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Chapter 1                

This thesis describes how coagulation factor VIII (FVIII) is recognized by the immune 
system. The development of FVIII-neutralizing antibodies (inhibitors) is a severe com-
plication occurring after treatment of hemophilia A patients with intravenously adminis-
tered FVIII. The incidence of inhibitor formation is approximately 25% in patients with 
the severe form of hemophilia A. Because regular prophylactic treatment with FVIII is no 
longer effective in the presence of inhibitors, these patients undergo alternative treatment 
regimens aimed to induce immunological tolerance towards FVIII. Many genetic and en-
vironmental risk factors for inhibitor development have been identified but a complete 
understanding of the immunological basis for inhibitor formation and of the mechanism 
behind tolerance induction has not yet been established. In this thesis we focus on the 
recognition of FVIII by antigen-presenting cells (APCs) and the subsequent interaction 
between APCs and T cells. These are the two processes that mainly shape the immune 
response against FVIII. Endocytosis of FVIII by APCs and presentation of FVIII peptides 
to CD4+ T cells provides a crucial step in the initiation of an immune response against 
FVIII. In this introductory chapter we reflect on the current knowledge available on the 
formation of antibodies against FVIII and the different genetic and environmental factors 
involved in this process.

Hemophilia A

Hemophilia A is a hereditary bleeding disorder caused by a deficiency in coagulation factor 
VIII (FVIII), resulting in excessive and prolonged bleeding.1 Patients can be classified into 
three groups based on the severity of the disease. Severe hemophilia A patients have less than 
1% residual FVIII in the circulation, moderate hemophilia A patients between 1% and 5% and 
patients with FVIII levels between 5% and 25% are classified as mild hemophilia A patients. 
Treatment of patients with hemophilia A with FVIII concentrates results only in a transient rise 
in FVIII levels in the circulation. Therefore, frequent infusions of FVIII are needed in order 
to maintain hemostatic FVIII levels required for correction of the bleeding tendency. The first 
available form of treatment consisted of intravenous administration of FVIII concentrates de-
rived from human donor plasma.2 Nowadays, the majority of hemophilia A patients are treated 
with highly purified FVIII derived either from plasma or from culture supernatants of eukary-
otic cells expressing recombinant FVIII. A severe complication that results from repeated FVIII 
infusions is the development of FVIII-neutralizing antibodies (inhibitors). Inhibitor formation 
occurs in approximately 25% of patients with severe hemophilia A and in 5% of mild or moder-
ate hemophilia A patients.4 These antibodies inhibit the cofactor function of FVIII, rendering pa-
tients unresponsive to FVIII suppletion therapy.3 Therefore, alternative treatment strategies are 
necessary for these patients to maintain hemostasis and remove inhibitors. Bleeding episodes 
in patients with inhibitors are treated with activated prothrombin complex concentrates (APCC) 
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or recombinant FVIIa; administration of activated FVII and activated clotting factors in APCC 
restores hemostasis through their ability to directly activate the clotting system downstream of 
FVIII.5,6 Other forms of treatment focus on eradication of the inhibitor, which can be achieved 
by treatment with a B-cell depleting anti-CD20 antibody.7 Eradication of inhibitors can also be 
accomplished through immune tolerance induction (ITI).8 ITI consists of frequent administra-
tion of high dosages of FVIII, often in combination with immunosuppressive drugs.9 This treat-
ment strategy successfully eradicates FVIII inhibitors in the majority of patients with inhibitors. 
Despite its overall high success-rate tolerance against FVIII cannot be established in 10-20% 
of cases.10 Therefore, novel approaches to prevent inhibitor development in hemophilia A are 
urgently needed. Also novel therapeutic options for treatment of hemophilia A with pre-existing 
inhibitors would provide a major advancement in hemophilia care. In order to allow for rational 
design of novel treatment options our current understanding of how inhibitor formation takes 
place should be further expanded. 

Inhibitor formation

Clinical studies have identified several risk factors for the development of inhibitors. As men-
tioned earlier, the extent of residual activity of endogenous FVIII is inversely correlated with 
inhibitor formation.4 Large deletions, nonsense mutations or intron 22 inversions in the gene 
encoding FVIII, which result predominantly in severe hemophilia A, more often give rise to 
the development of inhibitors than most missense mutations, which generally result in mild or 
moderate hemophilia A.11 Some missense mutations, at position 593, 2150 and 2229, which 
cause mild hemophilia A, result in a higher incidence in inhibitor formation than most other 
missense mutations.12-14 Additional genetic variations outside the gene encoding for FVIII have 
been identified as risk factors for inhibitor formation as well, such as polymorphisms in the pro-
moter regions of the genes encoding for the cytokines IL-10 and TNF-α.15,16 A polymorphism in 
the promoter region of CTLA-4, a receptor involved in the inhibition of T-cell activation, was 
found to be inversely correlated with inhibitor formation.17 In a study including a larger group 
of patients, the correlation of these polymorphisms with inhibitor formation was confirmed.18 
Additionally, this study also showed a correlation between inhibitor formation and HLA alleles 
DRB1*15 and DQB1*0602. Previous studies have suggested weak associations between HLA 
haplotypes and inhibitor formation.12,19,20 The failure of HLA haplotypes to reach a statistically 
significant correlation with inhibitor formation is most likely due to the large diversity in HLA 
alleles compared to the relatively small amount of inhibitor patients included in the studies and 
due to the promiscuity of FVIII peptides in terms of binding to different HLA alleles.21,22 
Non-genetic risk factors for inhibitor formation, such as treatment intensity, have also been-
described. Both an increased amount of exposure to prophylactic FVIII and a decrease in
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interval length between exposure days are correlated with an increased risk of inhibitor forma-
tion.23,24 The source of infused FVIII might be associated with inhibitor formation, however, 
there are conflicting findings about the immunogenicity of the plasma derived or recombinant 
FVIII.4,25,26 These clinical observations do not only provide important predictive information 
but also give useful hints towards how exogenously administered FVIII is recognized by the 
immune system of hemophilia A patients. IL-10, TNF-α and CTLA-4 are all molecules in-
volved in cross-talk between antigen-presenting cells (APCs) and T cells during a humoral 
immune response. The first evidence that inhibitor formation is a CD4+ T-cell dependent pro-
cess came from the observation that in hemophilia A patients infected with HIV the inhibitors 
disappeared in association with a reduction in CD4+ T cells.27 The importance of APC-T cell 
interactions was confirmed in studies using hemophilic mice. Blockade of interactions between 
CD40 on APCs and CD154 on T cells diminishes inhibitor formation in hemophilic mice, as 
does blockade of the interaction between CD28 on T cells and CD80 or CD86 on APCs.28,29

 

Initiation of anti-FVIII antibodies

The first step in the initiation of an immune response against FVIII is recognition of FVIII by 
APCs. Intravenously administered FVIII is internalized by APCs residing in the spleen.30 In 
vitro analysis using human dendritic cells as model APCs show that the endocytosis of FVIII 
is receptor-mediated. The endocytosis was hypothesized to be mediated through the interac-
tion of the Macrophage Mannose Receptor (MR) with sugar moieties on the FVIII molecule.31 
Following endocytosis, FVIII is processed into small peptides which are subsequently loaded 
on MHC class II molecules for presentation to FVIII-specific CD4+ T cells. Different aspects 
contributing to the endocytosis, processing and subsequent presentation of FVIII are reviewed 
more elaborately in Chapter 2. A simplified representation of these processes is depicted in Fig-
ure 1. Analysis of CD4+ T cells derived from hemophilia A patients has revealed that T-cell re-
sponses against FVIII are often of polyclonal nature and directed against multiple domains.31,32 
The activation of these T cells requires additional signals provided by the APC. These sig-
nals are membrane-associated interactions between molecules such as CD40, CTLA-4, CD80, 
CD83 and CD86 on the plasma membrane of the APC and CD28 and CD154 on the T cell. 
In combination with these interactions, the APC signals to T cells via cytokines such as IL-
12 or IL-10. The combination of signals determines the direction into which the activated T 
cell differentiates. T helper 1 (Th1) cells generally induce a cellular immune response, Th2 a 
humoral response and regulatory T cells are able to induce tolerance by suppressing B- and 
T-cell responses. Ultimately, these FVIII-specific T cells are able to activate FVIII-specific B 
cells and induce affinity maturation and class-switching of immunoglobulin genes in B cells. 
As a result, anti-FVIII antibody-secreting plasma cells and circulating FVIII-specific memo-
ry B cells aregenerated, which are able to produce antibodies upon re-exposure to FVIII.33,34  
Similar to anti-FVIII T-cell responses, FVIII-specific B-cell responses are of polyclonal origin, 
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Figure 1. Interactions between APCs and T cells upon recognition of FVIII.
Intravenous administration of FVIII to hemophilia A patients leads to recognition of FVIII by APCs, 
which is followed by the presentation of FVIII peptides to FVIII-specific T cells. 1. Endocytosis of FVIII. 
2. Degradation FVIII into small peptides. 3. Loading of MHC class II with FVIII peptides. 4. peptide-
loaded MHC complexes are presented on the plasma membrane to CD4+ T cells. 5. Activation of CD4+ T 
cells via the interaction of CD40 on APCs and CD154 on T cells. 6. Co-stimulation of CD4+ T cells via the 
interaction of CD80, CD83 or CD86 on APCs with CD28 on T cells. 7. Additional signaling of the APC 
to the CD4+ T cell via cytokines such as IL12 and IL10.

directed against multiple epitopes.3 Exceptions to this are B-cell responses in mild/moderate 
hemophilia A patients. These patients have residual levels of endogenous FVIII, containing a 
mutation, to which they are tolerant. Treatment of these patients with FVIII therefore does not 
introduce a foreign molecule to the immune system, but rather an alternative molecule which is 
only one amino acid different from endogenous FVIII. Anti-FVIII antibodies in these patients 
have been shown to be directed against these newly introduced amino acids.12,35 In general, 
FVIII-neutralizing antibodies bind to antigenic sites present on the FVIII molecule, rendering 
it less active in procoagulant activity. Antibodies directed against the A2 and A3 domain can 
disrupt the interaction of FVIII with FIXa.36 Antibodies directed against the C1 or C2 domain 
are able to interfere with the binding of FVIII to negatively charged phospholipids36,37, but also 
with the interaction with von Willebrand Factor.12 Besides directly interfering with the interac-
tion between FVIII and other components of the coagulation cascade, anti-FVIII antibodies can 
also indirectly interfere with the coagulation cascade by increasing the clearance rate of FVIII 
from the circulation.38 This clearance is mediated by Fc-receptors and therefore dependent on
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the antibody subclass. FVIII inhibitors are of the IgG subclass. There is a strong preference for 
IgG1 and IgG4 isotypes, although IgG2 and IgG3 isotypes can also be present, but usually less 
abundantly.39,40 The distribution of inhibitor isotypes can alter during the course of treatment. 
Patients successfully undergoing ITI are generally characterized by an increased ratio of IgG1 
molecules over IgG4 molecules, whereas this ratio often changes to a higher ratio of IgG4 mol-
ecules in patients that respond poorly to ITI.41

Scope of this thesis

Our current knowledge about how and when the formation of inhibitors takes place and what 
the effect of ITI is on the immune system of hemophilia A patient is very descriptive. Several 
risk factors have been identified and antibodies have been characterized in terms of antibody 
subclass and epitope recognition. An advantage is that some of this information can be directly 
translated to clinical practice, but they provide minimal information about the basic features 
of the immune system when dealing with FVIII. Studies using hemophilic mice have provided 
much information about how the immune system responds to FVIII, regarding the APC cell 
types involved29, the development of T cells42 and requirements for the induction of tolerance.43 
The aim of this thesis is to provide more insight into the mechanism of recognition of FVIII by 
the human immune system. In Chapter 3 we have re-examined the role of several different en-
docytic receptors on antigen-presenting cells in the endocytosis of FVIII and we report that the 
endocytosis of FVIII can be diminished by shielding of a part of the C1 domain with antibody 
KM33. This effect was confirmed in vivo. A single administration of KM33 into hemophilic 
mice was able to protect these mice from inhibitor formation after 3 subsequent administrations 
of FVIII. In Chapter 4 we follow up on these findings, describing the construction of a FVIII 
variant with C1 domain mutations corresponding to the binding site of KM33. We show that 
this variant has a significantly reduced immunogenicity, while retaining procoagulant activity. 
In Chapter 5 we have developed a method to identify which regions of the FVIII molecule are 
presented on MHC class II by human dendritic cells. The findings in this chapter indicate that, 
although the presentation of FVIII peptides is dependent on donor HLA type, several HLA-
promiscuous regions are commonly presented. Chapter 6 describes that presentation of FVIII 
peptides on MHC class II is not only dependent on HLA type, but can be regulated at different 
levels. Macrophages appear less efficient in the presentation of FVIII peptides when compared 
to dendritic cells. The presence of anti-FVIII antibodies or the cytokine milieu during endocy-
tosis of FVIII can also have profound effects on the presentation of FVIII peptides. Finally, we 
used recombinant HLA-DR molecules loaded with FVIII peptides to identify and characterize 
FVIII-specific CD4+ T cells in two mild hemophilia A patients. We anticipate that the observa-
tions made in this thesis will not only contribute to increased understanding of the immuno-
biology of inhibitor formation, but will also provide useful indications on how to improve 
treatment of hemophilia A patients by rational design of FVIII variants with a decreased im-
munogenicity.
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Abstract

Generation of inhibitory antibodies upon repeated FVIII infusion represents a major complica-
tion in hemophilia care. Professional antigen-presenting cells (APCs) are crucial for orchestra-
tion of humoral immune responses. APCs are capable of internalizing soluble as well as par-
ticulate antigens through various mechanisms resulting in loading of antigen-derived peptides 
on MHC class I or II for presentation to T cells. This review highlights how FVIII is recognized 
and processed by APCs. The significance and contribution of candidate receptors involved in 
FVIII uptake by APC is discussed. Recent findings defining the repertoire of FVIII-peptides 
presented on MHC class II are addressed. Studies in murine models of hemophilia A suggest 
that modulation of APC function can reduce inhibitor formation. Based on this we anticipate 
that modulation of FVIII uptake by APCs may yield novel therapeutic approaches for treatment 
or prevention of inhibitor formation in patients with hemophilia A.
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Introduction

Coagulation factor VIII (FVIII) deficiency results in hemophilia A, which is one of the most 
prevalent bleeding disorders. It is associated with joint and muscle bleedings and excessive 
hemorrhages after injury or surgery.1 Conventional treatment consists of frequent intravenous 
administration of FVIII. However, such treatment can result in the formation of neutralizing an-
tibodies (inhibitors) that inhibit the cofactor function of FVIII.2 The development of inhibitors 
only occurs in approximately 5% of mild or moderate hemophilia A patients, and in 25% of se-
vere hemophilia A patients. The extent of residual activity of endogenous FVIII is inversely cor-
related with the development of inhibitors.3 Why only a fraction of patients generate antibodies 
against FVIII is poorly understood. Both treatment-related and genetic risk factors have been 
shown to contribute to inhibitor development in hemophilia A. Intensive treatment episodes in 
the context of injury have been shown to present an important risk factor for inhibitor develop-
ment.4 Apart from FVIII gene mutations, such as large gene deletions, gene inversions and stop 
mutations5,6, polymorphisms within the IL-10 7 and TNFA gene8 have been associated with in-
hibitor development. Interestingly, a C/T polymorphism in the promoter region of the CTLA-4 
gene9 was overrepresented in hemophilia A patients without inhibitors suggesting a protective 
role of this SNP in inhibitor formation. The source of infused FVIII products has been linked 
to inhibitor development, however, there are conflicting findings about the immunogenicity of 
recombinant versus plasma derived FVIII.3,10,11 Results from a large multi-center cohort study 
suggest that the risk of inhibitor formation for plasma-derived FVIII is not clearly lower when 
compared to recombinant products.3,10,11 
Most inhibitors are high affinity IgG molecules, predominantly IgG1 and IgG4.12-14 The forma-
tion of such inhibitory IgG molecules requires FVIII-specific CD4+ T-cell help.12,15 Endocytosis 
of FVIII by antigen-presenting cells (APCs) and subsequent presentation of FVIII peptides 
on MHC class II molecules on the surface of APCs is required to trigger the activation of 
FVIII-specific T cells. In the past years, several studies have addressed how FVIII is processed 
by APCs. Nevertheless, the exact mechanism of FVIII endocytosis and presentation by APCs 
remains unclear. Understanding the recognition of FVIII by APCs and subsequent activation 
of FVIII-specific T cells is crucial for development of novel strategies for treatment or preven-
tion of inhibitor formation in hemophilia A. In this review we address key functions of APCs 
concerning the formation of FVIII inhibitors: endocytosis of FVIII, intracellular processing, 
antigen-presentation on MHC class II and activation of CD4+ T cells.
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Recognition of FVIII by antigen-presenting cells 

Professional antigen-presenting cells (APCs) include macrophages, B-lymphocytes and den-
dritic cells that are specialized to internalize soluble and particulate antigens and present anti-
gen-derived peptides on MHC class II or MHC class I molecules. Uptake of a soluble antigen 
can occur through a number of mechanisms that includes endocytosis via clathrin coated pits, 
caveolae or macropinocytosis16. Recent findings suggest that receptor-dependent intracellular 
sorting of antigens by APCs into different subsets of endosomal vesicles determines whether 
peptides are presented on MHC class II or cross-presented on MHC class I.17,18 
FVIII is internalized both in vivo and in vitro by human dendritic cells (DCs) and human and 
murine macrophages19-21, which is followed by the activation of FVIII-specific CD4+ T cells. 
Subsequent to its uptake, FVIII is processed intracellularly by DCs and efficiently presented on 
MHC class II.22 In vitro, endocytosis of FVIII is mediated by bivalent ion-dependent receptors, 
since it is inhibited by the addition of EDTA.23 FVIII contains multiple glycans that might be 
targets for C-type lectin receptors.24 Indeed, two mannose-ending glycans, linked to Asn239 in the 
heavy chain and Asn2118 in the light chain, have been proposed to interact with the macrophage 
mannose receptor (MR).23 Blockage of mannose-mediated interactions with mannan resulted 
in a partial reduction of FVIII endocytosis by DCs and decreased T-cell activation. In contrast 
to this finding, siRNA-mediated knockdown of MR on DCs did not affect FVIII endocytosis.25 
This implies that additional receptors can mediate internalization of FVIII. LDL receptor family 
members and LDL receptor-related protein (LRP) are essential for FVIII clearance.26,27 More-
over, both LRP and MR have been described to target ligands to the MHC class II processing 
and presentation pathway.28,29 However, despite its important role in the clearance of FVIII, 
LRP does not contribute to the internalization of FVIII by DCs.25,30 As the affinities of LRP and 
MR towards FVIII are relatively low, it is possible that prior to its transfer to endocytic recep-
tors and its final internalization, a preconcentration step is needed for FVIII on the cell surface 
of APCs. Heparan sulfate proteoglycans (HSPGs) have been shown to assist in LRP-mediated 
FVIII catabolism.31 This raises the possibility that HSPGs also contribute to the internalization 
of FVIII by APCs. As yet the mechanism of FVIII endocytosis by APCs remains unidentified. 
However, recent findings from our group have shown that an anti-C1 domain antibody prevents 
FVIII endocytosis by APCs in vitro and in vivo.25 We anticipate that this observation will help 
to identify determinants on FVIII involved in its uptake by APCs.
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Figure 1. Mechanisms for binding and endocytosis of FVIII by antigen-presenting cells
Fluid phase endocytosis (macropinocytosis) is an unsaturable mechanism by which soluble macro-
molecules such as FVIII can be captured by antigen-presenting cells. The one-receptor model represents 
the machinery driven by a single antigen-specific receptor that is capable of both interacting with FVIII 
and initiating its endocytosis. The two-receptor model on the other hand includes two subsequent mecha-
nisms. The first receptor, like members of heparan sulfate proteoglycans (HSPG), can effectively pre-
concentrate FVIII on the cell surface. Then FVIII is transferred to a second receptor that endocytoses its 
ligand. B cells are unique antigen-presenting cells that have ability to internalize highly specific ligands 
through their cell-surface associated immunoglobulin-like B-cell receptor (BCR)-mediated uptake. Both 
macropinocytosis and receptor-mediated endocytosis are capable of assisting MHC class II-restricted pre-
sentation of internalized FVIII. Phosphatidylserine (PS) exposure on the outer leaflet of the cell membrane 
is one of the features of apoptosis. FVIII complex formation with PS does not trigger endocytosis and 
subsequent presentation of FVIII-derived peptides on MHC class II molecules.
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Processing and presentation of FVIII peptides

The fate of an internalized antigen is mainly dependent on its endocytic route, as shown in 
Figure 1. The proteolysis of soluble antigens such as FVIII starts in early endosomes.32 Antigen 
fragments can be either further degraded in lysosomes or loaded on MHC class II complexes, 
which occurs predominantly in late endosome-derived compartments often referred to as MHC 
class II-loading compartments.33 Because lysosomes contain very little MHC class II, they are 
unlikely to generate peptide-loaded MHC class II for presentation to CD4+ T cells on the plas-
ma membrane.34 After encountering pro-inflammatory stimuli, dendritic cells (DCs) undergo a 
maturation process which results in upregulation of MHC class II and co-stimulatory molecules 
like CD80, CD83 and CD86 on the plasma membrane.35 Mature DCs are therefore capable of 
priming naïve CD4+ T cells. Peptide-loaded MHC class II complexes are also present on the 
plasma membrane of immature APCs, but much less abundantly. Therefore the recognition of 
peptide-loaded MHC class II by CD4+ T cells on immature APCs, which are also lacking co-
stimulatory molecules, results in less responsive, anergic or even regulatory T cells which are 
associated with immune tolerance.36,37 
CD4+ T cells recognize antigen derived peptides presented in the context of a particular MHC 
class II heterodimer of a specific haplotype. Weak associations have been described for human 
leukocyte antigen (HLA) haplotypes DRB1*1501, DQB1*0602, and DQA1*0102 and forma-
tion of FVIII inhibitors.38,39 Using a mass-spectrometry approach, we have recently shown that 
numerous FVIII peptides can be presented on MHC class II, some of which were previously 
shown to be recognized by CD4+ T cells.22 In addition to FVIII peptides that are donor specific, 
our study reveals a number of promiscuous FVIII peptides that were presented by multiple MHC 
II alleles (Figure 2). The fact that a large number of FVIII-derived peptides can be presented 
on MHC class II is in agreement with the polyclonal nature of FVIII-specific T-cell responses 
in patients with severe hemophilia A.40,41 It also provides a rationale for the observation that in-
hibitor formation is not strongly linked to a particular MHC class II allele. Interestingly, T-cell 
responses in mild and moderate hemophilia A patients, who have residual endogenous FVIII in 
the circulation, are often directed against a single epitope around the area of the mutation.42-44 
FVIII-specific CD4+ T cells from a mild hemophilia A patient with an Arg2150 to His substitution 
were directed against a peptide encompassing the area of the mutation.44 The Arg2150-containing 
peptide can bind to multiple MHC class II alleles thus providing an explanation for the high 
prevalence of inhibitor formation in mild hemophilia A patients with this particular gene defect. 
These findings emphasize the potential importance of predicting affinities of different MHC 
class II haplotypes towards FVIII peptides in moderate and mild hemophilia A patients. How-
ever, in case of severe hemophilia, identification of promiscuous FVIII peptides and introduc-
tion of FVIII modifications in these areas in order to reduce their ability to fit in an MHC class II 
binding groove has been proposed as a means to reduce the intrinsic immunogenicity of FVIII.45
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Figure 2: Distribution of FVIII peptides presented on MHC class II. 
(A) Different peptides are presented by different donors. Results displayed in this figure were obtained 
from single experiments from four unrelated donors as described previously.22 FVIII-derived MHC class 
II-presented peptides are displayed as rectangles. Peptides presented by only one donor are indicated 
as white bars. Indicated in yellow are peptides that are common between two donors. The orange color 
indicates FVIII peptides that were found in three donors and the red sequences were presented in all four 
donors. (B) The different domains and the location of the peptides are depicted in the crystal structure of 
FVIII.69 B domain-derived peptides are not depicted, since the B domain is absent in the three-dimensional 
structure of FVIII.
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Co-stimulation/danger signals

APCs increase the expression of co-stimulatory receptors after recognition of pathogen-asso-
ciated molecular patterns (PAMPs). In vitro, FVIII alone or FVIII in complex with VWF does 
not trigger the upregulation of co-stimulatory receptors by DCs, and therefore is not capable 
of initiating T-cell activation.46 In vivo, however, adjuvant-free administration of FVIII can 
lead to the formation of inhibitory antibodies. The biological activity of FVIII appears to be 
essential for this process, more specifically, its ability to enhance thrombin generation, has 
been proposed to activate DCs, finally resulting in induction of FVIII-specific T-cell responses 
(Figure 3).47 The importance of co-stimulatory mechanism for FVIII-specific T-cell activation 
has been illustrated by several studies on the blockade of CD40/CD40L interactions in vivo.48,49 
CD40/CD40L ligation provides a key event to induce humoral responses against antigens50, 
furthermore, blockage of CD40/CD40L interaction leads to long-lasting tolerance in mice.51,52 
Although the disruption of CD40/CD40L interaction by pre-administration of a monoclonal 
antibody targeting CD40L resulted in deficient immune responses against FVIII in vivo, it failed 
to induce long-lasting tolerance.49

A number of recent studies have described modulatory mechanisms to reduce anti-FVIII re-
sponses either through preventing FVIII uptake or by suppressing activation of APCs. VWF has 
been shown to inhibit activation of FVIII-specific T cells by blocking its uptake by DCs19, sug-
gesting that VWF prevents the entry of FVIII in APCs by engaging epitope(s) that are key for 
interactions with cell surface receptors on APCs. Complex formation of FVIII with phosphati-
dylserine (PS) liposomes resulted in reduced antibody formation against FVIII in hemophilia 
A mice.53 PS associated with apoptotic cells is known to induce anti-inflammatory responses in 
APCs54. Moreover, PS liposomes reduced the maturation, pro-inflammatory cytokine produc-
tion and T-cell priming of APCs.54 Since complex formation between FVIII and phospholipid 
molecules, which is essential for FVIII activation55, is mediated by residues located in the C1 
and C2 domains of FVIII56,57 (Table 1), a possible other explanation of the observed inhibitory 
effect is that PS occupies residues of FVIII that are crucial for its endocytosis by APCs. Another 
possibility to manipulate immune responses against FVIII is to suppress APCs by inhibiting 
their maturation and lowering the expression of co-stimulatory molecules. In vivo, dendritic 
cells subsets that display a tolerogenic phenotype are found in blood or in lymph nodes.58 In-
duction of this tolerogenic phenotype by dexamethasone, vitamin D3, rapamycin or aspirin 
has been successfully used to prevent immune responses.59 Rapamycin-conditioned DCs are 
resistant to maturation and poor in stimulation of allogenic CD4+ T cells, however, they enrich 
for antigen-specific FoxP3+ regulatory T cells.60-62 Oral administration of rapamycin, combined 
with intravenous injection of FVIII, effectively prevented inhibitor formation in FVIII-/- mice63 
and initiated CD4+CD25+Foxp3+ T cell expansion. The lack of antibody formation was sus-
tained during additional FVIII injections following rapamycin administration. Given the mild 
and transient    immunosuppressive capacity of rapamycin , co-administration of FVIII with 
rapamycin may be a feasible treatment strategy in hemophilia A patients to induce tolerance to 
FVIII. 
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Figure 3. Stimulatory and inhibitory pathways modulate presentation of FVIII on MHC class II
FVIII itself does not trigger the upregulation of co-stimulatory molecules on DCs, therefore it is not 
capable of initiating T-cell activation and expansion that, besides the interaction of T-cell receptor with 
peptide-associated MHC class II, also requires a second signal from co-stimulatory molecules like CD80, 
CD83 or CD86. Thrombin generation has been suggested to provide a “danger signal” that activates anti-
gen-presenting cells. Similarly, association of CD40 with its ligand, CD40L, which is expressed on a wide 
variety of cells including macrophages, neutrophils, platelets, endothelial cells etc, is another effective 
mechanism to stimulate the expression of co-stimulatory molecules and production of pro-inflammatory 
cytokines on APCs through the MAPK pathway and induction of NF-κB translocation to the nucleus. 
FVIII presentation can be inhibited at many different points. PS liposomes as well as VWF can inhibit 
FVIII interaction with its receptor on APCs. In hemophilia A patients, FVIII can circulate within immune 
complexes comprising IgG molecules. Antigen-presenting cells express Fc receptors that are capable of 
binding to immune complex-associated IgG molecules. Crosslinking of the inhibitory FcγRIIb results in 
reduced MAPK signaling and prevents excessive activation of the NF-κB pathway. Rapamycin blocks 
mammalian target of rapamycin (mTOR), which alters the maturation of APCs through downregulation of 
the expression of co-stimulatory molecules .
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Professional APC types and their localization
 
In vivo, there are three types of professional APCs that may contribute to the induction of an 
immune response against FVIII, dendritic cells, macrophages and B lymphocytes, which are all 
able to internalize FVIII and present FVIII peptides on MHC class II. The extent to which each 
cell type contributes to inhibitor formation is highly dependent on the localization of APCs and 
their capacity to present FVIII. Given the fact that FVIII is mostly administered intravenously, 
it is likely that the APCs that are responsible for initiating immune responses against FVIII are 
either present in the circulation or reside in the spleen. In patients who receive FVIII for the first 
time splenic DCs or macrophages are probably the most important contributors to FVIII endo-
cytosis and presentation.21 The importance of APCs residing in the spleen has been confirmed in 
a study using FVIII-/- mice.21 The major contributors in terms of FVIII internalization are metal-
lophilic macrophages located in the marginal zone of the spleen.21 To a lesser extent, MARCO+ 
macrophages and CD11c+ DCs also internalized FVIII.21 However, despite their modest FVIII 
uptake, DCs might still significantly contribute to inhibitor formation as these cells are more 
efficient in antigen processing and presentation than macrophages.64,65 Intravenous infusion de-
livers FVIII to the spleen, which is the major organ to initiate immune responses. 
FVIII-specific memory B cells are present in the circulation of hemophilia A patients with in-
hibitors.66 FVIII-specific memory B cells are essential for the rapid production of serum immu-
noglobulin levels upon re-exposure to infused FVIII. Furthermore, elimination of FVIII-spe-
cific memory B cells by high dosage FVIII may contribute to induction of immune tolerance.67 
Tolerance induction through retroviral transduction with retroviral constructs encoding FVIII 
A2-domain or C2-domain in frame with an IgG heavy chain backbone of B-cell blasts has been 
shown to induce immune tolerance to FVIII in hemophilic mice.68 Mice treated with transduced 
B cells showed reduced inhibitor titers, which were persistently low after additional challenges 
with FVIII. Furthermore, the lower antibody titers correlated with an increased frequency of 
FVIII-specific regulatory T cells.67,68
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Conclusions and future perspectives

A humoral immune response directed against therapeutic FVIII develops in approximately 25% 
of severe hemophilia A patients undergoing FVIII replacement therapy. There are multiple fac-
tors that can determine the characteristics of the anti-FVIII responses in terms of magnitude, 
antibody type, duration of the response and tolerance susceptibility. The initial step in the de-
velopment of FVIII-neutralizing antibodies is recognition of FVIII by APCs. Here, we showed 
that the course of FVIII recognition and processing by APCs determines the outcome of an 
anti-FVIII response. Recent years’ efforts to identify the endocytic receptor for FVIII on APCs 
resulted in several candidate receptors. This knowledge could be used to design a FVIII variant 
which is no longer internalized by APCs but retains its procoagulant activity. Because not all 
endocytic receptors allow for efficient presentation of their ligand on MHC class II, an inter-
esting alternative would be to engineer FVIII in such a way that its internalization leads to com-
plete degradation rather than presentation. Identification of FVIII-peptide binding properties of 
individual MHC class II haplotypes provides a useful tool to identify and subsequently modify 
promiscuous T-cell epitopes thereby reducing the intrinsic immunogenicity of FVIII. Overall, 
avoiding or altering FVIII recognition by APCs, altering the phenotypic properties of APCs 
with compounds such as rapamycin or reducing presentation of FVIII peptides on MHC class II 
have recently emerged as promising, novel approaches for prevention or treatment of inhibitor 
development in hemophilia A. 

Table 1. Domain and residue specificity of interactive partners of FVIII
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Abstract 

Background: Uptake and processing of FVIII by antigen-presenting cells and subsequent pres-
entation of FVIII-derived peptides to CD4+ T cells directs the immune response to FVIII in 
patients with hemophilia A. Multiple receptors including mannose receptor (MR) and LDL 
receptor-related protein-1 (LRP) have been implicated in FVIII uptake. 
Objective: This work studies the involvement of receptor candidates in FVIII uptake by den-
dritic cells. Furthermore, we explore FVIII residues that mediate endocytosis. 
Methods: FVIII uptake was performed with human monocyte derived and murine bone mar-
row-derived dendritic cells. To investigate FVIII endocytosis, competition assays with soluble 
receptor ligands, binding studies with recombinant receptor fragments, and siRNA-induced 
gene silencing were performed. Additionally, FVIII targeting monoclonal antibodies KM33 and 
VK34 were used. To confirm in vitro results, hemophilic E17 KO mice were pre-treated with 
antibodies prior to FVIII injections and anti-FVIII titers were determined.
Results: Upon treatment of DCs with mannan or LRP ligand α2-macroglobulin, we only ob-
served a minor decrease in FVIII internalization. Additionally, siRNA mediated knockdown of 
LRP, MR or DC-SIGN expression in MDDCs did not prevent FVIII uptake. Binding studies 
using Fc-chimeras revealed that LRP, DC-SIGN and MR can bind to FVIII; however we did 
not observe critical role for these receptors in FVIII uptake. Previous studies have shown that 
human antibodies targeting C1 (KM33) and A2 (VK34) domains of FVIII interfere with binding 
to endocytic receptors. Preincubation of FVIII with VK34 did not influence FVIII uptake; how-
ever, KM33 completely inhibited FVIII endocytosis by both MDDC and BMDC. Accordingly, 
anti-FVIII antibody titers were greatly reduced following pre-administration of KM33 in vivo.
Conclusion: Together, our observations emphasize the physiological significance of KM33-
targeted residues within the C1 domain in the uptake of FVIII by DCs in vitro and in vivo.
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Introduction  

Immunogenicity of protein therapeutics following repeated exposure remains a major chal-
lenge in clinical care. Formation of anti-drug antibodies can severely interfere or neutral-
ize the effect of treatment. Replacement therapy with intravenously administered plasma 
derived or recombinant coagulation Factor VIII concentrates corrects bleeding tendency 
and represents the main cure for hemophilia A.1 Development of neutralizing antibodies 
(inhibitors) against FVIII occurs in approximately 20-40% of severe hemophilia A patients 
after replacement therapy, providing a major complication of hemophilia care.2 The anti-
body response is heterogeneous with antibodies binding to multiple domains of FVIII.3,4  
To eliminate neutralizing antibodies, immune tolerance induction (ITI) therapy compris-
ing frequent administration of high doses of FVIII is commonly initiated in hemophil-
ia A patients with inhibitors.5 Subclass analysis revealed that anti-FVIII antibodies are 
composed of subclass IgG1 and IgG4.6,7 Clonal analysis revealed that the variable do-
mains of anti-FVIII antibodies are extensively modified by somatic hypermutation.8,9  
Both somatic hypermutation and isotype switching require the presence of antigen spe-
cific CD4+ T cells10, which are enumerated following processing and presentation of FVI-
II derived peptides on MHC class II molecules on antigen-presenting cells (APCs).11 

Dendritic cells (DCs) are professional APCs that mediate uptake, intracellular processing and 
presentation of antigen to T cells.12 Processing of soluble antigens occurs by macrophages and 
resident DCs present in the spleen.13 Studies with human DCs have indicated that in vitro ad-
ministration of FVIII does not result in activation and maturation of DCs.14 A slight increase 
in CD40 expression was noted upon administration of canine FVIII to bone marrow-derived 
murine DCs.15 Human DCs have been reported to internalize FVIII in a macrophage mannose 
receptor (MR, CD206) dependent manner.16 Mannose-ending glycans are present in the C1 
(Asn2118) and A1 (Asn239) domains of FVIII17 and provide potential targets for carbohydrate rec-
ognition domains of C-type lectin receptors such as MR, DC-SIGN and dectin-2.18 Although a 
recent report suggests that LDL-receptor related protein (LRP) is not involved in the uptake of 
FVIII by dendritic cells19, LRP is known as one of the main receptors engaged in clearance of 
FVIII.19-21 We previously described a panel of antibodies that were obtained from hemophilia pa-
tients.9,22 Amongst these antibodies VK34 and KM33 interfered with FVIII binding to LRP/LDL 
receptor family members by occupying residues within the A2 and C1 domain, respectively.23,24  
In this study, we show that patient-derived monoclonal antibody KM33 interferes with uptake 
of FVIII by DCs. Using small interfering RNA we show that FVIII uptake is independent of the 
presence of LRP, MR and DC-SIGN. Additionally, we show that pre-injection of KM33 prior 
to FVIII administration prevents antibody formation against FVIII in hemophilic E17 KO mice. 
Our results suggest that uptake of FVIII by APCs is mediated by an interactive surface in the C1 
domain, which does not overlap with a previously binding site of MR.
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Materials and Methods

FVIII uptake by DCs
Blood was drawn after written consent from healthy volunteers in accordance with Dutch regu-
lations and following approval from Sanquin Ethical Advisory Board in accordance with the 
Declaration of Helsinki. Endocytosis of FVIII by dendritic cells was measured as reported pre-Endocytosis of FVIII by dendritic cells was measured as reported pre-
viously25, for details, see Online Repository Materials available at http://www.jacionline.org/. 

Binding of FVIII to recombinant human LRP1 Cluster II-Fc, MR CTLD4-7-Fc and DC-
SIGN-Fc chimeras
To capture FVIII, C2 domain targeting recombinant human IgG4 antibody EL1426 (5 µg/ml) 
was first immobilized on 96 well microtiter plates (Nunc, Roskilde, Denmark) overnight at 4°C 
in buffer containing 50 mM NaHCO3 pH 9.8. Plates were then blocked with 2% Bovine serum 
albumin (BSA) in binding-buffer (20 mM Tris-HCl, 154 mM NaCl, 5 mM CaCl2, 2 mM MgCl2 
and 0.05% Tween-20, pH 7.4) and 5 µg/ml FVIII was added for 1 h at 37°C. Recombinant 
mannose receptor-Fc chimera consisting of non-binding MR CTLD1-3- or mannose-specific 
MR CTLD4-7 carbohydrate recognition residues, recombinant human DC-SIGN-Fc or LRP1 
Cluster II-Fc chimeras (R&D systems, Minneapolis, USA) were incubated with a concentra-
tion range up to 10 μg/ml on the plate. For competition assays, 5 μg/ml of Fc-chimera was pre-
incubated with increasing concentrations (0-100 μg/ml) of mannan, RAP, α-2-macroglobulin, 
KM33 Fab2 for 30 minutes at 37°C in binding buffer before incubation on FVIII-coated plates. 
Bound Fc fusion proteins were subsequently quantified by adding isotype specific anti-human 
IgG1-HRP in 50 mM Tris-HCl, 1M NaCl and 0.2% Tween-20, pH 7.4. Values are expressed as 
optical densities measured at 540 nm with the subtraction of 450 nm.

Administration of FVIII, KM33, VK34 and control IgG1 in Hemophilic E17 KO mice
Recombinant human FVIII was diluted to 10 μg/ml in sterile PBS and a dose of 100 μl (1 μg) 
was weekly administered intravenously (i.v.) in E17 KO mice (groups of 8) for either three or 
five weeks. In experiments where KM33, VK34 and control IgG1 (Cγ1k) were used, 1 mg of 
purified antibody in 500 μl sterile PBS was pre-administered intraperitoneally (i.p.), which was 
followed by weekly injections of 1 μg/ml FVIII. After 3 or 5 weeks, animals were sacrificed 
and blood samples were collected. In accordance with Dutch Laws on Animal Experimentation, 
research proposals involving animal handling were approved by the local Animal Experimental 
Committee.
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Results

FVIII is internalized by immature MDDCs
To examine the uptake of FVIII by antigen-presenting cells, we used monocyte-derived den-
dritic cells (MDDCs) isolated from healthy subjects. Incubation of increasing concentrations of 
FVIII with MDDCs resulted in dose dependent FVIII endocytosis (Figure 1A). To investigate 
the ratio of internalized versus cell surface bound FVIII, MDDCs were incubated with FITC 
conjugated anti-FVIII antibody CLB-CAg117 in presence or absence of 0.05% saponin follow-
ing incubation with FVIII. A large shift in fluorescent signal was observed following permeabi-
lization with saponin indicating that the majority of FVIII is endocytosed by MDDCs (Figure 
1B). To quantify FVIII uptake, we used a light chain-specific FVIII ELISA.26 A dose-dependent 
increase of internalized FVIII was observed (Figure 1C). We also measured the amount of in-
ternalized FVIII heavy chain. As expected equal amounts of FVIII heavy and light chain were 
internalized suggesting that heterodimeric FVIII is endocytosed by MDDCs (Figure 1D). Our 
data show effective FVIII internalization by immature MDDCs. 

Figure 1. FVIII uptake by MDDCs 
A: FVIII (0-160 nM) was incubated with MDDCs.Cells were analyzed by FACS. B: Cell surface bound 
versus internalized FVIII was compared in absence or presence of saponin. C: Internalized FVIII was 
quantified from cell lysate by ELISA. D: Uptake of FVIII light- and heavy chain was evaluated from cell 
lysates by ELISA. Results represent 4 individual experiments.
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FVIII uptake is mediated by the C1 domain 
To address the structural requirements for FVIII uptake, we employed two monoclonal antibod-
ies with known specificity: antibody VK34 is directed against the A2 domain (484-508), where-
as antibody KM33 targets the C1 domain.9,22,27,28 Previously we have shown that these antibodies 
block the interaction of FVIII with LRP.23,24 We hypothesized that these antibodies interfere with 
the uptake of FVIII by MDDCs. To test this hypothesis 80 nM KM33 or VK34 were preincu-
bated with 10 nM FVIII and then administered for 30 minutes to MDDCs. Addition of KM33 
completely abrogated FVIII uptake (Figure 2A), however FVIII endocytosis was not impaired 
in the presence of the anti-A2 antibody VK34 (Figure 2A). Uptake of Lucifer yellow (LY) by 
macropinocytosis was not affected by the addition of either KM33 or VK34 (Figure 2A). To 
further determine their inhibitory capacity, increasing concentrations of both antibodies KM33 
and VK34 (1-160 nM) were added to 10 nM FVIII. Following the addition 40 nM KM33, we 
observed 50% decrease in FVIII internalization (Figure 2B). To accomplish complete blockade, 
80-160 nM of KM33 was required. Similar amounts of VK34 did not influence the uptake of 
FVIII (Figure 2B). Assessment of internalized FVIII by ELISA confirmed the dose-dependent 
inhibition of FVIII uptake by KM33 (Figure 2C). Uptake of Lucifer yellow by equivalent ranges 
(1-160 nM) of KM33 and VK34 was not influenced (Figure 2D). These results emphasize the 
essential role of C1 domain in the uptake of FVIII by MDDCs. 

FVIII uptake is independent from LRP, MR and DC-SIGN
Immature dendritic cells express various endocytic receptors including LRP and C-type lectin 
family member mannose receptor (MR, CD206). Both of these receptors have been demonstrat-
ed to associate with FVIII.16,21 To investigate the involvement of LRP in FVIII uptake, MDDCs 
were preincubated with LDL receptor family member antagonist receptor associated protein 
(RAP) and the LRP-specific ligand α2-macroglobulin (α2m). Addition of α2m or RAP did not 
reduce FVIII uptake (Figure 3A). This indicates that FVIII endocytosis by MDDCs is not de-
pendent on LRP or other LDL-receptor family members. We subsequently examined whether 
C-type lectins mediate FVIII uptake. Addition of increasing concentrations of mannan did not 
affect the uptake of FVIII by MDDCs (Figure 3A). In agreement with this finding we found that 
blocking antibody directed against DC-SIGN did not interfere with FVIII uptake (Figure 3A). 
We further tested these findings using siRNA mediated knockdown of LRP, MR and DC-SIGN. 
Strongly reduced expression of these receptors was observed in MDDCs treated with LRP, MR 
and DC-SIGN siRNAs (Figure 3B). Knockdown of these receptors was further confirmed using 
selective ligands. Uptake of α2m-FITC, SO4-3-Gal and Btri was significantly lower in MDDCs 
treated with siRNA targeting LRP, MR and DC-SIGN, respectively (Figure 3C). FVIII uptake 
in MDDCs transfected with siRNA targeting LRP was similar to that detected in non-targeting 
(scramble) siRNA transfected cells (Figure 3D). We found similar results with MDDCs trans-
fected with MR or DC-SIGN siRNAs, we did not observe any reduction in FVIII uptake. Al-
toghether, our data indicate that LRP, MR and DC-SIGN are not essential for FVIII uptake. 
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Figure 2. FVIII uptake is mediated by the C1 domain 
A: 10 nM FVIII or 250 µg/ml Lucifer yellow (LY) were preincubated with 80 nM KM33 or VK34.B, C: 
KM33 or VK34 (0-160 nM) were added to 10 nM FVIII.Uptake was analyzed by FACS (B) or ELISA (C). 
D: 250 µg/ml LY was preincubated with KM33 and VK34 before addition to MDDCs. Graphs represent 
data of 3 independent experiments.
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In vitro binding of FVIII to LRP1 Cluster II-Fc, MR CTLD4-7-Fc and DC-SIGN-Fc chimeras
Our findings suggest that LRP, MR and DC-SIGN are not involved in the uptake of FVIII. 
Previously however, it has been shown that FVIII can interact with LRP20 and the extracellular 
domain of MR.16 We re-explored this issue by addressing the capacity of FVIII to bind to clus-
ter II ligand binding domain of LRP1-Fc fusion protein and the mannose-binding recognition 
domains of MR CTLD4-7-Fc chimera.29 Additionally, we tested the binding of FVIII to DC-
SIGN-Fc. When increasing concentrations of LRP1 Cluster II-Fc were added to immobilized 

Figure 3. Uptake of FVIII by MDDCs is LRP-, MR-, and DC-SIGN independent 
A: MDDCs were preincubated with α2m, RAP, mannan or anti-DC-SIGN before 40 nM FVIII was added 
to the cells.B: Receptor expression 72 hours after siRNA transfection was measured by FACS.C: 20 µg/
ml α2m-FITC, SO4-3-Gal or Btri was used to monitor the endocytosis through targeted receptors. D: 
Internalized FVIII (0-80 nM FVIII) was quantified by FACS Data represent 3 independent experiments.
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Figure 4. KM33 blocks binding of FVIII to LRP and DC-SIGN but not MR 
A, C, E: LRP1 Cluster II-Fc (A), MR CTLD1-3-Fc or CTLD4-7-Fc (C), or DC-SIGN-Fc (E) (0-10 µg/
ml) were added to immobilized FVIII. B, D, F: LRP1 Cluster II-Fc (B), MR-Fc CTLD4-7-Fc (D) or DC-
SIGN-Fc (F) were pre-incubated with KM33 Fab2 (0-100 µg/ml).B, D, F: RAP (B) and mannan (D, F) 
were used as positive controls. Data represent 2 experiments.
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FVIII on the plates, dose-dependent binding was observed (Figure 4A). Then, we addressed 
whether KM33 blocks binding of LRP1 Cluster II-Fc to FVIII. KM33 Fab2 fragment inhibited 
LRP1 Cluster II-Fc binding to FVIII (Figure 4B). As expected, addition of Receptor-associated 
protein (RAP) efficiently blocked the interaction. As expected, α2m failed to compete with FVI-
II binding to LRP1 Cluster II-Fc (data not shown), which is compatible with previous reports 
showing that combination of both cluster I and II of LRP1 is required for α2m recognition.30 
Next, we studied FVIII binding to mannose-binding carbohydrate recognition domains MR 
CTLD4-7-Fc and non-binding residues MR CTLD1-3-Fc. MR CTLD4-7-Fc were efficiently 
binding to FVIII and no interaction with MR CTLD1-3-Fc was detected, which is in agreement 
with previous findings16 (Figure 4C). Following its preincubation with MR CTLD4-7-Fc, man-
nan completely abolished the binding to immobilized FVIII (Figure 4D), which indicates that 
FVIII interacts with the lectin binding domain of MR in vitro in a mannan-dependent manner. 

Figure 5. Uptake of FVIII by BMDCs
A: FVIII (0-160 nM) was incubated with BMDCs. B: 0-160 nM KM33 or VK34 was preincubated with 
20 nM FVIII.C: Prior to endocytosis of 10 nM FVIII, BMDCs were pre-incubated with 1, 2.5 or 5 mg/ml 
mannan, 100 nM α2m or 1 mg/ml RAP D: Expression of LRP and MR were determined by FACS. Results 
represent 3 individual experiments.
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When Fab2 fragments of KM33 were added to FVIII, the interaction between MR CTLD4-Fc 
and FVIII was not affected (Figure 4D). We also assessed binding of FVIII to DC-SIGN-Fc. We 
observed dose-dependent binding of DC-SIGN-Fc to FVIII (Figure 4E), which was effectively 
inhibited by the addition of low concentrations of mannan (Figure 4F). Fab2 fragments of KM33 
at high concentrations (>5 µg/ml) significantly interfered with the interaction between DC-
SIGN-Fc and FVIII (Figure 4F). Similar results were obtained when we replaced Fab2 fragments 
of KM33 with KM33 IgG4. In Figure 2 we have shown that KM33 completely abolishes FVIII 
uptake by MDDCs. The ability of KM33 to compete with binding of FVIII to LRP and DC-
SIGN but not with MR suggests that the binding of FVIII to LRP and DC-SIGN but not to MR 
is dependent on residues in the C1 domain of FVIII that are also involved in binding of KM33. 

Uptake of FVIII by BMDCs
We subsequently studied FVIII endocytosis by murine bone marrow-derived DCs (BMDCs). 
FVIII was effectively endocytosed at 37°C and FVIII binding to the cell surface (at 4°C) was 
also observed (Figure 5A). To confirm the inhibitory effect of KM33 on the uptake of FVIII by 
BMDCs, increasing concentrations of KM33 were pre-incubated with FVIII prior to uptake. As 
control, VK34 was used. FVIII endocytosis was completely blocked by KM33, whereas VK34 
did not influence its uptake (Figure 5B). Both MR and LRP are expressed on BMDCs (Figure 
5D). To study the contribution of MR to FVIII uptake, we first pre-incubated increasing concen-
trations of mannan with BMDCs prior to addition of FVIII. Similarly to the results with MD-
DCs (Figure 3A), FVIII uptake was only partially affected by mannan (Figure 5C). To analyze 
the involvement of LRP in FVIII endocytosis by BMDCs, we used α2m and RAP (Figure 5B). 
We observed no reduction of internalized FVIII, which demonstrates that LRP is not essential 
for FVIII uptake by BMDCs. Our results demonstrate that in BMDCs, similarly to MDDCs, 
FVIII endocytosis is mediated by the C1 domain of FVIII, and although both MR and LRP are 
expressed on BMDCs, FVIII uptake is not dependent on these receptors. 

KM33 modulates immune responses against FVIII in a murine model for hemophilia A
Our data suggest that the C1 residues that are targeted by KM33 are crucial for FVIII uptake by 
MDDCs and BMDCs. This finding prompted us to investigate whether KM33 has any modula-
tory effect on antibody formation in vivo. To test this, we used hemophilic E17 KO mice. Prior 
to weekly FVIII administrations, the animals received a single injection of KM33, VK34 or 
control IgG. After 3 weeks, the control IgG and the VK34 group’s plasma contained significant 
amount of anti-FVIII antibodies. The response in the VK34 group was rather heterogeneous but 
significantly higher when compared to KM33 (Mann-Whitney U test; p<0.05). These results 
indicate that pre-injection of KM33 prevented antibody production against FVIII (Figure 6A). 
After 5 weeks, however, this effect disappeared (Figure 6B) due to the fact that KM33 was 
cleared from the circulation after day 12 (Figure 6D). Assessment of FVIII inhibitory capacity 
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of plasma samples using the Bethesda assay yielded similar results (Figure 6C). These data 
suggest that C1 domain directs the uptake of FVIII by antigen-presenting cells and is therefore 
essential for generation of immune responses against FVIII in vivo.

Figure 6. KM33 modulates immune responses against FVIII in a murine model for hemo-
philia A.
A, B: Hemophilic E-17 mice were pre-administered with 1 mg control antibody or KM33, fol-
lowed by 3 (A) or 5 (B) weekly FVIII injection .Anti-FVIII antibody titers from the collected 
plasma samples were determined. C: Inhibitory capacity of FVIII antibodies were measured by 
Bethesda assay. D: Presence of KM33 in blood was monitored. Data was analyzed using non-
parametric Mann-Whitney U-test.
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Discussion

Immunogenicity of biopharmaceuticals delivers serious, sometimes life-threatening complica-
tions.31 FVIII replacement therapy is no exception, since inhibitory antibody formation occurs 
in approximately 20% of the patients with severe hemophilia A.32 Both genetic risk factors and 
treatment-related parameters contribute to the etiology of inhibitor formation in hemophilia A.32,33 
Induction of immune responses to FVIII subsequent to its intravenous infusion is most likely in-
itiated in the spleen.13,34 Marginal zone metallophilic macrophages as well as dendritic cells that 
are present underneath the marginal sinus endothelial cells contribute to sampling of antigens 
from blood.35 Subsequent uptake and processing of antigen results in presentation of peptides on 
MHC molecules allowing for instruction of naïve T cells in the T-cell zone of the white pulp.35 

In this study we employed monocyte-derived dendritic cells (MDDCs) to explore determinants 
on FVIII and MDDCs that are involved in the uptake of FVIII. We found that FVIII is internal-
ized by a mechanism that is inhibited by antibody KM33 that targets the C1 domain of FVIII. 
However, antibody VK34 that is directed towards the A2 domain of FVIII failed to influence 
FVIII uptake. These data suggest that residues within the C1 domains are essential for the 
uptake of FVIII by MDDCs. Previously, we have shown that KM33 prohibits the binding of 
FVIII to phosphatidyl-L-serine (Ptd-L-Ser).28 This raises the possibility that Ptd-L-Ser-exposure 
dictates endocytosis of FVIII. However, staining with FITC-labelled annexin V revealed that 
immature MDDCs did not express appreciable amounts of Ptd-L-Ser under our experimental 
conditions (data not shown). FVIII can interact with surface receptors like LRP, asialoglyco-
protein receptors as well as MR.16,20,21,36 Both LRP and MR are expressed on human MDDCs, 
nevertheless our findings suggest that these receptors do not contribute to FVIII endocytosis. 
Several explanations can be forwarded to explain this apparent discrepancy. One can argue that 
the ligand binding domains of LRP and MR are not sufficiently exposed to allow for internali-
zation of FVIII. Binding of FVIII to LRP is mediated by repetitive complement-type repeats 
which are arranged in four clusters.37 Complement-type repeats CR5-8 and CR24-26 in cluster 
II and IV can support binding to FVIII when present as isolated fragments. 
One cannot exclude that these interactive sites are cryptic in full length LRP. This could po-
tentially explain the lack of involvement of LRP in endocytosis of FVIII in MDDCs and BM-
DCs observed in this and a previous study.38 Mannosylation of Asn239 and Asn2118 of FVIII has 
been implicated in the internalization of FVIII by DCs through binding to MR.16 In accord-
ance with Dasgupta and co-workers we show that FVIII can interact with the lectin binding 
domain of MR in vitro (see Figure 4) in a mannan-sensitive manner. However, KM33 does 
not inhibit binding of FVIII to MR. In agreement with these findings, we did not observe a 
decline in FVIII uptake in the presence of mannan (Figure 3), which excludes a prominent role 
for C-type lectins in FVIII endocytosis. Furthermore, using a more specific approach, siRNA-
mediated knockdown of MR expression did not result in decline in FVIII uptake (Figure 3B). 
Additionally, simultaneous siRNA mediated knockdown of MR, LRP and DC-SIGN also did
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not abrogate FVIII uptake (Online Repository Materials Figure 2). Taken together, these re-
sults indicate that MR is not involved in FVIII uptake in human MDDCs. Staining of MR in 
macrophages and DCs reveal that a major part of this protein resides in early endosomes.39 

This finding is compatible with the constitutive clathrin-mediated endocytosis of MR.40 As 
such MR may not be able to compete for endocytosis of FVIII by other surface components.  
FVIII uptake followed by its presentation on MHC class II molecules leads to antibody produc-
tion in hemophilic E17 KO mice. Here, we show that blockade of uptake by KM33 prevents 
immune responses against FVIII. However, our data indicate that this effect does not result in 
long-term tolerance to FVIII; after KM33 is removed from the circulation, its inhibitory effect 
disappears. Taken together, the inhibitory effect of KM33 in vitro and in vivo suggest that this 
antibody targets an epitope of FVIII that is essential for its uptake. Here, we show that KM33 
interferes with the binding of FVIII to LRP and DC-SIGN and not with MR, although these 
receptors are not involved in FVIII in vitro uptake perhaps due to their low-affinity binding to 
FVIII. Further studies are needed to address the role of these receptors in vivo. Alternatively, 
another possible explanation for the effect of the KM33 antibody addition is that the antibody 
KM33 stabilized FVIII in an alternative conformation that prevented its recognition and uptake 
by DCs. Nevertheless, our findings raise the possibility that a yet unidentified receptor plays a 
critical role in FVIII uptake by DCs by binding to an interactive surface in the C1 domain of 
FVIII that is also targeted by KM33. Our in vivo findings suggest that this interactive surface in 
the C1 domain is critical for initiation of immune responses to FVIII.
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Abstract

The unwanted formation of FVIII-neutralizing antibodies in patients with hemophilia A is initi-
ated by the endocytosis of FVIII by professional antigen-presenting cells. Endocytosis of FVIII 
by human monocyte-derived dendritic cells can be significantly blocked by monoclonal anti-
FVIII antibody KM33. In this study, we constructed a FVIII variant with alanine substitutions at 
positions 2090, 2092 and 2093, which completely diminishes binding to KM33. Similar to the 
effect of KM33, this variant is not internalized by murine bone marrow-derived dendritic cells. 
We also investigated the in vivo ability of this variant to induce inhibitors in haemophilic mice. 
E17 KO mice develop inhibitors in response to multiple FVIII injections. We show that E17 KO 
mice treated with the FVIII variant have significantly lower anti-FVIII antibody titers than mice 
treated with wild-type FVIII. Alanine substitutions at positions 2090, 2092 and 2093 result in 
a FVIII molecule that is significantly less immunogenic than wild-type FVIII both in vitro and 
in vivo, due to its diminished internalization by various antigen-presenting cell types, but has 
pro-coagulant activity similar to wild-type FVIII. These properties make this FVIII variant a 
therapeutically interesting molecule for improved treatment of hemophilia A patients.
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Introduction

The X-chromosome-linked bleeding disorder hemophilia A is caused by the absence or dys-
function of clotting factor VIII (FVIII), which can be corrected by regular intravenous admin-
istration of FVIII. Development of antibodies against FVIII (referred as inhibitors) that can 
hinder its function is a severe complication in the treatment of hemophilia A. The presence of 
inhibitors significantly changes the treatment outcome, since regular prophylactic administra-
tion of FVIII no longer has an effect. Patients with inhibitors can be treated with bypassing 
agents including activated Factor VII (FVII). However, since prophylaxis is the preferred treat-
ment, the strategy in most cases is to try to eradicate the FVIII inhibitors. In such cases a treat-
ment called immune tolerance induction (ITI) is introduced, which consists of more frequent 
administrations of FVIII and a higher dose.1 This generally results in a reduction of the inhibi-
tor titer.2-4 However, ITI is a very expensive therapy and unfortunately not always successful. 
Moreover, successful tolerance induction can in some cases take up to 2 years.5 An interesting 
alternative is to change the treatment regimen in such a way that the development of inhibitors 
can be prevented. A thorough understanding of how inhibitor development takes place is neces-
sary in order to be able to prevent inhibitor formation.
What is known is that inhibitor formation is a T-cell dependent process in both hemophilic 
mice6-8 and hemophilia A patients.9-12 Activation of FVIII-specific T cells is preceded by the up-
take of FVIII by antigen-presenting cells (APCs) and the subsequent presentation of FVIII pep-
tides on MHC class II molecules on the surface of these APCs.13 The interactions between APCs 
and CD4+ T cells in the development of inhibitors have been investigated in several studies 
using hemophilic mice with a functional disruption of the FVIII gene.14 Van Schooten and co-
workers show that administration of human FVIII resulted in clearance of human FVIII in the 
spleen and liver by CD68+ macrophages in von Willebrand Factor (VWF)-deficient mice.15 In a 
publication by Navarrete et al., the uptake of FVIII was attributed more specifically to splenic 
marginal zone metallophilic macrophages in FVIII-deficient mice.16 This uptake is essential for 
the formation of inhibitors, since in vivo depletion of these cells resulted in a reduction of inhib-
itor formation. Another important requirement for APCs ability to activate FVIII-specific CD4+ 
T cells is to provide the T cell with co-stimulation. Interfering with the activation of T cells by 
APCs has proven to be a successful strategy to reduce inhibitor formation. The formation of 
anti-FVIII antibodies in mice was reduced by blocking the interaction between co-stimulatory 
molecules B7 and CD28.6 Lentiviral administration of the FVIII gene into neonatal mice, which 
are in an early stage of life in which central tolerance to both self and exogenously introduced 
antigens is established, even leads to the induction of long-lasting tolerance for FVIII.17 

In this study, instead of blocking the activation of FVIII-specific T cells, we explored wheth-
er it is feasible to reduce the recognition and endocytosis of FVIII by APCs. Previously, we 
have shown that monoclonal antibody KM33, directed against the C1 domain of FVIII, was 
able to significantly block the endocytosis of FVIII by human monocyte-derived DCs as well 
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as murine bone marrow-derived DCs.18 Recently, the C1 domain residues lysine 2092 and phe-Recently, the C1 domain residues lysine 2092 and phe-the C1 domain residues lysine 2092 and phe-C1 domain residues lysine 2092 and phe- residues lysine 2092 and phe-
nylalanine 2093 were identified as amino acids that contribute significantly to the binding to 
KM33.19 In this study we show that mutating those residues to alanine results in a FVIII variant 
which shows reduced endocytosis by murine antigen-presenting cells. Moreover, an additional 
substitution of an arginine at position 2090 to an alanine displays pronounced reduction in im-
munogenicity both in vitro as well as in vivo, while retaining the same level of procoagulant 
activity. Our findings show the potential of reducing FVIII immunogenicity in hemophilia A by 
selective modulation of its endocytosis by antigen-presenting cells.
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Methods

Materials
For culturing bone-marrow derived murine DCs (BMDCs), mouse recombinant GM-CSF was 
purchased (R&D System, Minneapolis, MN, USA). Penicillin/streptomycin, DMEM/F12, 
RPMI-1640 and serum-free X-VIVO 15 medium were from Lonza (Walkersville, MD, USA). 
Fetal calf serum was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cell 
factories (6320 cm2), culture flasks and 96-well microtiter plates were purchased from Nunc 
(Roskilde, Denmark). Ultrapure methanol-free paraformaldehyde was from Polysciences (Ep-
pelheim, Germany). 

Antibodies

Anti-murine CD83-APC, anti-murine CD86, anti-murine CD11b-FITC, rat IgG isotype control 
conjugated with FITC, APC or biotin, streptavidin-APC were purchasd from BD Biosciences 
(San Jose, CA, USA); Anti-mouse CD14-biotin, anti-mouse CD45R-biotin and anti-mouse Gr-
1-biotin (eBioscience); Anti-murine CD11c producing cell line (clone HB-224) was purchased 
from ATCC (American Type Culture Collection, Manassas, VA, USA). Monoclonal antibodies 
CLB-CAg117, CLB-CAg9, CLB-CAg69 and CLB-CAg12 targeting different domains of FVI-
II have been described previously.20 Recombinant KM33, VK34 and control IgG1 (Cγ1k) were 
prepared as described previously.21,22 Full-length antibodies were expressed in HEK-293 cells 
and purified using protein A Sepharose (GE Healthcare, United Kingdom). For flow cytometry, 
antibody CLB-Cag117 was labeled with FITC using the FluoReporter® FITC Protein Labeling 
Kit (Invitrogen, Breda, the Netherlands).

Preparation of factor VIII mutants

B domain-deleted FVIII and mutants were constructed as described previously.19,23 Arg2090Ala, 
Lys2092Ala and Phe2093Ala mutations were introduced by QuickChange site-directed muta-
genesis. Coding regions of all constructs were verified by sequence analysis. Sequence reaction 
was performed using BigDye Terminator Cycle Sequencing kit (Applied Biosystems). HEK293 
stable cell lines expressing recombinant proteins were prepared as described previously.24 Cells 
were cultured in DMEM/F-12 medium in presence of 10% fetal calf serum. All proteins were 
purified by immunoaffinity chromatography using sepharose coupled with monoclonal anti-
FVIII antibody VK34 as described previously.25 Protein concentration was measured by Brad-
ford protein assay. FVIII concentration was determined by enzyme-linked immunosorbent as-
say essentially as described.26 FVIII activity was determined by a chromogenic assay according 
to manufacturer’s instructions (Chromogenix).
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Binding of FVIII to KM33
FVIII binding to KM33 was measured by sandwich ELISA and using surface plasmon reso-
nance analysis. For ELISA assay, Nunc-Maxisorp 96-well plates were coated with KM33 IgG1 
(5 μg/ml) antibody in carbonate buffer (50 mM NaHCO3 pH 9.8) overnight at 4°C. Subse-
quently, FVIII variants were incubated in binding buffer in a concentration range up to 1 U/
ml on the plate. Bound FVIII was detected with horseradish peroxidase conjugated mAb CLB-
CAg117 (targeting C2 domain of FVIII) or CLB-CAg9 (targeting A2 domain of FVIII). Values 
are expressed as optical densities measured at 540 nm with the subtraction of 450 nm. Surface 
plasmon resonance analysis was performed using a BIAcore3000 biosensor system (Biacore 
AB) as described previously.19 Human monoclonal antibody EL14 was covalently coupled to 
the dextran surface of an activated CM5-sensor chip. Subsequently, FVIII variants were loaded 
on EL14. Association and dissociation of 25 mM KM33 IgG1 were performed in 20 mM Hepes, 
150 mM NaCl, 5 mM CaCl2 and 0.005% Tween 20 (pH 7.4) at a flow rate of 20 µl/min for 4 
minutes at 25°C. Association and dissociation curves were corrected for nonspecific binding.

Hemophilic E17 KO Mice
Hemophilic E17 KO mice, characterized by a targeted disruption of exon 17 of the FVIII 
gene14,27 were backcrossed into the C57BL/6J background as described previously.28,29 Mice 
used in this study were male and aged between 8 and 12 weeks at the beginning of the experi-
ment. The genotypes of hemophilic mice were confirmed by polymerase chain reaction analysis 
of genomic DNA extracted from ear clippings, as described previously.6 
Murine bone-marrow-derived DCs (BMDC) were essentially prepared as described before.30 
Briefly, bone marrow cells were isolated by flushing femurs from E17 KO mice with PBS 
supplemented with 2% FCS. The bone marrow suspension was incubated in Tris-NH4Cl at 
room temperature for 2 minutes to lyse erythrocytes. Finally, the cells were resuspended at 
1x106 cells/ml containing 20 ng/ml mouse recombinant GM-CSF and cultured for 8-10 days in 
RPMI 1640 medium supplemented with 2.5 mM HEPES, 55 mM 2-mercaptoethanol, 100 U/
ml penicillin, 100 μg/ml streptomycin, 5 mM glutamine and 10% FCS. Expression of CD11c, 
CD11b, CD80, CD86, B220 and Gr-1 was routinely measured on day 8-10. Cells generated by 
this method comprised 95% DC (MHC class II+CD11c+), with the remainder of the cells being 
predominantly granulocytes.

FVIII endocytosis by flow cytometry
Approximately 2x105 of DCs were first washed once with serum-free medium and incubated 
with FVIII in 120 μl of serum-free medium for 30 minutes at 37°C. After FVIII uptake, cells were 
washed with ice-cold TBS, fixed with 1% freshly prepared paraformaldehyde and incubated with 
FITC-conjugated monoclonal anti-FVIII antibody CLB-CAg117 in presence or absence of 0.05% 
saponin in TBS containing 0.5% HSA. Mean fluorescence intensities and percentage of positive 
cells were determined by flow cytometry using LSRII (BD Biosciences, Uppsala, Sweden).



57

             Mutations in the C1 domain of FVIII reduce its immunogenicity

Administration of FVIII in Hemophilic E17 KO mice
Recombinant B-domain deleted human FVIII wild-type or mutants were diluted to 10 μg/ml in 
sterile PBS and a dose of 100 μl (1 μg) was administered intravenously (i.v.) in E17 KO mice 
(n=8) five times weekly. Endotoxin levels were verified using LAL chromogenic assay (Toxin-
SensorTM, GenScript, NJ, USA). One week after last FVIII injections, animals were sacrificed 
and blood samples and spleens were collected for further analysis. 

Anti-FVIII inhibitory antibody measurements from mouse plasma by enzyme-linked im-
munosorbent assay (ELISA) and Bethesda assay
FVIII (5 μg/ml) was immobilized on 96 well microtiter plates (Nunc, Roskilde, Denmark) in 
buffer containing 50 mM NaHCO3 pH 9.8. Plates were blocked with 2% gelatin in PBS. Mouse 
plasma dilutions were prepared in 50 mM Tris, 150 mM NaCl, 2% BSA, pH 7.4. Mouse mo-
noclonal anti-FVIII antibody CLB-CAg9 was used as a standard. Anti-FVIII antibodies were 
detected with goat anti-mouse IgG-HRP. The concentration of anti-FVIII antibodies in murine 
plasma are displayed in arbitrary units (AU), where 1 AU corresponds to signal obtained from 1 
μg of CLB-CAg9. To identify FVIII inhibitors, we performed a Bethesda assay with Nijmegen 
modification.31 Data was analyzed using non-parametric Mann-Whitney U-test.

Analysis of anti-FVIII antibody-secreting cells by  enzyme-linked immunosorbent spot 
assay (ELISpot)
Anti-FVIII or total antibody-secreting cells (ASC) were quantified using a modification of the 
Elispot method described previously.32 Briefly, FVIII or rabbit-anti-murine IgG (Dako) was im-
mobilized to the solid phase of polyvinylidendifluorid (PVDF)-bottom 96-well multiscreen-IP 
filtration plates (Millipore Corporation, San Francisco, CA). Non-specific binding sites were 
blocked with 10% FCS in RPMI 1640. The plates were incubated for 5 h at 37°C in a humid at-
mosphere (5% CO2) with serial dilutions of cell suspensions obtained from spleen of mice trea-
ted with FVIII. The viability of cells was analyzed by exclusion of trypan blue (0.4% trypan blue 
solution, Sigma-Aldrich, Irvine, UK). After incubation, the plates were washed three times with 
PBS and three times with PBS containing 0.1% Tween 20 (Merck, Hohenbrunn, Germany) to re-
move the cells. Horseradish-peroxidase (HRP)-labeled goat anti-mouse immunoglobulin (Dako, 
Glostrup, Denmark) was added to each well. For IgG-subclass-specific analyses of antibody-se-
creting cells, IgG-subclass-specific HRP-labeled monoclonal antibodies (Southern Biotechnolo-
gies, Birmingham, AL) were used instead. Plates were incubated overnight at 4°C. Subsequently, 
plates were washed three times with PBS containing 0.1% Tween 20 and an additional three times 
with PBS only. Spots were developed using TMB-substrate (Sanquin reagents, Amsterdam, The 
Netherlands). Plates were washed with tap water, air-dried and then analyzed for spots using the 
AELvis reader and eli.analyse software version 4.1 (A.EL.VIS GMBH, Hannover, Germany).
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T-cell proliferation assay
Spleens collected after weekly injections of FVIII were pooled within the groups. Erythrocytes 
were removed and CD8+ cells were depleted by magnetic bead separation using beads coated 
with the anti-mouse CD8 antibody Lyt 1.2 (eBioscience). Remaining CD8– cells were cultured 
in round-bottomed 96-well plates for 72 or 96 hours in X-VIVO 15 medium supplemented 
with 100 U/ml penicillin, 100 mg/ml streptomycin (all from BioWhittaker; Walkersville, Ma-
ryland) and 55 μM ß-mercaptoethanol (Sigma-Aldrich, Irvine, UK) in presence of increasing 
FVIII concentration (0, 0.1, 0.5 or 1 μg/ml) to generate antigen-specific T-cell proliferation or 
concanavalin A (1 μg/ml) to generate nonspecific proliferation. Proliferation was assayed by the 
addition of 1 μCi/well of [3H]thymidine (ICN Pharmaceuticals, Irvine, CA) for the last 16-18 
hours. The results were expressed as the stimulation index (cpm with antigen/cpm with medium 
alone).

Binding of FVIII to vWF
FVIII binding to VWF was measured by sandwich ELISA. Briefly, Nunc-Maxisorp 96-well 
plates were coated with CLB-RAg20 (2.5 μg/ml) capture antibody in carbonate buffer (50 mM 
NaHCO3 pH 9.8) overnight at 4°C. FVIII at concentration 1 U/ml was incubated with various 
concentrations of vWF for 15 minutes at 37°C. The mixtures of FVIII with vWF were sub-
sequently placed on Rag-20 coated plates. After 2 hours of incubation at 37°C, plates were 
washed and bound FVIII detected with horseradish peroxidase conjugated mAb CLB-CAg117 
(targeting C2 domain of FVIII). Values are expressed as optical densities measured at 540 nm 
with the subtraction of 450 nm.

Statistical analysis
Apart from anti-FVIII inhibitory antibody measurements, data were analyzed by Student’s t test 
and differences were considered significant at P < 0.05: * P < 0.05, ** P < 0.01, *** P < 0.001.
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Results

Anti-C1 antibody KM33 inhibits FVIII uptake by bone-marrow dendritic cells 
We and others have previously shown33 that human monocyte-derived dendritic cells are able to 
internalize FVIII. In agreement with previous findings, we were able to block the endocytosis of 
FVIII by BMDCs using C1 domain-directed monoclonal antibody KM3319, but not by VK34, a 
monoclonal antibody targeting the A2 domain of FVIII (Figure 1A). To explore whether uptake 
of FVIII by murine antigen-presenting cells can also be inhibited by KM33, we used bone-
marrow dendritic cells (BMDCs). In agreement with previous findings, C1 domain directed 
antibody KM33 was able to abolish the uptake of FVIII by these cells18, whereas a control 
antibody targeting FVIII A2 domain – VK34, did not (Figure 1).

Figure 1. Endocytosis of FVIII by murine bone-marrow derived dendritic cells is mediated by the 
C1 domain.
10 nM of FVIII was pre-incubated with 80 nM of either C1 domain-directed antibody KM33 or A2 do-
main-directed antibody VK34 prior to addition to the cells. FVIII internalization was measured with CLB-
CAg117-FITC. Grey filled histograms represent untreated cells. Data show mean ± SD from at least 3 
independent experiments. Mean fluorescence was shown in histograms (A) or bar diagram (B).
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FVIII with alanine substitutions in positions 2090, 2092 and 2093 shows diminished bin-
ding to KM33
It was previously shown that C1 domain residues 2092 and 2093 are required for KM33 bin-
ding to FVIII19. However, since mutating these residues to alanines does not completely abolish 
KM33 binding, we hypothesize that additional C1 domain amino acids can be involved in the 
interaction between FVIII and KM33. To test this hypothesis, we mutated an additional posi-
tively charged amino acid present at the tip of the C1 domain (Figure 2). Arginine at position 
2090 was changed to alanine. To establish whether such a mutation will have an additional 
effect, a FVIII variant was prepared where all three residues, 2090, 2092 and 2093, were substi-
tuted with alanines. Mutants and wild-type FVIII were expressed in HEK-293 cells and purified 
by immunoaffinity chromatography. To explore the binding of purified variants to KM33, we 
employed a solution-phase sandwich ELISA in which FVIII, bound to immobilized KM33, 
was detected either via an A2 or C2 domain targeting antibody (CLB-CAg9 or CLB-CAg117, 
respectively). As expected, FVIII 2092/2093 showed a significant reduction in ability to bind 
KM33 as compared to wild-type FVIII. Introduction of a single alanine substitution in posi-
tion 2090 did not influence the binding, however the presence of this mutation additional to 
mutations in 2092/2093 showed an even more pronounced decrease in binding to KM33 (Fi-
gure 3A). To validate these findings, we performed surface plasmon resonance analysis of the 
FVIII-KM33 interaction. 25 nM full-length KM33 (IgG1) was passed over FVIII WT, FVIII 
2092/2093 and FVIII 2090/2092/2093 as described in the Materials and Methods section. Si-
milar to the previous observation, FVIII 2090/2092/2093 showed greater reduction of binding 
to KM33 as compared to the variant with substitutions only in positions 2092 and 2093 (Figure 
3B). Altogether, these results confirm the importance of Arg2090, Lys2092 and Phe2093 in 
binding of FVIII to antibody KM33.

C1 domain mutations alter FVIII endocytosis by human antigen-presenting cells
As previously shown, KM33 abrogates the uptake of FVIII by human monocyte-derived den-
dritic cells, and residues 2090, 2092 and 2093 are important for binding of KM33 to FVIII. 
These findings suggest that this surface-exposed region in the C1 domain may be of great im-
portance for endocytosis of FVIII by antigen presenting cells (Figure 2). To investigate this, 
BMDCs were incubated for 30 minutes with 15 nM FVIII wild-type or mutants, then fixed and 
stained with CLB-CAg117 antibody in presence of saponine, and internalized FVIII was subse-
quently detected by flow cytometry. 

FVIII R2090A was endocytosed at a slightly reduced level as compare to FVIII wild-type (Fi-
gure 4), whereas endocytosis of FVIII 2092/2093 was more severely impaired. Uptake of FVIII 
2090/2092/2093 was even more reduced when compared to FVIII-K2092A-F2093A (Figure 4). 
These results show that Arg2090, Lys2092 and Phe2093 contribute to the uptake of FVIII by 
murine bone marrow derived dendritic cells.
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Figure 2. Structural properties of the C1 domain of FVIII.
A surface representation of the C1 domain of FVIII was prepared with Pymol imaging program (DeLano 
Scientific, Palo Alto, CA). Residues 2090,2092 and 2093 are indicated in red.

FVIII with alanine substitutions in positions 2090, 2092 and 2093 shows diminished bin-
ding to KM33
It was previously shown that C1 domain residues 2092 and 2093 are required for KM33 bin-
ding to FVIII19. However, since mutating these residues to alanines does not completely abolish 
KM33 binding, we hypothesize that additional C1 domain amino acids can be involved in the 
interaction between FVIII and KM33. To test this hypothesis, we mutated an additional posi-
tively charged amino acid present at the tip of the C1 domain (Figure 2). Arginine at position 
2090 was changed to alanine. To establish whether such a mutation will have an additional 
effect, a FVIII variant was prepared where all three residues, 2090, 2092 and 2093, were substi-
tuted with alanines. Mutants and wild-type FVII were expressed in HEK293 cells and purified 
by immunoaffinity chromatography. To explore the binding of purified variants to KM33, we 
employed a solution-phase sandwich ELISA in which FVIII, bound to immobilized KM33, 
was detected either via an A2 or C2 domain targeting antibody (CLB-CAg9 or CLB-CAg117, 
respectively). As expected, FVIII 2092/2093 showed a significant reduction in ability to bind 
KM33 as compared to wild-type FVIII. Introduction of a single alanine substitution in posi-
tion 2090 did not influence the binding, however the presence of this mutation additional to 
mutations in 2092/2093 showed an even more pronounced decrease in binding to KM33 (Fi-
gure 3A). To validate these findings, we performed surface plasmon resonance analysis of the 
FVIII-KM33 interaction. 25 nM full-length KM33 (IgG1) was passed over FVIII WT, FVIII 
2092/2093 and FVIII 2090/2092/2093 as described in the Materials and Methods section. Si-
milar to the previous observation, FVIII 2090/2092/2093 showed greater reduction of binding 
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to KM33 as compared to the variant with substitutions only in positions 2092 and 2093 (Figure 
3B). Altogether, these results confirm the importance of Arg2090, Lys2092 and Phe2093 in 
binding of FVIII to antibody KM33.

Figure 3. FVIII with alanine substitutions in positions 2090, 2092 and 2093 shows diminished bind-
ing to KM33
A,B. KM33 was immobilized on microtiter plates and incubated with increasing concentrations of wild-
type (circles) or mutants: 2090 (triangles), 2092/93 (squares) or 2090/92/93 (diamonds). Bound FVIII 
was detected either with C2 domain-directed antibody CLB-CAg117 (A) or A2 domain-directed antibody 
CLB-CAg9 (B). Data are averages of 2 experiments and presented as % maximum binding (maximum 
binding corresponds to the optical density measured for the highest concentration of FVIII wild-type). C. 
Surface Plasmon resonance analysis of FVIII binding to KM33. 25 nM KM33 IgG1 was passed over FVIII 
wild-type (solid line), FVIII 2092/93 (dashed line) or FVIII 2090/92/93 (dotted line) as described in detail 
in the Materials and Methods section. Data are representative for two experiments.

C1 domain mutations alter FVIII endocytosis by human antigen-presenting cells

As previously shown, KM33 abrogates the uptake of FVIII by human monocyte-derived den-
dritic cells, and residues 2090, 2092 and 2093 are important for binding of KM33 to FVIII. 
These findings suggest that this surface-exposed region in the C1 domain may be of great im-
portance for endocytosis of FVIII by antigen-presenting cells (Figure 2). To investigate this, 
BMDCs were incubated for 30 minutes with 15 nM FVIII wild-type or mutants, then fixed and 
stained with CLB-CAg117 antibody in presence of saponine, and internalized FVIII was subse-
quently detected by flow cytometry. 
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FVIII R2090A was endocytosed at a slightly reduced level as compare to FVIII wild-type (Fi-
gure 4), whereas endocytosis of FVIII 2092/2093 was more severely impaired. Uptake of FVIII 
2090/2092/2093 was even more reduced when compared to FVIII-K2092A-F2093A (Figure 4). 
These results show that Arg2090, Lys2092 and Phe2093 contribute to the uptake of FVIII by 
murine bone marrow derived dendritic cells. 

The role of C1 domain in modulation of immune responses to FVIII in vivo
So far, our data suggest, that residues 2090, 2092 and 2093 are important for cellular up-
take of FVIII by murine antigen-presenting cells. We investigated whether reduced re-
cognition and endocytosis of a FVIII variant that contains alanine substitutions at these 
three positions will also lead to reduced in vivo immune responses in terms of activation 
of FVIII-specific T cells and B cells as well as subsequent anti-FVIII antibody production.

Figure 4. Endocytosis of FVIII by murine bone-marrow derived dendritic cells is mediated by C1 
residues 2090, 2092 and 2093.
15 nM of FVIII wild-type or mutants: 2090, 2092/93 or 2090/92/93 was added to BMDCs for 30 minutes 
at 37°C. Internalization was detected by addition of CLB-CAg117-FITC in the presence of saponin. En-
docytosis was measured by flow cytometry. Grey filled histograms represent untreated cells. Data show 
mean ± SD from at least 3 independent experiments. Mean fluorescence was shown in histograms (A) or 
bar diagram (B).
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Figure  5. Binding of FVIII variants to 
vWF.
 Anti vWF antibody CLB-Rag20 (2.5 μg/ml) 
was immobilized on microtiter plates. vWF 
(0-0.5 U/ml) was first preincubated with 1 U/
ml of wild-type (circles) or mutants: 2092/93 
(squares) or 2090/92/93 (triangles) at 15 min, 
37°C and then added to RAg20 coated plate. 
FVIII bound to the plate was detected using 
CLB-CAg117-HRP.

We first established that the FVIII variants were capable of binding to von Willebrand factor 
(vWF), to exclude the possibility that differences in immunogenicity of FVIII variants were due 
to differences in vWF binding (Figure 5). In vitro experiments showed that FVIII with alanine 
substitutions for all three tested residues: 2090, 2092 and 2093, showed the most reduction in 
endocytosis. Therefore, we decided to test this variant in vivo. FVIII-/- mice (E17 KO) were 
injected weekly with 1 µg of either FVIII wild-type or FVIII 2090/92/93. After 5 consecutive 
injections, the plasmas of mice injected with wild-type FVIII have a high anti-FVIII antibody 
titer, while the titer was significantly lower in the group that received FVIII 2090/92/93 (Figure 
6A and 6B). Additionally, we performed an ELISpot assay, to visualize anti-FVIII antibody-se-
creting cells (ASCs) present in the spleen of injected mice. In agreement with the antibody titers 
in the plasma, mice injected with wild-type FVIII had significant number of anti-FVIII ASCs, 
producing mainly IgG1 or IgG2b antibodies, whereas the group that received 2090/92/93 vari-
ant had little or no anti-FVIII antibody-secreting cells (Figure 6C). Moreover, injection of mice 
with 2090/92/93 FVIII variant led to significantly reduced proliferation of splenic CD4+ T cells 
upon in vitro restimulation with FVIII (Figure 6D and 6E). Together, these results suggests that 
specific modification of FVIII leading to reduction in its endocytosis by antigen-presenting 
cells, is an effective way to reduce FVIII immunogenicity in vivo.
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Figure 6. Reduced immune responses upon in vivo administration of FVIII 2090/92/93 in FVIII-/- 
mice.
A,B. Hemophilic E17 KO mice (n=8) were injected intravenously 5 times weekly with 1 μg of FVIII wild-
type or 2090/92/93. One week after the last injections, mice were sacrificed and blood samples were col-
lected. Anti-FVIII antibody titers from plasma samples were measured by ELISA (A) and Bethesda assay 
(B) as described in detail in the Materials and Methods section. *P<0.05 (nonparametric Mann-Whitney U 
test). C. Single cell suspensions of spleens collected from injected mice were pooled within groups. The 
presence of antibody-secreting cells (ASCs) producing anti-FVIII antibodies was determined by ELISpot. 
As a control, total IgG-producing ASCs were detected. Representative wells, displaying both ASC types 
are shown for both groups. D,E. Pooled splenocytes from each group were depleted of CD8+ cells by 
magnetic bead separation and remaining CD8- cells were assayed in a thymidine (3H)incorporation assay 
after stimulation with increasing concentrations of FVIII wild-type (circles) or mutant 2090/2092/2093 
(triangles). Proliferation was measured after 72 (D) or 96 hours (E) and thymidine was added for the last 
18-20 hours. Results are shown as stimulation index (counts with antigen/counts without antigen) from 
triplicate wells (mean ±SD) for both FVIII-specific (left panel) as well as nonspecific (right panel) prolif-
eration. ns - not significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).
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Discussion

In this study we demonstrate that the endocytosis of FVIII by murine antigen-presenting cells is 
mediated by C1-domain residues Arg 2090, Lys 2092 and Phe 2093. Substitution of these three 
residues to alanine residues resulted in a FVIII variant that retains its procoagulant activity, but 
has an almost complete reduction in endocytosis by human as well as murine dendritic cells. 
After injection into hemophilic mice, it induces significantly lower inhibitor titers as compared 
to wild-type FVIII.
We have previously shown that monoclonal antibody KM33 blocks the endocytosis of FVIII by 
human monocyte-derived DCs18. In this study, we confirm that KM33 blocks FVIII endocytosis 
by murine DCs. FVIII residues Lys 2092 and Phe 2093 are the two residues mainly involved 
in the interaction with KM33.25 Binding of KM33 to this region also inhibits LRP-mediated 
endocytosis of FVIII by U87MG cells.25 Here, we confirm that FVIII with alanine substitutions 
at positions 2092 and 2093 has reduced binding to KM33 and additionally show that alanine 
substitution of Arg at position 2090 decreases the binding to KM33 even further. Consequently, 
we show that endocytosis of such FVIII variants is also affected for murine BMDCs, with the 
most pronounced effect of FVIII 2090/92/93. Finally, repeated injections of modified FVIII 
variant leads to significant decrease in anti-FVIII antibody titers as compared to the wild-type 
FVIII, which correlates with reduced frequency of both FVIII-specific CD4+ splenic T cells and 
FVIII-specific antibody-secreting plasma cells. 
The immunogenicity of FVIII has previously been shown to be inversely associated with its 
binding to vWF.33 Binding of FVIII to vWF protects FVIII from endocytosis by human DCs. 
However, in agreement with previous reports34, 2090/92/93 variant is capable of binding to 
vWF only with a slightly reduced affinity as compared to wild-type FVIII (Figure 5). Nevert-
heless, this would not explain its reduction in immunogenicity, as reduction in vWF binding 
should lead to enhanced endocytosis of FVIII by DCs. In another recent publication, the immu-
nogenicity of FVIII was shown to be indirectly linked to its procoagulant activity.35 Thrombin, 
the end-product of the coagulation cascade, is capable of providing APCs with the “danger” sig-
nal which is a necessary stimulus for APCs to activate CD4+ T cells. Mice treated with a specific 
inhibitor of thrombin, hirudin, developed lower inhibitor titers after subsequent treatment with 
FVIII. It is important to establish whether the reduction of immunogenicity displayed by the 
2090/92/93 variant in this study is due to a reduction in endocytosis rather than a reduction in 
its procoagulant activity and therefore a reduced ability to provide APCs with a “danger” signal. 
However, 2090/92/93 variant displays similar activity levels to wild-type FVIII as measured by 
a chromogenic Factor Xa generation assay, with specific activity ranging from 6300 to 8800 U/
mg. 
Since endocytosis of FVIII is diminished by introducing C1 domain substitutions, the 2090/92/93 
variant could also be a useful tool for further identification of receptor(s) used by APCs to inter-
nalize FVIII. Macrophage mannose receptor was proposed as an important interaction partner
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of FVIII.13 FVIII contains multiple potential glycosylation sites with two major residues descri-
bed to expose mannose-ending glycosylations located on the heavy (N239) and the light chain 
(N2118).36 However, none of the FVIII variant tested in this study has modified glycans, yet 
their endocytosis is significantly impaired. This argues against mannose receptor being a major 
receptor for FVIII endocytosis by antigen-presenting cells. Broadly expressed scavenger recep-
tor LRP and other LDL receptor family members are reported as important receptors for FVIII 
clearance37,38, however their role in FVIII endocytosis by DCs has been refuted.18,39 Residues 
2092 and 2093 have been shown to play a role in FVIII binding to LRP.25 Disruption of FVIII-
LRP binding could potentially lead to prolonged half-life time of FVIII in vivo. 

In summary, we show that a FVIII variant with three alanine substitutions in the C1 domain, at 
positions 2090, 2092 and 2093, is strikingly less immunogenic than normal FVIII both in vitro 
and in vitro. The reduction in immunogenicity is a consequence of a reduced ability of different 
APC cell types to recognize and internalize this FVIII variant. This variant retains significant 
procoagulant activity, which makes this variant therapeutically interesting for the treatment of 
hemophilia A patients.
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 Abstract

Activation of T-helper cells is dependent upon the appropriate presentation of antigen-derived 
peptides on MHC class II molecules expressed on antigen-presenting cells. In the current study 
we explored the repertoire of peptides presented on MHC class II molecules on human mono-
cyte-derived dendritic cells (moDCs) from a panel of four HLA-typed healthy donors. MHC 
class II-bound peptides could be routinely recovered from small cultures containing 5x106 cells. 
A fraction of the identified peptides were derived from proteins localized in the plasma mem-
brane, endosomes and lysosomes, but the majority of peptides that were presented on MHC class 
II originate from other organelles. Subsequently, we studied the antigen-specific peptide reper-
toire after endocytosis of a soluble antigen. Blood coagulation factor VIII (FVIII) was chosen 
as the model antigen since our current knowledge on MHC class II presented peptides derived 
from this immunogenic therapeutic protein is limited. Analysis of the total repertoire of MHC 
class II-associated peptides revealed that per individual sample 20-50 FVIII-derived peptides 
were presented on FVIII-pulsed moDCs. Repertoires of FVIII-derived peptides eluted from 
moDCs derived from four HLA typed donors revealed that some MHC class II-presented FVIII 
peptides were presented by multiple donors, while the presentation of other FVIII peptides was 
donor-specific. In total 32 different core peptides were presented on FVIII-pulsed moDCs from 
4 HLA-typed donors. Together our findings provide an unbiased approach to identify peptides 
that are presented by MHC class II on antigen-loaded moDCs from individual donors.
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Introduction

Antigen-presenting cells (APCs) continuously process endogenous and exogenous antigens 
into small peptides that are loaded on MHC class I or MHC class II molecules for presentation 
to T lymphocytes.1 Classically, endogenous antigens are presented on MHC class I molecules 
for presentation to CD8+ T cells whereas peptides derived from exogenous, internalized anti-
gens are loaded on MHC class II molecules activate CD4+ T cells. Over the last decade this 
concept has been successfully challenged. Firm proof has been obtained for the presentation of 
exogenous antigens on MHC class I molecules for cross-priming of CD8+ T cells.2 Similarly, 
inspection of the repertoire of naturally occurring peptides presented on MHC class II revealed 
that the majority of the presented peptides is in fact derived from endogenous proteins.3,4 Not 
surprisingly, a large proportion of naturally presented peptides are derived from proteins that 
reside in endosomes or lysosomes.3,4 Recent studies suggest that resident proteins of non-endo-
cytic compartments, such as mitochondria or the nucleus, can also be presented on MHC class 
II by sampling of intracellular compartments through autophagy.5-8 Current efforts to probe the 
repertoire of antigen-derived naturally presented peptides are limited by the number of cells 
needed to obtain substantial amounts of MHC class II bound peptide. Until now the repertoire 
of naturally presented peptides has been mainly explored using panels of well-characterized 
immortalized B cells. Typically, around 5x109 cells are used for sample preparation.9-11 More 
recently, MHC class II-presented peptides have been successfully isolated from tissue speci-
mens of patients with multiple sclerosis.12 An elegant study by Wahlstrom and co-workers used 
human bronchial lavage cells from a pool of patients with sarcoidosis to obtain information 
on antigenic peptides involved in the pathogenesis of this disease.13 Further advances in MHC 
peptide identification and quantification by mass spectrometry have already led to the identifi-
cation of large numbers of MHC class I peptides from more limiting amounts of cells14 and has 
allowed for functional analysis regarding the role of the immunoproteasome in the generation 
of MHC class I peptides.15

The aim of this study was to investigate whether a significant amount of MHC class II-presented 
peptides can be eluted from small cultures of human moDCs. MoDCs are professional APCs that 
express high levels of MHC class II that become surface-exposed following their maturation.16 
Our results indicate that several hundred MHC class II-bound peptides can be eluted from sam-
ples containing as few as 5x106 moDCs. This allows for the analysis of MHC class II presented 
peptides from 50 milliliter blood drawn from individual donors. We subsequently investigated 
whether pulsing moDCs with an antigen resulted in the presentation of antigen derived peptides 
on MHC class II. Blood coagulation factor VIII (FVIII) was used as a model antigen for this 
study. Therapeutic administration of FVIII is used to correct the bleeding tendency of hemophil-
ia A patients who lack functional FVIII.17 Up to 25% of patients with hemophilia A develop high 
affinity antibodies in response to infusion of FVIII, which are also referred to as “inhibitors”.18 

FVIII inhibitors are mostly high-affinity IgG antibodies, which are the result of FVIII-specific
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T-cell activation by professional APCs, followed by T-cell dependent antibody class-switching 
and affinity maturation.19 At present our knowledge on the repertoire of naturally presented 
FVIII derived peptides is limited. Here we show that from each individual donor between 20 
and 50 partially overlapping FVIII-specific peptides could be recovered from moDCs, corre-
sponding to 8-17 different potential CD4+ T-cell epitopes. These findings demonstrate that small 
numbers of moDCs can be used to probe the repertoire of presented peptides of potentially im-
munogenic antigens such as FVIII.
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Materials and Methods

Subjects
Blood was drawn from HLA-typed healthy volunteers in accordance with Dutch regulations and 
following approval from Sanquin Ethical Advisory Board in accordance with the Declaration 
of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated from freshly drawn, 
EDTA anticoagulated blood by separation over a Ficoll-Paque PLUS gradient (d = 1.077, GE 
Healthcare,Uppsala, Sweden).

Reagents
In this study, the following reagents were used: Recombinant human FVIII (Advate) was kindly 
provided by Dr. B.M. Reipert (Baxter Healthcare Corporation, Vienna, Austria), CD14 micro-
beads (MACS, Miltenyi Biotech Bergisch Gladbach, Germany), anti-CD80-FITC, anti-CD83-
APC, anti-CD86-APC (BD Biosciences, USA) and anti-CD14-PE (Sanquin Reagents, Amster- (Sanquin Reagents, Amster-
dam, the Netherlands). Cellgro DC serum-free medium, IL-4 and GM-CSF were obtained from 
CellGenix (Freiburg, Germany). LPS was obtained from Sigma-Aldrich (St. Louis, USA). Hy-Sigma-Aldrich (St. Louis, USA). Hy-
bridoma L243 (anti-HLA-DR) was obtained from ATCC (Wesel, Germany).

MoDC preparation and factor VIII endocytosis
Monocytes were isolated from the PBMC fraction by positive selection using CD14 microbeads 
and a magnetic cell separator (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). The 
purity of the monocytes isolated was determined by flow cytometry analysis.20 Monocytes were 
cultured at a concentration of 0.83×106 cells/ml in a 6 well plate (Nunc, Roskilde Denmark) in 
Cellgro medium supplemented with GM-CSF (1000 IU/ml) and IL-4 (800 IU/ml) for 5 days.20 
After 5 days of culture, the immature moDCs were washed and replated in Cellgro medium 
supplemented with GM-CSF and IL-4 at a concentration of 2.5×106 cells/ml in a final volume of 
2 ml. Cells were incubated with 100 nM FVIII for 5h prior to induction of maturation. After 5h, 
the immature moDCs were maturated using 1 μg/ml LPS for 24 h in the presence of 1% human 
serum. The adherent maturated moDCs were detached by 5 minute incubation with phosphate 
buffered saline (PBS) containing 0.25% trisodiumcitrate and washed before analysis.

Flow cytometric analysis of cell-surface phenotype
For determining the phenotype of moDCs, immature moDCs or mature moDCs were washed 
with PBS containing 0.5% bovine serum albumin (PBS/0.5%BSA) and incubated with 50 
μl 1 μg/ml mAb or appropriate isotype controls diluted in PBS/0.5%BSA for 30 min at 4°C. 
Cells were washed twice and resuspended in PBS/0.5%BSA. 4’,6-diamidino-2-phenylindole 
(DAPI) was added to the cells before analysis to assess cell viability and exclude dead cells 
from analysis. Cells were analyzed on an LSRII flow cytometer (Beckton Dickinson, San 
Jose, USA) and analyzed with Flowjo software version 7.5.5 (Tree Star, Inc, Ashland, USA).
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Purification of HLA-DR presented peptides on moDCs
HLA-DR molecules were purified from FVIII-treated, maturated moDCs or PBS treated control 
moDCs essentially as described previously.9 Briefly, moDC pellets were resuspended in 50 mM 
Tris pH 7.0 containing 4% Igepal CA-630 (Sigma, St. Louis, USA). The membrane fraction was 
solubilised by end-over-end incubation at 4°C for 30 minutes. HLA-DR was purified from the 
detergent-soluble fraction by immuno-affinity chromatography using antibody L243-coupled to 
CNBr Sepharose 4B (Amersham Biosciences, Buckinghamshire, UK) in the presence of pro-in the presence of pro-
tease inhibitors (Complete Protease Inhibitor Cocktail Tablet, 1 tablet per 50 ml buffer, Roche 
Diagnostics GmbH, Mannheim, Germany) overnight at 4°C. After washing the Sepharose 5 
times with 50 mM Tris-HCl pH 7.0, peptides were eluted from HLA-DR by incubation with 
10% acetic acid for 15 minutes at 70°C. Eluted peptides were purified from the acetic acid elu-
ate using a C18 ziptip (Millipore, Billerica, USA). In parallel experiments, cell lysates were 
incubated with isotype control antibody-coupled Sepharose (clone CLB-T4/1, mouse IgG2a, 
Sanquin Reagents, Amsterdam, The Netherlands).

Analysis of peptides by mass spectrometry
Eluted peptides were separated using a reversed-phase C18 column (50 μm x 20 cm, 5 μm par-
ticles) (Nanoseparations, Nieuwkoop, The Netherlands), at a flowrate of 100 nl/min with a one 
hour gradient from 0% to 35% (v/v) acetonitrile with 0.1% HAc. Eluted peptides were sprayed 
directly into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc, Bremen, 
Germany) using a nanoelectrospray source with a spray voltage of 1.9 kV. The LTQ was operat-
ed in a data-dependent mode by performing collision induced dissociation in the ion-trap (35% 
normalized collision energy) for the five most intensive precursor ions selected from each full 
scan in the Orbitrap (300-2000 m/z, resolving power 30.000). An isolation width of 2 Da was 
used for the selected ions (charge ≥2) and an activation time of 30 ms. Dynamic exclusion was 
activated for the MS/MS scan with a repeat count of 1 and exclusion duration of 30 s. To obtain 
a high mass accuracy, the LTQ Orbitrap was calibrated on a monthly basis using a calibration so-
lution consisting of caffeine, MRFA and Ultramark 1621 as recommended by the manufacturer. 

Peptide identification
Peptides were identified using a Sequest search algorithm against UniprotKB non-redundant 
protein database 25.H_sapiens.fasta (53,784 non-redundant entries actually searched), utilizing 
Proteome Discoverer release version 1.1 software (Thermo Scientific, Bremen, Germany).21 
Identification of peptides was performed using the following filter settings. During the Sequest 
search, we allowed a mass deviation of 20 ppm. In general mass deviations were below 3 ppm.  
Fragment mass tolerance was 0.8 Da. All peptides with a charge state of 2 have a minimal XCorr 
score of 2.0. For peptides with charge state 3, the minimal XCorr score is 2.25. For charge state 
4, 2.5; charge state 5, 2.75; charge state 6, 3.0; charge state 7, 3.2 and charge state >7, 3.4. 
All peptides not complying to these criteria were excluded. Annotated spectra of individual
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peptides described in this manuscript are provided in the online supplementary information 
which can be found here: http://www.mcponline.org/content/10/6/M110.002246/suppl/DC1

Validation of MHC class II bound peptides by differential expression analysis
MoDCs were prepared from donor A as described above. Duplicate endocytosis experiments 
were conducted on 2*106 cells, instead of 5*106 cells. Cells were incubated with either 100 nM 
FVIII or with PBS as a control. Immune precipitations were performed as described above, 
using either L234-coupled Sepharose (anti-MHC class II) or Sepharose coupled with an iso-
type control antibody. Each sample was analyzed separately by mass spectrometry. SIEVE™ 
release version 1.2.0 software (Thermo Scientific, Bremen, Germany) was used to compare the 
duplicate experiments and subsequently analyze differences in peptide abundance between the 
different conditions. All frames were analyzed with retention time between 20 and 50 minutes 
and m/z between 300 and 2000. Peak intensity threshold was set at 100000. For peptide identi-
fication, the same sequest criteria were used as described above.
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Results

Quantitative analysis of MHC class II-bound peptides.
In order to study the peptide repertoire presented on MHC class II, we used moDCs from HLA-
typed healthy donors. MoDCs were analysed for the presence of CD14, CD80, CD83, CD86 
and MHC class II on the surface (Figure 1A). Immature moDCs were defined as CD14 negative 
and were also checked for the absence of maturation markers CD80, CD83 and CD86. MHC 
class II was present on immature moDCs. Cells that were incubated with LPS were positive for 
maturation markers and showed an increased surface expression of MHC class II (Figure 1B). 
FVIII is endocytosed by moDCs, leading to activation of FVIII-specific CD4+ T cells.22 We 
confirm that FVIII is efficiently taken up by immature moDCs (Figure 1C). 

Figure 1. Cell surface markers of immature and mature moDCs. 
Cells were analyzed at the immature (A) and mature (B) state for the presence of cell surface markers 
CD80, CD83, CD86 and MHC class II. Grey histograms indicate isotype controls. A representative culture 
is depicted. (C) Endocytosis and presentation of FVIII by moDCs. Histogram shows the fluorescence 
intensity for a FITC-labeled anti FVIII antibody (CLB-CAg-117). Binding of CLB-CAg-117-FITC to un-
treated cells is shown in grey. Cells stained in the absence of saponin show the membrane binding of FVIII 
(dotted curve). Increase of fluorescence in cells stained in the presence of saponin indicates that FVIII was 
successfully internalized. A representative graph of one of the four donors is depicted.
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For the analysis of MHC class II-bound peptides, HLA-DR molecules were purified from cell 
lysates of mature moDCs using anti-HLA-DR antibody L243 coupled to Sepharose. HLA-DR-
bound peptides were subsequently obtained as described in the Experimental procedures. The 
sequence of the eluted HLA-DR ligands was determined by LC-MS. 
In order to verify to which extent our method generates specific MHC class II-bound pep-
tides, immunoprecipitations were performed on FVIII-treated moDC samples from donor A 
(DRB1*0101 and DRB1*1301), using L243-Sepharose, which were compared with control 
immunoprecipitations, using an isotype control antibody coupled to Sepharose. The relative 
abundance of peptides between these experiments was compared using SIEVE 1.2. differential 
analysis software. 

Figure 2. Identification and relative quan-
tification of MHC class II-bound peptides. 
(A) Volcano plot representation showing de-
tected peptide ions across duplicate analyses. 
MoDCs from donor A (DRB1*0101, 1301) 
were used. FVIII-treated cells were immuno-
precipitated using either an anti-MHC class II 
antibody or an isotype control antibody. Exper-
iments were performed in duplicates. SIEVE 
was used to compare intensities of individual 
peptides eluted from L243 or isotype-control 
Sepharose. Peptide clusters highlighted in the 
box on the right hand side were considered 
as MHC class II-bound peptides (fold change 
≥5). Only peptides that were sequenced by 
MS/MS are depicted. FVIII-derived peptides 
are indicated in red. The sequence and ratio of 
all FVIII peptides are shown in panel (B). 
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Figure 3. Identification and relative quantification of MHC class II-bound FVIII peptides. 
(continued on next page)
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Figure 3. Identification and relative quantification of MHC class II-bound FVIII peptides. 
(A) Volcano plot representation showing detected peptide ions across duplicate analyses. MoDCs from 
donor A (DRB1*0101, 1301) were used. Cells were treated with either 100 nM FVIII or with PBS. All 
samples were immunoprecipitated using an anti-MHC class II antibody. Experiments were performed in 
duplicates. SIEVE was used to compare intensities of individual peptides obtained from FVIII and PBS 
treated cells. Only peptides that were derived from MS2 spectra are depicted. Peptides identified as FVIII-
derived peptides are indicated in red. (B) Peak intensities of all identified FVIII peptides are shown for 
experimental and control samples. It should be noted that the sets of FVIII peptides that were identified in 
the analysis presented in Figure 3B when compared to Figure 2B are not completely identical. The reason 
for the observed differences between Figure 2B and 3B is that these particular peptides were filtered out 
by the algorithms employed by SIEVE during the comparison, due to local spectral differences. Manual 
analysis of the raw data files revealed that all peptides depicted in Figure 2B and 3B were indeed present 
in the duplicate samples prepared from FVIII-treated cells using L243 (MHC class II specific) Sepharose.

Figure 2A clearly shows that the majority of peptides have a ratio L243:isotype higher than 1, 
meaning that these peptides are more abundantly present when samples are immunoprecipitated 
with L243-Sepharose as compared to the samples where isotype-Sepharose was used. Peptides 
were regarded as specific MHC class II ligands when the ratio was above 5. Using this strin-
gent threshold, many peptides are regarded as non-specific. All FVIII peptides, however, with 
the exception of one peptide, are specific MHC class II ligands (Figure 2A and 2B). Absolute 
identification of peptides present in samples immunoprecipitated with the control-Sepharose 
does, however, identify additional FVIII peptides. These peptides are all derived from the same 
region in FVIII. This set of non-specific Sepharose-binding peptides is reproducible for all 
donors tested (data not shown). The fact that even these peptides may be enriched in samples 
immunoprecipitated with L243 could mean that, additional to their background binding to con-
trol-Sepharose, they also contain an MHC class II-binding motif. This is also shown in Figure 
2A, where a FVIII peptide, containing the same sequence as the one identified as non-specific, 
has a ratio of 7.482. Peptides with this sequence were excluded from all subsequent analyses. 
To further illustrate that peptides in Figure 2A with a ratio larger than 5 are in fact true MHC 
class II-associated peptides, the Propred prediction algorithm was used to compare the pre-
dicted binding properties of all peptides with a ratio larger than 5 with peptides that have a ratio 
less than 5.23 Online Supplementary Figure 1 shows that peptides with a ratio larger than 5 are 
predicted to bind significantly better to both MHC class II alleles of donor A (DRB1*0101 and 
DRB1*1301) than peptides with a ratio below 5.
Differential expression analysis of PBS-treated moDCs versus FVIII-treated moDCs, using 
SIEVE 1.2 software, revealed that all FVIII peptides were identified as specific for the FVIII-
treated cells as seen in Figure 3A and B. This validates the correct identification of FVIII pep-
tides. Peak intensities from individual FVIII peptides obtained for duplicate samples of PBS- 
and FVIII-treated moDCs revealed that FVIII peptides are markedly less present in samples 
derived from PBS-treated moDCs (Figure 3B).
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Analysis of MHC class II-presented peptides.
Figure 2A clearly shows that most peptides that are presented on MHC class II are not derived 
from FVIII. We therefore analyzed which other proteins are presented as well. All peptides in 
Figure 2A with a ratio larger than 5 were subsequently identified using Sequest and annotated 
based on subcellular localization (Figure 4A) and function (Figure 4B), using the online func-
tional annotation tool DAVID v6.7 (http://david.abcc.ncifcrf.gov).24,25 Many peptides presented 
on HLA-DR are derived from proteins that reside in compartments which are part of the MHC 
class II-presentation pathway, such as plasma membrane, cytosol and lysosomes. However, pro-
teins from other cellular compartments, such as the nucleus (12%), and secreted vesicles (14%). 
Many of the endogenously presented peptides are derived from proteins that are functionally 
involved in intracellular transport (19%), immune response (12%) and stress response (14%) 
(Figure 4B).

Analysis of MHC class II-presented FVIII peptides.
In the previous paragraph we have demonstrated that limited numbers of moDCs suffice to 
detect a significant part of the repertoire of peptides presented on HLA-DR after endocytosis 
of FVIII. We used moDCs derived from four different donors to further study the repertoire of 
naturally presented FVIII peptides. All FVIII-derived peptides identified comply to the XCorr 
scores described in the Experimental procedures. In addition, FVIII peptides were excluded 
when they were identified as aspecific binders according to the method described in Figure 2A. 
FVIII peptides could be divided into sets of peptides with overlapping sequences which were

Figure 4. Subcellular and functional categorization of source proteins. 
All proteins of which peptides with a ratio ≥5 were identified in Figure 2A (specific MHC class II-bound 
peptides) were annotated based on subcellular localization or function using the Database for Annotation, 
Visualization, and Integrated Discovery (DAVID) Bioinformatics Resource. (A) pie chart shows the per-
centages of proteins found presented on MHC class II according to their subcellular localization. (B) pie 
chart shows the functional association of these proteins. 
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Figure 5. FVIII-derived MHC class II ligands identified from donor A. 
The first column shows residue numbers and corresponding domain of the FVIII molecule. The following 
columns show amino acid sequence, charge, XCorr value as provided by Sequest, retention time (RT), 
mass-to-charge ratio (m/z) and mass tolerance (ΔM). The two last columns display predicted binding 
scores to the MHC class II alleles of the donor. Binding scores to corresponding MHC class II alleles of 
the donor were calculated using Propred and NetMHCIIpan epitope prediction programs. Thresholds were 
defined as ≤ 500 nM for NetMHCIIpan and as top 3% natural binders for Propred (≥ 0.023 for DRB1*0101 
and ≥ 0.295 for DRB1*1301). The motif of peptides that are predicted to bind above the threshold are 
underlined.
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Figure 6. Presentation of FVIII peptides in duplicate experiments from donor B. 
Table of FVIII-derived MHC class II ligands identified from donor B. The first column shows residue 
numbers and corresponding domain of the FVIII molecule. The following columns display amino acid 
sequences of the first and second experiment. The two last columns show predicted binding scores to the 
MHC class II alleles of the donor. Binding scores to corresponding MHC class II alleles of the donor were 
calculated using Propred and NetMHCIIpan epitope prediction programs. Thresholds were defined as ≤ 
500 nM for NetMHCIIpan and as top 3% natural binders for Propred (≥ 0.353 for DRB1*0701 and ≥ 0.329 
for DRB1*1501). The motif of peptides that are predicted to bind above the threshold are underlined.
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comprised of differently processed variants of the same core amino acid sequence. The occur-
rence of these sets is likely due to the trimming of MHC-bound peptides by endo- and exopepti-
dases whereas the core peptide sequence which binds to the groove is protected from proteolytic 
degradation.1 To illustrate this, Figure 5 shows the complete list of FVIII peptides from donor A. 
Two different MHC prediction algorithms, Propred and NetMHCIIpan, were chosen to compare 
our results to, with respect to binding to MHC class II alleles DRB1*0101 and DRB1*1301.23,26  
In order to determine the reproducibility of our findings, duplicate experiments were performed 
using moDCs obtained from donor B from two different blood draws, with a time period of 2 
months in between the different blood draws. The duplicate experiments yielded similar sets 
of FVIII derived peptides (Figure 6). All the core peptide sequences of which three or more 
variants are found could be identified in both experiments. In total 10 different core sequences 
were found in the first experiment and 11 in the second experiment. These sequences were also 
included in peptides that are only present once or twice. No more than two core sequences could 
be found in the first experiment only and three sequences were unique for the second experi-
ment. All these were core sequences of which only one or two variants were found. All other 
core sequences were found both in the first and in the second experiment. Overall, between 930 
(donor A) and 270 (donor D) MHC class II-associated peptides could be identified; 702 and 882 
peptides were identified for donor B and C, respectively. Thirty-two unique core FVIII peptide 
sequences could be recovered from all donors together. These sequences are distributed through 
all the domains of the FVIII molecule. The total amount of FVIII core peptide sequences was 
17 for donor A, 10 for donor B, 9 for donor C and 8 for donor D (Figure 7). One core sequence 
was presented on moDCs derived from all four donors. Two core peptides were common in 
three out of four donors and five core peptides were common between two out of four donors. 
All other core peptides were donor-specific. The complete list of FVIII-derived peptides from 
donor A and B, listed in Figure 5 and Figure 6, respectively, also depict the binding score of 
each peptide for both DRB1 alleles as calculated using the Propred MHC class II prediction 
server23 and NetMHCpan.26
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Figure 7. Distribution of FVIII core peptides in 4 different donors.  
Different core peptides are presented by different donors. Results displayed in this Figure were obtained 
from single experiments for all donors. FVIII-derived MHC class II peptides are represented as rectangles 
for each individual donor. Indicated in yellow are sequences that are common between 2 donors. Shown in 
orange are sequences common between 3 donors. Displayed in red is a sequence that is common in all four 
donors. The different domains and the location of the peptides are depicted schematically. Some sequences 
have been marked with a reference number, indicating that they have been identified previously as CD4+ 
T-cell epitope in the corresponding publication.
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Discussion

In this study we report the analysis of MHC class II-presented peptides on moDCs. Previous 
reports of MHC class II-presented peptides were performed on cell lines such as B-cell lym-
fomas, or on tissue-derived material.5,12 Where most of these studies used 109 cells for sample 
preparation, we performed our experiments with 5x106 moDCs per condition. Our findings 
show that naturally presented MHC class II peptides can be successfully obtained from from 
antigen pulsed DC derived of 50 ml of blood. To ensure specificity and reproducibility we per-
formed control experiments, where moDC cell lysates were incubated with Sepharose coupled 
with an isotype control antibody. Indeed, many peptides were found in the anti-MHC class II 
immunoprecipitation as well as in the control situation, as seen in Figure 2A. We regarded a 
peptide a true MHC class II-presented peptide when it was 5 times more abundant in the MHC 
class II samples as compared to control samples. Using this threshold, almost all FVIII peptides 
were MHC class II-presented peptides. FVIII peptides that did not fit these criteria were also 
positively identified in control samples using Sequest peptide identification software. These 
were excluded from our analysis.
As the data in Figure 2A and 3A clearly indicate, immunoprecipitation of MHC class II-bound 
peptides from moDC cell reveals that many endogenous proteins are presented on MHC class 
II. Figure 3A shows that many peptides are presented even when cells are incubated with PBS. 
Figure 2A shows that 51% of all peptides identified were specific for MHC class II. Most of 
these peptides are derived from endogenous proteins, and not FVIII. Not only proteins that 
reside in or are targeted to the endosomal/lysosomal pathway are presented on MHC class II, 
but proteins from other organelles, such as the nucleus, and cytosol are also presented. Sam-
pling of intracellular compartments, called autophagy, is a constant process responsible for the 
lysosomal degradation of intracellular proteins, which can subsequently be presented on MHC 
class II.8 Professional APCs, such as moDCs used in this study, can enhance the formation of 
autophagosomes upon triggering of pattern-recognition receptors, such as toll-like receptor 4 
(TLR4) and NOD2.27-29 LPS-induced triggering of TLR4 during maturation of moDCs is likely 
to promote autophagy under our experimental conditions. Another possible explanation for the 
high percentage of endogenous proteins presented on MHC class II is the turnover of moDCs 
during culture. The efficacy of moDC generation from monocytes is about 50%. The other cells 
undergo apoptosis and can be endocytosed by moDCs. Some of the MHC class II-presented 
endogenous proteins identified in this study have been shown to be presented on MHC class II 
previously, such as CD14, α-2-macroglobulin, low-density lipoprotein-related protein 1, mac-
rophage mannose receptor and CD74 (invariant chain)13 (data not shown). The identification of 
CD74 in all four donors provides an internal control for the peptide isolation procedure. CD74-
derived peptides were expected to be found in each donor as CD74 is associated with newly 
synthesized MHC class II molecules and occupies the binding groove in the ER to prevent 
MHC class II loading in the ER.30 In the endo-lysosomal pathway CD74 is exchanged by other 
peptides or presented itself on MHC class II. 
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We observed that moDC derived from four healthy, HLA-typed volunteers all presented FVIII 
peptides after endocytosis of FVIII. Duplicate experiments from different blood draws (Figure 
6) suggest that there is a low level of variability in the presentation of FVIII peptides between 
independent experiments using cells from the same donor. As shown in Figures 5 and 6, FVIII 
peptides could be divided into sets of peptides with overlapping sequences which were com-
prised of differently processed variants of the same core peptide sequence. Almost all FVIII 
core peptides that were found in this study were predicted to bind to either one or both DRB1 
alleles present in the donor in which the core peptides was found. Two MHC class II binding 
prediction-algorithms, Propred and NetMHCIIpan, were chosen based on the fact that they are 
reportedly the two most accurate algorithms available31 and on the fact that other algorithms, 
such as SYFPEITHI, do not have predictors for all MHC class II haplotypes present in our set 
of donors. 
The comparisons between the peptide identification and the two prediction models does not 
only confirm that the peptides that were found fit into the binding groove of the correspond-
ing MHC class II molecules, but in addition it also stresses the need for proper identification 
of potential T-cell epitopes. The prediction values shown for donor A and B in Figure 5 and 
6 clearly show that, although all peptides are predicted to bind to at least one of both donor 
DRB1-molecules, there are many discrepancies between the two different prediction algorithms 
used. For example, in Figure 5, peptide 1205-1222 QIENVVLPQIHTVTGTKN does not bind 
to DRB1*0101 and binds quite well to DRB1*1301 according to Propred. According to NetM-
HCIIpan, however, this peptide binds much better to DRB1*0101 (89 nM) than to DRB1*1301 
(4.6 μM). Similar to this peptide, many other peptides can be found in these two Figures where 
the two algorithms are in disagreement. There are also many examples of peptides where the 
exact 9 amino acid sequence motif that is supposed to bind into the groove of the DRB1 mol-
ecule is different according to one prediction algorithm in comparison to the other. Furthermore, 
there are many regions in the FVIII sequence that are predicted to bind with high affinity to 
donor DRB1 molecules, which were not identified in this study. In summary, these observations 
demonstrate that prediction algorithms alone are not sufficient to accurately predict potential 
CD4+ T-cell epitopes in FVIII.

Analysis of the FVIII peptide repertoire identified for the four donors revealed that 8 out of 32 
core sequences were presented by multiple donors (Figure 7). This suggests that that FVIII con-
tains a number of potential HLA-promiscuous ligands. One such promiscuous ligand, consisting 
of core sequence FIIMYSLDG, was described previously as an immunodominant epitope using 
T-cell stimulation assays.32 Most of the peptides found, however, were donor-specific. It is im-
portant to raise the question whether these peptides are clinically relevant. There are a couple of 
other core sequences, that were identified in this study, which have been reported previously as 
sequences against which CD4+ T cells were found. A FVIII peptide containing region 1807-1815 
was able to induce CD4+ T-cell proliferation in a hemophilia A patient with FVIII inhibitors.33
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Region 2149-2157 is another core sequence that was reported previously. A CD4+ T-cell clone 
recognizing this region of FVIII was isolated.34 Proliferation of this clone has been used by 
another group as a general readout for FVIII endocytosis by dendritic cells.22 Region 2196-
2204 was identified as a region against which CD4+ T cells are directed both in a study with 
hemophilic mice35 and in a study with a hemophilia A patient.36 This sequence was identified 
using DRB1*0101 tetramers. Both donors that present this peptide in our study are DRB1*0101 
as well. Two other C2 peptides identified in this study were found previously to induce T-cell 
proliferation.35,37 The fact that most peptides that were found were donor-specific suggests that 
these peptides are presented in a HLA-specific context. It is important, however, to keep in 
mind that the donors are not related and are potentially heterogeneous with respect to the ex-
pression of genes involved in antigen presentation. The identification of putative FVIII-derived 
CD4+ T-cell epitopes is important in order to understand the formation of FVIII-neutralizing 
antibodies in hemophilia A. As mentioned earlier, there are studies that have reported that CD4+ 
T cells isolated from hemophilia A patients can proliferate in a FVIII-specific manner.32-34,38,39 
More recently, MHC-class II tetramers have been used to assess the exact epitope, HLA-restric-
tion and the phenotype of FVIII-specific CD4+ T cells.36,40 These studies have implied a role for 
CD4+ T cells in inhibitor formation, but there is still very limited data on the repertoire of FVIII 
peptides that is presented by APCs from donors with different HLA haplotypes. There are vari-
ous prediction models available that calculate the binding affinity of linear peptides for MHC 
class II variants using mathematics- or structure-based algorithms23,41-45, such as the ones used 
in this study. These prediction models are mathematics- or structure-based methods. They can 
predict binding motifs with considerable accuracy, but are restricted in the sense that they are 
based on known peptide-MHC interactions. 
An alternative method to identify the binding properties of antigen-derived peptides to MHC 
variants is to measure the binding of synthetic peptides to recombinant MHC molecules.46 Com-
bined, these computational and in vitro methods accurately define sequences within an antigen 
that can bind MHC molecules, but these data do not completely reflect the different processes 
that are involved in antigen presentation. Processes that are important for antigen presentation 
on MHC class II are route of endocytosis, cleavage by endosomal and lysosomal proteases and 
antigenic competition. In this study we have taken these processes in consideration by investi-
gating which FVIII peptides are naturally presented on MHC class II in moDCs. 
The methods described in this paper can be used to determine the repertoire of naturally pre-
sented peptides in antigen-pulsed APC. In this study we show that our approach can be used to 
obtain information on the repertoire of naturally presented peptides of FVIII. Potentially, this 
knowledge can be used to design novel less immunogenic FVIII variants that lack promiscu-
ously presented peptides such as FRNQASRPY (A3 domain), FIIMYSLDG (C1 domain) or 
LIIFKNQAS (A2 domain). We and others show peptide analysis of antigen-pulsed moDCs  
allows for the identification of naturally presented peptides derived from clinically relevant 
antigens.47 Identification of HLA promiscuous sequences within clinically relevant antigens can 
potentially assist in the design of more efficient vaccines or novel tolerization strategies.
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Abstract

The formation of inhibitory antibodies directed against coagulation factor VIII (FVIII) is a 
severe complication in the treatment of hemophilia A patients. The induction of anti-FVIII an-
tibodies is a CD4+ T-cell dependent process. Activation of FVIII-specific CD4+ T cells is de-
pendent on the presentation of FVIII-derived peptides on MHC class II by antigen-presenting 
cells. Previously, we have shown that peptides from different FVIII domains can be presented. 
Some HLA-promiscuous peptides regions were shown to be commonly presented between dif-
ferent donors, whereas other regions were presented in a more HLA-restricted manner. The 
presentation of FVIII peptides depends on whether FVIII is internalized and processed in an 
appropriate fashion for loading of MHC class II molecules. Several different factors are able to 
alter the presentation of FVIII peptides. In this study, we show that macrophages present less 
FVIII peptides on MHC class II as compared to dendritic cells. Complex formation of FVIII 
with monoclonal antibodies prior to endocytosis also induces changes in the preference for 
presentation of certain FVIII peptides. The presence of IFN-γ or IL-6 during endocytosis and 
maturation induces only marginal differences in the presentation of FVIII. However, addition of 
IL-10 or maturation with a cocktail that consists of IL1β, TNF-α and PGE2 induces marked dif-
ferences in the spectrum of FVIII peptides presented. In summary, our findings indicate how the 
presentation of FVIII is altered under specific circumstances. This information may contribute 
to the understanding of inhibitor development and to the identification of FVIII-specific T cells 
in hemophilia A patients.
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Introduction

Antigen-presenting cells (APCs), such as dendritic cells (DCs) and macrophages, are phago-
cytic cells capable of internalizing bacteria, fungi, parasites as well as soluble and particulate 
antigens. Soluble antigens are captured in endosomes, which provides the first step in antigen 
processing. An important feature of these cells is that they are capable of balancing the proteo-
lytic activity inside endosome and thereby also the generation of antigenic peptides. Soluble 
antigens can be targeted to distinct endosomal subsets.1 APCs are capable of temporarily slow-
ing down the acidification of endosomes, thereby allowing for exchange of material between 
different endosomal compartments.2,3 Endocytosis-dependent sorting of proteins into different 
endosomal subsets largely determines whether the protein is completely degraded, presented on 
MHC class II or targeted for cross-presentation on MHC class I.4 
FVIII is a soluble antigen that can be efficiently internalized by APCs in vitro and in vivo.5,6 In 
hemophilia A patients, which have reduced or diminished endogenous FVIII levels in the cir-
culation, replacement therapy with exogenous FVIII can lead to the formation of FVIII-neutra-
lizing antibodies, commonly referred to as “inhibitors”. Although it is not clear to what kind of 
endocytic vesicle FVIII is sorted after endocytosis by APCs, it has been shown that the endocy-
tosis is receptor-mediated5 and there is also evidence that FVIII is efficiently presented on MHC 
class II.5,7 Processing of FVIII by APCs leads to the presentation of multiple different FVIII 
peptides on MHC class II, derived from different domains present in the molecule.7 As a result, 
CD4+ T-cell responses in patients with severe hemophilia A are often polyclonal and directed 
against multiple domains.8-10 The proteolytic processing of FVIII for presentation on MHC class 
II generates a limited number of MHC-promiscuous peptides that can be presented by many dif-
ferent MHC class II molecules, but also generates peptides that are presented in a unique MHC 
haplotype-specific manner.7 Processing and presentation of antigenic peptides is, however, not 
only MHC haplotype dependent, but is also sensitive to changes in proteolytic activity inside 
APCs. Several cytokines, such as interferon-γ (IFN-γ), IL-1β, IL-4, IL-6 and IL-10 are able to 
change the expression or activity of endo- or lysosomal proteases involved in proteolytic pro-
cessing of internalized antigens and MHC-class II-associated invariant chain (li).11-14 IFN-γ ex-
erts several effects on the antigen-presentation capacity of APCs. IFN-γ controls the processing 
and presentation of internalized antigens by modulating the expression of cathepsins B, D, G, 
L and S.11 In addition, IFN-γ induces the expression of Gamma-IFN-inducible-lysosomal thiol 
reductase (GILT), which in turn influences the generation of active forms of these cathepsins.14 
GILT expression also leads to elevated levels of HLA-DM, which assists in the loading of MHC 
class II with antigenic peptides. Pro-inflammatory cytokine IL-1β is able to increase the expres-
sion of cathepsins B and S in DCs, leading to increased formation of stable peptide-MHC class 
II complexes.12 Conversely, the anti-inflammatory cytokine IL-10 exerts the opposite effect.12



100

Chapter 6                

In this study we investigated whether the presentation of FVIII peptides on MHC class II is 
subject to factors influencing the basic functions of APCs, such as APC cell type,time, presence 
of cytokines and route of endocytosis. Instead of monitoring the presentation of FVIII peptides 
by the activation of FVIII-specific T cells, which is biased to the presentation of only certain 
FVIII peptides, we used a previously established mass-spectrometry approach to identify pep-
tides bound to MHC class II complexes presented by in vitro cultured monocyte-derived DCs 
(moDCs).7 Our results indicate that addition of cytokines can modulate the presentation of 
FVIII peptides by APCs. Additionally, we provide evidence that immune complex formation 
also has pronounced effects on the presentation of FVIII-derived peptides.
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Materials and Methods

Subjects
Blood was drawn from HLA-typed healthy volunteers in accordance with Dutch regulations and 
following approval from Sanquin Ethical Advisory Board in accordance with the Declaration 
of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated from freshly drawn, 
EDTA anticoagulated blood by separation over a Ficoll-Paque PLUS gradient (d = 1.077, GE 
Healthcare, Uppsala, Sweden).

Reagents
In this study, the following reagents were used: recombinant human FVIII (Advate) was kindly 
provided by Dr. B.M. Reipert (Baxter Healthcare Corporation, Vienna, Austria). CD14 micro-
beads (MACS, Miltenyi Biotech Bergisch Gladbach, Germany), anti-CD80-FITC, anti-CD83-
APC, anti-CD86-APC (BD Biosciences, USA) and anti-CD14-PE (Sanquin Reagents, Amster- (Sanquin Reagents, Amster-
dam, the Netherlands). Cellgro DC serum-free medium, IL-4, IL-1β, IL-6, TNF-α and GM-CSF 
were obtained from CellGenix (Freiburg, Germany). LPS and PGE2 were obtained from Sigma-
Aldrich (St. Louis, USA). IFN-γ and IL-10 were obtained from Peprotech (Rock Hill, USA). 
Hybridomas L243 and IVA-12 (anti-HLA-DR) were obtained from ATCC (Wesel, Germany). 
Construction of full-length VK34 IgG1 and KM33 IgG1 have been described previously.15-18 
Full-length antibodies were expressed in HEK-293 cells and purified using protein A Sepharose 
(GE Healthcare, United Kingdom).

FVIII endocytosis by monocyte-derived dendritic cells and macrophages
Monocytes were isolated from the PBMC fraction by positive selection using CD14 microbeads 
and a magnetic cell separator (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany). The 
purity of the monocytes isolated was determined by flow cytometry analysis.19 Monocytes were 
cultured at a concentration of 0.83×106 cells/ml in a 6-well plate (Nunc, Roskilde Denmark) in 
Cellgro medium supplemented with GM-CSF (1000 IU/ml) and IL-4 (800 IU/ml) for 5 days.19 
For macrophage culture, monocytes were resuspended at 2.5x106 cells/well in 6-well plates in 
RPMI 1640 medium supplemented with 10% FCS, 100 U/ml penicillin, 100 μg/ml streptomy-μg/ml streptomy-g/ml streptomy-
cin and 50 ng/ml recombinant human M-CSF. After 5 days of culture, the immature moDCs or 
macrophages were washed and replated in Cellgro medium supplemented with either GM-CSF 
and IL-4 or M-CSF at a concentration of 2.5×106 cells/ml in a final volume of 2 ml. Cells were 
incubated with 100 nM FVIII for 5 h prior to induction of maturation. When indicated, cells 
were cultured with 1000 U/ml IL-6, 10 ng/ml IL-1β or 1000 U/ml IFN-γ during endocytosis 
and maturation. After 5 h, the immature moDCs or macrophages were maturated using either 
1 μg/ml LPS or a cocktail of 10 ng/ml IL-1β, 10 ng/ml TNF-α and 1 μg/ml PGE2, referred to as 
‘gold standard’19 for 24 h in the presence of 1% human serum. The adherent maturated moDCs 
were detached by 5 minute incubation with phosphate buffered saline (PBS) containing 0.25% 
trisodiumcitrate and washed before analysis.
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Flow cytometric analysis of cell-surface phenotype
For determination of the phenotype, cells were washed with PBS containing 0.5% bovine serum 
albumin (PBS/0.5%BSA) and incubated with 50 μl 1 μg/ml mAb or appropriate isotype con-
trols diluted in PBS/0.5%BSA for 30 min at 4°C. Cells were washed twice and resuspended in 
PBS/0.5%BSA. 4’,6-diamidino-2-phenylindole (DAPI) was added to the cells before analysis 
to assess cell viability and exclude dead cells from analysis. Cells were analyzed on an LSRII 
flow cytometer (Beckton Dickinson, San Jose, USA) and analyzed with Flowjo software ver-
sion 7.5.5 (Tree Star Inc., Ashland, USA).

Purification of HLA-DR presented peptides
HLA-DR molecules were purified from FVIII-treated, maturated moDCs or macrophages es-
sentially as described previously.7 Briefly, moDC pellets were lysed using 50 mM Tris, pH 
7.0 containing 4% Igepal CA-630 (Sigma, St. Louis, USA). HLA-DR was purified from the 
detergent-soluble fraction by immuno-affinity chromatography using antibody L243-coupled to 
CNBr Sepharose 4B (Amersham Biosciences, Buckinghamshire, UK) in the presence of pro-in the presence of pro-
tease inhibitors (Complete Protease Inhibitor Cocktail Tablet, 1 tablet per 50 ml buffer, Roche 
Diagnostics GmbH, Mannheim, Germany). After washing the Sepharose 5 times with 50 mM 
Tris-HCl pH 7.0, peptides were eluted with 10% acetic acid for 15 min at 70°C. Finally, peptides 
were purified from the acetic acid eluate using a C18 ziptip (Millipore, Billerica, USA).

Subcellular fractionation
MoDCs cultures and endocytosis of FVIII were performed as described above. Cells were ho-
mogenized using a cell homogenizer (Isobiotec, Heidelberg, Germany) in STE buffer (1.25 M 
sucrose, 100 mM Tris, 5 mM EDTA in the presence of protease inhibitors (Complete Protease 
Inhibitor Cocktail Tablet, 1 tablet per 50 ml buffer, Roche Diagnostics GmbH, Mannheim, Ger-
many). Postnuclear supernatants (PNS) were obtained by centrifugation at 150 g for 5 minutes 
at 4°C. For the sucrose separation, PNS were loaded on a linear 5–50% sucrose gradient (11 ml). 
Density gradients were established by centrifugation in a Beckmann OptimaTM L-100 XP ultra-
centrifuge (Beckmann Instruments, Palo Alto, CA, USA) equipped with a SW 41 rotor for 90 
min at 200 000 g at 4°C. Fractions of 0.5 ml were collected from high sucrose density to low su-
crose density and analyzed for relative MHC class II protein content by ELISA. Briefly, Nunc-
Maxisorp 96-well plates were coated with anti HLA-DR antibody IVA-12 (5 μg/ml) antibody 
in carbonate buffer (50 mM NaHCO3 pH 9.8) overnight at 4°C. Fractions were subsequently 
diluted 5x in PBS/0.1%Tween20/0.3% bovine serum albumin and incubated on the plate for 1 h 
at 37°C. Bound MHC class II was detected with HRP-labeled antibody L243.

Tryptic digestion of proteins
Where indicated, fractions from sucrose gradient were pooled. Ninety percent of the pools was 
analyzed for HLA-DR presented peptides as described above and 10% of the pool was analyzed
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for total protein content by tryptic digestion. Samples of 50 μL were boiled at 100°C for 5 
minutes to break organelles. 6 M Urea (20 μL) was added and incubated at RT for 15 minutes. 
Ammonium bicarbonate (ABC) was added. Dithiothreitol (DTT) was added to a concentration 
of 7.7 mM. Samples were incubated for 30 minutes at RT. Iodoacetamide was added to a final 
concentration of 8.9 mM and samples were incubated for 30 minutes at RT in the dark. Samples 
were digested with 6.25 ng/ml trypsin overnight at 37°C. Digestion was stopped with 5 μL for-
mic acid. Peptides were purified using a C18 ziptip and analyzed by mass spectrometry.

Peptide identification by mass spectrometry
The identification of peptides was performed essentially as described previously.7 Shortly, pep-
tides were separated using a reversed-phase C18 column at a flowrate of 100 nl/min with gra-
dient from 0 to 35% (v/v) acetonitrile with 0.1% HAc. Eluted peptides were sprayed directly 
into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc, Bremen, Germany) 
using a nanoelectrospray source with a spray voltage of 1.9 kV. Collision induced dissociation 
in the ion-trap (35% normalized collision energy) for the five most intensive precursor ions 
selected from each full scan in the Orbitrap (300-2000 m/z, resolving power 30.000) was per-
formed. To obtain a high mass accuracy, the LTQ Orbitrap was calibrated on a monthly basis 
using a calibration solution consisting of caffeine, MRFA and Ultramark 1621 as recommended 
by the manufacturer. 
Peptides were identified using a Sequest search algorithm against UniprotKB non-redundant 
protein database 25.H_sapiens.fasta (53,784 non-redundant entries actually searched), utilizing 
Proteome Discoverer release version 1.1 software (Thermo Scientific, Bremen, Germany).20 
For trypsin-digested proteins, which were treated with iodoacetamide, searches were performed 
with a static carbamidomethyl modification. Identification of peptides was performed using the 
following filter settings: during the Sequest search, we allowed a mass deviation of 20 ppm. 
Fragment mass tolerance was 0.8 Da.
For semi-quantitative analysis of MHC class II bound peptides by differential expression analy-
sis, duplicate endocytosis experiments were analyzed with SIEVE™ release version 1.2.0 soft-uplicate endocytosis experiments were analyzed with SIEVE™ release version 1.2.0 soft-release version 1.2.0 soft-
ware (Thermo Scientific, Bremen, Germany). This software was used to compare the duplicate 
experiments and subsequently analyze differences in peptide abundance between samples For 
peptide identification, the same criteria were used as described above.



104

Chapter 6                

Results

The presentation of peptides on MHC class II is time-dependent
Previously, we have established a protocol for analysis of antigen-derived peptide presenta-
tion on MHC class II by moDCs.7 Immunoprecipitation of HLA-DR from moDC cell lysates 
followed by acid elution enables the identification of HLA-DR-bound peptides by mass spec-
trometry. The repertoire of MHC class II-presented proteins comprises of both endogenous 
DC proteins as well as antigens internalized by DCs. In the previous study, endocytosis of 100 
nM FVIII was followed by maturation of moDCs for 24 hours using LPS. Here, we show that 
presentation of FVIII peptides is optimal between 12 and 24 hours, despite the fact that the 
expression of maturation markers CD80, CD83, CD86 and MHC class II persisted for longer 
than 24 hours (Figure 1).

Figure 1. Time-dependent peptide presentation on MHC class II.
Endocytosis of FVIII by immature DCs was followed by maturation with LPS for either 12 h, 24 h, 48 
h, 72 h or 96 h. A) Cell surface markers CD80, CD83, CD86 and MHC class II were measured by flow 
cytometry. B) Cell lysates were immunoprecipitated with L243-sepharose and analyzed for MHC class 
II-bound peptides by mass spectrometry. “Total” indicates the total amount of presented peptides.
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FVIII-loaded MHC class II is present in immature DCs, but migrates to the plasma mem-
brane after maturation
To gain more insight into the kinetics of FVIII peptide presentation on MHC class II, subcel-
lular fractionations were performed to compare the amount of MHC class II-bound FVIII pep-
tides present inside the cells with those actually presented on the plasma membrane. Per condi-
tion, 15 million moDCs were used for this experiment. After endocytosis of FVIII, immature 
DCs and mature DCs were homogenized and fractionated on a sucrose gradient. Fractions were 
analyzed for MHC class II content by a sandwich ELISA (Figure 2A). Both immature and ma-
ture DCs clearly show 3 distinct peaks of MHC class II-containing fractions. Fractions were 
pooled accordingly, resulting in a pool 1, 2 and 3. Tryptic digestion of a part of the pools sug-
gests that the most high-density sucrose pool (pool 1) contains mostly intracellular proteins 
derived from organelles such as mitochondria, MHC class II loading compartments and other 
vesicles (Figure 2B). The second pool is enriched in plasma membrane and plasma membrane-
associated components. The top fractions, which are the lowest in sucrose concentration, con-
tain material from cell organelles that lyzed during the cell disruption procedure. This pool was 
excluded from subsequent analysis. HLA-DR from the first (intracellular) and second (plasma 
membrane) pools were subsequently immunoprecipitated and analyzed for the presence of 
FVIII peptides associated with HLA-DR. Figure 2C shows that immature DCs contain a sig-
nificant amount of FVIII peptides, which have been processed and loaded on HLA-DR. The 
amount of these complexes is more or less equal between pool 1, containing 10 FVIII peptides, 
and pool 2, containing 11 FVIII peptides. This means that approximately half of these peptides 
is already presented on the plasma membrane. DCs maturated with LPS present a total of 92 
FVIII peptides, the majority of which (70) are presented on the plasma membrane.

Figure 2. Subcellular localization of FVIII peptide-MHC complexes. Continued on next page.

A
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B

Figure 2. Subcellular localization of FVIII peptide-MHC complexes.
Presentation of FVIII was compared between immature DCs and LPS-atured DCs. Cells were homog-
enized and PNS was fractionated on a sucrose density-gradient. A) Fractions from the sucrose gradient 
were analyzed by ELISA for MHC class II molecules and divided into 3 pools per sample as indicated. B) 
Peptides from each pool were identified by mass spectrometry after tryptic digestion. Identified proteins 
were annotated based on subcellular localization or function using the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) Bioinformatics Resource. C) Pools 1 and 2 from each sample 
were immunoprecipitated with L243-sepharose and analyzed by mass spectrometry for MHC class II-
bound FVIII peptides. IC: intracellular (Pool 1), PM: plasma membrane (pool 2).

Continued on next page.
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C

Dendritic cells are more efficient in FVIII presentation than M2 macrophages
It has been suggested that in vivo not dendritic cells, but macrophages are the main APC cell 
type responsible for endocytosis of FVIII.6 Therefore, we investigated whether human macro-
phages are capable of internalizing and presenting FVIII on MHC class II to a similar extent 
as human DCs. Analysis of the surface markers shows that CD14, which is a receptor pres-
ent on monocytes and macrophages, but not on DCs, is indeed present only on macrophages. 
MHC class II is abundantly expressed by both DCs and macrophages. Monocyte-derived mac-
rophages and dendritic cells were able to internalize FVIII to a similar extent, as visualized in 
Figure 3B. However DCs present FVIII peptides more efficiently than macrophages (Figure 
3C). Moreover, macrophages do not only present less FVIII peptides, they also present a small-
er variety of FVIII peptides when compared to DCs. 

Antibody KM33 inhibits presentation of FVIII-light chain peptides, and to a lesser extent 
also FVIII-heavy chain peptides
In patients with inhibitors, administration of FVIII leads to the formation of FVIII-antibody 
immune complexes. To study the recognition and presentation of FVIII-immune complexes, 
FVIII was pre-incubated with a 25-fold molar excess of either human monoclonal antibody 
VK34, which is directed against the A2 domain in the heavy chain (HC), or human monoclonal 
KM33, directed against the C1 domain in the light chain (LC). The complexes were first incu-
bated with moDCs and HLA-DR-presented FVIII peptides were analyzed. As described previ-
ously, KM33 inhibits the endocytosis of FVIII by shielding of C1 domain residues which are 
important for endocytosis of FVIII18. In contrast, VK34 does not influence FVIII endocytosis.18

Figure 2. Subcellular localization of FVIII peptide-MHC complexes. Continued from previous page
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Figure 3. Presentation of FVIII peptides by DCs and macrophages.
Monocytes were differentiated into either DCs or M2 macrophages. A) Macrophage marker CD14, matu-
ration markers CD80, CD83 and CD86 and the presence of MHC class II on the cell surface of immature 
cells were measured by flow cytometry before endocytosis of FVIII. B) Endocytosis of different concen-
trations of FVIII by either DCs or M2 macrophages was measured by flow cytometry. C) Identification of 
MHC class II-bound FVIII regions. D) Quantification of individual MHC class II-bound FVIII peptides.
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Semi-quantitative comparison of FVIII peptides presented after incubation of moDCs with ei-
ther KM33-FVIII complex or VK34-FVIII complex reveals that under both conditions FVIII 
peptides are presented (Figure 4). Interestingly, in the case of KM33-FVIII presentation appears 
to be less efficient and and with a strong preference for HC peptides (depicted in blue). On the 
other and,endocytosis of FVIII-VK34 complex leads to a preferential presentation of light chain 
peptides. 

IFN-γ, IL-6 and IL-10 alter the presentation of FVIII peptides 
Processing of internalized antigens for presentation on MHC class II is dependent on the pro-
teolytic activity of a variety of proteases inside the antigen-presenting cell. Several proteases 
have been implicated in the generation of peptides for antigen presentation, such as cathepsins 
B, E, G, L, S and asparagine-specific endopeptidase (AEP).11,12,21-23 Several cytokines are able to

Figure 4. Relative changes in FVIII peptide presentation upon complex formation with monoclonal 
antibodies.
FVIII was pre-incubated with a molar excess of either antibody VK34 or antibody KM33. FVIII-complexes 
were added to immature DCs. Following endocytosis, MHC class II-bound FVIII peptides were identified 
by mass spectrometry. Experiments were performed in duplicate. SIEVE was used to compare intensities 
of individual peptides between the two conditions. Differences of peptides in relative abundance between 
the conditions are expressed in a ratio with SD. Ratio >1 means that a peptide is present more abun-
dantly in the FVII-KM33 samples. Ratio <1 means that a peptide is present more abundantly in the FVII-
VK34 samples. FVIII-heavy chain peptides are indicated in blue and FVIII-light chain peptides in red.
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Figure 5. Relative changes in FVIII peptide presentation induced by the presence of IFN-γ or IL-6.
Endocytosis of FVIII by immature DCs and subsequent maturation using LPS took place in the presence 
of either IFN-γ or IL-6 where indicated. Experiments were performed in two unrelated donors. Experi-
ments were performed in duplicate. SIEVE was used to compare intensities of individual FVIII peptides 
between cells treated with or without IFN-γ (Figure 5A), and between cells treated with or without IL-6 
(Figure 5B) Differences of peptides in relative abundance between the conditions are expressed in a ratio.
Ratio >1 means that a peptide is present more abundantly in the LPS-maturated samples. Ratio <1 means 
that a peptide is present more abundantly in the samples maturated with LPS and either IFN-γ or IL-6.
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induce changes in the presentation of antigens by changing the expression or activity of these 
proteases.11-14 The effect of IL-6, IL-10 and IFN-γ on the presentation of FVIII peptides was 
studied by addition of these cytokines during endocytosis of FVIII and subsequent maturation 
of moDCs. In addition, maturation using LPS was compared with a cocktail of the cytokines 
IL-1β, PGE2 and TNF-α (gold standard)19. DCs maturated with GS induce differentiation of 
CD4+ T cells to Th1 as well as Th2 cells, whereas LPS-maturated cells induce mostly dif-
ferentiation towards Th1 cells.19 The expression of MHC class II on the surface of moDCs is 
increased upon maturation and is very similar for all conditions (Figure 5B). Maturation in the 
presence of IFN-γ upregulates the expression of co-stimulatory molecules CD80 and CD86, 
which makes these cells more capable of activating CD4+ T cells. Addition of IL-10 lowers 
the expression of CD80 and CD86, while retaining a similar expression of MHC class II. This 
makes DCs cultured in the presence of IL-10 good candidates for the induction of tolerance.24 
Addition of IFN-γ or IL-6 can induce 2- to 10-fold differences in the presentation of FVIII 
peptides on HLA-DR (Figure 5B). Interestingly, in some cases these changes are consistent for 
multiple peptides of the same epitope. In donor A, 4 peptides encompassing the region 2061-
2082 KEPFSWIKVDLLAPMIIH are enriched in samples maturated with LPS as compared 
to LPS in the presence of IL-6. In contrast, almost all peptides encompassing region 726-740 
ISAYLLSKNNAIEPR are enriched in samples maturated with LPS and IL-6 for both donor A 
and donor B. This suggests that some regions are preferentially presented on HLA-DR upon 
maturation with LPS, whereas other regions are presented more upon addition of IL-6. Similar 
observations can be made when cells are cultured in the presence of IFN-γ. In this case peptides 
covering region 726-740 ISAYLLSKNNAIEPR are also less abundantly present when cells are 
maturated with LPS alone. The most striking difference was observed for region 1881-1891 
TIFDETKSWYF (in donor A), where 7 out of 8 peptides are presented less abundantly in the 
presence of IFN-γ. IL-10 is able to induce 10- to 100-fold differences in the presentation of 
FVIII peptides, however these changes appear quite random and are not consistent between 
peptides containing the same region (Figure 6). Nearly all FVIII peptides are more abundantly 
presented by cells maturated with LPS as compared to cells maturated with GS.
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Figure 6. Relative changes in FVIII peptide presentation induced by the presence of IL-10 or matu-
ration with GS.
A) Endocytosis of FVIII by immature DCs and subsequent maturation using LPS took place in the pres-
ence or absence of IL-10. B) After endocytosis of FVIII by immature DCs, subsequent maturation was 
performed using LPS or gold standard (GS). Experiments were performed in two unrelated donors. Exper-
iments were performed in duplicate. SIEVE was used to compare intensities of individual FVIII peptides 
between cells treated with or without IL-10 (Figure 6A), and between cells maturated with LPS or GS 
(Figure 6B) Differences of peptides in relative abundance between the conditions are expressed in a ratio. 
Ratio >1 means that a peptide is present more abundantly in the LPS-maturated samples. Ratio <1 means 
that a peptide is present more abundantly in the samples maturated with either LPS+IL-10 or with GS.
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Discussion

In this study we show that the presence of anti-FVIII antibodies or cytokines appear to in-
duce changes in the preference for presentation of different FVIII peptides. The presentation of 
FVIII-derived peptides on MHC class II was analyzed by mass spectrometry after endocytosis 
of FVIII by monocyte-derived APCs.
The presentation of FVIII peptides on HLA-DR peaks between 12 and 24 hours after matura-
tion of moDCs and levels off to about half the amount of peptides when maturation takes place 
for more than 48 hours, as seen in Figure 1. This amount of FVIII peptides is still presented after 
96 hours of maturation. DCs are most likely able to retain this capacity of FVIII presentation 
because maturation induces a decrease in turnover of MHC class II molecules via downregula-
tion of ubiquitin ligase MARCH1, which tags membrane proteins for endolysosomal degrada-
tion.25,26 Immature DCs are also able to present antigenic peptides on MHC class II, but the 
turnover of these complexes is much higher, making immature DCs less effective in presenta-
tion of antigens to CD4+ T cells.
Immature moDCs do present FVIII peptides, but markedly less than mature moDCs (Figure 2). 
Cells were fractionated to determine which extent of the FVIII peptides is loaded on HLA-DR 
inside the cell and which extent is actually loaded on HLA-DR and presented on the plasma 
membrane. Subcellular fractionation of immature and mature moDCs results in separation of an 
HLA-DR-positive intracellular fraction, an HLA-DR-positive membrane-enriched fraction and 
a top fraction containing broken organelles, which was subsequently disregarded. Most FVIII 
peptides loaded on HLA-DR in mature moDCs are presented on the plasma membrane (Figure 
2C). In contrast, HLA-DR molecules loaded with FVIII peptides in immature moDCs are resid-
ing both inside the cell and on the plasma membrane. This means that immature DCs are less ef-
ficient of presenting FVIII-derived peptides to CD4+ T cells, but are not completely incapable of 
doing so. The absence of co-stimulatory molecules on immature moDCs (Figure 5a) makes them 
suitable inducers of immune tolerance towards FVIII. This was already suggested in previous 
studies, where treatment of hemophilic mice with FVIII-pulsed immature DCs was shown to in-
duce the expansion of regulatory T cells and to inhibit the immune response towards FVIII.27,28 
However,the effects observed in these studies are partial reduction in inhibitor titers. Upon ad-
ministration of immature DCs in vivo, a fraction of the injected cells might mature when given a 
strong enough stimulus. This could counteract the protective effect of the immature DCs. There-
fore, maturation-resistant IL-10-treated DCs have the potential to be more potent inducers of 
immune tolerance towards FVIII. Further investigation into different APC cell types and their 
capacity to present FVIII peptides was performed by comparison of dendritic cells and macro-
phages. In vivo, it has been suggested that marginal zone macrophages are the primary cell type 
responsible for the endocytosis of FVIII in hemophilic mice.6 Figure 3 shows that monocyte-
derived DCs and macrophages are similar in their ability to internalize FVIII, but that DCs are 
notably more efficient in subsequently presenting FVIII peptides on HLA-DR. Macrophages
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present a smaller variety of FVIII peptides. In this experiment seven different FVIII regions 
were presented by DCs (Figure 3C), compared to only 4 regions that were presented by mac-
rophages. 
In order to further dissect the different parameters that can influence the presentation of FVIII 
by APCs, we compared the presentation of different FVIII peptides on HLA-DR in the presence 
of different cytokines or in the presence of FVIII-antibody complexes. As shown previously, 
FVIII endocytosis is almost completely diminished when FVIII is in complex to C1 domain-
targeting antibody KM33. When FVIII is in complex with A2 domain-targeting antibody VK34 
the endocytosis is unaffected.18 The binding of these two antibodies also has interesting ef-
fects on the presentation of FVIII. Endocytosis of FVIII-KM33 complex results in a reduced 
presentation of FVIII peptides, as expected, because KM33 inhibits the endocytosis of FVIII. 
All FVIII peptides that were still presented under this condition, however, are derived from 
the heavy chain of FVIII. A possible explanation is that the light chain of FVIII is protected 
from sufficient proteolytic degradation by the interaction with KM33. Supporting this theory, 
endocytosis of FVIII-VK34 leads to the presentation of almost exclusively light chain peptides, 
possibly because the heavy chain is protected by its interaction with VK34. Monomeric antigen-
antibody complexes have a relatively low affinity for Fc-receptors. Nevertheless, a possible 
change in the endocytosis route of FVIII-antibody complexes, as compared to FVII alone, due 
to binding to Fc-receptors cannot be excluded as a possible cause for the observed changes in 
FVIII presentation. These data suggest that not only endocytosis rate, but also efficacy of pro-
teolytic degradation of FVIII is a crucial step in the presentation of FVIII on HLA-DR. 
The cytokine environment plays a prominent role in the regulation of proteolytic activity inside 
APCs. IL-4 is an established inducer of cysteine cathepsin activity in macrophages13, TNF-α, 
IL-6 and IL-1β induce the activity of cathepsins B and S in DCs, whereas IL-10 is able to reduce 
the activity of these proteases12,29 and IFN-γ induces the activity of cathepsins B, S and L and of 
Gamma-IFN-inducible-lysosomal thiol reductase (GILT).14,30

The effect of these cytokines on the presentation of FVIII peptides was measured by their addi-
tion during endocytosis and/or maturation. Maturation of moDCs with GS results in cells with a 
high expression of MHC class II and of co-stimulatory molecules CD80 and CD86, but appear 
to be less capable of presenting FVIII peptides than moDCs maturated with LPS. It should be 
noted that upon maturation with GS, FVIII peptides are still presented on MHC class II, but the 
relative abundance of the FVIII peptides was lower than upon maturation with LPS. It appears 
that both the addition of IFN-γ and of IL-6 are able to induce only minor changes in the presen-
tation of FVIII peptides (Figure 5B). These experiments were carried out with two unrelated 
donors, both presenting a different spectrum of FVIII regions. This makes it difficult to reach a 
consensus about the effect of these cytokines on the presentation of any FVIII epitopes. There 
was no major impact of these cytokines on the generation of FVIII peptides. It appears that the 
presentation of FVIII is mainly determined by affinity of peptides for particular MHC class II 
molecules and less by differences in antigen processing. To confirm this statement, additional
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experiments are needed to establish whether the activity of endo/lysosomal proteases was ac-
tually changed by the addition of these cytokines. IL-10 appears to induce more pronounced 
changes in the presentation of FVIII peptides. This effect, however, is more random and does 
not affect any specific region. IL-10-treated DCs are capable of presenting the same FVIII re-
gions as DCs treated only with LPS. 
Previously, we have shown that the presentation of FVIII peptides is HLA-specific.7 Some 
FVIII peptides are HLA-promiscuous and can be presented by donors with different HLA hap-
lotypes, while other FVIII peptides were HLA-restricted and were therefore donor-specific. 
Here we show that host HLA-type is not the only factor that determines which FVIII peptides 
are presented on HLA-DR. The quantity of FVIII presentation is dependent on maturation time, 
on the presence of anti-FVIII antibodies and on the cytokine microenvironment of the APC. The 
clinical relevance of these findings is dependent on the repertoire of FVIII-specific CD4+ T cells 
present in hemophilia A patients, of which only limited data is available. The current findings 
may contribute to the understanding of inhibitor development and might assist in the search for 
FVIII-specific T cells in patients.
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Abstract

Background: Development of neutralizing anti-factor VIII (FVIII) antibodies (“inhibitors”) is 
a serious clinical problem in hemophilia A. Increased inhibitor risk has been associated with 
certain FVIII missense substitutions, including R593C in the A2 domain.
Objectives: The aim of this study was to identify T-cell epitopes in FVIII and characterize T-cell 
responses in two unrelated hemophilia A subjects sharing F8-R593C and HLA-DRB1*1101 
genotypes. We hypothesized that the hemophilic substitution site coincides with an important 
T-cell epitope.
Patients/Methods: The binding affinities of peptides for recombinant HLA-DR proteins were 
measured and compared to epitope prediction results. CD4+ T cells were stimulated using pep-
tides and stained with fluorescent, peptide-loaded tetramers.
Results: The inhibitor subjects, but not HLA-matched controls, had high-avidity HLA-
DRB1*1101-restricted T-cell responses against FVIII589-608, which contains- the hemophilic 
missense site. Antigen-specific T cells secreted Th1 and Th2 cytokines and proliferated in re-
sponse to FVIII and FVIII592-603. FVIII589-608 bound with physiologically relevant (micromolar) 
IC50 values to recombinant DR0101, DR1101, and DR1501 proteins.
Conclusions: Hemophilia A patients with R593C missense substitutions and these HLA haplo-
types had an increased incidence of inhibitors in our cohorts, supporting a paradigm in which 
presentation of FVIII epitopes containing the wild-type R593 influences the inhibitor risk in this 
hemophilia A sub-population.
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Introduction

FVIII-neutralizing antibodies (“inhibitors”) develop in some hemophilia A (HA) patients who 
receive factor VIII (FVIII) infusions, resulting in bleeding complications.1-3 Inhibitors are ob-
served in 25-35% of severe HA patients but also can occur in mild/moderately severe HA.4,5 
Inhibitors have been associated with multiple F8 missense genotypes6, including F8-R593C.7-9 
Multiple lines of evidence, including sequences/subclasses of inhibitory antibodies10-13, efficacy 
of anti-CD40L inhibition14, and the influence of CD4+ cell counts on antibody titers15, indicate 
that inhibitor induction, affinity maturation and antibody class switching involve help from 
CD4+ T cells. Experimental evidence16-18 has suggested that T-cell responses in mild/moderate-
ly severe HA may be directed against epitopes that contain the wild-type FVIII sequence at the 
hemophilic mutation site. Several studies have also indicated that B-cell epitopes may include 
the missense site.9,19-21 Although T-cell proliferation in response to FVIII protein and peptides 
has been investigated22-25, further study is warranted to establish the HLA restriction of T-cell 
epitopes within FVIII, particularly in the context of specific F8 genotypes. This information 
could improve estimates of inhibitor risk in defined subpopulations, allowing individualized 
treatment of high-risk patients by reducing their exposure to wild-type FVIII concentrates, and 
would motivate the design of less immunogenic versions of FVIII.
In the present study, two unrelated HA subjects with F8-R593C genotype and similar HLA-DR 
haplotypes were studied to characterize T-cell responses and to identify epitopes within FVIII. 
The in vitro antigenicity of synthetic, overlapping peptides spanning the FVIII-A2, FVIII-C1 
and FVIII-C2 domains were evaluated. To test our hypothesis that the hemophilic substitu-
tion site coincides with an important T-cell epitope, the binding of peptides containing R593 
to various recombinant HLA-DR proteins was evaluated, and the results were correlated with 
reported inhibitor incidences in F8-R593C patient cohorts. Our findings support a paradigm 
in which binding and presentation of FVIII epitopes containing the wild-type R593 by several 
common HLA-DR alleles may influence the relative risk of developing an inhibitor in this HA 
subpopulation.
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Materials and Methods

Subjects and blood samples
Samples from two unrelated HA subjects and from eight HLA-DRB1*1101-matched healthy 
controls were used. Subject 1D (HLA-DRB1*1101 and DRB1*1302), from a Dutch cohort of 
F8-R593C patients, had an initial inhibitor titer of 22 Bethesda units (BU)/mL that declined 
but persisted for years.26 Prior to inhibitor development, his baseline FVIII clotting activity 
(FVIII:C) was 20%; this declined to 1% at peak inhibitor titer, indicating that the inhibitor 
crossreacted to neutralize his endogenous (hemophilic) FVIII, then increased to 1.4% in sub-
sequent years26. He received FVIII to support an operation, which boosted his titer to 2 BU/
mL and elicited cross-reactive antibodies against the FVIII A2 domain.9,27 Subject 41A (HLA-
DRB1*1101 and DRB1*1303), from a cohort of American F8-R593C patients, also developed 
an inhibitor after receiving FVIII infusions to support surgery. His baseline FVIII:C was 26%. 
In the month before and after peak titer (34 BU/mL) his FVIII:C activity ranged from ~1-
4%, indicating that the initial inhibitor cross-reacted to neutralize his endogenous (hemophilic) 
FVIII. He was treated with Rituximab and the titer declined. His most recent titer (2007) was 
undetectable (<0.5 BU/mL). Neither patient underwent immune tolerance induction. Blood 
samples from both subjects were collected >6 months after their last FVIII infusion. Peripheral 
blood mononuclear cells (PBMCs) were obtained by Ficoll underlay and either frozen (7% 
DMSO in serum) or assayed immediately. Research was performed with IRB approval from 
the University of Washington Human Subjects Committee or the Universiteit van Amsterdam 
Medical Ethics Committee, with written informed consent.

FVIII peptides and protein
20-mer peptides (with 12-residue overlaps) with sequences (Supplementary Table 1, available 
online at www.journalth.com) spanning the FVIII A2, C1, and C2 domains were synthesized 
and verified by mass spectrometry (Mimotopes, Clayton Victoria, Australia; Global Peptide 
Inc., Ft. Collins, CO; Synpep, Dublin, CA; Anaspec, San Jose, CA). Peptides were dissolved 
at 10-20 mg/mL in DMSO or DMSO/water. Peptide pools contained equal amounts of 3-7 
peptides (10 mg/ml total). Recombinant FVIII was obtained from Pharmacia/Upjohn (manu-
factured by CSL Behring GmbH).

Peptide-binding predictions and assays
The binding affinities of peptides spanning the FVIII-A2 sequence to the HLA-DR1101 
protein were predicted using the ProPred MHC class II binding algorithm (http://www.
imtech.res.in/raghava/propred/).28 This program predicts affinities of peptide sequenc-
es for common HLA-DR molecules by evaluating their ability to fit into the canoni-
cal 9-residue peptide binding groove that is a feature of the MHC Class II. Every possible 
9-mer sequence within FVIII-A2 was analyzed with the algorithm’s threshold value set
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to list binding scores above 0.8. The predicted set of peptides was further narrowed by exclud-
ing sequences with valine at position 1 of the DR1101 binding motif (i.e. the fit of the peptide 
into the groove), since this residue has been shown to bind weakly in this pocket.29 Peptides 
with sequences containing R593 or C593 were evaluated regardless of their scores. Affinities 
of FVIII peptides for HLA-DR monomers were determined experimentally by competition as-
says. Recombinant HLA-DR0101, DR0301, DR0401, DR1101, DR1104, or DR1501 proteins 
were incubated with (1) FVIII peptides at 0.05, 0.1, 0.5, 1, 5, 10, and 50 μM plus (2) biotinyl-μM plus (2) biotinyl-M plus (2) biotinyl-
ated reference peptides that bound to specific DR proteins with high affinity (Supplementary 
Table 1). The DR proteins were then immobilized in wells coated with anti-DR capture anti-
body (L243).30 After washing, residual bound biotinylated peptide was labeled using europium-
conjugated streptavidin (Perkin Elmer) and quantified using a Victor2 D fluorometer (Perkin 
Elmer). Sigmoidal binding curves were simulated and IC50 values (concentration displacing 
50% reference peptide) calculated using SigmaPlot (Systat Software, Inc., San Jose, CA).

HLA-DR Tetramers
HLA-DR1101 tetramers were generated as described.31 Briefly, biotinylated recombinant 
DR1101 protein was incubated with pooled or individual peptides at 37oC for 72 h with n-
octyl-ß-D-glucopyranoside and Pefabloc (Sigma-Aldrich, St. Louis, MO) and conjugated using 
R-phycoerythrin (PE) streptavidin (Biosource, Camarillo, CA). Tetramer quality was confirmed 
by staining a reference T-cell clone (not shown).

Isolation and peptide stimulation of primary CD4+ T cells
T-cell isolation was carried out as described.17,32 Frozen PBMCs from subject 1D were thawed, 
washed, and CD4+ T cells were fractionated by notouch isolation (Miltenyi Biotec, Auburn, 
CA). For subject 41A and HLA-matched control subjects, CD4+ T cells were fractionated from 
freshly isolated PBMCs. Three million autologous, CD4-depleted PBMCs were plated into 48-
well plates for 1hr and then washed, leaving a layer of residual adherent cells behind as APCs. 
Two million purified CD4+ responder cells were then plated into these wells. Wells were stimu-
lated with 10 μg/ml pooled peptides in T-cell medium (RPMI 1640 with 10% human serum, 1 
mM sodium pyruvate, 50 U/ml penicillin and 50 μg/ml streptomycin), supplemented with 40 U/
ml IL-2 (Hemagen, Waltham, MD) on day 7, and maintained with medium and IL-2.

Tetramer Guided Epitope Mapping (TGEM)
After two weeks, cells were analyzed with DR1101 tetramers as described.32,33 For subject 1D 
and a control subject, 0.75 x 105 cells were incubated with tetramers (labeled with PE) loaded 
with individual FVIII peptides predicted to bind DR110128 (table 1) at 37°C for 1 h, then in-
cubated with anti-CD3-PerCP (BD Biosciences, San Jose, CA), anti-CD4-APC (eBioscience, 
San Diego, CA), and anti-CD25-FITC (eBioscience) at 4°C for 20 min, and then analyzed on a 
FACSCalibur (Becton Dickinson, San Jose, CA). For subject 41A and a second HLA-matched



124

Chapter 7                

control subject, 0.75 x 105 cells were stained in a similar fashion, using tetramers loaded with 
peptide pools spanning the A2, C1, and C2 domains of FVIII (Supplementary Table 1). Tetra-
mer-positive responses were decoded using tetramers loaded with individual peptides. To define 
an objective criterion for positive tetramer staining, CD4+ T cells from six non-hemophilic 
DR1101 donors were “sham” stimulated using DMSO for two weeks and subsequently stained 
using a panel of DR1101 tetramers. One tetramer (FVIII381-400) gave significantly higher back-
ground staining, indicating a peptide-specific effect, while all others had a statistically similar 
background, allowing calculation of a mean background level (Supplementary Figure 1, avail-
able online at www.journalth.com). Our criterion for positive staining was designated as the 
mean background staining plus 3 times the standard error of the mean: 1.53% for FVIII381-400 
and 0.46% for all other specificities. The latter is consistent with the cut-off used in previous 
published studies.17,18,30-33

Isolation of T-cell clones and a polyclonal line
For all cultures that demonstrated tetramer-positive staining, FVIII-specific T cells were stained 
and isolated as described17 following staining with DR1101-PE tetramers and anti-CD4-FITC 
(eBioscience). CD4+ tetramer-positive cells were sorted using a FACS Vantage (Becton Dickin-
son) into 96-well plates containing T-cell medium at one cell per well (to produce clones) or 250 
cells per well (to produce a polyclonal line) and expanded by adding 2 μg/ml phytohemagglu-μg/ml phytohemagglu-g/ml phytohemagglu-
tinin and 200,000 irradiated PBMCs plus IL-2. Expanded cells were stained with DR1101-PE 
tetramers and analyzed on a FACSCalibur (Becton Dickinson).

Antigen-specific T-cell proliferation assay
T-cell proliferation was assessed as described.17,18 Briefly, irradiated PBMCs from an HLA-
matched (DRB1*1101) non-HA donor were plated at 105 cells/well in 100 μl T-cell medium. 
Peptides (final concentrations 10, 1, 0.1, and 0 μM) and T cells (104 cells/well) were added in 
100 μl T-cell medium and plates were incubated at 37°C. Wells were pulsed with [3H]thymidine 
(1 μCi/well) after 48 h and cells were harvested 18 h later. [3H]thymidine uptake was measured 
with a scintillation counter, and stimulation indices (SIs) were calculated as the counts per min-
ute (cpm) of peptide- stimulated cultures divided by the cpm with no peptide added. 

Cytokine sandwich ELISAs.
Interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-4 (IL-4), interleukin-10 (IL-
10) and interleukin-17A (IL-17A) were measured in supernatants by ELISA. Plates were coated  
with 100 μl of 2-4 μg/ml cytokine-specific antibody (anti-IFN-γ MD-1, anti TNF-α MAb1, 
anti-IL-4 8D4-8, anti IL-10 JES3-9D7 and anti-IL17A eBio64CAP17, eBioscience) in coat-in coat-
ing buffer (eBioscience) overnight at 4°C, washed in PBS with 0.05% Tween 20, blocked with 
diluent solution (eBioscience) for 1hr at room temperature and washed again. Either cytokine 
standard (100 μl) (Cell Sciences or eBioscience) or 20-50 μl cell supernatant (plus diluent) was 
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added to each well, and plates were incubated overnight at 4°C and washed. Biotin-labeled an-
tibody (100 μl at 2 μg/ml) (anti-IFN-γ clone 4S.B3, anti-TNF-α MAb11, anti-IL-4 MP4-25D2, 
anti-IL-10 JES3-12G8, and anti-IL-17 eBio64DEC17, eBioscience) was added and incubated 
at room temperature for 1hr. Avidin horseradish peroxidase (eBioscience) was added (1:1000 
dilution), incubated at room temperature for 30min and washed. Super Aquablue substrate (100 
μl) (eBioscience) was then added and A405 measured using a Bio-Rad 550 reader (Hercules, 
CA). Cytokine concentrations were calculated from linear standard curves for each cytokine. 
Th1/Th2 ratios were calculated as: ([IFN-γ] + [TNF-α])/([IL-4] + [IL-10]).
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Results

Binding of FVIII peptides to DR1101
The two R593C subjects had the DRB1*1101 allele in common. An MHC class II binding 
computer prediction algorithm28 was used to predict which FVIII-A2 peptides might bind to 
DR1101. For these predictions a higher score (see Table 1) indicates a greater likelihood that 
the corresponding peptide is capable of binding. Seventeen synthetic peptides corresponding 
to sequences with the highest predicted binding scores were then tested to empirically deter-
mine their in vitro affinities for recombinant DR1101 protein. Observed IC50 values ranged 
from 0.2 μM to >100 μM, the detection limit. As summarized in Table 1, 8 of the 17 peptides 
with predicted binding scores above 0.8 bound to DR1101 with an IC50 under 10μM. Notably, 
FVIII581-600, FVIII589-608, and FVIII589-608,593C, all of which contain the missense site, bound 
to DR1101 with reasonable affinity as compared with the influenza HA306-318 control peptide 
(Table 2), whereas FVIII581-600,593C did not.

Table 1.FVIII-A2 domain peptides predicted to bind DR1101 with high affinity, using the ProPred 
algorithm28. 
Peptides subsequently pooled and used to stimulate T cells are in bold font; the three remaining pep-
tides contained predicted MHC Class II binding motifs (the 9-residue sequences predicted to fit into the 
HLADR1101 binding groove, underlined for each peptide) that were also present in one of the other 
peptides. Binding scores generated by Propred for all peptides are in the far right column (higher scores 
indicate stronger predicted affinity). Measured IC50 values under 10 are in bold font. † IC50 values are 
shown in μM ± the standard error of the mean. A lower IC50 value indicates stronger binding. IC50 >100 
indicates no detectable binding in the assay. ‡ The binding score reflects expected binding affinity. Higher 
scores indicate stronger binding.
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Table 2 Binding of peptides to DRB1 proteins
* IC50 indicates the strength of interaction between the class II protein and FVIII peptide compared to 
a reference peptide (sequences shown in Supplementary Table 1). IC50 values for reference peptides are 
listed in parentheses. Lower numbers indicate stronger interactions. † Values shown ± standard error of 
the mean. NB indicates no binding.

T-Cell responses to selected peptides
For inhibitor subject 1D, the number of cryo-preserved cells available for study was only suf-
ficient to test responses to a limited number of peptides. Therefore, peptides that contained 
predicted FVIII-A2 domain epitopes (Table 1) were utilized to query his T-cell responses. These 
were divided into two 7-peptide pools, which were then used to stimulate CD4+ T cells from 
this patient and from a control subject. T cells were cultured for 14 days and then stained using 
DR1101 tetramers loaded with individual peptides. A clear population of CD4+ T cells was 
stained by tetramers loaded with FVIII589-608 (Figure 1), which bound to DR1101 with high af-
finity (IC50 =0.5±0.4μM). Weaker positive staining was observed for FVIII429-448, FVIII469-488, 
and FVIII581-600, which bound to DR1101 with IC50 values of 0.5±0.4μM, 8.9±8μM, and 
~100μM. Notably, tetramer staining was negative for CD4+ T cells stimulated by the hemophil-μM. Notably, tetramer staining was negative for CD4+ T cells stimulated by the hemophil-M. Notably, tetramer staining was negative for CD4+ T cells stimulated by the hemophil-
ic peptide FVIII589-608,593C. Attempts to stain T cells from the control subject, using tetramers 
loaded with each of the 14 peptides containing predicted epitopes (Table 1) yielded negative 
results (not shown).

Mapping epitopes in the FVIII A2, C1, and C2 domains
CD4+ T cells freshly isolated from subject 41A were stimulated with peptides spanning the 
FVIII A2, C1 and C2 domains, including two peptides with the R593C substitution (Supple-
mentary Table 1). Cells were cultured and evaluated for responses by staining with fluorescent, 
peptide-loaded DR1101 tetramers. Representative results are shown in Figure 2A. Tetramer 
staining was above background for CD4+ cells stimulated with FVIII-A2 peptide pools 1, 2 
and 6 and with FVIII-C2 pool 1. Therefore, T cells stimulated with these pools were selected 
for further analysis (decoding) using tetramers loaded with single peptides that comprised these 
pools (Figure 2B). T cells stimulated using peptide pool 6 showed positive staining by tetramers 
loaded with FVIII589-608 and FVIII581-600, both of which bound with IC50 values of 0.5±0.4 μM. 
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FVIII-A2 peptide pool 2 and FVIII-C2 peptide pool 1 showed weaker positive staining by tetra-
mers loaded with FVIII421-440 and FVIII2187-2205 respectively. The IC50 values for these peptides 
were 5.0±18μM, and 12±26μM. The apparent positive staining of A2 peptide pool 1 was due 
to FVIII381-400, which caused high peptide-specific background staining. Tetramer-stained cells 
were generally CD25+, suggesting they were activated (not shown). Notably, staining with tet-
ramers loaded with FVIII-A2 peptide pool 11, which contains two peptides with the hemophilic 
R593C substitution, was negative, indicating that neither peptide containing C593 elicited a 
high-avidity T-cell response. The same peptide-loaded tetramers were used to evaluate T-cell 
responses for an HLA-DRB1*1101 control subject. All staining results using T cells from this 
subject were negative (not shown).

Figure 1. T-cell epitopes recognized by subject 1D. 
CD4+ cells were stimulated using two pools of seven FVIII peptides each with predicted HLA-DRB1*1101-
restricted epitopes. Peptides that elicited a tetramer-positive CD4+ population (greater than three times the 
standard error of the mean above background) are indicated by asterisks. These included FVIII429-448, 
FVIII469-488, FVIII581-600, and FVIII581-600.

Isolating T-cell Clones and evaluating additional control subjects
To facilitate further study of FVIII-specific T-cell responses, cells from each positive well were 
stained again and single-cell sorted to obtain FVIII specific T-cell clones and lines (as described 
in Materials and Methods). Multiple high-affinity FVIII589-608-specific T-cell clones and lines 
were isolated. Sorted cells with other specificities did not expand. To evaluate the disease speci-
ficity of the DR1101-restricted T-cell responses observed in these two inhibitor subjects, T cells 
from six additional non-HA subjects were stimulated with FVIII peptides and stained with 
tetramers after two weeks of in vitro culture. In all cases, tetramer staining was below the posi-
tivity threshold (not shown). Despite the limited number of subjects, the magnitude of FVIII589-

608-specific tetramer staining observed for hemophilic subjects with inhibitors was significantly 
higher than for healthy subjects (p=0.045). No other tetramer-positive signals were statistically 
different for patients and controls.
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Figure 2. T-cell epitopes recognized by subject 41A.
(A) CD4+ cells were stimulated for two weeks with pooled, overlapping peptides spanning the 
FVIII A2, C1, and C2 domains. Positive and representative negative tetramer staining results are 
shown (fluorescent labeling greater than three times the standard error of the mean above back-
ground was considered positive). (B) Decoding by staining the same cells with HLA-DR1101 
tetramers loaded with individual peptides. Peptides that elicited a tetramer-positive CD4+ 
population are indicated by asterisks. These included FVIII421-440, FVIII581-600, FVIII581-600 and 
FVIII2187-2205 (note that the tetramer loaded with FVIII381-400 had an uncharacteristically high 
background, indicating nonspecific binding to CD4+ cells).
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Figure 3. Defining the minimal DR1101-restricted epitope within FVIII589-608.
(A) In vitro binding of truncated peptides FVIII592-603, FVIII593-603 and FVIII594-603 and the influenza 
HA306-318 control to HLA-DR1101 protein (arrow indicates increasing affinity). (B) Schematic representa-
tion of the core HLA-DR1101 binding region within FVIII592-603, based on experimental results and the 
published DR1101 binding motif29. Arrows indicate DR1101 contact residues (pointing downward) and 
possible T-cell receptor contact residues (pointing upward).

Binding of truncated peptides to DR1101
To determine the minimal T-cell epitope within FVIII589-608, binding of truncated peptides to 
recombinant DR1101 was measured in a competition assay (Figure 3A). While FVIII592-603 
bound with affinity comparable to FVIII589-608, the FVIII593-603 and FVIII594-603 peptides bound 
with 10-fold and 25-fold lower affinity, respectively. This suggests that residue F594 occupies 
position 1 of the canonical, nine-residue peptide-binding groove in HLA-DR1101 (Figure 3B), 
consistent with an epitope predicted by the computer program Propred28.

T-cell clone proliferation and cytokine secretion
Three antigen-specific T-cell clones and one polyclonal T-cell line were isolated from the same 
peptide-stimulated cultures used for epitope mapping. Clone 1D-1 was stained by tetramers 
loaded with FVIII589-608 but not with FVIII581-600 or an unrelated influenza control peptide, 
HA306-318 (Figure 4A). T cells isolated from subject 41A gave similar results (not shown), indi-
cating that these cells recognize FVIII589-608. Proliferation assays were conducted for these 
T cells using FVIII589-608 and truncated versions of this peptide to determine the functional
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epitope. In all cases, residue R593 was essential for maximal proliferation (Figure 4B-E). Inter-
estingly, peptides containing either R593 (wild-type sequence) or C593 (hemophilic sequence) 
elicited similar proliferation. These T cells proliferated well above background in response 
to wild-type FVIII protein (Figure 5). Supernatants harvested 48 h following incubation with 
FVIII589-608 were assayed to determine the cytokines secreted in response to FVIII peptide stim-
ulation. Both the T-cell clones and the polyclonal line secreted robust levels of interferon-γ, 
significant amounts of TNF-α, IL-4, and IL-10, but no IL-17 (Figure 6). Th1/Th2 ratios ranged 
from 1.8 to 31.6. In the absence of peptidestimulation, cytokine secretion was negligible.

Figure 4. Tetramer staining and proliferation of T-cell clones and a polyclonal T-cell line. (A) Stain-
ing of clone 1D-1 using tetramers loaded with FVIII581-600, FVIII589-608, or the control influenza HA306-318 
peptide. (B-E) Clones from subject 1D (clone 1D-1, B), subject 41A (clones 41A-1 and 41A-2, C-D) and 
a polyclonal T-cell line from subject 41A (41A Line, E) were stimulated with FVIII589-608, FVIII592-603, 
FVIII593-603, FVIII594-603, and the hemophilic FVIII589-608,593C peptide at 0, 0.1, 1.0, and 10 μM. [3H]thy-μM. [3H]thy-M. [3H]thy-
midine uptake was measured in triplicate wells. Data are expressed as stimulation index values ± standard 
deviation (SI ± SD), where SI = measured counts / baseline counts.



132

Chapter 7                

Figure 5. Proliferation of T-cell clones and poly-
clonal line in response to FVIII. 
Clones 1D-1, 41A-1 and 41A-2 and a polyclonal T-
cell line from subject 41A were stimulated with 0, 
0.1, or 0.2 μg/mL of FVIII protein. [3H]thymidine 
uptake was measured in triplicate wells (data ex-
pressed as SI ± SD).

Binding of FVIII peptides to additional HLA-DR proteins
To determine which common HLA-DR proteins34 can effectively present FVIII peptides con-
taining the wild-type R593, the binding of FVIII589-608, FVIII589-608,593C, FVIII581-600, and 
FVIII581-600,593C to DR0101, DR0301, DR0401, DR1101, DR1104 and DR1501 proteins, 
which represent prevalent HLA-DR haplotypes in the Dutch and American study population, 
was measured. As summarized in Table 2, FVIII589-608 and FVIII589-608,593C bound to DR0101, 
DR1101 and DR1501. FVIII581-600 bound to DR1101, DR1104, and DR1501. These alleles are 
found in 33% of individuals in European and non-indigenous North American populations34. 
This suggests that a substantial fraction of hemophilia A patients with F8- R593C, those with 
DRB1*01, DRB1*11, or DRB1*15 haplotypes, may be at increased risk of inhibitor formation. 
Of course, additional alleles that were not tested in the present study may also be associated 
with increased inhibitor risk as well.

Figure 6. Cytokine secretion by 
T-cell clones and polyclonal line. 
Clones from subject 1D and 41A 
and a polyclonal T-cell line from 
subject 41A were stimulated 
with various concentrations of 
FVIII589-608 peptide for 48hr. 
Supernatants were collected and 
analyzed by ELISA to quantify 
interferon-γ, TNF-α , IL-4, IL-10 
and IL-17 secretion. Cytokines 
elicited at peptide concentrations 
of 10 μg/mL are shown, represent-μg/mL are shown, represent-g/mL are shown, represent-
ing averages from triplicate wells.
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Discussion

Inhibitory antibodies are the most severe complication affecting HA patients with access to 
FVIII replacement therapy. However, predicting inhibitor development for individuals remains 
challenging because risk factors include genetic and environmental components.35-43 Clinical 
and experimental evidence suggests that responses to FVIII in mild/moderately severe HA can 
be triggered by differences between endogenous and infused FVIII and can be potentiated by 
immune challenges.17,26 
This study of two unrelated HA subjects with established inhibitors (sharing the F8-R593C 
genotype and HLADRB1*1101 allele) demonstrated robust T-cell responses directed against an 
epitope that contains the wild-type FVIII sequence at the hemophilic mutation site. Mild HA pa-
tients would only be exposed to this epitope upon treatment or prevention of bleeding episodes 
by infusions with wild-type FVIII concentrates. Our experiments also showed that the in vitro 
binding affinity of the wild-type FVIII peptide containing R593 for DR1101 was stronger than 
that of several other peptides containing predicted high-affinity epitopes. In fact, there was only 
a weak correlation (R2=0.14) between the observed IC50 value and predicted binding score. 
These results indicate the importance of complementing epitope prediction methods with physi-
cal peptide-binding measurements and T-cell assays in order to obtain an accurate assessment 
of immunogenicity. Many FVIII peptides bound to DR1101 with high affinity but did not elicit 
T-cell responses, suggesting that both the mild HA subjects and nonhemophilic individuals have 
central tolerance to these sequences. Some of these sequences may, however, elicit immune 
responses in severe HA subjects with no circulating FVIII protein.
In agreement with previous studies of mild HA subjects16,17,44, the experimental results indi-
cate robust T-cell responses directed against an epitope that contains the wild-type sequence 
at the hemophilic mutation site. For subject 1D (Figure 1), analysis with a limited set of 
peptides revealed a high affinity T-cell response directed against FVIII589-608 and weaker re-
sponses directed against an overlapping peptide (FVIII581-600) and two distinct sequences 
(FVIII429-448 and FVIII469-488) which appeared to be of lower affinity. T-cell responses of sub-
ject 41A were queried using a much larger panel of overlapping FVIII peptides that spanned 
the FVIII A2, C1, and C2 domains (Figure 2), and FVIII589-608 again elicited a high affini-
ty response. Weaker, apparently low affinity responses were directed against FVIII421-440, 
FVIII581-600 and FVIII2187-2205. Expanded FVIII589-608-specific T cells from both HA subjects 
proliferated in response to FVIII protein, indicating that this peptide mimics a naturally pro-
cessed epitope. Although it is still possible that additional T-cell responses to regions of FVIII 
not tested here, e.g. the A1, A3 or B domains, may also contribute to FVIII immunogenic-
ity, our results suggest that high affinity HLA-DRB1*1101-restricted T-cell responses to an 
epitope within FVIII589-608 contributed to inhibitor formation in both of these HA subjects. 
Among the peptides that elicited positive responses, only FVIII589-608 had significantly higher 
staining for HA subjects (p=0.045) than for healthy control subjects. However, it should be
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noted that due to the limited number of HA subjects analyzed, there were insufficient data to 
conclude that responses to FVIII589-608 occur only in hemophilic subjects with inhibitors. In 
fact, in a previous study of brothers who shared the DR0101 haplotype and had mild HA due to 
the A2201P missense genotype, both subjects had T-cell responses to the same peptide (which 
included the mutation site) even though they were discordant for inhibitor development.18 How-
ever, T-cell clones isolated from their blood had distinctly different phenotypes, and IgG con-
centrated from plasma donated by the “non-inhibitor” brother had a measurable Bethesda titer, 
indicating he in fact had a circulating but sub-clinical inhibitor.18,44 Therefore, there is accumu-
lating evidence that T-cell responses such as those characterized here indicate the presence of 
anti-FVIII antibodies, although actual titers may vary significantly.
T-cell help can drive development and maturation of antibody responses. T cells can also exhibit 
regulatory phenotypes, including FoxP3 expression, anergy, and IL-10 secretion.45 Therefore, 
analysis of tetramer-stained, FVIIIspecific T-cell clones and the polyclonal T-cell line included 
quantification of representative Th1 and Th2 cytokines, IL-10, and IL-17. FVIII-specific T cells 
from both inhibitor subjects secreted robust levels of interferon-γ and detectable TNF-α, IL-4, 
and IL-10, with Th1/Th2 ratios suggesting variable degrees of Th1- polarization. This is consis-
tent with previous observations that interferon-γ and IL-4 are both secreted by FVIII-stimulated 
CD4+ T cells from inhibitor subjects.46 A recent study using a HA mouse model suggested 
that Th1-polarization was associated with tolerance.47 A study of a mild HA subject44 showed 
that HLA-DRB1*0101-restricted T-cell clones isolated two years after inhibitor formation were 
strongly Th2-polarized, while clones isolated at earlier time points secreted interferon-γ and 
IL-17. Another study of human inhibitor responses concluded that Th2-driven inhibitors occur 
when the anti-FVIII antibody response is intense, whereas Th1 cells may be involved in the 
long-term maintenance of anti-FVIII antibody synthesis.48 Additional studies evaluating chang-
es in T-cell phenotypes and responses over time, particularly in subjects matched by disease 
severity, genetic characteristics including FVIII genotype and HLA haplotype, and treatment 
regime, are needed to determine mechanisms leading to tolerance versus high-titer anti-FVIII 
antibodies.
Initial T-cell proliferation experiments revealed the existence of an epitope within the 
FVIII589-608 peptide. Although responses of the single clone obtained from subject 1D were not 
as vigorous as those of the cells isolated from subject 41A, proliferation assays indicated robust 
responses to FVIII592-603 for all three clones and for the polyclonal line. Their proliferation was 
less pronounced in response to FVIII594-603, highlighting the importance of the R593 residue. 
The experimental results and prediction algorithms both indicated that F594 occupies position 
1 in the DR1101 peptide-binding groove, while N597, A599 and Q602 fit into the pockets at 
positions 4, 6 and 9, and adjacent and intervening side chains project outward to interact with 
T-cell receptors.49 
Interestingly, all three expanded T-cell clones and the polyclonal line proliferated in response 
to the hemophilic FVIII589-608,593C peptide, despite the fact that neither primary nor cloned
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T cells were stained by tetramers loaded with this peptide, suggesting a lower-avidity interac-
tion of T cells with tetramers or antigen-presenting cells when the hemophilic peptide was pre-
sented on the DR1101 surface. Peptide affinities for DR1101 are determined by the fit of peptide 
“anchor” residues into specific pockets in the class II binding groove, whereas tetramer staining 
of cells has the additional requirement that the DR1101-peptide complex be recognized by the 
T-cell receptor on the surface of the responding T cell. Residue 593 is adjacent to the classic 
9-residue class II binding motif, but it clearly contributes to binding affinities. The results imply 
that although the tetramer loaded with the hemophilic peptide was less effective in staining 
the T cells (so that labeled cells were below the threshold for a “tetramer-positive” response) 
this lower-avidity interaction was nevertheless strong enough to stimulate T-cell proliferation. 
This raises the possibility that T cells initially activated by wild-type FVIII can cross-react with 
wild-type and hemophilic FVIII. This cross-reactivity at the T-cell level may be analogous with 
cross-reactivity seen at the B-cell level for both subjects, whose inhibitors neutralized their en-
dogenous FVIII. Cross-maintenance of FVIII589-608-specific T cells by the endogenous peptide/
protein containing the substitution R593C may also contribute to the persistence of immune 
responses to FVIII; indeed, inhibitors and epitope-specific T-cell responses to FVIII have been 
observed in mild HA subjects even years after their last infusion.17,44 
Peptide affinities for a series of HLA-DR proteins indicated that DR0101, DR1104, and 
DR1501, but not DR0301 and DR0401, can present FVIII peptides containing R593. This re-
inforces previous suggestions that while HLA haplotypes are not a general risk factor for in-
hibitor development, certain combinations of FVIII genotype and HLA haplotype may confer 
an increased risk.7,50 In the American and Dutch cohorts of F8-R593C hemophilia subjects (69 
total subjects) nine of the ten (90%) inhibitor subjects had DRB1*01, DRB1*11, or DRB1*15 
haplotypes, while 26 of the 59 (44%) subjects without inhibitors had these haplotypes7 (unpub-
lished data). These alleles are found in 33% of individuals in European and non-indigenous 
North American populations.34 Fisher’s exact probability test indicates that this is a significant 
increase (p-value= 0.0076) in inhibitor risk for subjects with these alleles, as compared to all 
other class II HLA types. However, these results should be replicated using larger populations 
and accounting for confounding factors such as intensity of treatment9 and genetic determinants 
such as IL-1036 and TNF-α38 polymorphisms, before drawing firm conclusions about HLA-
associated inhibitor risks. 
T-cell responses to FVIII were characterized for two unrelated individuals in this study. Both 
demonstrated Th1-polarized responses (with accompanying low-level IL-4 secretion) directed 
against a common HLA-DRB1*1101-restricted epitope, supporting the notion that T-cell re-
sponses to epitopes that contain the hemophilic substitution site contribute to inhibitor forma-
tion in mild/moderately severe HA. These T cell responses may occur whenever epitopes con-
taining the wild-type sequence at a missense site are bound to and presented by particular DR 
proteins at the surface of an antigen-presenting cell. Knowledge of HLArestricted T-cell epit-
opes in FVIII and their binding affinities for HLA-DR and possibly other MHC class II proteins
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should improve predictions of inhibitor risk. Only certain MHC class II proteins on the surface 
of antigen-presenting cells will be capable of effectively presenting particular FVIII peptides. 
Additionally, the characterization of immunodominant FVIII T-cell epitopes and T-cell respons-
es will facilitate rational modifications of FVIII, e.g. amino acid substitutions at residues shown 
to be critical for the interaction with particular MHC Class II molecules. Such FVIII sequence 
modification could prevent effective epitope presentation and subsequent T-cell activation. This 
approach should be particularly promising to develop less immunogenic proteins to treat bleed-
ing in individuals with HA genotypes that are associated with increased inhibitor risk.
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Protein therapeutics are widely used in the clinic for treatment of various conditions. Therapeu-
tic proteins include recombinant cytokines for immune modulation, hormones such as insulin 
for treatment of diabetes, monoclonal antibodies for the treatment against tumors or autoim-
mune disorders and blood factors to control haemostasis. A potential side-effect which often 
complicates treatment with therapeutic proteins is the development of antibodies against the 
administered protein. Upon administration of a therapeutic protein it is either recognized as a 
“self” protein or a “non-self” protein by the recipients’ immune system. Antibody formation 
against therapeutic self-proteins can occur, provided that immune tolerance for this protein is 
overruled. Such could be the case if the protein possesses immunostimulatory properties. Ad-
ministration of proteins that are completely, or even partly, non-self is more likely to result in 
the formation of antibodies, since immune tolerance for this protein has not been established in 
the recipient.
The development of FVIII-neutralizing antibodies (inhibitors) is a severe, sometimes even life-
threatening complication in the treatment of hemophilia A patients with intravenously admi-
nistered FVIII. Hemophilia A is an X-chromosome-linked bleeding disorder caused by a reduc-
tion in plasma concentration or dysfunction of coagulation factor VIII (FVIII). Patients can be 
classified into groups based on residual FVIII activity in the circulation. Severe hemophilia A 
patients have less than 1% residual FVIII in the circulation, moderate hemophilia A patients 
between 1% and 5% and patients with FVIII levels between 5% and 25% are classified as mild 
hemophilia A patients. The risk of inhibitor formation after prophylactic treatment with FVIII is 
25% in the severe group, which is higher than in the other groups. A possible explanation is that 
because of the lower endogenous FVIII levels, FVIII is more likely to be recognized as non-self. 
However, severe hemophilia A patients generally require more intensive treatment, which also 
increases the risk of inhibitor formation.1 Inhibitor formation in patients with mild or mode-rate 
hemophilia A is much less frequent, but can occur in patients with certain FVIII missense muta-
tions, for instance at positions 593, 2150 or 2201. These groups of patients have endogenous 
levels of FVIII to which their immune system has established tolerance. Several studies have 
revealed that B-cell and T-cell responses against the administered FVIII in these patients are 
directed against a single epitope consisting of the amino acid that is different from the patients’ 
endogenous FVIII.2-6 In cases where the CD4+ T-cell response against FVIII is directed against 
a single region, the possibility that this response is restricted to certain MHC class II alleles 
becomes greater. Previous studies have suggested weak associations between MHC haplotypes 
and inhibitor formation.7-9 However, MHC haplotypes often failed to reach a statistically sig-
nificant correlation with inhibitor formation. This is most likely due to the large diversity in 
MHC alleles compared to the relatively small amount of inhibitor patients included in the stud-
ies. The presentation of FVIII peptides on MHC class II is an essential part of the activation of 
CD4+ T cells by antigen-presenting cells (APCs). In this thesis we describe the events that take 
place during recognition of FVIII by APCs and subsequent activation of FVIII-specific T cells. 
In Chapter 3 we address the mechanism of endocytosis of FVIII by human monocyte-derived
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dendritic cells. Endocytosis of FVIII could be inhibited by binding of monoclonal antibody 
KM33 to the C1 domain of FVIII. The importance of the C1 domain of FVIII in its endocytosis 
was further investigated in Chapter 4. Substitutions of three residues in the C1 domain, at posi-
tions 2090, 2092 and 2093, to alanine residues almost completely diminished the endocytosis of 
FVIII by dendritic cells (DCs) as well as macrophages. This variant also induced less antibody 
formation in hemophilic mice than wild-type FVIII did. Human DCs were also used in Chapter 
5 to assess which FVIII peptides are presented on MHC class II after endocytosis. The results 
from this chapter revealed that there are regions in the FVIII molecule that are commonly 
presented by multiple donors with different HLA haplotypes. Additionally, some regions were 
presented in a donor-specific manner. The presentation of these FVIII peptides on MHC class 
II is not only dependent on donor HLA type, but also strongly depends on other factors, such as 
cell type and the presence of antibodies bound to FVIII, as shown in Chapter 6. In Chapter 7 we 
used recombinant MHC class II tetramers to identify FVIII-specific T cells in 2 unrelated mild 
hemophilia A patients. In this chapter our findings are discussed and placed in perspective with 
respect to recent findings from other studies.

Endocytosis of FVIII

In Chapter 3 we investigated the role of the endocytic receptors Low Density Lipoprotein Re-
ceptor-Related Protein (LRP), Macrophage Mannose Receptor (MR) and Dendritic Cell-Spe-
cific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN). Although we show 
that FVIII is able to bind to each of these receptors, we also showed that there is no contribution 
of these receptors to the endocytosis of FVIII. SiRNA-mediated knockdown of each of these 
individual receptors did not lead to a significant reduction in FVIII endocytosis. Moreover, 
simultaneous knockdown of all three receptors also did not affect the endocytosis of FVIII. 
This is partly in disagreement with other publications regarding the role of these receptors.10,11 
The role of LRP in the endocytosis of FVIII is quite clear. LRP is crucial for the clearance of 
FVIII from the circulation12 and is also expressed on APCs (chapter 3). Both the results from 
chapter 3 and results published by Dasgupta and co-workers, however, indicate that LRP is not 
important for the endocytosis of FVIII by APCs.10 The role of MR remains more controversial. 
Endocytosis of FVIII by APCs has been proposed to be mediated through its surface exposure 
of non-sialylated mannose-ending sugar moieties. As described previously, FVIII is a heavily 
glycosylated molecule13, with most of the sugar moieties present on FVIII shown to be bian-
tennary core-fucosylated carbohydrates, with sialylated termini. These carbohydrates are usu-
ally not recognized by C-type lectins. There are, however, two carbohydrate structures, in the 
A1 domain and in the C1 domain, which were shown to be non-sialylated oligomannose-type 
structures. Figure 1 depicts a model of FVIII with the oligomannose carbohydrate structures at 
positions 429 and 2118. These mannose residues were proposed to engage in an interaction with
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MR, leading to internalization of FVIII by APCs and subsequent activation of FVIII-specific 
CD4+ T cells.11 Such a direct involvement of MR seems unlikely, given the fact that siRNA-
mediated knockdown of MR on DCs does not significantly reduce the endocytosis of FVIII. 
An indirect role for MR is still possible, since we have shown that FVIII is able to bind to MR 
(Chapter 3). In fact, an indirect role for DC-SIGN cannot be excluded either. Both receptors 
are capable of binding to FVIII, albeit with a rather low affinity. Our data do conclude that an 
indirect involvement of MR or DC-SIGN in the endocytosis of FVIII, although possible, is very 
unlikely, because in the absence of these receptors FVIII is still internalized. Although the exact 
mechanism of FVIII endocytosis was not identified in this thesis, we have established that the 
endocytosis is mediated through the C1 domain of FVIII. Human monoclonal antibody KM33, 
which binds to the C1 domain of FVIII, was able to diminish the internalization of FVIII by 
APCs, whereas an antibody directed against the A2 domain, VK34, did not reduce the internal-
ization of FVIII.

Figure 1. Targets for endocytosis by APCs present in the structure of FVIII. 
A representation of the FVIII molecule lacking the B-domain, derived from the molecular structure pub-
lished by Ngo et al33. Two non-sialylated N-linked carbohydrate structures that have been reported to be 
present at position Asn429 (A1 domain) and Asn2118 (C1 domain)13 were modeled using the glycam 
webserver (http://glycam.ccrc.uga.edu/ccrc/). The carbohydrates are depicted as core-fucosylated high 
mannose structures. The side chains of residues Arg2090, Lys2092 and Phe2093 are depicted in red to 
indicate that these amino acids are essential for the endocytosis of FVIII.
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The inhibitory effect of KM33 can be attributed to the shielding of C1 domain residues Arg2090, 
Lys2092 and Phe2093. Residues Lys2092 and Phe2093 have previously been established as part 
of the KM33 epitope.14 A FVIII variant containing alanine substitutions at these two positions 
is significantly reduced in endocytosis (Chapter 4), but not to the extent of reduction seen when 
FVIII is complexed to KM33. An additional alanine substitution at position 2118, the glycosy-
lation site in the C1 domain, did not further reduce the endocytosis of FVIII (data not shown). 
This implies that the mannose-containing carbohydrate structure at position 2118 is not essen-
tial for FVIII endocytosis. The C1 amino acids which were substituted for alanines are indicated 
in red in Figure 1. This figure shows that the substituted amino acids are in a solvent-exposed 
loop in the C1 domain, on the opposite side of the C1 domain from the carbohydrate structure 
at position 2118, which resides at the interface between the A3 domain and the C1 domain. An 
alanine substitution at position 2090, in addition to the ones at positions 2092 and 2093 showed 
a further reduced binding to antibody KM33 and further reduced the endocytosis to nearly com-
plete inhibition as well. This triple variant also induced significantly less anti-FVIII antibodies 
than wild-type FVIII after five subsequent intravenous administrations into hemophilic mice. 
In summary, the data presented in Chapter 3 and 4 show that a FVIII variant bearing mutations 
at positions 2090, 2092 and 2093 retains substantial procoagulant activity, but is less immuno-
genic than wild-type FVIII, by virtue of its reduced endocytosis by APCs.

Presentation of FVIII peptides on MHC class II

An important step in the formation of FVIII inhibitors following FVIII endocytosis by APCs 
is the presentation of FVIII peptides on MHC class II. APCs are able to activate FVIII-specific 
CD4+ T cells by surface expression of FVIII peptides on MHC class II in combination with 
co-stimulatory molecules, such as CD80, CD83 and CD86, and secretion of pro-inflammatory 
cytokines, such as IL-12. Presentation of FVIII peptides on MHC class II requires FVIII to 
be proteolytically degraded and targeted to the appropriate intracellular vesicle for loading on 
MHC class II molecules. Upon endocytosis, internalized antigens, such as FVIII, can be tar-
geted to different endosomal subsets.15 The endosomal destination determines whether the an-
tigen is completely degraded or presented on MHC class II or cross-presented on MHC class 
I16. Endocytosis of FVIII leads to the presentation of many different FVIII peptides on MHC 
class II (Chapter 5). Various prediction algorithms are available that can predict which FVIII 
peptides are capable of fitting in the peptide-binding groove of any particular MHC class II 
molecule. Prediction of the MHC class II-binding regions present in the complete sequence 
of FVIII, comprising of 2332 amino acids, results in between 40 and 60 different amino acid 
regions that are capable of binding to MHC class II, depending on the haplotype analyzed 
and the algorithm that is used (not shown). These predictions are based entirely on the pos-
sibility of a peptide to interact with key amino acids in the β-chain of the MHC molecule
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and does not account for other important parameters, e.g., availability of peptides after proteo-
lytic degradation, antigenic competition for available MHC molecules or modifications in the 
protein such as glycosylation. Therefore, a different method of analyzing the presentation of 
FVIII peptides is necessary. 
In previous studies T-cell responses were analyzed by measuring in vitro proliferation of periph-
eral blood mononuclear cells upon addition of different FVIII peptides.17-19 These studies are 
difficult to interpret, since no stimulation threshold was defined for specific stimulation versus 
aspecific stimulation. The interpretation is particularly difficult because in some cases patients 
without inhibitors have a stronger T-cell response than patients with inhibitors18 and in all cases 
the strongest response was observed in healthy individuals. Moreover, the patients in these stu-
dies were not characterized in terms of FVIII mutations or MHC class II haplotype. 
In Chapter 5 we have set up a different method to identify potential CD4+ T-cell epitopes with-
in FVIII. We used a mass-spectrometry approach to identify which peptides are presented on 
MHC class II after endocytosis of FVIII by in vitro generated DCs. Figure 2 shows that per 
donor not 40-60 different FVIII regions are presented, but rather between 10 and 20 different 
regions. The presentation of FVIII peptides is, as expected, haplotype dependent. Donors with 
a different MHC haplotype present different FVIII peptides. There are, however, some regions 
within FVIII which are HLA-promiscuous and can therefore be presented by multiple donors. 
Examples of such regions are A2 residues 462-470, A3 residues 1775-1783 and C2 residues 
2260-2268. Closer inspection of Figures 5 and 6 in Chapter 5 show that these regions are also 
presented more abundantly than other regions. This suggests that there is a preference for the 
presentation of HLA-promiscuous peptides, possibly due to the fact that these regions can in-
teract with both MHC class II alleles of the donor. The data from Chapter 5 provide important 
information regarding the immunogenicity of FVIII and may facilitate the further identification 
of FVIII-specific CD4+ T cells in hemophilia A patients. In addition, the data from Chapter 
5 suggest that donor MHC haplotype is not the only parameter that determines which FVIII 
peptides are presented. Donors A and D are almost haplo-identical, but present a different re-
pertoire of FVIII peptides. Figure 5 of Chapter 5 also shows that, although the reproducibility 
of our findings within multiple experiments performed on material from one donor is high, there 
is some variation in the spectrum of FVIII peptides presented. Therefore, we aimed to identify 
additional parameters that can influence the presentation of FVIII. 
In Chapter 6, we established that, in one donor, in vitro generated DCs are more capable 
of presenting FVIII peptides than in vitro generated macrophages, despite the fact that 
both cell types are equally capable of internalizing FVIII. A possible explanation is that 
FVIII is targeted to different endosomal subsets after endocytosis by macrophages as com-
pared to DCs. This experiment should be repeated in multiple donors to confirm the re-
levance of this finding. Not only the amount of presented FVIII peptides was reduced, but 
the peptides presented by macrophages were derived from different regions than those pre-
sented by DCs as well. This finding could have important implications for in vitro research
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Figure 2. Distribution of FVIII core peptides in eight different donors. 
Different core peptides are presented by different donors. FVIII-derived MHC class II peptides are rep-
resented as rectangles for each individual donor. The sequences that are common between two or more 
donors are depicted in color coding as explained in the figure . The different FVIII domains and the loca-
tion of the peptides are depicted schematically.
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regarding inhibitor formation. Most in vitro studies investigating FVIII-specific T-cell activation 
are performed using DCs.11,20,21 In vivo studies, however, have implied splenic macrophages as 
the most important cell type that internalizes FVIII upon intravenous administration in mice.22 
The monocyte-derived macrophages used in our studies may not be phenotypically similar to 
the macrophages present in the spleen. It would be interesting to identify FVIII peptides pre-
sented in vivo by splenic macrophages in order to confirm the relevance of our in vitro find-
ings. 
Another finding revealed in Chapter 6 is that recognition of FVIII in complex with a mono-
clonal antibody changes the way in which FVIII is processed intracellularly by DCs, leading 
to changes in the presentation of FVIII peptides. Human monoclonal antibody KM33 inhibits 
FVIII endocytosis, as described above. Endocytosis of FVIII-KM33 complex by DCs leads to 
a significant reduction of the amount of FVIII peptides presented on MHC class II. Interest-
ingly, the remaining FVIII peptides that were presented were all derived from the FVIII heavy 
chain. In contrast, endocytosis of FVIII in complex with VK34, a human monoclonal antibody 
directed against the heavy chain which does not reduce FVIII endocytosis, leads to the presenta-
tion of almost exclusively FVIII light chain peptides. It appears that the binding of an antibody 
to either the heavy or the light chain of FVIII reduces the ability of this chain to be presented on 
MHC class II. A possible explanation could be that the FVIII heavy and light chains dissociate 
after endocytosis, resulting in different targeting or processing if an antibody is bound to the 
chain. To test this, FVIII endocytosis should be performed in complex with a larger variety of 
antibodies and intracellular trafficking of FVIII should be visualized by confocal microscopy.
Presentation of FVIII peptides on MHC class II is not only affected by the presence of an an-
tibody on FVIII, but can also be affected by the presence of certain cytokines. The cytokine 
environment is an important factor in the regulation of proteolytic activity inside APCs. IL-4, 
TNF-α, IL-6 and IL-1β induce the activity of cathepsins B and S in DCs and macrophages23-25, 
whereas IL-10 is able to reduce the activity of these proteases23 IFN-γ is in turn able to induce 
the activity of cathepsins B, S and L and of Gamma-IFN-inducible-lysosomal thiol reductase 
(GILT).26,27 The results in Chapter 6 show that some of these cytokines have an effect on the 
presentation of FVIII peptides by DCs. In particular, IL-10 induces large differences in the effi-
cacy of presentation of many peptides. These differences, however, did not affect any particular 
region of FVIII. DCs maturated in the presence of LPS and IL-10 are capable of presenting the 
same FVIII epitopes as DCs treated with LPS alone, which, in combination with their reduced 
expression of CD80, 83 and 86, makes IL-10-treated DCs an interesting tool for immune toler-
ance induction. 
The results shown in Chapters 5 and 6 were obtained using 8 different donors. Figure 2 sum-
marizes all the different FVIII epitopes presented on MHC class II by these donors. Not all 
these epitopes will lead to a CD4+ T-cell response in patients with corresponding MHC class 
II haplotype. This is dependent on the T-cell receptor repertoire present in the patient. Sev-
eral studies have identified and cloned FVIII-specific CD4+ T cells derived from hemophilia A
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patients. Some of the T-cell responses described in those studies were directed against one of the 
potential FVIII epitopes described in Figure 2.3,5,6,28,29 The reason that not all peptides from Fig-
ure 2 have been shown to elicit a T-cell response is that, in general, the search for T cells against 
FVIII in hemophilia patients has led to the identification of only a single epitope in each patient. 
This observation suggests that T-cell responses against FVIII in vivo are low in clonal diversity, 
which is probably incorrect. Most of the T-cell epitopes were identified in mild or moderate 
hemophilia A patients with a missense mutation. As mentioned earlier, in these patients the 
T-cell responses are likely to be directed against a single epitope encompassing the area of the 
mutation. The studies that identify FVIII-specific T cells in mild or moderate hemophilia A 
patients have so far confirmed this hypothesis.3,5,28 The T-cell repertoire of severe hemophilia A 
patients is most probably higher in clonal diversity and therefore also in epitope diversity. The 
dilemma that one faces when trying to determine the antigen-specific T-cell epitope diversity in 
a patient is that this diversity is subject to clonal selection by competition.30,31 As an anti-FVIII 
immune response progresses, T cells have to compete with each other for available cytokines 
and antigen. Absence of these factors induces apoptosis32, so competition for antigen and FVIII 
leads to loss of diversity. This notion makes it very likely that the repertoire of FVIII-specific T 
cells in hemophilia A patients is dependent on time after first exposure to exogenous FVIII and 
amount of re-exposures. 

Figure 3. Tetramer analysis of FVIII-specific CD4+ T cells in a patient with severe hemophilia 
Lymphocytes were stimulated with overlapping synthetic peptides spanning the entire A2, C1 and C2 
domain of FVIII. FVIII-specific CD4+ T cells were subsequently analyzed by flow cytometry with fluo-
rescent MHC class II tetramers (DRB1*0701) loaded with each individual peptide. The left panel shows 
the 4 peptides against which FVIII-specific T cells were directed, as indicated by the tetramer-positive 
population of cells in quadrants Q2-1 (approximately 1% positivity). A representative negative finding is 
depicted in the right-hand sided panel.
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To illustrate the polyclonal nature of an anti-FVIII T-cell response in severe hemophilia A pa-
tients, we have used DRB1*0701 tetramers to screen T cells from a severe hemophilia A patient 
for T cells directed against peptides in the A2, C1 or C2 domain. Overlapping peptides spanning 
these entire domains were loaded on fluorescent tetramers to identify T cells by flow cytometry. 
Figure 3 shows that this patient had T cells reactive against 4 different FVIII peptides. A rep-
resentative negative staining was also shown. Of the four positively identified epitopes in this 
patient, one epitope corresponds to a peptide identified in Figure 2. It is possible that the other 
3 epitopes are specifically presented by DRB1*0701, since none of the donors that have been 
HLA-typed in Figure 2 have this allele. The T cells used in this assay were derived from blood 
drawn approximately one year after the peak antibody titer. It would be interesting to investigate 
whether earlier blood donations contain T cells directed against additional FVIII epitopes to the 
ones identified here.

Future directions and concluding remarks 

Tolerizing strategies to prevent or reduce the occurrence of inhibitors in hemophilia A patients 
are developing rapidly. Some of these strategies are very expensive, such as immune tolerance 
induction (ITI) and treatment with bypassing agents. Other potential tolerization strategies in 
development, such as gene therapy, can be very invasive for the patient. In this thesis, we show 
evidence that several more cost-effective and less invasive tolerizing strategies are feasible. The 
creation of FVIII variants with reduced immunogenicity seems the most promising strategy. A 
FVIII variant was created in Chapter 4 which induced significantly lower anti-FVIII antibody 
titers than wild-type FVIII. This variant with reduced immunogenicity still induces inhibitor 
formation in vivo, though significantly less than wild-type FVIII. To completely understand 
why this variant is reduced in its immunogenicity and how to completely abolish inhibitor 
formation, the exact mechanism of FVIII endocytosis by APCs should be further uncovered, 
including all the membrane components on the surface of APCs that actually contribute to this 
process. Further analysis of MHC class II-presented FVIII peptides should include donors that 
are homozygous for HLA-DR alleles to further dissect the unique properties of each HLA-DR 
complex for binding to specific FVIII peptides. Analysis of HLA-restrictions for the presen-
tation of FVIII peptides could be used to define and subsequently alter “dangerous” regions 
within FVIII that are presented in an HLA-promiscuous manner and therefore possess a large 
potential for CD4+ T-cell activation. The results presented in this thesis could lead to new strate-
gies for intervention of inhibitor formation in patients with hemophilia A.
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Hemophilia A is an X chromosome-linked bleeding disorder caused by a reduction or com-
plete absence of coagulation factor VIII (FVIII). The bleeding tendency in patients suffering 
from hemophilia A can be treated by regular intravenous administrations of FVIII. A severe 
complication that occurs in approximately 30% of hemophilia A patients is the recognition of 
administered FVIII as “non-self” by the recipients’ immune system, leading to the formation 
of FVIII-neutralizing antibodies. These antibodies are often referred to as “inhibitors”. The 
formation of inhibitors renders regular prophylactic treatment with FVIII ineffective, due to 
inactivation of FVIII and rapid clearance from the circulation. Although some treatment-related 
and genetic determinants have been identified as risk factors for the development of inhibitors, 
only a limited amount of knowledge is available regarding how and when the patients’ immune 
system deals with administered FVIII, leading to inhibitor formation in one patient and mainte-
nance or establishment of tolerance towards FVIII in another patient. 
Inhibitors are mostly high-affinity antibodies of the IgG isotype. The formation of these anti-
bodies requires somatic hypermutation and class-switching of immunoglobulin genes by FVIII-
specific B cells, which is controlled by their activation by FVIII-specific CD4+ T cells. The 
activation of these T cells is in turn dependent on the recognition of FVIII-derived peptides 
presented on MHC class II by antigen-presenting cells, in combination with recognition of co-
stimulatory signals received from the antigen-presenting cell. The aim of the studies presented 
in this thesis was to dissect the mechanisms of FVIII endocytosis and presentation on MHC 
class II by antigen-presenting cells, with the intention to provide new targets for modulation of 
inhibitor formation in hemophilia A patients.
In Chapter 1 general background regarding the formation of inhibitors is presented. This chapter 
summarizes the current knowledge on the risk factors for inhibitor formation and highlights the 
basic features of a humoral immune response. The role of antigen-presenting cells (APCs) in 
the initiation of a humoral response against FVIII is further reviewed in Chapter 2. This chapter 
describes the current knowledge regarding the endocytosis and presentation of FVIII on MHC 
class II by APCs.
We have studied the contribution of several endocytic receptors to the endocytosis of FVIII by 
APC in Chapter 3. Our results show that macrophage mannose receptor (MR), DC-SIGN and 
Low Density Lipoprotein Receptor-Related Protein (LRP) are able to bind FVIII, but do not 
significantly contribute to the endocytosis of FVIII by human dendritic cells. We were able to 
block the endocytosis of FVIII almost completely using human monoclonal anti-FVIII antibody 
KM33, which is directed against the C1 domain of FVIII. A control antibody directed against the 
A2 domain of FVIII, VK34, did not block FVIII endocytosis. This implies that KM33 shields 
a region in the C1 domain of FVIII that mediates its endocytosis by dendritic cells. This result 
was confirmed in vivo, using hemophilic mice. Antibody KM33 was able to protect these mice 
from inhibitor formation upon repeated infusions of FVIII, whereas the presence of antibody 
VK34 did not affect inhibitor formation. 
Following up on Chapter 3, we pursued the identification of the C1 residues that are shielded
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by KM33, to find out whether these residues mediate FVIII endocytosis. In Chapter 4 we have 
constructed a FVIII variant with alanine substitutions at positions 2090, 2092 and 2093 in the 
C1 domain of FVIII. This variant, which shows minimal binding to KM33, is internalized sig-
nificantly less than wild-type FVIII by murine dendritic cells. Repeated infusions of this FVIII 
variant into hemophilic mice also induces significantly less formation of inhibitors than wild-
type FVIII.
The next three chapters address events downstream of FVIII endocytosis in the process of in-
hibitor formation. These chapters describe the requirements for presentation of FVIII peptides 
on MHC class II and the recognition of presented FVIII peptides by FVIII-specific CD4+ T 
cells. In Chapter 5 we introduce a novel assay to identify peptides presented on MHC class II 
by human monocyte-derived dendritic cells, using mass spectrometry. We were able to show 
that dendritic cells present peptides derived from endogenous proteins as well as internalized 
proteins. Endocytosis of FVIII leads to the presentation of FVIII peptides in a donor-dependent 
manner. Some peptides were presented by multiple donors, while other peptides were presented 
only by a single donor. This donor-dependent presentation of FVIII peptides can be explained 
by differences in HLA haplotype. In Chapter 6 we show that environment-related factors are 
also able to influence the presentation of FVIII peptides. Dendritic cells appear to present FVIII 
peptides more efficiently than macrophages, despite the fact that these cell types are capable 
of internalizing FVIII to a similar extent. The presence of antibodies in complex to FVIII also 
influences the efficacy of FVIII presentation. Complex formation of FVIII with FVIII-heavy 
chain-directed antibody VK34 induces a preferential presentation of light chain-derived pep-
tides on MHC class II, whereas complex formation with light chain-antibody KM33 results in 
the presentation of exclusively heavy chain-derived peptides. The presence of several cytokines 
such as IFN-γ, IL-6 and IL-10 during the maturation of dendritic cells also leads to alterations 
in the preferences for presentation of FVIII peptides.
In Chapter 7 we used recombinant MHC class II tetramers to identify FVIII-specific CD4+ T 
cells in two unrelated mild hemophilia A patients with FVIII missense genotype Arg593Cys. 
Both patients in this study had a DRB1*1101-restricted T-cell response to a FVIII peptide con-
sisting of residues 589-608, which contains the hemophilic missense site. These results are con-
sistent with earlier findings that CD4+ T cells in mild hemophilia A patients are directed against 
a region consisting of the area of the genetic FVIII mutation. In Chapter 8 the major findings of 
this thesis and potential implications are discussed and perspectives for future research to study 
the etiology of inhibitor formation are provided.
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Hemofilie A is een X-chromoom gebonden afwijking van het bloedstollingssysteem die wordt 
veroorzaakt door een tekort aan of afwezigheid van stollingsfactor VIII (FVIII). De bloedings-
neiging die ontstaat in patienten met hemofilie A kan worden behandeld met intraveneuze 
toedieningen van FVIII. Een ernstige bijwerking die voorkomt in bij benadering 30% van de 
hemofilie A patienten is het herkennen van het toegediende FVIII als lichaamsvreemde stof 
door het immuunsysteem van de patiënt, hetgeen resulteert in de vorming van FVIII-remmende 
antistoffen. Deze antistoffen worden vaak “remmers” genoemd. Door de vorming van remmers 
is profylactische behandeling met FVIII niet langer effectief, als gevolg van de inactivatie van 
FVIII en de snellere klaring uit de bloedsomloop. Hoewel er verschillende genetische en be-
handelingsgerelateerde factoren zijn geïdentificeerd als risicofactoren voor remmervorming, is 
er weinig kennis beschikbaar over hoe en onder welke omstandigheden het afweersysteem van 
hemofilie A patienten het toegediende FVIII herkent en hoe dit in sommige patiënten kan leiden 
tot remmervorming en in andere patïenten kan leiden tot tolerantie voor FVIII. 
Remmers zijn veelal antistoffen van het IgG isotype, met een hoge affiniteit voor FVIII. Voor de 
productie van dergelijke antistoffen is somatische hypermutatie en recombinatie van immuno-
globuline genen door FVIII-specifieke B cellen vereist. Deze processen worden geïnitïeerd door 
de activatie van deze B cellen door FVIII-specifieke T cellen. De activatie van deze T cellen 
is op zijn beurt afhankelijk van de herkenning van FVIII-afgeleide peptiden gepresenteerd op 
MHC klasse II door antigeen-presenterende cellen (APC’s), in combinatie met de herkenning 
van co-stimulatoire signalen afkomstig van de APC. 
Het doel van dit proefschrift is om de mechanismen van FVIII endocytose en presentatie op 
MHC klasse II door antigeen-presenterende cellen te onderzoeken, met de bedoeling om nieuwe 
targets voor de modulatie van de remmervorming in hemofilie A patiënten te identificeren. In 
Hoofdstuk 1 wordt in algemene achtergrondinformatie voorzien met betrekking tot de vorming 
van remmers. In dit hoofdstuk wordt de huidige kennis over de risicofactoren voor remmervor-
ming samengevat en worden de basisfuncties van een humorale immuunrespons weergegeven. 
De rol van APC’s in de totstandkoming van een humorale respons tegen FVIII wordt verder 
toegelicht in Hoofdstuk 2. Dit hoofdstuk beschrijft de huidige kennis over de endocytose en de 
presentatie van FVIII op MHC klasse II door APC’s.
In Hoofdstuk 3 wordt de bijdrage van verschillende receptoren aan de opame van FVIII door 
APC’s onderzocht. Onze resultaten geven weer dat zowel de macrophage mannose receptor 
(MR), DC-SIGN en de Low Density Lipoprotein Receptor-Related Protein (LRP) in staat zijn 
om FVIII te binden, maar niet significant bijdragen aan de opname van FVIII door humane 
dendritische cellen. De opname van FVIII kon wel worden geremd door een monoclonale anti-
FVIII antistof genaamd KM33, gericht tegen het C1 domein van FVIII. Een controle antistof 
gericht tegen het A2 domein van FVIII, genaamd VK34, was niet in staat om de opname van 
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FVIII te remmen. Deze resultaten suggereren dat KM33 een belangrijke regio in het C1 domein 
van FVIII afschermt die de opname door dendritische cellen medieert. Deze resultaten zijn 
bevestigd in vivo, gebuik makend van een hemofilie A muizenmodel. De aanwezigheid van 
antistof KM33 in de circulatie van deze muizen was in staat om deze muizen te beschermen te-
gen remmervorming na herhaalde toedieningen van FVIII, terwijl de aanwezigheid van antistof 
VK34 geen invloed had op de remmervorming. 
Als vervolg op de in Hoofdstuk 3 gepresenteerde resultaten, zijn we op zoek gegaan naar de 
residuen in het C1 domein van FVIII die worden afgeschermd door KM33, om te bepalen of 
deze residuen de opname van FVIII door dendritische cellen mediëren. In Hoofdstuk 4 hebben 
we een FVIII variant gemaakt waarin C1 residuen 2090, 2092 en 2093 zijn vervangen door 
alanines. Deze variant, die een minimale binding aan KM33 vertoont, wordt significant minder 
opgenomen door muizen dendritische cellen dan wild-type FVIII. Herhaaldelijke toedieningen 
van deze FVIII variant aan hemofilie A muizen leidde tot een significant gereduceerde remmer-
vorming dan toedieningen van wild-type FVIII.
De drie hieropvolgende hoofdstukken, hoofdstukken 5 tot en met 7, hebben betrekking op de 
gebeurtenissen die volgen op endocytose van FVIII. Deze hoofdstukken beschrijven de voor-
waarden voor presentatie van FVIII peptiden op MHC klasse II en de herkenning van gepresen-
teerde FVIII peptiden door FVIII-specifieke CD4-positieve T cellen. In Hoofdstuk 5 introdu-
ceren we een nieuwe methode waarmee peptiden die gepresenteerd worden op MHC klasse II 
kunnen worden geïdentificeerddoor gebruik te maken van massa spectrometrie. Hier laten we 
zien dat humane dendritische cellen peptiden presenteren die afkomstig zijn van zowel endo-
gene eiwitten als opgenomen eiwitten. De opame van FVIII leidt tot de presentatie van FVIII 
peptiden op een donor-afhankelijke manier. Sommige van deze peptiden worden gepresenteerd 
door meerdere donoren, terwijl andere peptiden alleen door een specifieke donor werden gepre-
senteerd. Deze donor-afhankelijke presentatie van FVIII peptiden kan worden verklaard door 
verschillen in HLA haplotype.
In Hoofdstuk 6 laten we zien dat sommige lokale factoren ook in staat zijn om de presentatie 
van FVIII peptiden te beïnvloeden. Dendritische cellen lijken beter in staat om FVIII peptiden 
te presenteren dan macrofagen, ondanks het feit dat beide celtypen gelijkwaardig zijn in de ef-
ficiëntie van FVIII opname. De aanwezigheid van antistoffen die in complex zijn met FVIII kan 
ook de efficiëntie van FVIII presentatie beïnvloeden. Complexvorming van FVIII met zware 
keten-gerichte antistof VK34 leidt tot een voorkeur voor de presentatie van lichte keten pepti-
den op MHC klasse II, terwijl complexvorming met lichte keten-gerichte antistof KM33 leidt 
tot de presentatie van uitsluitend zware keten peptiden. De aanwezigheid van verscheidene 
cytokines zoals IFN-γ, IL-6 en IL-10 tijdens de maturatie van dendritische cellen leidt ook tot 
veranderingen in het repertoire van gepresenteerde FVIII peptiden.

Samenvatting



162

In Hoofdstuk 7 hebben we recombinante MHC klasse II tetrameren gebruikt om FVIII-speci-
fieke CD4-positieve T cellen aan te tonen in twee niet gerelateerde milde hemofilie A patiënten 
met FVIII genotype Arg593Cys. Beide patiënten in deze studie hadden een DRB1*1101-speci-
fieke T-cel respons gericht tegen een FVIII peptide bestaand uit residuen 589-608. Deze regio 
overlapt met de plaats van de genetische mutatie. Deze resultaten bevestigen eerdere bevindin-
gen dat CD4-positieve T cellen in patiënten met milde hemofilie gericht zijn tegen een regio die 
de genetische mutatie omvat.
In Hoofdstuk 8 worden de belangrijkste bevindingen uit dit proefschrift en de potentiële im-
plicaties besproken en worden suggesties gedaan met betrekking tot vervolgonderzoek naar de 
etiologie van FVIII-remmende antistoffen.
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