* * %
* ﬁ;} * Ferrata Storti
* EH [ *
* = *
* . *

EUROPEAN 7
Foundation

HEMATOLOGY
ASSOCIATION

Haematologica 2018
Volume 103(4):728-737

Correspondence:
peter.lenting@inserm.fr

Received: June 25, 2017.
Accepted: December 27, 2017.
Pre-published: January 11, 2018.

doi:10.3324/haematol.2017.175216

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:
www.haematologica.org/content/103/4/728

©2018 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

Hemostasis

Macrophage scavenger receptor SR-Al
contributes to the clearance of
von Willebrand factor

Nikolett Wohner,** Vincent Muczynski,** Amel Mohamadi,*
Paulette Legendre,*Valérie Proulle,*>Gabriel Aymé,* Olivier D. Christophe,*
Peter J. Lenting,* Cécile V. Denis* and Caterina Casari*

!Institut National de la Santé et de la Recherche Médicale, UMR_S 1176, Univ. Paris-
Sud, Université Paris-Saclay, 94276 Le Kremlin-Bicétre and ?Service d’'Hématologie
Biologique, Centre Hospitalier Universitaire Bicétre, Assistance Publique- Hopitaux de
Paris, 94276 Le Kremlin-Bicétre, France

NW and VM contributed equally to this work.

ABSTRACT

reviously, we found that LDL-receptor related protein-1 on

macrophages mediated shear stress-dependent clearance of von

Willebrand factor. In control experiments, however, we observed
that von Willebrand factor also binds to macrophages independently of
this receptor under static conditions, suggesting the existence of addition-
al clearance-receptors. In search for such receptors, we focused on the
macrophage-specific scavenger-receptor SR-Al. von Willebrand factor
displays efficient binding to SR-AI (half-maximum binding 14+5 nM).
Binding is calcium-dependent and is inhibited by 72+4% in the combined
presence of antibodies against the Al- and D4-domains. Association with
SR-Al was confirmed in cell-binding experiments. In addition, binding to
bone marrow-derived murine SR-Al-deficient macrophages was strongly
reduced compared to binding to wild-type murine macrophages.
Following expression via hydrodynamic gene transfer, we determined
ratios for von Willebrand factor-propeptide over von Willebrand factor-
antigen, a marker of von Willebrand factor clearance. Propeptide/antigen
ratios were significantly reduced in SR-Al-deficient mice compared to
wild-type mice (0.6+0.2 versus 1.3+0.3; P<0.0001), compatible with a
slower clearance of von Willebrand factor in SR-Al-deficient mice.
Interestingly, mutants associated with increased clearance (von
Willebrand factor/p.R1205H and von Willebrand factor/p.S2179F) had
significantly increased binding to purified SR-Al and SR-Al expressed on
macrophages. Accordingly, propeptide/antigen ratios for these mutants
were reduced in SR-Al-deficient mice. In conclusion, we have identified
SR-AI as a novel macrophage-specific receptor for von Willebrand factor.
Enhanced binding of von Willebrand factor mutants to SR-AI may con-
tribute to the increased clearance of these mutants.

Introduction

Mutations in the gene encoding von Willebrand factor (VWE) may generate pro-
teins displaying defects in biosynthesis, secretion and/or clearance. The quintessen-
tial representative of VWF clearance mutants is VWF/p.R1205H, also known as the
Vicenza variant.' This mutation is associated with VWF antigen (VWE:Ag) levels that
are usually below 20%, which are most likely due to a 5- to 10-fold reduced circula-
tory half-life of the mutant protein."® Since the description of the Vicenza variant,
additional mutations in VWF have been found to provoke a reduced survival. Such
mutants have been identified by analyzing VWF survival after desmopressin treat-
ment or by determining ratios between VWEFE propeptide (VWEpp) and VWEF:Ag,
with elevated VWFpp/VWE:Ag ratios pointing to increased VWF clearance.*®

The mechanism by which mutations provoke accelerated clearance is poorly
understood. Recently, we showed that gain-of-function mutations in the VWF Al
domain induce spontaneous binding to the clearance receptor LDL-receptor related
protein-1 (LRP1).” In addition, truncation of its N-glycans accelerates LRP1-mediat-
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ed uptake by macrophages.”*"" This is in contrast to non-
modified VWE which only binds to macrophage-
expressed LRP1 when exposed to increased shear stress."”
Apart from LRP1, other receptors have also been described
to contribute to VWF clearance, including asialoglycopro-
tein receptor, CLEC4M and Siglec-5.""

Despite the various receptors having been identified,
their functional absence is usually associated with a mild-
to-modest effect on VWF clearance. We previously
observed that the majority of VWF is targeted to
macrophages, and that chemical depletion of
macrophages results in a 2- to 3-fold increase in VWF lev-
els.”'® We therefore explored the hypothesis that
macrophages express one or more additional receptors
that contribute to VWEF clearance. Here, we present data
that are compatible with the macrophage-specific receptor
Scavenger receptor class A member I (SR-Al) being a clear-
ance-receptor for VWE Moreover, we show that two
clearance mutants (VWF/p.R1205H and VWEF/p.S2179F)
display enhanced binding to SR-Al, providing a potential
explanation for their reduced half-life in the circulation.

Methods

Ethics statement
Animal housing and experiments were done as recommended
by French regulations and the experimental guidelines of the

European Community. This project was approved by the local
ethical committee CEEA 26 (# 2012-036).

Proteins

A detailed description of the proteins used in this study is pro-
vided in the Online Supplementary Material. The main proteins
included plasma-derived (pd)-VWF purified from VWE concen-
trates (Wilfactin) and recombinant full-length VWEF [wild-type
(wt)-VWE VWE/p.R1205H, VWE/p.V1316M, and VWE/p.S2179E]
produced in stably transfected BHK-furin cells using serum-free
medium. All variants displayed a similar distribution of multimers
(data not shown). Non-purified cell culture supernatants were used
for protein- and cellular binding experiments. Other proteins are
detailed in the Online Supplementary Matetial.

Cell culture

Detailed information on cell cultures is provided in the Online
Supplementary Material. Briefly, human macrophages were differ-
entiated from the THP1 acute monocytic leukemia cell line using
phorbol 12-myristate 13-acetate, human macrophage colony-
stimulating factor and human granulocyte-macrophage colony-
stimulating factor as described elsewhere.”®” Non-transfected and
stable HEK293 cell lines expressing human SR-Al were cultured as
described presviously.” Murine macrophages were obtained from
CD115" cells as described by Breslin et al.”

Cellular binding experiments

A detailed description of cellular binding experiments is provid-
ed in the Ounline Supplementary Material. Briefly, cells seeded on
glass coverslips were incubated with purified pd-VWEF (10 ug/mL)
for 1 h at 37°C. Where indicated, culture medium containing
recombinant wt-VWE, VWEF/p.R1205H, VWF/p.V1316M or
VWE/p.S2179F was used. In other experiments, pd-VWE was pre-
incubated with monoclonal antibodies to VWF (MAb723 and
MADBS540, 167 ug/mL) for 30 min at room temperature. Following
incubation, cells were gently washed twice and then fixed for 15
min with 4% paraformaldehyde at 37°C.

Microscopy analyses and immunofluorescence-based
quantification

A detailed description of the microscopic analysis is provided in
the Ounline Supplementary Material. Briefly, after saturation of non-
specific binding sites, cells were exposed to primary antibodies for
2 h at room temperature, followed by incubation for 1 h with sec-
ondary antibodies. Nuclei were counterstained with 4’,6’-diamidi-
no-2-phenylindole. Alexa-Fluor647 or Alexa-Fluor488-labeled
phalloidin was used to determine cell boundaries.

For the Duolink-Proximity Ligation Assay (Duolink-PLA) to
detect close proximity between different proteins, double
immunostaining was performed as described above with the sec-
ond antibodies replaced by PLA probes (Sigma-Aldrich). The
remainder of the protocol was conducted according to the manu-
facturer’s recommendations and the 550 nm wavelength detection
kit was used. Hybridization between the two PLA probes leading
to the fluorescent signal only occurs when the distance between
the two detected antigens is less than 40 nm.

Images were analyzed using Image] software for quantification
of fluorescence by measuring the total pixel intensity per cell.
Duolink-PLA experiments were analyzed using BlobFinder soft-
ware (Uppsala University, Sweden) to quantify the number of flu-
orescent spots per cell. All images were assembled using Image]
software.

Immunosorbent binding assay
Binding experiments are described in detail in the Ounline
Supplementary Material.

Mice

Wild-type C57Bl/6 mice were purchased from Janvier Labs (Le
Genest-Saint-Isle, France) and SR-Al-deficient C57Bl/6 mice
(B6.Cg-"""</T) were from The Jackson Laboratory (Bar Harbor,
ME, USA). Wild-type mice and SR-Al-deficient mice were not true
littermates. MacLRP1-positive and macLRP1-deficient mice were
described previously.” MacLRP1 mice have a C57Bl/6 back-
ground, with >12 backcross steps.

von Willebrand factor propeptide to antigen ratios
cDNA encoding human wild-type VWE  mutant
VWE/p.R1205H or mutant VWF/p.S2179F was cloned into the
pLIVE-plasmid (Mirus Bio LLC, Madison, WI, USA) and expressed
in wild-type, macLRP1 and/or SR-Al-deficient mice following
hydrodynamic gene transfer, essentially as described elsewhere.”
% Four days after injection, blood samples were taken via retro-
orbital puncture and plasma was prepared for the analysis of VWE
propeptide (VWEpp; cat# MW1939; Sanquin Blood Supply,
Amsterdam, the Netherlands) and VWF:Ag (in-house enzyme-
linked immunosorbent assay using a pool of monoclonal murine
anti-VWF antibodies). Both assays are specific for human VWEFpp
and VWEF:Ag, and do not detect murine proteins. VWEF:Ag levels
varied between 300% and 800% of normal for all constructs. VWEF
clearance remains unsaturated by VWF levels up to 1500%. The
presence of endogenous VWF in the mouse strains used in this
study does, therefore, leave clearance of hepatocyte-expressed

human VWF unaffected.

Results

von Willebrand factor binds to macrophages in
an LRP1-independent manner

Previously, we demonstrated that VWF binds to LRP1 in
a shear-stress-dependent manner or when it contains type
2B gain-of-function mutations.””” This specific binding was

SR-AI contributes to VWF clearance -
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addressed in Duolink-PLA experiments using THP1-
derived macrophages. This assay is positive when a recep-
tor/ligand pair is within a 40-nm radius. As expected, no
red spots above background levels could be detected when
wt-VWEF was analyzed for binding to LRP1, whereas
numerous red spots became apparent when THP1-
macrophages were incubated with the VWEF-type 2B
mutant VWF/p.V1316M (Figure 1A-C). This difference
was confirmed when quantifying fluorescent signals
(Figure 1D; n=5). In control experiments, we also stained
THP1-macrophages in a classical manner for the presence
of VWE Interestingly, for those cells incubated with pd-

VWE the majority of cells proved positive for the presence
of VWEF (Figure 1EJF). A similar binding of VWF was
observed when human macrophages derived from circulat-
ing blood precursors were used (data not shown). These data
indicate that VWF is able to interact with macrophages
also in an LRP1-independent manner, even under static
conditions. Apparently, receptors other than LRP1 are pres-
ent on macrophages that mediate binding of VWE

Macrophage-specific receptor SR-Al as a potential
receptor for von Willebrand factor
In search for alternative receptors for VWE we explored

LRP1/VWF Duolink-PLA analysis

THP1-derived
macrophages
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VWF/p.V1316M
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Figure 1. von Willebrand factor can bind to macrophages
independently of LRP1. (A-D) THP-derived macrophages
were incubated in the absence or presence of culture-medi-
um containing wt-VWF or VWF/p.V1316M. Association with
LRP1 was detected using Duolink-PLA analysis by combining
anti-VWF and anti-LRP1 antibodies. Representative images
are shown in panels A-C (objective 63x). Quantification of flu-
orescent signals is shown in panel D. Data represent
mean+SD (n=5 microscopic fields; 2-7 cells/field). Statistical
analysis involved one-way analysis of variance followed by the
Tukey multiple comparison test. (E, F) Classical immunefluo-
rescence staining of THP1-derived macrophages incubated
in the (E) absence or (F) presence of purified pd-VWF. Bound
VWF was probed using monoclonal anti-VWF antibodies
(objective 40x). Scale bars represent 10 um in all panels.

+VWF
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the option that SR-AI could be one of these receptors. SR-
Al (also known as SCARA1 or CD204) is specifically
expressed on macrophages and is structurally related to
SCARADS, an epithelial cell-specific receptor that was iden-
tified in genome-wide association studies to be linked to
VWEF plasma levels.”* We first analyzed binding of VWF to
the soluble extracellular domain of SR-AI (sSR-Al) in an
immunosorbent-based assay. Whereas no binding of VWF
to albumin-coated control wells was observed, VWF dis-
played saturable and dose-dependent binding to immobi-
lized sSR-AI (half-maximal binding 3.5+1.2 ug/mL corre-
sponding to 14+5 nM; n=5) (Figure 2A). We next assessed

SR-AI contributes to VWF clearance

the capacity of sSR-AI to interact with various immobi-
lized VWF fragments. sSR-Al bound dose-dependently to
each of the three VWF fragments tested (the recombinant
D'D3 and A1-A2-A3 regions and the D4/Fc fragment)
(Figure 2B), suggesting that the interaction with SR-Al
involves different regions of the VWF molecule. Further
experiments showed that the A1 domain mediated bind-
ing of the A1-A2-A8 fragment to sSR-Al, while both the
A2 and A3 domains were incapable of associating with
sSR-Al (Figure 2C). In addition, incorporation of the
VWD-type 2B mutation VWE/p.V1316M left binding of
the Al-domain to sSR-AI unaffected (Figure 2C). Binding
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Figure 2. von Willebrand factor interacts with SR-Al via multiple interactive sites. (A) Wells coated with recombinant human sSR-Al (closed circles) or bovine serum
albumin (BSA) (open circles) were incubated with various concentrations of purified pd-VWF (0-5 ug/mL). Bound VWF was probed with peroxidase-labeled polyclonal
anti-VWF antibodies. (B) Wells coated with recombinant VWF-fragments (closed squares: A1-A2-A3 domain; closed circles: D4-domain fused to Fc fragment; open
squares: D’-D3 domains) or BSA (control; open circles) were incubated with various concentrations of sSR-Al (0-5 ug/mL). Bound sSR-Al was probed using biotinylated
polyclonal anti-SR-Al antibodies followed by peroxidase-labeled streptavidin. (C) Wells coated with sSR-Al were incubated with various concentrations (0-5 ug/mL) of
recombinant VWF-fragments (closed circles: Al-Fc; gray squares: A1-Fc/p.V1316M; gray circles: A2:Fc; open squares: A3-Fc). Bound fragments were probed using
peroxidase-labeled polyclonal anti-human Fc antibodies. Control represents binding of A1-Fc to BSA-coated wells (control; open circles). Other fragments gave similar
background signals. (D) sSR-Al-coated wells were incubated with recombinant D4-Fc fragment in the presence of various concentrations of recombinant A1-A2-A3
fragment (open circles) or recombinant D’D3 fragment (gray circles). Alternatively, sSR-Al-coated wells were incubated with recombinant A1-Fc fragment in the pres-
ence of various concentrations of recombinant D'D3 fragment (closed squares). Bound fragments were probed using peroxidase-labeled polyclonal anti-human Fc
antibodies. (E) sSR-Al-coated wells were incubated with VWF (2.5 ug/mL) in the absence or presence of EDTA (10 mM), monoclonal anti-VWF antibody MAb723 or
MADb540 (25 ug/mL) or with both antibodies simultaneously (25 ug/mL each). Bound VWF was probed using peroxidase-labeled polyclonal anti-VWF antibodies. For

all panels, bound antibodies were detected via TMB-hydrolysis. Data represent mean+SD (n=3-5).
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of wt-VWEF to SR-Al was also not altered upon incubation
with ristocetin or botrocetin, indicating that binding does
not require VWE to be in its platelet-binding conformation
(data not shown). Interestingly, we detected little competi-
tion between fragments (Figure 2D), suggesting that each
domain binds to a distinct site within SR-Al, which at best
overlap with each other.

SR-AI function is partially cation-dependent,” and we
therefore assessed binding of VWF in the presence of
EDTA. This revealed that binding of VWF to SR-AI was
reduced by 88+6% in the presence of EDTA (Figure 2E).
Specificity was further investigated by testing the effect of
monoclonal antibodies targeting VWE We identified two
antibodies (i.e. Mab723 and Mab540, directed against the
Al and D4 domain, respectively) that each partially inter-

Immuno-staining HEK293-cells

fered with the binding of VWF to sSR-Al (48+2% and
47+2% inhibition by Mab723 and Mab540, respectively;
n=3) (Figure 2E). A combination of both antibodies
reduced binding by 72+4% (n=4; Figure 2E). Thus, puri-
fied VWF interacts in a specific manner with SR-Al and
several domains of the VWF molecule contribute to this
interaction.

von Willebrand factor binds to cellular SR-AI

We next tested whether VWF was able to bind cell-sur-
face exposed SR-Al First, binding of VWF to non-trans-
fected or SR-Al-transfected HEK293 cells was examined.
Whereas no VWF staining could be detected on non-trans-
fected HEK293 cells, clear VWEF staining was present on
SR-Al-expressing HEK293 cells (Figure 3A-D). High-reso-

Immuno-staining HEK293-SR-Al cells

SR-Al VWF

Non-transfected
HEK293

HEK293-SR-Al

SR-Al/VWF Duolink-PLA analysis
HEK293-cells

SR-Al/VWF Duolink-PLA analysis
THP1-derived macrophages

-VWEF

+VWF

Non-transfected

HEK293-SR-Al

-VWF

. +VWF

THP1-derived macrophages

Figure 3. Binding of van Willebrand factor to SR-Al-expressing cells. (A-D) Non-transfected (A&C) and hSR-Al-transfected HEK293-cells (B&D) were incubated with
purified pd-VWF (10 ug/mL). hSR-Al and bound VWF were probed using polyclonal anti-hSR-Al (red, A&B) and anti-VWF antibodies (green, C&D). Images were
obtained via widefield microscopy (objective 40x; scale bars: 10 um). (E-F) Spinning disk microscopy images (objective 63x; scale bars: 5 um, z-depth 0.5 um) of
hSR-Al-transfected HEK293-cells incubated with pd-VWF (10 ug/mL). Cells were probed for VWF and hSR-Al (E, green and red, respectively) and for VWF and EEA-1
(F, green and red, respectively). Arrows indicate areas of overlapping signals. (G-J) Non-transfected and SR-Al-transfected HEK293 cells were incubated in the
absence or presence of pd-VWF (10 ug/mL). Association with SR-Al was detected using Duolink-PLA analysis by combining anti-VWF and anti-SR-Al antibodies. (K-L)
THP1-derived macrophages were incubated in the absence or presence of pd-VWF (10 ug/mL). Association with SR-Al was detected using Duolink-PLA analysis by
combining anti-VWF and anti-SR-Al antibodies. Panels G to L: objective 63x; scale bars: 10 um.
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lution analysis revealed that VWF co-localized with SR-AI
on these cells (Figure 3E). Moreover, we also observed
VWEF present in EEA-1-containing endosomes (Figure 3F),
indicating that SR-AI binding is followed by uptake and
delivery to the lysosomal degradation pathway. Duolink-
PLA analysis was performed to further confirm that VWF
associates with SR-Al This analysis revealed numerous
red spots when VWEF was incubated with SR-Al-express-
ing HEK293 cells, whereas such spots were absent upon
incubation with non-transfected cells or when VWF was
omitted from the incubation (Figure 3G-]). A similar co-
localization between VWE and SR-Al was observed when
testing the binding of VWEF to THP1-macrophages (Figure
3K-L).  Furthermore, binding to THP1-derived

SR-AI contributes to VWF clearance -

macrophages was reduced to near background levels
when VWF was incubated in the presence of anti-VWF
antibodies Mab723 and Mab540 (Figure 4A-C). Finally, we
analyzed binding of VWEF to primary bone marrow-
derived macrophages obtained from wt- and SR-Al-defi-
cient mice. We observed strongly reduced VWF staining to
macrophages derived from SR-Al-deficient mice com-
pared to macrophages derived from control mice (Figure
4D-F). Duolink-PLA analysis revealed the formation of red
spots, representing complexes between human VWF and
murine SR-Al on wild-type macrophages but not on
macrophages from SR-Al-deficient mice (Figure 4G,H).
From these observations it is conceivable that SR-AI acts
as a macrophage-receptor for VWE

VWF immuno-staining of THP1-derived macrophages
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Figure 4. van Willebrand factor binding to macrophages is reduced by anti-VWF antibodies or SR-Al deficiency. (A, B) Representative images of THP1-derived
macrophages incubated with pd-VWF (10 ug/mL) in the absence or presence or monoclonal anti-VWF antibodies Mab723 & Mab540 (167 ug/mL). (D,E)
Representative images of murine CD115* bone marrow-derived macrophages obtained from wt- or SR-Al-deficient mice that were incubated with pd-VWF (10 ug/mL).
Cell-bound VWF was probed using polyclonal anti-VWF antibodies. (C and F) Quantification of immune fluorescent signals for VWF. Data represent mean+SEM [(n=
64-120 cells (C); n= 62-118 cells (F)]. Statistical analysis involved a one-way analysis of variance with the Tukey multiple comparison test (C) or a two-tailed Mann-
Whitney test (F). (G, H) wt and SR-Al-deficient murine-macrophages (CD115") were incubated with human pd-VWF (10 ug/mL). Association between murine-SR-Al and
human-VWF was detected using Duolink-PLA analysis by combining monoclonal anti-human-VWF and goat anti-murine-SR-Al antibodies. All microscopy figures: objec-

tive 40x, scale bars 10 um.
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von Willebrand factor propeptide to antigen ratio
is lower in SR-Al-deficient mice than in wild-type
and macLRP1-deficient mice

To assess the physiological relevance of SR-Al in regu-
lating VWF clearance, we opted to express human VWF in
wild-type, macLRP1- and SR-Al-deficient mice via hydro-
dynamic gene transfer, and to determine the ratio
between VWFpp and VWEF:Ag, a measure of VWF clear-
ance. As reported previously,” VWFpp/VWEF:Ag ratios
were slightly, but significantly reduced in macLRP1-defi-
cient mice compared to wt-mice (1.3+0.1 versus 1.1+0.1
for wt- and macLRP1-deficient mice, respectively; n=8-9;
P=0.0114) (Figure 5). This confirms that LRP1 contributes
to a modest extent to the clearance of VWE Interestingly,
VWEFpp/VWE:Ag levels were even further reduced in SR-
Al-deficient mice: 0.6+0.2 versus 1.3+0.3 (n=9-14;
P<0.0001) (Figure 5). VWEF is apparently cleared less rapid-
ly in SR-Al-deficient mice than in macLRP1-deficient
mice. This suggests that SR-Al plays a more dominant role
than that of LRP1 in basal VWF clearance.

Clearance mutants VWF/p.R1205H and
VWF/p.S2179F show enhanced binding to SR-Al

Given the involvement of the D’D3 and D4 domains in
SR-AI binding (Figure 2), it was of interest to investigate
whether clearance mutations in these domains affect the
interaction with SR-Al. We first analyzed binding of
VWEF/p.R1205H (the Vicenza variant with a mutation in
the D3 domain) and VWF/p.S2179F (with a mutation in
the D4 domain) to sSR-Al in an immunosorbent assay.
Whereas the interactions of type 2B mutant
VWEF/p.V1316M and wt-VWF with sSR-Al were similar
(half-maximal binding at 3.1+0.7 and 3.6+0.9 pg/mlL,
respectively), both mutants VWEF/p.R1205H and
VWEF/p.S2179F proved more efficient in interacting with
SR-AI (1.7+0.3 and 2.3+0.4 ug/mL; P=0.0124) (Figure 6A).
We then visualized binding of both mutants to SR-Al
expressed on THP1-macrophages using Duolink-PLA
analysis. Bright red spots were observed for mutants
VWEF/p.R1205H and VWEF/p.S2179E indicating that both
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Figure 5. Deficiency of SR-Al results in decreased VWFpp/VWF:Ag ratios.
Human-wt-VWF was expressed in macLRP1*- and SR-Al-expressing mice and in
macLRP1-deficient and SR-Al-deficient mice following hydrodynamic gene trans-
fer. Four days after injection, plasma samples were prepared for the analysis of
VWFpp and VWF:Ag. Assays for VWFpp and VWF:Ag quantify only human VWF
expressed via hydrodynamic gene transfer, and do not cross-react with endoge-
nous murine VWF. VWFpp/VWF:Ag ratios for each individual mice included in the
study are plotted. Data from macLRP1-mice and SR-Al-mice were compared in a
pairwise manner using a two-tailed Student t-test.

mutants interact with SR-AI at the macrophage cell sur-
face (Figure 6B-D). Quantitative analysis revealed that flu-
orescence was significantly increased for both mutants
compared to wt-VWE VWF surface coverage was
3.2+0.9% for wt-VWE, 8.7+2.4% for VWEF/p.R1205H and
11.6+2.1% for VWE/p.S52179F (Figure 6E). These data indi-
cate enhanced binding of clearance mutants
VWE/p.R1205H and VWEF/p.S2179F to SR-AL

Increased clearance of mutants VWF/p.R1205H and
VWF/p.S2179F is partially corrected in SR-Al-deficient
mice

We next investigated to what extent clearance of the
mutants VWE/p.R1205H and VWEF/p.S2179F is SR-Al-
dependent. Hydrodynamic gene transfer was applied to
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Figure 6. Enhanced binding of von Willebrand factor mutants p.R1205H and
p.S2179F to SR-Al. (A) Wells coated with sSR-Al were incubated with various
concentrations of non-purified recombinant VWF (0-5 ug/mL). Closed circles: wt-
VWF; open squares: p.V1316M; open diamonds: p.S2179F; closed diamonds:
p.R1205H. Open circles represent binding of wt-VWF to bovine serum albumin-
coated wells. Mutants gave similar background signals. Bound VWF was probed
with peroxidase-labeled polyclonal anti-VWF antibodies. All mutants reacted sim-
ilarly with these polyclonal antibodies. Data represent meantSD (n=3). (B-E)
THP1-derived macrophages were incubated in the absence or presence of non-
purified recombinant wt-VWF (B) or mutants VWF/p.R1205H (C) or
VWF/p.S2179F (D). Association with SR-Al was detected using Duolink-PLA
analysis by combining anti-VWF and anti-SR-Al antibodies (Objective 63x; scale
bars 10 um). (E) Quantification of fluorescent signals. Data represent mean+SD
(n=5 microscopic fields; 2-5 cells/field). Statistical analysis involved one-way
analysis of variance followed by the Tukey multiple comparison test.




express human VWE VWE/p.R1205H and VWE/p.S52179F
in control mice and SR-Al-deficient mice, and the
VWEFpp/VWEF:Ag ratio was determined. VWFpp/VWE:Ag
ratios were markedly increased for both mutants in con-
trol mice [2.9+0.2 (n=8) and 4.4+0.5 (n=7), for
VWEF/p.R1205H and VWE/p.S2179F, respectively; P<0.001
compared to wt-VWEF] (Figure 7), confirming that both
mutations induce increased clearance of VWE When
expressed in SR-Al-deficient mice, a significant reduction
in VWFEpp/VWEFE:Ag ratio was found for both mutants:
2.0£0.4 and 2.3%x0.5, for VWEF/p.R1205H and
VWEF/p.S2170F, respectively (P<0.0001) (Figure 7). These
data point to mutants VWE/p.R1205H and VWE/p.S52179F
being cleared less rapidly in SR-Al-deficient mice than in
wt-mice, suggesting that SR-Al contributes to the clear-
ance of these mutants.

Discussion

Sinusoidal endothelial cells and macrophages have been
proposed to mediate clearance of VWE, with macrophages
being particularly dominant."*"**” The molecular basis by
which macrophages interact with VWF is, however,
unclear. Previously, it was reported that VWF is a ligand
for the scavenger-receptor LRP1, which is abundantly
present on macrophages.""”** Nonetheless, VWEF only
interacts with LRP1 when exposed to increased shear
stress, or is otherwise in its active conformation, e.g. fol-
lowing incubation with ristocetin or botrocetin, or when
harboring a VWD-type 2B mutation. In addition, modula-
tion of the glycan structures in the A2 domain also favors
spontaneous binding to LRP1."" By using a Duolink-PLA
strategy, we could indeed confirm that VWF is unable to
associate with LRP1 under static conditions (Figure 1). In
contrast, when macrophages were analyzed via classical
immune-fluorescent staining, the presence of VWF on
THP1-derived macrophages could readily be detected
(Figure 1). These data are in agreement with previous

p<0.0001
p=0.004
& 6 - p<0.0001
= — 1
© °
=) 8g®
T _ 44 p<0.0001  @g®
L ) —
£5 ® -
~ [m]s]
o " e o
Q 2 mB
LI-
2 og e
0 =

PRSI R e
ss\’\‘\“@'\@ ,\.(,t‘o"'(l \ﬂ"'\\\:@'\q'g Q‘.”v"’\1

SR-AI"* mice SR-AI’ mice

Figure 7. SR-Al-deficiency is associated with decreased VWFpp/VWF:Ag ratios
for mutants p.R1205H and p.S2179F. Mutants VWF/p.R1205H and
VWF/p.S2179F were expressed in SR-Al-expressing control mice and in SR-Al-
deficient mice following hydrodynamic gene transfer. Four days after injection,
plasma samples were prepared for the analysis of VWFpp and VWF:Ag.
VWFpp/VWF:Ag ratios for each individual mice included in the study are plotted.
Data for wt-VWF are similar to those presented in Figure 5. Statistical analysis
involved one-way ANOVA followed by the Tukey multiple comparison test.

observations from our laboratory, in which we have
observed VWF staining on primary monocyte-derived
macrophages.”” It should be noted that Castro-Nunez
and colleagues were unable to detect VWF binding to
macrophages under static conditions.” The lack of VWF
detection may be related to the conditions in which the
macrophages were cultured. Alternatively, their method
requires perhaps higher VWF concentrations for binding
to become detectable.

Macrophages express a number of candidate receptors
that can be involved in VWF binding, including Siglec-5
and the asialoglycoprotein receptor. Nevertheless, their
relative contribution to VWF clearance remains unclear,
and is probably modest at best under regular physiological
conditions. In this study, we focused on SR-AI (also
known as SCARA1 or CD204) as a novel candidate recep-
tor that is specifically expressed in macrophages and den-
dritic cells. The interest in this receptor mainly originates
from its high structural homology with SCARAS5, an
epithelial receptor that has been identified in genome-
wide association studies to be associated with VWF plas-
ma levels.” SR-Al and SCARAS are both single transmem-
brane scavenger receptors that interact with their ligands
via an ectodomain that consists of a collagenous domain
and three scavenger receptor cysteine-rich domains.” The
potential of SR-AI to interact with VWF became evident in
solid-phase binding experiments, in which saturable and
dose-dependent binding was observed (Figure 2). It was
remarkable to note that half-maximal binding was
obtained at 3.5 ug/mL VWE corresponding to 14 nM.
Although our experimental approach in combination with
the multimeric structure does not allow the calculation of
a true affinity constant, this value suggests that VWF is
able to interact with SR-Al with relatively high affinity.
This value is considerably lower than the apparent affinity
constants we recently identified for the interactions of SR-
Al with factor X and pentraxin-2 (0.7 WM and 0.2 uM,
respectively), suggesting that VWF binds to SR-AI more
efficiently than factor X and pentraxin-2. It is worth men-
tioning that, in direct competition experiments, VWF was
unable to displace factor X from SR-AI (data not shown),
indicating that both ligands bind to distinct interactive
sites on SR-Al. This possibility fits with the notion that
factor X binding is cation-independent (data not shown),
whereas VWF binding is fully cation-dependent (Figure 2).
Possibly, VWF binding involves similar regions within SR-
Al that also mediate the cation-dependent cell adhesion.”

With regard to VWE the interaction with SR-Al appears
to involve multiple regions within the VWEF molecule,
including at least the D’D3-region, the A1 domain and the
D4 domain (Figure 2). While testing a library of >20
monoclonal anti-VWEF antibodies, we identified two anti-
bodies that were able to interfere with the interaction
between VWE and SR-Al (Figure 2). One is directed
against the Al domain (MAb723) and the other against
the D4 domain (MAb540), which is in agreement with the
involvement of multiple VWF regions contributing to the
interaction with SR-Al. It is important to mention here
that preliminary studies in our laboratory revealed that the
D’D3-region and the D4 domain also contain binding sites
for LRP1 (data not shown). Thus, there seems to be an over-
lap in domains involved in binding to SR-AI and LRP1.
Nevertheless, the interaction of VWF with SR-AI is most
likely distinct from its interaction with LRP1. First, anti-
bodies MAb723 and Mab540 do not affect binding of
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VWEF to LRP1 (data not shown), indicating that binding sites
in these domains do not overlap. Second, introduction of
the VWD-type 2B mutation leaves binding of VWF to SR-
Al unaffected, as does the addition of ristocetin. Hence,
VWE does not need to be in its active conformation to
interact with SR-AI, whereas it does need to be for bind-
ing to LRP1. As for the role of glycans present on the VWE
molecule in the interaction with SR-AI, this could be the
subject of further studies. However, neither the Al
domain nor the D4 domain contains glycan structures,
suggesting that the interaction with SR-Al is mainly gly-
can-independent. This does not exclude the possibility
that glycans elsewhere in the protein could modulate this
interaction, akin to what has previously been reported for
the binding of the A1 domain to LRP1."

Apart from binding to purified recombinant soluble SR-
Al, we also observed a specific binding of VWF to cellular
SR-AI (Figure 3). First, we used SR-Al-transfected HEK293
cells as a model system, and both classical immunofluo-
rescent staining and the Duolink-PLA revealed selective
binding of VWEF to SR-Al. Second, the association of VWE
with THP1-derived macrophages (as depicted in Figure 1)
is at least in part mediated by SR-Al as illustrated by the
Duolink-PLA approach (Figure 3). Moreover, immuno-
staining for VWF on THP1-derived macrophages was
strongly reduced in the presence of antibodies Mab723
and Mab540, which interfere with SR-Al binding (Figure
4). Finally, when binding of VWEF to primary bone mar-
row-derived murine macrophages was tested, binding
was reduced to near background levels for SR-Al-deficient
macrophages compared to wt-macrophages (Figure 4).
Being able to interact with SR-Al expressed on the cell sur-
face supports a role of SR-Al as a clearance receptor for
VWE We analyzed this possibility by measuring
VWEFpp/VWE:Ag ratios of human VWF expressed in wt-
and SR-Al-deficient mice. There were several reasons for
choosing this approach over measuring classical VWF sur-
vival. First, in a recent study we compared the clearance of
two mutants in parallel via protein survival and via meas-
uring VWFpp/VWEF:Ag ratios.” This analysis revealed that
the VWEpp/VWE:Ag approach was clearly more sensitive
than the classic protein survival experiments in detecting
differences in VWEF clearance, due to a markedly smaller
error margin between mice. Second, this smaller error
margin also favors the use of fewer mice in this type of
experiments. For a classical clearance experiment, approx-
imately 15 mice are included per molecule to be tested,
whereas with the VWFpp/VWEF:Ag approach fewer than
ten mice per molecule are needed. Thus, from an animal
ethical perspective this latter approach is to be preferred.
Finally, expression in hepatocytes allows more homoge-
nous post-translational processing compared to the pro-
duction of proteins in distinct stable cells lines. Indeed, the
lectin binding profile of hepatic VWF is similar to that of
endothelial VWE® One might fear interference of clear-
ance of hepatic VWF by endogenous endothelial-derived
VWE However, VWF clearance is similar in wt- and VWE-
deficient mice,’ and even at VWF levels of 1500%, clear-
ance remains unsaturated.

Compared to VWEpp/VWE:Ag ratios obtained for wt-
mice (ratio=1.3) and LRP1-deficient mice (ratio=1.1), these
ratios were strongly reduced in SR-Al-deficient mice
(ratio=0.6). This not only points to SR-Al being a clearance

receptor for VWE but also to SR-Al being more dominant
in VWF clearance than LRP1. We anticipated that endoge-
nous VWF levels would be increased in SR-Al-deficient
mice compared to those in wt-mice. However, analysis of
VWEF levels did not reveal a statistically significant differ-
ence between SR-Al-deficient and wt-mice. We believe
that the lack of difference is due to the fact that the SR-AI-
deficient and wt-mice were not true littermates, which
complicates a direct comparison. Indeed, even among
mice with a similar genetic background, the variation in
VWEF levels is substantial (e.g. 0.3-1.9 U/mlL),**" which
may explain the lack of difference between SR-Al-defi-
cient and wt-mice. Of note, we observed that murine
VWE efficiently interacts with murine SR-Al, indicating
that the lack of difference is not because murine VWF is
unable to interact with this receptor.

An intriguing aspect of VWEF receptor interactions is
how these are modulated by mutations in VWE in partic-
ular those mutations that are associated with increased
clearance. We previously showed that VWD-type 2B
mutations promote spontaneous binding to LRP1, explain-
ing the increased clearance of these mutants. Here we
examined two clearance mutants: VWF/p.R1205H and
VWEF/p.S2179E"*** Both mutants are known to be associ-
ated with increased VWFpp/VWEF:Ag ratios; in humans for
VWE/p.S2179F and in human and mice for
VWEF/p.R1205H.”7* Here we show that both mutants dis-
play increased binding to SR-Al, both to purified SR-AI
and SR-AI expressed on THP1-cells (Figure 6). Increased
binding of the VWE/p.R1205H is in agreement with data
reported by O’Donnell ez al., who also observed increased
binding of this mutant to macrophages. Increased binding
to SR-Al may suggest that SR-Al contributes to the accel-
erated removal of these mutants from the circulation.
Indeed, VWFpp/VWEF:Ag ratios for VWE/p.R1205H and
VWEF/p.S2179F were significantly reduced in SR-Al-defi-
cient mice compared to wt-mice (Figure 7). However, even
in the SR-Al-deficient mice, these ratios were substantially
higher compared to wt-VWE indicating that SR-Al is not
the only receptor that mediates increased clearance of
these mutants. We considered the option that LRP1 could
play a role in the enhanced clearance of these mutants,
and preliminary experiments revealed that both mutants
did indeed display enhanced binding to LRP1 (data not
shown). Apparently, enhanced receptor binding due to
such clearance mutations is not always restricted to a sin-
gle receptor, but may involve several receptors simultane-
ously, thereby multiplying the clearance rate of the
mutant proteins.

In summary, we identify SR-Al as a macrophage-specif-
ic receptor for VWE, and this receptor may contribute to
the increased clearance of certain VWF clearance mutants.
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