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Abstract 

The most serious complication in treating hemophilia A (HA) is the development of an immune 

response to the therapeutically-administered factor VIII (FVIII). A better understanding of 

initiating events leading to FVIII immunity may highlight alternative treatment interventions. We 

have explored this synapse at the level of the FVIII protein, the cellular interactions, and the 

surrounding microenvironment.  

At the protein level, we have confirmed epidemiological findings suggesting that 

recombinant FVIII produced in a baby hamster kidney cell line is more immunogenic than FVIII 

produced in Chinese hamster ovary cell line. We have attributed this, in part, to differences in 

protein N-linked glycosylation, where incomplete occupancy of N-linked consensus sequences 

reveals epitopes for naturally circulating IgM antibodies.  

To elucidate cellular immune responses, we observed that human FVIII interacts initially 

with MARCO+ macrophages in the marginal zone of the mouse spleen. Functional enrichment 

analysis of the upregulated splenic transcriptome 3 hours after intravenous FVIII administration 

suggests a modulation of STAT1 and STAT3 signaling, while a similar analysis in the liver 

implicate Wnt signaling. Interestingly, an endocytic receptor has never been implicated in FVIII 

immunity in vivo. A GWAS study recently implicated a role of the endothelial cell scavenger 

receptor, stabilin-2, on circulating FVIII levels. Here, we showed that stabilin-2 knockout mice 

exhibit an attenuated immune response against FVIII compared to wildtype mice in a human von 

Willebrand factor-dependent manner.  

Lastly, we assessed the role of an inflammatory microenvironment on FVIII 

immunogenicity. The proximity of pediatric vaccination and the initiation of FVIII replacement 

therapy has prompted clinical concerns that concurrent exposure to inflammatory viral constituents 
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may increase the risk of FVIII immune responses. In a transgenic HA mouse model, we have 

shown that intramuscular immunization against influenza decreases FVIII immune responses 

through a mechanism of antigenic competition leading to CD4+ T cell diversion towards the site 

of immunization. 

Collectively, these studies highlight potential areas for therapeutic intervention, and also 

provide clinicians with mechanistic evidence that may aid in the treatment of HA.  
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Chapter 1 

 

Immune responses to hemophilia A treatment 

 

 

This chapter contains excerpts from the following publications. Lai JD wrote the first draft of all 

manuscripts.   

Lai JD, Georgescu MT, Hough C, Lillicrap D. To clear or to fear: An innate perspective on  

 factor VIII immunity. Cell Immunol 2016; 301: 82–89. 

Lai JD, Hough C, Tarrant, J, Lillicrap D. Biological considerations of plasma-derived and 

recombinant factor VIII immungenicity. Blood. (In press).  
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1.1 Hemophilia A 

Mutations affecting the quality or quantity of factor VIII (FVIII) manifest as hemophilia A (HA), 

the most severe congenital bleeding disorder affecting 1 in 5000 males.1 The severity of this X-

linked recessive disease is inversely correlated with the residual activity of FVIII, ranging from 

mild (6-40% activity) to moderate (2-5%) to severe (<1%).1 When left untreated, individuals with 

HA suffer spontaneous and prolonged bleeding episodes, leading to increased mortality and 

morbidity. Modern advancements in medicine have rendered this pathology manageable via 

intravenous infusions of FVIII from either plasma-derived (pdFVIII) or recombinant (rFVIII) 

sources. Treatment is administered either prophylactically or on-demand, and typically begins 

when a child becomes more mobile (8-12 months), triggering symptoms such as bruising and joint 

bleeds.2  

 

1.2 Hemostasis and the coagulation cascade  

The formation of a stable fibrin matrix at the site of blood vessel injury is facilitated by primary 

and secondary hemostasis. Following vascular damage, primary hemostatic mechanisms constrict 

local blood vessels to limit the loss of blood. The exposed subendothelial matrix contains collagen 

which facilitates the binding of von Willebrand factor (VWF), which then binds platelets. The 

accumulation of VWF and platelets forms a temporary platelet plug that further limits blood loss. 

However, this plug is relatively unstable and can be broken up by the shear forces of blood flow.  

Secondary hemostasis, or the coagulation cascade, involves a highly-regulated sequential 

cascade of zymogen activation that ultimately results in the deposition of a stable cross-linked 

fibrin clot at the site of vessel injury (Figure 1.1). Two distinct pathways, the intrinsic and the 

extrinsic, converge on a common pathway. The intrinsic pathway, also known as the contact 
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pathway, is initiated by the association of high molecular weight kininogen, prekallikrein, and 

factor XII (FXII) on exposed collagen. The subsequent conversion of prekallikrein and FXII to 

kallikrein and activated FXII triggers a cascade that activates factor XI, which then activates factor 

IX (FIX). Ultimately, the distal contact phase of the intrinsic pathway appears to be dispensable 

for hemostasis as illustrated by normal hemostatic parameters and no clinical bleeding in patients 

with deficiencies in FXII and kininogen and prekallikrein.3 Protein deficiency in the other 

coagulation factors all result in bleeding of varying severity.  

The extrinsic pathway is thought to initiate the development of fibrin clot formation. 

Damaged endothelial and platelet membranes reveal tissue factor (TF), which then forms a 

complex with activated coagulation factor VII (FVIIa). The formation of this TF:FVIIa complex 

facilitates the activation of factor X (FX).4 Here, a relatively small amount of activated FX (FXa) 

is produced, that prompts the initial activation of prothrombin that, in turn, generates an initial 

burst of thrombin. Thrombin is a multifunctional enzyme responsible for the conversion of 

fibrinogen into fibrin, an insoluble protein monomer that polymerizes and forms a stabilizing 

matrix around a wound through the formation of polymer cross-linking mediated by activated 

factor XIII.5 Furthermore, thrombin provides a pivotal role of initiating the potent positive 

feedback systems through activation of the cofactors FVIII and factor V (FV). 

The intrinsic tenase complex consists of a cofactor, activated FVIII (FVIIIa), a serine 

protease enzyme, activated FIX (FIXa), and the substrate FX. Assembly of all three components 

with Ca2+ on a negatively charged surface, such as the phospholipid membrane of a platelet, 

increases the activation rate of FX by a factor of 200,000.6 These interactions produce sufficient 

FXa, and by extension, enough thrombin to stabilize the clot. Deficiencies in FVIII ultimately limit 

the generation of thrombin, and thus HA patients are unable to stabilize the protective fibrin clot.  
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Figure 1.1. A simplified representation of the coagulation cascade. The cascade is divided into 
the intrinsic, the extrinsic and the common pathways. A highly-regulated process of converting 
zymogens to enzymes, coupled with the activation of essential cofactors (green), facilitates the 
deposition of a hemostatic plug at the site of vessel injury. A complex system of anticoagulant 
proteins prevents excessive clotting (not shown).  

 

1.3 FVIII Gene and Protein 

The FVIII gene (F8) spans 186 kb at the tip of the long arm of the X chromosome (Figure 1.2).7 

The protein has been shown recently to be synthesized predominantly in lymphatic and liver 

endothelial cells and exists briefly as a single polypeptide of 2351 amino acids, upon which the 

19-amino acid N-terminal signal sequence is removed to yield a mature protein of 2332 amino 

acids.8–10 Starting from the N-terminus, the domain structures of the single chain polypeptides are 
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referred to as A1-A2-B-A3-C1-C2.11 The primary translational product is translocated to the 

endoplasmic reticulum (ER) and into the Golgi complex where it is glycosylated and sulphated.12 

Subsequent proteolysis of the C-terminal end of the B domain produces the mature heavy (A1-A2-

B) and light (A3-C1-C2) chains.12 Circulating FVIII exists as a heterodimer of these heavy and 

light chains most likely bound non-covalently by a copper ion-dependent linkage.13,14 The majority 

of FVIII in the bloodstream is bound to VWF, which prolongs the half-life of FVIII by inhibiting 

protease binding sites, prevents premature activation, and also directs FVIII to the site of vessel 

injury.15  

 

 
Figure 1.2. The F8 gene and FVIII protein domain structure. F8 comprises of 26 exons and 
spans approximately 186 kb on the X chromosome. The FVIII domains are shown in the pre-
secreted form of the protein with a signal peptide (-19-1). Key hemostatic binding sites are shown 
below the corresponding domain to which each molecule binds.  
 
 

The 5 domains of FVIIIa serve specific roles in facilitating cofactor function and in the 

assembly of the membrane-bound FX-activating complex. The light chain, specifically the C2 

domain, is suggested to be responsible for hydrophobic and electrostatic interactions with 

phospholipid membranes.16 However, recent studies have suggested that the C2 domain does not 

account for phospholipid binding affinity on its own, but rather requires cooperative binding aided 
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by other domains of the intact FVIII protein.17 The C2 domain also contains binding sites for key 

proteins. Antibody-mediated steric hindrance of the C2 domain prevents thrombin cleavage and 

FVIII activation at Arg1689, suggesting a possible binding site for thrombin.18 A similar study 

suggested binding sites in C2 for FXa, as its activity was completely inhibited by the presence of 

VWF.19 Since VWF does not inhibit thrombin cleavage, these binding assays indicate that while 

both thrombin and FXa bind the C2 regions and activate FVIII, their exact interactive sites must 

not overlap.20 Electron crystallography of the FVIII light chain (A3-C1-C2) revealed an extended 

area of interaction of the C2 domain with phospholipid membranes, which includes residues that 

are also involved in VWF binding.21 The promiscuity of the light chain for different procoagulant 

mediators is consistent with VWF’s protective role against premature adherence and activation in 

circulation.  

The A2 and A3 domains work cooperatively to facilitate interaction with the serine 

protease FIXa.21–24 Moreover, studies using truncated A1 domains at the C-terminus suggest that 

the A1 domain is required, at a tertiary structure level, for the proper orientation of A2 to facilitate 

FIXa binding.25 The A1 domain also appears to have an interactive site for FX given that when 

bound, FVIIIa inactivation by protein C-mediated cleavage within the A1 domain is reduced.26  

Mutations in the FVIII gene leading to functional or quantitative defects result in HA, and 

the severity of the disease generally parallels the magnitude of the mutation.27 Given the size of 

the gene, there is a wide spectrum of causative mutations (>2,100 different mutations 

documented). In patients with severe HA, two mutations predominate: intron 22 and intron 1 

inversions. These intrachromosomal inversions are responsible for 40-50% and 1-5% of severe 

HA cases respectively.28,29 The remaining mutations consist of point mutations (nonsense, 

missense), deletions (small, large), insertions, and splicing mutations.28 While detection of severe 



 
7 

mutations is nearly 100% successful, the broader spectrum of the mild mutations expressed in mild 

and moderate patients are more difficult to detect, with 88% and >95% success rates respectively.30 

In general, gross gene rearrangements and nonsense mutations are not found in mild/moderate 

cases, while single nucleotide or in-frame deletions are found at a low frequency.30 Mild and 

moderate cases are predominantly caused by missense mutations that likely do not disrupt the 

molecular stability or function of FVIII to the same extent as severe mutations.30,31 

 

1.4 Treatment complications  

The most severe complication in HA treatment is the development of neutralizing antibodies 

against FVIII, termed inhibitors, in 25-30% of patients with severe HA.32 Inhibitors typically 

develop after 15-20 exposure days to FVIII, which usually occurs at 1-3 years of age, depending 

upon the treatment regiment being utilized.33 The generation of FVIII inhibitors renders 

subsequent FVIII replacement therapy ineffective. Interestingly, FVIII inhibitors are also prevalent 

in patients with mild or moderate HA with an incidence of 6.7% after 50 exposures days, reaching 

up to 13.3% at 100 exposure days.31 Repeated exposure to FVIII, in a regimen known as immune 

tolerance induction (ITI), is the only proven method to eradicate inhibitors, however it is 

expensive, practically challenging to administer, and is only successful in ~75% of cases.34 

Ultimately, the increase in morbidity and healthcare costs associated with inhibitors underlines the 

urgency to identify strategies that would prevent them from developing at all. 
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1.5 FVIII inhibitors  

Our fundamental understanding of FVIII immunology is based on a canonical CD4+ T helper cell-

dependent pathway as evidenced by the reduction in FVIII inhibitory titres coincident with 

progression of HIV/AIDS and falling CD4+ counts in HA patients.35 In this immune response, 

FVIII is initially internalized by antigen presenting cells (APCs) and degraded into peptides to be 

presented on class II major histocompatibility molecules (MHC).36 Subsequent interaction with a 

cognate T cell receptor (TCR) in the appropriate microenvironmental context induces the 

polarization and proliferation of T cells into effector and memory T cells.37 The expansion of the 

FVIII-specific T cell repertoire is essential to facilitate the activation and proliferation of the low 

frequency of FVIII-specific B cells. Upon internalizing FVIII via antigen-specific B cell receptors 

(BCR), FVIII is again presented to FVIII-specific T cells on MHC class II.38 This synapse causes 

T cells to release cytokines which enable B cell affinity maturation, immunoglobulin class 

switching, and ultimately the differentiation into FVIII antibody-secreting plasma cells and 

memory B cells.38  

 

1.6 Factors influencing FVIII immunogenicity 

The mechanisms underlying the variability of inhibitor development are unclear, and the ability to 

confidently predict whether a patient will develop an inhibitor does not currently exist.39 However, 

there are many factors that have been associated with increasing this risk. A simplified method of 

conceptualizing risks for inhibitor development is a binary classification of patient- (race, family 

history40, FVIII mutation, polymorphisms in MHC class II41, and polymorphic genotypes of 

interleukin (IL)-1042, tumor necrosis factor α (TNFα) 43, cytotoxic T-lymphocyte associated 

protein-4 (CTLA-4)44) and treatment-associated variables (frequency of exposure, type of FVIII 
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concentrate, concurrent infection/inflammation).45 In reality however, it is likely a delicate 

combination of both variables that influences this immune response. 

The process of FVIII immunity is complicated by its association with VWF in the 

circulation. This interaction (molar ratio of 50 VWF:1 FVIII) exerts a dominant influence on the 

biodistribution of the protein characterized by a strong correlation between endogenous VWF 

levels and infused FVIII half-life, potentially mediated by the masking of FVIII regions to protect 

it from premature proteolysis by activated protein C, and likely modulating receptor-mediated 

endocytosis.46–48 Therefore, a further distinction must be made regarding the continuum between 

the clearance and antigen presentation of these plasma proteins. Here, we will examine this 

paradigm, as well as assess pivotal early steps leading to FVIII immunity at three levels: protein, 

cellular, and the microenvironment.  

 

1.7 Protein-intrinsic factors: post-translational modification 

As proteins circulate in the bloodstream, tertiary structure and post-translational modifications 

provide binding motifs with varying affinities for different receptors, some of which will mediate 

proteolysis and clearance, while others will influence presentation. FVIII and VWF are heavily 

glycosylated proteins with evidence suggesting that both N- and O-linked glycosylation influence 

their secretion and clearance.49,50 The roles of these glycan structures have been previously 

reviewed.51 Glycomic analysis of the 12 N-linked and 10 O-linked predicted glycosylation sites in 

plasma-derived VWF revealed an estimated 300 unique N-glycan structures and 18 unique O-

glycan structures, underlining the variability and the complexity in understanding the roles of these 

sugars.52,53 The glycome of FVIII has not yet been investigated in similar detail. FVIII contains a 

total of 25 potential N-linked glycosylation sites, of which only 20 have been shown to be occupied 
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(Figure 1.3).9,54 While the sites of potential O-linked glycosylation in FVIII have not been 

elucidated, there are at least 7 O-linked glycans  exclusive to the B domain that are capped with 

sialic acid residues.51,55 The glycans that are exposed when FVIII is in complex with VWF remain 

unclear. Interestingly, studies in humans using B-domain deleted rFVIII have not reported 

differences in clearance or immunogenicity, despite the deletion of a substantial segment of highly 

glycosylated protein.56,57 These findings suggest that the glycans outside the B domain may play a 

dominant role in regulating FVIII clearance and immunogenicity.  

 

Figure 1.3. FVIII N- and O-linked glycosylation sites and known receptor binding sites. FVIII 
is highly glycosylated, containing 25 Asn_X_S/T consensus sequences for N-linked glycans and 
at least 7 O-linked glycans, the latter located exclusively in the B domain (exact positions 
unknown). Some of these glycans function as ligands for lectin and/or scavenger receptors and are 
depicted in their respective domains. The mannose receptor (CD206) and the C-type lectin domain 
family 4 member M (CLEC4M) are specific for the conserved high-mannose glycans located at 
Asn239 and Asn2118. The asialoglycoprotein receptor (ASGPR) binds to desialylated glycans 
located in the B domain, and the low density lipoprotein receptor-related protein 1 (LRP1) binds 
to an undefined motif in the light chain.  

 

Mass spectrometry analysis of the sugar chains on pdFVIII and rFVIII have revealed the 

presence of high mannose- and complex-type residues on both proteins, with the two sources of 

FVIII having similar half-lives in primate models.58 The two high mannose glycan structures 

remain conserved among recombinant and native proteins, and are located in the A1 and C1 



 
11 

domains (Asn239, Asn2118, respectively).54,58,59 The glycan structures on these proteins likely 

contribute to the stability and folding of FVIII and its pairing with VWF. In particular, mannose 

glycans on FVIII in the B domain, contribute to ER trafficking and protein folding via binding to 

lectin mannose-binding protein 1 (LMAN1).49,60 Mutations in LMAN1 have been linked to 

combined FV and FVIII deficiency.61 In contrast, exposed glycans have also been implicated in 

clearance and immunogenicity and will be discussed in subsequent sections of this thesis.  

Major differences between the FVIII products used as replacement therapies in HA are 

related to glycosylation (Table 1.1). One obvious difference is the presence of ABO blood group 

determinants on pdFVIII that do not exist in rFVIII produced in mammalian cell cultures.54 

Furthermore, humans exhibit inactivation of the cytidine monophosphate N-acetylneuraminic acid 

gene and the α1,3-galactosyltransferase gene, resulting in the inability to convert N-acetyl 

neuraminic acid (Neu5Ac) to N-glycolylneuraminic acid (Neu5Gc), and an inability to form 

Gal(α1-3)Gal linkages (αGal), respectively.62,63 With the exception of a new B-domain deleted 

rFVIII product produced in a human embryonic kidney cell line, all currently marketed rFVIII 

products express Neu5Gc whereas native human FVIII does not. Interestingly, healthy individuals 

have greatly varying levels of circulating immunoglobulin (Ig) M (IgM) and immunoglobulin G 

(IgG) specific against Neu5Gc and αGal.63,64 These antibodies may influence the immunogenicity 

and half-life of infused rFVIII. Anti-αGal antibodies have indeed been exploited as mechanisms 

of opsonization of influenza and HIV vaccines in APCs, and have been implicated in xenograft 

rejection via complement-mediated cytolysis.64 Although speculative, it has been suggested that 

dietary Neu5Gc, predominantly in red meat, is associated with the persistent circulation of the 

antibody-glycan complexes leading to chronic inflammation, a theory that may have implications 

for prophylactic rFVIII therapy.65 Along these lines, a single study in mice has shown that the 
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removal of N-linked glycans is associated with a 30% decrease in FVIII activity and a minor 

decrease in subcutaneous immunogenicity.66 Furthermore, studies with inactive FVIII mutants 

have suggested that the immune response against FVIII is independent of its procoagulant 

function, but rather involves intrinsic elements of the protein structure.67 The role of glycosylation 

in FVIII immunity therefore warrants recognition as it likely influences the localization of FVIII 

to various scavenger and lectin receptors.  

 

Table 1.1. Major differences between pdFVIII and rFVIII products 

 pdFVIII HEK293-derived 
rFVIII 

2nd generation 
BHK-derived 

rFVIII 

3rd generation 
CHO-derived 

rFVIII 
References 

Galα1-3Gal Not present Not present 
Found in 3% 

(molar ratio) of 
N-linked glycans 

Below limit of 
detection 

58,68 

Neu5Gc Not present Not present Below limit of 
detection 

Present in 0.5% 
(molar ratio) of 

N-linked glycans 
58,68 

ABO antigens Present Not present Not present Not present 58,68 
% non-
sulfated 
Tyr1680 

Undetectable Undetectable 1.55% ± 0.07% 6.65% ± 1.91% 68 

Culture 
conditions N/A 

No proteins of 
animal or human 

origin 

Contains human 
plasma proteins 

Co-expressed 
with VWF 

without any 
animal of human 
plasma protein 

additives 

69 

Additional 
proteins 

VWF, 
fibronectin, 

fibrinogen, IgM, 
IgG, albumin, 

inter-α inhibitor, 
TGF-β + others 

Not reported Not reported Not reported 70,71 

FVIII 
sequence 

differences 

≥56 non-
synonymous 

variants in 2353 
healthy 

individuals 

Not reported (B 
domain deleted) 

Aspartic acid at 
amino acid 1241 

Glutamic acid at 
amino acid 1241 

72,73 
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1.8 Biodistribution of VWF and FVIII 

Two predominant themes represent the current view of FVIII and VWF biodistribution: that 

clearance and immunity occur in the liver and spleen respectively, and that VWF is the dominant 

influence on FVIII distribution. The anatomic distribution of intravenously infused proteins is a 

multivariate process dependent on the binding affinity to different receptors and also by the 

formation of Ig- and complement-mediated immune complexes. Localization of coagulation 

factors has been primarily assessed in murine models of HA or von Willebrand’s disease. Upon 

intravenous infusion, it is likely that the majority of FVIII complexes immediately with VWF, 

such that only approximately 2-5% of FVIII remains unbound.74,75 It has been shown that the 

relative uptake of FVIII and VWF by tissue mass is greatest in the spleen followed by the liver, 

suggesting that the spleen either possesses more phagocytic cells capable of FVIII/VWF 

endocytosis, or that the splenic endocytic receptors for these proteins possess a higher affinity.76,77 

However the sheer size difference between the two organs suggests that the bulk uptake of the two 

factors is mediated primarily by the liver. As little as 5 minutes after intravenous infusion, 

immunofluorescent staining has revealed that VWF and FVIII primarily associate with Kupffer 

cells in the liver and marginal zone metallophilic macrophages in the spleen, respectively.76,77 The 

subsequent depletion of macrophages using clodronate-containing liposomes and gadolinium 

chloride resulted in increased FVIII and VWF half-life, as well as a decreased FVIII immune 

response.76,77 Whether the fate of unbound FVIII parallels that of the FVIII/VWF complex remains 

unclear. Indeed, FVIII infusion in the absence of VWF dramatically decreases its association with 

the splenic marginal zone, possibly suggesting increased proteolysis, or perhaps an entirely 

different location and mode of clearance.78 However, given the supraphysiological doses of FVIII 

infused in order to facilitate detection, these studies should be interpreted with caution.  
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Investigations of FVIII immunogenicity in animal models have mainly focused on the 

spleen, with the rationale that high hepatic levels of IL-10 and transforming growth factor-b (TGF-

b) in the liver promote tolerance and FVIII/VWF clearance.79,80 However, increasing evidence 

suggests that the liver functions as a secondary lymphoid organ, such that liver sinusoidal 

endothelial cells (LSECs), hepatic stellate cells, and Kupffer cells express MHC class II and co-

stimulatory molecules to potentially act as APCs to stimulate CD4+ and CD8+ T cells.81–84  More 

insight is needed to establish the balance between hepatic tolerance and immunity. The role of 

extra-splenic FVIII clearance and presentation may reveal insights into the initiation of FVIII 

immunity when considering that splenectomized mice still develop inhibitors.76 

Similarly, immune cell interactions with FVIII and VWF have predominantly focused on 

progenitor-derived APCs, that may not recapitulate important details of the native APC 

populations involved in processing these proteins. The splenic marginal zone represents an area of 

particular importance for FVIII innate immunity as it comprises of a wide array of APCs, optimally 

located as a divisive line between blood-borne antigens and the adaptive immune cells of the white 

pulp. The resident APCs: dendritic cells (DCs), marginal zone (MZ) macrophages, MZ 

metallophilic macrophages, and MZ B cells, express a plethora of innate pattern recognition 

receptors (PRRs) such as toll-like (TLRs), scavenger receptors, and C-type lectin receptors (CLRs) 

that facilitate the recognition of a wide array of antigens.85 These specific primary cell subsets 

have not been investigated in the context of FVIII and VWF.  

 

1.9 FVIII-APC interaction: clearance and presentation? 

The FVIII immune response begins with the internalization and subsequent proteolytic degradation 

by professional APCs, followed by the presentation of FVIII peptides to CD4+ T cells on MHC 
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class II.86,87 An additional layer of complexity involves the influence of VWF on the potential 

masking of FVIII internalization motifs, as well as the apparent dominant role of VWF on FVIII 

clearance. The modulatory role of VWF on FVIII immunity remains controversial and inconsistent 

in the literature. Previous clinical reports have suggested a decreased incidence rate of inhibitors 

in patients treated with pdFVIII/VWF concentrates, however more recent clinical data in 

previously untreated patients (PUPs) and meta-analyses have shown no significant differences 

between rFVIII alone and a range of FVIII/VWF containing plasma derived products.88–90 In 

contrast, studies in murine models of HA have predominantly suggested a protective role of VWF 

on FVIII immunity through proposed mechanisms of antigenic competition and decreased 

internalization by APCs.78,91,92 Recent evidence also suggests a role for VWF in modulating the 

presentation of FVIII peptides on MHC class II, potentially through an influence on the proteolytic 

processing of FVIII in endocytic vesicles.93 Lastly, evidence of alloantibodies to FVIII in healthy 

individuals, and subsequent complement binding suggests that phagocytosis may be Fc receptor- 

or complement receptor-mediated.94 It has been established that in HA patients with inhibitors, 

FVIII immunity is exclusively associated with high affinity IgG1 and IgG4 antibodies. The role of 

non-neutralizing anti-FVIII antibodies as enhancers of immune complex formation and 

opsonization has not been investigated, although the significance of these antibodies is receiving 

increase attention.95,96 

Several receptors have been implicated in the binding and endocytosis of FVIII and VWF 

(Table 1.2). Whether these receptor-ligand interactions result in the clearance and presentation of 

FVIII is likely dependent on the cell-type, the tissue and the surrounding microenvironment. A 

better clarification of the continuum between immunogenicity and clearance in the liver and 

lymphoid organs is therefore needed. 
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Table 1.2. Characterized receptors for the endocytosis of FVIII and VWF leading to either 
clearance and/or immunity. 
Family Receptor Receptor specificity Expression FVIII binding VWF binding References 

Lectin 

Asialoglycoprotein 
receptor (ASGPR) 

Non-reducing terminal 
β-D-Gal or GalNAc Hepatocytes 

Desialylated B-
domain 

associated 
glycans 

Desialylated N-
linked glycans 

97 

Siglec-5 Sialic acid 

Monocytes, 
macrophages, 
neutrophils, B 

cells 

Sialic acid 
independent 

Sialic acid on N-
linked glycans 

98 

CLEC4M (L-Sign) High mannose glycans 
Liver, lymphatic 

sinusoidal 
endothelial cells 

High mannose 
glycans N-linked glycans 99,100 

CD206 Terminal mannose, 
GlcNAc, fucose 

Macrophages, 
dendritic cells 

Exposed 
mannosylated 

glycans 
(inhibited by 

VWF) 

No 101 

LDL 
receptor 
family 

LDL receptor 
(LDLR) 

Low density 
lipoproteins, 

Ubiquitous 
(liver) 

Yes (specific site 
unknown) Unknown 102 

LRP1 

RAP, PDGF, FVIIa, 
tPA, fibronectin, 

thrombospondin-1, β-
VLDL, etc. 

Hepatocytes, 
Kupffer cells, 

DCs, 
macrophages, 

neurons, 
vascular smooth 

muscle 

A2/A3 domain 
(when thrombin 
activated), Light 
chain (blocked 

by VWF) 

Under conditions of 
shear 

103–106 

Scavenger 

Stabilin-2 Hyaluronin, 
phosphatidylserine 

Liver sinusoidal 
endothelial cells 

VWF-dependent 
FVIII 

endocytosis 

Yes (specific site 
unknown) unpublished 

SCARA5 
Bacteria 

(lipopolysaccharide), 
L-Ferritin 

Interstitial 
fibroblasts 

VWF-dependent 
FVIII 

endocytosis 
Calcium dependent unpublished 

 

 

1.9.1 Low-density lipoprotein receptor family 

One such clearance receptor that has been characterized in detail is the widely expressed 

lipoprotein receptor-related protein 1 (LRP1, CD91), which has been shown to bind VWF under 

conditions of shear, and also binds the light chain and the thrombin-cleaved A2/A3 domains of 

FVIII, but only in the absence of VWF.103–106 Mice lacking the lrp1 gene exhibit higher plasma 

levels of FVIII and a 1.5-fold decrease in FVIII clearance, and while direct FVIII immunogenicity 

in this model has not be reported, two other studies have suggested that LRP1 is not obligatory for 
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FVIII DC uptake and activation of T cells, but instead is dependent on a unidentified motif in the 

C1 domain.107–109 Combined deficiency of the low-density lipoprotein receptor, LDLR, and LRP1 

showed a synergistic increase in circulating FVIII levels suggesting a concerted action between 

the two endocytic receptors.102 LRP1 is widely expressed with diverse tissue-specific roles, 

recognizing over thirty distinct ligands including heat shock proteins (HSPs), proteases, and matrix 

proteins.110 Interestingly, LRP1 has been explored as a target for DC-based vaccines using HSP-

chaperoned peptides, and binding to different HSP’s has been shown to activate nuclear factor 

kappa B (NF-kB) and produce distinct cytokine profiles leading to inflammatory Th1 and Th17 

responses.111 These findings suggest that FVIII internalization by LRP1 could initiate 

inflammatory cytokine production that in turn could contribute to the recruitment of an adaptive 

immune response.  

 

1.9.2 Lectin receptors 

The substantial post-translational additions of carbohydrate moieties on FVIII and VWF influence 

their ability to be internalized through recognition by lectin receptors. The impact of glycosylation 

on the circulating level of plasma proteins has been demonstrated in individuals with different 

ABO(H) blood group antigens, where blood type O is associated with a 25-30% lower VWF 

antigen level, and by extension FVIII antigen, compared to non-O blood types due to a decreased 

half-life of VWF lacking in type A and B glycans.112 However, the specific endocytic receptors 

responsible for this discrepancy have not been established.  

The glycans on FVIII and VWF are heavily sialylated chain-terminating residues that have 

implications on uptake. The sialic acid-binding immunoglobulin-type lectin (Siglec) family, 

specifically Siglec-5, has been implicated as a potential receptor for FVIII and VWF.98 
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Neuraminidase treatment abolished binding to VWF but not FVIII, which suggests an alternative 

binding site for FVIII. Receptors in the Siglec family have evolved as paired isoforms with nearly 

identical ligand-binding domains but with divergent immune modulating functions.113,114 In 

particular, Siglec-5 has been shown to attenuate innate immune responses in phagocytes, whereas 

its counterpart, Siglec-14, counteracts this suppression by production of pro-inflammatory 

cytokines in response to the same pathogen.115 Similarly, co-ligation of the B cell receptor together 

with Siglec-2 (CD22) using FVIII-liposomes induces B cell apoptosis leading to peripheral B cell 

tolerance, which supports the concept that Siglecs represent a mechanism to ensure self-

tolerance.116 This complexity, coupled with the substantial tissue distribution of Siglecs and their 

isoforms, suggests differential roles in clearance and immunity, an example being the expression 

of Siglec-5 in myeloid and lymphoid immune cells in the spleen and lymph nodes, but also in the 

liver.117,118  

In contrast, it has been demonstrated that the ASGPR, a C-type lectin expressed abundantly 

by hepatocytes that selectively binds desialylated glycans (non-reducing terminal β-D-galactose 

or N-acetyl-D-galactosamine), interacts primarily with the B domain of FVIII.97 Hyposialylated 

VWF has also exhibited a decreased circulating half-life through a ASGPR-dependent 

mechanism.119 While ASGPR has not been addressed with an immunological perspective, there 

are a wide array of endocytic C-type lectin receptors (e.g. CLEC family, DEC205, etc) expressed 

on DCs that have been shown to induce potent T helper cell responses, but have not been 

investigated with respect to FVIII and VWF.120  

Two of the N-linked structures at Asn239 and Asn2118, on A1 and C1 domains of FVIII 

respectively, are conserved high-mannose residues and have been previously shown to facilitate 

uptake by the macrophage mannose receptor, CD206, on human DCs.101 However, conflicting 
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evidence has shown that FVIII uptake appears to be largely unaffected by saturating and blocking 

CD206, which suggests that while this receptor can bind FVIII, it is not an obligate receptor, and 

that there are compensatory mechanisms to ensure FVIII uptake.108 Recently, another novel C-

type lectin receptor, CLEC4M (also known as CD299, L-SIGN, or DC-SIGNR), was characterized 

as a novel receptor that binds, internalizes and clears both VWF and FVIII.99,100 The binding to 

CLEC4M, expressed on sinusoidal endothelial cells of the liver and lymphatic system, is 

dependent on exposed high mannose glycans on FVIII, however their influence was not observed 

in mouse clearance studies.121 This interaction may have a role in FVIII immunogenicity, as 

CLEC4M has been shown to play a protective role against coronavirus infection leading to 

decreased susceptibility and increased viral degradation.122  

 

1.9.3 Endosomal sorting 

In order to elicit immunity or peripheral tolerance, exogenous antigens must be degraded and 

presented on MHC class II. However, upon endocytosis, the molecular basis of endosomal sorting 

that determines antigen presentation versus antigen recycling is only partially understood. 

Furthermore, while there is a significant body of literature regarding MHC class II presentation in 

DCs, the capabilities and regulation of other less conventional APCs remain unclear. In the 

classical sense of antigen presentation, endosomes in DCs fuse with MHC class II-bearing 

endosomes to load FVIII-derived peptides. Stable expression of peptide-bearing MHC class II 

molecules on the surface of the cell is primarily governed by the maturation status of the DC. 

Immature DCs ubiquitinate the MHC class II-peptide complex within the endosomal vesicles and 

the protein complex is subsequently delivered to the lysosome for degradation. In maturing DCs, 

the ubiquination is halted, thus inhibiting the sorting of MHC class II-bearing endosomes to the 
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lysosome, and as a result, the complex is delivered and stably expressed at the plasma 

membrane.123 The emerging role of ubiquitination as a regulator of antigen presentation will have 

significant impacts on immunotherapies targeting specific cell types as well as controlling the 

reactivity states of DCs leading to either immunity or tolerance. Ultimately, this regulation is 

dependent on APC maturation, which in turn, is governed by exposure to stimuli in the surrounding 

microenvironment.  

 

1.10 Microenvironment and “danger theory”  

A long-standing pillar of immunology focuses on the idea that the immune system distinguishes 

between self and non-self. However this model fails to justify a number of findings, such as anergy 

against “self changes” (i.e. tumours, aging, pregnancy), and vaccine inefficacy without the 

inclusion of adjuvants.  Matzinger’s danger model presents an alternative paradigm in which, 

rather than differentiating self from non-self, the immune response is initiated by “danger signals” 

represented by danger- (DAMPs) and pathogen-associated (PAMPs) molecular patterns.124 These 

signals can bind PRRs such as TLRs, NOD-like receptors, CLRs, and RIG-I-like receptors, that 

rapidly trigger the production of pro-inflammatory cytokines.125,126 Detection by PRRs also 

provides a pivotal bridge connecting to the adaptive immune response through the 

activation/maturation of APCs and subsequent up-regulation of co-stimulatory molecules, both of 

which are essential components in their interaction with T cells.37 This mechanism highlights the 

current model of the FVIII innate response, where robust immune responses are elicited by mature 

APCs, and the induction of tolerance is mediated by immature APCs.127–129 

An in vitro study has suggested that rFVIII either alone, or in complex with VWF, does 

not present danger signals to human monocyte-derived DCs, which suggests that additional 
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external influences, likely associated with the APC microenvironment, may be needed to promote 

the immune response.130 Indeed, a survey conducted across 42 HA treatment centres showed a 

significant concern that administering FVIII replacement therapy in the presence of inflammatory 

stimuli, particularly surgery, would increase the risk of inhibitor development.39 Surgical 

procedures have indeed been associated with a near 3-fold increase in inhibitor risk in patients, 

however these observations could not be confirmed in a murine model without direct application 

of inflammatory ligands.33,131 Vaccination has also been hypothesized as a risk factor for inhibitor 

development, however this theory has been challenged by clinical evidence citing a lack of 

association between vaccination and inhibitor development in previously untreated patients.132  

 
 
 
 
1.11 Research objectives 

We hypothesize that the development of FVIII-specific antibodies in HA is highly influenced by 

aspects of the innate immune response (Figure 1.4). In this thesis, we have the following aims:  

1. To assess the role of glycosylation on FVIII immunogenicity.  

2. To elucidate the early immune cell interactions with FVIII.  

3. To characterize the contribution of the clearance receptor stabilin-2 to FVIII and VWF 

immunity.  

4. To assess the influence of vaccination on FVIII immunogenicity.  
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Figure 1.4. Three levels of potential modulators of FVIII innate immunity. The FVIII/VWF 
complex contains characteristics at the protein level that influence endocytosis such as the surface 
glycosylation, and elements of the 3-dimensional protein itself, which are additionally influenced 
by shear forces on VWF. FVIII innate immunity is dictated by the receptor and the corresponding 
cell type that leads to protein degradation, or presentation of peptides on MHC class II. The 
subsequent development of an adaptive immune response is dependent on the stable expression of 
MHC class II and the up-regulation of co-stimulatory molecules CD80 and CD86. These signals 
are influenced by the state of the surrounding microenvironment, such that danger signals promote 
the development of immunity, while anti-inflammatory cytokines or the absence of cytokines 
promote tolerance.  
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Chapter 2 

 

N-linked glycosylation confers differential immunogenicity of recombinant human factor VIII in 

murine models of hemophilia A. 
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2.1 Abstract 

Immune responses to factor VIII (FVIII) remain the greatest complication in the treatment of 

severe hemophilia A (HA). Recent epidemiological evidence has highlighted that 2nd generation 

recombinant FVIII (rFVIII) products, produced in baby hamster kidney (BHK-rFVIII) cell lines, 

are more immunogenic than 3rd generation rFVIII produced in chinese hamster ovary (CHO-

rFVIII) cell lines. Differences in post-translational glycosylation have been hypothesized to 

influence the immunogenicity of these synthetic concentrates. Using two murine models of HA, 

we have added further evidence to suggest that BHK-rFVIII elicits a stronger immune response 

compared to CHO- rFVIII. Furthermore, BHK-derived rFVIII exhibited accelerated clearance 

from circulation independent of von Willebrand factor. Lectin analysis of exposed glycans, and 

mass spectrometry analysis of total N-linked glycans revealed differences in the content of high 

mannose glycans, the extent of glycan sialylation, and the occupancy of glycan sites. Removal of 

sialic acid from rFVIII did not influence the degree of murine splenocyte or dendritic cell binding, 

and did not modulate the expression of co-stimulatory molecules. We did however observe 

increased levels of IgM specific to BHK-derived rFVIII in FVIII-naïve HA mice. Complete 

removal of N-linked glycans increased IgM binding, suggesting that the occupancy of N-linked 

glycosylation sites mask epitopes on FVIII that can contribute to immune complex formation. 

Collectively, our data suggest that BHK-rFVIII is more immunogenic than CHO-rFVIII due to 

incomplete occupancy of N-linked glycosylation sites leading to the formation of IgM-FVIII 

immune complexes that contribute to clearance and immunogenicity.  
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2.2 Introduction 

The immune response that develops in 25-30% of severe hemophilia A (HA) patients remains the 

most serious complication in factor VIII (FVIII) replacement therapy. Why FVIII-neutralizing 

antibodies, known as inhibitors, develop in only some patients remains unclear. Although genetic 

variables such as F8 mutation, and human leukocyte antigen (HLA) class II polymorphisms have 

been most strongly linked to inhibitor risk, treatment-associated variables have also been 

hypothesized as risk factors.133,134 In particular, evidence from the CANAL study has suggested 

that on-demand treatment imparts a 60% increased risk of inhibitor development, while early 

intensive treatment, associated with events such as surgical procedures at the start of therapy, 

exhibits a 3.7 fold increase in inhibitor risk.33   

Since the introduction of synthetic recombinant FVIII (rFVIII) concentrates in the 1990s, 

the source of FVIII has also raised questions among hemophilia treaters. Early studies, largely 

retrospective, have reported contradictory results regarding differential immunogenicity of 

plasma-derived FVIII (pdFVIII) and rFVIII. In aggregate, the data have suggested no significant 

differences between these concentrates.89,90 However, the recent SIPPET study conducted the first 

randomized control trial, in which the class of rFVIII products was found to be 1.87-fold more 

immunogenic than von Willebrand factor (VWF)-containing plasma-derived FVIII 

concentrates.135 These findings provide compelling evidence that there are at least immunogenic 

differences between VWF-containing pdFVIII and VWF-free rFVIII.  To further highlight 

differences between FVIII products, three independent clinical studies have described nearly 

identical findings regarding differences even among different rFVIII concentrates. In the study of 

three non-redundant cohorts, 2nd generation full-length rFVIII was observed to have an 

approximately 1.6-fold increase in inhibitor risk compared to 3rd generation products.57,136,137  
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Second- and third- generation products differ predominantly in their production in baby 

hamster kidney (BHK) and chinese hamster ovary (CHO) cells, respectively. Perhaps, more 

immediately immunologically relevant is the single amino acid substitution from aspartic acid (2nd 

generation) to glutamic acid (3rd generation) at position 1241 in the B domain. However, the B 

domain, particularly residue 1241, is poorly represented in both the major histocompatibility 

molecule class (MHC) II-restricted peptidome of human monocyte-derived dendritic cells (DCs), 

as well as the repertoire of DR15-restricted CD4+ T cell epitopes.138,139 An alternative hypothesis 

proposes that the increased immunogenicity is attributed to differences in post-translational 

modification of rFVIII and specifically to differential glycosylation patterns between BHK and 

CHO cell derived rFVIII. Previous studies have reported an increased immunogenicity of BHK-

rFVIII compared to CHO-rFVIII, and a decreased inhibitory antibody respose to deglycosylated 

FVIII, however these results have been inconsistent, and no mechanistic data mediating these 

differences have been described.66,140,141 

 Here, we used the previously described BHK- and CHO-derived rFVIII concentrates, 

Kogenate FS (Bayer) and Advate (Shire) respectively, and assessed their relative 

immunogenicities in two murine models of HA. We also characterize the glycosylation profiles of 

each product, and assessed their role on the development of the anti-FVIII immune response.  
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2.3 Materials and Methods 

2.3.1 Mice 

Sex and littermate-matched 8-12 week old C57Bl/6 F8 exon 16 knockout (KO) mice (HA mice) 

were used for preliminary experiments.142 Results were extended using similarly controlled 

C57Bl/6 F8 exon 16 mice with a human full length F8 transgene containing a R593C point 

mutation (subsequently referred to as HA-R593C mice).143 While human FVIII mRNA is 

detectable in the liver lysates of these mice, FVIII activity and antigen are below the limits of 

detection in the blood, thus indicating a severe HA phenotype. All mouse experiments were 

approved by the Queen’s University Animal Care Committee.  

 

2.3.2 FVIII concentrates 

The following human rFVIII concentrates were used in these studies: Kogenate FS® (BHK-

derived full-length rFVIII; Bayer), Advate® (CHO-derived full-length rFVIII: Shire), and 

Xyntha® (B-domain deleted (BDD) CHO-derived rFVIII; Pfizer).  

 

2.3.3 Anti-FVIII antibodies and FVIII inhibitor assays 

Total FVIII-specific IgG titres and FVIII inhibitors were quantified as previously described.144 

FVIII-specific IgM was quantified using the SBA Clonotyping System-HRP (Southern Biotech). 

Wells coated with an immunoglobulin capture antibody were incubated with mouse reference 

serum (Bethyl Laboratories) to generate a standard curve.  
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2.3.4 Clearance of rFVIII in mice  

Mice were injected intravenously with 200 IU/kg of rFVIII via the tail vein. At 5 min, and 1, 4, 8, 

12, 24 and 48 hr after injection, blood was collected from anesthetized mice via the retro-orbital 

plexus in one-tenth volume of 3.2% sodium citrate. Plasma was isolated by centrifugation. 

Residual FVIII activity (FVIII:C) was measured using the Chromogenix Coatest SP4 Factor VIII 

chromogenic kit according to the manufacturer’s instructions.  

 

2.3.5 Measurement of FVIII antigen and binding to murine von Willebrand factor 

FVIII antigen (FVIII:Ag) was measured by ELISA using a matched-pair of polyclonal FVIII 

antibodies according to the manufacturer’s protocol (Affinity Biologicals). Values were 

normalized to a standard curve using CHO-rFVIII, where 1 IU/mL is equivalent to 100 ng/mL.  

 Binding of rFVIII to murine von Willebrand factor (VWF) was measured by ELISA. In 

brief, Nunc Maxisorp microtitre plates were coated with a polyclonal rabbit anti-human VWF 

antibody (Dako) at 1 µg/mL overnight at 4°C. Subsequently, murine VWF was captured from 

FVIII KO mouse pooled plasma over 2 hours. Serial dilutions of different rFVIII products were 

then incubated overnight. Bound rFVIII was detected with HRP-conjugated polyclonal sheep anti-

human FVIII antibodies (Affinity Biologicals). Optical densities were measured at 592 nm.   

 

2.3.6 Lectin binding assays 

Recombinant FVIII products were adsorbed to Maxisorp microtitre plates (Nunc) at 10 IU/mL 

overnight at 4°C. All products saturated binding at this concentration (data not shown). Plates were 

blocked with 1% BSA in PBS + 0.01% Tween-20 for 1 hour, and subsequently incubated with 

biotinylated lectins (Vector Laboratories) for 30 minutes. Detection was facilitated using 
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streptavidin-poly-HRP (Pierce) and developed for 5 min. Statistical analysis was performed using 

the student T test.  

 

2.3.7 Human factor VIII preparation for mass spectrometry 

FVIII samples were desalted on (ViVaspin, 50KD MWCO) spin columns.  20 µg of protein in 400 

µl of 50 mM ammonium bicarbonate was reduced in 10 mM dithiothreitol (DTT) at 60°C for 40 

min then subjected to alkylation in 25 mM iodoacetamide in darkness for 30 min. The reaction 

was stopped by the addition of 20 mM DTT in darkness for 40 min.  Trypsin at 1:50 ratio was 

added to the sample and incubated at 37°C  overnight. 

 

2.3.8 Glycopeptide analysis by LC–MS/MS 

Peptides were applied to a nano-HPLC Chip using a Agilent 1200 series microwell-plate 

autosampler, and interfaced with a Agilent 6550 Q-TOF MS (Agilent Technologies, Inc., Santa 

Clara, CA). The reverse-phase nano-HPLC Chip (G4240-62002) had a 40 nL enrichment column 

and a 75 µm x 150mm separation column packed with 5 µm Zorbax 300SB-C18. The mobile phase 

was 0.1% formic acid in water (v/v) as solvent A, and 0.1% formic acid in ACN (v/v) as solvent 

B. The flow rate was 0.3 µL/min with gradient schedule; 3% B (0−1 min); 3−40% B (1−90 min); 

40−80% B(90−95 min); 80% B (95−100 min) and 80-3% B (100-105 min). 

Mascot search was used to identify proteins and peptide sequences coverage. Extracted 

glycopeptides were identified by Agilent Masshunter Quantitative Analysis software by the 

presence of hexose and N-acetylhexosamine. Glycan structures were predicted for extracted 

glycopeptides by online GlycoMod (http://web.expasy.org/glycomod/). Glycan structure by 

MS/MS and occupancy of consensus N_X_S/T N-glycosylation sites were determined manually. 
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2.3.9 FVIII deglycosylation 

Terminal sialic acid was removed from rFVIII using a2-3,6,8 neuraminidase (New England 

Biolabs) and total N-linked glycans were removed using PNGase F (New England Biolabs). 

Reactions were incubated under non-denaturing conditions at 37°C for 18 hours in the 

manufacturer’s recommended buffer; controls were incubated in buffer without the enzyme. 

Samples were subsequently dialyzed in PBS with 0.5 µM Cu2+ using a 100 kDa cut-off filter device 

to remove the glycosidase. The removal of specific glycans was confirmed by lectin binding assay. 

The influence of deglycosylation on FVIII procoagulant activity and antigenicity was assessed by 

1-stage clotting assay and a FVIII antigen ELISA (Affinity Biologicals) respectively.  

 

2.3.10 In-vitro FVIII binding and uptake analyses 

Splenocytes were aseptically isolated and incubated with rFVIII or deglycosylated forms of rFVIII 

at 4°C for 1 hour. Cells were then stained using a polyclonal FITC-conjugated sheep anti-hFVIII 

antibody (Affinity Biologicals); the data were acquired on a MACSQuant Analyzer 10 (Miltenyi) 

and analyzed using FlowJo software (TreeStar).  

 

2.3.11 IFN-g ELISPOT 

rFVIII-induced secretion of IFN-g were quantified by ELISPOT according to the manufacturers 

protocol (Mouse IFN gamma ELISPOT Ready-SET-Go!, eBioscience). Splenocytes from naïve 

or rFVIII-primed mice were aseptically isolated and seeded into an ELISPOT plate (EMD 

Millipore) at 5x105 cells/well in RPMI 1640 media supplemented with 10% FBS, 1% 

penicillin/streptomycin, 50 µM β-mercaptoethanol. Cells were then stimulated for 48 hours with 

different rFVIII conditions at 37°C. Total number of IFN-g-secreting cells were calculated using 
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an automated ELISpot counter (Cellular Technology). FVIII-specific spots were calculated by 

subtracting unstimulated wells.  

 

2.4 Results 

2.4.1 BHK-rFVIII is more immunogenic than CHO-rFVIII in mouse models of hemophilia 

A.  

To first assess the potential immunogenic differences, HA mice were immunized with 6 IU (0.6 

µg; ~200 IU/kg) of different rFVIII products administered subcutaneously twice-weekly for 2 

weeks and plasma was assessed for FVIII antibodies on day 28 (Figure 2.1A).  All mice developed 

FVIII-specific IgG, and no difference was observed in the magnitude of αFVIII IgG (Figure 2.1B) 

or inhibitors (Figure 2.1C) against either CHO- or BHK-derived rFVIII. All αFVIII IgG-positive 

mice had inhibitors above 1 BU/mL (Figure 2.1D). When rFVIII was administered intravenously, 

we again observed no significant difference in the incidence or titre of FVIII-specific antibodies 

(Figure 2.1E). Similarly, no difference in inhibitor titres was observed (Figure 2.1F). However, 

in the FVIII IgG-responding mice, BHK-rFVIII elicited a higher incidence rate of inhibitor 

development compared to CHO-rFVIII (100% vs 50%; Figure 2.1G). 
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Figure 2.1. Immunogenic differences between BHK- and CHO-rFVIII in HA mice. (A) 
C57Bl/6 HA mice were immunized intravenously or subcutaneously with 6 IU (0.6 µg; 240 IU/kg) 
of either BHK- or CHO-rFVIII twice weekly for 2 weeks. Blood was collected by cardiac puncture 
28 days after the first infusion, and plasma was isolated by centrifugation. Mice immunized 
subcutaneously were assessed for (B) FVIII-specific IgG by indirect ELISA, and (C) FVIII 
inhibitors by one-stage Bethesda assay. (D) Incidence of FVIII inhibitors in FVIII IgG-positive 
mice. Mice immunized intravenously were assessed for (E) FVIII-specific IgG and (F) FVIII 
inhibitors. (G) Incidence of inhibitors in FVIII IgG-positive mice. The horizontal lines and error 
bars represent the mean and SEM. Mann-Whitney U and Fisher’s exact tests were used where 
appropriate. *P<0.05. 
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To elucidate more subtle immunogenic differences between CHO- and BHK-rFVIII, we 

administered rFVIII using the same regimen as described above to R593C-HA mice, which exhibit 

a robust tolerance for human FVIII.143 After subcutaneous immunization, we observed a 

significant increase in the incidence of anti-FVIII IgG antibodies in mice treated with BHK-rFVIII 

compared to CHO-rFVIII 28 days after the initial injection (100% vs 47.3% respectively; Figure 

2.2A). Further serological analysis showed that the αFVIII IgG titre was greater when mice were 

immunized with BHK-rFVIII (Figure 2.2B). A similar dramatic difference was observed in the 

incidence of FVIII inhibitors (100% vs 36.8%; Figure 2.2C). However no significant differences 

were observed in the inhibitor titres (Figure 2.2D).   

 In a potentially more clinically relevant regimen, we administered rFVIII intravenously 

with the first injection containing 1 µg of LPS (Figure 2.2E). We did not observe any significant 

difference in incidence αFVIII IgG between products (Figure 2.2F). However, BHK-rFVIII 

elicited higher titres of αFVIII IgG (Figure 2.2G). Analysis of FVIII inhibitors showed no 

differences in incidence (Figure 2.2H) or inhibitor titre (Figure 2.2I) using this testing protocol.  
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Figure 2.2. Immunogenic differences between BHK- and CHO-rFVIII in R593C-HA mice. 
Mice were immunized subcutaneously with 6 IU (0.6 µg; 240 IU/kg) of either BHK- or CHO-
rFVIII twice weekly for 2 weeks. Blood was collected by cardiac puncture 28 days after the first 
infusion. Plasma was assessed for (A) the incidence and (B) titre of FVIII-specific IgG, as well as 
(C) the incidence of inhibitors above 1 BU and (D) the magnitude of inhibitory activity. (E) Mice 
were immunized intravenously with 6 IU (0.6 µg; 240 IU/kg) of either BHK- or CHO-rFVIII 
product twice weekly for 2 weeks. The first infusion contained 1 µg of lipopolysacharride. Plasma 
samples 28 days after the first infusion were assessed for (F) the incidence and (G) titre of FVIII-
specific IgG. (H) Comparison of the incidence of inhibitors above 1 BU and the (I) inhibitor 
capacity. The horizontal lines and error bars represent the mean and SEM. Mann-Whitney U and 
Fisher’s exact tests were used where appropriate. *P<0.05; **P<0.01. 
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2.4.2 BHK-rFVIII exhibits a higher rate of clearance that is independent of binding to 

murine VWF.  

We next assessed the initial mechanisms by which rFVIII is removed from circulation. Following 

an intravenous infusion of either BHK-rFVIII or CHO-rFVIII at 200 IU/kg in HA mice, plasma 

FVIII:C was measured by chromogenic assay at the indicated time points and normalized to a 5-

minute post-infusion sample. Our results show a significant increase in the clearance rate of BHK-

rFVIII compared to CHO-rFVIII (6.22 hrs vs 9.53 hrs; p = 0.01) (Figure 2.3A). 

 Given the dominant influence of VWF on FVIII half-life, we next assessed whether the 

rFVIII products exhibit differential binding to endogenous mouse VWF. (Figure 2.3B) In brief, 

we captured mouse VWF from HA-mice pooled plasma using a polyclonal sheep anti-human VWF 

antibody and subsequently incubated either CHO- or BHK-rFVIII at increasing concentrations. 

We next detected the amount of FVIII bound using a polyclonal sheep anti-human FVIII antibody. 

In parallel, a FVIII antigen ELISA was performed using a paired polyclonal anti-human FVIII 

antibody set. FVIII-binding was reported as a function of the amount of FVIII antigen in each 

dilution. These data suggest that there is no significant difference in the binding to murine VWF 

between CHO- and BHK-derived rFVIII, and that the differences observed in clearance and 

immunogenicity appear to be independent of VWF and may suggest structural moieties that 

facilitate cellular uptake.  
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Figure 2.3. Characterization of rFVIII half-life and VWF binding in hemophilia A mice. (A) 
HA mice were intravenously infused with 200 IU/kg of either baby hamster kidney cell line 
(BHK)-derived recombinant FVIII (rFVIII) or Chinese hamster ovary (CHO) cell line-derived 
rFVIII. FVIII activity was measured by chromogenic assay, and normalized to a 5 minute time 
point post-injection. Data are representative of at least 5 biological replicates per time point. Error 
bars represent SEM. (B) Murine von Willebrand factor (VWF) from HA mice pooled plasma was 
captured to a microtitre plate coated with a polyclonal rabbit anti-human VWF antibody. 
Increasing concentrations of either BHK-derived, or CHO-derived, rFVIII were incubated with the 
captured VWF and detected using a polyclonal sheep anti-human FVIII antibody. Data shown is 
representative of 3 independent experiments.  
 

0 10 20 30 40 50 60
0

20

40

60

80

100

Time (hrs)

%
 re

m
ai

ni
ng

 F
VI

II 
ac

tiv
ity BHK-rFVIII (200 IU/kg)

t1/2 = 6.22 hrs

CHO-rFVIII (200 IU/kg)
t1/2 = 9.53 hrs

p = 0.01

1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

FVIII:Ag (ng/mL)

FV
III

:B
 (O

D
)

CHO-rFVIII
BHK-rFVIII

A

B



 
37 

2.4.3 rFVIII produced in either BHK or CHO cell lines contain significantly different 

glycosylation profiles.  

Given the differences in clearance and immunogenicity that we observed in vivo, we next assessed 

rFVIII glycosylation by solid-phase binding assay using a panel of lectins to detect specific, 

exposed, carbohydrate linkages on CHO- and BHK-rFVIII. B-domain deleted (BDD) CHO-rFVIII 

was used as a control, as it lacks all but 5 of the potential N-linked Asn sites. Multiple glycans 

specific for similar structures were used to confirm findings and the optical absorbance readings 

at 492 nm were compared between products using the Student T test (Table 2.1). These data 

suggest that BHK-rFVIII has a higher degree of sialylation and fucosylation, and a lower presence 

of high-mannose glycans compared to CHO-rFVIII (Figure 2.4A). We further confirmed that 

these glycan differences were conserved across 3 different lots of rFVIII products (Figure 2.4B).   
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Figure 2.4. Lectin array analysis of exposed glycans on rFVIII products. rFVIII products were 
adsorbed to microtitre plates at 1 µg/mL and assessed using a panel of biotinylated lectins. Bovine 
serum albumin was adsorbed as a control. Binding was detected using a streptavidin poly-HRP 
and read at 492 nm. (A) Heat plot demonstrating the binding of lectins with varying carbohydrate 
specificites to different rFVIII products. Values shown are representative of the mean of at least 3 
independent experiments. (B) Analysis of different production lots of full-length rFVIII from CHO 
or BHK cells. Data are representative of at least 3 independent experiments.  
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Table 2.1. Lectin binding statistics between rFVIII products.  

  CHO- vs 
BHK-rFVIII 

CHO- vs 
CHO-BDD-

rFVIII 

BHK-rFVIII 
vs CHO-

BDD-rFVIII 
Lectin Specificity P value P value P value 
ConA αMan, αGlc 0.764 0.700 0.979 
PSA αMan, αGlc 0.523 0.364 0.813 
LCA αMan, αGlc 0.707 0.658 0.967 
GNL αMan 0.003 0.001 0.004 
HHL, 
AL αMan 0.020 0.014 0.109 

NPL, 
NPA αMan 0.005 0.001 0.065 

PTL II GalNAc, Gal 0.008 0.261 0.007 
VVL, 
VVA GalNAc 0.077 0.042 0.004 

PNA Galβ3GalNAc 0.901 0.051 0.016 
MAL I Galβ3GlcNAc 0.598 0.014 0.037 
ECL, 
ECA Galβ4GlcNAc 0.349 0.007 0.004 

DSL (GlcNAc)2-4 0.756 0.082 0.057 
LEL (GlcNAc)2-4 0.096 0.976 0.287 

WGA GlcNAc, sialic acid 4.11E-04 0.003 2.07E-05 
MAL 

II Neu5Acα3GalβGalNAc 0.737 0.020 0.010 

SNA, 
EBL Neu5Acα6Gal/GalNAc 0.021 0.288 0.014 

UEA I αFuc 3.91E-04 0.283 3.83E-04 
LTL αFuc 0.019 0.065 0.001 

PHA-
E 

Galβ4GlcNAcβ2Manα6(GlcNAc
β4)(GlcNAcβ4Manα3)Manβ4 0.678 0.620 0.989 

PHA-
L 

Galβ4GlcNAcβ6(GlcNAcβ2Man
α3)Manα3 0.605 0.006 0.007 
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We next confirmed these data by liquid chromatography coupled with tandem mass 

spectrometry. Using our methods, we detected 17 of the 25 potential N-linked Asn-X-Ser/Thr 

consensus sequences, and identified a total of 16 unique glycans (Table 2.2; for glycan 

construction see Figure 2.5). Intensity of glyco-peptides were normalized to the area under the 

curve of non-glycosylated peptides relative to CHO-rFVIII. The predicted N-linked glycan sites 

at Asn900, Asn1001, Asn1005, Asn1066, Asn1255, Asn1259, Asn1384, and Asn1512 were not 

detected by our methods. At each occupied site, we observed significant heterogeneity in the 

glycan structures (Figure 2.6A). We next analyzed the proportion of each species at each site by 

grouping glycan structures into high mannose, asialylated, partially sialylated, and fully sialylated. 

In agreement with our lectin binding data, we observed high mannose glycans at Asn757 and 

Asn1300 in CHO-rFVIII but not in BHK-rFVIII (Figure 2.6B). Similarly, the sialylation of sub-

terminal galactose residues is more complete in BHK-rFVIII as evidenced by a high proportion of 

fully-sialylated glycans (Figure 2.6C-E). Using the same analyses, we did not observe differences 

in the frequency of fucosylated N-linked glycans between products (data not shown).   

 

Figure 2.5. Reconstruction of an N-linked glycan at Asn1300 on BHK-rFVIII. Spectrum 
provided by Byonic software. Y-ions are depicted in red and predicted glycan moieties are 
indicated in green. Glycan structures are depicted above each peak where blue squares, green 
circles, yellow circles and red diamonds represent N-acetylglucosamine, mannose, galactose and 
sialic acid, respectively. Based on the mass of the peptide and the glycan, we can conclude that 
this is a bi-antennary fucosylated glycan attached to Asn1300.   
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Table 2.2. N-linked glycan structures detected on rFVIII proteins. 
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Figure 2.6. Comparative N-linked glycosylation of different rFVIII products by LC-MS/MS.  
(A) Heat plot representing the proportion of each of the detected glycans at each N-linked 
consensus sequence across different rFVIII products. Sites portrayed with X’s were not detected 
in the analyses. Glycan structures are denotes as additions to the core (Man3GlcNAc2-Asn) where 
H=hexose, N=GlcNAc, F=fucose, S=sialic acid. (B) High mannose, (C) asialylated, (D) partially 
sialylated, and (E) fully sialylated N-linked glycans presented as a proportion of the total occupied 
glycans.  
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2.4.4 Glycosylation of rFVIII does not influence uptake or induction of IFNg by splenocytes 

or splenic dendritic cells in vitro. 

 

The differences in glycosylation between CHO- and BHK-rFVIII may alter the tendency of FVIII 

to associate with different cell types or receptors. To address this, we employed a broad scale FVIII 

binding assay to unsorted splenocytes, however we did not observe any significant differences in 

the binding of different rFVIII preparations to splenocytes from either HA- or HA-R593C mice 

(Figure 2.7A,B). We further assessed downstream immune responses to rFVIII on naïve mixed 

lymphocyte populations using an interferon (IFN)g ELISPOT. In brief, splenocytes were isolated 

from naïve HA mice or HA-R593C mice and stimulated with the two rFVIII proteins for 48 hours. 

The number of cells secreting IFNg did not differ with the different rFVIII concentrates (Figure 

2.7C). Since these data suggest that the early rFVIII innate immune responses are similar between 

HA mice and HA-R593C mice, we used HA-R593C mice for subsequent experiments.  
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Figure 2.7. Different sources of full-length rFVIII do not elicit differences in binding to, or 
immune reactivity in naïve splenocytes. Splenocytes from C57Bl/6 HA mice (A) and transgenic 
R593C-FVIII mice (B) were incubated with increasing concentrations of either BHK-rFVIII or 
CHO-rFVIII. Binding was assessed by flow cytometry. (C) Naïve splenocytes were stimulated 
with rFVIII concentrates and assessed for interferon (IFN)ɣ-secreting cells by ELISPOT. Line and 
error bars represent mean and SEM, respectively. Data representative of at least 3 biological 
replicates.  
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2.4.5 Sialic acid does not modulate the FVIII immune response.   

Given that the degree of N-linked sialylation was the greatest source of glycan variation between 

BHK- and CHO-rFVIII, we removed the terminal sialic acids from BHK-rFVIII using α2-3,6,8 

neuraminidase for 18 hr at 37°C, and desialylation was confirmed by lectin binding assay (Figure 

2.8A). Desialylated rFVIII activity was 62.3% of the vehicle control, however the antigenicity of 

both rFVIII preparations was similar (Figure 2.8B, C).  

 

 

 

Figure 2.8. Characterization of neuraminidase-treated rFVIII. Terminal sialic acid was 
removed from BHK-rFVIII using α2-3,6,8 neuraminidase for 18 hr at 37°C. Incubation in the 
absence of the glycosidase served as a vehicle control. Samples were dialyzed for 12 hr in PBS 
supplemented for 5 µM Cu2+ to remove the enzyme, and assessed for (A) desialylation, (B) residual 
FVIII activity, as well as (C) FVIII antigenicity. Line and error bars represent mean and SEM 
respectively. Data representative of at least 3 independent experiments.  
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Interestingly, the removal of sialic acid from rFVIII did not influence the binding to 

splenocytes or CD11c+ dendritic cells (Figure 2.9A, B). Considering that sialic acid binding to 

sialic acid-binding immunoglobulin-like lectin (Siglec) receptors can elicit both immunogenic and 

tolerogenic responses, we next investigated whether different glycoforms of rFVIII could 

influence the expression of the co-stimulatory molecules, CD80 and CD86, on naïve or 

lipopolysaccharide (LPS) stimulated splenocytes and DCs. While we observed significant 

upregulation of both CD80 and CD86 in LPS-stimulated conditions, the removal of sialic acids 

did not influence co-stimulatory molecule expression in either splenocytes or DCs (Figure 2.9C, 

D). Similarly, when we infused the rFVIII glycoforms subcutaneously into HA-R593C mice, as 

previously described, we did not observe a significant difference in either the incidence or the titre 

of FVIII-specific IgG or inhibitors (Figure 2.9E, F).  
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Figure 2.9. Sialic acid does not alter FVIII binding to, or maturation of, splenocytes and 
dendritic cells in vitro, and does not modulate the FVIII immune response in vivo. 
Desialylated and control rFVIII were incubated with naïve splenocytes for 1 hr at 4°C and assessed 
for binding by flow cytometry. Cells were gated as total (A) splenocytes or (B) CD11c+ dendritic 
cells (DCs). Flow cytometry characterization of the co-stimulatory molecules, CD80 and CD86, 
were performed on (C) splenocytes and (D) CD11c+ DCs incubated for 24 hr under the indicated 
conditions (1 µg/mL LPS or rFVIII). HA-R593C mice were administered 1 µg of each rFVIII 
glycoform subcutaneously twice weekly for two weeks. Plasma samples 28 days after the initial 
infusion were assessed for (E) the incidence of FVIII-specific IgG and (F) the overall titre of the 
anti-FVIII IgG response. Line and error bars represent mean and SEM respectively. Data 
representative of at least 3 independent deglycosylation reactions, or biological replicates. 
*P<0.05; **P<0.01; ***P<0.001.  
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2.4.6 N-linked glycans prevent binding of non-neutralizing natural IgM to rFVIII.  

Our in vitro systems fail to address the influence of circulating partners for FVIII, among them, 

VWF. We found that incubation of naïve HA, or HA-R593C, mouse plasma on a FVIII-coated 

microtitre plate resulted in the binding of both BHK-rFVIII-specific, and CHO-BDD-rFVIII-

specific IgM (Figure 2.10A, B). FVIII-specific IgG was not detected (data not shown). Although 

plasma collected from healthy human volunteers showed IgM specific to both rFVIII concentrates, 

a higher titre of IgM was observed to bind to BHK-rFVIII (Figure 2.10C). Further characterization 

through preincubation with other forms of FVIII show that these IgM molecules are specific to 

BHK-rFVIII, and that the interaction is not inhibited by human VWF (Figure 2.10D).  

 Due to the relative size of N-linked glycans, they have the potential to sterically hinder 

access to certain epitopes in the FVIII protein backbone. From our MS data, we observed that there 

were higher degrees of unoccupancy at Asn1282, Asn1300, and Asn1810 in BHK-rFVIII 

compared to CHO-BDD-rFVIII (Figure 2.10E). We subsequently removed all the N-linked 

glycans from BHK-rFVIII using PNGase F, and observed an increase in IgM binding (Figure 

2.10F).  
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Figure 2.10. FVIII-specific IgM in naïve HA mice and healthy humans bind preferentially to 
BHK-rFVIII. FVIII-specific IgM was detected by indirect ELISA using plasma from naïve (A) 
HA mice, (B) HA-R593C mice, and (C) healthy human volunteers. (D) The specificity of these 
IgM antibodies for BHK-rFVIII was assessed by a 30 min preincubation with either other rFVIII 
concentrates, or human pdVWF. (E) Glycan occupancy at each N-linked Asn consensus sequence 
derived from LC-MS/MS analysis. (F) IgM binding to deglycosylated BHK-rFVIII. Line and error 
bars represent mean and SEM respectively. The Wilcoxon test was used for paired statistical 
analysis. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.   
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2.5 Discussion 

Factor VIII is a heavily glycosylated protein with 25 potential N-linked sites.9 These carbohydrate 

structures have been implicated in FVIII intracellular trafficking and folding, as well as clearance 

by the asialoglycoprotein receptor (ASGPR) and Siglec-5.97,98,145,146 The high mannose glycans 

have been hypothesized to facilitate the immunogenic uptake of FVIII via the macrophage 

mannose receptor on DCs and macrophages, however the data have been conflicting, and the in 

vivo significance of this interaction is unclear.101,108 Recently, the potential role of glycosylation 

in FVIII immunogenicity has been highlighted in the 3 epidemiological studies that have shown a 

1.6-fold increase in the risk of inhibitor development associated with 2nd generation rFVIII (BHK-

rFVIII) compared to 3rd generation rFVIII (CHO-rFVIII).57,136,137  

The most obvious difference between human FVIII and rFVIII produced in non-human 

cell lines is the presence of non-human carbohydrate linkages, Gal(α1-3)Galβ1-GlcNAc-R (αGal) 

linkages and 5-glycolylneuraminic acid (Neu5Gc), that are absent and immunogenic in 

humans.58,68 Notably, in two murine models of HA, in which the non-human epitopes are present, 

we found that BHK- and CHO-rFVIII, two full-length rFVIII molecules with nearly identical 

(2331/2332 amino acid identity) polypeptide sequencies, exhibit differences in immunogenicity. 

These data suggest that although there is evidence that Neu5Gc and αGal have the potential to 

induce FVIII immunogenicity in humans, as seen in immune complex-mediated clearance and 

IgE-mediated anaphylaxis of cetuximab, there is an additional mechanism that contributes to this 

response.147,148 

The disparity between rFVIII concentrates was greatest when administered subcutaneously 

in the HA-R593C mice. In HA mice, central tolerance against human FVIII is limited, which may 

explain why subtle differences between very similar proteins are not apparent.91 In the HA-R593C 
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mice, there is a robust central tolerance to human FVIII that requires an adjuvant to elicit an 

immune response, which may also cause a general heightened immune reactivity against all 

antigens.143 Using this model, it is possible that the subcutaneous administration of FVIII in HA-

R593C mice places it in a milieu where subtle immunogenic differences are detectable. Of note, 

there are likely major differences in the biodistribution of FVIII when administered intravenously, 

where it complexes with murine VWF and predominantly localizes in the liver and spleen, versus 

subcutaneous delivery, where VWF association is less likely, and FVIII localizes to the draining 

lymph node.76 This disparity likely directs FVIII to different populations of phagocytic cells, 

particularly DCs and macrophages.149 However, the relative roles of primary DC and macrophage 

subsets have not been investigated.  

We next evaluated how each FVIII product is removed from circulation, which can 

subsequently lead to clearance or antigen presentation. Even in the dominating presence of 

endogenous murine VWF, BHK-rFVIII was removed from circulation at an accelerated rate, a 

finding that was not attributed to differences in VWF-binding. In this scenario, assuming that FVIII 

does not influence VWF clearance to a significant extent, it is possible that the 5% of BHK-rFVIII 

that circulates without VWF is cleared faster, and thus shifts the equilibrium to promote further 

FVIII dissociation from VWF.74 As a result, we hypothesized that post-translational structural 

motifs contribute to this increased removal from circulation.  

 Collectively, lectin binding analysis of exposed N- and O-linked glycans and mass 

spectrometry analysis of total N-linked glycans confirmed differences in 2 main categories: 

frequency of high mannose glycans and the degree of sialylation. Given the abundance of 

endogenous high mannose glycans on other plasma proteins that do not exhibit similar 

immunogenic responses, we focused on the role of sialic acid.150 Surprisingly, BHK-rFVIII 
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exhibited N-linked glycans with greater sialylation, which considering our clearance data, is in 

contrast to previously reported influences of sialic acid on FVIII and VWF half-life.50 

Alternatively, inhibition of complex glycan formation has been shown to increase the specific 

activity of FVIII, suggesting that the increased negative charge due to increased sialic acid may 

alter the affinities between BHK-rFVIII and its interacting partners.151 Whether or not the 

procoagulant activity of FVIII influences its immune response remains a subject of debate, 

however the increased negative charge may modulate receptor binding.67,152 However, in our 

experiments, we did not observe any differences in rFVIII splenocyte or DC binding, nor any 

differences in the production of IFNɣ by rFVIII-stimulated splenocytes. It is important to note that 

while DCs are considered a gold standard for the initiation of de novo immune responses, the initial 

point of contact of FVIII in mice is with macrophages located in the marginal zone of the spleen.76 

As a result, there may be differences associated with uptake among these cell populations.  

Sialic acids can also modulate the immunogenic uptake of FVIII through inhibitory pattern 

recognition receptors such Siglec-5, or the activating homolog Siglec-14, which has a nearly 

identical binding motifs.98,115 In our study, the removal of the majority of α2-3, and α2-6 sialic 

acids did not significantly influence cellular uptake or modulation of co-stimulatory molecule 

responses in vitro, and did not influence the immunogenicity of BHK-rFVIII in mice. In fact, the 

overall response to desialylated BHK-rFVIII was attenuated compared to exposure to native FVIII.  

Previous reports have suggested that denatured FVIII is less immunogenic, likely through an 

inability to elicit the appropriate FVIII epitopes on the B cell receptor.153 Although the antigenicity 

of desialylated rFVIII was not altered, the decrease in activity suggests an alteration of global 

tertiary structure which may have an influence on FVIII immunogenicity.   
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 Our in vitro studies fail to address the complexities of FVIII interactions in the circulation. 

In addition to VWF, FVIII can also bind to galectin-1 and galectin-3 through high mannose 

residues in the A1 and C1 domains.154 The same study also reported increased binding to BHK-

rFVIII compared to CHO-rFVIII, despite our results suggesting higher levels of mannose glycans 

in the latter. Here, we observed a preferential, and specific, binding of BHK-rFVIII by IgM in the 

plasma of naïve HA  and HA-R593C mice as well as IgM from healthy human subjects. A lack of 

inhibition by VWF suggests that these immune complexes can form in the circulation even in the 

presence of the protective effect of VWF.92 The binding of IgM was proportional to the degree of 

unoccupied Asn_X_Ser/Thr sites, and the removal of glycans increased the binding. Formation of 

such immune complexes may provide an explanation as to why BHK-rFVIII is more immunogenic 

given that immune complexes of IgG have previously been shown to enhance FVIII uptake by 

DCs in an Fc-dependent manner.155 The binding of IgM can further facilitate the binding of 

mannose-binding lectin, and both can trigger the deposition of complement which greatly increases 

the binding potential of FVIII to endocytic receptors.156 These data therefore support both the 

increased clearance and immunogenicity of BHK-rFVIII.  

 The presence of FVIII-specific IgM in naïve HA mice and healthy humans demonstrated 

in this study suggests an innately immunogenic property of FVIII. Previous studies have also 

reported anti-FVIII antibodies in up to 19% of healthy subjects.95,157 These autoantibodies have 

been mapped to several regions in the FVIII heavy chain, but only a single region in the A3 domain 

of the FVIII light chain.157 Incidentally, we observed differential glycan occupancy at Asn1812 in 

the A3 domain and propose that glycosylation of this site may inhibit these initial immune 

complexes from forming. Although the binding affinities of these IgM molecules are likely low, 
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the avidity of IgM binding may compensate and contribute to modulating cellular uptake of IgM-

FVIII immune complexes leading to either clearance or antigen presentation.96,158 

In this study, we have explored glycosylation as a modulator of FVIII immunogenicity. 

However, this represents only one aspect of what is likely a highly complex and regulated role of 

glycosylation on FVIII integrity, activity, and affinity for VWF. It is clear that glycosylation is key 

for proper FVIII folding and trafficking through the ER, and our data suggest that it may also be 

important for shielding epitopes that appear to be innately immune reactive.145 Indeed, rapid 

adaptation by shifting sites of N-linked glycosylation in viral envelopes has been proposed to 

create a ‘glycan shield’ for HIV as a mechanism for immune evasion from neutralizing 

antibodies.159 While we were unable to show a role of differential sialic acid content, it is still 

plausible that these glycans might  influence subtle downstream signalling that promote either 

tolerance or immunity, depending on the balance of receptors that are bound. Moreover, our model 

does not account for the immunogenicity of Neu5Gc or Gal-α(1,3)Gal in humans, where there are 

similarly pre-existing antibodies against these epitopes prior to FVIII exposure.64,147 Collectively, 

our studies complement evidence presented in recent epidemiological investigations showing that 

2nd generation BHK-rFVIII is more immunogenic than 3rd generation CHO-rFVIII. We 

hypothesize that this increased immunogenicity is related to incomplete N-linked glycosylation 

that exposes innately immunogenic epitopes to naturally occurring FVIII-specific IgM.  
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Chapter 3 

 

Early cellular interactions and immune transcriptome profiles in human factor VIII-exposed 

hemophilia A mice. 
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3.1 Abstract 

Developing factor VIII (FVIII) inhibitory antibodies is the most serious complication in 

hemophilia A treatment, representing a significant health and economic burden. A better 

understanding of the early events in an immune response leading to this outcome may provide 

insight into inhibitor prevention. Here, we identify early mediators of FVIII immunity and to detail 

immune expression profiles in the spleen and liver. C57Bl/6 F8 E16 knockout mice were infused 

with 5 µg (1700 IU/kg) of recombinant FVIII. Spleens were frozen at various time points post-

infusion and stained for FVIII and cellular markers. Splenic and liver RNA expression analysis 

was performed 3 hours post-infusion of 0.6 µg (200 IU/kg) FVIII by nCounter technology using a 

561 gene immunology panel. FVIII localization in the spleen did not change over 2.5 hours. We 

observed significantly higher co-localization of FVIII with MARCO+ cells compared to 

SIGLEC1+ and SIGNR1+. FVIII exhibited little co-localization with CD11c+ dendritic cells and 

the macrophage mannose receptor, CD206. Functional enrichment of the splenic mRNA immune 

profile identified upregulation of genes implicated in STAT1 and STAT3 signaling and a pro-

inflammatory cytokine response. In contrast, the tolerogenic liver immune profile was linked to 

the clearance receptor, LRP1, through Wnt and β-catenin signaling. Ultimately, these studies 

provide a more detailed perspective of the initial contact of FVIII with the immune system. 

Targeting pathways that are implicated in the early FVIII immune response in the spleen may lead 

to therapeutic interventions to prevent inhibitor formation.  
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3.2 Introduction 

The development of anti-factor VIII (FVIII) antibodies, or inhibitors, remains the most significant 

complication in the treatment of up to 30% of severe hemophilia A (HA) patients.32 Our current 

knowledge of the early events in this response is limited and inconsistent. Understanding these 

initiating events will help better target therapeutic action to inhibit this response, thus limiting the 

health and economic burden of Immune Tolerance Induction (ITI).  

 The observation of decreasing inhibitory titres in parallel with decreasing CD4+ T cell 

numbers in HIV-infected HA patients has established that a classical T cell-dependent immune 

response is necessary for the development of FVIII inhibitory antibodies.35 However, the type of 

antigen presenting cell (APC) responsible for the initial activation of FVIII-specific T cells has not 

been identified. In mouse models, intravenously-infused FVIII has been described to be largely 

sequestered in the mouse liver as well as the marginal zone of the mouse spleen.76 The cell types 

with which FVIII interacts in the spleen are not well described in the literature, where reports are  

conflicting, localizing FVIII with either F4/80 red pulp macrophages, sialic acid-binding Ig-like 

Lectin-1 (SIGLEC1; also known as MOMA-1, CD169 or sialoadhesin) marginal zone 

metallophilic macrophages (MZMM), or just concentrically at the exterior of the marginal zone.76–

78 Moreover, no receptor has been shown to have an in vivo role in eliciting FVIII immunity. Again, 

conflicting evidence has suggested that the exposed mannose residues on FVIII at Asn239 and 

Asn2118 are implicated in FVIII uptake via the macrophage mannose receptor (CD206) on dendritic 

cells and macrophages, leading to the proliferation of FVIII-specific CD4+ T cells.101,108 

 Here, we assess in greater detail the initial interface between FVIII and the immune system 

in hemophilia A mice, and profile the microenvironments of the liver and spleen that may provide 

insights into how each organ responds to FVIII. These data may narrow the search for receptors 
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involved in FVIII uptake and antigen presentation, and ultimately have implications for early 

therapeutic interventions targeting specific cellular subsets as well as signaling pathways that 

subsequently lead to a FVIII immune response. 
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3.3 Materials and Methods  

3.3.1 Mice and FVIII treatment  

Male and female HA C57Bl/6 mice aged 8-12 weeks were used in all experiments. These mice 

possess an interruption of exon 16 of the F8 gene resulting in a severe HA phenotype and 

consistently develop FVIII inhibitors when exposed to human FVIII via intravenous infusions.91,142 

Recombinant human FVIII (Advate; Shire) suspended in saline was used in these studies. Naïve 

HA mice were infused via the tail vein in a 250 µL volume. All mouse experiments were approved 

by the Queen’s University Animal Care Committee.  

 

3.3.2 FVIII binding and flow cytometry 

Mice were anesthetized with 5% isofluorane and sacrificed by cervical dislocation. Spleens were 

removed and digested in Spleen Dissociation Medium (STEMCELL Technologies). Single-cell 

splenocyte suspensions were then incubated with increasing concentrations of human FVIII for 30 

min at 4°C in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 

µM penicillin/streptomycin, and 50 µM 2-mercaptoethanol. After FVIII treatment, cells were 

washed and incubated with an Fc blocker (CD16/32; eBioscience) for 15 min, followed by a 30 

min antibody incubation to detect binding of FVIII using a FITC-conjugated polyclonal sheep anti-

human FVIII antibody (Affinity Biologicals), as well as cell expression markers B220/CD45R-

PE-Cy7 (clone: RA3-6B2; eBioscience) and CD11c-APC (clone: N418; STEMCELL 

Technologies). Cells were fixed in 1% paraformaldehyde and data was acquired on a Miltenyi 

MACSQuant Analyzer, and analyzed in FlowJo 10.  
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3.3.3 Immunofluorescent and immunohistochemical staining 

Mice were sacrificed as described above. Organs were harvested at various time points between 

30 min and 3 hr post-FVIII injection. Tissues were embedded in Tissue-Tek O.C.T. Compound 

(Sakura) and frozen in the vapour phase of liquid nitrogen and subsequently processed into 7 µm 

sections. Tissue sections were then fixed in ice-cold acetone and blocked using 10% normal mouse 

serum and 2% fetal bovine serum in phosphate buffered saline (PBS). FVIII was detected using 

the human anti-human monoclonal antibodies VK34, KM33, and EL14 (kindly provided by Jan 

Voorberg, Sanquin). Factor IX was detected using a polyclonal sheep anti-human FIX antibody 

(Affinity Biologicals, Ancaster). Cellular subsets were detected using monoclonal antibodies 

(kindly provided by Joke de Haan, Free University, Amsterdam) against CD169/SIGLEC1 (clone: 

SER4), MARCO (clone: ED31), SIGNR1 (clone: 22D1), CD11c (clone: N418; eBioscience), 

CD206 (clone: MR5D3; BD Biosciences), CD11b (clone: M1/70; eBioscience), and B220 (clone: 

RA3-6B2; eBioscience). The following isotype controls were used where appropriate: pooled 

human IgG, sheep IgG, rat IgG2aκ, rat IgG2bκ, and hamster IgG. Slides were imaged using a Leica 

TCS SP8 confocal microscope, or a Nikon Eclipse Ni-E microscope on a 40x objective and 

analyzed using Fiji Coloc2 plugin.  

 

3.3.4 RNA isolation & RNA expression analysis 

Mouse livers and spleens were harvested 3 hr post-treatment and RNA was preserved using 

RNAlater (Invitrogen). 30 mg of tissue was homogenized manually, and subsequently passed 

through QIAshredder columns (Qiagen). Total RNA was isolated using RNeasy Plus Mini Kit 

(Qiagen). RNA quality control cutoffs for A260/280 and A260/230 were 1.9 and 1.8 respectively. 

100 ng of RNA was used to assess the expression of 561 mouse genes using the nCounter Mouse 
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Immunology Gene Expression CodeSet. Internal positive controls were used to normalize data for 

variations in hybridization using the nSolver Analysis Software 3.0. Background (mean of 8 

negative controls) was subtracted from the dataset. Transcript counts below the mean background 

plus 2 standard deviations (SD) were considered to be below the limit of detection, and set to the 

mean background. Statistical analysis was performed using Student’s T test with a significance 

threshold of P<0.05. To maximize sensitivity, correction for multiple comparisons was not 

performed due to the subtle nature of the response to FVIII.  

 Transcriptomic networks and gene ontology prediction was performed using the tool Gene 

Multiple Association Network Integration Algorithm (GeneMANIA) 

(http://www.genemania.org/).160  

  

 

3.3.5 Statistical analysis 

All data are presented as mean plus or minus the standard deviation (SD). Statistical comparisons 

between experimental conditions were evaluated using a Student t test. All P values are shown in 

the figures.  
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3.4 Results 

3.4.1 FVIII binds primarily to splenocytes expressing the surface marker B220/CD45R in 

vitro but not in vivo. 

To characterize major cell subsets capable of interacting with FVIII, we incubated naïve 

splenocytes from FVIII-naïve HA mice with increasing concentrations of FVIII at 4°C (Figure 

3.1A). We then stained the splenocytes for FACS analysis. At saturating concentrations, up to 20% 

of splenocytes were able to bind to FVIII (Figure 3.1B). We further sorted the FVIII+ cells into 

two major subsets of potential antigen presenting cells using the markers B220/CD45R and CD11c 

for pan-B cells and pan-DCs respectively. At both non-saturating and saturating concentrations of 

FVIII, the distribution of FVIII across these cell subsets did not change, and the majority of FVIII 

(67.8% ± 3.5%, 69.6% ± 2.7% respectively) was localized with B220+ cells (Figure 3.1C).  

We next asked if B220+ cells exhibit a similar degree of co-localization with FVIII in vivo. 

In order to facilitate detection, 25 µg of FVIII was intravenously infused into naïve HA mice, and 

spleens were fixed in formalin 30 minutes after infusion and embedded in paraffin 24 hr later. 

Tissue sections were stained for B220 and FVIII using a polyclonal anti-FVIII antibody. We did 

not observe FVIII staining in saline-injected controls (Figure 3.2A). In mice infused with FVIII, 

no co-localization of B220 and FVIII was observed (Figure 3.2B). Instead, FVIII was seen to 

localize outside the follicular regions.  
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Figure 3.1. FVIII binds to 20% of mouse splenocytes in vitro, with the highest binding tor 
B220+ cells. Splenocytes were pulsed with FVIII (0-1 µg/mL FVIII) for 30 min at 4°C. (A) FVIII 
binding was assessed by flow cytometry, as shown in a representative experiment. (B) Results 
from three independent experiments are presented where FVIII binding was normalized to the 
untreated condition and shown as a function of the percent of FVIII-positive splenocytes (black), 
or mean fluorescent intensity (MFI; grey). (C) FVIII-positive splenocytes were further sorted via 
flow cytometry using a pan-B cell marker (B220) and a pan-dendritic cell (DC) marker (CD11c). 
Experiments are representative of at least 3 independent experiments. Error bars represent SD. 
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
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Figure 3.2. FVIII does not co-localize with B220+ cells in vivo. HA mice were infused 
intravenously with either saline or 25 µg of recombinant human factor VIII (FVIII). Spleens were 
isolated 30 min after infusion, fixed in formalin, and embedded in paraffin. 7 µm sections were 
stained by immunofluorescence. (A) FVIII and B220 staining in a saline-infused mouse. (B) FVIII 
and B220 staining in a FVIII-infused mouse. Images are representative of at least 3 biological 
replicates. Imaged using a Nikon Eclipse Ni-E microscope on a 40X objective. Scale bars, 100 
µm. 
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3.4.2 FVIII localization in vivo is highly specific to the marginal zone of the murine spleen.  

We next further characterized which cells interact with FVIII in vivo. In order to identify cells in 

the marginal zone of the spleen, we used frozen tissue sections for immunofluorescence. We 

administered increasing doses of human recombinant FVIII to HA mice starting at 5 µg (~50 IU 

or ~2000 IU/kg) to 20 µg (~200 IU or ~8000 IU/kg) and isolated the spleens 30 min after infusion. 

Interestingly, we found that a four-fold increase in FVIII dosage did not influence the localization 

of FVIII in the marginal zone of the spleen (Figure 3.3A). In comparison, immunohistochemical 

analysis of human VWF and human factor IX (FIX) infused into VWF KO and FVIII KO mice 

respectively showed VWF in the marginal zone as well as the red pulp, and FIX in association 

with CD31+ endothelial-like cells (Figure 3.4). We next asked whether the localization of FVIII 

changes over time. FVIII was detected up to 2.5 hr after infusion (Figure 3.3B). Regardless of the 

dose, we were unable to detect FVIII in the spleen after 3 hr. All subsequent experiments use a 10 

µg infusion of FVIII unless otherwise stated. 
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Figure 3.3. FVIII transiently localizes in the splenic marginal zone of hemophilia A mice. HA 
mice were infused intravenously with increasing doses (0-20 µg) of recombinant human factor 
VIII (FVIII), and isolated at various time points (30 min – 3 hr). Spleens were isolated and 7 µm 
frozen sections were stained by immunofluorescence. (A) FVIII staining of 4-fold increases in the 
dose 30 min after infusion. Sialic acid-binding Ig-like Lectin-1 (SIGLEC1) served as a reference 
marker for the marginal zone. (B) FVIII staining over 3 hours post intravenous infusion of 10 µg 
FVIII. Images are representative of at least 3 biological replicates. Samples were imaged using a 
40x objective on a Leica TCS SP8 confocal microscope. Scale bars, 100 µm. 
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Figure 3.4. Detection of human factor IX and von Willebrand factor in the spleen of F8 KO 
and VWF KO mice. HA mice were infused intravenously with either saline (A) or 5 µg of 
recombinant human factor IX (B). Tissues were fixed in formalin 30 min after injection and 
embedded in paraffin. Tissue sections were stained for factor IX, CD31 and F4/80 red pulp 
macrophages by immunofluorescence. VWF KO mice were infused intravenously with either 
saline (C) or 5 µg of highly purified plasma-derived von Willebrand factor (D). Tissue sections 
were stained for human VWF. Images are representative of 3 biological replicates. 
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3.4.3 FVIII co-localizes with the macrophage markers MARCO, SIGLEC1, and SIGNR1 

in the marginal zone.  

Previous reports have implicated roles of dendritic cells and the macrophage mannose receptor, 

CD206, in the uptake and presentation of FVIII.101 However, these studies on FVIII uptake have 

not been assessed in vivo. Here, we observed that CD206 was primarily found in the red pulp of 

the spleen, and exhibited little co-localization with intravenously infused FVIII (Figure 3.5A). 

Similarly, the pan-DC marker, CD11c, was found in both the red pulp as well as the marginal zone, 

but no direct overlap with FVIII was detected (Figure 3.5B). In summary, little correlation was 

observed between FVIII and CD11c (R=0.22), CD206 (R=0.15) and CD11b (R=0.18) (Figure 

3.5C).  

 

 

Figure 3.5. FVIII does not co-localize with the previously implicated macrophage mannose 
receptor, CD206, nor CD11b+ macrophages/monocytes and CD11c+ dendritic cells. HA mice 
were infused with 10 µg of FVIII and spleens were snap frozen 30 min post-infusion. (A) 7 µm 
sections were stained by immunofluorescence for FVIII, CD206 and CD11b. (B) Co-staining of 
FVIII with CD11c. (C) Co-localization was quantified by Pearson’s correlation coefficient using 
the Fiji Coloc2 plugin. Experiments are representative of at least 3 biological replicates. Error bars 
represent SD. Samples were imaged using a 40x objective on a Leica TCS SP8 confocal 
microscope. Scale bars, 100 µm. 
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We next detected FVIII co-localization with marginal zone metallophilic macrophages (MZM) 

using the marker SIGLEC1 (Figure 3.6A) and marginal zone (MZ) macrophages using the 

markers macrophage-associated receptor with collagenous structure (MARCO; Figure 3.6B) and 

the specific intercellular adhesion molecule-3-grabbing nonintegrin-related 1 C-type lectin 

(SIGNR1; Figure 3.6C). Pearson’s R correlation was highest between FVIII and MARCO 

(R=0.71), followed by SIGLEC1 (R=0.58) and SIGNR1 (R=0.50) (Figure 3.6D).  
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Figure 3.6. FVIII co-localizes primarily with marginal zone macrophages expressing the 
scavenger receptor MARCO. 30 min after intravenous infusion with 10 µg of FVIII, frozen 
splenic sections were stained by immunofluorescence for FVIII, and for macrophage populations 
in the marginal zone were used: (A) macrophage receptor with collagenous structure (MARCO), 
(B) Sialic acid-binding Ig-like Lectin-1 (SIGLEC1), and (C) specific intercellular adhesion 
molecule-3-grabbing nonintegrin-related 1 (SIGNR1). (D) Co-localization was quantified by 
Pearson’s correlation coefficient using the Fiji Coloc2 plugin. Experiments are representative of 
at least 3 biological replicates. Error bars represent SD. Samples were imaged using a 40x objective 
on a Leica TCS SP8 confocal microscope. Scale bars, 100 µm. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. 
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3.4.4 FVIII induces a proinflammatory transcriptional profile in the spleen and liver in 

vivo.  

To examine the effects of FVIII in the murine spleen upon infusion, we infused age- and littermate-

matched male mice with either 0.6 µg (6 IU; 240 IU/kg) human rFVIII or saline. Three hours after 

infusion, spleens were aseptically removed and total RNA was isolated. Transcriptional profiling 

using nCounter technology of a 561 immune response gene panel was used to compare FVIII- and 

vehicle-exposed mice (Figure 3.7A). Our results showed significant changes (p<0.05) in 30 genes, 

and the 5 most upregulated and downregulated genes are shown here (Table 3.1). Each group of 

5 genes was subsequently mapped to corresponding association networks using GeneMANIA 

(Figure 3.8). Networks were then enriched according to Gene Ontology (GO) functional terms 

with a false discovery rate (FDR) cutoff of Q=0.1. (Figure 3.7B).  

 

Table 3.1. Transcriptional changes in the spleen 3 hr after intravenous FVIII exposure.  

Gene 
symbol Official name Fold change 

(FVIII/vehicle) P value 

Tnfaip6 tumor necrosis factor alpha induced protein 6 3.609 0.0247 

Lif leukemia inhibitory factor 2.511 0.0458 

Il21 interleukin 21 1.478 0.0248 

Tlr5 toll like receptor 5 1.337 0.0335 

Bcl3 B cell leukemia/lymphoma 3 1.330 0.0031 

Cdkn1a cyclin-dependent kinase inhibitor 1A (P21) 0.695 0.0425 

Socs1 suppressor of cytokine signaling 1  0.677 0.0439 

Il7r interleukin 7 receptor 0.6111 0.0318 

Cxcr4 chemokine (C-X-C motif) receptor 4 0.456 0.0017 

Cish cytokine inducible SH2-containing protein 0.450 0.0164 
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Figure 3.7. Transcriptional profiling of the murine spleen in response to human FVIII. Naïve 
HA mice were intravenously infused with either 0.6 µg (6 IU; ~240 IU/kg) FVIII, or saline. 
Spleens were harvested 3 hr post injection and total RNA was isolated. 100 ng of RNA was used 
for the nCounter Mouse Immunology Panel assay. Positive transcript counts (greater than the mean 
of 8 negative controls plus 2 standard deviations) were averaged and expressed as a fold change 
(FVIII-/saline- exposed mice). (A) Volcano plot displaying the p value as a function of fold change 
of the mean transcript counts of the splenic transcriptional reactome. Horizontal and vertical lines 
indicate threshold for p=0.05 and 1.5 fold changes respectively. (B) The top 5 significantly 
upregulated or downregulated genes (p<0.05) were functionally enriched using GeneMANIA’s 
built-in Gene Ontology functional enrichment tool based on the query’s predicted interactome. 
The 5 functional classifications with the most significant false discovery ratios (FDR) are shown 
here. Data are representative of 3 age- and littermate-matched biological controls.   
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Figure 3.8. GeneMANIA interaction networks analysis and functional annotation. HA mice 
were infused intravenously with 0.6 µg of recombinant human FVIII. Total mRNA was analyzed 
by nCounter on a 561 gene immunology panel. The top 5 significantly upregulated (A) and 
downregulated genes (B) in the spleen 3 hr after infusion were queried and assessed for interactions 
and co-expression. The predicted networks were then assessed by biological function using the 
Gene Ontology (GO) database. Similar analyses were performed on the 5 most upregulated (C) 
and most downregulated (D) genes in the liver, 3 hr after FVIII infusion. Statistical significance 
was calculated by Student’s T test; p values <0.05 were considered significant (n=3 in each 
treatment arm). 
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The liver is the other organ that plays a major role in mononuclear phagocyte system function, 

receiving a large blood volume and possessing several different populations of phagocytic cells. 

However, in contrast to the spleen, the liver is typically considered to provide a tolerogenic 

environment for bloodborne antigens. For these reasons, we performed a similar transcriptome 

analysis in livers exposed to FVIII for 3 hr. Our data show significant changes (p<0.05) in 10 genes 

(Table 3.2), 4 of which were upregulated and 6 of which were downregulated (Figure 3.9A). 

Similar enrichment of these gene networks was conducted as described above using the top 4 and 

5 genes respectively (Figure 3.9B).  

 

Table 3.2. Transcriptional changes in the liver 3 hr after intravenous FVIII exposure. 

Gene 
symbol Full name Fold change 

(FVIII/vehicle) P value 

Ikbkap inhibitor of kappa light polypeptide enhancer in B 
cells, kinase complex-associated protein 4.160 0.03 

Traf2 TNF receptor-associated factor 2 1.858 0.0025 
Ctnnb1 catenin (cadherin associated protein), beta 1 1.228 0.0103 
Il13ra1 interleukin 13 receptor, alpha 1 1.126 0.038 

Nfkbia nuclear factor of kappa light polypeptide gene 
enhancer in B cells inhibitors, alpha 0.701 0.034 

Alas1 aminolevulinate synthase 1 0.425 0.0004 
Casp1 caspase 1 0.390 0.046 

Fcgr1 Fc receptor, IgG, high affinity 0.276 0.002 

Ccl5 chemokine (C-C motif) ligand 5 0.274 0.044 
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Figure 3.9. Transcriptional profiling of the murine liver in response to human FVIII. Naïve 
HA mice were intravenously infused with either 0.6 µg (6 IU; ~240 IU/kg) FVIII, or saline. Livers 
were harvested 3 hr post injection and total RNA was isolated. 100 ng of RNA was used for the 
nCounter Mouse Immunology Panel assay. Positive transcript counts (greater than the mean of 8 
negative controls plus 2 standard deviations) were averaged and expressed as a fold change (FVIII-
/saline- exposed mice). (A) Volcano plot displaying the p value as a function of fold change of the 
mean transcript counts of the hepatic transcriptional reactome. Horizontal and vertical lines 
indicate threshold for p=0.05 and 1.5 fold changes respectively. (B) The top 5 significantly 
upregulated or downregulated genes (p<0.05) were functionally enriched using GeneMANIA’s 
built-in Gene Ontology functional enrichment tool based on the query’s predicted interactome. 
The 5 functional classifications with the most significant false discovery ratios (FDR) are shown 
here. Data are representative of 3 age- and littermate-matched biological controls.  
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3.5 Discussion 

A better understanding of the initial events leading to the development of FVIII inhibitors may 

provide avenues for therapeutic interventions to prevent what remains the greatest complication in 

treating hemophilia A. Human monocyte- and murine bone marrow-derived DCs and macrophages 

have remained the gold standard for investigating these responses. Our current knowledge suggests 

that these progenitor-derived DCs can internalize FVIII and present FVIII peptides in the context 

of MHC class II alleles and that certain residues in the C1 and C2 domain contribute to FVIII 

uptake.108,138,161 Receptors that potentially mediate this uptake include SIGLEC598, the 

asialoglycoprotein receptor (ASGPR)97, CD206101, CLEC4M99, LRP1104, and LDLR1102. 

However, the in vivo relevance of these progenitor-derived antigen presenting cell types and these 

receptors has not yet been established. Initial studies in mice implicated the liver and the spleen as 

the predominant reservoirs for FVIII clearance, however the subsequent data regarding cellular 

interactions are inconsistent.76,78 Here, we have characterized in detail the early interactions of 

FVIII with innate immune cells in the spleen, and detailed the transcriptional profiles that are 

generated shortly after the interaction.  

 

 We initially asked what cells in the spleen were capable of binding to FVIII without the 

confines of anatomical architecture. In in vitro studies using splenocytes derived from FVIII naïve 

hemophilia A mice, we found that the majority of FVIII-binding cells also expressed the pan-B 

cell marker B220, and to a significantly lesser extent, CD11c and CD11c/B220. We were unable 

to characterize approximately 30% of the cells binding FVIII that was not associated with either 

of these markers. These undefined FVIII binding cells may represent splenic macrophage subsets 

or other cells capable of FVIII clearance (eg. sinusoidal endothelium). The significant association 
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of FVIII with B cells may be via the B cell receptor (BCR), representing FVIII-specific B cells, an 

unlikely occurrence in FVIII naïve mice, or, more likely, via scavenger receptors which implicate 

an innate immune response. Indeed, B cells also express an array of pattern recognition receptors 

such as CD22, which can recognize sialic acid residues on FVIII and have been implicated in 

tolerance induction.116 Furthermore, a small subset of B cells, marginal zone B cells, can facilitate 

complement-mediated uptake and subsequent shuttling of antigens into the splenic follicle.162 

These cells may play a role in vivo given that exposed mannosylations on FVIII can potentially 

interact with the complement lectin pathway, and should be investigated further.  

 We next aimed to characterize the early cellular interactions with FVIII in vivo. It should 

be emphasized that these studies, in hemophilia A mice, take into account the interaction of infused 

FVIII with its carrier partner, von Willebrand factor (VWF).  Interestingly, we did not observe 

localization of FVIII with B220+ cells. This may be attributed to the architecture of splenic 

circulation where the central arterioles empty into the red pulp and marginal zone sinus, thus 

bypassing the B220+ rich follicular regions.85 We observed that FVIII localizes very specifically 

in the marginal zone of the spleen, and surprisingly is detectable, using our methods, up to 3 hr 

after infusion. Subsequent endocytosis of FVIII likely contributes to the loss of tertiary structure 

in the acidic endosome. Further characterization of FVIII localization found that, contrary to in 

vitro studies, FVIII does not interact, in its native state, with the macrophage mannose receptor, 

CD206, nor CD11c+ DCs.101 The lack of association with CD206 may be attributed to the masking 

of FVIII mannose glycans by endogenous mouse VWF.101 Moreover, while DCs may not be the 

initial point of contact for FVIII, there are mechanisms by which FVIII antigen can be acquired 

through exosome transfer.163  
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 In our studies, we observed that FVIII localized with cells expressing the scavenger 

receptors MARCO and SIGNR1, representative of the marginal zone macrophages (MZM)164,165, 

as well as SIGLEC1, a marker for MZMMs.166 We observed a hierarchy of interaction wherein 

FVIII exhibited the most significant binding to MARCO+ cells, followed by SIGLEC1, thus 

MZMs and MZMMs respectively. Our findings provide support for both of the conflicting findings 

by Navarrete et al. and Delignat et al. Although, we have not directly demonstrated binding of 

FVIII to these pattern recognition receptors, it is plausible that the glycan structures decorating 

FVIII can interact with these macrophage subsets via the sialic acid recognition domains on 

SIGNR1 and SIGLEC1.9,167,168 Although only one source of recombinant FVIII was used in this 

study, different glycosylation patterns may skew the proportion of FVIII associating with each of 

these cell types, which may subsequently alter the immune response. A mechanism through which 

FVIII could bind to MARCO is less clear given its promiscuous binding profile which includes 

bacterial lipopolysaccharide and acetylated and oxidated LDL.164,169 Nevertheless, MARCO 

belongs to a family of scavenger receptors that includes SCARA5 that has been implicated in the 

regulation of VWF and FVIII levels in the blood.170,171 Both receptors share the conserved 

scavenger receptor cysteine-rich (SRCR) domain, which is implicated in Ca2+ dependent ligand 

binding.172  

The macrophage subsets identified here have been typically associated with rapid clearance 

of blood-borne bacteria and viruses, and are suggested to be dispensable for antigen presentation 

and induction of CD4+ and CD8+ T cells.173,174 However, there is evidence of antigen transfer from 

MZMMs to CD8+ DCs and the subsequent induction of cross-presentation to CD8+ cytotoxic T 

cells, as well as antigen-specific B cell activation elicited directly by SIGLEC1+ 

macrophages.175,176 In contrast, SIGNR1 has been shown to contribute to the anti-inflammatory 
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effect of intravenous immunoglobulin, while engagement of MARCO prevents antigen shuttling 

by marginal zone B cells and reduces the adaptive immune response.177,178 Moreover, SIGLEC1+ 

MZMMs have been implicated in the maintenance of tolerance through the clearance of circulating 

apoptotic cells and recruitment of Foxp3+ T regulatory cells and DCs.179 Collectively, these 

findings suggest that MZMs and MZMMs can induce both tolerance and immunity against FVIII, 

and that the balance is likely very tightly regulated.  

 We have previously profiled the transcriptome of DCs 24 hours after in vivo exposure to 

FVIII, however neither the large-scale splenocyte transcriptome nor earlier time points post-FVIII 

administration have been investigated.91  We used nCounter technology to probe the two major 

organs implicated in clearance and immunogenicity, the liver and the spleen respectively, 3 hours 

after intravenous FVIII exposure. Gene ontology enrichment of the gene network derived from the 

5 most significantly upregulated genes suggests that FVIII is a modulator of STAT1 and STAT3 

signaling. STAT1 is a major transcription factor for the production of IFNɣ, which subsequently 

induces the expression of the Th1 master regulator, T-bet.180,181 STAT3 promotes induction of the 

inflammatory cytokines, IL-6, IL-21, and IL-23, and is critical for IL-17 production, such that 

deletion results in a loss of IL-17 producing cells.182 The identification of these signaling cascades 

are consistent with the clinical observations of early Th1 and Th17 polarization in HA patients 

with inhibitors prior to the conversion to Th2.183 Given that HA mice regularly develop inhibitory 

antibodies against human FVIII, it is likely that this initial pro-inflammatory milieu is an essential 

prerequisite to the FVIII immune response, and further underlines a translationally relevant use of 

mice as a model for this disease. In turn, enrichment of the downregulated genes suggests 

modulation of proliferative and cytokine responses which may have an influence on FVIII-specific 

T cell activation and proliferation.  
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 The liver has only been proposed as a site of clearance of FVIII, and has never been 

assigned a potential role in immunopathogenesis. We expected that, in response to FVIII, the liver 

would alter the expression of genes involved in the anti-inflammatory processes. At this early time 

point following FVIII infusion, only hepatic 4 genes were significantly upregulated in response to 

FVIII. There was no overlap between significantly upregulated or downregulated genes in the liver 

and the spleen. One of these hepatic genes, Ctnnb1 (1.23-fold upregulated), encodes the cell 

adhesion protein, β-catenin, which functions as a key node in the Wnt signaling pathway.184 Of 

note, Wnt has been implicated in the downstream signaling of the low density lipoprotein receptor-

related protein 1 (LRP1),185 a macrophage-expressed clearance receptor for VWF and FVIII.103–

105 While these findings are consistent with the role of LRP1 in FVIII clearance, gene network 

analysis also implicated an impact of germline differentiation, for which a connection to FVIII 

clearance and immunogenicity is unclear. Lastly, consistent with the proposed role of the liver as 

a tolerogenic organ, we observed that there was a decrease in transcriptional networks associated 

with general inflammatory innate immune responses and IL-1 secretion.79  

In aggregate, these data provide a comprehensive overview of the FVIII immune response 

within the first 3 hr of intravenous administration. The anatomical architecture of the spleen 

appears to preclude the interaction of FVIII with B220+ B cells as observed in vitro, and instead 

directs FVIII to macrophages in the marginal zone, specifically MARCO+ macrophages. After 3 

hr, FVIII in its native form is undetectable in the spleen, and we observed a proinflammatory 

transcriptional profile which suggests early Th1 and Th17 polarization through STAT1 and 

STAT3, respectively. These data provide insight into novel therapeutic interventions either at the 

initial point of FVIII contact with MARCO+ macrophages, or manipulating the T cell polarization 

profile to down-regulate the Th1 and Th17 responses.   
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Chapter 4 

 

The endothelial receptor stabilin-2 regulates von Willebrand factor-factor VIII complex half-life 

and immunogenicity 
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4.1 Abstract 

Quantitative abnormalities of the coagulation factor complex von Willebrand factor-factor FVIII 

(VWF-FVIII) associate with an increased tendency for bleeding or thrombosis.  The development 

of inhibitory antibodies to VWF-FVIII concentrates is a significant complication in the treatment 

of inherited bleeding disorders.  Receptor-mediated interactions between circulating VWF-FVIII 

and endocytic cells can influence both their hemostatic and immunogenic activities. Recent 

genome wide association studies (GWAS) have demonstrated that single nucleotide variants 

(SNVs) in the gene STAB2, which encodes the endothelial cell scavenger receptor stabilin-2, 

associate with plasma levels of VWF and FVIII in normal individuals. However, the mechanistic 

basis and pathophysiological consequences of this association is unknown. Stabilin-2 deficient 

mice displayed prolonged human VWF-FVIII half-life compared to controls. The difference in 

FVIII half-life was found to be dependent on human VWF. Immunofluorescent staining of the 

murine spleen after VWF-FVIII infusion indicated co-localization of VWF with stabiln-2 and the 

endothelial cell marker, CD31. Interestingly, stabilin-2 deficient mice exhibited a decreased 

immunogenic response to human VWF-FVIII, while co-infusion of human VWF-FVIII with the 

stabilin-2 ligand hyaluronic acid attenuated the immune response to exogenous FVIII. 

Collectively, these results suggest that stabilin-2 functions as both a clearance and 

immunomodulatory receptor for VWF-FVIII, making stabilin-2 a novel molecular target for 

modification of the half-life and immunogenicity of VWF-FVIII concentrates. 
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4.2 Introduction 

The coagulation factors von Willebrand factor (VWF) and factor VIII (FVIII) circulate in the 

plasma as a non-covalent complex, with VWF serving as a carrier to protect FVIII from accelerated 

proteolysis and clearance.186 VWF regulates primary hemostasis by facilitating platelet-platelet 

and platelet-endothelial cell interactions while FVIII is an essential coagulation cofactor in the 

intrinsic tenase complex, facilitating secondary hemostasis. Quantitative abnormalities in plasma 

levels of VWF and FVIII strongly influence the function of the hemostatic system. Elevated levels 

of VWF-FVIII are associated with an increased risk for venous187,188 and arterial thrombosis189–191 

while the inherited bleeding disorders type 1 and type 3 von Willebrand disease (VWD) and 

hemophilia A are characterized by quantitative deficiencies in VWF and FVIII respectively.192  

Plasma levels of VWF-FVIII are regulated by mechanisms that influence the rate at which 

they are synthesized and secreted, and by pathways that facilitate the clearance of VWF-FVIII 

from the plasma. VWF is synthesized by the vascular endothelium and megakaryocytes, and is 

released either constitutively or on-demand from endothelial cell Weibel-Palade bodies (WPB) or 

platelet α-granules. The majority of FVIII is synthesized and secreted by vascular, sinsusoidal, and 

lymphatic endothelial cell beds.8,193–195  In contrast, pathways that contribute to VWF-FVIII 

clearance have been only partially characterized. Animal studies using radiolabeled ligands have 

identified the liver and the spleen as the major site of VWF-FVIII clearance.76,77 However, given 

its relative size and proportionate blood flow, it is presumed that the liver is the predominant site 

for this function.  Previously, in vivo uptake of VWF and/or FVIII has been largely restricted to 

studies of receptors expressed by hepatocytes and macrophages.77,119 

Plasma levels of VWF and FVIII can be modified by both genetic and environmental 

factors and the heritability of VWF plasma levels is estimated at approximately 65%.196–200  
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Polymorphisms in the VWF gene and ABO blood group locus collectively account for 25-35% of 

this variation, indicating that additional genetic modifiers of this quantitative trait exist. The 

CHARGE genome wide association study (GWAS) was the first to identify novel VWF 

quantitative trait loci including STAB2, SCARA5, CLEC4M, STXBP2, STX2, and TC2N.170 Both 

the STAB2 and CLEC4M genes encode endocytic receptors expressed by liver sinusoidal 

endothelial cells (LSECs), a component of the reticuloendothelial system that facilitates the 

removal of apoptotic cells and aged plasma proteins.201 While we have previously characterized 

the ability of CLEC4M (C-Type Lectin Domain Family 4 Member M) to bind and internalize 

VWF, the ability of stabilin-2 to regulate VWF-FVIII clearance has not been described.99   

STAB2 encodes stabilin-2 (STAB2), a class H scavenger receptor expressed on the 

sinusoidal endothelial cells of the liver, spleen, and lymphatics that functions as a clearance 

receptor for hyaluronic acid and other glycosaminoglycans.202,203 Stabilin-2 is comprised of 

repetitive extracellular fasciclin and epidermal growth factor (EGF)-like domains with a single X-

link domain that is C-type lectin-like located near its transmembrane region. In addition to the 

CHARGE study, additional GWAS-based publications have independently confirmed that 

common STAB2 variants associate with plasma levels of VWF and/or FVIII in normal individuals 

or subjects with low VWF levels.170,204 Based on its known function and association with plasma 

VWF levels, stabilin-2 may function as a clearance receptor for VWF and/or FVIII, however, the 

mechanistic basis for this relationship has not been assessed.205   

In addition to facilitating protein clearance, binding of VWF-FVIII to endocytic receptors 

can regulate interactions with cells in the immune system.  The development of FVIII neutralizing 

antibodies (termed inhibitors) to infused FVIII replacement therapy is a frequent complication of 

hemophilia A, while anti-VWF antibodies have also been reported in ~5% of type 3 VWD patients 
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treated with VWF-FVIII concentrates.206,207  Emerging evidence suggests that VWF plays an 

important role in regulating the immune response to FVIII. This effect may involve influencing 

FVIII biodistribution and its interactions with receptors expressed on antigen presenting cells 

(APCs).135 Internalization of VWF-FVIII by APCs leads to lysosomal degradation of the protein 

complex or to presentation of VWF and FVIII peptides on major-histocompatibility (MHC) class 

II to cognate CD4+ T cells 206. However, little is currently known about the receptors that mediate 

the association between VWF-FVIII clearance, or the APC subsets involved in this process. To 

date, no single receptor has been shown to influence the immune response to VWF-FVIII in vivo. 

In these studies, we assess the ability of stabilin-2 to regulate the clearance of VWF-FVIII 

and further characterize the influence of stabilin-2 deficiency on the immune response to 

exogenous VWF-FVIII complex. 

  



 
86 

4.3 Methods 

4.3.1 Materials 

Human plasma-derived VWF-FVIII (2.4:1 ratio respectively, Humate-P®) was from CSL Behring 

(King of Prussia, PA, USA), human plasma-derived VWF-FVIII (1:1 ratio respectively, Wilate®) 

was from Octapharma (Lachen, Switzerland), human recombinant FVIII (rFVIII, Advate®) was 

from Baxalta/Shire (Deerfield, IL, USA), human plasma-derived VWF (FVIII-free) was kindly 

provided by Biotest (Munich, Germany).  Murine and human recombinant VWF was produced by 

HEK 293T cells stably expressing the VWF cDNA. Murine plasma-derived VWF was generated 

by hydrodynamic tail vein injection of the murine wildtype VWF cDNA into VWF/FVIII double 

knockout (DKO) mice; plasma was collected 4 days post-hydrodynamic injection and pooled. 

 

4.3.2 Animal models 

Clearance studies: STAB2  KO mice on a C57BL/6 background were crossed with C57BL/6 VWF 

KO mice  to generate VWF/STAB2 DKO mice.189,208  VWF or FVIII products were administered 

at 200 IU/kg by tail vein injection. Blood was collected into 10% buffered citrate through retro-

orbital plexus.  Samples were centrifuged at 10,000xg for 10 minutes to collect platelet poor 

plasma, that was stored at -80˚C until analysis. All animal experiments were approved by the 

Queen’s University Animal Care Committee. 

Immunogenicity studies: Naïve normal C57Bl/6 or STAB2 KO mice received 4 weekly 

intravenous infusions of 2 IU of either plasma-derived FVIII (pdFVIII), containing a 2.4:1 ratio of 

VWF to FVIII, or human recombinant FVIII (rFVIII). Terminal samples were collected via the 

inferior vena cava into one-tenth volume sodium citrate 28 days after the initial injection.  For the 

immune challenge protocol, mice received 1 µg lipopolysaccharide (LPS, InvivoGen, San Diego, 
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USA) with VWF-FVIII complex for the first two injections.  For the hyaluronic acid (Abcam, 

Cambridge, UK) co-infusion studies, 100 µg hyaluronic acid was administered with each pdFVIII 

injection. 

 

4.3.3 VWF:Ag and FVIII:Ag ELISAs  

Human and murine VWF:Ag was measured using DAKO antibodies.209 Factor VIII antigen 

ELISA (Affinity Biologicals) was performed according to manufacturer’s protocols with 

modifications. After sample incubation, plates were incubated with biotinylated sheep anti-Factor 

VIII for 1 hour followed by a 1 hour incubation with streptavidin poly-HRP (Pierce/Thermo 

Scientific, Rockford, IL USA).  

 

4.3.4 FVIII/VWF antibody and inhibitor assays 

Total FVIII- or VWF-specific IgG was detected by ELISA. In brief, human rFVIII, or human 

pdVWF, was adsorbed at 1 µg/mL to Nunc PolySorp (ThermoFisher Scientific) plates overnight. 

Wells were blocked with 1% gelatin and sample plasma was subsequently added in serial dilutions 

starting at 1:40. A horseradish peroxidase-conjugated polyclonal goat anti-mouse IgG (Southern 

Biotech, Birmingham, AL, USA) was used for detection. Positive titres exhibited optical density 

values of greater than the blank + 0.3 at 490 nm.  FVIII inhibitors were measured by one-stage 

APTT clotting assay using a Siemens BCS XP automated coagulometer (Munich, Germany). 

Sample plasma was incubated at 56°C for 30 min to inactivate residual FVIII. Plasma was then 

serially diluted in human FVIII-deficient plasma (Precision Biologics, Dartmouth, Canada) and 

incubated with normal human pooled plasma for 2 hours at 37°C. Positive inhibitor samples were 

defined as >0.6 BU. Statistical differences were calculated using the Fisher’s Exact test for 
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antibody/inhibitor incidence, and the Mann-Whitney U test for comparisons of antibody/inhibitor 

titre using GraphPad Prism 7.0 (La Jolla, CA, USA).   

 

4.3.5 Immunofluorescent staining  

IHC analysis was performed on formalin fixed paraffin-embedded tissues. 7 µM sections were 

treated with Target Retrieval Solution (DAKO) at 95°C and rehydrated with toluene/ethanol/water 

washes. All tissues sections were blocked using serum-free protein block (DAKO), treated with 

0.1% Sudan Black B in 70% ethanol for 20 min at RT in a wet chamber, and washed with TBST. 

The primary antibody in PBS 1% BSA was applied overnight at 4°C, slides were washed, and 

secondary antibody plus DAPI was applied for 1 hour at room temperature.  Slides were 

coverslipped with fluorescent mounting media (DAKO).  

 

4.3.6 Statistical analysis 

Plasma half-lives were calculated using Graph Pad Prism 7.0.  Values are expressed as mean ± 

standard error. Figures denote P<0.05 with * and P<0.001 with **. 

  



 
89 

4.4 Results 

4.4.1 The LSEC receptor stabilin-2 modulates clearance of the human VWF-FVIII 

complex 

We first characterized the influence of stabilin-2 deficiency on plasma levels and half-life of VWF-

FVIII in a mouse model. A summary of the data can be found in Table 4.1. No significant 

difference in endogenous murine VWF:Ag levels were observed in STAB2 KO C57Bl/6 mice 

compared with age-matched normal C57Bl/6 control mice (Figure 4.1A).208  To measure the 

influence of stabilin-2 on the in vivo half-life of VWF and FVIII, we generated VWF/STAB2 DKO 

mice. We observed no significant differences in the half-life of recombinant and murine pdVWF 

in VWF/STAB2 DKO mice relative to VWF KO controls (Figure 4.1B).  Since stabilin-2-

expressing cells interact with human but not murine VWF (data not shown), we next evaluated the 

influence of murine stabilin-2 deficiency on the half-life of human VWF.  In VWF/STAB2 DKO 

mice, human recombinant VWF (Figure 4.1C) had a 1.72-fold longer half-life (p=0.0085) while 

the half-life of human pdVWF (complex 1:1 with human pdFVIII) was increased 2.24-fold 

(p<0.0001) (Figure 4.1D) compared to VWF KO mice (summary statistics in Table 4.1).   

 We also assessed the influence of stabilin-2 deficiency on FVIII clearance.  When we 

reanalyzed samples from the VWF-FVIII complex infusion studies for FVIII:Ag (using an ELISA 

that does not detect murine FVIII), we observed that the slow phase of FVIII clearance in 

VWF/STAB2 DKO mice was prolonged relative to VWF KO controls (Figure 4.1E). We also 

assessed the influence of stabilin-2 on the half-life of recombinant human FVIII in the absence of 

human and murine VWF (Figure 4.1F), and observed no significant difference compared to VWF 

deficient controls, suggesting that stabilin-2 interacts weakly with human FVIII in the absence of 

human VWF and human FVIII is cleared by stabilin-2 only in the presence of human VWF. 
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Figure 4.1.  Stabilin-2 deficiency increases the half-life of human VWF-FVIII. (A) Plasma 
levels of VWF:Ag was measured in normal C57Bl/6 mice compared with stabilin-2-deficient 
(STAB2 KO) C57Bl/6 mice (n=26-38 animals per condition). Influence of stabilin-2 deficiency on 
the half-life of infused (B) murine VWF (n=8-12 animals per condition), (C) human rVWF (n=12 
animals per condition), (D) human pdVWF (FVIII-bound 1:1) (n=16 animals per condition), (E) 
human pdFVIII (+VWF) (n=16 animals per condition), (F) human rFVIII (n=8 animals per 
condition) was measured in VWF KO compared to VWF/STAB2 DKO mice. See statistical 
summary of half-life studies in Table 1. Data collected by L. Swystun.   
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Table 4.1. Summary statistics for VWF-FVIII half-life studies 
  

Product Mouse model Half-life P-value Decay 
model Figure 

Murine pdVWF  
(FVIII free) 

VWF KO 
VWF/STAB2 
DKO 

5.63 h 
5.98 h 0.725 1-phase 4.1B 

Murine rVWF  
VWF KO 
VWF/STAB2 
DKO 

28.03 m 
28.48 m 0.936 1-phase 4.1B 

Human rVWF  
VWF KO 
VWF/STAB2 
DKO 

29.01 m 
49.97 m 0.0085 1-phase 4.1C 

Human pdVWF  
(FVIII-bound 1:1) 

VWF KO 
VWF/STAB2 
DKO 

53.53 m 
120.3 m <0.0001 1-phase 4.1D 

Human pdFVIII  
(VWF-bound 1:1) 

VWF KO 
VWF/STAB2 
DKO 

75.48 m 
94.60 m 0.001 2-phase 

(slow) 4.1E 

Human rFVIII  
(VWF-free) 

VWF KO 
VWF/STAB2 
DKO 

22.43 m 
26.8 m 0.380 1-phase 4.1F 
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4.4.2 Stabilin-2 is an immunoregulatory receptor for human VWF-FVIII 

In addition to influencing the half-life of endogenous human VWF-FVIII, stabilin-2 may also play 

a role in regulating the intracellular fate of cleared exogenous VWF-FVIII used as replacement 

therapy for the inherited bleeding disorders hemophilia A and VWD. The most severe 

complication of this treatment in hemophilia A is the development of neutralizing anti-FVIII 

antibodies (termed inhibitors). In addition, anti-VWF antibodies have been reported in type 3 

VWD cases (total quantitative VWF deficiency). The internalization, proteolysis, and presentation 

of VWF-FVIII peptides by antigen presenting cells (APCs) on MHC II results in either tolerance 

or immunity to the protein antigens. However, the mechanisms by which VWF-FVIII is 

internalized by these receptors are largely uncharacterized, and details concerning the fate of the 

internalized proteins are also lacking. We hypothesized that a continuum might exist between 

mechanisms that regulate VWF-FVIII clearance and those that contribute to its immunogenic 

response. We next addressed the potential of stabilin-2 to influence the immunogenicity of these 

proteins.  

 We first assessed the distribution of infused human pdVWF (containing FVIII) in the 

murine spleen, the site most highly implicated in FVIII immunogenicity. Human pdVWF infused 

into VWF KO mice associated with cells expressing stabilin-2 (Figure 4.2A) and CD31 (Figure 

4.2B). Stabilin-2 deficiency altered the VWF staining intensity and cellular localization (Figure 

4.2C). We were unable to detect FVIII at these doses of VWF-FVIII.  
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Figure 4.2. Human VWF binds to stabilin-2 and CD31 in the mouse spleen. Mice were infused 
with human pdVWF (200 IU/kg) for 30 minutes and visualization of VWF localization in the 
spleen was performed by immunofluorescence. (A) Association of infused human pdVWF (green) 
with stabilin-2-expressing cells (red) in the murine spleen.  Association of VWF (green) with 
splenic endothelial cells (CD31, red) in (B) VWF KO and (C) VWF/STAB2 DKO mice. Data 
collected by L. Swystun.  
 

 

To assess the influence of stabilin-2 deficiency on FVIII immunogenicity, we 

intravenously infused normal and STAB2 KO mice with 4 weekly doses of 2 IU human pdFVIII 

(80 IU/kg) containing approximately 4.8 IU human pdVWF, and assessed the plasma for anti-

human VWF and anti-human FVIII IgG antibodies 4 weeks after the initial exposure (Figure 

4.3A). Although the incidence of antibodies in both groups was 100% (data not shown), we 

observed a substantial reduction in the titre of total anti-human VWF IgG antibodies in STAB2 

KO mice compared to normal mice (Figure 4.3B; p=0.003). In parallel, we observed a decrease 

in the incidence of anti-human FVIII antibodies (Figure 4.3C; p=0.02), as well as a significant 

decrease in the magnitude of this response (Figure 4.3D; p=0.003). In order to address whether or 

not STAB2 KO mice are capable of mounting a robust immune response against human VWF and 

FVIII, we infused 2 IU pdFVIII together with 1 µg lipopolysaccharide (LPS) for 2 weeks, and 

collected blood 4 weeks after the initial infusion (Figure 4.3A).  We observed a substantial 

increase in the titre of anti-human VWF antibodies (Figure 4.3B), as well as an increase in the 
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incidence of anti-human FVIII antibodies (Figure 4.3C; p=0.003) and their titres (Figure 4.3D; 

p=0.0001).  

 Stabilin-2 is a clearance receptor for human VWF but not murine VWF. To demonstrate 

that the influence of stabilin-2 on FVIII immune response was dependent on human VWF, we 

performed similar experiments using human rFVIII (VWF-free) to assess whether or not the 

observed decrease in FVIII immunogenicity is VWF-dependent. Upon infusion of 4 weekly doses 

of rFVIII, we observed slight, but not statistically significant, decreases in the incidence of anti-

human FVIII IgG in STAB KO mice compared to normal mice (Figure 4.3E). Similarly, the titres 

of anti-human FVIII antibodies were decreased, but to a lesser extent than with the VWF-

containing FVIII concentrates (Figure 4.3F).  
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Figure 4.3.  Stabilin-2 deficiency modifies the immune response to human pdVWF-FVIII. 
(A) Normal or STAB2 KO C57Bl/6 mice received intravenous 2 IU human FVIII (either rFVIII 
or pdFVIII complexed with pdVWF at a 1:2.4 ratio) weekly for four weeks (n=10 for all 
conditions).  For the immune challenge protocol, mice received 1 µg lipopolysaccharide (LPS) 
intravenously for the first two weeks of treatment with pdFVIII (n=6).  On day 28, blood was 
collected and assayed for anti-VWF and anti-FVIII IgG. (B) Titre of anti-VWF IgG to mice 
receiving pdFVIII.  (C) Anti-FVIII IgG incidence and (D) titre in mice receiving pdFVIII. (E) 
Anti-FVIII IgG incidence and (F) titre in mice receiving rFVIII. *P<0.05, **P<0.001. 
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To examine the potential of stabilin-2 as a therapeutic target for reducing the FVIII immune 

response, we intravenously administered VWF-containing human pdFVIII with 100 µg of the 

stabilin-2 ligand hyaluronic acid, into wild-type C57Bl/6 mice (Figure 4.4A). Following four 

weekly co-infusions, we did not observe a significant difference in the immune response against 

human VWF (Figure 4.4B). In contrast, treatment with hyaluronic acid reduced the overall titres 

of FVIII-specific IgG (Figure 4.4C; n=10; p<0.001). Similarly, we observed a substantial 

reduction in the incidence of FVIII-specific IgG (Figure 4.4D; 90% vs 10%; n=10; p<0.01). 

 
Figure 4.4.  The stabilin-2 ligand hyaluronic acid modifies the immune response to human 
pdVWF-FVIII. Normal C57Bl/6 mice received intravenous 2 IU human pdFVIII (complexed 
with pdVWF at a 1:2.4 ratio) with 100 µg hyaluronic acid weekly for four weeks (A) (n=10 for all 
conditions).  On week 5 blood was collected and assayed for anti-VWF and anti-FVIII IgG.  Titre 
of anti-VWF IgG to mice receiving pdFVIII ± hyaluronic acid (B). Anti-FVIII IgG incidence (C) 
and titre (D) in mice receiving pdFVIII ± hyaluronic acid. *P<0.05, **P<0.001. 
  



 
97 

4.5 Discussion 

Receptor-mediated endocytosis of the VWF-FVIII complex can influence the pathobiological 

conditions associated with their procoagulant or immunogenic properties. It is thought that the 

association between clearance and immunogenicity can be affected not only by the expression of 

cell surface receptors, but the proteolytic capabilities of the cell, expression of MHC II and co-

stimulatory molecules, as well as the tissue microenvironment.144,206,210 However, there is much 

that is still unknown about mechanisms that regulate the removal of the VWF-FVIII protein 

complex from the circulation, and the intracellular fate of these proteins involving either lysosomal 

degradation or antigen presentation. Clearance of VWF and FVIII is a complex and semi-selective 

process, involving a number of ligand-receptor interactions. Previous studies have demonstrated 

that receptors expressed on hepatocytes and macrophages bind and/or internalize VWF-FVIII and 

contribute to VWF-FVIII clearance including the asialoglycoprotein receptor, SIGLEC5 and 

members of the LDL receptor family (LRP1 and LDL-receptor).97,98,102,103,107,119  In immunological 

studies, FVIII has been shown to associate in vivo with both red pulp and marginal zone 

macrophages in the spleen,76,77 while binding of FVIII to dendritic cells via the mannose receptor 

has been described in vitro.101 However, to date no clearance receptor has been implicated in 

regulating the immune response to VWF-FVIII in vivo. Importantly, macrophage depletion 

attenuates VWF clearance by approximately 2-fold, and decreases but does not fully inhibit the 

FVIII immune response, suggesting alternative pathways exist that regulate both 

processes.76,92,211,212  

In these studies, we characterize the scavenger receptor stabilin-2 as a novel clearance and 

immunomodulatory receptor for the human VWF-FVIII complex. Collectively, we observed that 

stabilin-2 functions only as a clearance receptor for human VWF, and influences FVIII half-life 
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only indirectly. The exact mechanisms of the binding and the selective clearance of human, but 

not murine, VWF are unknown. As human and murine VWF share an approximate 80% amino 

acid identity, it may involve interactions between human or murine stabilin-2 and an amino acid 

sequence in human VWF that is not conserved in murine VWF. 

Since stabilin-2 is also expressed in the spleen, we hypothesized that the receptor might 

influence the immune response to VWF-FVIII.  Previous studies have demonstrated that human 

rFVIII in the presence of endogenous murine VWF associates with macrophages in the marginal 

zone of the murine spleen and that these APCs are in part responsible for eliciting the immune 

response to FVIII76,78. However, in order to facilitate detection of FVIII:Ag, several studies have 

utilized supraphysiological FVIII doses requiring cautious interpretation of these results76,78. 

Moreover, the addition of human VWF has been shown to inhibit the uptake of FVIII by blood 

monocyte-derived DCs in vitro92. Therefore, the characterization of the association between 

human FVIII and cells in the spleen in the absence of human VWF might be incomplete in light 

of our observations that stabilin-2 interacts with human but not murine VWF. In this study, we 

demonstrate with immunofluorescent staining using physiological VWF concentrations that the 

protein associates in part with cells in the red pulp of the spleen that are CD31 and stabilin-2-

expressing, underlining the potential for VWF to shepherd FVIII to these endothelial cells. 

Moreover, stabilin-2 deficiency decreases the association between human VWF and CD31-

expressing cells in the murine spleen. We also demonstrate that stabilin-2 deficiency only alters 

FVIII half-life when it is co-infused with human pdVWF, suggesting that VWF and FVIII are 

cleared by stabilin-2 as a complex. 

We then assessed the influence of stabilin-2 on the immune response to VWF-FVIII.  We 

treated either normal C57Bl/6 or STAB2 KO C57Bl/6 mice with equimolar concentrations of two 
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different preparations of FVIII: a human pdFVIII (complexed with human pdVWF) or human 

rFVIII (VWF-free). We observed that when FVIII was complexed with human VWF, stabilin-2 

deficiency significantly attenuated the immune response to VWF and FVIII, which was restored 

when mice were immune challenged with LPS. In contrast, when human rFVIII was administered 

in the absence of human VWF, the immune response to FVIII was not significantly different 

between the two conditions. Taken together, these studies suggest that the regulation of the 

immune response by stabilin-2 is human VWF-dependent, and is consistent with the effect 

observed in the clearance studies.  Lastly, we asked whether competitive inhibition of stabilin-2 

could modulate the immune response to VWF-FVIII. Co-infusion of hyaluronic acid with human 

VWF-FVIII decreased the immune response to FVIII in normal C57Bl/6 mice  

The mechanistic basis by which stabilin-2 deficiency regulates the immune response to 

VWF-FVIII is incompletely understood.  The spleen has been the longstanding focus as the site of 

the FVIII immune response owing to the tolerogenic environment in the liver and evidence that 

splenectomized mice have a decreased but not absent immune response to FVIII 76. However, as 

stabilin-2 should be expressed on the sinusoidal endothelium of both the liver and spleen, it is 

reasonable to assume that both organs would contribute to the regulation of the VWF-FVIII 

immune response. LSECs express MHC II and co-stimulatory molecules, and thus may function 

as APCs capable of presenting VWF-FVIII peptides to cognate CD4+ T cells. 81,213  Furthermore, 

VWF-FVIII engagement of stabilin-2 can initiate signaling through signal-regulated kinases 1 and 

2 (ERK1/2), and can induce NF-κB activation of pro-inflammatory gene expression that can, in 

turn, enhance the likelihood of an immune response.214 Therefore VWF-FVIII engagement by 

stabilin-2 expressing LSECs may upregulate expression of proinflammatory cytokines that could 

that initiate an immune response 215,216. As evidence for this hypothesis, the co-treatment of 
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STAB2 KO mice with LPS and pdVWF-FVIII stimulated a robust anti-FVIII immune response, 

and differences in cytokine production in the spleen have been described in FVIII KO mice treated 

with pdVWF-FVIII versus recombinant FVIII.91 

Moreover, it is possible that stabilin-2 deficiency might also promote an anti-inflammatory 

phenotype in STAB2 KO mouse model. Although STAB2 KO mice have not been reported to 

have altered cytokine profiles compared to normal controls, they do have highly elevated levels of 

hyaluronic acid 208.  Hyaluronic acid is a glycosaminoglycan comprised of disaccharacide units of 

N-acetylglucosamine and glycuronic acid that bind to stabilin-2 via its X-link domain 217. While 

hyaluronic acid on its own has been reported to have immunomodulatory influences, including 

cell signaling through Toll-like receptors (TLRs), and T cell recruitment via interactions with 

CD44, its rapid 3-5 minute in vivo half-life suggests that at least some of its influence on the FVIII 

immune response may be mediated via a competitive binding mechanism involving stabilin-

2.218,219 Additionally, the differences between the immune response to equimolar concentrations 

of human FVIII infused in the presence or absence of human VWF suggest that ligand-receptor 

engagement of human VWF by stabilin-2 is an essential step in regulating the immune response 

to these products. 

One unique feature of our VWF-FVIII immune studies is the utilization of a C57Bl/6 

mouse model that expresses normal levels of VWF-FVIII, where the immune response is elicited 

in response to an infused xenoprotein, human VWF and/or FVIII.  As expected, the immune 

response to human VWF-FVIII is decreased in magnitude compared to what is typically observed 

in FVIII KO animals, as evidenced by a lack of a strong FVIII-neutralizing response. It is likely 

that in normal mice exposed to human VWF-FVIII there is no significant increase in FVIII 

neutralizing antibodies due to the conservation of FVIII epitopes between human and murine 
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proteins that are crucial for protein activity.  Thus, characterization of the VWF-FVIII immune 

response in normal mice more closely models the development of FVIII antibodies in 

mild/moderate hemophilia A patients where exogenous FVIII contains minor polypeptide 

sequence differences compared to their endogenous FVIII. In contrast, epidemiological studies 

have shown that the immune response to FVIII associates with the severity of the F8 gene 

mutation; similarly FVIII KO mice exhibit almost a 100% inhibitor response to exogenous FVIII 

133,220.  Thus, the influence of stabilin-2 deficiency in a mouse model of severe quantitative FVIII 

deficiency, which might influence the immune response to FVIII, remain to be assessed. 

Collectively, these data represent the first receptor implicated in both the clearance and 

immunogenicity of VWF and FVIII in vivo. We demonstrate that stabilin-2 regulates the immune 

response to VWF-FVIII concentrates, and that competitive inhibition with the stabilin-2 ligand 

hyaluronic acid can mitigate the immune response to FVIII. Therapeutically, competitive 

inhibition of stabilin-2 may also allow for the development of coagulation factor replacement 

products for hemophilia A or VWD with improved pharmacokinetic profiles and decreased 

immune response. 

  



 
102 

 

 

 

 

 

 

 

 

Chapter 5 

 

Concurrent influenza vaccination reduces anti-FVIII antibody responses in murine hemophilia A 

 

 

*This chapter has been published with the following citation. Lai JD designed, performed, and 

interpreted the experiments and wrote the manuscript.  

 

Lai JD, Moorehead PC, Sponagle K, Steinitz KN, Reipert BM, Hough C, Lillicrap D. Concurrent 

influenza vaccination reduces anti-FVIII antibody responses in murine hemophilia A. 

Blood. 2016;127(26):3439–3449. 
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5.1 Abstract 

Inflammatory signals such as pathogen- and danger-associated molecular patterns have been 

hypothesized as risk factors for the initiation of the anti-FVIII immune response seen in 25-30% 

of patients with severe hemophilia A. In these young patients, vaccines may be coincidentally 

administered in close proximity with initial exposure to FVIII, thereby providing a source of such 

stimuli. Here, we investigated the effects of 3 vaccines commonly used in pediatric patients on 

FVIII immunogenicity in a humanized HA murine model with variable tolerance to recombinant 

human FVIII (rFVIII). Mice vaccinated intramuscularly against the influenza vaccine prior to 

multiple infusions of rFVIII, exhibited a decreased incidence of rFVIII-specific neutralizing and 

non-neutralizing antibodies. Similar findings were observed with the addition of an adjuvant. Upon 

exposure to media from influenza- or FVIII-stimulated lymph node or splenic lymphocytes, naïve 

CD4+ lymphocytes preferentially migrated towards media from influenza-stimulated cells, 

indicating that antigen competition, by means of lymphocyte recruitment to the immunization site, 

is a potential mechanism for the observed decrease in FVIII immunogenicity. We also observed 

no differences in incidence or titre of rFVIII-specific antibodies and inhibitors in mice exposed to 

the live-attenuated measles-mumps-rubella vaccine regardless of route of administration. 

Together, our results suggest that concomitant FVIII exposure and vaccination against influenza 

does not increase the risk of inhibitor formation, and may in fact decrease anti-FVIII immune 

responses.  
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5.2 Introduction 

The enigmatic development of FVIII-neutralizing antibodies, known as inhibitors, remains the 

most serious treatment-related complication of hemophilia A (HA). Immune tolerance induction 

(ITI) is currently the only proven strategy for eradicating antibodies towards FVIII, but is costly 

and varies in efficacy.221,222 Prevention of inhibitor development would therefore be an ideal 

solution. However, why 25-30% of severely affected patients develop inhibitors is poorly 

understood.223,224 Clinical and epidemiological studies attribute this to a complex combination of 

genetic and treatment-related factors.  

FVIII immunity likely begins with receptor-mediated endocytosis and degradation of FVIII 

by professional antigen-presenting cells (APCs) and the subsequent presentation of FVIII peptides 

on major histocompatibility (MHC) class II molecules.86,87 In the immature steady state, APCs are 

unable to prime FVIII-specific effector T cell responses due to insufficient expression of co-

stimulatory molecules such as CD80 and CD86. However, in a proinflammatory milieu, APCs 

mature and upregulate expression of these co-stimulators that enable priming of FVIII-specific 

effector CD4+ T cells, and trigger a cascade of events ultimately leading to the differentiation of 

FVIII-specific B cells into antibody-producing plasma cells. Pathogen-associated molecular 

patterns (PAMPs) and danger-associated molecular patterns (DAMPs), can act as maturation and 

immunologic ‘danger signals’ that enhance the quality and magnitude of the immune response 

against FVIII by activating APCs through pattern recognition receptors.124 A previous report has 

shown that rFVIII, alone and in complex with VWF, does not convey danger signals to dendritic 

cells (DCs).130 It is therefore reasonable to believe that the presence of ‘danger signals’ influences 

the risk of inhibitor development in pediatric patients. We have recently shown in two mouse 

models of HA that surgery-associated DAMPs increase inflammatory cytokines IL-1 and IL-6, 
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and also up-regulate CD80 on APCs, but do not influence the magnitude or incidence of the anti-

FVIII immune response.131  

Vaccination for infants occurs at around the time of initial FVIII replacement therapy and 

as a result, may act as a danger signal.225 This concern is founded on the exposure to viral antigens 

and PAMPs, and in some cases adjuvants, that may enhance antibody responses. Indeed, studies 

in mice have implicated an amplification of the anti-FVIII immune response by 

lipopolysaccharide, a TLR2/4 agonist.139 No studies have reported a role of vaccination in inhibitor 

development, save for a single case report in which subcutaneous immunotherapy treating a pollen 

allergy reverted FVIII tolerance in a severe HA patient who had already undergone successful 

ITI.226  

From a contrasting perspective, there is some concern that simultaneous exposure to 

multiple vaccines may reduce their overall effectiveness through interference or immune overload, 

rendering patients susceptible to other infections.225 In the context of FVIII, this antigenic 

competition may divert the immune system’s resources away from FVIII, and result in a more 

anergic or tolerogenic response. Indeed, animal models have shown decreased antibody titres 

against FVIII when concurrently treated with a FVIII/VWF complex versus FVIII alone.91 

However, there is conflicting evidence in the literature regarding concurrent vaccination. Recent 

studies have suggested that multiple concurrent vaccinations do not influence the efficacy of 

protection against each antigen, nor the susceptibility to other infections.227–229 Ultimately, the role 

of vaccination on FVIII immunogenicity or tolerance remains unclear, and is the subject of this 

report.  

Three commonly-used vaccines were selected based, in part, on their recommended age of 

inoculation: the live-attenuated measles-mumps-rubella (MMR) vaccine and the seasonal 
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inactivated subunit influenza vaccine with and without the adjuvant MF59.225 Here, we assessed 

the effects of vaccination on rFVIII immunogenicity in a humanized HA mouse model with a 

variable tolerance to intravenously-administered rFVIII.230  

 

5.3 Materials and Methods 

5.3.1 Murine models of hemophilia A 

Eight-12 week old male humanized F8 E17KO HLA-DRB1*1501 HA mice on a mixed 

S129/C57Bl/6 background were gifts from the Baxalta Corporation.230 These mice possess a 

complete knockout of the murine MHC class II locus, and instead express a functional chimeric 

human-mouse HLA-DRB1*1501 allele. 8-12 week old male and female C57Bl/6 F8 E16KO HA 

mice were used for in vitro chemotaxis experiments.142 All mouse experiments were reviewed and 

approved by the Queen’s University Animal Care Committee.  

 

5.3.2 Vaccines 

Mice were vaccinated either subcutaneously or intravenously with the measles, mumps and rubella 

(MMR) vaccine (Priorix, GlaxoSmithKline), and intramuscular or intravenously with the influenza 

vaccine in the presence and absence of the adjuvant MF59 (Fluad (2013-2014 season) and Agriflu 

(2012-2013 season) respectively, Novartis).  

 

5.3.3 rFVIII treatment regimen 

For MMR experiments, naïve HA mice received 4 weekly intravenous infusions of 2 IU rFVIII 

(0.2 µg or 80 IU/kg) (Advate, Baxter BioScience), followed by 4 twice-weekly infusions of 6 IU 

rFVIII (0.6 µg or 240 IU/kg). For influenza experiments, mice received 7 twice-weekly infusions 
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of 6 IU rFVIII. Experiments described represent aggregated cohorts of at least 3 independent 

experiments.  

 

5.3.4 Blood sampling  

Mice were anesthetized and blood was collected using capillary tubes via the retro-orbital plexus. 

3.2% sodium citrate was added to the samples at one-tenth total volume. Plasma was isolated by 

centrifugation. Terminal samples were collected by cardiac puncture. 

 

5.3.5 Anti-FVIII antibodies and FVIII inhibitor assays 

Total FVIII-specific IgG titres were quantified by enzyme-linked immunosorbent assay (ELISA) 

as previously described.231 Total FVIII-specific IgG was detected using an HRP-conjugated goat 

anti-mouse IgG (Southern Biotech); positive results were defined as >0.1 optical density. FVIII-

specific IgG isotypes were quantitated using the SBA Clonotyping System-HRP (Southern 

Biotech). Wells coated with IgG capture antibodies were used with mouse reference serum (Bethyl 

Laboratories) to generate a standard curve.  

FVIII inhibitors were assessed by a 1-stage FVIII clotting assay using an automated 

coagulometer STACompact (Stago). Samples were incubated at 56°C for 30 min to eliminate 

background FVIII activity in our experimental system and prepared as described previously.232 

Dilutions were performed using FVIII-deficient human plasma (Affinity Biologicals). Positive 

inhibitor samples were defined as >0.5 BU.233 
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5.3.6 Cell chemotaxis assays 

Spleens and inguinal lymph nodes (LN) were isolated from F8 E16KO HA mice. Splenocytes and 

LN lymphocytes were stimulated at 1x107 cells/mL for 18 hours with FVIII (1 µg/mL) or influenza 

vaccine (1 µg/mL) respectively. Total CD4+ T lymphocytes were isolated using the EasySep 

Mouse CD4+ T cell Isolation Kit (StemCell Technologies). Purity ranged from 88-95%. Naïve 

splenocytes or CD4+ T cells were labelled with carboxyfluorescein succinimidyl ester (CFSE, 

CellTrace CFSE Cell Proliferation Kit, Life Technologies), and suspended in a 1.5 µg/mL rat tail 

collagen matrix. Three-dimensional migration was imaged by confocal microscopy using µ-Slide 

Chemotaxis 3D (ibidi) slides. Positive controls used were 10 µg/mL CCL2 (R&D Systems) and 

20 ng/mL CCL5 (eBioscience). Cell migration was automatically tracked and plotted using the 

MosaicSuite and Chemotaxis Tool Fiji plugins, respectively.  
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5.4 Results 

5.4.1 MMR vaccination of HA mice is unsuccessful and does not influence anti-FVIII 

antibody generation 

The live-attenuated MMR vaccine is typically administered as a series of two subcutaneous 

doses.225 In this study, we attempted to mimic this regimen with an additional goal of assessing 

the ability of the MMR vaccine to break FVIII-specific tolerance, as well as expose humanized 

E17KO mice to low- and high-intensity FVIII treatments (Figure 5.1A). The vaccine was 

administered at 10-times the weight-scaled standard human dose; preliminary studies using a 

standard dose were inconclusive (data not shown). Plasma levels of anti-FVIII IgG and inhibitory 

Bethesda units were measured at the indicated time points. Our results show that subcutaneous 

vaccination of mice with the MMR vaccine 24 hours before the first FVIII exposure does not 

influence the proportion of mice that develop FVIII-specific IgG (Figure 5.1B). Similarly, a 2nd 

re-exposure to the vaccine followed by a more intensive FVIII treatment regimen exhibited no 

effect on FVIII IgG or inhibitors (Figure 5.1B, 5.1C). We also quantified the titres of FVIII-

specific IgG and inhibitors in FVIII responders, which showed negligible differences between 

vaccinated and non-vaccinated mice (Figure 5.1D, 5.1E).  

Given this lack of effect on FVIII immunogenicity, we then asked whether or not the MMR 

vaccine inherently conveys danger signals to the immune system. To address this, we immunized 

mice intravenously with MMR to deliver both the vaccine and FVIII for immune processing in the 

spleen.76 Surprisingly, we observed no influence of the initial MMR vaccination, nor the re-

exposure, on the incidence of FVIII-specific IgG and inhibitors (Figure 5.1B, 5.1C). Among FVIII 

responders, the difference in titres of FVIII-specific IgG and inhibitors were again insignificant 

between vehicle and MMR-exposed groups (Figure 5.1D, 5.1E). 
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Figure 5.1. The influence of subcutaneous and intravenous exposure to the MMR vaccine on 
FVIII immunogenicity.  (A) HA mice were challenged with the MMR vaccine, at 10-times the 
standard scaled human dose, 24 hours before the first of 4 weekly infusions of 2 IU rFVIII (~80 
IU/kg). Week 5 plasma was obtained at week 5 by retro-orbital sampling. Mice were subsequently 
rechallenged with the same dose of MMR vaccine followed by 4 biweekly infusions of 6 IU rFVIII 
(~240 IU/kg). Plasma samples at week 9 were obtained via cardiac puncture. (B) Incidence of 
FVIII-specific IgG in subcutaneous (SQ) and intravenous (IV) treatment arms at weeks 5 and 9, 
assessed by indirect ELISA. Total cohort sizes are indicated above the bars. (C) Incidence of FVIII 
inhibitors. (D) Comparison of FVIII-specific IgG titres among FVIII responders. (E) Comparison 
of inhibitory activity among FVIII responders. The horizontal lines and error bars represent the 
mean and SEM. 
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To address the stark contrast between these data and our hypothesis, we considered the 

efficacy of the MMR vaccine in mice. Measles-specific IgG were undetectable in mice vaccinated 

either subcutaneously or intravenously, indicating unsuccessful immunization (data not shown), 

which may be required to observe an influence on FVIII immunogenicity. Furthermore, analysis 

of DC co-stimulatory molecule expression demonstrated that there are no accessible danger signals 

in the MMR vaccine that may modulate FVIII antigen presentation in mice. (Figure 5.2). 

 

 

Figure 5.2. The effects of vaccine preparations on co-stimulatory molecule expression of 
CD11c+ dendritic cells. Splenocytes were stimulated in vitro for 24 hours with the MMR, 
influenza, influenza with MF59, and LPS (10-times clinical dose, 1 ug/mL, 1 ug/mL, 1 ug/mL, 
respectively). The co-stimulatory molecules (A) CD80, and (B) CD86 were assessed by flow 
cytometry on gated CD11c+ cells. Expression is reported as a fold change of the mean fluorescent 
intensity relative to the untreated controls. Error bars represent SEM. N=3. *P<0.05; **P<0.01 as 
determined by Student T test.  
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5.4.2 Immunization against influenza decreases the incidence of anti-FVIII antibodies and 

inhibitors 

We next investigated the potential effects of the influenza vaccine, a surface antigen vaccine 

composed of seasonal-specific hemagglutinin and neuraminidase. To assess its role on FVIII 

immunogenicity, humanized E17KO HA mice were immunized intramuscularly with a standard 

human dose (4.8 µg/kg), either 24 hours before, at the same time or 24 hours after the first of seven 

twice-weekly FVIII infusions (Figure 5.3A). Four weeks after the initial FVIII infusion we 

observed significant decreases in the incidence of FVIII-specific antibodies regardless of when the 

mice were vaccinated (30%, 40%, 14% vs control: 80%; Figure 5.3B) We also observed similar 

decreases in the incidence of FVIII inhibitors (30%, 43%, 11% vs 80%; Figure 5.3C). Further 

serological analyses revealed that all mice exhibited high titres of anti-influenza IgG, suggesting 

successful immunization (Figure 5.3D). Titres of anti-FVIII antibodies and FVIII inhibitors were 

also measured in FVIII responders and there were no changes in either outcome in response to 

influenza vaccination (Figure 5.3D, E). Furthermore, there was no correlation between the titre of 

influenza-specific antibodies and FVIII-specific antibodies or inhibitors (data not shown), 

indicating that influenza does not augment the anti-FVIII immune response. To examine the 

potential influence of influenza vaccination on the FVIII immune response profile, we analyzed 

anti-FVIII IgG subclasses IgG1, 2a and 2b. We observed an increase in FVIII-specific IgG2a 

antibodies attributed to concurrent influenza and FVIII exposure (Figure 5.3F).  
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Figure 5.3. The effects of intramuscular immunization against influenza on FVIII 
immunogenicity. (A) Mice were immunized intramuscularly with a scaled standard human dose 
(4.8 µg/kg) within 24 hours of the first of seven rFVIII (6 IU, ~240 IU/kg) infusions. Blood was 
collected by cardiac puncture 4 weeks later and plasma was isolated by centrifugation. (B) 
Incidence of FVIII-specific IgG assessed by indirect ELISA. Total cohort sizes are indicated above 
each bar. (C) Incidence of FVIII inhibitors. (D) Titres of influenza- and FVIII-specific IgG among 
FVIII responders. (E) Comparison of inhibitory activity among FVIII responders. (F) FVIII-
specific IgG subclasses IgG1, IgG2a and IgG2b among FVIII responders. The horizontal lines and 
error bars represent the mean and SEM. Fisher’s Exact and Mann-Whitney U tests were used where 
appropriate. ND = not detectable. n.s = not significant.   
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We then assessed the robustness of the apparent influenza-mediated reduction in anti-FVIII 

antibody responses. Following an initial intramuscular influenza immunization concurrent with 

the first of seven FVIII infusions, mice were subjected to a 5-week period without FVIII exposure, 

after which they received 3 consecutive intravenous infusions of FVIII. Two weeks after this 

intensive re-exposure, we observed an increase of 40% to 50% in the incidence of FVIII-specific 

IgG in the vaccination treatment arm (Figure 5.4). Moreover, this decrease in the FVIII immune 

response appears to be specific to the influenza vaccine, as mice immunized intramuscularly 

against a more inert antigen, ovalbumin, did not exhibit the same pattern of reduced FVIII 

immunoreactivity. (Figure 5.5).  

 

 

Figure 5.4. Assessment of persistent reduction in anti-FVIII antibody responses in influenza-
immunized mice. E17KO HA mice were treated as described previously, and sampled for FVIII-
specific IgG 28 days after the initial FVIII exposure. Following a 5 week period without FVIII 
exposure, mice were infused with 6 IU rFVIII for 3 consecutive days and sampled for FVIII-
specific IgG 2 weeks later.  
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Figure 5.5. The effects of intramuscular immunization against ovalbumin on the incidence 
of FVIII-specific IgG.Mice were intramuscularly immunized with chicken ovalbumin (4.8 µg/kg) 
within 24 hours of the first of seven rFVIII (6 IU, ~240 IU/kg) infusions. Blood was collected by 
cardiac puncture 4 weeks later and plasma was isolated by centrifugation. IgG was detected by 
ELISA. Total cohort sizes are indicated above the bars. 

 

Intramuscular vaccination does not ensure its co-localization with FVIII. Therefore, we 

next evaluated the presence of a danger signal by inoculating mice intravenously with vaccine and 

FVIII at the same time points as described above, with the assumption that the biodistribution of 

the two products is more likely to be similar. In this scenario, any potential danger signal would 

stimulate the same cells interacting with FVIII. When mice received FVIII at the same time as the 

intravenous vaccine, there was a 30% and 40% increase in the incidence of FVIII-specific IgG and 

inhibitors, respectively (Figure 5.6A, 6B). However, when vaccinated either 24 hours before or 

after the first FVIII infusion the incidence of inhibitory antibodies was lower, although there was 

an increase in total anti-FVIII antibodies in mice vaccinated 24 hours before receiving FVIII. 

Intravenous immunization against influenza elicited similarly robust anti-influenza immune 

responses compared to intramuscular vaccination (Figure 5.6C). No differences in FVIII antibody 

0

20

40

60

80

100

%
 a

nt
i-F

VI
II 

Ig
G

 p
os

iti
ve

 m
ic

e

FVIII
Ovalbumin

+ + + +
- -24 hrs 0 hrs +24 hrs

n=5

n=5

n=5

n=5



 
116 

or inhibitor titres were associated with influenza immunization compared to controls (Figure 5.6C, 

5.6D). These data, albeit not statistically significant, suggest a trend of increased FVIII 

immunogenicity associated with danger signals in the influenza vaccine delivered to the same 

anatomic location as FVIII.  

 

 

Figure 5.6. The effects of intravenous immunization against influenza on FVIII 
immunogenicity. Mice were immunized intravenously with a scaled standard human dose (4.8 
µg/kg) of influenza vaccine within 24 hours of the first of seven rFVIII (6 IU, ~240 IU/kg) 
infusions. Blood was collected by cardiac puncture 4 weeks later and plasma was isolated by 
centrifugation. Plasma samples were assessed for the presence of (A) FVIII-specific IgG and (B) 
inhibitors. Total cohort sizes are indicated above each bar. (C) Comparison of titres of influenza- 
and FVIII-specific IgG among FVIII responders. (D) Comparison of inhibitory activity among 
FVIII responders. The horizontal lines and error bars represent the mean and SEM. 
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5.4.3 Immunization against influence with the adjuvant MF59 decreases the incidence of 

anti-FVIII antibodies and inhibitors 

We next investigated FVIII immunogenicity in response to the influenza vaccine with the 

additional of an oil-in-water squalene adjuvant, MF59, which may confer immune-stimulatory 

properties against FVIII as well as influenza antigens. Intramuscular vaccination of HA mice 

together with an intravenous infusion of FVIII resulted in a decreased incidence of FVIII-specific 

IgG (45%, 25%, 42% vs 80%; Figure 5.7A). In addition, the frequency of FVIII inhibitor positive 

mice significantly decreased across all immunization time points (36%, 31%, 33% vs 80%; Figure 

5.7B). All mice developed high titre anti-influenza antibodies, but there was no observed influence 

of the vaccine and adjuvant on the titre of total FVIII-specific IgG or inhibitors (Figure 5.7C, 

5.7D). Upon more detailed analysis of IgG subclasses, we observed an increase of IgG1 antibodies 

at all immunization time points (Figure 5.7E).  
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Figure 5.7. The effects of intramuscular immunization against influenza, with the adjuvant 
MF59, on FVIII immunogenicity.Mice were immunized intramuscularly with a scaled standard 
human dose (4.8 µg/kg) within 24 hours of the first of seven rFVIII (6 IU, ~240 IU/kg) infusions. 
Blood was collected by cardiac puncture 4 weeks later and plasma was isolated by centrifugation. 
(A) Incidence of FVIII-specific IgG. Total cohort sizes are indicated above each bar. (B) Incidence 
of inhibitors. (C) Comparison of influenza- and FVIII-specific IgG titres among FVIII responders. 
(D) Comparison of inhibitory activity among FVIII responders. (E) anti-FVIII IgG subclasses 
IgG1 and IgG2a among FVIII responders. The horizontal lines and error bars represent the mean 
and SEM. 
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Interestingly, mice concurrently exposed to FVIII and the adjuvanted influenza vaccine 

through intravenous injection did not exhibit an increased incidence of FVIII-specific antibodies 

or inhibitors (Figure 5.8A, 5.8B). Moreover, no significant changes were detected in the titres of 

FVIII antibodies or inhibitors (Figure 5.8C, 5.8D). Intravenous immunization of mice to influenza 

with MF59 resulted in anti-influenza responses of a similar magnitude to the intramuscular route. 

 

Figure 5.8. The effects of intravenous immunization against influenza, with the adjuvant 
MF59, on FVIII immunogenicity. Mice were immunized intravenously with a scaled standard 
human dose (4.8 µg/kg) within 24 hours of the first of seven rFVIII (6 IU, ~240 IU/kg) infusions. 
Blood was collected by cardiac puncture 4 weeks later and plasma was isolated by centrifugation. 
Plasma samples were assessed for the presence of FVIII-specific IgG (A) and inhibitors (B). Total 
cohort sizes are indicated above each bar. (C) Titres of influenza- and FVIII-specific IgG among 
FVIII responders. (D) Comparison of inhibitory activity among FVIII responders. The horizontal 
lines and error bars represent the mean and SEM. 
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5.4.4 T lymphocytes migrate preferentially in the direction of media from LN lymphocytes 

stimulated with influenza 

FVIII immunity is thought to originate in the spleen, while the intramuscular influenza 

immunization likely initiates an immune response through the draining inguinal LNs.76 We 

hypothesized that the decrease in FVIII antibodies and inhibitors observed through intramuscular 

influenza immunization is attributed to antigenic competition by means of lymphocyte trafficking 

to local lymph nodes at the site of vaccination. E16KO HA mice were used to account for the 

variability of E17KO mice in inhibitor development, thus providing a more controlled model. To 

directly assess the chemotactic-inducing ability of FVIII and the influenza vaccines, we used a 3D 

Chemotaxis µ-slide in which a central imaging lane, flanked by two separate reservoirs, was seeded 

with naïve splenocytes, labeled with CFSE in a 3-dimensional rat tail collagen matrix. We then 

separately stimulated splenocytes with FVIII, and lymphocytes from the inguinal LNs with the 

influenza vaccine, with and without MF59. After 18 hours, the cell supernatant was transferred 

into the flanking reservoirs, establishing two converging chemokine gradients within the collagen 

matrix. The central lane was imaged overnight by confocal microscopy. Cell migration and 

directionality were analyzed on the basis of angular non-uniformity among endpoints using 

Rayleigh’s test. We addressed the susceptibility of this test to random short migration paths by 

analyzing the total distance travelled in the direction of each gradient using the Student’s T test. 

Although not statistically significant, we observed that unsorted naïve splenocytes exhibited 

greater chemotaxis towards media from cells stimulated with the influenza (Figure 5.9A) and 

particularly that with influenza+MF59 at 12 hours (Figure 5.9B). For comparison, media from 

unstimulated splenocytes and LN-lymphocytes resulted in the random movement of splenocytes 

(Figure 5.9C), while addition of monocyte and T cell chemokines CCL2 and CCL5, respectively, 
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induced direction-specific chemotaxis (Figure 5.9D). Similarly, there was a trend suggesting 

increased displacement of cells towards influenza-induced chemokines with both forms of the 

vaccine (Figure 5.9E, 5.9F).  

 

Figure 5.9. Comparison of naïve splenocyte chemotaxis in response to media from influenza 
vaccine-stimulated lymph node lymphocytes and FVIII-stimulated splenocytes. Chemokine 
gradients were generated by stimulating splenocytes and LN-lymphocytes with FVIII (1 µg/mL) 
or influenza with and without MF59 (1 µg/mL) for 18 hours. Chemotaxis competition of 
converging gradients were imaged overnight between (A) FVIII and influenza, and (B) FVIII and 
influenza with MF59. (C) Media from unstimulated splenocytes and LN-lymphocytes were 
assessed as a negative control. (D) CCL2 (10 µg/mL) and CCL5 (20 µg/mL) gradients were 
assessed as a positive control. The vertical components travelled by T cells were analyzed for (E) 
FVIII and influenza competition, and (F) FVIII and influenza with MF59 in a representative assay. 
Statistical analysis was conducted using Rayleigh’s test and Mann-Whitney U test for trajectory 
plots and distance travelled respectively. Data representative of at least 3 independent experiments. 
Horizontal line and error bars represent mean and SEM respectively. 
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Despite the lack of statistical power, which may be attributed to the heterogeneous nature 

of the cells, these data suggest that there is a cellular subset exhibiting a higher responsiveness to 

influenza-induced chemokines. We hypothesized that CD4+ T cells would be the migratory subset 

considering the rationale that resident APCs would contribute to the majority of the chemokines 

produced. Indeed, using the same experimental system, CD4+ T cells preferentially migrated 

towards media from LN cells stimulated with influenza (Figure 5.10A) and influenza+MF59 

(Figure 5.10B) over a period of 12 hours. For comparison, media from unstimulated splenocytes 

and LN-lymphocytes resulted in the random movement of T cells (Figure 5.10C), while addition 

of the CCL5 induced direction-specific chemotaxis (Figure 5.10D). Furthermore, T cells were 

found to migrate a significantly greater distance towards the influenza-induced chemokines versus 

that of FVIII at 1 and 12 hours (p = 0.0008 and 0.01 respectively; Figure 5.10E). We observed a 

similar increase in migratory distance of T cells towards influenza+MF59-induced chemokines (p 

= 0.003 and 0.006 respectively; Figure 5.10F). These findings suggest that migration of CD4+ T 

cells to local lymph nodes at the site of vaccination may explain antigenic competition between 

vaccine antigens and FVIII. 
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Figure 5.10. Comparison of CD4+ T cell chemotaxis in response to media from influenza 
vaccine-stimulated lymph node lymphocytes and FVIII-stimulated splenocytes. Chemokine 
gradients were generated by stimulating splenocytes and LN-lymphocytes with FVIII (1 µg/mL) 
or influenza with and without MF59 (1 µg/mL) for 18 hours. CD4+ T cell chemotaxis competition 
of between converging gradients were imaged overnight between (A) FVIII and influenza, and (B) 
FVIII and influenza with MF59. (C) Media from unstimulated splenocytes and LN-lymphocytes 
were assessed as a negative control. (D) A CCL5 (20 µg/mL) gradient was assessed as a positive 
control. The vertical components travelled by T cells were analyzed for (E) FVIII and influenza 
competition, and (F) FVIII and influenza with MF59. Statistical analysis was conducted using 
Rayleigh’s test and Mann-Whitney U test for trajectory plots and distance travelled respectively. 
Data representative of at least 3 independent experiments. *P<0.05; **P<0.01; ***P<0.001.   
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5.5 Discussion 

The immunogenic potential of APCs is influenced by maturation induced by inflammatory signals 

in the surrounding microenvironment such as PAMPs and DAMPs. It has been previously 

demonstrated that FVIII by itself, as well as in complex with VWF, does not induce APC 

maturation, and thus the immunogenic capability of human monocyte-derived DCs.130 This 

suggests that the microenvironment surrounding APCs in previously untreated HA patients is an 

essential regulator of whether immunity against FVIII develops. Indeed, a survey conducted across 

42 centres showed a significant concern that administering FVIII in the presence of inflammatory 

stimuli, particularly surgery, would increase the risk of inhibitor development.39 Results from the 

recent CANAL and RODIN studies have respectively shown 3.7 and 2 fold increases in inhibitor 

risk associated with surgical procedures that are linked with moments of intensive high-dose FVIII 

treatment.33,223 These findings suggest that pro-inflammatory signals, either foreign or 

endogenous, may potentiate the development of FVIII inhibitors.  

We posed the question whether vaccination would elicit an increased risk of FVIII antibody 

and inhibitor development with the hypothesis that vaccine-associated PAMPs would trigger APC 

activation. In a humanized murine model of HA, our data demonstrate that intramuscular 

immunization against both preparations of the influenza vaccine, with and without the adjuvant 

MF59, decreases the risk of developing FVIII-specific IgG antibodies and FVIII inhibitors. 

Furthermore, in FVIII-responding mice, we detected no differences in the titres of FVIII-specific 

IgG and their inhibitory activity suggesting that vaccination influences the initial decision of 

whether or not to mount an immune response, but does not affect the magnitude of the immune 

response. However, mice immunized against influenza without an adjuvant showed increased 

levels of IgG2a antibodies suggesting that the normal anti-viral Th1 response expected exerts its 
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influence on the immunoglobulin profile of the anti-FVIII response. As a single-stranded RNA 

virus, influenza has the potential to stimulate TLR7, and our data support the idea that TLR ligands, 

specifically TLR7 and TLR9, polarize anti-FVIII response towards Th1.234,235 Furthermore, the 

adjuvanted-vaccine modulation of the anti-FVIII response with the associated increase in plasma 

levels of FVIII-specific IgG1, suggest that the addition of the M59 adjuvant alters the helper T cell 

profile to a predominately Th2 response, a role that has previously been suggested.220,236 However, 

these results may be strain-specific as it has been suggested that the role of MF59 is to simply 

augment the default immune profile rather than biasing the profile.237 

The presence of danger signals in the vaccine preparation is irrelevant if they do not 

stimulate FVIII-presenting APCs. In mice intravenously immunized against influenza without an 

adjuvant, we observed a trend of increased FVIII immunogenicity, without a decrease in the 

immune response against influenza. Although not statistically significant, these findings confirm 

that the vaccine preparation contains danger signals, but that the effect on FVIII immunogenicity 

is dependent on the route of administration. Surprisingly, with the addition of the adjuvant, we 

observed no influence on the FVIII immune response. These findings may be attributed to a lack 

of interaction between FVIII and the adjuvant. In this scenario, the effect of the adjuvant on the 

antigen “depot” effect and lymphocyte recruitment may not be extended to FVIII.  

In this study, we attribute the apparent decrease in FVIII immunogenicity to antigenic 

competition. The vaccine, administered intramuscularly, likely encounters the resident APCs in 

the muscle, followed by the subsequent migration of the APCs to the draining LN. Indeed, the 

MF59 preparation of the vaccine has been previously shown to provide antigen retention in the 

LN and induce lymphocyte recruitment.238,239 In contrast, the intravenous infusion of FVIII likely 

elicits immunity in the spleen.76 We hypothesized that concurrent vaccination and exposure to 
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FVIII attracts immune cells towards the site of vaccination, and thus decreases the effective 

immune response against FVIII. To directly address this hypothesis, we developed a novel in vitro 

antigenic competition assay allowing time-lapse 3-dimensional tracking of lymphocytes, towards 

media from either FVIII-stimulated splenocytes, or influenza-stimulated LN cells. Following the 

documentation of unsorted splenocytes to migrate preferentially towards influenza-induced 

chemokines, we subsequently identified one candidate cell type as CD4+ T lymphocytes. 

Migration of helper CD4+ T cells away from the spleen may decrease the probability of MHC-

bound FVIII peptides interacting with their corresponding antigen-specific T cell. Additionally, 

this trafficking may be attributed to the critical role of CD4+ T cells in the initiation and 

maintenance of influenza immunity.240,241 Although the specific chemokines responsible for these 

observations were not identified, we present here, as proof-of-concept, the potential for vaccination 

to divert immune resources away from the site of anti-FVIII immune responses. It should be 

cautioned that the extent of this effect may be magnified in this mouse model in which APC-T cell 

interactions are restricted to a single human MHC class II molecule. Thus theoretically, only a 

fraction of the potential FVIII peptides can be presented to T cells compared to wild-type mice.139 

The probability of an APC encountering an antigen-specific T cell is therefore less, and the 

inability of an APC to find an antigen-specific T cell may promote tolerance or anergy. Additional 

studies are needed to better elucidate this phenomenon, particularly in relation to the potential of 

FVIII-specific T cell suppression in vivo.  

We further assessed the role of a third pediatric vaccine, the MMR vaccine, and did not 

find any influence on the incidence or magnitude of the FVIII immune response. Mice in these 

studies did not mount an immune response against the vaccine delivered by either mode of 

administration. Incidentally, murine MMR immunization has not been reported in the literature, 
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and mice are not known reservoirs for its viral constituents. Thus, mice may lack the necessary 

receptor-mediated processes required to elicit infection from the live-attenuated vaccine, and the 

viruses are simply degraded rather than presented to the immune system. Based on intravenous 

exposure of MMR and in vitro stimulation of DCs, it appears that the vaccine preparation does not 

contain accessible danger signals for mice.  

Here, we have shown that concurrent intramuscular immunization with the influenza 

vaccine, with and without an adjuvant, reduces the immune response against rFVIII in a humanized 

HA mouse model. A potential mechanism may be the redirection of immune resources and the 

recruitment of CD4+ T cells to the site of vaccination. Decreased anti-FVIII immunity in influenza-

vaccinated mice was maintained upon intensive re-exposure to rFVIII after 5 weeks without FVIII 

administration. Furthermore, this phenomenon may have some specificity for the influenza vaccine 

given that mice immunized intramuscularly with ovalbumin did not exhibit a similar decrease in 

FVIII immunity. These data suggest that vaccination of young HA patients may not increase FVIII-

specific antibody responses. Interestingly, an independent epidemiological study, by Hashemi et 

al., simultaneously observed that receiving vaccinations in close proximity to FVIII exposure in 

previously untreated severe HA patients did not increase inhibitor development.132 Taken together 

with our findings, these data provide evidence that vaccination may not always increase the risk 

of inhibitor development, and may in fact result in reduced antibody responses to FVIII. Caution 

should be used in extrapolating this information as this protective effect may be dependent on the 

properties of vaccine and the time of immunization relative to FVIII exposure. Further 

identification of specific T cell subsets that migrate and remain at the site of FVIII immunity may 

provide insight into the critical linkage of innate and adaptive immunity required for the 

development of FVIII inhibitors. The inhibition of T cell chemotaxis by fingolimod, a sphingosine-
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1-phosphate receptor modulator, and maraviroc, a CCR5 antagonist, have shown promising results 

in treating multiple sclerosis and graft-versus host disease, respectively.242,243 This diversion of 

immune resources may represent a novel avenue for FVIII immunotherapy that bypasses 

immunosuppression.  
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6.1 Complexities of FVIII immunity 

An inhibitor is the single greatest treatment complication for a patient living with hemophilia. The 

risk of developing an inhibitor is greatest during the initial 10-20 exposures to FVIII with an overall 

risk of up to 30% in severe hemophiliacs. Patients with mild and moderate hemophilia A are at 

life-long risk with as high as 13% developing an inhibitor in their lifetime. These patients resort to 

using bypassing agents such as FVIIa and FEIBA (FVIII inhibitor by-passing agent) for the on-

demand management of bleeding. However, the inability to sustain adequate trough levels of FVIII 

inevitably results in chronic joint disease. Maintaining a satisfactory quality of life for a severe 

HA patient with an inhibitor requires a nearly 3-fold increase in the costs of an already lucrative 

treatment.34,244 The additional costs and stress from repetitive infusions during ITI only add to this 

burden.  

From an immunological viewpoint, the development of inhibitors is not surprising 

considering that inhibitor risk is significantly associated with F8 mutation severity.133 Indeed, HA 

patients often have significant mutations in the F8 gene that either result in an absence of FVIII 

protein or alter the functional conformation of FVIII (e.g. inversions, deletions, and missense 

mutations), such that infusion of the wild type FVIII protein introduces antigenic, and potentially 

immunogenic, epitopes. As a result, a lack of central tolerance to these epitopes results in the clonal 

selection of FVIII-specific T and B cells. In this vein, the study of FVIII immunology appears 

rudimentary. However, two HA patients presenting with the same F8 mutation may be discordant 

for inhibitor development, thus highlighting the multivariate etiology of this adverse event.245 

Clinicians and epidemiologists have attempted to develop strategies that may help to predict a 

patient’s immune response to FVIII, but at the moment, these are arguably not reliable enough for 

therapeutic decisions.246,247 
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The risk factors for inhibitor development have traditionally been divided in treatment- and 

genetic-related risk factors.45 This perspective is perhaps oversimplified, and in reality, the sum of 

multiple biological and physical elements likely contribute to this response (Figure 6.1). This 

paradigm incorporates aspects of genetic and treatment related risks that are sufficiently influential 

on FVIII immunogenicity to deserve their own standalone categories. These include biochemical 

aspects of FVIII, interactions with VWF, influence of promiscuous scavenger and innate immune 

receptors, as well as the microenvironment. Collectively, it is clear that a revisiting of innate 

immunity, as it pertains to FVIII, will provide new avenues for the treatment of hemophilia A. To 

this end, we have explored some of the earliest mechanisms that precede the FVIII immune 

response in multiple mouse models.   

 

Figure 6.1. A revised paradigm of risk factors that contribute to the FVIII immune 
response.A complex balance of biological and physical mechanisms underlies the development of 
FVIII immunity. Canonical risk factors such as genetic and treatment variables retain their 
profound influence, while more subtle elements such as protein modifications, and VWF 
biological and physical factors are highlighted. Promiscuous innate mediators and the 
immunomodulatory influence of coagulation, inflammation and the microbiome are also 
hypothesized to influence FVIII immunogenicity.  
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6.2 FVIII glycosylation: bitter sweet? 

Post-translational modifications contribute to protein folding and activity, as well as receptor-

mediated clearance.248 However, the role of PTM variances with regards to FVIII immunogenicity 

has not been explored in depth. If we accept that protein structure influences function, one can 

assume that PTMs influence protein activity and likely affect some aspect of tertiary structure. For 

instance, FVIII contains 6 sulfated tyrosine residues that flank thrombin cleavage sites, and are 

necessary for optimal cofactor activity.249 The residue located at Tyr1680 is essential for the 

interaction with VWF.250 It has been shown that while pdFVIII is fully sulfated at this residue, 

there is incomplete sulfation at this site in some rFVIII products, such that up to 20% of rFVIII 

has been demonstrated to not associate with VWF.251,252 In terms of the increased immunogenicity 

of rFVIII, these findings suggest two paradigms in which the fraction of VWF-free rFVIII has a 

greater immunogenic potential than VWF-associated FVIII, and/or that the non-sulfated proteins 

have an altered conformation that promotes antigen presenting cell (APC) uptake and presentation. 

The recent controversy regarding disparities in the immunogenic potential of FVIII 

concentrates has generated a renewal of interest in the influence of glycosylation. In a randomized 

control trial comparing pdFVIII (containing VWF) and rFVIII concentrates, rFVIII was shown to 

confer a 1.87-fold increase in the risk of inhibitor development.135 While it is known that pdFVIII 

concentrates lack the immunogenic glycan epitopes αGal and Neu5Gc, it is likely that the 

hypothesized immunoprotective effect of VWF contributes to these observations. The robust 

evidence suggesting a 1.6-fold increase in the incidence of inhibitors with BHK-derived rFVIII 

compared to CHO-derived rFVIII offers more compelling evidence that glycosylation influences 

immunogenicity.57,136,137 In our studies, we confirmed that these two rFVIII concentrates, with 

near-identical polypeptide structures, indeed exhibit different immunogenic potential in mouse 



 
133 

models of HA. The two proteins additionally differed in their clearance profiles in a VWF-

independent manner, suggesting alternative structural moieties facilitating this uptake. The profiles 

of N-linked glycosylation differed in the distribution and occupancy of glycans, as well as the 

content of mannose glycans and the degree of sialic acid capping. We observed that decreased 

occupancy of glycan sites contributed to an increase in immune complex formation with naturally 

occurring FVIII-specific IgM. Whether the occupancy of these sites contributes to FVIII 

procoagulant function in vivo is currently unclear. The exposure of naked polypeptide sequences 

provides evidence of an innate immunogenic property of FVIII, potentially through molecular 

mimicry as proposed for ADAMTS13 immunity in acquired thrombotic thrombocytopenic 

purpura.253 These findings draw parallels with efforts to glyco-engineer recombinant 

erythropoietin, where incompletely processed N-linked glycans significantly reduce biological 

activity, and addition of new N-linked glycan sites can increase the activity of the protein.254,255 

However, the addition of new N-linked sites in FVIII has not been investigated. Although we did 

not see an influence of specific carbohydrate structures on the immune response, it is well accepted 

that they have the potential to modulate immune responses.  

One can hypothesize that there is an optimal glycoform for FVIII that combines prolonged 

half-life and decreased immunogenicity. Glycosylation is closely associated with the specific cell 

of synthesis, and it is likely that millions of years of evolution has chosen the optimal cell for FVIII 

production.256 Considering the recent evidence suggesting that FVIII is produced in lymphatic 

endothelial cells, it is quite possible that synthetically produced FVIII will never be structurally 

equivalent to endogenously produced FVIII in terms of its post-translational modification.8  

The emergence of rFVIII products with modified glycan profiles such as Nuwiq® (Octapharma 

AG) produced in human embryonic kidney 293 cells, and Kovaltry® (Bayer), a hyper-sialylated 
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FVIII glycoform produced in BHK cells, necessitates the understanding of the role of glycans in 

FVIII immunogenicity more than ever.69,257 Nuwiq® has been described to be devoid of the non-

human glycan epitopes described above, and exhibits complete sulfation of the 6 tyrosine 

residues.68 Pre-clinical testing to evaluate the immunogenicity of Nuwiq® may prove to be 

difficult given that no appropriate model exists that can account for the human glycans.  

Kovaltry® is marketed as a full-length rFVIII protein produced in a BHK cell line with a 

high expression of heat shock protein 70, which facilitates the proper folding of FVIII and 

incidentally, is described to increase the content of terminal sialic acid glycans.257 Interestingly, in 

our hands, lectin binding analysis did not show increased levels of sialic acid compared to the 

previous iteration of Kovaltry®, Kogenate FS® (data not shown). It is possible that this increased 

sialylation is not accessible to lectin binding and may require mass spectrometry analysis. 

Nevertheless, the murine DC uptake of artificially sialylated antigens has recently been reported 

to inhibit Th1 and Th17 T cell responses as well as promote the induction of de novo regulatory T 

cells through a mechanism dependent on Siglec-E.258 This immunomodulatory receptor, whose 

human ortholog is Siglec-9, is expressed on mouse neutrophils, monocytes, macrophages and DCs 

and preferentially binds to α2-8-linked sialic acids and dampens inflammation through the down-

regulation of toll-like receptor 4 signalling.259,260 Targeting Siglec-E using nanoparticles decorated 

with α2-8 N-acetylneuraminic acid has recently been shown to induce expression of IL-10 and 

downregulate the inflammatory response in a murine model of lipopolysaccharide-induced 

sepsis.261 This finding implies that the role of sialic acid on FVIII immunogenicity is likely more 

complex than simply a quantitative influence, and may involve contributions from specific 

linkages that alter binding to inhibitory or stimulatory sialic acid receptors. Further 

epidemiological evidence and fundamental immunology research is needed to assess whether these 
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subtle changes in glycosylation are contributing to the differential immunogenicity recently 

described for rFVIII concentrates. 

   

6.3 FVIII: to clear or to fear 

We have emphasized here the complex balance between clearance and immunogenicity. As we 

have previously proposed, a single receptor in one environment can elicit complete FVIII 

proteolysis, while in another, may result in MHC class II FVIII peptide-loading.206 Indeed, 

comparisons between DCs, B cells and macrophages have shown that the cellular capacity for 

lysosomal degradation inversely correlates with the capacity for antigen presentation.210 These 

findings have significant implications on FVIII immunogenicity given that N-linked glycosylation 

can protect Lamp-1 and Lamp-2 from lysosomal proteolysis.262 Moreover, the introduction of 

novel increased half-life FVIII concentrates such as FVIII-Fc fusion proteins and PEGylated FVIII 

introduce an entirely new array of variables, including cellular localization and protection from 

proteolysis. While these new products have shown promise in extending FVIII half-life in non-

inhibitor patients with robust peripheral tolerance to FVIII, there is, as of yet, little to no evidence 

regarding how the FVIII-naïve immune system of a previously untreated child with hemophilia A 

may view these proteins. These concerns necessitate a better understanding of early events and the 

clinical trial data from previously untreated children is eagerly awaited.  

 In our studies, we observed that FVIII localization in the presence of murine VWF is highly 

specific for marginal zone macrophages expressing the receptors MARCO, Siglec-1, and SIGNR-

1. An overall transcriptomic profiling of the spleen following FVIII infusion revealed evidence of 

STAT1 and STAT3 modulation, which underlines the importance of Th1 and Th17 responses as 

previously seen in a study of brothers discordant for inhibitors.183 Surprisingly, we observed little 
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to no FVIII interaction with DCs within the first 3 hours, suggesting that previous studies using 

blood monocyte-derived DCs as models for FVIII immunity may be an inaccurate representation 

of actual events. However, these findings do not preclude DCs from presenting FVIII peptides in 

vivo, as there are many non-canonical methods of antigen capture. For instance, DCs can acquire 

peptide-MHC class II complexes from other cells through a cell contact-dependent process known 

as trogocytosis, otherwise known as membrane transfer.263 Other mechanisms include the 

intercellular transfer of MHC molecules via exosomes, or the sharing of cytoplasmic contents by 

tunneling nanotubules.264,265 These methods of transferring antigens have not been investigated for 

FVIII, but highlight new directions that may lead to a better understanding of FVIII 

immunobiology.  

Interestingly, splenectomized mice still develop FVIII inhibitors, suggesting that there are 

alternative mechanisms that mediate FVIII immunity, perhaps in other organs.76 While the spleen 

has the highest affinity for FVIII by mass, the liver, based on its size, facilitates the majority of the 

FVIII removal from circulation. We profiled the expression of immune response genes in the liver 

after FVIII infusion to assess whether it might be involved in the immune response. The 

transcriptional changes observed were associated with Wnt signaling, which may imply the 

downstream signaling of LRP1. This in part confirms the role of the liver as a clearance organ as 

previously described. LRP1 is expressed on a wide range of cells, and has been mainly implicated 

in the clearance of FVIII and VWF, as it appears to be dispensable for DC uptake of 

FVIII.103,105,108,109  

The clearance of FVIII and VWF by receptors such as LRP1, ASGPR, and CLEC4M has 

been characterized to some extent in vivo.97,99,103,105 In contrast, knockout or inhibition of a receptor 

has never been implicated for FVIII immunogenicity. Here, we are the first to characterize the 
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scavenger receptor stabilin-2 as both a novel clearance and immunodulatory receptor for the 

human FVIII-VWF complex. Murine stabilin-2 was shown to clear human VWF, and indirectly, 

human FVIII. A stabilin-2 knockout model showed an increased half-life of both human proteins, 

and demonstrated a diminished immune response against VWF and FVIII. Competitive inhibition 

using the stabilin-2 ligand, hyaluronic acid, similarly decreased the immune response against the 

two proteins. As a result, this sinusoidal endothelial receptor clearly plays a role at minimum in 

the initial endocytic uptake of the human VWF-FVIII complex.  

The recent SIPPET study has suggested that VWF-containing pdFVIII concentrates confer 

a 87% decrease in the risk of inhibitor development compared to rFVIII.135 The extent to which 

VWF may alter the cellular distribution of FVIII has not been previously investigated. At least in 

the murine spleen, one study showed that the presence of endogenous VWF does not alter the 

localization of FVIII to the marginal zone, but rather delays its catabolism.78 Collectively, our data 

suggest that murine VWF directs FVIII entirely to the splenic marginal zone, whereas human VWF 

likely directs some FVIII to the splenic sinusoidal endothelium. These findings highlight some of 

the limitations of studying FVIII immunity in murine models, where it appears that human and 

mouse VWF demonstrate some different behaviors. It is not known whether the cells identified 

here interact with FVIII in humans, and a lack of access to primary cells will continue to limit the 

potential for answering these questions. Nevertheless, the role of endothelial cells in FVIII 

immunogenicity has not yet been investigated, but may be promising considering the significant 

impact of stabilin-2 on VWF and FVIII clearance and immunity. 

  

 

 



 
138 

6.4 Role of the microenvironment  

Apart from the F8 mutation and family history of inhibitor development, early intensive treatment, 

surgery and concomitant infection are the greatest perceived risk factors across 42 hemophilia A 

treatment centers.39 One study in 26 previously untreated HA patients used a rapid FVIII 

tolerization regimen by administering frequent doses of FVIII during periods without bleeding or 

inflammation. The increased number of exposure days during this period decreased the incidence 

of inhibitor development.266 These concerns have additionally been supported by a large-scale 

epidemiological study designed to describe treatment related risk in previously untreated severe 

HA patients.33 Here, we investigated the role of one source of potential inflammation, vaccination, 

on inhibitor development in humanized HA mice with variable tolerance to human FVIII. 

Surprisingly, we did not observe any influence of concurrent immunization against the live-

attenuated MMR vaccine on FVIII immunogenicity. This may be a limitation of our mouse model, 

considering that we were unable to demonstrate any evidence of an immune response against 

MMR antigens in the mice. In contrast, an antigen vaccine, the influenza vaccine with and without 

the adjuvant MF59C, resulted in a diminished FVIII immune response. We attributed these 

findings to antigenic competition, and by proof-of-concept, showed that CD4+ T cells 

preferentially migrate towards immune microenvironments previously exposed to the vaccines. 

Ultimately, our vaccination model provides a very clinically-relevant microcosm regarding the 

role of inflammation on FVIII immunity, and reiterates the importance of the biodistribution of 

antigens. How this antigenic diversion could influence long-term FVIII peripheral tolerance is not 

clear. It is possible that non-migratory FVIII-specific CD4+ T cells are more tolerogenic, or that a 

decrease in the effector T cell population in the vicinity diminishes the inflammatory milieu.  
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Nevertheless, the microenvironment surrounding FVIII provides a complex balance for 

fine-tuning the immune response. At the APC level, Matzinger’s danger theory suggests that 

danger signals (i.e. DAMPs and PAMPs) induce APC maturation and promote immunity, while 

lack of  danger signals promote tolerance.124 It was originally hypothesized that FVIII may provide 

its own danger signal, but in vitro studies in human monocyte-derived DCs suggested otherwise.130 

Recent evidence has suggested that the danger theory may require revision. Fail-safe mechanisms 

such as that involving indoleamine 2,3-dioxygenase 1, an enzyme expressed in APCs, have been 

implicated in the induction of peripheral Treg-mediated tolerance against FVIII in response to 

excessive inflammation.267,268 These findings suggest that there is likely an inflammatory ceiling 

under which FVIII immunogenicity is amplified via the danger theory, and above which 

homeostatic mechanisms of the immune system are triggered to prevent autoimmunity, an 

inflammatory “sweet spot.” This concept may provide an explanation as to why an experimental 

model of surgery did not amplify the FVIII inhibitor response.131  

It is not surprising that immunosuppression has been considered as a potential prophylactic 

intervention to prevent inhibitor development. In a small cohort of patients, ITI combined with 

immunosuppression of B cells using the anti-CD20 monoclonal antibody, rituximab, showed the 

potential success of this intervention.269 However, these approaches have not been implemented 

in previously untreated patients. Our research program has shown that co-administration of the 

corticosteroid dexamethasone with initial infusions of human FVIII promotes long-term tolerance 

to FVIII in murine models.270 While these results are encouraging, there are clinical reservations 

regarding the use of immunosuppressive drugs, even transiently, in young patients.  

The danger model provides an adequate framework for describing some of the observations 

in FVIII inhibitor research, such as the adjuvant-induced loss of central tolerance in FVIII-tolerant 
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HA mouse models.143 However, it fails to explain why inhibitor risk is only greatest within the 

first 20 exposure days, and why FVIII tolerance appears to be robust in patients with greater than 

50 exposure days. It is possible that the danger model provides a better explanation for mild and 

moderate patients who are at life-long risk for inhibitor development. Perhaps FVIII 

immunologists should amend their viewpoints regarding the danger theory and embrace models 

that may better describe the nature of FVIII inhibitors.  

 

6.5 A discontinuity theory of immunity  

In 2013, a French immunology philosopher, Dr. Thomas Pradeu, proposed a theory suggesting 

that the immune system, much like the nervous system, functions as a sensory network.271 Based 

fundamentally on Weber’s Law, this theory states that the immune system parses through the 

“biological noise” and only mounts effector responses against stimuli that exceed a certain 

threshold. The parallels that can be drawn to the intermittent infusion of exogenous FVIII in a 

severe HA patient are very apparent. This theory describes a moving threshold where persistent 

antigenic presence, or a slow appearance of an exogenous antigen, promotes the eventual tolerance 

against the antigen, as the immune system recalibrates its lower boundaries. It is possible that these 

propositions provide a framework for why patients on FVIII prophylaxis are less at risk for 

inhibitor development, as well as why patients treated intermittently, on demand, in all severities 

of HA are at higher risk.31,33  

 The mechanism responsible for ITI success has been hypothesized to be through cellular 

exhaustion. This phenomenon has been described in T cell models of chronic infection. In 

hemophilia, it has been shown that high doses of FVIII inhibit B cell responses in a murine 

model.231 An anthropological perspective can be made by considering that the immune system 
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senses the chronic influx of antigen as long-term modifications to self and thus responds  

accordingly to maintain immune homeostasis. Ultimately, while these theories help to unify 

observations observed in the hemophilia model, they do not provide us with a true preventive 

mechanism for FVIII inhibitors, thus underlining the need for a better understanding of how this 

immune response is initiated.  

 

6.6 Framework of FVIII innate immunity  

Conclusions drawn from this thesis provide a foundation for the earliest interactions of the immune 

system with FVIII, and suggest a novel framework that may change the outlook on the clearance 

and immunogenicity of FVIII and VWF. The canonical viewpoint portrays FVIII and VWF alone 

in circulation at a 1:50 molar ratio. This model is accurate and simple, yet fails to account for the 

promiscuity of these proteins; indeed VWF has been coined a molecular bus.272 In reality, the 

FVIII-VWF complex serves as a nucleus for a much larger complex that consists of galectins 1 

and 3, complement (C1q, Factor H, C3b), and depending on the degree of glycosylation, 

IgM.154,273–276 This integration of different innate immune mediators helps to explain the 1.6-fold 

ceiling that presents a challenge for extended FVIII half-life products by providing alternative 

mechanisms that facilitate the clearance of FVIII.  

 The majority of this complex is then likely cleared by the liver, through receptors such as 

LRP1, stabilin-2, ASGPR, and CLEC4M. High levels of TGF-β in the liver likely limit the 

immunogenic potential of hepatic APCs. LSECs, in particular, have been implicated in tolerance 

induction, and express the inhibitory FcɣRIIB receptor that may potentially contribute to a 

tolerogenic milieu if bound to FVIII immune complexes.277 A large fraction FVIII-VWF complex 

is also cleared by the spleen, where marginal zone macrophages can phagocytose the complex via 
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scavenger receptors, as well as Fc- and complement-mediated uptake of the complex. As these 

cells have not been implicated in the direct presentation to CD4+, likely scenarios include transfer 

of FVIII antigens to either DCs or marginal zone B cells, that can subsequently migrate into the T 

cell region of the follicle.278 From here, the canonical T cell-dependent adaptive immune response 

develops. Any inflammation modulates the local environment to polarize the immune response, 

while localized inflammation elsewhere in the body may diminish the probability of a FVIII-

bearing APC meeting a cognate T cell.  

 

6.7 Efforts to produce less antigenic FVIII 

The crux of a successful inhibitor response is ultimately dependent on the presence of FVIII-

specific T and B cells. Efforts have been made to decrease the antigenicity of FVIII by reducing 

the affinity for antigen-specific TCRs and BCRs, thus providing therapeutic alternatives for 

patients with pre-existing inhibitors. For example, porcine FVIII has shown promise in the 

treatment of bleeding in inhibitor-positive HA patients, while novel ancestrally-reconstructed 

FVIII has also shown an in vitro decrease in antigenicity.279–281 Whether these synthetic 

concentrates are beneficial in the treatment of PUPs is not clear. It is counterintuitive to believe 

that natural selection would not have selected the best FVIII for our species, and ultimately, the 

potential of the adaptive immune system will inevitably mount neutralizing responses to foreign 

epitopes on these synthetic non-human proteins.  
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6.8 Conclusions 

Significant advances have been made in prolonging FVIII half-life through PEGylation and 

through Fc fusion technology, and the recent development of a FVIII mimetic bispecific antibody 

has shown very promising results in a phase 3 clinical study involving HA patients with FVIII 

inhibitors. In contrast, efforts to decrease immunogenicity have remained stagnant, or at least 

secondary. Anti-drug antibodies represent a significant complication in the treatment of a variety 

of diseases including rheumatoid arthritis, multiple sclerosis, and antibody-mediated pure red cell 

aplasia. The study of FVIII inhibitors provides a highly intricate model for this clinical 

observation, considering the size and complexity of the protein. In this thesis, we have explored 

relationships between FVIII glycosylation and immunity. We further describe the earliest 

interactions of FVIII with immune cells, and have also characterized the first receptor implicated 

in FVIII and VWF clearance and immunogenicity in vivo. Finally, we have re-examined the role 

of concurrent vaccination on inhibitor formation and instead propose a mechanism of antigenic 

diversion that may provide future directions for immunomodulatory therapies to reduce inhibitor 

risk.  

The information from this thesis provides a preliminary framework for a revisiting of FVIII 

innate immunity. More importantly, we hope that this work will inspire ideas that will ultimately 

improve the lives of all patients with hemophilia A.  
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A1.1 Abstract 

In hemophilia A, the most severe complication of factor VIII (FVIII) replacement therapy involves 

the formation of FVIII neutralizing antibodies, also known as inhibitors, in 25-30% of patients.  

This adverse event is associated with a significant increase in morbidity and economic burden, 

thus highlighting the need to identify methods to limit FVIII immunogenicity. Inhibitor 

development is regulated by a complex balance of genetic factors, such as FVIII genotype, and 

environmental variables, such as coexistent inflammation. One of the hypothesized risk factors of 

inhibitor development is the source of the FVIII concentrate, either from recombinant or plasma-

derived sources. Differential immunogenicity of these concentrates has been documented in 

several recent epidemiological studies, generating significant debate within the hemophilia 

treatment community. To date, these discussions have been unable to reach a consensus as to how 

these outcomes might be integrated into enhancing clinical care. Moreover, the biological 

mechanistic explanations for the observed differences are poorly understood. In this Perspective, 

we complement the existing epidemiological investigations with an overview of the range of 

possible biochemical and immunological mechanisms that may contribute to the different immune 

outcomes observed with plasma-derived and recombinant FVIII products.  
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A1.2 Introduction 

Anti-drug antibodies (ADAs) represent a significant complication in the treatment of a variety of 

diseases including rheumatoid arthritis, multiple sclerosis, and antibody-mediated pure red cell 

aplasia. The induction of such an immune response has been extensively investigated with regards 

to the development of anti-factor VIII (FVIII) antibodies in hemophilia A (HA). Patients with 

severe HA (<1% normal FVIII activity) are treated with frequent intravenous replacement of 

FVIII. However, this therapy is severely complicated in 25-30% of patients by the development of 

FVIII-neutralizing antibodies, commonly known as inhibitors, that render the protein replacement 

therapy ineffective.282 

From an immunological viewpoint, the development of inhibitors is not surprising 

considering that inhibitor risk is significantly associated with F8 mutation severity.133 Indeed, HA 

patients often have significant mutations in the F8 gene that either result in an absence of FVIII 

protein or alter the functional conformation of FVIII (e.g. inversions, deletions, and missense 

mutations), such that infusion of the wild type FVIII protein introduces antigenic, and potentially 

immunogenic, epitopes. Interestingly, two HA patients presenting with the same F8 mutation may 

be discordant for inhibitor development, which suggests that additional elements contribute to this 

immune response. Recently, four important epidemiological studies have evaluated the 

immunogenicity of FVIII concentrates used to treat HA.57,135–137 Together, these studies have 

highlighted an apparent differential immunogenic potential for FVIII concentrates currently in 

clinical use.  

Since the introduction of recombinant FVIII (rFVIII) in the 1990s, there has been 

substantial debate about a potentially enhanced immunogenicity of these synthetic concentrates 

compared to plasma-derived FVIII (pdFVIII) products, which typically include its carrier protein 
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von Willebrand factor (VWF; pdFVII refers to FVIII- and VWF-containing concentrates). Two 

systematic reviews from retrospective and prospective studies reported inhibitor incidences of 

14.3% versus 27.4% with pdFVIII and rFVIII, respectively, however these differences lost 

statistical significance upon further analysis.89,90 More recently, a retrospective study (RODIN) of 

574 children, also reported similar risks for inhibitor development between rFVIII and pdFVIII 

products.57 Collectively, this state of clinical equipoise highlighted the need for a prospective 

randomized study to definitively address this question. In the first randomized-controlled trial 

designed to answer this question (SIPPET), an 87% increase in the risk of inhibitor development 

was associated with 125 previously untreated patients (PUPs) treated with rFVIII compared to 126 

PUPs treated with pdFVIII.135 This result has been extensively debated, and questions have been 

raised about the potential problems of extrapolating these results from a study population derived 

predominantly from India, Egypt and Iran, in clinics where prophylactic treatment is less 

frequently employed than in more economically advantaged countries.    

In addition to differences between pdFVIII and rFVIII, a disparity between the immunogenicity of 

different rFVIII products has also now been documented. Three independent epidemiological 

studies have each described a ~60% increase in the incidence of inhibitors in patients treated with 

second-generation full-length rFVIII, produced in baby hamster kidney (BHK) cells, compared to 

third-generation rFVIII products produced in chinese hamster ovary (CHO) cells (Table 

A1).57,136,137 While the design and interpretation of these recent studies have been questioned, they 

should at least cause the hemophilia scientific community to reassess the potential biological 

explanations for such observations. 
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Table A1. Categories of rFVIII 

Generation Trade 
names Manufacturer Cell 

line  
Protein 
length 

Albumin 
use Stabilizer 

1 Recombinate  Baxalta/Shire 
Bioscience CHO Full  

Cell 
culture 

(human) 

Bovine 
albumin 

2 

Kogenate FS  Bayer 
Healthcare 

BHK Full 

Cell 
culture 

(human) 

Sucrose 

Helixate FS  BHK Full Sucrose 

Refacto Pfizer CHO 
B-

domain 
deleted 

Sucrose 

3 

Advate  Baxalta/Shire 
Bioscience CHO Full No  No 

Xyntha  Pfizer CHO  
B-

domain 
deleted 

No No 
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These data prompt two important questions concerning the mechanistic factors that 

differentiate the immunogenicity of pdFVIII from rFVIII, and second-generation from third-

generation rFVIII. In pdFVIII, the most obvious potential modulator of FVIII immunogenicity is 

VWF. However, pdFVIII represents a heterogeneous pool of plasma proteins, some of which may 

have influences on FVIII immunogenicity that have not yet been described. In contrast, the 

differences between second- and third-generation rFVIII products are likely to be quite subtle and 

are much more likely related to the rFVIII protein structure itself. In this Perspective, we aim to 

provide plausible biological mechanisms that may explain these disparities, and to offer further 

insights that might aid in choosing an appropriate treatment for HA patients (Figure A1). 

 

Figure A1. Proposed biological mechanisms influencing the immunogenicity of pdFVIII and 
rFVIII products. Recombinant FVIII products have been associated with a 1.87 fold increase in 
inhibitor risk compared to pdFVIII. Within the spectrum of rFVIII products, a full-length 2nd 
generation rFVIII concentrate has been reported to be 1.6 fold more immunogenic than a full-
length 3rd generation rFVIII product. The potential immunomodulatory components of each 
concentrate are portrayed here in order of perceived importance.  
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A1.3 Immunological considerations of pdFVIII and rFVIII  

A1.3.1 FVIII Amino Acid Sequence Variation 

FVIII shows relatively limited variability in its primary structure. In a cohort of 137 healthy 

individuals representing 7 racial groups, 4 non-synonymous single-nucleotide polymorphisms 

were identified, combinations of which resulted in 6 FVIII haplotypes.72,283 In a substantially larger 

cohort of 2353 subjects, the 1000 Genomes Project identified 56 non-synonymous coding region 

F8 variants.73 In pooled plasma-derived products that derive from thousands of donors, there will 

inevitably be some FVIII sequence heterogeneity (Table 1.1). These protein sequence variances 

may introduce novel epitopes to which patients will not have central tolerance, potentially resulting 

in the development of cross-reactive antibodies against wild-type FVIII. This can be illustrated in 

the case of the Arg593Cys mutation in mild HA, in which up to 11% of patients develop 

inhibitors.31 In this instance, patients exhibit T cell responses against wild-type FVIII peptides that 

encompass the R593 amino acid, and as described in the mild A2201P mutation, also have cross-

reactive T cell responses with the endogenous mutant FVIII that ultimately convert their mild 

phenotype into severe FVIII deficiency.284,285 These observations suggest that single amino acid 

substitutions have the potential to elicit immune responses against FVIII, and are particularly 

pertinent to treatment with pdFVIII. Although this proposition appears to be inconsistent with 

epidemiological findings, it is possible that non-inhibitory immune responses against these amino 

acid variants influence the half-life of FVIII in circulation.  

Recombinant FVIII proteins do not exhibit such amino acid heterogeneity within one 

brand. However, recent epidemiological evidence suggests that different rFVIII concentrates have 

variable immunogenic potential, specifically that second-generation full-length products are 

associated with a ~60% higher risk of inhibitor development than third-generation full-length 
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concentrates.57,136,137 These products (Table A1), respectively Kogenate FS  and Advate, only 

differ in their polypeptide sequences by an aspartic acid to glutamic acid substitution at amino acid 

1241 in the B domain.72 The sequence of second-generation rFVIII matches that found in as high 

as ~93% of the Caucasian population.72 It has been hypothesized that infusions with FVIII products 

having a sequence mismatch with the endogenous FVIII at non-HA-associated polymorphic sites 

could increase inhibitor incidences (assuming a dysfunctional, hemophilic FVIII protein is 

expressed). Peptides spanning the four previously described polymorphic sequence variants 

(R484H, R776G, D1241E, and M2238V), however, showed different and overall limited binding 

affinities to HLA-DRB1 proteins.286 Importantly, CD4+ T cells isolated from HA patients treated 

with sequence-mismatched FVIII products showed limited binding above background levels to 

MHC tetramers bearing core peptides containing D1241E or M2238V, while in vitro expansion of 

epitope-specific T cells was unsuccessful.286 Although peptides containing D1241 and E1241 were 

shown to bind to 3 of 11 tested HLA-DRB1 proteins with moderate-to-strong affinity, T cell 

epitopes spanning this amino acid variant have not been reported in a DR15-restricted mouse 

model, nor in naturally processed and presented peptides by human monocyte-derived dendritic 

cells (DCs).138,139,286,287 Together, these findings suggest that additional factors influence the 

immunogenicity of rFVIII apart from the polymorphism at amino acid 1241 (and likely the other 

common polymorphic FVIII variants).  

 

A1.3.2 FVIII Post-Translational Modification 

Post-translational modifications (PTMs) contribute to protein folding and activity, as well as 

receptor-mediated clearance.248 However, the role of PTM variances with regards to FVIII 

immunogenicity has not been explored (Table 1.1). If we accept that protein structure influences 
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function, one can assume that PTMs influence protein activity and likely affect some aspect of 

tertiary structure. For instance, FVIII contains 6 sulfated tyrosine residues that flank thrombin 

cleavage sites, and are necessary for optimal cofactor activity.249 The residue located at Tyr1680 

is essential for the interaction with VWF.250 It has been shown that while pdFVIII is fully sulfated 

at this residue, there is incomplete sulfation at this site in some rFVIII products, such that up to 

20% of rFVIII has been demonstrated to not associate with VWF.251,252 In terms of the increased 

immunogenicity of rFVIII, these findings suggest two paradigms in which the fraction of VWF-

free rFVIII has a greater immunogenic potential than VWF-associated FVIII, and/or that the non-

sulfated proteins have an altered conformation that promotes antigen presenting cell (APC) uptake 

and presentation. However, these theories appear unlikely to explain the immunogenicity 

differences between rFVIII products given that CHO-derived rFVIII has a greater proportion of 

non-sulfated Tyr1680 compared to BHK-derived products.68  

The most striking PTM difference between pdFVIII and rFVIII is likely glycosylation. 

These carbohydrate decorations are complex and diverse, and reflect the cells from which FVIII 

originates, that is various endothelial cell types (e.g. liver sinusoidal or lymphatic endothelium) 

for pdFVIII, or CHO and BHK cell cultures for rFVIII.8 The FVIII glycome is particularly complex 

given the total of 25 potential N-linked sites, of which only 20 have been shown to be occupied, 

and at least 7 O-linked glycosylation sites.9,54 A single study has described that complete 

deglycosylation of rFVIII resulted in a 40% decrease in cofactor activity, impaired binding to 

phosphatidylserine, and a somewhat attenuated immune response.66 However, additional studies 

are necessary to firmly establish a role for FVIII glycosylation in immunogenicity.  

To provide perspective for the complexities of studying FVIII glycosylation, recent 

analysis of the plasma-derived VWF glycome proposes over 300 unique N-linked glycans and 18 
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O-linked glycans on only 12 and 10 predicted sites respectively.52,53 It is possible that there is an 

optimal glycoform of FVIII that provides stable cofactor activity and limited immunogenicity. 

This type of detail for engineering recombinant proteins represents a substantial challenge for the 

therapeutic protein industry.  

Given the production of rFVIII in non-human cell lines, it is not surprising that there are 

differences in PTMs, some of which have been shown to influence the biosynthesis, clearance and 

immune response to FVIII.51,97,101 The first obvious difference from pdFVIII is the absence of 

ABO blood group antigens on rFVIII, which may in fact be immunoprotective via decreased 

formation of immune complexes against the foreign blood antigen.54 However, clinical evidence 

in type 3 von Willebrand disease suggests that the heterogeneity of blood group antigens in 

pdVWF does not have a significant influence on VWF clearance, suggesting that a similar outcome 

may pertain for FVIII with pdFVIII replacement.288  

More importantly, non-human mammalian cell lines incorporate Gal(α1-3)Galβ1-GlcNAc-

R (αGal) linkages and N-glycolylneuraminic acid (Neu5Gc), residues that are absent in 

humans.62,64 IgG, IgA and IgM antibodies against these non-human structures have been reported 

in healthy individuals, and may contribute to the apparent increase in rFVIII immunogenicity.63,64 

Specifically, it has been shown that anti-Neu5Gc antibodies form immune complexes with the 

recombinant therapeutic glycoprotein, cetuximab, and can further augment its clearance.147 

Additionally, patients treated with cetuximab have experienced anaphylaxis via IgE specific for 

the αGal linkage.148 We have previously described the overlapping processes of FVIII clearance 

and immunogenicity, and suggest again, that antibodies against these non-human carbohydrate 

epitopes might influence these events and contribute to the increased risk of antibodies against 

rFVIII products produced in non-human cell cultures.206 Interestingly, 3% of the total N-linked 
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glycans of BHK-derived rFVIII contain the αGal epitope, whereas it is not found in CHO-derived 

rFVIII.58 In contrast, Neu5Gc has not been detected in BHK-derived rFVIII, but is present as 0.5% 

of the total sialic acid content in CHO-derived rFVIII.68 Given these findings, it is possible that 

αGal epitopes play a stimulatory role in the increased immunogenicity of BHK-derived rFVIII. 

However, it should be noted that these ratios are subject to change between concentrate lots, as the 

sialic acid content of recombinant proteins can be modulated by the carbohydrate composition of 

the culture medium.289  

Ultimately, considering the emergence of rFVIII products with modified glycan profiles 

such as Nuwiq (Octapharma AG) produced in human embryonic kidney 293 cells, and Kovaltry 

(Bayer), a hyper-sialylated FVIII glycoform, the role of FVIII glycosylation in immunogenicity 

merits further consideration.69,257 The former concentrate has been described to be devoid of the 

non-human glycan epitopes described above, and exhibits complete sulfation of the 6 tyrosine 

residues.68 In turn, murine DC uptake of artificially sialylated antigens has recently been reported 

to inhibit Th1 and Th17 T cell responses as well as promote the induction of de novo regulatory T 

cells through a mechanism dependent on the sialic acid-binding Ig-type lectin (Siglec)-E.258 This 

immunomodulatory receptor, whose human ortholog is Siglec-9, is expressed on mouse 

neutrophils, monocytes, macrophages and DCs and preferentially binds to α2-8-linked sialic acids 

and dampens inflammation through the down-regulation of toll-like receptor 4 signalling.259,260  

Targeting Siglec-E using nanoparticles decorated with α2-8 N-acetylneuraminic acid has recently 

been shown to induce expression of IL-10 and downregulate the inflammatory response in a 

murine model of lipopolysaccharide-induced sepsis.261 This finding implies that the role of sialic 

acid on FVIII immunogenicity is likely more complex than simply a quantitative influence, and 

may involve contributions from specific linkages that alter binding to inhibitory or stimulatory 
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sialic acid receptors. Further epidemiological evidence and fundamental immunology research is 

needed to assess whether these subtle changes in glycosylation are contributing to the differential 

immunogenicity recently described for rFVIII concentrates. 

 

A1.3.3 von Willebrand Factor 

Given the intertwined life cycles of FVIII and VWF, any discussion of FVIII immunogenicity 

must consider the influence of FVIII’s large polymeric carrier protein. It is widely accepted that 

VWF exerts the most dominant influence on FVIII half-life, and quite likely modulates the FVIII 

immune response.46 Several lines of evidence have suggested that VWF plays an immune-

protective role for FVIII, predominantly through inhibition of FVIII endocytosis by murine and 

human DCs.78,92 Subsequent characterization of the major histocompatibility molecule (MHC) 

class II peptide repertoire in these cells has demonstrated that there is minimal VWF internalization 

and presentation by human monocyte-derived DCs, and that the presence of VWF alters the 

peptide presentation profile of FVIII.93 However, these assay conditions may not perfectly reflect 

conditions in vivo, given the cell type used, as well as the lack of shear forces on VWF. In an 

experimental murine model of HA, pdFVIII (VWF:FVIII ratio of 1) has shown a significant 

reduction in FVIII inhibitor titres, accompanied by an increase of Foxp3+ regulatory T cells.91 

These differences were largely abolished when rFVIII and highly purified pdVWF were mixed in 

vitro prior to treatment (VWF:FVIII ratio of 50). It is possible that these observations are attributed 

to differences in the VWF:FVIII ratio, however, it is also possible that either there are other 

immunomodulatory factors in the pdFVIII concentrate or that the in vitro mixture of rFVIII and 

pdVWF is structurally different to the complex formed in vivo upon infusion of rFVIII.  
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A1.3.4 FVIII Protein Structure and Protein Aggregates 

There is conflicting evidence regarding whether or not FVIII immunogenicity is dependent on pro-

coagulant function and by extension, tertiary structure.67,152 The structural integrity of FVIII has 

implications on APC uptake through the availability of endocytic epitopes. Moreover, 

conformational B cell epitopes likely account for the majority of inhibitory FVIII antibodies.290 

Denatured FVIII would therefore have lower affinity for B cell receptors and thus fail to initiate B 

cell maturation and proliferation. In this respect, the spontaneous aggregating nature of FVIII 

proteins becomes an important immunomodulatory variable.291 Aggregation of FVIII either, with 

itself in recombinant products, or with other proteins in plasma-derived concentrates, introduces a 

substantial increase in the density of native-epitopes, neo-epitopes, and repeating moieties, all of 

which have the potential to adversely influence immunogenicity.292 Interestingly, aggregated 

rFVIII (heat inactivated at 56°C and 80°C) bearing little native structure has been observed to be 

less immunogenic than native FVIII, while native-like aggregates (heat inactivated at 37°C), 

bearing some native structure, result in significantly increased inhibitory titres compared to native 

FVIII in mice.153,293 These data reinforce the requirement for conformational B cell epitopes of 

native FVIII for the development of inhibitory antibodies. Moreover, repeating epitopes in these 

native-like aggregates can cross-link immunoglobulin and pattern recognition receptors that will 

further augment the immune response.294 Alternatively, these results may be attributed to 

decreased FVIII uptake by APCs when denatured at high temperatures, thus losing most of its 

tertiary structure. Ultimately, a higher tendency to form aggregates in rFVIII products may 

contribute to differences in immunogenicity, whereas in plasma-derived concentrates, the integrity 

of FVIII is stabilized by VWF and potentially other plasma proteins.295 Overall, these findings 

highlight the complexities of FVIII protein immunogenicity and demonstrate a precarious balance 
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between the formation of immunogenic microaggregates or misfolded proteins, and the possible 

contribution of immunogenic pro-coagulant properties. 

 

A1.3.5 Product Formulations 

The final differences between the two full-length rFVIII products involve their culture conditions 

and their stabilizing agents. Second generation products use human albumin in the culture media 

and sucrose as a stabilizer, while third generation products use neither (Table 1.1).72 However, 

there is no evidence in the literature to suggest that the stabilizing molecules influence the immune 

response.  

Interestingly, second generation products have been reported to have higher FVIII:C and 

FVIII:Ag than the advertised labelled content, suggesting that patients receiving these factors 

would be exposed to greater amounts of protein.296 However, with the exception of boosting the 

secondary immune response, it is unclear whether a higher dose of FVIII is more efficient at 

initiating immunity. In the same study, second-generation rFVIII demonstrated more rapid and 

complete activation by thrombin, thus amplifying further thrombin generation, an event that has 

been implicated, but controversial, in the initiation of the anti-FVIII immune response.67,152,296  

As mentioned previously, the pdFVIII concentrates used in practice are heterogeneous in 

nature, and contain minor protein constituents that are not removed in the purification process. 

One potentially critical constituent that may have biological implications for the decreased 

immunogenicity of pdFVIII concentrates is transforming growth factor (TGF)-β.297 It has been 

shown in vitro that, in response to pdFVIII, PMA- or LPS-stimulated T cells, NK cells and 

monocytes decrease synthesis of inflammatory cytokines such as TNF-α and IFN-γ, and increase 

monocyte production of immunomodulatory IL-10.298 Furthermore, pdFVIII has been shown to 
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dampen phytohaemagglutinin-induced T cell proliferation and inhibit TH2 cytokine 

production.299,300 In these studies, the addition of a TGF-β neutralizing monoclonal antibody 

reduced the immunomodulatory effects of pdFVIII on cytokine secretion and leukocyte 

proliferation.298–300  Collectively, the immune-dampening role of IL-10 and the inhibition of T cell 

responses provide strong evidence in support of a potential pdFVIII-derived TGF-β-mediated 

immunomodulatory influence that would be absent in highly-purified rFVIII concentrates. 

However, it is unclear whether the amount of TGF-b in pdFVIII infusions compared to native 

plasma levels could elicit an immunomodulatory effect. Further studies are needed to assess the 

role of TGF-β in vivo, and to determine any adverse effects such as long-term immunosuppression. 

Although the constituents of pdFVIII have not been precisely identified, an example data 

sheet for the pdFVIII product, Humate-P, describes that every 40-80 IU of FVIII may be 

accompanied by 72-224 IU of VWF, 15-33 mg glycine, 8-16 mg of human albumin, and up to 34 

mg of other proteins. Proteomic characterizations of pdFVIII concentrates have identified a 

significant number of other proteins including fibronectin, immunoglobulins, fibrinogen, galectin-

3, and some complement proteins.70,71 Thus, the quantity of FVIII in these preparations is trace. 

Given these additional constituents, we propose here that the reduction in FVIII inhibitor incidence 

observed in pdFVIII-treated patients may be the result of antigen competition/distraction.  

 

A1.3.6 Antigen Competition and Bystander Suppression 

The phenomenon of antigen competition has been poorly described in the literature. One example 

is the recommended interval between multiple vaccinations, which raises the concern that 

simultaneous exposure to different vaccine antigens may reduce the collective protective immune 

response through a poorly defined mechanism of immune overload.225,229 However, multiple lines 



 
177 

of experimental evidence have disputed these claims.227,228 Recently, it was described that 

concurrent influenza immunization in mice via a different anatomical compartment from rFVIII 

decreases the immune response against the latter, potentially through the diversion of CD4+ T cell 

recruitment.144 Considering these concerns and observations, it is possible that the additional 

proteins in pdFVIII, and perhaps specifically exogenous VWF, influence the immune response 

against FVIII.  

 Conceptually, when a severe HA PUP is infused with rFVIII, the only perceived foreign 

entity is the homogeneous purified rFVIII molecule. The initiation of the anti-FVIII immune 

response is therefore focused primarily on the epitope discrepancy compared to any endogenous 

FVIII they may possess. In contrast, severe HA PUPs treated with pdFVIII are infused with FVIII 

and VWF from an extensive pool of donors (>10,000), as well as the additional protein 

constituents. As a result, these individuals are exposed to at least two polymorphic antigens, FVIII 

and VWF, which may be perceived as foreign by the recipient’s immune system. Although central 

immunologic tolerance to endogenous VWF is likely to be robust in these patients, VWF has 

recently been shown to be highly polymorphic, with 91 non-synonymous variants and minor allele 

frequencies ranging from 0.03-3.35%.301 Indeed, patients receiving plasma-derived concentrates 

have been reported to develop anti-VWF immune responses against their pdVWF therapies.207  

 Antigenic competition induced by pdFVIII concentrates can be conceptualized at 2 levels. 

Firstly, there is competition in the loading of MHC class II molecules such that the frequency of 

immunogenic FVIII peptide-MHC (pMHC) complexes can be replaced with pMHC to which there 

is central tolerance and therefore no corresponding antigen-specific T cells (Figure 2). The second 

level occurs at the interface between APCs and CD4+ T cells as the circulating T cells sample 

pMHC complexes for cognate sequences to initiate a productive immunologic synapse. This 
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synapse has a threshold that separates the brief serial sampling of pMHC on APCs, from the 

stabilized and activating APC-T cell interaction. Initial studies using hen egg-white lysozyme, 

have described T cell hybridoma activation with as little as 0.03-0.1% of total MHC class II 

molecules bearing the cognate peptides.302,303 Furthermore, the kinetics of stable APC-T cell 

interactions are directly correlated with the antigen dose and the clustering of pMHC molecules in 

lipid rafts, such that a least four pMHC molecules are required to reach the threshold of T cell 

activation.304–306 Considering the relatively miniscule contribution of FVIII antigens to the pdFVIII 

peptide pool and the heterogeneity of the infused protein concentrate (particularly for VWF), it is 

perhaps not surprising that there is decreased FVIII immunogenicity. However, this model fails to 

explain how peripheral tolerance to FVIII is established with pdFVIII products, nor does it account 

for the fact that the total infused protein is still likely a small fraction of the total pool of peptides 

available for presentation. Nevertheless, we can hypothesize that there is the potential for a 

decrease in the statistical probability of a FVIII immune response.   

 The last mechanism we propose as a contributory factor to the potential reduced 

immunogenicity of pdFVIII is the bystander suppression of FVIII-specific T cells by T regulatory 

cells (Tregs) specific to the other proteins in plasma-derived concentrates (Figure A2). These 

autoreactive, Foxp3-expressing, Tregs originate in the thymus as a result of high avidity T cell 

receptor binding to endogenous antigens.307 The double-edged role of Tregs has previously been 

reviewed, and it has been shown that while they can limit effector immune responses to prevent 

autoimmunity, they have also been reported to support pathogen persistence through suppression 

of the required effector help.308 Although the presence of, for instance VWF-specific Tregs, has 

not been investigated, it is plausible that Tregs specific for the other protein constituents of plasma-

derived concentrates can actively suppress naïve FVIII-specific CD4+ T cells through 
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immunomodulatory cytokine secretion or direct cell contact, as has been shown in models of 

allograft rejection.308,309 Activation of these Tregs and subsequent secretion of TGF-β and IL-10 

may additionally aid in the polarization of FVIII-specific T cells to a regulatory phenotype. 

Ultimately, it is possible that both of these proposed mechanisms, antigen competition and 

bystander suppression, contribute to the apparent decrease in immunogenicity of pdFVIII 

concentrates. 

 

A1.4 Future perspectives 

Epidemiological evidence comparing the differential immunogenicity of FVIII concentrates is 

now available, but studies addressing the biological basis of such differences are lacking. Today, 

plasma-derived concentrates are safe and effective, but they will always carry a theoretical risk of 

transmissible agent contamination, and thus, recombinant products are perceived as safer 

alternatives. However, with respect to ADAs, recent epidemiological evidence suggests that a 

hierarchy exists where pdFVIII is less immunogenic than third-generation rFVIII, which is in turn 

less immunogenic than second-generation products. Here, we have highlighted potential 

mechanisms that may contribute to the differences observed in these epidemiological studies. 

Further clinical and biological studies of the apparent differential immunogenicity of FVIII 

concentrates are needed, and ultimately safer FVIII replacement may result.  
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Figure A2. Antigenic competition and bystander suppression may play roles in mediating 
the decreased immunogenicity of pdFVIII. Plasma-derived concentrates contain additional 
protein constituents that compete with FVIII for MHC class II presentation. As a result, there is a 
decreased probability of a given APC to simultaneously express FVIII-bound MHC class II and 
interact with a FVIII-specific CD4+ T cell. Similarly, Treg cells against other protein components 
in pdFVIII may elicit bystander suppression that either inhibits FVIII-specific T cells, or polarizes 
their differentiation into Treg cells.  
 


