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ABSTRACT

7 evelopment of neutralizing antibodies against therapeutic

)Pactor VIII (FVIII) is the most serious complication of the treat-
» ment of hemophilia A. There is growing evidence to show the
multifactorial origin of the anti-FVIII immune response, combining
both genetic and environmental factors. While a role for the comple-
ment system on innate as well as adaptive immunity has been docu-
mented, the implication of complement activation on the onset of the
anti-FVIII immune response is unknown. Here, using in vitro assays for
FVIII endocytosis by human monocyte-derived dendritic cells and pres-
entation to T cells, as well as in vivo complement depletion in FVIII-
deficient mice, we show a novel role for complement C3 in enhancing
the immune response against therapeutic FVIIL. I vitro, complement C3
and its cleavage product C3b enhanced FVIII endocytosis by dendritic
cells and presentation to a FVIII-specific CD4* T-cell hybridoma. The
C1 domain of FVIII had previously been shown to play an important
role in FVIII endocytosis, and alanine substitutions of the K2092, F2093
and R2090 C1 residues drastically reduce FVIII uptake in vitro.
Interestingly, complement activation rescued the endocytosis of the
FVIII C1 domain triple mutant. In a mouse model of severe hemophilia
A, transient complement C3 depletion by humanized cobra venom fac-
tor, which does not generate anaphylatoxin Cda, significantly reduced
the primary anti-FVIII immune response, but did not affect anti-FVIII
recall immune responses. Taken together, our results suggest an impor-
tant adjuvant role for the complement cascade in the initiation of the
immune response to therapeutic FVIIL

Introduction

Hemophilia A is a rare X-linked inherited hemorrhagic disorder consecutive to
the absence of functional pro-coagulant Factor VIII (FVIII). Prevention or treatment
of bleeding consists of replacement therapy with exogenous FVIIL. However, up to
30% of the patients develop antibodies of IgG isotype that neutralize the procoag-
ulant activity of therapeutic FVII, and are referred to as FVIII inhibitors." The
immune response that develops against therapeutic FVIII is thought to be a classical
T-cell dependent immune response to a foreign glycoprotein antigen. Thus, the
antibody response and the nature of the implicated T cells have been extensively
characterized” The initiation of a naive T-cell-dependent immune response
requires that the antigen-presenting cells (APCs) endocytose the target antigen. The
APCs also need to receive appropriate maturation signals, referred to as “danger
signals”, in order to mature and present the processed antigen to CD4" T cells in an
immunogenic context. In the case of the immune response to therapeutic FVIII, the
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nature of the danger signals that adjuvant the anti-FVIII
immune response and permit activation of naive FVIII-
specific CD4" T cells is not known. A role for bleeding and
inflammation in the development of FVIII inhibitor has
been proposed by several authors.*®

The in vitro study of FVIII endocytosis has consistently
been performed using serum-free medium or medium
containing heat-inactivated serum,”’ thus ignoring a
potential role for the complement system in the observed
mechanism. The complement system plays a major role in
the development of immune responses.” It is an integral
part of the innate and adaptive host defense. Complement
activation occurs through different pathways: the classical
pathway is triggered by Clq binding to immune complex-
es, the lectin pathway is triggered by the binding of man-
nose binding lectin to mannose residues on pathogens,
and the alternative pathway is spontaneously and contin-
uously activated at a low rate (i.e. spontaneous C3 tick-
over).”"”* Inappropriate complement triggering is patho-
genic and has been associated with autoimmune reac-
tions."

In the present work, we investigated the role of the
complement system in the initiation and development of
the anti-FVIII immune response. We demonstrate that
transient depletion of complement using humanized
cobra venom factor (hCVF) dampens the intensity of the
primary anti-FVIII immune response in FVIII-deficient
mice. We propose that initiation of the anti-FVIII immune
response involves, at least in part, facilitation of FVIII
endocytosis by C3 and its activation fragment C3b.

Methods

Antibodies and reagents

Full length FVIII was either a kind gift from CSL-Behring
(Helixate® NexGen, Marburg, Germany) or from Baxter
(Recombinate®, Maurepas, France). Recombinant human A disin-
tegrin and metalloprotease with thrombospondin type I repeats-
13 (ADAMTS-13) was a kind gift from Baxter. Complement
human proteins Factor B, Factor D, C3, C3b and C3-depleted
serum were purchased from Complement Technology
(Comptech, TX, USA) and Merck Millipore (Merck Chemicals
Ltd., Nottingham, UK). Human serum was obtained from AB
blood type healthy donors. Antibodies against CD1a, CD3, CD14,
CD40, CD83, CD86, HLA-DR, CD206, low density lipoprotein
receptor-related protein (LRP, CD91), CD209, CD68 and APC-
labeled Annexin V were purchased from BD Pharmingen (San
Jose, CA, USA). Antibody against CD20 was purchased from
eBiosciences (San Diego, CA, USA).

The biotinylated monoclonal mouse anti-human FVIII antibody
GMA-8015 and sheep polyclonal anti-human FVIII (SAF8C) were
from Green Mountain Antibodies (Burlington, VI, USA) and
Affinity Biological (Ancaster, Canada). The monoclonal anti-
human FVIII antibody 77IP52H7 was a kind gift from LFB (Les
Ulis, France). The biotinylated monoclonal mouse anti-human
ADAMTS-18 antibody (20A5) and polyclonal goat anti-mouse
C3b/iC3b (clone A209) were from Clinisciences (Nanterre, France)
and Quidel (San Diego, USA), respectively.

Generation and production of recombinant wild-type or
mutated FVIII, and of humanized cobra venom factor
The wild-type human B-domain-deleted (BDD) FVIII (FVIII**?)
and the R2090A-K2092A-F2093A FVIII mutant (FVIII®') were gen-
erated and purified as described previously."'® Preparation of the

plasmid expressing HC3-1496, and expression and purification of
HCB3-1496 were performed as described previously for the prepa-
ration of pMB-HC3-1348." Details are provided in the Ounline
Supplementary Appendix.

Generation of human immature monocyte-derived
dendritic cells and monocyte-derived macrophages

Monocytes were isolated from the blood of healthy donors
using anti-CD14" magnetic microbeads (Miltenyi Biotec, Paris,
France). Monocytes were incubated in RPMI-1640 (Lonza,
Verviers, Belgium) supplemented with GM-CSF (1000 TU/10° cells)
and IL-4 (500 IU/10° cells) (Miltenyi Biotec) for five days to gener-
ate immature monocyte-derived dendritic cells (MO-DCs). The
immature status was confirmed by flow cytometry (LSR 1I, BD
Biosciences, Le Pont au Claix, France) with a CD1a, CD14, CD80,
CD86, CD83, CD40 and HLA-DR staining. To differentiate mono-
cytes into macrophages (MO-®), cells were plated in RPMI-1640
supplemented with M-CSF (ImmunoTools, Friesoythe, Germany,
100 ng/10° cells) for five days. Macrophage phenotype was con-
firmed by flow cytometry with CD68 staining.

Isolation of circulating human blood dendritic cells
Circulating dendritic cells (DCs) were isolated from the blood of

healthy donors using the Blood Dendritic Cell Isolation Kit II

(Miltenyi Biotec). Purity was assessed as more than 80% by flow

cytometry using exclusion staining based on CD3, CD14 and
CD20.

Uptake of antigens by immature MO-DCs

EVIII (50 nM, Helixate®), FVIII™* (50 nM), FVII® (50 nM),
ADAMTS-13 (50 nM) conjugated to Dylight 633 (Thermo
Scientific, Courtaboeuf, France) or human Factor IX (50 nM,
Benefix, Pfizer, France) were incubated with 20% normal serum
(NS), heat-inactivated (56°C for 30 min) serum (HIS) or C3-deplet-
ed serum (AC3) in RPMI-1640 at 37°C for 1 hour (h). When indi-
cated, FVIII or Dylight 633-labeled ADAMTS-13 were incubated
with C3 (250 ug/mL), Factor B (50 ug/mL) and Factor D (1 ug/mL)
or with C3b (250 ug/mL) in 20 mM HEPES 150 mM NaCl 10 mM
MgCI2 for 1 h at 37°C. Samples were then incubated with 5-day-
old immature MO-DCs (2.10° cells/100 uL) for 2 h at 4°C or 37°C.
Cells were washed with ice-cold phosphate buffer saline, fixed
with 4% paraformaldehyde (Sigma-Aldrich). In the case of FVIII,
cells were permeabilized using 0.5% saponin (Sigma-Aldrich) and
stained with an FITC-conjugated monoclonal mouse anti-human
FVIII IgG (77IP52H7). Cells were analyzed by flow cytometry and
data were computed using the BD FACS Diva software (v.6.1, BD
Biosciences). The uptake was quantified as the difference in the
median fluorescence intensities between 37°C and 4°C (AMFI_.
sc) to exclude the signal generated by the binding of FVIII to the
cell surface.

Stimulation of an FVlll-specific HLA-DRB1*0101-
restricted mouse CD4* T-cell hybridoma

Activation of the HLA-DRB1*0101-restricted mouse CD4" T-
cell hybridoma specific for human FVIII (1G8-A2), was assessed as
described previously.® FVIIL (10 nM) was incubated with 20% NS,
HIS or AC3 serum in RPMI-1640 supplemented with 2 mM CaCl,
and 10 mM MgCl, for 1 h at 37°C. Samples were then incubated
with 5-day-old MO-DCs (10* cells/condition) generated from
healthy donors with the DRB1*0101 haplotype, for 2 h at 37°C to
allow FVIII uptake. MO-DCs were then washed, suspended in X-
VIVO® medium, and co-cultured with 10° 1G8-A2 CD4' T cells
for 18 h at 37°C. Controls included T cells incubated alone, or
incubated with MO-DCs in the presence of concanavalin A (2
ug/mL, Sigma-Diagnostics, MO, USA) or in the absence of FVIIL



Levels of interleukine-2 secreted by T cells were assessed using BD
OptEIA™ mouse IL-2 ELISA set (BD Biosciences).

FVIII binding to immobilized C3b by ELISA

C3b was coated on ELISA plates at 10 nM in sodium bicarbon-
ate buffer (pH 9.4) overnight at 4°C. Wells were blocked in PBS-
5% bovine serum albumin (BSA). FVIII was diluted in blocking
buffer and incubated on C3b-coated wells for 1 h at 37°C. Bound
FVIII was revealed using a biotinylated monoclonal mouse anti-
human FVIII antibody GMA-8015, streptavidin-HRP (R&D
Systems, Lille, France) and the HRP o-phenylenediamine dihy-
drochloride substrate (OPD, Sigma-Aldrich, St. Louis, MO, USA).
As a control, bound ADAMTS-13 was revealed using the biotiny-
lated mouse anti-human ADAMTS-13 antibody, 20A5.

Co-localization of FVIII and C3b by
immunofluorescence

FVIII (50 nM, Helixate®) or buffer alone were incubated in the
presence of 20% HIS or NS for 1 h at 37°C in RPMI-1640. The
mixture was added on MO-DCs (250,000 cells) for 2 h at 37°C.
After washing with ice-cold PBS, cells were fixed using 3.7%
paraformaldehyde and permeabilized. FVIII and C3b/iC3b were
recognized after incubation with anti-human FVIII SAF8C (2
pg/mL) and a polyclonal anti-mouse C3b/iC3b (10 ug/mL) anti-
body for 30 minutes (min) at room temperature under agitation
followed by the addition of the secondary A647-conjugated don-
key anti-sheep IgG and A488-conjugated goat anti-mouse IgG
(Molecular Probes, Eugene, USA), respectively. After washing,
nuclei were stained with Hoecht®33342 (Sigma-Aldrich) and den-
dritic cells were plated onto poly-L-lysine coated slides using
cytospin centrifugation (5 min at 1500 rpm), and mounted in
ProLong Diamond Anti-Fade Mountant (Molecular Probes).
Images were acquired with LSM 710 confocal microscope (Zeiss,
Oberkochen, Germany).

Animals and administration of FVIII

Exon 16 FVIII-deficient mice on the C57Bl/6 background (a gift
from Prof. H-H. Kazazian, University of Pennsylvania School of
Medicine, Philadelphia, PA, USA) were 8-15 weeks old. Mice were
injected intravenously with 1 ug human recombinant FVIII
(Helixate®) once a week for four weeks. Blood was collected five
days after the last FVIII administration. Plasma was isolated and
kept at -80°C until use.

In vivo complement blockade

Complement was depleted in FVIII-deficient mice by intraperi-
toneal injection of 20 ug of hCVE Importantly, hCVF does not
cleave C5. C3 levels in plasma were measured by sandwich
ELISA, using a polyclonal goat anti-mouse C3 antibody (MP
Biomedicals, Illkirch, France) to capture C3 and a biotinylated
polyclonal goat anti-mouse C3 antibody, followed by strepta-
vidin-HRP and OPD substrate, to reveal bound C3. hCVF admin-
istration occurred 6 h prior to FVIII administration.

Titration of anti-FVIIl IgG and FVIII inhibitors

ELISA plates (Nunc, Roskilde, Denmark) were coated with FVIII
(1 ug/mL, Recombinate®) overnight at 4°C. After blocking with
PBS-1% BSA, plasma was incubated for 1 h at 37°C. Bound IgG
were revealed using an HRP-coupled polyclonal goat anti-mouse
IgG antibody (Southern Biotech, Anaheim, CA, USA) and the
OPD substrate. Absorbance was read at 492 nm. The monoclonal
mouse FVIII heavy chain-specific [gG mAb6 (a gift from Dr J.M.
Saint-Remy, Katholieke Universiteit Leuven, Leuven, Belgium)
was used as a standard. FVIII inhibitors were measured by incu-
bating heat-inactivated mouse plasma with human standard plas-
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ma (Siemens Healthcare Diagnostics, Marburg, Germany) for 2 h
at 37°C. The residual FVIII pro-coagulant activity was measured
using a chromogenic assay (Siemens Healthcare Diagnostics).
Results are expressed in Bethesda Units (BU/mL) that correspond
to the reciprocal dilution of the mouse plasma that yields 50%
residual FVIII activity.

Ethical considerations

Mice were handled in agreement with French ethical authorities
(authorization ns. 02058.04 and 8275.02). Ethical committee per-
mission was obtained for the use of buffy bags from healthy
donors to isolate monocytes.

Results

Complement in FVIII endocytosis by MO-DCs and blood
DCs but not MO-®

We first assessed FVIII endocytosis by MO-DCs using
flow cytometry. Incubation of FVIII with immature
human MO-DCs in the presence of normal serum (NS)
resulted in a 1.86+0.61-fold increase in FVIII uptake as
compared to incubation in the presence of heat-inactivat-
ed serum (HIS) (P<0.01) (Figure 1A). The deposition of
C3b at the cell surface upon incubation of immature MO-
DCs in the presence of NS at 37°C (Figure 1B) confirmed
complement activation. No deposition of C3b occurred
when cells were incubated in the presence of C3-depleted
serum. Opsonization of the cells by C3b was associated
with an increased binding of FVIII to MO-DCs, as
assessed by incubation at 4°C (P<0.05) (Figure 1C).
Interestingly, a direct binding of FVIII to immobilized C3b
was observed by ELISA (Figure 1D), while ADAMTS-13,
used as a control antigen, failed to bind to C3b. In line
with this, immunofluorescence confirmed the co-localiza-
tion of FVIII and C3b on MO-DCs (Figure 1E and Online
Supplementary Figure S2). Taken together, the data suggest
a role for C3b in facilitating FVIII capture and internaliza-
tion by MO-DCs. Of note, incubation with NS did not
significantly modify the expression of LRP (CD91) and
CD206 (two endocytic receptors for FVIII) or DC-SIGN
(CD209) (Online Supplementary Figure S1).

Incubation of FVIII with purified circulating blood DCs
from healthy donors in the presence of NS yielded a 3-fold
increase in FVIII uptake (P<0.05) (Figure 2A), while it had
only a marginal effect on FVIII uptake in the case of
MO-® (Figure 2B). Interestingly, the presence of comple-
ment did not alter the endocytosis by MO-DCs of human
recombinant ADAMTS-13 and Factor IX, used as control
antigens (Figure 2C and D).

Complement C3 participates in FVIII endocytosis by
MO-DCs leading to presentation to CD4' T cells
Because the complement C3 molecule is the central
component of the complement cascade, and because FVIII
directly binds to C3b in ELISA and co-localizes with C3b
on the cells, we assessed the involvement of C3 in FVIII
endocytosis by dendritic cells. Levels of FVIII endocytosis
by MO-DCs were similar in the presence of C3-depleted
serum (AC3) and in the presence of HIS (Figure 3A and B).
Importantly, incubation of MO-DCs with HIS, NS or AC3
lead to similar degrees of cell surface expression of phos-
phatidylserine, a ligand for activated FVIII at the surface of
activated platelets” (Online Supplementary Figure S3A).
Differences in FVIII endocytosis were thus not related to

haematologica | 2018; 103(2) 353 -




J. Rayes et al.

0 Figure 1. Complement enhances Factor
HIS VIII (FVIIl) endocytosis by human mono-
AC3 cyte-derived dendritic cells (MO-DCs). (A,
NS C and E) FVIII (50 nM) was incubated in
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different levels of phosphatidylserine expression (i.e.
apoptosis) on MO-DCs.

To confirm that the reduced FVIII endocytosis observed
upon C3 depletion results in a reduced presentation to
CD4* T lymphocytes, we assessed the activation of a
CD4* T-cell hybridoma (1G8-A2) by MO-DCs incubated
with FVIII in the presence of the different serum prepara-
tions. Importantly, the use of the T-cell hybridoma pro-
vides an opportunity to work with FVIII concentrations
closer to those reached in patients with replacement ther-
apy. The activation of 1G8-A2, assessed by the secretion
of interleukine-2 (IL-2),”® was significantly higher when
FVIII was incubated with MO-DCs in the presence of NS
(541+128 pg/mL of IL-2) (Figure 3C) as compared to HIS
(217+132 pg/mL; P<0.05) or to AC3 serum (238+61 pg/mL;
P<0.01). There was no activation of 1G8-A2 when MO-
DCs were incubated with the different serum prepara-

1 10 100

the cells was detected by flow cytometry

following incubation of FVIII with the cells

Protein (nM) at 4°C. (D) The binding of FVIII and
ADAMTS-13 to immobilized C3b (10 nM)

Merge was measured by ELISA using specific

anti-FVIIl or anti-ADAMTS-13 IgG. The
results are expressed in optical density
(OD) measured at 492 nm. (C and D)
MeantSD of at least 3 independent
experiments. Statistical significance was
assessed using the double-sided non-
parametric Mann-Whitney test (A) or
paired Wilcoxon test (C). (E) The co-local-
ization of FVIII (red) and C3b (green) was
assessed by immunofluorescence, using
polyclonal anti-human FVIII and anti-
C3b/iC3b antibodies and the appropriate
fluorescent-labeled secondary antibodies.
Images were acquired by confocal
microscopy. Control images obtained in
the absence of FVIII are shown in Online
Supplementary Figure S1.

tions in the absence of FVIIIL. Of note, incubation of imma-
ture human MO-DCs with HIS, NS or AC3 serum did not
induce DC maturation in vitro, as assessed by the surface
expression of co-stimulatory CD40, CD80, CD86, and
maturation CD83 molecules, and of HLA-DR (Online
Supplementary Figure S4).

We then evaluated the role of C3b in FVIII endocytosis
by MO-DCs in the absence of serum proteins. We co-
incubated FVIII with either purified C3b or with an artifi-
cially reconstituted C3 convertase containing C3, Factor B
and Factor D. The reconstituted C3 convertase leads to the
generation of C3b as confirmed by western blot (data not
shown). Samples were then added to MO-DCs and FVIII
endocytosis was monitored by flow cytometry (Figure
3D). Co-incubation of immature MO-DCs with the C3
convertase or with C3b did not induce detectable apopto-
sis as assessed by the surface expression of phos-

haematologica | 2018; 103(2)




A
[2]
Q 4 P <0.05
37 —_
b
[e]
S 34 |
>_¢"
0 L
==
Egz'
o5
28
29 1-
£
ge
-g 0' T
w HIS NS
c &
Q
g
> 9
a 3
g
I_ 2-
4
Eq
58 1- ==
n
%32
g8
3
[e] 0' T
2 HIS NS
w

Complement adjuvants the anti-FVIII immune response

ns

i

N
1

(fold-change AMFl;7oc 4oc)

Endocytosis of FVIll by MO-®

o
1

HIS NS

w
1

N
1

fold-change AMFl;;.c _4o¢)

o
1

HIS NS

Endocytosis of Factor IX by MO-DCs

Figure 2. Complement enhances FVIIl endocytosis by human professional antigen-presenting cells. (A and B) FVIII (50 nM) Dylight 633-conjugated ADAMTS-13 (50
nM, panel C) or human recombinant FITC-labeled Factor IX (50 nM, panel D) were incubated in 20% normal serum (NS) or in 20% heat-inactivated serum (HIS) for
1 hour (h) at 37°C. Mixtures were added on purified blood dendritic cells (DCs) (A), 5-day-old MO-® (B) or 5-day-old immature human monocyte-derived dendritic
cells (MO-DCs) (2.10° cells in RPMI-1640, panels C and D), for 2 h at 4°C or 37°C. Mean fluorescence intensity (MFI) was measured by flow cytometry using an
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phatidylserine (Online Supplementary Figure S3B). FVIII
endocytosis was significantly higher when FVIII was incu-
bated in the presence of the whole C3 convertase
(1.88+0.28-fold increase) or C3b (1.78+0.40-fold increase)
than when FVIII was incubated with Factors B and D
alone (P<0.05). Consistent with the fact that ADAMTS-13
did not bind to C3b, incubation of ADAMTS-13 with the
C3 convertase or with C3b did not result in increased
endocytosis by MO-DCs (Figure 3E).

We then compared the endocytosis by MO-DCs of a
recombinant B-domain-deleted FVIII (FVIII™*°) to that of a
triple R2090A/F2092A/K2093A EVIII mutant (EVII®) in
the absence and presence of complement activation. As
previously reported using serum-free medium,” FVII®
was not endocytosed by MO-DCs when incubated in HIS
(Figure 4). In contrast, in the presence of NS, FVIII“' was
endocytosed to levels similar to those reached with FVII-

["*% incubated in HIS. Taken together, the data confirm a
role for complement C3 in FVIII endocytosis by MO-DCs
and presentation to T cells, independently of known
endocytic receptors and critical FVIII residues.

Complement depletion decreases the primary immune
response against FVIII in FVIlI-deficient mice

Naive FVIII-deficient mice were treated with hCVF
prior to each administration of FVIIL, in order to transient-
ly deplete the complement C3 molecule in the blood.
Injection of hCVF was followed by a 90% or more
decrease of circulating C3 levels that lasted for at least 5 h
(Online Supplementary Figure S5). The efficacy of hCVEF-
mediated C3 depletion was retained following repeated
weekly administration to the same mice, indicating the

absence of induction of a neutralizing immune response
against hCVF (data not shown). Of note, hCVF lacks C5-
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dendritic cells (MO-DCs) (2.10° cells in RPMI-1640) for 2 h at 4°C or 37 °C. FVIII was then detected with an FITC-coupled anti-FVIII antibody. Mean fluorescence
intensity (MFI) values measured at 4 °C were subtracted from values measured at 37 °C. (A) Histograms from FVIlI-positive cells incubated with HIS (solid line), NS
(bold line) and AC3 (dashed line). The gray histogram depicts the fluorescence of cells incubated alone. (B) Fold-change of AMFI 37°C4°C measured for each con-
dition versus AMFI 4°C obtained in the presence of HIS. (C) DCs were differentiated from monocytes of healthy donors with the HLA-DRB1*0101 haplotype.
Five-day-old immature MO-DCs (10“cells in X-VIVO*™) were incubated alone (Control), with concanavalin A (2 ug/mL, ConA) or with 10 nM FVIII in the presence of
20% normal serum (NS), heat-inactivated serum (HIS) or C3-depleted serum (AC3) for 2 h at 37 °C. Cells were washed and incubated with an FVllI-specific HLA-
DRB1*0101-restricted mouse CD4" T-cell hybridoma for 18 h at 37 °C. Culture supernatants were collected and analyzed for IL-2 secretion. (D and E) FVIII (50 nM,
panel D) or Dylight 633-conjugated ADAMTS-13 (50 nM, panel E) were incubated alone (Control), in the presence of Factor B (FB, 50 yg/mL) and Factor D (FD, 1
ug/mL) with or without C3 (250 ug/mL), or in the presence of C3b (250 ug/mL) for 1 h at 37°C. Samples were then incubated with 5-day-old immature MO-DCs
(2.10° cells in X-VIVO*) for 2 h at 4°C or 37 °C. MFl was measured by flow cytometry using an FITC-coupled anti-FVIIl antibody in the case of FVIII or directly in the
case of labeled ADAMTS-13. MFI values measured at 4°C were subtracted from values measured at 37 °C. Results represent the fold change of AMFI37=,C_4=,C
measured for each condition versus AMFI MFlg.. . , .. measured with FVIll alone (Control). All results are expressed as meantStandard Deviation (SD) and are rep-
resentative of at least 5 independent experiments. Statistical significance was assessed using the double-sided non-parametric Mann-Whitney test. ns: non-signif-

icant.

P<0.05 convertase activity and hence does not generate the

800+ +— potent pro-inflammatory Cba anaphylatoxin.””" FVIII-
P <0.01 deficient mice treated with hCVF prior to FVIII infusion

demonstrated significantly reduced levels of anti-FVIII IgG

@) | titers in plasma, as compared to the PBS control group

600 - [(6+67 vs. 267+245 ug/mL mAb6-equivalent, respectively,
O meanz=Standard Deviation (SD); P<0.0001] (Figure 5A), as

O well as reduced inhibitory titers (66+55 vs. 195+97

PY BU/mL), respectively; depletion decreases the primary
400 immune response against FVIII in FVIII-deficient mice,
O P<0.0001) (Figure 5B). Of note, depletion of C3 using

hCVF did not significantly affect the half-life of FVIII in

FVIIl endocytosis (AMFl37.¢c 40c)

200 -
D Figure 4 (Left). Complement rescues the endocytosis of a triple Factor VIII
(FVIIl) FVIII* mutant by dendritic cells. Recombinant wild-type (FVIII*?) and
h mutated (FVIII®*) B-domain-deleted FVIII (50 nM) were incubated for 1 hour (h)
0 T T at 37°C in 20% normal serum (NS) or heat-inactivated serum (HIS). Mixtures
were added on immature monocyte-derived dendritic cells (MO-DCs) (2.10°cells
HIS NS HIS in RPMI-1640) for 2 h at 4°C or 37 °C. FVIll was then detected with an FITC-cou-

pled anti-FVIII antibody directed to the A2 domain of FVIIl. Mean fluorescence
intensity (MFI) values measured at 4 °C were subtracted from values measured
FV|||HSQ FV"]C1 at 37°C. Horizontal bars depict mean+Standard Deviation (SD) of 5 independ-
ent experiments. Statistical significance was assessed using the double-sided
non-parametric Mann-Whitney test.
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FVIII-deficient mice (Online Supplementary Figure Sé). In
contrast, administration of hCVF to primed FVIII-deficient
mice did not have any effect on the recall anti-FVIII
immune response (Figure 5C and Ounline Supplementary
Figure S7).

Discussion

Complement C3 has been shown to mediate antigen
uptake by professional APCs and presentation to CD4*
and CD8" T cells.”” Therefore, we investigated the role of
complement in the endocytosis and presentation of FVIII
by human APCs in vitro. The use of heat-treated serum,
wherein the complement system is inactivated, was asso-

ciated with baseline levels of FVIII endocytosis by MO-
DCs, as previously described.””** Similar levels of endocy-
tosis were observed when the serum was immune deplet-
ed from the C3 component. In contrast, the use of normal
serum that allows activation of complement leads to an
increased uptake of FVIII in the case of both MO-DCs and
circulating blood DCs. In line with these data, normal
serum enhanced presentation of FVIII to an FVIII-specific
T-cell hybridoma, as compared to serum lacking active
C3. Since heating of serum may affect proteins other than
complement, we reconstituted the C3-convertase in vitro
using purified proteins. [n vitro reconstitution of the C3-
convertase, or addition of the C3-activation fragment
C3b, in the absence of other complement molecules was
sufficient to restore close to maximal levels of FVIII endo-
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Figure 5. Complement modulates the primary immune response to therapeutic Factor VIII (FVIII) in vivo. (A and B) FVIII (1 ug/mouse) was injected intravenously
to naive FVIll-deficient mice 6 hours (h) after an intraperitoneal injection of hCVF (20 pg) or phosphate buffered saline (PBS), once a week for four weeks. At day
28, blood was collected. (C) Naive FVIII-deficient mice were injected once a week for four weeks with FVIII (1 ug/mouse). At week 9, FVIIl-primed mice were treated
with either 20 ug hCVF or PBS, and 6 h later with FVIII. Blood was collected before hCVF/PBS injection and at weeks 10 and 11 (see Online Supplementary Figure
S7 for the protocol). Anti-FVIII IgG titers in plasma were assessed by ELISA (panels A and C, using the monoclonal mouse anti-FVIII antibody mAb6 as a standard)
and FVIIl inhibitory titers by chromogenic assay [panel B, expressed in Bethesda Units (BU) per milliliter]. Results are representative of 3 independent experiments.
In all panels, horizontal bars represent medians, and statistical difference weas assessed using the double-sided non-parametric Mann-Whitney test. ns: non-sig-

nificant.
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cytosis. In agreement with 7n vitro data, transient depletion
of component C3 in naive FVIII-deficient mice using hCVE
resulted in a drastically reduced production of antibodies
to exogenous FVIIL

Since the complement system is not expected to prefer-
entially affect the specific immune response towards a
particular antigen, we investigated the effect of comple-
ment on the endocytosis of ADAMTS-13. Human recom-
binant ADAMTS-13 was used as a control antigen for
human recombinant FVIII[, with the rationale that: i)
recombinant ADAMTS-13 is being developed as a drug
for replacement therapy to be used in patients with con-
genital thrombotic thrombocytopenic purpura (TTP),
which is reminiscent of the development of recombinant
FVIII for hemophilia A patients; ii) ADAMTS-13, like
FVIII, is endocytosed by MO-DCs in a CD206-dependent
manner;** and, iii) as is seen in the case of FVIII, autoanti-
bodies to endogenous ADAMTS-13 may develop, thus
leading to acquired TTP. In contrast to the results obtained

N I

in the case of FVIII, ADAMTS-13 did not bind to C3b, and
in vitro complement activation or addition of C3b had no
effect on the endocytosis of ADAMTS-13 by MO-DCs.
The data suggest a selective role of complement in
immune responses towards some glycoproteins, including
FVIIL

The effect of complement on endocytosis was depend-
ent on the cell type (i.e. blood DCs as well as MO-DCs,
but not MO-®) and on the antigen (i.e. FVIII, but not
ADAMTS-13 or Factor IX), suggesting the involvement of
particular endocytic pathway(s) in complement activation.
It is not likely that activation of complement induces
expression of endocytic receptors for FVIII at the surface
of the cells due to the short incubation time used in our
study. Accordingly, activation of complement on MO-
DCs did not alter the surface expression of LRP (CD91)
and CD206, which are known endocytic receptors for
EVIIL’*? Particular FVIII moieties have been implicated in
its uptake by APCs. Charged residues in the C1 and C2
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Figure 6. Endocytosis pathways for Factor VIII (FVIII) in the absence or presence of complement activation. (A) In the absence of complement activation (i.e. use
of decomplemented serum or of serum-free medium in cell culture), FVIIl is endocytosed by three known routes: key residues in the C1 and in the C2 domain interact
with yet unknown endocytic receptors,”? while high mannose-ending glycans at position 2118 on the C1 domain interact with the mannose-sensitive receptor
CD206 (MR).” Of note, alteration of either of these structures (e.g. mutation of key residues in either the C1 domain or the C2 domain) leads to a more than 80%
reduction in FVIIl uptake, suggesting that these three endocytic pathways are interdependent. (B) In the presence of complement activation, C3b deposition on den-
dritic cells is associated with an increase in FVIII binding and internalization by dendritic cells (Figure 1A and C). Importantly, complement activation partially restores
the uptake of the C1 FVIIl mutant. The data suggest that complement engages yet unidentified endocytic pathways rather than those at play in the absence of com-
plement activation.
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domains of FVIII were recently shown to play critical roles
in the endocytosis process. Masking of the R2090, F2092
and K2093 residues of the C1 domain by the monoclonal
antibody Km33, or of the R2215 and R2220 residues of the
C2 domain by the monoclonal antibody BO2C11, or
mutation towards alanine residues, independently abro-
gate FVIII uptake by MO-DCs.””* Importantly, the exper-
iments leading to the identification of the latter pathways
of FVIII uptake had been performed systematically in the
presence of serum-free medium, and therefore did not
allow assessment of whether complement has a role in the
endocytic process. The fact that complement activation
rescues, at least in part, the internalization of the triple
EVIII® mutant reveals the existence of novel endocytic
pathways for FVIIL, independently of charged residues in
C1.” Together, the deposition of C3b at the surface of
MO-DCs upon complement activation and the binding of
FVIII to immobilized C3b in ELISA, suggest that FVIII
interacts with the C3b deposited at the cell surface; this
would in turn allow the recruitment of those as yet
unidentified endocytic receptors (Figure 6).

The question as to the origin of complement C3 activa-
tion at the time of FVIII administration i# vivo remains.
Injection of FVIII into FVIII-deficient mice did not lead to
detectable complement activation. Conversely, immune
responses to FVIII developed in FVIII-deficient mice with-
out any overt sign of spontaneous hemorrhage or inflam-
mation,” and this was also seen in wild-type mice.
However, the anti-FVIII immune response was drastically
reduced in hemophilic mice upon exhaustion of C3 using
hCVE Under physiological conditions, a small fraction of
the C3 molecules is hydrolyzed to C3(H,O), exposing
new binding sites. The Factor B protease then binds
C3(H,0) and is cleaved by Factor D, generating an initial
C3 convertase, C3(H,0)Bb, that activates complement by
cleaving C3 into its active fragments, C3a and C3b.** The
continuously generated C3b indiscriminately binds to
host cells and pathogens and initiates a set of cascade reac-
tions.""* Importantly, the C3(H,O)Bb convertase is more
resistant to inactivation by Factor H and Factor I than is
the C3bBb convertase.” Taken together, these data suggest
that such a spontaneous tick-over of C3, leading to perma-
nent C3b generation, is sufficient to facilitate FVIII uptake
by professional APCs, thus setting the stage for the initia-
tion of the anti-FVIII immune response i vivo. More gen-

erally, our data illustrate a novel biological role of C3 tick-
over in the recognition of some non-particulate foreign
antigens. In addition, the immune response to FVIII might
be modulated by the cross-talks between the complement
and coagulation cascades® or by the influence of von
Willebrand factor on complement activation.®®

Obviously, part of the anti-FVIII immune response does
not depend on C3b and on activation of the complement
cascade, as is suggested by the fact that: i) FVIII demon-
strates substantial levels of endocytosis in the absence of
complement activation; and ii) FVIII-deficient mice still
develop anti-FVIII IgG when treated with hCVE However,
our results do highlight the existence of a new endocytic
route for FVIII which is independent of the endocytosis
mediated by the C1 domain of the molecule,” and which
should lead to the identification of the endocytic receptors
involved in vivo. Future studies should be conducted to
decipher the contribution of each of the different pathways
of complement activation in the inhibitory anti-FVIII
immune response, and should also investigate whether
temporary C3 depletion with hCVF is a promising thera-
peutic strategy to prevent the development of anti-FVIII
antibody in patients with hemophilia A.
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