA5-23551 (1:5 dilution), LS-B5013 (100 ug/mL), AF4900 (100 ug/
mL), and ah-SR5.2 (40 ug/mL). (C) Binding of soluble human recombinant FVI1I (10
U/mL) to immobilized recombinant human SCARADS (5 pg/mL) in the presence or absence
of human plasma-derived VWF (1 U/mL). (D) Binding of soluble human plasma-derived
VWEF (1 U/mL) to immobilized recombinant, purified human SCARAS (5 pg/mL) in the
presence or absence of calcium (2 mM), magnesium (2 mM), and EDTA (10 mM). (E)
Binding of soluble human plasma-derived VWF (0.5 U/mL) to immobilized recombinant
human SCARADS (5 pg/mL) preincubated with scavenger receptor ligands short or long-
chain PolyP (100 pg/mL), Polyl (100 pg/mL), PolyG (1 mg/mL), dextran sulfate (DS) (2
mg/mL) or chondroitin sulfate (CS) (2 mg/mL) for 30 minutes at 37°C.
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SCARAS

Figure 2. SCARAGS expressing cells bind and internalize VWF-FVI11.
HEK 293T cells were transiently transfected with the full-length human SCARA5 cDNA. 24

hours post transfection cells were exposed to human pdVWF for 15-60 minutes, washed,
and processed for immunocytochemistry. (A) Human pdVWF bound to and internalized by
HEK 293T cells transiently expressing human SCARAS. (B) Human pdVWEF internalized
by HEK 293T cells transiently expressing human SCARADS partially co-localized with
EEAZ1 after 15 minutes. (C) Human pdVWEF internalized by HEK 293T cells transiently
expressing human SCARADS partially co-localized with human FVIII. For merged images an
orthogonal view is inset. For all images, DAPI = blue.
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Figure 3. Influence of SCARAS deficiency on VWF and FVIII in vivo.
Plasma VWF:Ag levels (A), VWFpp (B), and VWFpp/VWF:Ag (C)) were measured in

C57BI/6 SCARA5 KO mice as compared with wild-type C57BI/6 mice. VWF/SCARA5
DKO mice were generated and VWF clearance was measured in comparison with VWF KO
mice. (D) Clearance of murine plasma-derived VWEF in the absence of murine SCARAS
expression. (E) Clearance of human plasma-derived VWF in the absence of murine
SCARAGS expression.
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Figure 4. SCARA5 mRNA expression in human tissues.
(A) Diagram of human SCARAS splicing isoforms and probe coverage. SCARAS

expression in human tissues analyzed by (B) Ct (cycle threshold) and (C) 2-AACtanalysis
relative to GAPDH controls.
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Figure 5. SCARAGS protein expression in the human Kidney.
(A) DAB stain of SCARAS expression in the human kidney (brown). (B)

Immunofluorescent stain of SCARADS (red) and VWEF (green) in the glomerulus. (C)
SCARAS5 (red) and CD31 (green) immunofluorescent imaging in the glomerulus. (F)
SCARAS (red) and synaptopodin (green) immunofluorescent imaging in the glomerulus. For
all images DAPI = blue.

J Thromb Haemost. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Swystun et al.

Page 21

DAB stain SCARA5

SCARA5

Immunofluorescence SCARAS (red)

» <!

; SCARA5+CD68 SCARA5+CD31

Figure 6. SCARAGS protein expression in the human spleen.
(A and B) DAB stain of SCARAS expression in the human spleen (brown). (C)

Immunofluorescent stain of SCARADS in the spleen (red) (20x). (D) VWEF (green) and
SCARAS5 (red) immunofluorescent imaging in the spleen (20x). (C) Immunofluorescent
staining of SCARADS (red) in the spleen (40%). (D) VWEF (green) and SCARADS (red)
immunofluorescent imaging in the spleen (40x). (E) SCARADS (red) and CD68 (green)
immunofluorescent imaging in the spleen (20x). (D) SCARAS (red) and CD31 (green)
immunofluorescent imaging in the spleen (20x). For all images, DAPI = blue.
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Figure 7. SCARAGS expression in splenic microvascular endothelial cells and littoral cells.
(A) Immunofluorescent stain of littoral cell marker CD8a. (red) and co-localization with

SCARAGS and VWF (green). (B) Immunofluorescent stain of littoral cell marker CD32 (red)
and co-localization with SCARAS5 and VWEF (green). For all images, DAPI = blue.
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