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Paris, France; gUnité 567, Institut National de la Santé et de la Recherche Médicale, 75014 Paris, France; hCenter for Molecular and Vascular Biology,
University of Leuven, 3000 Leuven, Belgium; iSchool of Molecular Medical Sciences, Queen’s Medical Centre, University of Nottingham, Nottingham NG7
2RD, United Kingdom; jMolecular Cell Biology and Immunology, VU University Medical Center, 1007 MB, Amsterdam, The Netherlands; and kGroupe Virus
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Several therapeutic self-proteins elicit immune responses when
administered to patients. Such adverse immune responses reduce
drug efficacy. To induce an immune response, a protein must
interact with different immune cells, including antigen-presenting
cells, T cells, and B cells. Each cell type recognizes distinct immu-
nogenic patterns on antigens. Mannose-terminating glycans have
been identified as pathogen-associated molecular patterns that are
essential for internalization of microbes by antigen-presenting
cells, leading to presentation. Here, we have investigated the
importance of exposed mannosylation on an immunogenic ther-
apeutic self-protein, procoagulant human factor VIII (FVIII). Admin-
istration of therapeutic FVIII to hemophilia A patients induces
inhibitory anti-FVIII antibodies in up to 30% of the cases. We
demonstrate that entry of FVIII into human dendritic cells (DC)
leading to T cell activation, is mediated by mannose-terminating
glycans on FVIII. Further, we identified macrophage mannose
receptor (CD206) as a candidate endocytic receptor for FVIII on DC.
Saturation of mannose receptors on DC with mannan, and enzy-
matic removal of mannosylated glycans from FVIII lead to reduced
T cell activation. The interaction between FVIII and CD206 was
blocked by VWF, suggesting that, under physiological conditions,
the intrinsic mannose-dependent immunogenicity of FVIII is
quenched by endogenous immunochaperones. These data provide
a link between the mannosylation of therapeutic self-proteins and
their iatrogenic immunogenicity. Such a link would be of special
relevance in the context of replacement therapy where mecha-
nisms of central and peripheral tolerance have not been estab-
lished during ontogeny because of the absence of the antigen.

dendritic cells � factor VIII � hemophilia � mannose receptor �
mannosylated glycans

Several therapeutic self-proteins, including products isolated
from human blood, recombinant human cytokines, and recom-

binant growth factors, elicit immune responses when administered
to patients. Such adverse immune responses to therapeutic self
molecules reduce drug efficacy and potency (1). In particular,
treatment of bleeding episodes in hemophilia A (HA) patients, by
administration of exogenous factor VIII (FVIII) to restore normal
hemostasis, results in the emergence of inhibitory anti-FVIII al-
loantibodies in up to 30% of the cases (2). The occurrence of FVIII
inhibitors complicates the day-to-day management of the patients,
hampers the clinical outcome, and represents a heavy socioeco-
nomical burden (3).

FVIII is a heterodimeric glycoprotein composed of a heavy chain
with the A1-a1-A2-a2-B structure and a light chain with the

a3-A3-C1-C2 structure (4). Glycans on FVIII terminate with either
galactose, fucose, or mannose residues (5, 6). Most of the glyco-
forms ending with galactose residues are sialated, which protects
FVIII from binding to the endocytic asialoglycoprotein receptor
(ASGPR) (7). Mannose-ending glycosylations are, however, not
capped by sialylation. They are found on Asn2118 and on Asn239 (5,
8) and form the second most prevalent type of glycans on FVIII (6).

The nature of the FVIII-specific B and T lymphocytes involved
in anti-FVIII immune responses has been elucidated (9–11). Little
is known, however, on FVIII entry in professional antigen-
presenting cells (APCs), an event upstream from activation of
immune effectors and mandatory to the elicitation of the primary
immune response to FVIII. The presence of mannose-ending
glycans on FVIII is interesting in this respect. Mannosylation on
non-self-antigens has been shown to enhance their endocytosis by
dendritic cells (DC) and subsequent presentation to antigen-
specific T lymphocytes (12–14). Indeed, DC express several endo-
cytic C-type lectin receptors (CLRs), including macrophage man-
nose receptor (CD206), dendritic cell-specific ICAM3 grabbing
nonintegrin (DC-SIGN) and dectin 2, which bind exposed mannose
residues on glycoproteins through their carbohydrate recognition
domains (CRDs) (15–17).

Here, we investigated the relevance of exposed mannosylation on
FVIII as a ligand for FVIII entry into DC, the initial requirement
for the induction of a specific immune response. DC were used as
APCs because they are suggested to be the most critical professional
APCs for induction of primary immune responses (18) and are an
established model to understand the immunogenicity of mannosy-
lated ligands (12, 14). To validate that FVIII endocytosis by DC
leads to presentation to CD4� T lymphocytes, we resorted to the

Author contributions: S. Dasgupta, J.B., M.D.K., S.V.K., and S.L.-D. designed research; S.
Dasgupta, A.-M.N., S. Delignat, B.W., S.A., O.C., M.N., and T.B.H.G. performed research;
M.J., L.M.-P., T.B.H.G., J.-M.S.-R., and A.M. contributed new reagents/analytic tools; S.
Dasgupta, A.-M.N., S.A., O.C., and M.N. analyzed data; and S. Dasgupta, J.B., M.D.K., S.V.K.,
and S.L.-D. wrote the paper.

The authors declare no conflict of interest.

Abbreviations: FVIII, factor VIII; HA, hemophilia A; BDD-FVIII, B domain-deleted FVIII; DC,
dendritic cells; VWF, von Willebrand factor; CLR, C-type lectin receptor; CTLD, C-type
lectin-like domain

lTo whom correspondence should be addressed at: Institut National de la Santé et de la
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activation of a FVIII-specific CD4� T cell clone (10). Our results
demonstrate that exposed mannose residues on FVIII play a
significant role in its uptake by human monocyte-derived DC and
that removal of exposed mannose residues leads to a significantly
reduced presentation to T lymphocytes.

Results
Mannose-Sensitive Receptors Mediate FVIII Endocytosis by DC. We
first studied FVIII endocytosis by immature human monocyte-
derived DC. Incubation of DC with FITC-conjugated FVIII
(FVIII-FITC) resulted in a time- (data not shown) and dose-
dependent [see supporting information (SI) Fig. 5A] labeling of the
cells with FVIII. We confirmed that FVIII was internalized by using
confocal microscopy (SI Fig. 5B). The high percentage of cells
labeled with FVIII-FITC after 2 h of incubation and the fact that
10-fold molar excess of unconjugated FVIII inhibited the internal-
ization of FVIII-FITC by up to 60% (data not shown) is suggestive
of a receptor-mediated endocytosis of FVIII. To investigate the
nature of the receptor(s) involved in FVIII endocytosis, we incu-
bated the cells for 30 min at 37°C with either 5 mM EDTA, mannan
(1 mg/ml) or galactose (1 mg/ml) before addition of FVIII-FITC.
Endocytosis at 4°C was used as control.

Endocytosis of FVIII-FITC was inhibited up to 92 � 16.5% (P �
0.01, Fig. 1A) in the case of EDTA. These data implicate a role for
bivalent ion-dependent receptors in FVIII endocytosis by DC.
EDTA is also known to mediate the dissociation of FVIII subunits
(19). The inhibitory effect of EDTA was, however, not due to
EDTA-induced FVIII dissociation, because dissociation of FVIII
subunits requires higher EDTA concentrations and longer incuba-
tion periods than that used in our assays (19).

The polycarbohydrate mannan, a model competitive ligand for
mannose-sensitive uptake (14, 20, 21), reduced the uptake of
FVIII-FITC by 60 � 19% (P � 0.01), whereas galactose, a
competitive ligand for galactose-sensitive uptake (22), had no
significant effect (Fig. 1A). The specificity of mannan for mannose-
sensitive CLRs was confirmed in our experimental setup using
FITC-labeled dextran, a typical ligand for mannose-sensitive CLRs,
especially CD206, and lucifer yellow (LY), the internalization of
which proceeds exclusively by receptor-independent macropinocy-
tosis (20, 23). Internalization of dextran was blocked by 89 � 9.3%
in the presence of mannan, whereas that of LY was not affected
(Fig. 1B). The results indicate that mannose-sensitive receptors
mediate a significant part of the endocytosis of FVIII by DC.

CD206 Is a Candidate Mannose Receptor for FVIII. We performed
lectin ELISAs with Fc constructs of candidate mannose receptors
expressed by DC, CD206, and DC-SIGN. FVIII bound in a
dose-dependent and mannose-sensitive manner to soluble CD206,
but not to DC-SIGN (data not shown). CD206 comprises several
extracellular domains: a cystein-rich (CR) domain, a fibronectin
type-II (FNII) domain, and 8 C-type lectin-like carbohydrate
recognition domains (CTLD) (16). Direct binding assays were
performed by using the mannose-binding CTLD4–7-Fc construct
and the non-mannose-binding CR-FNII-CTLD1–3-Fc construct
(24) (SI Fig. 6 A and B). FVIII interacted specifically with the
CTLD4–7-Fc domains and not with the rest of the molecule (Fig.
2A). Mannan inhibited in a dose-dependent manner the interaction
of FVIII with CTLD4–7-Fc (Fig. 2B).

Mannose-Sensitive Endocytosis of FVIII by DC Leads to Presentation of
FVIII-Derived Peptides to CD4� T Lymphocytes. We then explored
whether the endocytosis of FVIII by DC through the mannose-
sensitive route results in processing of FVIII and presentation of
FVIII-derived peptides to T cells. Incubation of FVIII with the
FVIII-specific human CD4� T cell clone D9E9 (10) and with DC
from HLA-matched donors, resulted in a dose-dependent activa-
tion of D9E9, as measured by the release of IFN-� in the culture
supernatant (Fig. 3A). Factor IX, used as a negative control antigen,
failed to activate D9E9, indicating that DC activate D9E9 in an
antigen-specific manner (SI Fig. 7A). Blocking mannose-sensitive
receptors by preincubation of DC with mannan before the addition
of FVIII, resulted in a dramatic dose-dependant reduction (up to
80%) of the activation of D9E9 (SI Fig. 7 A and B). Blocking
mannose receptors with a saturating dose of anti-CD206 IgG (10
�g/ml) (23) resulted in a significant inhibition of the IFN-� pro-
duction (Fig. 3 A and B), confirming that CD206 participates in the
endocytosis of FVIII. Inhibition of FVIII endocytosis was lesser in
the case of anti-CD206 IgG than in the case of mannan. The latter
difference might be explained by the multivalency of mannan,
which may give it the ability to mask several CRDs on CD206 as
opposed to the limited spatial hindrance provided by monoclonal
antibodies. Alternatively, other mannose-sensitive receptors may
also be involved and synergize with CD206 in FVIII uptake.

To rule out a direct inhibitory effect of mannan or anti-CD206
IgG on the capacity of DC to activate T cells, we used as an antigen,
the FVIII-derived nonglycosylated 18-mer peptide I2144-T2161,
known to be the target epitope for D9E9 (10). There is no evidence
that peptide I2144-T2161 needs to be internalized by DC to activate
D9E9. As depicted in Fig. 3B, D9E9 was activated by DC incubated

Fig. 1. Mannose-sensitive entry of FVIII into DC. (A) DC were preincubated with 5 mM EDTA, 1 mg/ml mannan or 1 mg/ml D-galactose for 30 min at 37°C, before
the addition of FVIII (40 �g/ml) for 2 h. Reported values depict relative antigen uptake defined as [(37°CMFIinh � 4°CMFImedium)/(37°CMFImedium � 4°CMFImedium)] �
100, where ‘‘MFIinh’’ stands for MFI detected in the presence of the inhibitor. Results are from 12 donors. Statistical significance was calculated on raw data by
using unpaired Student’s t test. (B) Inhibition of endocytosis in DC by mannan. Preincubation of DC with mannan (1 mg/ml) was followed by addition of
dextran-FITC (50 �g/ml), FVIII-FITC (40 �g/ml) or lucifer yellow (LY, 200 �g/ml) for 2 h.
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with peptide I2144-T2161 irrespective of the presence or absence of
mannan or anti-CD206 IgG. We then investigated whether mannan
has a direct inhibitory effect on the capacity of T cells to be
activated. To this end, we resorted to one nonspecific and two
FVIII-specific human HLA-matched B cell lines, LE56, LE2E9,
and BO2C11. LE2E9 and BO2C11 internalize FVIII through their
B cell receptors (BCR). The three cell lines have been used as APCs
for the activation of D9E9 (10). Mannan did not prevent the
activation of D9E9 by any of the B cell lines incubated in the
presence of FVIII (Fig. 3C and SI Fig. 8). Together, these data
validate that the inhibitory effects of mannan and of anti-CD206
IgG on D9E9 activation result from the blocking of mannose-
sensitive endocytosis of FVIII by DC.

Mannose-Terminating Glycans Located Outside the B Domain Mediate
FVIII Endocytosis by DC and Presentation to T Cells. Of the 23 glycans
of FVIII, 19 are located on the B domain of the molecule, 2 on the
light chain, and 2 on the heavy chain (25). We first confirmed by
mass-spectral analysis the presence of mannose-terminating glycans
on the Asn239 and Asn2118 sites of B domain-deleted FVIII (BDD-

FVIII) and their absence on the B domain of full-length FVIII (data
not shown) (8). We then compared the endocytosis of full-length
FVIII and BDD-FVIII by DC. Inhibition of the uptake of both
forms of FVIII was saturated at the same concentration of mannan
(100 �g/ml, Fig. 4A), confirming the involvement of mannose-
terminating glycans located outside the B domain in the uptake of
FVIII. Inhibition of the uptake of dextran, a model ligand for
CD206, was saturated at the same concentration of mannan, further
emphasizing the role for CD206 in mannose-sensitive endocytosis
of FVIII (Fig. 4A).

We then subjected BDD-FVIII to mild enzymatic deglycosyla-
tion with EndoF1. EndoF1 cleaves oligomannose structures and
hybrid oligosaccharides, but not complex oligosaccharides. The
removal of oligomannose structures upon treatment with EndoF1
was indicated by a shift in the migration profile of BDD-FVIII (Fig.
4B Right). Demannosylation of BDD-FVIII was associated with a
lesser binding of FVIII to the mannose-sensitive CTLD4-7 domains
of CD206, as evidenced by Western blot (Fig. 4B Left) and by using
the surface plasmon resonance (SPR) approach (Fig. 4C). Accord-
ingly, DC incubated with EndoF1-treated BDD-FVIII activated

Fig. 2. Mannose-sensitive binding of FVIII to CD206. (A) Binding of FVIII to CD206 constructs CTLD4–7-Fc and CR-FNII-CTLD1–3-Fc. ELISA plates were coated with
FVIII. CTLD 4–7-Fc and CR-FNII-CTLD1–3-Fc were added to the wells at 10 �g/ml. Fc portions were detected with a mouse anti-human Ig Fc-specific antibody
coupled to HRP. (B) Inhibition of the binding of FVIII to CTLD4–7-Fc by mannan. FVIII (5.56 �g/ml) was coated on ELISA plates. Mannan was preincubated with
CTLD4–7-Fc (10 �g/ml) for 30 min and loaded on the coated wells.

Fig. 3. Mannose-sensitive uptake of FVIII by DC results in the presentation FVIII-derived peptides to FVIII-specific CD4� T cells. (A) DC from DRB1*1501/DRB5*01
healthy donors were incubated (10,000 cells per well) in medium alone or in presence of mannan (1 mg/ml) or anti-CD206 IgG (10 �g/ml), followed by incubation
with the FVIII-specific T cell clone D9E9 (5,000 cells per well) in the presence of FVIII (5.56, 2.78 or 1.39 �g/ml) and 20 units/ml rhIL-2 for 20 h at 37°C. Activation
of T cells was assessed by the release of IFN-� in the culture supernatant. Results are from three to eight independent experiments. IFN-� yield varied with different
batches of D9E9 and different sources of donor DC used in separate experiments. (B) DC generated from MHC II-matched donors were preincubated with mannan
(1 mg/ml) or anti-CD206 IgG (10 �g/ml), followed by the addition of FVIII (5.56 �g/ml) or peptide I2144-T2161 (2 �g/ml) and D9E9. For each treatment, the IFN-�
production was depicted relative to the maximum value obtained in each individual experiment (*, P � 0.0001, Mann–Whitney test). Results are from three
independent experiments. (C) The human FVIII-specific HLA-matched B cell lines LE2E9 and BO2C11 or DC were incubated in the presence of FVIII (10 �g/ml) and
D9E9.
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D9E9 to a lesser extent than those incubated with native BDD-
FVIII (Fig. 4D, P � 0.0001 in the case of DC from three different
donors). Of note, demannosylation of BDD-FVIII was not as
efficient in reducing T cell activation as saturation of the mannose
receptors on DC using mannan (Fig. 4). The residual binding of
EndoF1-treated BDD-FVIII to CTLD4–7 observed by using SPR
and the residual ability of EndoF1-treated BDD-FVIII to activate
D9E9 may be attributed to the presence of remaining N-acetyl-
glucosamines on FVIII, which present with moderate affinity for
CD206 (24).

Binding of FVIII to Mannose-Sensitive Receptors Is Inhibited by VWF.
VWF is a chaperone protein for FVIII. We have recently demon-
strated that VWF prevents FVIII from being endocytosed by DC
(26). VWF inhibited in a dose-dependent manner and up to 80%
the binding of FVIII to CTLD4–7-Fc (SI Fig. 9). Control experi-
ments validated (i) the absence of direct binding of VWF to
CTLD4–7-Fc and (ii) the absence of inhibition of the binding of
FVIII to CTLD4–7-Fc by albumin, used as an irrelevant protein at
concentrations equimolar to that of VWF (data not shown).

Discussion
Entry of an antigen into APCs, and particularly into DC, may
lead either to tolerance toward the antigen or, on the contrary,
to an active antigen-specific immune response. The fate of the
response, either tolerogenic or immunogenic, is governed by
several factors: nature of the signals provided by the antigen to
DC, amount of antigen internalized by DC and presented to T
cells, maturation level of DC, strength and type of the signals at
the DC-T cell synapse, and cytokine microenvironment. Indeed,
in vivo, FVIII endocytosis is followed either by initiation of the
anti-FVIII immune response, as seen in 30% of HA patients, or
by an induction of active self-tolerance, as recently described in
healthy individuals (27). Among the above mentioned factors,
entry of the antigen into DC, although not sufficient, is man-

datory for the antigen-specific priming of immune effectors.
Here, we demonstrate that exposed mannose residues on FVIII,
used as a model therapeutic self-protein that is immmunogenic,
contribute to its entry into DC. We further demonstrate that the
mannose-sensitive uptake of FVIII leads to processing and
presentation of FVIII-derived peptides to CD4� T lymphocytes.
Our observations document a potential role for mannose-
sensitive receptors on professional APCs and for mannose
moieties on human therapeutic self-proteins, such as FVIII, in
their immunogenicity.

We demonstrate the relevance of exposed mannosylation on
FVIII for its interaction with APCs and its presentation to immune
effectors using two complementary approaches: saturation of man-
nose receptors on DC using mannan and mild deglycosylation of
FVIII. Glycosylation on an antigen might influence either the entry
of the antigen into DC, or its intracellular processing, the docking
of antigen-derived peptides in the groove of MHC II molecules,
and/or the recognition of the MHC II/peptide complexes by the
TCR (28). Using the endocytosis of FVIII as a read-out, we clearly
show a quantitative reduction of the entry of FVIII in DC when the
interaction between FVIII and mannose-sensitive receptors is
perturbed. Mannosylation thus accounts for �60% of the uptake of
FVIII. The finding of a 40% residual FVIII uptake despite the
disruption of the mannose-sensitive pathway indicates the involve-
ment of alternative endocytic processes for FVIII that remain to be
identified. Our unpublished data suggest that members of the LDL
receptor family and the endocytic mannose-sensitive receptor DC-
SIGN on monocyte-derived DC are not implicated.

The concentration of FVIII used in the endocytosis assay was
much higher than that found in patients with HA upon adminis-
tration of therapeutic FVIII. We therefore resorted to a T cell
activation assay, wherein DC are incubated with FVIII concentra-
tions close to that reached in patients. The D9E9 T cell clone thus
produced 26 � 8 and 711 � 63 pg/ml IFN-� (mean � SD) at 1 and
7 nM FVIII, respectively. These data confirm that, at values close

Fig. 4. Exposed mannose residues located outside the
Bdomainplaya significant role inFVIII endocytosisbyDC
leading to T cell activation. (A) DC were preincubated
with mannan before the addition of FVIII (40 �g/ml,143
nM, filled circles) and BDD-FVIII (24.31 �g/ml,143 nM,
open circles), or dextran-FITC (50 �g/ml). Antigen uptake
was analyzed by flow cytometry. Percentage inhibition
was calculated for each condition with respect to the
condition without mannan. Representative of two indi-
vidual experiments. (B) Western blot analysis of native or
EndoF1-treated BDD-FVIII (3.7 �g) revealed by using Pro-
togold or CTLD4–7-Fc using an alkaline phosphatase-
conjugated anti-human IgG. The light chain (LC) and
heavy chain (HC) were identified upon blotting with LC-
and HC-specific monoclonal anti-FVIII IgGs (data not
shown). (C) Binding of native or EndoF1-treated BDD-
FVIII to CTLD4–7-Fc was assessed by surface plasmon
resonance. Depicted values represent the resonance
units (RU) measured 250 s after the end of the injection
on a CTLD4–7-Fc-coated channel, from which the back-
ground binding to an uncoated channel has been sub-
tracted. (D) Reduced activation of T cells upon EndoF1
treatment of BDD-FVIII. Results depict one representa-
tive of three independent experiments. Yields of IFN-�
varied with different batches of D9E9 and with the dif-
ferent sources of human DC used in the different exper-
iments. To statistically compare the three sets of exper-
iments, the production of IFN-� was normalized with
respect to the maximum value obtained in each individ-
ual experiment. Differences in normalized levels of T cell
activation were statistically significant between ‘‘me-
dium’’ and ‘‘EndoF1-treated’’ (P � 0.0001, ANOVA and
Fisher’s protected least-significant difference, data not
shown).
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to replacement therapy levels, mannose-sensitive endocytosis of
FVIII by DC leads to presentation of FVIII to and activation of
CD4� T lymphocytes.

The use of the D9E9 activation assay does not allow us to
decipher a direct role for mannosylated glycans in the processing,
docking, or recognition of FVIII peptides. However, because D9E9
is specific for a nonglycosylated epitope of FVIII located between
amino acids I2144 and T2161, these data indicate that mannosylation
of the whole FVIII molecule governs the presentation of nongly-
cosylated epitopes. The three major clusters of B cell epitopes for
FVIII inhibitors are located on the A2, A3, and C2 domains of
FVIII. Interestingly, none of these domains is mannosylated. It is
tempting to speculate that altering the mannosylation pattern of
FVIII may reduce the presentation of peptide epitopes derived
from the antigenic regions of FVIII by DC to CD4� T lymphocytes.
Indeed, removal of the mannosylated sugar at Asn-2118 on the light
chain of FVIII by site-directed mutagenesis completely abrogated
the activation of D9E9 upon incubation of the mutated Asn2118Ala
light chain with DC as APCs (S. Dasgupta, O.C., S.V.K., and
S.L.-D., preliminary unpublished data). In contrast, D9E9 was
activated upon presentation of the Asn2118Ala light chain by
B02C11. The use of mutated demannosylated FVIII products may
reveal a previously uncharacterized strategy to reduce the risk of
inhibitors in HA patients.

In this study, we have identified CD206 as candidate mannose-
sensitive endocytic receptor for FVIII on DC. CD206 has been
implicated in the homeostasis of several proinflammatory manno-
sylated serum glycoproteins (29). Conversely, CD206 has been
shown to mediate the endocytosis of a number of microbial antigens
by virtue of their exposed mannosylation, thus enhancing antigen-
specific T cell responses (12, 30). Interestingly, the interaction of the
thyroid antigens with CD206 on APCs located in the gland or
draining lymph nodes has been implicated in pathological autoim-
mune responses to thyroid antigens (31, 32). The exacerbated
expression of CD206 has been associated with several pathological
situations. Thus, DC from patients with house dust mite allergy
express more CD206 than that of healthy donors, and internalize
Derp 1, a major mite allergen, more efficiently (23). Similarly,
whereas Langerhans cells from normal human skin do not express
CD206, inflammatory epidermal DC from patients with atopic
dermatitis and psoriasis vulgaris, express CD206 in situ and use it
for receptor-mediated endocytosis (33). Presumably, the spleen is
the major immunocompetent organ where the immune response to
FVIII takes place. Our preliminary data demonstrate that CD206
can be expressed by human splenic myeloid DC and suggest the
functionality of the CD206-dependent endocytic pathway (M.
Nascimbeni, A. Hosmalin, L. Garderet, and B. Fabiani, unpub-
lished observations).

In addition to DC, B cells can act as efficient APCs and
internalize the antigen for which they are specific through their
surface B cell receptor (18). Thus, in HA patients who have already
been treated with FVIII, FVIII-specific B cells may be activated and
participate in the endocytosis of therapeutic FVIII and presentation
to T cells (10). Unlike DC however, B cells lack other endocytic
receptors such as mannose-sensitive receptors (18). Accordingly,
mannan did not block the activation of T cells when FVIII-specific
B cells (BO2C11 and LE2E9) and FVIII nonspecific B cells (LE56)
were used as APCs. Together, these data suggest that, in a situation
where FVIII-specific B cells have not been triggered (i.e., in patients
that have not received exogenous FVIII as yet), mannose receptors
on DC are the preferential portal of entry for FVIII into APCs.

In physiology, FVIII circulates complexed to VWF and is pro-
tected from degradation by circulating enzymes and abzymes (34,
35). VWF has been proposed to reduce the immunogenicity of
FVIII in patients with HA (36, 37). Interestingly, we recently
demonstrated that VWF reduces the uptake of FVIII by DC and
the activation of FVIII-specific T cells (26). We report here that
VWF blocks the binding of FVIII to CD206 in a dose-dependent

manner. Whether VWF may reduce FVIII immunogenicity by
sterically hindering the interaction of FVIII with mannose-sensitive
receptors and thus preventing its uptake by DC remains to be
formally demonstrated.

Here, we propose a link between the mannosylation of a thera-
peutic self-protein and its iatrogenic immunogenicity. The associ-
ation of mannosylated proteins with endogenous chaperone mol-
ecules, such as VWF, regulates their interaction with endocytic
receptors, thereby curbing the activation of immune effectors. In
some situations however, the ligand/receptor equilibrium is per-
turbed, possibly leading to the triggering of unwanted deleterious
immune reactions. Indeed, expression of mannose-sensitive recep-
tors on DC may be up-regulated as a response to inflammatory
signals (23, 33). Alternatively, the formation of complexes between
mannosylated proteins and endogenous chaperones may be im-
paired, as seen in the case of therapeutic recombinant FVIII that
incompletely associates with VWF (38). Such a perturbed equilib-
rium represents an aggravating factor in the context of replacement
therapy where the self-antigen is absent and where mechanisms of
central and peripheral tolerance have not been established during
ontogeny.

Methods
FITC Conjugation of FVIII and BDD-FVIII. Recombinant human FVIII
(Kogenate SF; Bayer, Puteaux, France) or BDD-FVIII (Refacto;
Wyeth, Berkshire, U.K.) was dialyzed against bicarbonate buffer
(pH 9.2) containing 5 mM CaCl2 at 4°C for 2 h, followed by coupling
with FITC (Sigma, Lyon, France) for 6 h at 4°C. Unconjugated
FITC was removed by dialysis. FVIII-FITC was quantified by
Bradford assay. The specific activity of FVIII-FITC was �1,000
IU/mg as assessed by using a chromogenic assay (Dade–Behring,
Marburg, Germany), confirming functional integrity of FVIII after
FITC conjugation. F/P molar ratio of FVIII-FITC ranged between
15:1 and 25:1.

Generation of DC. Monocytes from peripheral blood mononuclear
cells of healthy donors were isolated by adherence in RPMI
medium 1640 supplemented with 10% human AB serum. Adherent
monocytes were cultured in X-VIVO supplemented with 1%
human AB serum, in presence of 500 units/106 cells human
recombinant IL-4 (R & D Systems, Lille, France) and human
recombinant 1,000 units/106 cells GM-CSF (ImmunoTools,
Friesoythe, Germany). After 5 days, the immature status of non-
adherent DC was confirmed by flow cytometry.

FVIII Uptake by DC. DC (4 � 105 cells per well) were incubated in 100
�l of X-VIVO15 with fluorescent conjugated ligands (FVIII-FITC,
BDD-FVIII-FITC) at 4°C or 37°C. Cells were then washed with
ice-cold PBS and analyzed by flow cytometry. To study receptor
involvement in uptake, cells were preincubated for 30 min at 37°C
with mannan (Sigma–Aldrich, Lyon, France), EDTA, or D-
galactose (Sigma–Aldrich) before the addition of fluorescein-
conjugated ligands. Uptake was quantified as the difference in the
geometric mean fluorescence intensities at 37°C and 4°C. As
control ligands for mannose receptor mediated endocytosis and
macropinocytosis, dextran-FITC (40,000 MW, Molecular Probes,
Leiden, The Netherlands) and Lucifer Yellow (LY-CH, Sigma–
Aldrich), respectively, were used.

Activation of a FVIII-Specific T Cell Clone. Immature DC from healthy
donors (MHC II haplotype: DRB1*1501/DRB5*01) were prepared
in RPMI medium 1640/10% FCS. DC were resuspended in
DMEM/F12 (1:1) containing 10% FCS and distributed (10,000 cells
per well) in 96-well culture plates. DC were cultured with 5,000 T
cells [a human FVIII-specific CD4� T cell clone, D9E9 (10)] in
DMEM/F12 (1:1) containing 10% FCS and 20 units/ml recombi-
nant human IL-2 (Sigma), with either FVIII or BDD-FVIII (native
or deglycosylated) for 20 h at 37°C. Importantly, the lowest FVIII
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concentrations used in our assays (i.e., 1 or 5 nM) are compatible
with FVIII concentrations reached in patients’ blood after replace-
ment therapy (i.e., 1–2 nM). IFN-� was measured in supernatants
by using the human IFN-� Duo Set (R & D Systems). When
indicated, DC were preincubated with mannan or anti-mannose
receptor (CD206) monoclonal antibody (PAM-1, IgG1 isotype) for
30 min at 37°C. Controls included: T cells incubated alone, or T cells
incubated with DC alone or in the presence of human recombinant
factor IX (Benefix; Baxter) or a synthetic FVIII peptide I2144-T2161

(NeoMPS, Strasbourg, France), reported to activate D9E9.

Deglycosylation of BDD-FVIII. BDD-FVIII was deglycosylated by
using endoglycosidases from N-DEGLY kit (Sigma-Aldrich) fol-
lowing the manufacturer’s protocol. As revealed by the glycoprotein
detection kit (Sigma-Aldrich), EndoF1 was the only endoglycosi-
dase able to effectively cleave sugar residues on BDD-FVIII.

Lectin ELISA. ELISA plates were coated with sugars (mannan or
SO4–3-�-D-GalNAc-PAA; Lectinity Holding, Moscow, Russia),
FVIII or BDD-FVIII in 154 mM NaCl. Wells were blocked with
TTBS [10 mM Tris�HCl (pH 7.5)/10 mM CaCl2/154 mM NaCl/
0.05% Tween 20) and 3% BSA. CD206 constructs [CTLD4–7-Fc
and CR-FNII-CTLD1–3-Fc (24)] were then incubated at 10 �g/ml,
followed by incubation with a mouse anti-human Ig Fc-specific
antibody coupled to HRP (Southern Biotech, Birmingham, AL).
Binding was measured at 492 nm after revealing with OPD.

In the case of inhibition studies using VWF, CTLD4–7-Fc (5
�g/ml) was coated, and plates were blocked with TTBS/3% BSA.
FVIII (36 nM) was preincubated with VWF (1.5–357 nM, Wilfac-
tin; LFB) in TTBS/3% BSA for 1 h at 37°C, and then transferred
onto the coated plates for 1 h at 37°C. Bound FVIII was revealed
after sequential incubation with a monoclonal anti-FVIII IgG, a
goat anti-mouse IgG Fc fragments coupled to peroxidase and OPD.

Western Blot. BDD-FVIII (3.7 �g) (native or EndoF1-treated) were
separated on a 7.5% SDS-polyacrylamide gel. Proteins were trans-
ferred to a nitrocellulose membrane and incubated with CTLD4–
7-Fc (10 �g/ml). Alkaline phosphatase-conjugated anti-human IgG

was used to reveal the Fc portions of CTLD4–7-Fc. In parallel,
transferred proteins were revealed by using Protogold.

Biosensor Measurement of FVIII Binding to CD206. Real-time analysis
of complex formation between CTLD4–7-Fc and FVIII was per-
formed by using a BIAcore 2000 (Biacore, Uppsala, Sweden).
CTLD4–7-Fc was dialyzed against 10 mM Hepes, 150 mM NaCl,
3.4 mM EDTA, 0.005% Tween 20, pH 7.4 (Hepes-EDTA) for 3 h
at 25°C. CTLD4–7-Fc was immobilized on a CM5 sensor chip in
Hepes-EDTA buffer according to the manufacturer’s protocol.
BDD-FVIII and deglycosylated BDD-FVIII were dialyzed against
100 mM borate, 150 mM NaCl, 5 mM CaCl2, 0.005% Tween 20, pH
7.4 (Borate–CaCl2) for 2 h. All procedures were performed at 25°C
in Borate–CaCl2 buffer. BDD-FVIII (125 �l in Borate–CaCl2
buffer) was injected at a continuous flow rate of 25 �l/min, allowing
a contact time with CTLD4–7-Fc of 10 min. Dissociation was
monitored over a period of 5 min after the injection of Borate–
CaCl2 alone. Regeneration of the surface was achieved by using 10
�l of 50 mM EDTA, 5 �l of 50 mM NaOH, and 500 mM NaCl.
Background association and dissociation curves were scored under
similar experimental conditions by injecting BDD-FVIII onto an
uncoated channel. Background curves were subtracted from test
curves. Mannan bound to immobilized CTLD4–7-Fc in a dose-
dependent manner (data not shown).
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