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Abstract 

Fusion of therapeutic proteins to the Fc fragment of human IgG1 promotes their 

FcRn-mediated recycling and subsequent extension in circulating half-life. 

However, different Fc-fused proteins, as well as antibodies with different variable 

domains but identical Fc, may differ in terms of extension in half-life. Here we 

compared the binding behaviour to FcRn of Fc-fused FVIII, Fc-fused FIX and two 

human monoclonal HIV-1 broadly-neutralizing IgG1, m66.6 and VRC01 with 

identical Fc. While all molecules bound FcRn at acidic pH, only rFVIIIFc and 

m66.6 interacted with FcRn at neutral pH. In silico modelling predicted a role for 

charged residues in the C1 and C2 domains of FVIII, and in the variable domains 

of m66.6, in the neutral binding to FcRn. Accordingly, mutations of key positively 

charged amino-acids in the FVIII C1C2 domains decreased the binding of the 

protein to FcRn at pH 7.4 in vitro and increased the half-life of rFVIIIFc in VWF-

KO mice. Our findings suggest that the removal of positively charged patches on 

Fc-fused proteins to ameliorate FcRn recycling without affecting therapeutic 

efficacy, may improve their pharmacokinetic properties. 

Key Points 

1. rFVIIIFc binds FcRn at neutral pH through the C domains of its FVIII moiety 

2. Reduction of the positive electrostatic potential of the rFVIIIFc C domains 

lowers FcRn binding and increases its half-life in VWF-KO mice 

Keywords: neonatal Fc receptor, Factor VIII, Fc-fused FVIII, Hemophilia A
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Introduction 

Immunoglobulins of the IgG isotype are among the circulating proteins with the 

longest half-life. IgG from humans, non-human primates and mice have half-lives 

of 7-21,1 8-92 and 6-8 days,3 respectively. Such long half-lives are mediated by 

binding of the “constant” crystallizable fragment (Fc) of the IgG to the neonatal Fc 

receptor (FcRn).4 Following pinocytosis, IgG reach early endosomes. Upon 

progressive acidification in the intra-endosomal space, the imidazole side chains 

of histidines in the IgG Fc fragments gain positive charges and promote the 

binding of the Fc I253, T254, H310, H433 and H435 residues to the negatively 

charged E115, E116, D130 and E133 residues of FcRn.5 Such interactions 

rescue IgG from lysosomal degradation and favor their recycling at the cell 

surface and release in the circulation at neutral pH.5 FcRn-mediated recycling of 

IgG was exploited as Fc-fusion technology to increase the half-life of therapeutic 

molecules with poor pharmacokinetics.6 Importantly, 79% of the FDA approved 

Fc-fused molecules exhibit half-lives varying from 3 to 14 days.7–9  

Coagulation factors VIII (FVIII) and IX (FIX) are two relevant examples of 

therapeutic proteins with short half-lives:  7 to 15 hours (h) with a mean of 11h for 

FVIII and 29 to 44h, with a mean of 36h for FIX.10 FVIII and FIX are used as 

replacement therapy to restore coagulation in patients with hemophilia A (HA) or 

B, two rare X-linked, recessive bleeding diseases caused by insufficient levels of 

endogenous FVIII or FIX, respectively. The poor pharmacokinetics of both 

therapeutic molecules impose twice to trice weekly dosing to ensure sufficient 
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protein levels and optimal joint protection in patients with the severe forms of the 

disease.11 In the last two decades, FVIII and FIX have been engineered by 

PEGylation,12,13 albumin-fusion14 or Fc-fusion technology15,16 in order to generate 

products with extended half-lives (EHL). While EHL FIX products achieve 

significantly longer half-lives (3 to over 5-fold) as compared to the unmodified 

short-half life (SHL) FIX products, the half-life extension of EHL FVIII products is 

limited to 1.3 to 1.7-fold as compared to that of SHL FVIII products.10 Importantly, 

the limited half-life extension of therapeutic EHL FVIII ties patients with severe 

HA to life-long prophylactic treatment with dosing frequencies of 2 times per 

week.15 The drastic differences in half-life extension observed between Fc-fused 

FVIII (rFVIIIFc) and Fc-fused FIX (rFIXFc) suggest that both molecules are not 

recycled to similar extents by the FcRn. Interestingly, differences in 

pharmacokinetics have also been reported in the case of monoclonal human 

antibodies (mAbs) that share identical Fc fragments but carry different variable 

(Fv) regions.17 Notably, the presence of positively charged amino-acids in the Fv 

was found to affect FcRn-mediated recycling of some IgG; it favored interactions 

of the Fv with FcRn at neutral pH, thus preventing extracellular release and 

fostering lysosomal degradation.18,19 

The limited increase in half-life of rFVIIIFc has so far been explained by the 

binding of the FVIII moiety of the therapeutic molecule to its endogenous 

chaperon, von Willebrand factor (VWF).20 Under physiological conditions, the 

interaction of FVIII with VWF protects FVIII from uncontrolled activation and from 
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interactions with FVIII-specific catabolic receptors.21–23 It however favors the 

catabolism of the FVIII/VWF complex by VWF-specific receptors.24 Yet, 

additional VWF-independent mechanisms may contribute to limitation in FVIII 

half-life extension. Indeed, a Fc-fused FVIII that includes the FVIII-binding D’D3 

domains of VWF and free FVIII from its dependence on endogenous VWF did 

not demonstrate increased half-life in FVIII-KO mice:25 the 35 hour-long half-life 

of Efanesoctocog alfa was only achieved following introduction of XTEN 

polypeptides in the molecule.25  

Here, we investigated whether other mechanisms beyond VWF catabolism could 

contribute to the short half-life of rFVIIIFc. We observed that rFVIIIFc binds FcRn 

at neutral pH. The binding was associated with the presence of positively 

charged residues in the C1 and C2 domains of the FVIII moiety of the molecule. 

Mutations of key charged amino-acids drastically reduced the binding of rFVIIIFc 

to FcRn at neutral pH. It further led to a 2.5-fold increased half-life in VWF-

deficient mice.  

 

Methods 

Sources of Fc-fused molecules. Recombinant Fc-fused FIX (Alprolix®), B 

domain-deleted (BDD) FVIII (ReFacto AF®) and Fc-fused BDD-FVIII (rFVIIIFc, 

Eloctate®) were gifts from Sanofi-Genentech and SOBI. The rFVIIIC1C2Fc. 

rFVIIIN2118QFc mutants were generated by site-directed mutagenesis applying In-

Fusion system (Takara) using the cDNA encoding human BDD-FVIII (containing 
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the SFSQNPPVLKRHQR segment instead of the B domain), and the cDNA 

encoding a human Fc�1 domain dimerized with a linker (provided by Sanofi®) as 

templates. The mutated cDNAs were cloned in the ReNeo plasmid and validated 

by standard sequencing analysis. The rFVIIIC1C2Fc mutant bears the R2090A, 

K2092A, F2093A, R2215A mutations. BHK-M cells were transfected and 

selected for neomycin resistant clones using Geneticin-sulfate (500 μg/ml, 

Sigma-Aldrich, St. Louis, MO). FVIII producing clones were screened using a 

FVIII chromogenic assay (Siemens Healthcare, Erlangen, Germany). The 

selected highest expressing clones were scaled up to near confluency before 

switching the medium to serum free AIM-V medium (Thermo Scientific, Waltham, 

MA). Medium was collected every 24 hrs; cells were replenished with fresh AIM-

V medium. FVIII purification was performed by affinity chromatography on 

VIIIselect column (GE Healthcare, Chicago, IL), followed by anion-exchange 

chromatography on HiTrap Resource Q column (GE Healthcare). Purified 

rFVIIIFc was analyzed by 4–12% SDS-PAGE ± activation by bovine thrombin 

(Sigma-Aldrich) (Fig. S1) and detected by silver staining. The activity of the 

different purified rFVIIIFc variants was measured using the FVIII chromogenic 

assay; protein concentrations were measured using nanodrop or Bradford assay 

(Bio-Rad, Hercules, CA) (Table S1). The specific activities were 4265 IU/mg for 

rFVIIIFc, 1392 to 2398 IU/mg for FVIIIC1C2Fc and 1951 IU/mg for FVIIIN2118QFc 

(Table S1). The study has been approved by a formally constituted review board 

(Charles Darwin ethics committee #28694-2020121017336521).  
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Results 

Fc-fused FVIII binds to FcRn at physiological pH 

The commercially available Fc-fused B domain-deleted (BDD) FVIII (Eloctate®) 

presents with a limited increase in FVIII half-life over therapeutic BDD FVIII as 

compared to human IgG and other therapeutic Fc-fused molecules, thus raising 

questions on its capacity to be recycled by the FcRn following endocytosis. Using 

real time interaction analyses based on SPR (see supplemental Methods online), 

we first confirmed that, at pH 6, rFVIIIFc interacts with human and murine FcRn 

with binding affinities (1.4-2.0 and 0.2-0.3 nM, respectively, Table 1) similar to 

that measured for m66.6 (1.3-2.8 and 0.2-0.4 nM), a human anti-MPER HIV 

monoclonal IgG.26 The affinities were slightly higher than that determined for 

commercially available Fc-fused FIX (rFIXFc, Alprolix®, 2.1-5.0 and 0.3-0.9 nM, 

respectively)27 and VRC01 (3.1-5.0 and 0.4-0.9 nM, respectively), a human 

monoclonal IgG specific for HIV gp120 28 (Fig. 1A-B). These results were 

confirmed by ELISA. At acidic pH, rFVIIIFc, rFIXFc, m66.6 and VRC01 exhibited 

similar binding profiles to human or mouse FcRn (Fig. 1C).  At neutral pH 

however, rFVIIIFc and m66.6 presented with residual binding to both human and 

mouse FcRn that was greater than that observed for rFIXFc and VRC01 (Fig. 

2A-B). By ELISA, rFVIIIFc and m66.6 IgG bound to human and mouse FcRn at 

pH 7.4 in a dose-dependent manner, while rFIXFc and VRC01 exhibited a weak 

binding (Fig. 2C). The binding of BDD-FVIII without the Fc fragment to human 
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and mouse FcRn, that was not detected by SPR at pH 7.4 (Fig.1C), was 

evidenced by ELISA with a 50% binding close to 1140 and 130 nM, respectively 

(supplementary Fig. S2).  

The C1 and C2 domains of FVIII exhibit a largely positive electrostatic 

potential 

A modeling of the charge distribution on the Fab fragments of m66.6 and VRC01 

highlighted a strong positive electrostatic potential for m66.6 (Fig. 3A), that was 

not present in the case of VRC01 (Fig. 3B). Positive charges in the Fv of some 

human monoclonal IgG have been implicated in their binding to the FcRn at 

neutral pH and poor pharmacokinetics.18,19 Our results are in accordance with the 

latter finding since the presence of positive charges in the Fab fragment of m66.6 

was associated with important residual binding to human and mouse FcRn (Fig. 

2). To get insight into potential reasons for the residual binding of rFVIIIFc to 

FcRn at neutral pH, we modeled the charge distribution on BDD-FVIII and FcRn. 

FVIII is a multidomain protein formed of a heavy chain containing the A1a1, A2a2 

and B domains, and a light chain containing the a3A3, C1 and C2 domains (Fig. 

S3A).29 In BDD-FVIII, the C1 and C2 domains exhibited a highly positive 

electrostatic potential (Fig. 2C), as well as a portion of the A3 domain albeit to a 

lesser extent, reminiscent of the situation with m66.6 Fab (Fig. 2A). In contrast, 

the surface electrostatic potential of FcRn was predominantly negative (Fig. 3D), 

making it an ideal binding partner for the C1 and C2 domains of FVIII.  
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Charged residues in the FVIII C1 and C2 domains are predicted to promote 

binding to FcRn 

To decipher whether the charge distribution in rFVIIIFc and m66.6 governs 

binding to FcRn at neutral pH, we studied the effect of variations in ionic strength 

on FcRn binding by ELISA. The interaction of both molecules with human and 

mouse FcRn was inhibited in a dose-dependent manner by NaCl concentrations 

above the physiological value (i.e., 140 mM) and increased with decreasing NaCl 

concentrations (Fig. 4A). As expected, VRC01 and rFIXFc showed a lower 

binding to FcRn than rFVIIIFc and m66.6, irrespective of the salt concentration. 

To confirm the implication of the C1 and C2 domains in the binding of rFVIIIFc to 

FcRn at neutral pH, we measured, by real time interaction analyses at pH 7.4, 

the binding to FcRn of rFVIIIFc preincubated alone, with VWF to mask its light 

chain, or with the F(ab’)2 fragments of the human monoclonal anti-FVIII IgG 

KM33, BO2C11, and BOIIB2, that recognize epitopes in the C130, C231 and A2 

(patent US20070065425A1) domains of FVIII, respectively. Of note, rFVIIIFc 

retained unperturbed binding to VWF as compared to rFVIII by ELISA (Fig. S4A). 

Shielding of rFVIIIFc with VWF almost completely abrogated binding of rFVIIIFc 

to FcRn (Fig. 4B). The protecting effect of VWF was reproduced independently 

by the anti-C1 and anti-C2 F(ab’)2 fragments, confirming the contribution of 

residues in the latter domains to the binding of rFVIIIFc to FcRn at neutral pH. In 

contrast, the anti-A2 F(ab’)2 fragments did not interfere with rFVIIIFc binding to 

FcRn (Fig. 4B).  
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The independent FVIIIC1 and FVIIIC2 variants containing three mutations in the 

C1 domain (R2090A, K2092A, F2093A) and one or two mutations in the C2 

domain (R2215A and/or R2220A), respectively, lose binding to their cognate 

antibodies KM33 and BO2C11.32,33 In silico molecular modeling of a FVIIIC1C2 

mutant combining the four mutations (R2090A, K2092A, F2093A, R2215A) 

suggested that the removal of 3 positively charged residues in the FVIII C1 and 

C2 domains strikingly decreases the positive electrostatic potential of the FVIII 

light chain (Fig. 3C and 4C).  

To further predict the role of these amino-acid residues in the interaction, we 

conducted domain-specific docking of the C1C2 domain of FVIII to FcRn at 

neutral pH using the modeled structure of C1C2 (Fig. S3) and the HDOCK 

webserver. The docking yielded a binding score of -282.48, a confidence score of 

0.9340, and a ligand RMSD of 124.49 Å. The interaction analysis identified the 

formation of four hydrogen bonds, two salt bridges, and 204 non-bonded 

contacts that could be either hydrophobic, van der Waals or electrostatic 

interactions between the C1C2 domains and FcRn (Fig. 4D). Specifically, within 

the C1 domain, C2021 formed a hydrogen bond with N55 of FcRn, and R2090 

formed hydrogen bonds with S181 and P180 of FcRn (Table 2). Within the C2 

domain, K2207 formed a hydrogen bond with D101 of FcRn. Additionally, two 

residues from the C2 domain were involved in salt bridge formation: E2181 with 

R171 of FcRn and K2207 with D101 of FcRn (Table 2). Furthermore, in the C1 

domain, R2090, K2092 and F2093 formed non-bonded contacts with P179, 
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P180, S181 and M182, with R183, and with R183 of FcRn, respectively. In the 

C2 domain, R2215 formed a non-bonded contact with P100 of FcRn. From the 

FcRn residues predicted to interact with C1 and C2, W53 (Table S1, Table 2, 

Fig. 4D) was shared with the central residues contributing to albumin 

interaction.34 None of the latter residues was shared with the IgG binding site 

(Fig. 4D).5  

Binding of rFVIIIFc to FcRn at neutral pH is mediated by the FVIII C1 and C2 

domains  

To confirm the importance of the C1 and C2 residues in the interaction with FcRn 

at neutral pH, we produced a rFVIIIC1C2Fc mutant molecule containing the 

R2090A, K2092A, F2093A mutations in the C1 domain and the R2215A mutation 

in the C2 domain. As a control, we produced a rFVIIIN2118QFc mutant wherein the 

N-glycosylation site in the C1 domain is removed.35 In the rFVIIIC1C2Fc and 

rFVIIIN2118QFc mutants, the Fc fragments are stabilized by a (GGGGS)4 linker. 

Hence, the migration profile of the molecules slightly differed from that of 

rFVIIIFc, both when incubated alone and in the presence of thrombin (Fig. S1). 

Besides, the specific activities of rFVIIIC1C2Fc (1392-2398 IU/mg, Table S2) and 

rFVIIIN2118QFc (1951 IU/mg) were lower than that of rFVIIIFc (4265 IU/mg). Both 

rFVIIIC1C2Fc and rFVIIIN2118QFc retains unperturbed binding to VWF (Fig. S4A), 

reflecting the relative integrity of the light chain structure in the mutated 

molecules. 
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At pH 6, rFVIIIN2118QFc and rFVIIIC1C2Fc demonstrated similar binding affinities for 

FcRn (Fig. 5A, Table S3) as assessed by SPR-based kinetics analyses. The 

affinities were similar to that determined for rFVIIIFc (Table 1), suggesting that 

not all three charged residues contribute to the interaction with FcRn. In 

agreement, binding ELISA performed at pH 6, revealed identical binding profiles 

for the three molecules towards mouse and human FcRn (Fig. S4B). These data 

suggest that stabilization of the Fc fragments with a linker, removal of the N-

linked glycan in FVIIIN2118QFc or introduction of mutations in the C1 and C2 

domains of rFVIIIC1C2Fc do not alter binding to FcRn in acidic conditions.  

While, at neutral pH, FVIIIN2118QFc retained the same binding behavior to FcRn 

as rFVIIIFc, the rFVIIIC1C2Fc mutant demonstrated significantly decreased FcRn 

binding (Fig. 5B and 5C). Similarly, the rFVIIIC1C2Fc mutant did not bind to FcRn 

at neutral pH, irrespective of the salt concentration (Fig. 5D), in contrast to 

rFVIIIFc. Together, the data confirm the contribution of positively charged 

residues in the FVIII C1 and C2 domains to FcRn binding at physiological pH.  

Mutations of charged residues in the C1 and C2 domains of rFVIIIFc 

increase its half-life in VWF-KO mice 

We then evaluated the half-lives of wild-type rFVIIIFc and the engineered 

FVIIIC1C2Fc in mice. The binding of rFVIIIFc to endogenous VWF has been 

shown to contribute for the largest part to the limited extension in half-life, owing 

to elimination of the rFVIIIFc/VWF complex by VWF-specific catabolic 

receptors.25 In agreement with this, rFVIIIFc and FVIIIC1C2Fc exhibited 
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comparable pharmacokinetics in FVIII-KO mice, with 60 to 70% of the molecules 

being eliminated in the first hour following injection and the remaining presenting 

with a half-life ranging from 9.5 to 15.5 hours (Fig. 6A). In order to decipher the 

possible contribution of the binding to FcRn at neutral pH to the half-life of Fc-

fused FVIII without the interference of endogenous VWF, we further compared 

the half-lives of rFVIIIFc and FVIIIC1C2Fc in VWF-KO mice. In the absence of 

endogenous VWF, FVIIIC1C2Fc demonstrated a 2.5-fold longer half-life (2.31 

hours) than rFVIIIFc (0.94 hours, Fig. 6B).  

 

Discussion  

Our work demonstrates the binding of rFVIIIFc to FcRn at neutral pH. Because 

FVIII alone exhibited weak binding affinity for FcRn by ELISA, and because some 

human IgG1 were documented to bind FcRn at pH 7.4 (see references 36, 37, 

and patent WO2013046704A2), we hypothesize that the binding of rFVIIIFc to 

FcRn at neutral pH results from a synergy between the weak binding affinities of 

the FVIII and Fc moieties of the molecule that leads to consistent augmentation 

in the binding avidity. The experimental data suggest that the interaction of 

rFVIIIFc with FcRn is relying on positively charged amino acids residues located 

in the C1 and/or C2 domains of FVIII. Indeed, reduction of the positive 

electrostatic potential of C1C2 by mutation of a few key amino-acids was 

associated with a drastically reduced binding of rFVIIIFc to FcRn at neutral pH 

and with a statistically relevant increase in circulating half-life of Fc-fused FVIII in 
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VWF-KO mice. Identifying the amino-acid residue(s) that contribute(s) the most 

to FcRn binding would require generating individual FVIIIR2090AFc, FVIIIK2092AFc or 

FVIIIR2215AFc variants. More than 10 therapeutic proteins with FDA authorization 

exploit the Fc-fusion technology for half-life extension.38 Among these, 

procoagulant FVIII, which has an intrinsic mean physiological half-life of about 11 

hours,10 is among the Fc-fused therapeutic proteins with the lowest gain in half-

life extension, i.e., 19 hours.15 This value is significantly lower than that reach by 

other Fc-fused proteins such as rFIXFc (i.e., 82 hours),16 the extracellular domain 

of TNFR fused to Fc (i.e. 70h),39 Fc-fused CTLA-4 (i.e., 13 days)7 or therapeutic 

IgG1 antibodies (i.e., 21 days).40 Binding of rFVIIIFc to endogenous VWF in the 

patients’ circulation has been identified as a key limitation for its duration in 

plasma, wherein elimination of the rFVIIIFc/VWF complexes by VWF-specific 

catabolic pathways imposes a glass ceiling on half-life extension.25 In this 

respect, our finding of an interaction of the FVIII light chain of rFVIIIFc with FcRn 

at neutral pH represents a different molecular mechanism responsible for its 

limited extension of circulating time in plasma in addition to VWF-mediated 

mechanism.  

Our modelling results confirm a strong positive electrostatic potential of the FVIII 

C1 and C2 domains, and to a lesser extent of the FVIII A3 domain, and a key 

role of positively charged amino-acids in establishing contacts with FcRn. The 

binding of FVIII to the D’D3 domain of VWF implicates both the C1 domain and 

the acidic a3 peptide through a sulfated tyrosine, while the A3 and C2 domains 
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play ancillary roles in the interaction.41 The interaction is essential to maintain 

FVIII in the circulation and prevent its early catabolism.21,23 Following its 

activation by thrombin, FVIII is released from VWF. Subsequently, positively 

charged residues surrounded by hydrophobic ring of amino acids in the C1 and 

C2 domains anchor the activated molecule to phospholipids exposed on the 

surface of activated platelets which fosters the local assembly of the tenase 

complex together with activated FIX and FX.42 The C1 and C2 domains also 

contribute to the interaction of FVIII with the immune system. The two domains 

are privileged targets for neutralizing anti-FVIII antibodies that develop in a 

substantial number of hemophilia A patients undergoing FVIII replacement 

therapy.43,44 They also mediate the uptake of FVIII by antigen-presenting cells in 

vitro, leading to the processing of FVIII and presentation of FVIII-derived peptides 

to FVIII-specific CD4+ T lymphocytes.33,35 The observation of the binding of FVIII 

C1C2 domains to FcRn extends the array of interactions that the protein may 

establish at physiological pH.  

FcRn-mediated recycling of IgG and Fc-fused proteins involves the endocytosis 

of the molecules, followed by binding to FcRn at acidic pH in the endosome, 

transport of the molecules back to the cell surface and release in the circulation 

upon return to neutral pH.5 Interference in the process may occur at different 

levels. The presence of positively charged residues in the Fab fragments of 

therapeutic IgG was shown to mediate binding to FcRn at neutral pH in an Fc-

independent manner.18,19 Such binding was proposed to interfere with the 
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release of IgG from FcRn at the end of the recycling process, thus routing the 

molecules towards lysosomal degradation, and was associated with poor 

pharmacokinetics. In the case of rFVIIIFc, we observed a similar phenomenon of 

direct binding to FcRn at neutral pH, suggesting that rFVIIIFc undergoes a 

similarly impaired release from FcRn upon re-exposure at the cell surface. 

Interestingly, large IgG-immune complexes (ICs) are excluded from recycling 

sorting tubules and diverted towards lysosomes.45 Our in silico docking results 

predicted that the binding surface for FVIII on FcRn is located on the opposite 

side of FcRn as compared to the Fc-binding surface (i.e., residues E115, E116, 

D130 and E133).5 Importantly, the affinities of rFVIIIFc and m66.6 for both 

human and murine FcRn at acidic pH were moderately greater than that of 

rFIXFc and VRC01 (Fig. 1A-B, Table 1), as well as rFVIIIC1C2Fc (at least in the 

case of human FcRn). This suggests that the binding of C1C2 detected at neutral 

pH also occurs at acidic pH (as can be inferred from the conservation of the 

positive charges upon reduction in pH value) and synergizes with the binding of 

the Fc fragment to FcRn. Taken together, these data make it plausible that, at 

acidic pH in the early endosome, rFVIIIFc engages multiple simultaneous 

interactions with different FcRn molecules, involving both its Fc fragment and its 

C1 and C2 domains, which would favor routing towards lysosomal disposal 

immediately after endocytosis.  

VWF is the molecular chaperon for circulating FVIII. The crucial role of VWF 

towards FVIII is best demonstrated in patients with type 2N or type 3 von 
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Willebrand disease who present with negligible circulating FVIII levels owing to 

the lack of VWF or presence of dysfunctional VWF.46,47 Whether VWF also 

shields FVIII intracellularly is unclear. Sorvillo et al demonstrated that, in contrast 

to FVIII, VWF is not or poorly endocytosed by human monocyte-derived dendritic 

cells.48 Several endocytic receptors for VWF have however been identified on 

endothelial cells, including C-type lectin domain family 4 member M (CLEC4M), 

stabilin-2, and scavenger receptor class A member 5 (SCARA5),49 some of which 

mediate the internalization of the FVIII-VWF complex. The possibility thus exists 

that VWF also participates in enhancing the FcRn-mediated intracellular 

recycling of rFVIIIFc by quenching its positively charged C1 and C2 domains in 

the endosome and preventing the interaction of C1C2 with FcRn. Indeed, the 

VWF/FVIII interaction is stable at pH >5.5, at least in vitro.50  

Our modeling of the electrostatic potential of FVIII domains indicated that the 

positive electrostatic potential of the light chain spreads to part of the A3 domain 

that is also protected by the D’D3 domain of VWF.41 In line with this, 

Efanesoctocog alfa is a recently developed engineered Fc-fused FVIII in complex 

with the D'D3 domain of VWF with a half-life of 25-31 hours in mice25 and 33-45 

hours in the human.51 However, the optimal half-life of Efanesoctocog alfa was 

not reached by the mere addition of the D’D3 domain of VWF, but required the 

grafting of XTEN polypeptides.25 At neutral pH, rFVIIIC1C2Fc retained a significant 

binding to FcRn in vitro, suggesting the participation of additional positive 

charges outside the C domains on FVIII in FcRn interaction. Whether the XTEN 
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polypeptides shield additional positive charges, particularly at the interface 

between A2 and A3, that are not protected by the D’D3 domain of VWF, and 

prevent engagement with intracellular receptors, remains to be investigated. 

The gain in half-life life of rFVIIIC1C2Fc as compared to rFVIIIFc (from 56 to 138 

min, Fig. 6B) was only evidenced in the absence of endogenous VWF. 

Performing similar experiments in transgenic VWF-KO mice expressing the 

human instead of mouse FcRn may yield more pre-clinically relevant results.52 

Yet, the findings are reminiscent of our previous observation that an increase in 

half-life from 17 to 41 minutes of the individual FVIIIC1 and FVIIIC2 variants was 

only observed in the absence of endogenous VWF.33 Interestingly, our previous 

work showed a reduction in FVIII immunogenicity when the charged residues in 

the C1 domain of FVIII were mutated. However, once again, this was observed in 

the absence of endogenous VWF.33 Whether the reduction of the positive 

electrostatic potential may be an advantage in the context of FVIII synthesis and 

intracellular trafficking, where VWF is not at play, needs to be investigated.  

In conclusion, we describe an additional mechanism to the VWF-mediated 

catabolism of rFVIIIFc (Fig. S5). The predominant role played by VWF on FVIII 

catabolism however puts in perspective our findings in terms of translational 

possibilities. In addition, our attempt to disfavor FVIII binding to FcRn at 

physiological pH also marginally affected binding to VWF and reduced the 

specific activity of the molecule, possibly by altering binding to phospholipids. 

Nonetheless, our data open a mutational space for the reduction of the positive 
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electrostatic potential of rFVIIIFc, to limit its interactions with molecules that favor 

its catabolism or prevent its recycling. Besides, complementary strategies may 

be foreseen to further optimize the half-life of Fc-fused FVIII. For instance, Fc-

engineering by introducing the YTE substitutions to strengthen human FcRn 

interactions was shown to extend the half-life of mAbs with positively charged 

patches in the Fab fragments.19 Whether the same strategy may apply to 

rFVIIIFc, Efanesoctocog alfa, or rFVIIIC1C2Fc, remains to be determined. 

Importantly, beyond the mere example of FVIII, our finding may also be of 

interest for therapeutic proteins that bear patches with positive net charges and 

exhibit poor pharmacokinetics.  
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Tables 

Table 1. Kinetic parameters for the binding of Fc-fused molecules or 

antibodies to human and mouse FcR at pH 6.  

Binding to human FcRn 

 ka (M-1.s-1) kd (s-1) KD (nM) Chi2 

rFVIIIFc 1.6-2.7x106 3.4-3.7x10-3 1.4-2.0 <9.0 

rFIXFc 1.0-1.6x106 3.0-8.0x10-3 3.1-5.0 >5.0 

m66.6 1.5-2.0x106 2.0-4.2x10-3 1.3-2.8 <14 

VRC01 0.7-1.9x106 2.5-6.1x10-3 3.1-5.1 <12 

Binding to murine FcRn 

 ka (M-1.s-1) kd (s-1) KD (nM) Chi2 

rFVIIIFc 1.0x106 2.3-2.8x10-4 0.2-0.3 <3.4 

rFIXFc 0.25-1.4x106 2.3-6.2x10-4 0.3-0.9 <8.0 

m66.6 0.9-1.3x106 2.0-3.9x10-4 0.2-0.4 <14 

VRC01 5.4-6.4x105 2.8-5.7 x10-

4 

0.4-0.9 <2.4 

The binding kinetics of the different Fc-fused molecules and antibodies were 

calculated by surface plasmon resonance at pH 6 after injection of serial dilutions 

of Fc-fused molecules or antibodies (flow, 30 µl/min; volume, 120 μl; dissociation 

time, 300 s) in streptavidin-coated chips with immobilized biotinylated human or 

mouse FcRn at 500 RU. The values are represented as the range of 2 or 3 

independent experiments. 
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Table 2. Hydrogen bonds and salt bridges in the interaction of FVIII C1C2 

domains and FcRn 

Hydrogen bonds 

Residues in C1C2 

domains 

Residues in FcRn Distance (Å) FVIII domain 

C2021 N55 2.49 C1 

R2090 S181 2.97 C1 

R2090 P180 2.92 C1 

K2207 D101 3.01 C2 

Salt Bridges 

Residues in C1C2 

domains 

Residues in FcRn Distance (Å) FVIII domain 

E2181 R171 1.63 C2 

K2207 D101 3.01 C2 
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Legends to Figures  

Figure 1. rFVIIIFc binds to FcRn at acidic pH. (A) Real-time interaction profiles 

of binding of rFVIIIFc, FIXFc, m66.6 or VRC01 to immobilized human (top) or 

murine (bottom) FcRn at pH 6. The black line depicts the binding profiles 

obtained after injection of serial dilutions of Fc-fused molecules or antibodies (25 

to 0.097 nM). The red lines depict the fits of data obtained by global analysis 

using Langmuir kinetic model. (B) Values of the equilibrium dissociation 

constants calculated from the values of association and dissociation rate 

constants (KD=Kd/Ka) for the binding of rFVIIIFc, FIXFc, m66.6 or VRC01 to 

human (blue) or murine (red) FcRn at pH 6 (Table 1). The graphs depict means ± 

SD (n=2 or 3). (C) Binding of rFVIIIFc, FIXFc, VRC01 or trastuzumab to human 

(left) or murine (right) FcRn by ELISA at pH 6. The Fc-fused molecules or 

antibodies were incubated in serial dilutions on plates coated with FcRn. The 

graphs depict the binding of the Fc-fused proteins or antibodies detected using a 

HRP-conjugated anti-human Ig Fc antibody. Binding is expressed as arbitrary 

units (AU) as mean ±SD based on the optical density measured at 450 nm in 2 

independent experiments.  

 

 Figure 2. rFVIIIFc shows a residual binding to FcRn at neutral pH. (A) 

Sensorgrams of BDD-FVIII, rFVIIIFc, FIXFc, m66.6 or VRC01 binding to 

immobilized human (top) or murine (bottom) FcRn at pH 6 (red curves) or pH 7.4 

(blue curves). Molecules were injected at 25 nM or 50 nM for pH 6 and pH 7.4, 
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respectively. (B) Heatmap showing the binding intensity of rFVIIIFc, FIXFc, 

m66.6 or VRC01 to human or murine FcRn at pH 7.4 by ELISA. (C) Binding of 

rFVIIIFc, FIXFc, VRC01 or trastuzumab to human (left) or murine (right) FcRn by 

ELISA at pH 7.4. The Fc-fused molecules or antibodies were incubated in serial 

dilutions on plates coated with FcRn. The graphs depict the binding of the Fc-

fused proteins or antibodies detected using a HRP-conjugated anti-human Ig Fc 

antibody. Binding is expressed as arbitrary units (AU) as mean ±SD based on the 

optical density measured at 450 nm in 2 independent experiments.  

 

Figure 3. The light chain of FVIII exhibit a positive electrostatic potential at 

neutral pH. (A) Structure of human anti-HIV m66.6 Fab (PDB: 4NRZ) and (B) of 

human anti-HIV VRC01-class DRVIA7 Fab (PDB: 5CD5). The heavy (VH-CH1) 

and light chains (VL-CL) of the human Fabs are depicted in cyan and white, 

respectively. (C) BDD FVIII structure (PDB: 6MF2). The FVIII A1, A2, A3, C1 and 

C2 domains are depicted in white, gray, light blue, cyan and cobalt blue, 

respectively. (D) Structure of human FcRn (PDB: 4N0F). The heavy chain of 

FcRn is depicted in red and the light chain β2 macroglobulin in light gray. The 

surface electrostatic potentials calculated using the Coulomb method (SWISS-

PDB viewer) are shown at the bottom of each structure. Negative potentials are 

depicted in red and positive potentials in blue.  
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Figure 4. Positively charged residues in the C1 and C2 domains of rFVIIIFc 

mediate the binding of rFVIIIFc to FcRn at neutral pH. (A) The ionic strength 

dependence of the binding of Fc-fused molecules and antibodies to FcRn was 

evaluated by ELISA. Error bars indicate the SD of six OD450 nm values. (B) 

Sensorgrams of the binding of rFVIIIFc alone (black curve), rFVIIIFc pre-

incubated with the F(ab’)2 fragment of the anti-A2 IgG BOIIB2 (orange curve), the 

of the anti-C1 IgG KM33 (green curve), of the anti-C2 IgG BO2C11 (red curve), 

or with VWF (blue curve) to immobilized human (left) or murine (right) FcRn at 

pH 7.4. (C) Structure of the modelized human BDD FVIII (PDB: 6MF2) with four 

mutations at positions: R2090A, K2092A, F2093A, R2215A (FVIIIC1C2). The FVIII 

A1, A2, A3, C1 and C2 domains are depicted in white, gray, light blue, cyan and 

cobalt blue, respectively. Mutated resides are highlighted in red. The surface 

electrostatic potential of the FVIIIC1C2 mutant calculated using the Coulomb 

method (SWISS-PDB viewer) is shown on the right. (D) Protein-protein 

interaction of C1C2 and FcRn utilizing the HDOCK webserver. Protein structures 

were refined at pH 7.4 using PROPKA3.1, ProteinPrepare. The illustration shows 

the docked complex of C1C2 domains of FVIII in cyan and cobalt blue, 

respectively and FcRn containing the heavy chain depicted in red and the light 

chain β2 macroglobulin in light gray. Amino-acids from FcRn that are important 

for the Fc interaction at acidic pH (E115, E116, D130 and E133) are highlighted 

in green, while central amino-acids for albumin binding (W53, W59, S58, H161, 

H166) are highlighted in yellow. Amino-acids from FcRn and C1C2 domains that 

are important for biding are shown on the right. Positive (H,K,R) residues are 
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depicted in blue; negative (D,E) in red; neutral (S,T,N,Q) in lime; aliphatic 

(A,V,L,I,M) in gray, aromatic (F,Y,W) in purple, proline and glycine in orange, and 

cysteine in yellow.  

 

Figure 5. Mutations in the C1 and C2 domains of FVIII moiety in rFVIIIFc 

decrease the binding to FcRn at neutral pH. (A) Real-time interaction profiles 

of FVIIIN2118QFc or FVIIIC1C2Fc with immobilized human (top) or murine (bottom) 

FcRn at pH 6. The black line depicts the binding profiles obtained after injection 

of serial dilutions of the rFVIIIFc variants (25 to 0.097 nM). The red lines depict 

the fits of data obtained by global analysis using Langmuir kinetic model. The 

values of the equilibrium dissociation constants calculated from the values of 

association and dissociation rate constants (KD=Kd/Ka) for the binding of 

FVIIIN2118QFc or FVIIIC1C2Fc to human (blue) or murine (red) FcRn at pH 6 are 

depicted in the graph on the right (Table 1). (B) Sensorgrams of the binding of 

rFVIIIFc (black curve), FVIIIN2118QFc (orange curve) or FVIIIC1C2Fc (red curve) to 

immobilized human (left) or murine (right) FcRn at pH 7.4. (C) Binding of rFVIIIFc 

or rFVIIIFc variants (0.0025-5.5 nM) to human (left) or murine (right) FcRn by 

ELISA at pH 7.4. The Fc-fused molecules were incubated in serial dilutions on 

plates coated with FcRn. (D) Ionic strength dependence of the binding of Fc-

fused FVIII variants to human (left) or murine (right) FcRn evaluated by ELISA. 

The graphs depict the binding of the Fc-fused proteins detected using a 

secondary goat F(ab’)2 anti-human Ig Fc conjugated to HRP. Binding is 
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expressed as arbitrary units (AU) as mean ± SD based on the optical density 

measured at 450 nm in 2 independent experiments.  

 

Figure 6. In vivo half-life of Fc-fused FVIII half-life. (A-B) rFVIIIFc or 

FVIIIC1C2Fc were intravenously injected to FVIII-KO (A) or VWF-KO (B) mice. The 

residual FVIII:Ag was measured in plasma at different time points by ELISA. The 

data is plotted as percentage of initial FVIII:Ag (measured 5 min after injection), 

and as mean ± SD of 2 independent experiments (n=6 mice per group per 

experiment). The half-lives of rFVIIIFc variants were determined by fitting the 

data to a two-phase or one-phase decay curve for FVIII-KO and VWF-KO mice, 

respectively (Prism 9.4.1). Significant differences were assessed at each time 

point using the two-sided non-parametric Mann-Whitney (*p<0.05, **p<0.01).  
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Supporting Information  

Supplemental Methods 

Sources of antibodies. Genes encoding the VL and VH regions of human anti-

HIV m66.6 IgG was given by Hugo Mouquet (Institut Pasteur, France) and cloned 

in eukaryotic expressing vectors. The human anti-HIV VRC01-class DRVIA7 IgG 

expressing plasmids were obtained through the NIH AIDS Reagent Program 

(Division of AIDS, NIAID, at the National Institutes of Health). Antibodies were 

expressed in ExpiCHO cells transiently transfected with the different constructs 

(Thermo Scientific). After 8 days of culture in serum free conditions, supernatants 

were collected, and antibodies were purified by affinity chromatography (HiTrap 

MabSelect PrismA, GE Healthcare) using a Fast Protein Liquid Chromatography 

system (FPLC, Holmes Analytical). The final products were buffer-exchanged to 

PBS, pH 7.4 using Slide A-lyser dialysis cassettes (Thermo Scientific). Both mAbs 

shared an identical Fc.  

FcRn binding by surface plasmon resonance. The binding of Fc-fused proteins 

to the human and mouse FcRn were studied by surface plasmon resonance using 

a Biacore 2000 (Cytiva). Biotinylated hFcRn or mFcRn (kind gift from Dr Sune 

Justesen, Immunitrack, Danemark) were diluted in tris-citrate buffer (100 mM Tris, 

100mM NaCl, 5% glycerol and 0.1% tween 20 at pH 6 or pH 7.4) and immobilized 

on a streptavidin-coated sensor chip at a protein surface density of about 

0.5 ng/mm2 (450–550 RU). Fc-fused proteins were diluted in running buffer 

(100 mM Tris, 100 mM NaCl, 5% glycerol and 0.1% tween 20, pH 6 or 7.4) and 

injected at 25°C. The injections were performed using the KINJECT mode (flow, 
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30 µl/min; volume, 120 μl; dissociation time, 300 s). For regeneration, 15 µl of 

100 mM Tris, 100 mM NaCl pH 7.8 (regeneration buffer) were injected. For 

calculation of binding constants at pH 6, the binding was evaluated in 2-fold serial 

dilutions of the samples (25 to 0.097 nM). Kinetic constants were calculated from 

the sensorgrams using the 1:1 Langmuir or binding with drifting baseline model of 

BIAevaluation software. The quality of the fitting of the models was judged by the 

low values of the Chi2, not exceeding the 10% of the highest RU. The equilibrium 

dissociation constants were calculated from the values of association and 

dissociation rate constants, as KD=Kd/Ka. When indicated, rFVIIIFc was pre-

incubated with VWF at 1/50 FVIII/VWF ratio or 1/1 ratio of (F(ab’)2 fragments of 

anti-A2 (BOIIB2 - patent US20070065425A1), anti-C1 (KM331) or anti-C2 

(BO2C112) monoclonal IgG at 30 min at 4°C.  

FcRn binding by ELISA. Biotinylated human or murine FcRn (2 μg/mL, 

Immunitrack, Denmark) were immobilized on streptavidin (10 μg/mL) precoated 

ELISA plates (Thermo Scientific) and previously blocked with synthetic block 

(Thermo Scientific), 0.1% tween 20. To determine binding to FcRn, the molecules 

to be tested were diluted in 100 mM Tris, 100 mM NaCl, 0.1% tween 20, at pH 6 

or 7.4 and added to the plate. To determine the ionic strength dependence of the 

binding, the molecules were tested at 2 nM or 0.2 nM, for human and murine FcRn, 

respectively, in 10 mM HEPES pH 7.1 containing 0, 0.06, 0.125, 0.25, 0.5, or 1 M 

NaCl. Bound molecules were detected with horse-radish peroxidase (HRP)-

conjugated goat F(ab')2 anti-human Ig (2012-05, Southern Biotech, Anaheim, CA) 

or, when indicated, FVIII was detected using a mouse monoclonal anti-FVIII A2 
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domain IgG (GMA8015, Green Mountain, Burlington, VT) and a goat anti-mouse 

IgG conjugated with HRP (1030-05, Southern Biotech, Birmingham, AL). The 

3,3',5,5'-tétraméthylbenzidine (TMB) was used as a substrate. Optical densities 

were measured at 450 nm with a TECAN Infinite 200.  

 

Evaluation of surface electrostatic potentials. The 3D structures of human 

FcRn (4N0F), human BDD FVIII (6MF2), human anti-HIV m66.6 Fab (4NRZ), 

human anti-HIV VRC01-class DRVIA7 Fab (5CD5) were obtained from the PDB 

database (https://www.rcsb.org/) 3. Modeling of the FVIIIC1C2 mutant with the four 

R2090A, K2092A, F2093A, R2215A mutations was performed using the Iterative 

Threading Assembly Refinement (I-TASSER) web server 

(https://zhanglab.dcmb.med.umich.edu/I-TASSER/). This web-based tool utilizes 

homology modeling techniques to generate 3D structures based on known 

templates. The model then underwent quality assessment using the SAVES 

platform (https://saves.mbi.ucla.edu/), and their Ramachandran plot distributions 

were evaluated through the PDBsum server (https://www.ebi.ac.uk/thornton-

srv/databases/cgi-in/pdbsum/) 4. Subsequently, the mutant model was subjected 

to energy minimization using the SWISS-PDB Viewer tool 

(https://www.expasy.org/spdbv) to alleviate internal constraints and reduce the 

overall potential energy of the model 5. The surface electrostatic potentials of the 

proteins and of the modelized BDD FVIIIC1C2 mutant were calculated by the 

Coulomb computational method using SWISS-PDB viewer. 
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Docking of FVIII C1C2 domains and FcRn at pH7.4. The C1C2 domains of FVIII 

were modeled using the crystal structure of FVIII (2R7E) as a template through the 

ITASSER Modelling server (https://zhanggroup.org/I-TASSER/). The structure 

underwent refinement using ProteinPrepare 

(https://playmolecule.org/proteinPrepare/), a web application designed for protein 

manipulation such as titration and protonation at user-specified pH levels 6. The 

solvent pH was set to 7.4 to replicate physiological conditions. Utilizing 

PROPKA3.1, ProteinPrepare predicted protonation states of residues based on 

the designated pH, ensuring accurate representation. Simultaneously, the 

software employed PDB2PQR to optimize hydrogen-bonding networks within the 

protein structures, promoting stability under the specified pH conditions. The 

refined C1C2 and FcRn protein structures were then downloaded in PDB format 

for subsequent docking studies. Protein-protein docking was conducted utilizing 

the HDOCK webserver (http://hdock.phys.hust.edu.cn/) 7. This computational 

approach explores the molecular interactions between the proteins, providing 

insights into complex formation and strength. Visualization of the docking results 

was generated using Biovia Discovery Studio and Pymol for 3D representations, 

while 2D visualizations were generated using PDBsum 

(https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/) 5. 

 

In vivo half-life of Fc-fused FVIII variants. Ten- to 15-week-old FVIII exon 16 

knock-out (FVIII-KO) mice and VWF-KO mice on the C57BL/6 background were 

used. Animals were handled in agreement with local ethical authorities (approved 
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by Charles Darwin ethics committee #28694-2020121017336521). FVIII- or VWF-

KO mice were intravenously injected with 1 µg rFVIIIFc (Eloctate®, Sanofi) or 

FVIIIC1C2Fc. Blood was collected in citrated tubes (Sigma Aldrich) at different time 

points. Plasma was prepared and kept at -80°C until use. FVIII:Ag was measured 

by ELISA. For this, ELISA plates were coated overnight at 4°C with 5 µg/mL mouse 

anti-human IgG Fc antibody (LS-C108752, LifeSpan BioSciences, Shirley, MA). 

Plasma diluted in PBS-5% BSA was added to the plates. Bound FVIII was detected 

with a biotinylated mouse monoclonal anti-FVIII A2 domain IgG (GMA8015, Green 

Mountain), streptavidin conjugated to horse-radish peroxidase (HRP, R&D 

Systems, Minneapolis, MN) and OPD (o-phenylenediamine dihydrochloride) 

substrate. Optical densities were measured at 492 nm with a TECAN Infinite 200.  

 

Von Willebrand factor binding ELISA. Von Willebrand factor (VWF, Wilfactin, 

LFB, France) at 2 µg/mL was coated on ELISA plates (Thermo Scientific) overnight 

at 4°C. The rFVIIIFc variants were diluted in PBS-1% milk, 0.1% tween 20 and 

added to the plates. Bound molecules were detected with a biotinylated mouse 

monoclonal anti-FVIII A2 domain IgG (GMA8015, Green Mountain), streptavidin 

conjugated to HRP (R&D Systems) and TMB substrate. Optical densities were 

measured at 450 nm with a TECAN Infinite 200.  
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Supplemental Tables 

 

Table S1. Non-bonded contacts between FVIII C1C2 domains and FcRn 

Residues in the C1C2 

domains 

Residues in 

FcRn 

Distance 

(Å) 
FVIII domain 

2021 55 2.488 C1 

2021 169 4.564 C1 

2022 53 4.106 C1 

2022 55 3.031 C1 

2023 55 4.403 C1 

2052 172 3.954 C1 

2052 176 3.878 C1 

2052 177 4.447 C1 

2053 175 3.239 C1 

2053 176 3.580 C1 

2053 177 2.908 C1 

2055 179 3.364 C1 

2055 258 2.905 C1 

2055 259 2.488 C1 

2055 260 3.236 C1 

2085 172 3.490 C1 

2085 173 4.668 C1 
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2087 176 4.315 C1 

2090 179 4.802 C1 

2090 180 2.924 C1 

2090 181 2.969 C1 

2090 182 4.927 C1 

2092 183 4.750 C1 

2093 183 3.070 C1 

2094 16 4.689 C1 

2095 19 4.355 C1 

2130 12 4.971 C1 

2130 13 4.160 C1 

2131 178 4.416 C1 

2131 231 4.641 C1 

2131 12 3.807 C1 

2131 13 3.399 C1 

2132 178 2.840 C1 

2133 176 2.947 C1 

2133 177 3.874 C1 

2133 178 2.711 C1 

2133 231 4.885 C1 

2135 173 4.355 C1 

2135 176 3.446 C1 

2137 50 4.865 C1 



 
 

9 
 

2137 53 2.744 C1 

2137 54 4.666 C1 

2138 53 4.669 C1 

2139 53 3.305 C1 

2157 19 4.603 C1 

2163 177 4.197 C1 

2176 169 4.376 C2 

2177 168 3.002 C2 

2178 168 4.852 C2 

2179 168 3.791 C2 

2180 102 4.870 C2 

2181 164 4.961 C2 

2181 167 4.010 C2 

2181 168 3.228 C2 

2181 171 1.592 C2 

2182 164 3.560 C2 

2182 165 3.917 C2 

2182 168 2.649 C2 

2183 98 2.535 C2 

2183 99 4.752 C2 

2183 102 2.890 C2 

2183 103 4.797 C2 

2183 164 2.876 C2 
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2187 101 4.594 C2 

2187 102 4.499 C2 

2206 102 4.834 C2 

2207 100 3.831 C2 

2207 101 2.777 C2 

2209 102 3.454 C2 

2210 171 4.637 C2 

2211 171 3.154 C2 

2211 175 3.531 C2 

2213 4 2.833 C2 

2213 100 4.554 C2 

2214 4 4.230 C2 

2214 100 4.963 C2 

2215 100 4.880 C2 

2215 101 4.738 C2 

2322 168 3.104 C2 
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Table S2. Specific activities of Fc-fused FVIII variants. FVIII activity was 

measured by functional chromogenic assay and protein concentration was 

evaluated by absorbance at 280 nm.  

 Specific activity (IU/mg) 

rFVIIIFc 4265 

rFVIIIC1C2Fc 1392-2398 

rFVIIIN2118QFc 1951 
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Table S3. Kinetic parameters for the binding of FVIIIN2118QFc and rFVIIIC1C2Fc 

to human and mouse FcR at pH 6. The binding kinetics of the rFVIIIFc variants 

were calculated by surface plasmon resonance at pH 6 after injection of serial 

dilutions of Fc-fused molecules (flow, 30 µl/min; volume, 120 μl; dissociation time, 

300 s) in streptavidin-coated chips with immobilized biotinylated human or mouse 

FcRn at 500 RU. The values are represented as the range of 2 or 3 independent 

experiments.  

 

Binding to human FcRn 

 ka (M-1.s-1) kd (s-1) KD (nM) Chi2 

rFVIIIC1C2Fc 6.5-8.1x105 2.1-2.4x10-3 2.6-3.6 <13 

rFVIIIN2118QFc 1.2-1.6x106 1.7-3.0x10-3 1.0-2.6 <7.0 

Binding to murine FcRn 

 ka (M-1.s-1) kd (s-1) KD (nM) Chi2 

rFVIIIC1C2Fc 6.0-6.1x105 1.2-2.2x10-4 0.2-0.36 <3.5 

rFVIIIN2118QFc 1.0-1.2x106 2.1-2.9x10-4 0.2-0.25 <4.0 
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Supplemental Figures 

 

Figure S1. SDS-PAGE of rFVIIIFc, FVIIIY1680CFc, FVIIIC1C2Fc or FVIIIN2118QFc with 

and without prior exposure to thrombin (FIIa, 1U). 
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Figure S2. Binding of rFVIIIFc or BDD-FVIII (0.007-133 nM) to human (left) or 

murine (right) FcRn by ELISA at pH 7.4. The molecules were incubated in serial 

dilutions on plates coated with FcRn. The graphs depict the binding of the FVIII 

proteins using a mouse monoclonal anti-FVIII A2 domain IgG (GMA8015) and a 

goat anti-mouse IgG conjugated with HRP (1030-05). Binding is expressed as 

arbitrary units (AU) as mean ±SD based on the optical density measured at 450 

nm in 2 independent experiments. VRC01 was used as negative control.  
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Figure S3. (A) Structure of BDD FVIII (PDB: 2R7E), the A1, A2, A3, C1 and C2 

domains are depicted in white, gray, light blue, cyan and cobalt blue, respectively. 

(B) BDD FVIII consists of the heavy chain containing the A1 (20-372) A2 (373-740) 

domains, a truncated B-domain coding the 14-amino acid segment 

SFSQNPPVLKRHQR in place of the B domain (741-1648), and the light chain with 

A3 (1649-2020), C1 (2021-2173) and C2 (2174-2332) domains. (C) Depiction of 
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C1C2 domains of FVIII modeled using the crystal structure of FVIII (2R7E) as a 

template through the ITASSER Modelling server. The C1C2 molecular modeling 

was subjected to quality assessment via the Ramachandran plot using PDBsum 

server, which predicted 98% of the residues to be in the favored region. (D) 

Depiction of C1 (cyan) C2 (cobalt blue) domains of FVIII in complex with the light 

chain β2 macroglobulin (white) and heavy chain (red) of FcRn (PDB: 4N0F). 

Protein-protein docking was modelized at pH 7.4 and using the HDOCK 

webserver. 
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Figure S4. (A) Binding of rFVIIIFc variants to VWF by ELISA. The rFVIIIFc variants 

were incubated in serial dilutions on plates coated with VWF. The graphs depict 

the binding of the rFVIIIFc variants detected using a biotinylated mouse 

monoclonal anti-FVIII A2 domain IgG (GMA8015). Binding is expressed as 

arbitrary units (AU) as mean ± SD based on the optical density measured at 

450 nm in 2 independent experiments. (B) Binding of rFVIIIFc or rFVIIIFc variants 

(0.0025-5.5 nM) to human (left) or murine (right) FcRn by ELISA at pH 6. The Fc-

fused molecules were incubated in serial dilutions on plates coated with FcRn. 
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Figure S5. Visual summary. Fc-fused BDD-FVIII (rFVIIIFc) presents a strong 

positive electrostatic potential, mainly on the surface of the C1 and C2 domains of 

FVIII (left top panel). The molecule binds to the FcRn at acidic and neutral pH, 

which prevents the release of the molecule in the extracellular space and could 

foster its lysosomal degradation (central top panel). Fc-fused BDD-FVIIIC1C2 

(rFVIIIC1C2Fc) exhibits a reduced positive electrostatic potential (left bottom panel). 

The molecule binds to the FcRn at acidic pH and presents a weak binding at 

neutral pH, which allows its release in the extracellular space (central bottom 

panel). This mechanism participates in the short half-life of rFVIIIFc (right panel).  

 


