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Background
Factor VIII (FVIII) and von Willebrand factor (VWF) circulate in plasma in a tight non-covalent
complex, being critical to hemostasis. Although structurally unrelated, both share the presence
of sialylated glycan-structures, making them potential ligands for sialic-acid-binding-
immunoglobulin-like-lectins (Siglecs).  

Design and Methods
We explored the potential interaction between FVIII/VWF and Siglec-5, a receptor expressed in
macrophages using various experimental approaches, including binding experiments with puri-
fied proteins and cell-binding studies with Siglec-5 expressing cells. Finally, Siglec-5 was over-
expressed in mice via hydrodynamic gene transfer.

Results
In different systems using purified proteins, saturable, dose-dependent and reversible interac-
tions between a soluble Siglec-5 fragment and both hemostatic proteins were found. Sialidase
treatment of VWF resulted in a complete lack of Siglec-5 binding. In contrast, sialidase treat-
ment left interactions between FVIII and Siglec-5 unaffected. FVIII and VWF also bound to cell-
surface exposed Siglec-5, as was visualized by classical immunostaining as well as by Duolink-
proximity ligation assays. Co-localization of FVIII and VWF with early endosomal markers fur-
ther suggested that binding to Siglec-5 is followed by endocytosis of the proteins. Finally, over-
expression of human Siglec-5 in murine hepatocytes following hydrodynamic gene transfer
resulted in a significant decrease in plasma levels of FVIII and VWF in these mice.  

Conclusions
Our data indicate that FVIII and VWF may act as a ligand for Siglec-5, and that Siglec-5 may
contribute to the regulation of plasma levels of the FVIII/VWF complex.
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Introduction 

Coagulation factor VIII (FVIII) and von Willebrand factor
(VWF) circulate in plasma in a tight non-covalent complex.
Both proteins are essential elements of the hemostatic sys-
tem, which is highlighted by the severe bleeding tendency
that is associated with the functional deficiency of each
protein, bleeding disorders known as hemophilia A and
von Willebrand disease (VWD), respectively. FVIII and
VWF are the products of two different genes, and their
mature protein forms present in plasma display a distinct
domain structure: A1-a1-A2-a2-B-a3-A3-C1-C2 for FVIII
and D’-D3-A1-A2-A3-D4-B-C1-C2-CK for VWF.1,2

Another characteristic of FVIII and VWF is that they are
both heavily decorated with carbohydrate-structures. The
presence of these glycans is critical to the various steps in
the lifecycle of both proteins, including biosynthesis/
secretion, function and clearance.3

The predominant N-linked carbohydrate structure
found on both FVIII and on VWF consists of a complex-
type biantennary core-fucosylated oligosaccharide, a
structure that is commonly found on secreted proteins.4,5

In addition, tri- and tetra-antennary structures, as well as
high mannose structures, have been identified.4,5 The O-
linked glycans mainly consist of the sialylated T-antigen.3,6

Interestingly, FVIII and VWF molecules that are isolated
from plasma are characterized by the presence of blood-
group glycan structures. It has been estimated that approx-
imately 10% of the N-linked glycans on FVIII (correspond-
ing to 1-2 per molecule) and approximately 13% of the N-
linked glycans on VWF (corresponding to 1-2 per subunit)
contain ABO-determinants.4,5 Recently, also the O-linked
glycans on VWF have been found to carry blood-group
structures, albeit to a minor extent (approx. 1% correspon-
ding to 1 per 10 subunits).6

As for many secreted glycoproteins, the vast majority
(>80%) of the N- and O-linked carbohydrate structures
are capped by sialic acids.4,5,7 Furthermore, approximately
25% of the O-linked T-antigens on VWF contain di-sialyl
structures, indicating that terminal galactose or N-acetyl-
galactoside residues are capped with two rather than one
sialic acid.6 The presence of sialic acids in the glycomes of
FVIII and VWF makes both proteins potential ligands for a
family of sialic-acid recognizing receptors: sialic-acid bind-
ing immunoglobulin-like lectins (Siglecs). 

The human proteome contains 14 different Siglecs, each
of which displays its own preference for the various sialic
acid structures and conformations.8 Siglecs can be divided
into two different subfamilies: CD22-related and CD33-
related Siglecs. CD22-related Siglecs encompass four dif-
ferent Siglecs (including the archetype of this family,
Sialoadhesin, now named Siglec-1), which are relatively
well conserved between species. The human CD33-relat-
ed Siglec subfamily contains 10 different members, which
are poorly conserved in other species.9 Siglecs are selec-
tively expressed in cells of hematopoietic origin, such as
neutrophils, B cells, monocytes, dendritic cells and
macrophages. However, the expression of each Siglec is
restricted to a limited number of cells.9 For instance,
expression of the CD33-related Siglec-5 includes mono-
cytes/macrophages, neutrophils, and B cells but not T cells
or  NK cells.9 Siglec-5 is also weakly expressed on mono-
cytic cell lines such as THP-1 and U937.10 The cloning of
Siglec-5 was first reported in 1998 by Cornish et al. who
isolated a full-length cDNA encoding Siglec-5 from a

human activated monocyte cDNA library.10 Siglec-5 con-
sists of 4 extracellular immunoglobulin-like domains and a
single transmembrane domain that links the extracellular
part to a cytoplasmic tail.10 The binding site for sialic acid
is located in the N-terminal V-set domain.10,11 Compared to
other Siglecs, Siglec-5 displays the least linkage specificity
in sialic acid recognition, and is able to bind sialic acids in
their α2-3, α2-6 and α2-8 linkage conformation.12 In addi-
tion, the two most common mammalian sialic acid vari-
ants (N-acetylneuraminic acid and N-glycolylneuraminic
acid) are recognized by Siglec-5.12 Interestingly, Siglec-5
was recently found to interact with a bacterial protein in a
non-sialic acid dependent manner, suggesting that ligand
binding is not restricted per se to glycan-mediated interac-
tions.13 The physiological function of Siglec-5 seems to be
related to three different tasks: cell-cell interactions, signal-
ing and endocytosis of its ligands.8,10,14-17

We explored the potential of Siglec-5 to interact with
FVIII and/or VWF. There were three reasons to do so: 1)
Siglec-5 is expressed on macrophages, a cell type that we
have found to be dominant in the clearance of the
FVIII/VWF complex;18 2) both FVIII and VWF contain sialic
acid-capped glycans that (given the broad specificity of
Siglec-5) could be recognized by this receptor; 3) prelimi-
nary experiments revealed that purified soluble Siglec-5
could bind efficiently to FVIII and VWF. In the present
study, we used different experimental approaches to
explore the interaction between Siglec-5 and these pro-
teins. We found that both FVIII and VWF can bind to
Siglec-5. Furthermore, overexpression of Siglec-5 in
murine hepatocytes was associated with reduced plasma
levels of FVIII and VWF, indicating that Siglec-5 con-
tributes to the catabolism of the FVIII/VWF complex.

Design and Methods

Mice
Wild-type mice C57Bl/6 were purchased from Janvier (Le

Genest Saint Isle, France). Housing and experiments were man-
aged as recommended by French regulations and the experimental
guidelines of the European Union. The animal experiments were
approved by the Animal Care and Use Committee of INSERM.

Siglec-5 expressing cells
The cDNA encoding full-length human Siglec-5 was assembled

synthetically (GeneArt, Regensburg, Germany) and cloned into
pcDNA3.1. This plasmid was used to transfect human HEK293
cells, and after selection with geneticin (0.5 mg/mL) surviving cells
were tested for the cell-surface expression of Siglec-5. To do this,
cells were incubated with polyclonal goat-anti-Siglec-5 antibodies
(R&D Systems, Minneapolis, MN, USA) and FITC-labeled rabbit-
anti-goat antibodies. Interestingly, these polyclonal anti-Siglec-5
antibodies display crossreaction with Siglec-14 and were, there-
fore, only used in systems in which Siglec-14 is absent. Positively
stained clones were identified via flow cytometry, and expression
was verified via immunostaining of the cells. Plasmid pcDNA3.1-
Siglec-5 was used as a template for the generation of a construct
encoding a protein consisting of soluble Siglec-5 fragments fused
to an HPC4-tag (sSiglec-5/HPC4). Via polymerase chain reaction
(PCR), the sequence encoding amino acids 1-434 (residues 1-16
represent signal peptide and residues 17-434 the ectodomain) was
fused to a sequence encoding the HPC4-antibody recognition
sequence (amino acid sequence EDQVDPRLIDGK), and cloned
into pcDNA3.1 (designated pcDNA3.1-sSiglec-5/HPC4). HEK293
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cells were transfected with pcDNA3.1-sSiglec-5/HPC4, and after
selection with geneticin (0.5 mg/mL) surviving cells were tested
for the release of sSiglec-5/HPC4 in the medium using an in-house
ELISA for this protein. Primary monocytes were isolated from
human blood via standard Ficoll gradient centrifugation.19

Following purification, adherent monocytes were stimulated with
100 nM phorbol myristate acetate (PMA) for 1 h at 37˚C to induce
a macrophage-like phenotype.

Proteins
Plasma-derived VWF was purified from therapeutic VWF-con-

centrates (Wilfactin, LFB Biomédicaments, Les Ulis, France) via
size-exclusion chromatography (110 U VWF antigen/mg protein;
FVIII: <0.1 U/mg protein). Plasma-derived FVIII was isolated from
therapeutic FVIII concentrates (Factane, LFB Biomédicaments, Les
Ulis, France) via immunoaffinity chromatography using VIII
Select-affinity medium that was obtained from GE Healthcare,
Auinay sous Bois, France (3500 U FVIII activity/mg protein; <0.01
U VWF/mg protein). Plasma-derived VWF and plasma-derived
FVIII were used throughout the study, unless indicated otherwise.
Refacto (Wyeth Pharmaceuticals, Paris, France) was used as a
source for recombinant B-domainless FVIII (BDD-FVIII). Dimeric
soluble Siglec-5 consisting of the extracellular region of Siglec-5
(residues 17-434) fused to Fc-portion of human IgG1 (designated
sSiglec-5/Fc) was obtained from R&D Systems. Monomeric solu-
ble Siglec-5 consisting of the extracellular region of Siglec-5
(residues 17-434) fused to the HPC4-antibody recognition
sequence (designated sSiglec-5/HPC4) was purified from condi-
tioned medium from stably transfected HEK293 cells expressing
sSiglec-5/HPC4 via immunoaffinity chromatography employing
antibody HPC4. Sialidase was purchased from Roche Diagnostics,
Meylan, France. Bovine serum albumin (BSA) was from Sigma-
Aldrich, Saint-Quentin Fallavier, France. FVIII and FX activity were
measured using two-stage clotting assays, while FVIII and VWF
antigen were measured using in-house immunosorbent assays.
Normal pooled plasma was used as a reference.

Information on non-equilibrium binding assays, equilibrium
binding assays, cellular binding of FVIII and VWF, hydrodynamic
injection, immunostaining, Duolink-proximity ligation assay
(Duolink-PLA) and microscopic imaging is available in the Online
Supplementary Appendix.

Results

sSiglec-5/HPC4 binds to both FVIII and VWF 
in immunosorbent assays

In order to explore the potential interaction between
Siglec-5 and the FVIII/VWF complex, we first analyzed
binding of Siglec-5 to FVIII and VWF in a system using
purified proteins. Highly purified FVIII and VWF were
immobilized separately in microtiter-wells (2.5 mg/mL)
and incubated with various concentrations of monomeric
soluble Siglec-5 (sSiglec-5/HPC4; 0-1.3 mM). Bound
sSiglec5/HPC4 was monitored using peroxidase-labeled
monoclonal anti-HPC4 antibody.  For both VWF and FVIII,
a saturable and dose-dependent binding was observed
(half-maximal binding being 0.54±0.20 and 0.48±0.21 mM,
respectively; Figure 1), whereas no binding to BSA-coated
control wells was observed. To rule out the contribution
of potential trace contaminants in the VWF and FVIII
preparations that could support Siglec-5 binding, we also
tested binding of sSiglec-5/HPC4 to FVIII and VWF that
were first caught via an immobilized antibody rather than

being immobilized directly. A similar saturable and dose-
dependent binding of sSiglec-5/HPC4 was observed, sug-
gesting that sSiglec-5/HPC4 bound specifically to FVIII
and VWF, respectively (data not shown). In addition, com-
plementary experiments showed dose-dependent binding
of FVIII or VWF to immobilized sSiglec-5/HPC4 (data not
shown). To further assess the specificity of the interaction,
binding was determined in the presence of anti-VWF, anti-
FVIII or anti-Siglec-5 antibodies. As shown in Figure 1C,
binding of sSiglec-5/HPC4 to FVIII was significantly
reduced in the presence of anti-FVIII or anti-Siglec-5 anti-
bodies, while binding to VWF was significantly reduced in
the presence of anti-VWF or anti-Siglec-5 antibodies. To
investigate the sialic acid dependence of the interactions,
immobilized VWF or FVIII was incubated with sialidase
(0.1 U/mL for 16 h at 37°C) prior to incubation with
sSiglec-5/HPC4. Sialidase incubation resulted in an over
90% reduction in binding in case of VWF (Figure 1C).
Surprisingly, no effect of sialidase treatment was observed
for FVIII (Figure 1C). We considered the possibility that
FVIII was not well de-sialylated, and tested the efficacy of
sialidase-treatment via incubation with lectins ECL and
WGA, which recognize terminal galactose and sialic acids,
respectively. Sialidase-treatment resulted in increased ECL
(82%) and reduced WGA (75%) binding, confirming that
less sialic acids and increased numbers of galactose
residues were exposed upon sialidase treatment. Using
another approach, we compared plasma-derived full-
length FVIII to recombinant BDD-FVIII, a variant that
lacks 85% of the glycans present in full-length FVIII. No
difference in binding of sSiglec5/Fc to anti-FVIII antibody
immobilized FVIII variants was observed (Figure 1D).
Half-maximal binding was calculated to be 79.0±26.2 nM
and 69.8±15.5 nM for the binding of sSiglec-5/Fc to plas-
ma-derived full-length FVIII and recombinant BDD-FVIII,
respectively. These data suggest that binding of Siglec-5 to
FVIII proceeds independently of sialic acids.

VWF interferes with Siglec-5 binding to FVIII
Knowing that VWF is able to generally interfere with

FVIII-receptor interactions,20 we were interested in testing
the effect of VWF on FVIII-Siglec-5 interactions. To this
end, VWF was immobilized and treated with sialidase to
remove Siglec-5 binding sites. Sialidase-treatment did not
affect FVIII binding (data not shown). The immobilized
complex of FVIII and de-sialylated VWF was then incubat-
ed with sSiglec-5/HPC4. However, no binding of sSiglec-
5/HPC4 to the de-sialylated VWF/FVIII complex could be
detected (Figure 1E). In contrast, binding of sSiglec-
5/HPC4 to the non-treated VWF/FVIII complex was unaf-
fected when compared to non-treated VWF alone (Figure
1E). These data suggest that FVIII-bound to VWF is inac-
cessible for binding by Siglec-5.

Both VWF and FVIII bind to sSiglec-5/Fc in BLI-assays
Binding was further tested via BLI-assays using Octet-

QK-equipment. Dimeric sSiglec-5/Fc was immobilized via
protein A-coated biosensors. Subsequently, sSiglec-5/Fc-
coated biosensors were incubated with various concentra-
tions of VWF or FVIII. A saturable, dose-dependent and
reversible binding of both proteins to sSiglec-5/Fc was
observed (Online Supplementary Figure S1). Human IgG-
coated control sensors did not identify binding (data not
shown). Analysis of the binding data revealed that both
proteins bound with relatively high affinity to sSiglec-
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5/Fc, with half-maximal binding values being 8.0±1.2 nM
and 13.8±7.1 nM for VWF and FVIII, respectively (Online
Supplementary Figure S1). Taken together, our results indi-
cate that both FVIII and VWF are able to interact with the
extracellular region of Siglec-5.

FVIII and VWF bind to Siglec-5 expressing cells
In a second series of tests, we examined whether FVIII

and VWF are able to interact with Siglec-5 expressing cells.
To this end, human HEK293 cells were stably transfected
to express full-length Siglec-5. A Siglec-5-expressing clone
was selected via flow-cytometric analysis using anti-
human Siglec-5 antibodies (data not shown). Consistency of
Siglec-5 expression was verified via immunofluorescence
staining, which revealed that over 90% of the cells stained
positive for Siglec-5 (data not shown). Siglec-5-expressing
HEK293 cells and non-transfected control cells were
grown on glass cover slips until 70-80% confluency. Cells
were then incubated with purified VWF or FVIII (10
mg/mL) for 1 h at 4°C. After washing the cells, bound pro-
tein was monitored using anti-VWF or anti-FVIII antibod-
ies. No staining for FVIII and VWF was observed when
non-transfected HEK293 cells were used. In contrast,
Siglec-5-expressing cells stained positive for VWF and for
FVIII. Analysis of individual microscopic fields revealed

that 23±16% (mean±SD; n=14) and 73±23% (n=25) of the
Siglec-5 cells stained positive for VWF or FVIII, respective-
ly. The relative fluorescence intensities were 846±266
RU/cell and 1731±109 RU/cell for VWF and FVIII, respec-
tively. Given previous reports that part of cell-surface
expressed Siglecs may be blocked by neighboring sialic-
acid containing glycoproteins,8 we considered the possibil-
ity that binding of VWF and FVIII to cell-exposed Siglec-5
was suboptimal due to this inhibition. This was tested via
pre-incubation of cells with sialidase in order to free
Siglec-5 from potential inhibiting glycoproteins at the cell-
surface. As for FVIII, binding appeared to be similar to
non-treated and sialidase-treated Siglec-5 cells in terms of
percentage positive cells (73±33% vs. 78±25%), even
though sialidase-treatment resulted in slightly enhanced
fluorescence intensity (1924±184 RU/cell; P<0.0001 com-
pared to non-treated cells; Figure 2). No binding of FVIII to
sialidase-treated non-transfected control cells could be
detected (Figure 2). Similarly, sialidase treatment did not
induce binding of VWF to non-transfected HEK293 cells
(Figure 2). In contrast, binding of VWF to sialidase-treated
Siglec-5 cells was remarkably more efficient. Not only the
number of positively-stained cells was increased (74±33%
vs. 23±16%), but also the intensity of positively-stained
cells was increased compared to non-treated cells
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Figure 1. Binding of soluble Siglec-5 to immobilized FVIII or VWF. (A and B) sSiglec-5/HPC4 (0-1.3 mM) was incubated with highly purified
plasma-derived FVIII (A, closed circles), VWF (B, closed circles) or BSA (open circles) immobilized onto microtiter wells (all 2.5 mg/mL) in
0.15 M NaCl, 5 mM CaCl2, 0.1% Tween-20, 0.5% PVP, 25 mM Tris-HCl (pH 7.4). After 3 h of incubation, bound sSiglec-5/HPC4 was probed
with peroxidase-labeled antibody HPC4 for 2 h at 37˚C and detected by peroxidase hydrolysis of TMB. Presented is the absorbance at 450
nm versus sSiglec-5/HPC4 concentration. (C) Binding of sSiglec-5/HPC4 to immobilized FVIII or VWF was performed in the absence or pres-
ence of anti-FVIII, anti-VWF or anti-Siglec-5 antibodies. Alternatively, immobilized FVIII or VWF was incubated in the absence or presence of
sialidase (0.1 U/mL) for 16 h at 37˚C prior to incubation with Siglec-5/HPC4. Residual sSiglec-5/HPC4 binding compared to the binding in
the absence of antibodies or sialidase is shown. (D) Plasma-derived full-length FVIII (closed circles) or recombinant BDD-FVIII (open circles)
were adsorbed onto microtiter wells coated with monoclonal anti-FVIII antibody D4H1, and subsequently incubated with sSiglec-5/Fc (0-90
nM). Bound sSiglec-5/Fc was probed with peroxidase-labeled anti-human Fc antibody and detected via peroxidase hydrolysis of TMB. Shown
is the absorbance at 450 nm versus sSiglec-5/Fc concentration. (E) VWF (2.5 mg/mL) was immobilized and incubated in the absence or
presence of sialidase (0.1 U/mL) for 16 h at 37˚C. Immobilized VWF was then incubated in the absence or presence of FVIII (5 mg/mlL for
1 h at 37˚C. Finally, the wells were incubated with sSiglec-5/HPC4 (0.33 mM) and bound sSiglec-5/HPC4 was probed as described for panels
A and B. The data present the mean±SEM of 3-5 independent experiments. The drawn lines (A, B and D) were obtained by fitting the data
to an equation describing the binding of soluble Siglec-5 to a single class of binding sites, and were used to calculate half-maximal binding.
**P<0.001.

A B C

E

D

FVIII
BSA

sSiglec-5/HPC4 (mM) sSiglec-5/HPC4 (mM)

sSiglec-5/Fc (nM)
Sialidase - + + -
FVIII - - + +

FVIII

BDD-FVIII

0.6

0.4

0.2

0.0
0.00 0.15 0.30 0.45

0 30 60 90

0.00 0.3 0.6 0.9 1.2

2.0

1.5

1.0

0.5

0.0

125

100

75

50

25

0

100

75

50

25

0

0.3

0.2

0.1

0.0

VWF
BSA

Bi
nd

in
g

(O
D 

45
0n

m
)

Bi
nd

in
g

(O
D 

45
0n

m
)

Re
la

tiv
e 

sS
ig

le
c-

5/
HP

C4
bi

nd
in

g 
(%

 o
f c

on
tro

l)

Bi
nd

in
g

(O
D 

45
0n

m
)

Re
si

du
al

 b
in

di
ng

(%
 o

f c
on

tro
l)

Con
tro

l
an

ti-F
VIII

Con
tro

l
an

ti-V
WF

an
ti-S

igl
ec

-5
Sial

ida
se

an
ti-S

igl
ec

-5
Sial

ida
se

FVIII VWF

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on



(1267±401 RU/cell; P<0.001 compared to non-treated
cells; Figure 2). These data indicate that both FVIII and
VWF are able to bind to cell-surface exposed Siglec-5.
Furthermore, we observe for VWF that sialidase-treatment
results in more positive cells and an increase in fluores-
cence intensity/cell, whereas for FVIII the number of pos-
itive cells remains unchanged with the intensity/cell being
slightly increased.

FVIII and VWF co-localize with Siglec-5 
To investigate whether binding of FVIII and VWF to

Siglec-5-expressing cells involves Siglec-5, we performed
Duolink-PLA analysis. This approach allows the detection
of proteins that are co-localized within a radius of less
than 40 nm, visualized as red spots via immunofluores-
cence microscopy. No red spots could be detected upon
incubation of non-transfected cells in the presence of FVIII
or VWF (Figure 3A). Also other controls (non-transfected
cells in the absence of FVIII or VWF, or Siglec-5 expressing
cells in the absence of FVIII or VWF) remained negative
(data not shown). However, red spots representing co-local-
ization of FVIII or VWF with Siglec-5 were selectively
detected following incubation at 4°C of Siglec-5-
expressing cells with FVIII or VWF (Figure 3A). Confocal
analysis of positively-stained cells revealed that the co-
localization was predominantly at the cell-surface, com-
patible with the absence of endocytosis at 4°C. These

findings show that FVIII and VWF associate with the cell
surface within a radius of 40 nm of Siglec-5, suggesting
that both proteins may directly interact with this cell-sur-
face exposed receptor.

Binding of VWF to Siglec-5 on PMA-stimulated primary
monocytes

To test whether VWF is also able to bind to Siglec-5 on
primary cells, monocytes were isolated from human blood
and stimulated with PMA for 1 h to induce a macrophage-
like phenotype. Cells were then incubated with VWF, and
co-localization with endogenous Siglec-5 was assessed via
Duolink-PLA analysis using anti-VWF and anti-Siglec-5
antibodies. Again, no red spots could be observed in PMA-
stimulated monocytes that were incubated in the absence
of VWF (Figure 3B). In contrast, multiple red spots were
visible for about 20% of the PMA-stimulated monocytes.
This suggests that VWF is able to co-localize with endoge-
nous Siglec-5 at the surface of primary Siglec-5-expressing
cells.

Siglec-5-bound FVIII and VWF are endocytosed 
into early endosomes

We then tested whether binding of FVIII and VWF to
Siglec-5 expressing cells could result in endocytosis of
both proteins. Following incubation of FVIII or VWF with
Siglec-5-expressing cells at 4°C for 1 h, incubation was

FVIII and VWF are ligands for Siglec-5

haematologica | 2012; 97(12) 1859

Figure 2. Binding of FVIII and VWF to Siglec-5
expressing cells. Non-transfected HEK293
cells and HEK293-Siglec-5 cells were grown
on glass cover slips and incubated in the
absence or presence of sialidase (0.1 U/mL
for 1 h at 37˚C) prior to incubation with FVIII
or VWF (both 10 mg/mL) for 1 h at 4˚C. After
removing excess of unbound protein, cells
were fixed by the addition of methanol.
Bound FVIII or VWF was probed using mouse
monoclonal antibodies and subsequently
detected using AlexaFluor-488 conjugated
F(Ab’)2 fragments of goat-anti-mouse IgG.
Cover slips were then embedded in DAPI-con-
taining mounting medium. DAPI-stained
nuclei are presented in blue, while FVIII or
VWF are visualized in green. Images were col-
lected using an AxioImager A1 microscope
and a Plan-Apochromat 63x/NA 1.4 oil-
immersion objective. For control, cells were
incubated in the absence of VWF or FVIII.
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continued at 37°C potentially allowing internalization of
the proteins. Subsequently, cells were stained using
Duolink-PLA analysis with antibodies against FVIII or
VWF and the early endosomal marker EEA-1. Using this
approach, only FVIII or VWF molecules trapped in early
endosomes will be detected, as they should be within 40
nm radius of the EEA-1 marker. No red spots could be
detected in cells that were incubated at 4°C (Figure 4), or
in cells that do not express Siglec-5 (data not shown).
However, distinct red spots were observed in Siglec-5
expressing cells incubated at 37°C for both FVIII and VWF
(Figure 4). Confocal analysis revealed that all of the spots
where located inside the cell rather than at the cellular sur-
face, confirming that FVIII and VWF were taken up by the
cell.

In vivo expression of Siglec-5
Given the poor homology between human and murine

Siglecs,9 we decided to express full-length human Siglec-5
in mice to study the interaction between this receptor and
the FVIII/VWF complex in vivo. The full-length cDNA of
Siglec-5 was subcloned in the pLIVE-expression vector.
This plasmid contains a murine albumin promotor, allow-
ing stable hepatic expression. The pLIVE-Siglec-5 plasmid
or an empty pLIVE control vector were introduced via
hydrodynamic gene transfer. Since Siglec-5 is not secreted
as a soluble protein, livers were isolated four days after
gene transfer in order to analyze for Siglec-5 expression.
As shown in Figure 5A, no Siglec-5 could be detected in
livers injected with empty pLIVE. In contrast, 20-30% of
the liver hepatocytes stained positive for Siglec-5 follow-
ing transfer with the pLIVE-Siglec-5 plasmid (Figure 5B).
We also tested whether human Siglec-5 could interact
with murine VWF. This was addressed in an immunosor-
bent-assay, in which murine plasma was incubated in
wells coated with polyclonal anti-VWF antibodies. Plasma
originated from normal C57B6-mice or from VWF-defi-
cient mice. A specific and dose-dependent binding of
sSiglec-5/HPC4 to wells incubated with VWF-containing
plasma was observed (data not shown), suggesting that
murine VWF is recognized by human Siglec-5.

Hepatic Siglec-5 modulates plasma levels 
of the FVIII/VWF complex

Wild-type C57B6 mice were given an empty pLIVE-
plasmid or pLIVE-Siglec-5 via hydrodynamic injection.
Subsequently, plasma samples were taken from Siglec-5
expressing mice or control mice four days later, and ana-
lyzed for levels of FVIII, VWF and coagulation factor X. As
shown in Figure 5C, plasma levels of factor X in Siglec-5
expressing mice were similar to those in control mice
(93±15% vs. 100%; P>0.05). In contrast, levels of both
FVIII and VWF were significantly lower in Siglec-5 posi-
tive mice compared to control mice (59±16% vs. 100%;
P=0.015 for FVIII and 30±18% vs. 100%; P=0.011 for
VWF; Figure 5C). This suggests that the presence of Siglec-
5 in murine hepatocytes is associated with a downregula-
tion of FVIII and VWF levels.

Discussion

Both FVIII and VWF are covered with sialylated glycans,
making these proteins potential ligands for protein-recep-
tors that recognize sialic acids, i.e. Siglecs. In the present

study, we have found evidence that FVIII and VWF are
able to interact with one of the members of the Siglec-
family, Siglec-5. Our conclusion that Siglec-5 may function
as a receptor for FVIII and VWF is based on the finding
that purified FVIII and VWF specifically bind to recombi-
nant soluble Siglec-5 variants in a dose-dependent and sat-
urable manner (Figure 1 and Online Supplementary Figure
S1). Furthermore, binding could be inhibited using anti-
bodies against FVIII, VWF or Siglec-5 (Figure 1C). Also cel-
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Figure 3. FVIII and VWF co-localize with Siglec-5. (A) Sialidase-treat-
ed HEK293-Siglec-5 or non-transfected cells were incubated with
FVIII or VWF (10 mg/mL) for 1 h at 4°C. (B) Isolated human mono-
cytes were stimulated with PMA (100 nM) for 1 h incubated in the
absence or presence of VWF (10 mg/mL) for 1 h at 4°C. (A and B)
After removing excess of unbound protein, cells were fixed and incu-
bated with a mixture of mouse monoclonal antibodies against FVIII
or VWF in combination with polyclonal goat antibodies against
Siglec-5. Bound antibodies were detected via Duolink-PLA analysis
by the application of oligonucleotide-coupled secondary antibodies,
the sequence of which was complementary. Following amplification,
amplified oligonucleotides were highlighted using fluorescent-
labeled probes, generating discrete red fluorescent spots for each
FVIII/Siglec-5 or VWF/Siglec-5 complex. Cover slips were embedded
in DAPI-containing mounting medium to allow blue nucleus stain-
ing. Cellular contours are visualized by merging in DIC-images.
Confocal-images (A) were obtained with an Axiovert 200M micro-
scope and a Zeiss LSM510-meta confocal system. Regular images
(B) were obtained using an AxioImager A1 microscope. In both
cases, a Plan-Apochromat 63x/NA 1.4-oil immersion objective was
used.

Untransfected HEK293

A

B

HEK293-Siglec-5
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lular binding studies using stable cell lines expressing
Siglec-5 revealed that both FVIII and VWF are able to inter-
act with cell-surface expressed Siglec-5 (Figures 2 and 3).
Furthermore, Siglec-5 proved able to bind and transport
both proteins to the intracellular early endosomes, indicat-
ing that Siglec-5 contributes to the endocytosis of FVIII
and VWF (Figure 4). Finally, overexpression of Siglec-5 in
mice resulted in a significant decrease in FVIII and VWF
levels, suggesting that Siglec-5 contributes to the regula-
tion of VWF/FVIII levels in vivo (Figure 5). 

With regard to the specificity of their interactions, we
considered that VWF and FVIII circulate in plasma in a
tight non-covalent complex (Kd<1 nM). Therefore, it is
possible that the purified plasma-derived protein prepara-
tions could contain traces of the other protein (VWF could

be present in the FVIII preparations or vice versa).
However, antigen-specific ELISAs were unable to detect
such traces in the respective protein preparations (<1 ng
FVIII/10 mg VWF and <8 ng VWF/10 mg FVIII). In addition,
recombinant variants of FVIII and VWF (therefore lacking
VWF and FVIII, respectively) displayed similar dose-
dependent binding to Siglec-5, demonstrating that each
protein individually can interact with this lectin.

Binding of soluble Siglec-5 to VWF was considerably
reduced (>90%) upon pre-treatment of VWF with siali-
dase, suggesting that interactions are mediated by sialic
acid moieties on the VWF molecule. In the immunosor-
bent assays, half-maximal binding was obtained at 0.5 mM
of the monomeric sSiglec-5/HPC4. Half maximal binding
was found to be 8 nM in our BLI-assays using a dimeric
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Figure 4. FVIII and VWF are targeted to early endo-
somes in Siglec-5 expressing cells. Sialidase-treated
HEK293-Siglec-5 cells were incubated with FVIII or
VWF (10 mg/mL) for 1 h at 4°C. After removing
excess of unbound protein, cells were put at 37°C
for 30 min in case of FVIII and 15 min in case of
VWF, allowing endocytosis of both proteins. Cells
were then fixed and incubated with a mixture of
antibodies against FVIII or VWF in combination with
polyclonal rabbit antibodies against EEA1, a marker
for early endosomes. Bound antibodies were detect-
ed via Duolink-PLA analysis as described in the leg-
end of Figure 5. Red spots represent FVIII or VWF
being within a radius of 40 nM of EEA1. Blue stain-
ing represents nuclei. Green staining represents
auto-fluorescence of the cells, and is added to visu-
alize the cellular contours.

Figure 5. Effect of in vivo Siglec-5 expression of FVIII and VWF levels. C57B6 mice were injected hydrodynamically with an empty pLIVE plas-
mid of pLIVE-Siglec-5 (pLIVE-SG5), and after four days blood samples were taken to prepare plasma and livers were isolated. Liver sections
of mice injected with pLIVE (A) or pLIVE-Siglec-5 (B) were analyzed for the expression of Siglec-5 using polyclonal anti-human Siglec-5 anti-
bodies. Plasma samples were analyzed for levels of FVIII activity, VWF antigen and factor X (FX) activity (C). Levels of the various proteins
in pLIVE-treated mice are relative to those in normal pooled plasma, which were arbitrarily set at 100%.
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soluble Siglec-5 variant (Siglec-5/Fc). This 40-fold differ-
ence in half-maximal binding may be due to the use of dif-
ferent techniques (immunosorbent assays require washing
steps, which could promote dissociation of the ligand-
receptor complex). In addition, the use of an immobilized
dimeric Siglec-5 variant results in a higher local concentra-
tion and higher avidity in comparison to the use of a
monomeric variant in solution, and may, therefore, favor
VWF binding. Interestingly, Siglec-5 is expressed at the cel-
lular surface as a disulphide-linked homodimer10 indicating
that the experiments with the dimeric Siglec-5/Fc variant
seem to be of a more physiological relevance. We would
like to emphasize that it is difficult, if not impossible, to
determine a true affinity constant for this interaction,
given that VWF is a heterogenous protein consisting of
multiple covalently connected subunits. Interestingly, the
multivalency of VWF may also contribute to the relatively
efficient binding of Siglec-5, since a clustered surface of
glycans can be presented to this receptor. Indeed, cluster-
ing of glycans promotes glycan-protein interactions21 that
are often of relatively low affinity.22

FVIII also displayed efficient binding of soluble Siglec-5
variants: half-maximal binding being 0.5 mM in
immunosorbent assays using monomeric sSiglec-5/HPC4
and 14 nM using dimeric Siglec-5/Fc in BLI-assays. This
latter value is in the same order of magnitude as the appar-
ent affinity for the interaction between FVIII and LDL-
receptor related protein, a receptor known to affect FVIII
plasma levels in vivo.23,24 This relatively high apparent affin-
ity may be surprising in that FVIII (in contrast to VWF) is
not a multimeric protein. The efficient interaction may be
explained by the observation that sialidase-mediated de-
sialylation of FVIII left binding of Siglec-5 unaffected
(Figure 1C). This may point to the binding of FVIII to
Siglec-5 being independent of low affinity sialic acid-Siglec
interactions. Instead, our data suggest that Siglec-5 inter-
acts with a protein portion of FVIII. In support of this view
is our finding that both plasma-derived full-length FVIII
and recombinant BDD-FVIII are similar in their interaction
with Siglec-5 (Figure 1D), despite the fact that BDD-FVIII
lacks 85% of the carbohydrate structures that are present
in full-length FVIII.27 Although unusual, it is not without
precedent that a protein interacts with Siglec-5 in a sialic
acid-independent manner. Recently, it has been shown
that the Group B streptococcus b-protein interacts with
the aminoterminal V-set domain of Siglec-5 in a sialic acid-
independent manner.13 The complementary interactive
sites within FVIII remain to be determined.

Apart from their interaction with purified protein-frag-
ments, FVIII and VWF also bound to stably transfected
HEK293 cells expressing full-length Siglec-5. Again, VWF
and FVIII behaved in a slightly different manner. For VWF,
we observed that 23±16% of the Siglec-5 expressing cells
stained positive for VWF following incubation at 4˚C. Not
only the number of positively stained cells increased to
74±33% when cells were pre-treated with sialidase, but
also the fluorescence intensity was markedly increased
(Figure 2). It has previously been suggested that the sialic
acid binding pocket of cell-surface exposed Siglecs are
often occupied by sialic acids that are present on neighbor-
ing cell surface proteins.8 It seems reasonable to assume
that the presence of such sialylated proteins compete with
VWF for binding to the sialic acid binding site of Siglec-5,
explaining why increased binding of VWF is observed fol-
lowing de-sialylation of cell surface proteins. The number

of positively-stained cells was not increased for FVIII, with
the fluorescence intensity being increased, but to a minor
extent (Figure 2). This suggests that for FVIII there is only
a slight increase in the number of available Siglec-5 recep-
tors/cell following sialidase treatment. It seems possible
that this is due to FVIII being able to interact with Siglec-
5 in a sialic acid-independent manner. 

Cellular binding was also investigated via immunofluo-
rescent confocal microscopy in combination with
Duolink-PLA analysis. When binding was performed at
4˚C, staining at the surface of the cells was observed
(Figure 3). Given the way in which the Duolink-PLA tech-
nique works, this indicates that both FVIII and VWF locate
at the cellular surface in the vicinity (<40 nm) of Siglec-5.
Subsequent exposure of the cells to 37˚C (which initiates
the endocytic machinery) resulted in a positive Duolink-
PLA staining for FVIII or VWF with an early endosomal
marker (EEA1). This positive staining was exclusively
observed for Siglec-5 expressing cells exposed to 37˚C, and
not for cells being maintained at 4˚C or for cells lacking
Siglec-5 (Figure 4). Apparently, the presence of Siglec-5 is
associated with the uptake of FVIII and VWF, and their
redistribution to the early endosomes. This observation is
in agreement with other studies that have established the
endocytic potential of Siglec-5, which allows the cellular
uptake of Siglec-5 binding elements.8,16,17

Despite the capacity of FVIII to interact with Siglec-5 by
itself, it is important to realize that this interaction seems
regulated by VWF. As for the interaction with many other
receptors,20 we observe that FVIII is inaccessible for Siglec-
5 when bound to VWF. This suggests that in the circula-
tion the majority of the FVIII will not interact with Siglec-
5 itself, but presumably binding will be mediated via its
carrier-protein VWF.

In our search for the physiological relevance of the inter-
action between FVIII/VWF and Siglec-5, we were limited
by the fact that Siglec-5 is not well conserved between
species,9 and there is no appropriate homolog in mice. To
overcome this limitation, we decided to express Siglec-5 in
mouse liver via hydrodynamic gene transfer. Analysis of
liver tissue sections taken from mice after the gene transfer
procedure revealed that 20-30% of the liver hepatocytes
stained positive for Siglec-5 (Figure 5B). Interestingly, lev-
els of the circulating FVIII/VWF complex were markedly
lower in Siglec-5 expressing mice compared to mock-
treated mice, whereas levels of another coagulation pro-
tein (Factor X) remained similar (Figure 5C). These data
indicate that Siglec-5 may contribute to the regulation of
FVIII/VWF levels. At this point, a number of options
should be considered that could contribute to the mecha-
nism by which hepatic Siglec-5 expression regulates
VWF/FVIII plasma levels. Firstly, we cannot exclude the
possibility that hepatic expression of Siglec-5 results in a
reduced expression of VWF and FVIII in endothelial cells.
Secondly, the reduced levels of FVIII/VWF might be
explained by the expression of Siglec-5 resulting in an
increased capacity of macrophages to clear the FVIII/VWF
complex. Thirdly, it is possible that Siglec-5-expression
converts these hepatocytes in cells that are able to clear
the complex from the circulation. Obviously, additional
studies are needed in this regard. Preliminary experiments
revealed that, apart from Siglec-5, also other Siglecs seem
able to interact with FVIII and/or VWF. The relative con-
tribution (if any) of these other Siglecs in relation to Siglec-
5 remains to be established. Another issue that needs to be
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resolved is whether Siglec-5 can bind VWF or FVIII irre-
spective of the cell type in which it is expressed, or
whether cell specific elements are present that regulate
binding to this receptor. It also remains to be determined
to what extent Siglec-5 contributes to the regulation of
FVIII/VWF levels with respect to other receptors for this
protein complex, such as LDL-receptor related protein-1,
LDL-receptor and asialoglycoprotein receptor.26
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