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INTRODUCTION

Hemophilia A is the one of the most common inherited bleeding disorder caused by defects in 

the F8 gene, which results in a lack or deficiency of the coagulation protein factor VIII (FVIII). This 

X-linked disorder affects approximately 1 in 5000 live male births, of which half to two-thirds 

suffers from severe disease (defined as a FVIII activity < 1 percent of normal)1,2. Due to the lack of 

FVIII patients carry a lifelong risk of spontaneous and prolonged, sometimes life-threatening, 

bleeds, which significantly impact patients’ quality of life. 

Although the history of hemophilia A probably dates back to the 2nd century AD, the first effective 

treatment options only arrived in the middle of the 20th century with the identification of an 

‘antihaemophilic globulin’ and the development of cryoprecipitate3,4. Since then, therapeutic 

modalities evolved tremendously with the introduction of plasma-derived and recombinant FVIII 

concentrates (pd-FVIII and rFVIII respectively), rFVIII products with an extended half-life and most 

recently the bispecific antibody emicizumab, mimicking the function of FVIII, and even gene 

therapy. These developments significantly improved patients quality of life and changed the life 

expectancy from less than 30 years to an almost normal one5. 

Despite this success story, one important and challenging complication in the treatment of 

hemophilia A remains, which is the formation of neutralizing anti-FVIII antibodies. These so called 

‘inhibitors’ occur in about 5% of patients with mild or moderate hemophilia A and 30% of patients 

with severe hemophilia A, mostly during the first 15-20 exposure days (EDs)6–8. As a consequence 

of inhibitor development, traditional replacement therapy becomes ineffective, leading to an 

increased risk of uncontrollable bleeding and necessitating the use of the more costly bypassing 

agents. This all results in a significant increase in morbidity and treatment costs and negatively 

impacts patients’ quality of life9,10.

Pathophysiology of inhibitor development in hemophilia A

What do we know about the pathophysiology of inhibitor development in hemophilia A? And 

more interestingly, why do some patients develop inhibitors and others do not? 

We know the pathophysiology of inhibitor formation is a complex and multi-factorial interplay 

between both genetic and treatment-related factors. Pivotal in the process of inhibitor 

development is the lack of central tolerance to FVIII in severe hemophilia A patients. As a result 

of reduced FVIII levels or abnormalities in its configuration, FVIII-specific T- and B-cells can escape 

the selection procedure to eliminate self-reactive cells, and thus entail increased tendency to 

become activated after FVIII exposure11. This explains the strong correlation between the F8 gene 

mutation or severity of hemophilia A and the inhibitor risk, which is most increased in severe 

hemophilia A patients with null mutations12–14. 

Defects in central tolerance mechanisms however do not provide the complete answer, since not 

all severe hemophilia patients develop an inhibitor and anti-FVIII antibodies as well as anti-FVIII 

CD4+ T-cell responses have also been observed in healthy controls and non-inhibitor patients15–17. 



Introduction

|  9

1
Therefore peripheral tolerance mechanisms and other factors influencing the immunological 

micro-environment appear to play also a crucial role in the process of inhibitor formation16–19. 

The modifiable, and therefore more debated, treatment-related factors include the treatment 

regimen employed, intensity of treatment at first exposure, and the type of FVIII product7,20–22. 

Despite intense scientific scrutiny, the answer to the last issue, i.e. whether there is a difference 

in immunogenicity between pd-FVIII and r-FVIII products, remains unanswered23–26. Tightly linked 

to this discussion is the question whether switching to a different FVIII product should be 

considered as a risk factor as well, which is suggested  by  earlier reports in the 1990s, that showed 

an inhibitor “outbreak” in previously treated patients (PTPs) after exposure to an intermediate-

purity pasteurized concentrate and a double virus-inactivated pd-FVIII concentrate27–29.

Another interesting environmental risk factor is the role of danger signals, such as surgery or 

infections, during FVIII administration. According to the ‘danger theory’ these danger signals result 

in upregulation of costimulatory molecules on APCs, thereby enabling them to fully activate 

previously naïve CD4+ T-cells, which provide the essential help to B-cell to produce anti-FVIII 

antibodies30,31. Currently, the evidence of danger signals as risk factor for inhibitor development 

is however still limited.

Taken together, the exact mechanism of inhibitor development in hemophilia A is only partly 

resolved. Despite some well-established patient-related risk-factors, the contribution of most of 

the treatment-related, and therefore modifiable, risk factors remain unknown. Increase in this 

knowledge is essential for the prevention of inhibitor formation. 

Inhibitor eradication by Immune Tolerance Induction (ITI)

Compared to the prevention of anti-FVIII antibodies, the question how to restore tolerance to 

FVIII may be even more challenging, given the highly efficient antigen-specific B- and T-cell 

memory response in a primed immune system. 

The first description of an effective therapy to eliminate inhibitors dates back to the 1970s and 

is called Immune Tolerance Induction (ITI)32. According to the concept of ITI, repeated and long-

term administration of FVIII (in a non-inflammatory state) ultimately results in downregulation 

of the immune response. The therapy is effective in 60-80% of all cases, but it is extremely costly, 

burdensome and often takes several years to complete33–35. 

Despite the decennia of clinical experience with ITI, data about FVIII induced immunological 

changes during ITI is limited. If would be worthwhile to further explore ITI in hemophilia A. Not 

only to optimize this treatment, but also because hemophilia A is one of the few clinical examples 

in which an already established immune reaction can be successfully downregulated. Thereby 

ITI provides a valuable model for clarifying the mechanism of tolerance induction, which is 

beneficial for other immune-related disorders as well. 
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Acquired hemophilia A (AHA)

Formation of anti-FVIII antibodies not only occurs in patients with congenital hemophilia A. In 

some cases healthy, i.e. non-hemophilia, persons also develop (auto-)antibodies to FVIII, resulting 

in so-called acquired hemophilia A (AHA). AHA is a severe auto-immune bleeding disorder, which 

affects mainly elderly patients (median age around 70 years)36–38. In about 50% an underlying 

condition, most importantly malignancies or auto-immune disorders, can be identified36,39. 

An important difference between inhibitors in congenital hemophilia A and AHA is that the first 

involves allo-antibodies to a ‘foreign’ antigen and that the latter is caused by auto-antibodies to 

patients’ endogenous FVIII. Therefore ITI is not a therapeutic option in AHA. Instead more 

traditional  immunosuppressive drugs, such as steroids, cyclophosphamide and rituximab or a 

combination of these, are used to eliminate anti-FVIII antibodies40. This encompasses new 

challenges such as determining  the optimal balance between treatment effectivity and safety 

in a frail and elderly patient population. First line therapy with immunosuppressive drugs is only 

effective in about two-thirds of all patients and many of them experience a relapse37,41–45. The 

higher efficacy of steroids combination therapy over steroids alone comes with the drawback of 

higher infection rates. Strikingly, not bleeding, but secondary infections represent the most 

important cause of death nowadays in AHA37,45–47. 

This underscores the urgent need for identification of prognostic patient characteristics in order 

to tailor the intensity of immunosuppressive therapy. Who will respond and who will not? Who 

needs more intensive therapy or who is prone to succumb to the side-effects of a too aggressive 

immunosuppressive regimen?  Since randomized controlled trials in rare diseases like AHA are 

not feasible, the answer to these questions should be provided by clinical data from observational 

studies.

Objective of this thesis

Two main questions have intrigued researchers and physicians in the field of hemophilia for years: 

How do inhibitors develop and which immunological mechanisms contribute to the eradication 

of inhibitors during ITI? 

These are also the two main questions discussed in this thesis. It includes a combination of 

translational and clinical research, which was aimed to provide an in-depth evaluation of the 

mechanisms of inhibitor formation and eradication in hemophilia A patients. Elucidation of these 

mechanisms could contribute to better preventive measures against allo-immunization to FVIII 

and optimization of current ITI protocols, for example by identifying new pivotal targets for 

tolerance reinstatement. 

Increasing knowledge regarding both failure as well as (re)induction of immune tolerance is 

not only beneficial in hemophilia A, but could be valuable in other immune-related disorders 

as well. 
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Outline of this thesis

- In chapter 2 the current knowledge regarding the role of danger signals in inhibitor 

development in hemophilia A is reviewed, covering the theoretical concepts of the ‘danger 

theory’ and a summary of data from preclinical and clinical studies.

 

- In chapter 3 the results from the I-SWITCH study are shown, which was aimed to assess the 

safety and efficacy of FVIII product switching, including the risk of inhibitor development and 

evaluation of changes in regulatory immune cells that associate with inhibitor formation. 

- Chapter 4 summarizes the available information of the working mechanism of ITI, starting with 

essential basics regarding structural aspects of FVIII and the etiology of inhibitor formation, 

followed by working mechanisms proven effective in ITI and a discussion of evidence from 

other immune-related disorders in which reinstatement of tolerances is desirable. 

- In chapter 5, I present the results from the HIP study (Hemophilia Immune tolerance Induction 

Project). In this combined cross-sectional and longitudinal study the frequencies of 

immunoregulatory cells and markers were compare between patients with and without 

inhibitors and during the course of ITI in order to clarify the mechanism of ITI. 

- Chapter 6 presents the study protocol of the PROFIT study (‘Prospective study OF Immune 

Tolerance induction in haemophilia’). The PROFIT is a prospective cohort study of previously 

untreated patients (PUPs) with hemophilia A and B, which was aimed to create a biobank and 

to collect longitudinal clinical and immunological data during factor replacement, which 

provide essential information regarding the mechanism of both primary, and, in case of ITI, 

secondary tolerance induction.  

- Chapter 7 reviews some recently developed agents for the treatment of hemophilia A. These 

so called ‘designer drugs’ that comprise FVIII-mimetic antibodies like emicizumab or rebalancing 

hemostatic agents that do not target FVIII also provide a potentially effective treatment for 

patients with inhibitors. 

- Chapter 8 demonstrates the results from a retrospective nationwide multi-center cohort study, 

which was performed in order to evaluate clinical presentation and treatment efficacy and 

safety of AHA in the Netherlands. 

- The thesis summary is presented in chapter 9.

- Chapter 10 provides the general discussion of the research presented in this thesis, including 

future perspectives for further research and treatment development.
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ABSTRACT

Introduction

Nowadays, one of the most serious treatment complications in hemophilia A is the formation of 

neutralizing antibodies against coagulation factor VIII (FVIII). These so-called inhibitors develop 

in about 30% of all patients with severe hemophilia A. Once formed, inhibitors reduce FVIII efficacy 

in blood coagulation, which has a negative impact on patients’ health and quality of life and 

significantly increases hemophilia A treatment costs. The pathophysiology of inhibitor 

development is a complex and multi-causal process, in which both genetic factors as well as 

environmental factors participate. So-called ‘danger signals’ are considered contributors to 

inhibitor formation, and can be triggered by surgery, joint bleeds or infections. A pro-inflammatory 

tissue micro-environment is thereby established, which is characterized by the upregulation of 

costimulatory molecules on antigen presenting cells (APCs), that can facilitate the allo-

immunization to FVIII and thereby inhibitor formation. Here, we will discuss evidence from (pre)

clinical studies about this theory in hemophilia A. 

Areas covered

In this review the current knowledge regarding the ‘danger theory’ with regard to inhibitor 

development in hemophilia A is summarized.

Expert opinion/commentary

Danger signals might contribute to inhibitor development, however the evidence is scarce and 

not conclusive. Future studies like multinational registries, are warranted but challenging.

Keywords

hemophilia, danger signals, inhibitors, intensive treatment, risk factors
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INTRODUCTION

Hemophilia A is a severe X-linked congenital bleeding disorder, caused by a deficit in the 

coagulation protein factor VIII (FVIII) and affects approximately 1 in 5000 males worldwide1. Due 

to the lack of FVIII, patients suffer from prolonged and serious, sometimes life-threatening 

bleeding, and require frequent FVIII replacement therapy in order to prevent or treat these 

bleeding events. Nowadays the most significant complication of hemophilia treatment is the 

development of neutralizing antibodies against FVIII2. These so-called “inhibitors” occur in 

approximately 30% of all patients with severe hemophilia A3,4. As a result of these inhibitors 

traditional replacement therapy becomes ineffective, necessitating the use of bypassing agents. 

This subsequently leads to a significant increase in morbidity and treatment costs, and negatively 

influences patients’ quality of life5,6. 

Eradication of the anti-FVIII antibodies is possible by Immune Tolerance Induction (ITI), whereby 

repeated and long term administration of FVIII ultimately results in a downregulation of the 

neutralizing antibody production in about 70% of all cases7-9. However, ITI is an invasive and costly 

therapy and therefore much effort focuses on the prevention of inhibitor development. Therefore, 

understanding the pathophysiology of inhibitor development is needed. 

The intriguing question why some patients do develop inhibitors and others do not, is still 

unresolved. Both genetic and environmental factors appear to be involved. While the correlative 

relationship between the severity of the F8 gene mutation and inhibitor risk is well-established, 

this is less clear for most environmental risk factors. Theoretically, an interesting environmental 

risk factor is the presence of ‘danger signals’, like surgery or infections, during FVIII administration. 

According to the ‘danger theory’ these immune system alert signals result in the upregulation of 

costimulatory molecules on antigen presenting cells (APCs), enabling them to fully activate naïve 

CD4 T-cells, which provide help to antibody-producing B-cells and ultimately lead to the 

production of anti-FVIII antibodies10. Contrary to this theoretical base, the evidence regarding 

danger signals as potential risk factors for inhibitor development is scarce. This review aims at 

providing an update on the current knowledge about the role of danger signals in inhibitor 

development in hemophilia A. Firstly, the pathophysiology of allo-immunization to FVIII and 

theoretical concepts of the danger theory are described. Thereafter, data from preclinical and 

clinical studies are summarized to discuss to what extend the danger theory applies to inhibitor 

development in hemophilia A. 

Pathophysiology of inhibitor development

Immune response to FVIII
The pathogenesis of FVIII inhibitor formation is a complex and multi-causal process, involving 

the interaction of both genetic and environmental factors. Allo-immunization to FVIII requires 
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the presentation of FVIII peptides in complex with molecules of the major histocompatibility 

complex (MHC) by antigen presenting cells (APCs) to T-cells, and the subsequent activation of 

FVIII-specific B-cells, ultimately resulting in the production of anti-FVIII antibodies (figure 1)11-15. 
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Figure 1. Immune response to FVIII based on the danger theory
I. Factor VIII (FVIII) administration in absence of danger signals: After administration, FVIII is internalized by antigen 
presenting cells (APCs), e.g. dendritic cells (DCs), and is presented to naïve CD4+ T-cells. In absence of danger 
signals and thus no stimulation of the pattern recognition receptors (PRR), co-stimulatory molecules on the DC are 
not upregulated. This results in a non-productive immunologic synapse between the DC and the T-cell, whereby 
Tcells become anergic and are not able to stimulate B-cells.
II. FVIII administration in the presence of danger signals: Several events, for example joint bleeds, can result in 
tissue damage and the subsequent release of damage-associated molecular patterns (DAMPs). These DAMPS 
can bind to PRR on the DC, resulting in the upregulation of costimulatory molecules (CD80/CD86) and adhesion 
molecules, and the release of immune stimulatory cytokines. Together with the presentation of FVIII on the Major 
Histocompatibility (MHC) class II complex, these signals activate naïve CD4+ T-cells. In turn, these activated T-cells 
activate FVIII-specific naive B-cells, which expand and differentiate either into plasma cells, secreting anti-FVIII 
antibodies (FVIII plasma cell), or FVIII-specific B-memory cells (FVIII B-mem). FVIII-specific T-memory (T mem) cells 
are also formed.
CD40L: CD40 ligand; TCR: T-cell receptor. BCR: B-cell receptor.
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Due to the reduced level of FVIII or abnormalities in its configuration in hemophilia A, central and 

peripheral immune tolerance to this coagulation protein is not as established as in healthy 

individuals. Consequently this could lead to the presence of FVIII-specific B- and T-cells and the 

risk of activating these cells upon FVIII administration.

In more detail, the process of inhibitor formation starts with APCs, mostly dendritic cells (DCs), 

which endocytose the encountered FVIII. Although the exact mechanisms of endocytosis still 

need to be clarified, both in vitro as in vivo studies indicate that FVIII enters APCs by its C1 domain 

and that the macrophage mannose receptor (MMR) on DCs in involved in this process16-18. After 

internalization, FVIII is processed into peptides and presented on the MHC class II molecules to 

naïve CD4 T-cells in secondary lymphoid organs19,20. In addition to FVIII-derived peptide/MHC 

complex presentation, co-stimulatory signals are necessary to fully activate naïve T-cells able to 

bind FVIII epitopes. A pro-inflammatory micro-environment will provide this required co-

stimulation. The presence of danger-/damage- and pathogen-associated molecular patterns 

(DAMPS and PAMPs respectively) results in the upregulation of co-stimulatory molecules, most 

notably the CD80 and CD86 molecules, adhesion molecules and the release of pro-inflammatory 

cytokines. 

Activated naïve FVIII-specific T-cells consequently differentiate into effector helper CD4+ T-cells, 

which in turn activate FVIII-specific B-cells, allowing them to undergo class switching and 

differentiate into FVIII-specific memory B-cells and anti-FVIII producing plasma cells.

So far, the hypothesized pathogenesis of FVIII inhibitor development mainly follows the classical 

immune response to ‘foreign’ components. However, one important and still unresolved question 

remains: Why do some patients and others not develop inhibitors? 

Lowering the threshold of tolerance to FVIII treatment
In an attempt to answer this question many studies have been performed, resulting in the 

identification of several risk factors, which together cover the amount and configuration of the 

FVIII protein itself, its interaction with the immune system and the inflammatory state during FVIII 

administration (figure 2)4,21-23.    

These risk factors can be divided in genetic factors, like the F8 gene mutation and polymorphisms 

in immune response genes, and environmental factors, including the FVIII product type and 

treatment regimen, the intensity of treatment at first exposure and the presence of danger signals 

during administration4, 22-26.

So far the best predictive factor for inhibitor development is the severity of hemophilia A and the 

F8 gene mutation. Hereby patients with null mutations bear a risk of > 75%, compared to a risk 

of < 10% in patients with missense mutations or small F8 deletions and insertions27–29. 

The strong relationship between F8 genotype and the risk of inhibitor development is best 

explained by the lack of central immune tolerance to FVIII in the hemophilia A patients with null 

mutations, such as large deletions11,31. Due to the complete absence of autologous FVIII in these 

patients, FVIII-reactive T- and B-cells are not eliminated in their ontogeny in the thymus or bone 
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marrow and could become activated after FVIII administration. However, the fact that not all 

patients with severe hemophilia A develop inhibitors, implies that also peripheral immune 

tolerance mechanisms play a role in preventing pathologic manifestations of FVIII-reactive T- and 

B-cells. These mechanisms include for example the presentation of self-antigens as peptide/MHC 

complexes by DCs in steady state to result in anergy or deletion of autoreactive T- or B-cell clones 

and the induced suppressive activity of regulatory T-cells (Tregs)12,31,32. 

Moreover there are several requirements for an effective interaction between the APC and the 

T-cell in order to generate an allo-antibody response to FVIII treatment12,15. This consists of the 

functional avidity of the particular T-cell to bind to the MHC-peptide complex and, as stated 

before, the up-regulation of co-stimulatory signals on the APC in the presence of danger signals 

and the release of pro-inflammatory cytokines. Absence of these costimulatory signals results in 

a non-productive immunologic synapse between the APC and the T-cell, which prevents T-cells 

to become fully activated and likely inhibits T-cell effector function (figure 1)31–33.

Contrary to the well-established relationship between FVIII mutation and inhibitor risk, this 

association is less clear for environmental factors, including the FVIII product type as potential 

risk factor. Until recently, studies regarding this issue showed contradictory and/or inconclusive 

results34–36. The SIPPET study was specifically designed to answer this question. It is the first and 

only randomized controlled trial showing an increased inhibitor risk by recombinant FVIII (rFVIII) 

products compared to plasma-derived FVIII (pd-FVIII)37. This is supported by a French national 

cohort study24. Proposed explanations for this finding include the presence of Von Willebrand 

Factor (VWF) in pd-FVIII,  reducing FVIII immunogenicity by epitope masking and prevention of 

endocytosis by DCs. Secondly, the different posttranslational modification of rFVIII due to its 
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Figure 2. Risk factors of inhibitor formation in haemophilia A
Indicative overview of genetic and environmental risk factors in relation to the level of evidence. 
* The role of FVIII product type and the risk of inhibitor development is a highly debated issue, whereby recent 
studies are unequivocal. 
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production in mammalian cells rather than human cells might influence its immunogenicity38-42. 

This issue however remains highly debated, which is beyond the scope of this review.

Taken together, there are many factors involved in the delicate equilibrium between tolerance 

and immunization to FVIII. As proposed by a model of van Helden et al. genetic factors set the 

individual threshold for inhibitor development43. Subsequent environmental factors, such as 

intensity of treatment at first exposure, FVIII product type and administration of FVIII in the 

absence or presence of inflammation, determine whether the immune activation exceeds the 

immune threshold for inhibitor formation. Although a simplified representation of the complexity 

of the immune response to FVIII, this model provides better understanding why only a fraction 

of all patients with hemophilia A develops inhibitors. Intriguing in this model is the influence of 

danger signals in the break of tolerance. The next part of this review will focus on this issue, 

starting with a general explanation of the ‘danger theory’, followed by evidence from both pre-

clinical and clinical studies of this theory in inhibitor development in hemophilia A.

Danger theory

The danger theory, as proposed by Polly Matzinger in 1994, suggests that the immune system’s 

primary task is to detect and protect our body against danger10,44.  This theory strongly opposes 

the classical concept of the immune system that the main concern of our immune cells is to 

discriminate between non-self and self, protecting our body against the first while maintaining 

tolerance towards the latter.

This so called self-/non-self discrimination (SNSD) model started by Burnet in 1959. He proposed 

that each B-cell carries a specific receptor that recognizes foreign antigens and that self-reactive 

lymphocytes are deleted early in life45,46. Since then this model is modified several times. First of 

all it was recognized that B-cells require help from T-helper cells in order to get activated47. 

Moreover it became evident that only the recognition of (foreign) antigens, i.e. signal 1, was not 

sufficient to elicit a proper T-cell response, and that a second signal, signal 2, in the form of co-

stimulation from antigen presenting cells (APCs) was necessary. Absence of this signal 2 would 

lead to tolerance of the T-cell. This finding emphasizes the crucial role of the innate immune 

system in contributing to the activation of the adaptive immune response. 

In 1989, Charles Janeway Jr. introduced the infectious non-self theory of immunity, stating that 

the innate system acts as a sensor of pathogenic invasion by the means of evolutionarily conserved 

receptors called pattern recognition receptors (PRRs), for example the Toll-like receptors (TLRs) 

and NOD-like receptors48,49. These receptors are able to recognize and bind to conserved molecular 

constituents, also known as PAMPs48,49. Although the discovery of these PRRs and PAMPs explained 

how the (innate) immune system could differentiate between infectious and non-infectious 

antigens, still many questions remained unanswered50. For example why are the non-self 

commensal bacteria in our gut or is the fetus not attacked by its mother? Why is it necessary to 

add adjuvant to our vaccines and how do nonbacterial adjuvants work? Moreover, during life 

‘self’ changes, how does our immune system deal with this changing ‘self’?
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In order to answer these questions, Matzinger conceived the danger model, which challenged 

the central paradigm in immunology by claiming that the immune system is more concerned 

with damage than with foreignness and that immune cells become activated by alarm signals 

from injured tissues rather than the recognition of non-self10,44. Hereby the context in which the 

antigen contact takes place, dictates the immune response. Local alarm or danger signals from 

this micro-environment activate APCs, which in turn are able to induce T-cells by providing the 

necessary co-stimulation.  These danger signals can arise from both exogenous (PAMPs) as well 

as endogenous sources. The endogenous “alarmins” are mostly associated with host cells in 

distress and necrotic cell death51. These so-called DAMPs include heat-shock proteins, uric acid 

and DNA associated proteins like high mobility group box 1 (HMGB1)52-55. As proposed by Seong 

and Matzinger, PAMPs and DAMPs share similar conserved hydrophobic portions on their 

respective molecules, which enable them to bind to the same PRRs and therefore to induce 

comparable inflammatory responses56. Importantly these endogenous and exogenous alarm 

molecules are not necessary directly related to the antigen, which could explain why the immune 

system not only reacts to ‘dangerous’ non-self infectious agents, like bacteria, but also to self-

antigens from healthy cells during autoimmune diseases or to FVIII as is the case with inhibitor 

development in hemophilia A.

With regard to inhibitor development in hemophilia A, several danger signals have been proposed. 

These include exogenous triggers such as infections and vaccinations that occur around the time 

of treatment with FVIII on one side, whereas trauma, surgery and severe bleeds are considered as 

the most important endogenous danger signals57,58. All these events are associated with necrotic 

cell damage, resulting in a local micro-environment now harboring danger signals. Subsequently, 

this environment could now support the generation of immune reactivity, setting the stage to 

produce neutralizing antibodies to the administered FVIII (figure 1). Importantly, with the same 

reasoning it is proposed that administration of FVIII in absence of danger signals, as is the case 

with prophylactic treatment, would promote tolerance to the deficient coagulation protein. 

To conclude, theoretically spoken the presence of danger signals during FVIII administration could 

contribute to the risk of inhibitor formation. The next part of this review will focus on the evidence 

for this hypothesis, based on both pre-clinical and clinical studies.

Preclinical data

Testing the danger theory in a preclinical setting is attractive, because in-patient studies for ethical 

and practical reasons are difficult to clarify the impact of a single factor in the complex etiology 

of inhibitor development (table 1). Nonetheless, in vitro the challenge is to simulate the dynamic 

interplay of the different immunological processes involved. Animal models can provide this 

complex immunologic environment, but here it is important to realize that human FVIII infused 

in knockout mice or rats, is a xenoprotein with a homology of only 51% compared to rat FVIII59. 

Novel transgenic mouse models with human MHC II expression are generated to study inhibitor 

development and tolerance60,61.
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In vitro and basic immunological in vivo studies
One approach of in vitro studies to test the danger theory involves the stimulation of DCs from 

healthy donors with FVIII in the presence of the bacterial danger signal lipopolysaccharide (LPS). 

Such treatment results in an increased expression of co-stimulatory molecules CD80, CD83 and 

CD86 on DCs as compared to FVIII or LPS alone62. The intensity of this response is dependent on 

the CD86 expression on DCs before stimulation as well as on the type and amount of co-applied 

danger signal. LPS is one example of a danger signal, but other bacterial danger signals and 

synthetic nucleic acids exist that are able to increase CD83 and CD86 expression on DCs. Such 

innate immune activation is necessary to establish adaptive immune responses, including 

inhibitor production. The synergistic DC activation results in an increased proliferation of CD4+ 

memory T-cells63. Co-stimulation via CD86 and adequate antigen presentation on MHC class II 

molecules are a prerequisite for this CD4+ activation. Taken together, these data demonstrate 

that FVIII plus danger signals synergistically increase DC activation and subsequent CD4+ T-cell 

responses, supporting the danger theory. An important limitation is the use of healthy controls 

instead of hemophilia A patients. 

Given the critical role of FVIII within the coagulation cascade and the association between 

coagulation and inflammation, the question whether the FVIII protein itself could act as a danger 

signal has been evaluated as well64,65.  In a study of Pfistershammer et al. it was shown that neither 

FVIII, thrombin-activated FVIII, nor FVIII-VWF complex modulate the maturation of human dendritic 

cells (DCs) or their ability to stimulate T cells66. Therefore the authors concluded that neither of 

these proteins act as a danger signal to human DCs66. The possibility that FVIII itself acts not directly 

as danger signal, but indirectly by formation of other coagulation proteins, especially thrombin, 

has been evaluated as well. Skupsky et al. demonstrated in a hemophilia A mouse model that both 

coadministration of FVIII and ovalbumin (OVA) as well as thrombin and OVA induced immune 

responses to OVA, which by itself is poorly immunogenic67. Moreover warfarin and the direct 

thrombin inhibitor, hirudin, significantly reduced B- and T-cell response to FVIII67. However, two 

other hemophilia A mice studies did not support the hypothesis that thrombin generation or 

coagulation-associated processes modulate the anti-FVIII antibody response68-69. In one of these 

studies both inhibition of tissue factor activation and inhibition of the coagulation did not 

modulate the immune response to FVIII [69]. Moreover no significant differences in the 

immunogenicity were found between wildtype B domain-deleted FVIII and an inactive FVIII 

molecule (V634M FVIII)68,69. 

Taken together, so far evidence that FVIII, by itself or its procoagulant function, could act as a 

danger signal is lacking.

In vivo studies investigating clinical danger signals
Different danger signals are tested in rodent models: surgery, haemarthrosis and vaccination. 

These studies are described in the next paragraphs and summarized in table 1.
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Surgery
In trauma and surgery cell damage leads to the release of endogenous danger signals, or DAMPs, 

activating the immune system, in addition to the requirement of intensive treatment with high 

doses of FVIII supplementation. As such, it is difficult to assess the contribution of surgery or trauma 

to development of inhibitors apart from the effect of peak treatment. In a murine study, a potential 

contribution of endogenous danger signals to increased inhibitor formation could not be 

confirmed70. In this study, laparotomy was performed and caused a detectable inflammatory 

response, yet this was not associated with an increase in FVIII inhibitor development. Factor VIII 

knock-out mice were used with or without humanization of MHC II molecules. All mice without a 

Table 1. Summary of preclinical and clinical observations related to the danger theory

Observation Reference Supporting 
danger 
theory?

Preclinical

FVIII (or its procoagulant function) as danger molecule itself

• FVIII and FVIII-VWF complex by itself do not induce DC maturation. [66] No

• FVIII-mediated thrombin activation acts as an adjuvant signal for 
anti-ovalbumin immunogenicity.

[67] Yes

• The immunogenicity of FVIII is not related to its procoagulant activity 
in mice.

[68, 69] No

In vitro effect of danger signals on inhibitor formation

• FVIII and LPS synergistically increase DC activation and subsequently 
result in increased CD4+ memory T-cell proliferation.

[62, 63] Yes

In vivo effects of danger signals on inhibitor formation

• Inhibitor formation is not increased by laparotomy in haemophilia A 
mice. 

[70] No

• Synergistic LPS and FVIII administration breaks FVIII tolerance in 
haemophilia A mice

[70] Yes

• Joint bleeding does not increase the inhibitor response in 
haemophilia A mice.

[71] No

• Joint bleeding increases the inhibitor response in haemophilia A rats, 
possibly by generating a proinflammatory response.

[59, 72] Yes

• Concomitant FVIII exposure and vaccination in haemophilic mice 
does not increase the risk of inhibitor formation 

[73] No
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humanized MHC II developed high-titer antibodies and there was no difference in the antibody 

titer, whereas in the mice with a humanized MHC II only a proportion developed detectable 

antibodies without a difference between surgery and control groups in terms of proportion and 

titer. However, when FVIII administration was combined with LPS in immunologically tolerant 

mice, inhibitors developed in 100% of cases.

Haemarthrosis
Joint bleeds also cause tissue damage and inflammation, require FVIII replacement therapy and 

thereby increase risk to inhibitor formation. The effect of a joint bleed on inhibitor development 

Table 1. Continued

Observation Reference Supporting 
danger 
theory?

Clinical

Surgery

• Clinical observation of inhibitor formation in mild haemophilia 
patients after continuous infusion of FVIII for surgery and bleeding.

[74, 75, 76] Yes

• Peak treatment for surgery is related to an increased inhibitor risk in 
PUPs with severe haemophilia.

[4, 22, 77, 78] Yes

• In case-control studies, intensive treatment for surgery or bleeding is 
not associated with an increased inhibitor risk in PUPs.

[79, 80] No

• In PTPs, surgery is not an additional risk factor for inhibitor 
development.

[57] No

Bleeding

• Intensive FVIII replacement therapy for bleeding is not associated 
with an increased inhibitor formation in mild haemophilia.

[76, 78] No

• Peak treatment for bleeding is not unequivocal related to an 
increased inhibitor risk in cohort studies of PUPs with severe 
haemophilia.

[4, 22, 80, 81] Conflictory 
results

Vaccination and infection

• Vaccinations given in close proximity to FVIII exposure do not 
increase inhibitor development.

[79,  83] No

• Infections or illnesses are not associated with an increased inhibitor 
risk.

[79, 80, 82] No

Prophylaxis

• Inhibitor formation is lower in patients on regular prophylaxis 
compared to on-demand therapy.

[77, 4, 84] Yes

• Inhibitor formation is not reduced by early prophylaxis. [80, 85] No

DC: dendritic cells; FVIII: factor VIII; PUP: previously untreated patients; VWF: von Willebrand Factor.
For more information, see text.
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is investigated in two animal studies with contradictory results. In a murine study the danger 

theory was not confirmed71. A joint bleed was induced by needle puncture and factor VIII 

replacement therapy was once weekly was started either 1 or 14 days after injury. There was no 

increase in the anti-FVIII antibody production in mice compared to uninjured mice. Importantly, 

the rate of inhibitor development was 100% in all groups and extremely high inhibitor levels were 

detected, also in uninjured mice. This experimental setup prevented addressing a possible 

stimulatory effect of joint bleeding in the FVIII-specific antibody response.

In contrast, a needle-induced joint bleed did significantly increase the inhibitor response to 

human FVIII in hemophilia A rats compared to sham operated rats (80% versus 33% respectively)59. 

The inhibitor levels were significantly higher after a knee bleed. These data show that in rats FVIII 

replacement at time of a joint bleed potentiates inhibitor development, and this is possibly due 

to the systemic inflammatory response induced by the bleed72. In human, similar such controlled 

studies are yet to be reported. 

Vaccination and infection
Antigen administration in combination with an adjuvant to stimulate the immune system is 

fundamental to successful vaccination. As such, a vaccination might act as a danger signal. The 

same applies for infections. The effect of influenza vaccinations given intramuscularly (i.m.) or 

intravenously (i.v.) prior to multiple infusions of FVIII was tested in a mouse model of hemophilia 

A73. Surprisingly, this study suggested a protective effect of i.m. vaccination to inhibitor 

development, but not by i.v. vaccination. It was hypothesized that the reduced anti-FVIII antibody 

response after i.m. vaccination was due to antigen competition, by means of lymphocyte 

recruitment to the immunization site. However, no definitive conclusions can be drawn from this 

preclinical study yet. 

Clinical observations

Clinical studies investigating the impact of a single factor in inhibitor formation are challenging 

as many factors affect outcome and hemophilia is a rare disease. Data mainly come from large 

retrospective cohort studies or small case-control studies (table 1).

Surgery
In 2000 two patients with mild hemophilia developed high-titer inhibitors after continuous 

infusion with recombinant FVIII as prophylaxis for surgery, suggesting a role for intensive 

treatment in inhibitor development at time of surgery74. This was confirmed by a case series of 

54 boys with mild hemophilia showing inhibitor formation in four patients after continuous 

infusion (for surgery, haemarthrosis and intracranial bleeding)75 and in a cohort study of 138 

mild/moderate hemophilia A patients where 7 patients developed an inhibitor after intensive 

peri-operative replacement therapy76. Interestingly, in the latter study intensive FVIII 

replacement therapy for bleeding was not associated with inhibitor development, whereas the 
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inhibitor risk in peri-operatively treated patients was severely increased, especially in patients 

with the Arg593Cys mutation.

In previously untreated patients (PUPs) with severe hemophilia, peak treatment at time of surgery 

is related to an increased inhibitor risk as well. Gouw et al. combined data from 236 patients 

included in four recombinant FVIII PUP studies, showing a 1.6 increased relative risk for peak 

treatment moments and 2.7 for surgical procedures77. This was confirmed by the CANAL study, 

a large observational PUP cohort study. The inhibitor risk was 3.7 and 3.3 times increased for peak 

treatment and surgery respectively22. In this study the risk of inhibitor development was markedly 

higher when patients were treated for surgical procedures (65%) than patients who were first 

treated for bleeds or prophylactically (23% and 22%, respectively). Major surgeries at the first 

treatment episode most significantly increased the risk of developing inhibitors, although 

surgeries at any exposure day were associated with an increased risk. Also in the RODIN study 

intensive FVIII treatment of surgery other than implantation of venous access devices was 

associated with an 1.4 to 2.0 times increased inhibitor risk, although this was not statistically 

significant4. Also in a more recent study in 825 PUPs, surgery as reason for first exposure was 

associated with a 2.4 odds ratio for inhibitor development, whereas a bleed was not78.

However, not all studies confirm this association. A case–control study by Santagostino et al. did 

not find a higher prevalence of surgery among 60 inhibitor compared with 48 non-inhibitor 

patients79. A major limitation is the size of the study in which selection bias could not be ruled 

out. The number of surgeries was low, 15 (25%) surgeries in the cases and 11 (23%) in the controls. 

And although not statistically significant, the number of cases with surgery at first FVIII infusion 

was 7 (12%) in the cases compared to only 2 (4%) in the controls. Moreover a retrospective case-

control study by Maclean et al. did not find an increased risk of inhibitor development by surgery 

in 39 patients, neither in fifteen patients (nine controls and six cases) receiving intensive treatment 

for 5 days80. 

For previously treated patients (PTPs, after at least 50 exposure days), different prospective and 

retrospective cohort studies demonstrate that intensive therapy at time of surgery, also when 

given as continuous infusion, does not increase inhibitor risk57. 

(Joint) bleeds
Studies regarding haemarthrosis as a risk factor for inhibitor development are conflicting. Peak 

treatment at time of a bleed was associated with an increased inhibitor risk in both PUP cohorts 

mentioned in the previous paragraph4,22. This was most prominent when treatment was given 

on at least 3-5 consecutive days immediately at the first treatment episode. This was also described 

by Vézina et al. in a PUP cohort where haemarthrosis as the indication for first exposure to FVIII 

treatment was associated with an 7.63 increased risk of inhibitor development81. Maclean et al. 

found a 4.1 time increased risk of inhibitor development in patients treated for life-threatening 

bleeds (11 patients and 3 controls)80. 
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In contrast, in the study by Santagostino et al. the risk was not increased by treatment at time of 

bleeds in PUPs and minimally treated patients79, neither was a bleed as reason for first exposure 

in a large PUP cohort78. Also in a cohort of mild hemophilia patients, peak treatment for bleeds 

was not associated with inhibitor development. In total 22 patients received their first intensive 

FVIII concentrate administration for a bleeding episode and none developed an inhibitor. 

Compared to 41 patients receiving intensive treatment for surgery which was associated with an 

increased inhibitor risk (see above), there was no difference in the number of exposure days (EDs) 

preceding the intensive treatment period nor in the number of EDs during intensive treatment 

nor the total dose of FVIII concentrate administered76. Thus, studies on the impact of joint bleeds 

on inhibitor development failed to demonstrate a clear association.

Vaccination and infection
No apparent association with the development of inhibitors and the frequency of FVIII during 

infections or vaccinations was found in the previously mentioned case-control study by 

Santagostino79. It is important to realize that the number of patients with an infection or 

vaccinations during active FVIII treatment was low with only 12 patients and 11 controls. In the 

case-control study by Maclean, concomitant infection was not found to be significantly associated 

with inhibitor development (OR: 1.8, CI: 0.5–6.5)80. Also McMillan et al. did not find a relationship 

between inhibitor development and illnesses occurring within the preceding year82.

Recently, retrospective data from the PedNet Registry investigating 375 PUPs with severe 

hemophilia who had received vaccinations within the first 75 exposure days, also rejected the 

hypothesis that vaccinations given in close proximity to FVIII exposure are associated with 

inhibitor development83.

Prophylaxis
The aim of early prophylactic treatment is to prevent major bleeds. By administrating FVIII in the 

absence of danger signals, immune tolerance might be induced. As such, early prophylaxis could 

play a protective role in inhibitor development. Several studies evaluated this hypothesis. 

In the retrospective CANAL cohort study it was shown that regular prophylaxis was associated 

with a lower inhibitor risk compared to on-demand therapy [77]. A case-control study of the 

UKHCDO could not confirm this finding80. In the prospective RODIN study prophylactic treatment 

was associated with a decreased inhibitor risk after 20 exposure days (EDs) of FVIII and this 

correlation was more pronounced in patients with low-risk F8 genotypes compared to high-risk 

F8 genotypes4. 

Kurnik et al. performed a pilot study to evaluate whether low-dose prophylaxis for the first 20-50 

EDs in combination with avoidance of immunological dangers signals could induce tolerance 

and minimize the incidence of inhibitors84. In this study an early prophylaxis regimen was 

associated with a significant lower risk of inhibitor development compared to patients treated 

with a standard prophylaxis regimen. In order to verify the protective effect of early prophylaxis 
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and minimization of immunological danger signals, the prospective EPIC (Early Prophylaxis 

Immunologic Challenge) study was designed85. Contrary to the authors’ hypothesis, this study 

had to be terminated prematurely due to an excess inhibitor incidence (8/19 patients, 42%). 

Thus, the protective effect of prophylaxis on inhibitor development by avoiding danger signals 

during FVIII administration is still not fully elucidated.

CONCLUSION

Inhibitor development is a multifactorial process caused by the complex interplay between 

genetic and environmental factors. Dissecting the contribution of a single factor like surgery or 

joint bleeding is difficult as these events are accompanied by peak treatment, which also is a risk 

factor for inhibitor development by itself. In vitro studies are scarce and to the best of our 

knowledge only performed in healthy controls. Although the results from these studies support 

the danger theory, translating these in vitro data to clinical practice in hemophilia A is challenging. 

For the preclinical studies, the number of relevant studies is limited and it is important to realize 

that the inhibitor rate in general is high. The infused clotting factor is perceived by the immune 

system as a foreign protein and as such it is hard to demonstrate a contributing effect of a danger 

signal. In a recent published paper it is even proposes that all hemophilia A patients develop 

anti-FVIII immune responses regardless the presence of danger signals and that particularly the 

ability to develop counteractive tolerogenic reactions determines if a patients will develop a 

clinically significant inhibitors or not86. 

Clinical data from cohort studies and case-control studies show that surgery at first FVIII exposure 

is a risk factor for inhibitor development, whereas for surgery at subsequent exposures its risk 

seems less clear. Evidence for (joint) bleeds as a potential danger signal is still inconclusive. For 

vaccinations and infections, although based on scarce evidence, the contribution to inhibitor 

development seems absent. 

In summary, although the danger model provides a theoretical background why and how danger 

signals could contribute to inhibitor development in hemophilia A, the data to support this 

hypothesis are scarce and not conclusive. 

Expert commentary

Inhibitor development is the biggest challenge in hemophilia A treatment at present and we are 

still unable to predict the patients’ individual risk. As hemophilia A is a rare disease and inhibitor 

development is an intricate multifactorial process, it is difficult to unravel the contribution of a 

single factor like danger signals in clinical studies, or to incorporate all factors in in vitro or in vivo 

model-based studies. Data from large, preferably prospective, multinational registry studies are 

most useful as they offer the possibility to collect data from a relatively large number of patients. 

This is especially important as the treatment landscape in hemophilia is rapidly changing. .  I It 
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will remain challenging to distinguish the contribution of peak treatment from the danger signal, 

but it is the question whether this is necessary as these risk factors are almost always combined. 

Eventually, such registry studies might lead to individual prediction models and further guidance 

for treatment, for example to avoid surgeries, start early prophylaxis or to choose non-replacement 

strategies.

Five-year view

The treatment landscape in hemophilia A is changing rapidly, with the introduction of non-factor 

replacement strategies like a bispecific antibody mimicking the cofactor activity of FVIII or 

approaches inhibiting natural anticoagulants such as tissue factor pathway inhibitor (TFPI) and 

antithrombin87-89. This provides new therapeutic options for patients with inhibitors, but also may 

prevent inhibitor development. However, in theory the development of antibodies against these 

agents is possible. Also replacement therapy will still be used as it is very effective and the 

possibility to monitoring FVIII levels is an important advantage compared to non-factor 

replacement strategies. 

Tools to predict the change of inhibitor development based on data from large registries might 

guide treatment choices in the near future.

Other interesting experimental approaches to prevent inhibitor development, especially with 

regard to the danger theory, include administration of FVIII combined with antibodies that block 

costimulatory pathways. Potential targets herein are CD28 and CD80/CD86, inducible T-cell 

costimulatory (ICOS) and CD40 and CD40L. Animal models show that administration of these 

antibodies is associated with induction of Tregs and the prevention of inhibitor formation in naïve 

hemophilia A mice, although the duration of this effect appears limited90-93. Translation of these 

strategies from preclinical studies to the clinical practice of hemophilia A might improve future 

patient care. 

Key issues

- Inhibitor development is a complex and multifactorial process, involving both genetic 

and environmental factors.

- Danger signals might contribute to inhibitor development, however the evidence is 

scarce and not conclusive.

- Future studies elucidating the role of danger signals, like multinational registries, are 

warranted, but challenging.
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ABSTRACT

Background

A challenging complication in the treatment of hemophilia A is the formation of neutralizing 

anti-FVIII antibodies (inhibitors). There is ongoing debate on the effect of FVIII product type and 

inhibitor risk, rendering patients and physicians reluctant to switch FVIII-products.

Aim

This study aimed to evaluate changes in the immune profile of hemophilia A patients after 

switching FVIII products and the possible relation to inhibitor development. Secondary, changes 

in FVIII efficacy after switching were assessed. 

Methods

Patients who switched FVIII-products between 2017-2019 were included. Before and after the 

switch blood samples were withdrawn for analysis of immunoregulatory cells and markers, using 

flow-cytometry. This prospective cohort was supplemented with a retrospective cohort, in which 

clinical data regarding inhibitor development and FVIII efficacy were collected one year before 

and after switching.

Results

One-hundred patients were included of which 31% switched from plasma-derived FVIII (pdFVIII) 

to recombinant standard half-life (SHL) FVIII (rFVIII), 47% from SHL rFVIII to another SHL rFVIII and 

22% from pdFVIII or SHL rFVIII to rFVIII-Fc. No remarkable changes in immunoregulatory cell 

functions were observed after switching, regardless the type of switch. None of the patients 

developed an inhibitor. FVIII efficacy, i.e. FVIII usage, half-life and annual bleeding rate (ABR), was 

similar before and after switch for the SHL products, whereas rFVIII-Fc associated with a longer 

half-life (15.0 hours) and lower ABR (1.0).

Conclusions

Switching to a different FVIII product was not associated with inhibitor development, nor with 

differences in the immune profile. Switching to rFVIII-Fc lead to lower ABR. 

Keywords
hemophilia A, factor VIII, extended half-life factor VIII, inhibitor, anti-FVIII antibodies
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INTRODUCTION

The first cases of the severe X-linked bleeding disorder hemophilia A were already described 

several centuries ago. Replacement therapy of the missing factor however started just around 

60 years ago, but has evolved tremendously since then1. Treatment transformed from 

cryoprecipitate and plasma-derived FVIII (pdFVIII) concentrates to recombinant FVIII (rFVIII) 

products with an extended half-life, thereby improving patients’ life expectancy from less than 

30 years to an almost normal one2. Although many treatment-related complications, including 

transmission of HIV or Hepatitis C, belong to the past, one important and challenging complication 

remains. This is the development of neutralizing antibodies to FVIII, so called ‘inhibitors’. Inhibitors 

develop in about one-third of all patients with severe hemophilia A, mostly during the first 10-20 

exposure days (EDs), and have a significant impact on patients’ quality of life3. 

Pivotal to the etiology of inhibitor development is the lack of central immune tolerance to FVIII 

and consequently the strong correlation between F8 gene mutations and inhibitor risk4–6. 

However, many more factors, patient-related and treatment-related, appear to be involved in the 

multi-causal pathophysiology of inhibitor development6–9. One of the more debated issues in 

this regard is the role of the FVIII product type and potential differences in the immunogenicity 

of pdFVIII and rFVIII-products, for example due to the protective role of Von Willebrand Factor 

(VWF) in pd-products or the different posttranslational modification of rFVIII9–13. Several meta-

analyses and systemic reviews deliberated on this topic, but a consensus is not yet reached14–16. 

The only published randomized controlled trial in this field so far, i.e. the SIPPET study, 

demonstrated that the rate of inhibitor development was significantly higher in patients treated 

with rFVIII products compared to those treated with pdFVIII products (44.5% versus 26.8%)13.  

Despite the striking difference in inhibitor risk, questions were raised regarding the quality and 

generalizability of the study, which leave the debate still ongoing. Moreover the introduction of 

the extended half-life product rFVIII-Fc adds another component to the discussion, as fusion of 

FVIII to the Fc-region of IgG may have immunomodulatory consequences, including introduction 

of regulatory T-cells (Tregs), which has been shown by both preclinical and clinical studies17–19.

Tightly intertwined with the discussion about different immunogenicity of the FVIII product 

classes is the issue, whether switching to a different FVIII product should be considered as a risk 

factor as well. Concerns regarding the risk of inhibitor development after switching raised from 

earlier reports in the 1990s, that showed an inhibitor “outbreak” in previously treated patients 

(PTPs) after exposure to an intermediate-purity pasteurized concentrate and to a double virus-

inactivated pdFVIII concentrate20,21. However, this appeared to be the result of an intrinsic risk in 

the new products caused by structural changes to FVIII due to the inactivation processes. 

Subsequent studies, including several national cohort studies, all failed to demonstrate an 

enhanced immunogenicity of FVIII product switching22–29. 

Despite the lack of evidence that switching to a different factor concentrate bears the risk of 

inhibitor development, many patients and physicians still feel reluctant to change treatment.  A 
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survey among 46 hemophilia A patients demonstrated that 57% of respondents believed that 

the probability of inhibitor development was high or very high when switching product30. 

Furthermore, inhibitor development was reported as the most important concern related to 

product switching30.  Also among healthcare professionals is was shown that much of current 

clinical practice regarding treatment switching was not based on evidence, but on the fear of 

developing an inhibitor31. 

In order to unequivocally address the risk of FVIII switching to increased risk of inhibitor formation 

we performed a cohort study in hemophilia A patients that switched FVIII products as a result of 

national contracting. In this study, we performed an in-depth immunological analysis and assessed 

the rate of inhibitor development and other clinical parameters. By this combined immunological 

and clinical evaluation in patients that changed FVIII products, we aimed to fully explore the 

immunogenicity and risks of FVIII product switching in hemophilia A.

METHODS

Objective

The primary objective of this study is to evaluate changes in the immunoregulatory white blood 

cell profile of hemophilia A patients after switching to a different FVIII product and the possible 

relation to inhibitor development.

Secondary objectives of this study are to determine differences in efficacy after switching FVIII 

product and to evaluate  differences in the conventional standard half-life (SHL) FVIII and the 

extended half-life (EHL) FVIII, i.e. rFVIII-Fc with regard to immunological changes as well as efficacy.

Study design and patient selection

This is a combined prospective and retrospective cohort study performed at the Van Creveldkliniek, 

the hemophilia treatment center of the University Medical Center Utrecht in the Netherlands. As 

a result of national contracting all hemophilia A patients treated at this center were switched 

from their current FVIII product to either turoctocog alfa (NovoEight®) or efmoroctocog alfa 

(Elocta®) during 2017-2019. This switch in FVIII products was used to evaluate if changing products 

would result in differences in the immune profile and development of inhibitors, and differences 

in the efficacy of the replacement therapy. 

All patients with moderate (FVIII activity 1-5%) or severe (FVIII activity < 1%) hemophilia A, aged 

six years and older, that switched to a different factor VIII product between 2017 and 2019, were 

eligible to participate in this study.  Patients with a current inhibitor or previously untreated 

patients (PUPs, defined as a number of EDs < 50) were excluded.

Patients, who did not already switched by time of study approval, were included in the prospective 

cohort with periodic blood sample collection before and after the switch for immunological 

analysis. Moreover a medical chart review was conducted to collect data regarding inhibitor 
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development and efficacy of the FVIII product for equivalent periods of time (1 year) pre- and 

post-switch. This prospective cohort was supplemented by a retrospective cohort of patients, 

who already switched products by time of study approval and in who only the medical chart 

review was performed.

The study was approved by the local medical ethics committee and informed consent was 

obtained from all patients. 

Prospective immunological analysis (prospective cohort)

In the prospective cohort blood samples were withdrawn just before the switch (T=0) and 6 

months (T=1) and 1 year (T=2) after the switch for evaluation of changes in the immunoregulatory 

cell profile. 

Immune profile is defined as a set of immunoregulatory cells and markers, including the frequency 

of regulatory B-cells (Bregs), regulatory T-cells (Tregs), myeloid-derived suppressor cells (MDSCs) 

and the expression of activation markers HLA-DR and PD-L1 on monocytes and CTLA4, ICOS and 

PD1 on CD4+ T-cells.

PBMC isolation
Blood was drawn into citrate tubes for assessment of FVIII level and inhibitor titer, and into heparin 

tubes to isolate PBMCs using Ficoll-Paque PLUS (GE Healthcare) density centrifugation.  Isolated 

PBMCs were re-suspended in RPMI 1640 containing 1% penicillin/streptomycin and 1% 

L-glutamine (all Gibco), 20% heat-inactivated fetal calf serum (FCS, Sigma-Adrich, F7524) and 

10% DMSO (Sigma-Aldrich)) and stored in liquid nitrogen until use.

Flow cytometry analysis of immunological parameters
For evaluation of the immune profile three different flow cytometry panels were used: 1) B-cell 

panel for Breg evaluation; 2) Monocyte panel for MDSCs and expression of HLA-DR and PD-L1 

on monocytes; 3) T-cell panel for Treg evaluation and expression of CTLA4, ICOS and PD1 on 

T-cells. The labeled antibodies used for each panel are summarized below.

B-cell panel: AF700-anti-CD3 and BV711-antiCD19 (Biolegend); PB-anti-CD20 (Sony biotechnology), 

AF700-anti-CD56, PE-Cy7-anti-CD5 and PE-anti-CD24 (BD Biosciences); BV510-anti-CD1d (BD 

Horizon); APC-anti-CD38 and FITC-anti-CD27 (eBioscience). 

Bregs were defined as CD19+CD24highCD38high cells32–35; the frequency of Bregs is expressed as the 

percentage of Bregs from the total number of CD19+ B-cells. As previously described functional 

experiments were performed for determining optimal gating strategy for selection of the Breg 

cell population36. 

Monocyte panel: live/dead staining 7-AAD, PB-anti-CD15, FITC-anti-HLA-DR, PE-Cy7-anti-PD-L1, 

PE-CF594-anti-CD56 and V500-anti-CD3 (BD Biosciences); BV785-anti-CD14 and BV711-anti-CD19 

APC-anti-CD11b (eBioscience); PE-anti-CD33 (Bio-Rad). Monocytes were defined as CD3-CD19-

CD56-(Lin-) CD14+ cells.
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MDSCs were defined as Lin-HLA-DRlowCD11b+CD33+; the frequency of MDSCs is expressed as the 

percentage of MDSCs from the total number of PBMCs. HLA-DR and PD-L1 expression on 

monocytes was presented as mean fluorescence intensity (MFI). 

T-cell panel: AF594-anti-CD3, BV785-anti-CD4, BV711-anti-CD45RO (Biolegend); APC-Cy7-anti-

CD45RA (Sony Biotechnology); BV510-anti-CD27, PE-Cy7-anti-CD25, FITC-anti-CD69, PE-anti-

CTLA4 (BD Biosciences); PerCP-Cy5’5-anti-PD1 (Sony Biotechnology); APC-anti-ICOS (eBioscience). 

Tregs were defined as CD4+CD25+FoxP3+ cells; the frequency of Tregs is expressed as the 

percentage of Tregs from the total number of CD4+ T-cells. Expression of CTLA4, ICOS and PD1 

was presented as MFI.

For surface immunostaining, PMBCs were thawed, washed in PBS/2% FCS/0.1% sodium azide 

and incubated with antibodies (1.0 x 106 cells for each panel, 30 minutes, 4°C). After staining, cells 

were washed twice in PBS/2% FCS. Cells of the B-cell and monocyte panel were immediately 

analyzed. 

Cells from T-cell panel were fixed and permeabilized (Cytofix/Cytoperm; eBioscience; 30 minutes, 

4°C) for intracellular staining. Thereafter cells ware washed twice and stained with anti-FoxP3 

antibody (30 minutes, 4°C). Cells were washed twice and resuspended in PBS/2% FCS for analysis. 

FACS acquisition was performed on an LSR Fortessa flow cytometer (BD). Only samples with cell 

viability ≥ 95% were included. In order to minimalize inter-test variability, all available serial 

samples from one patient were measured simultaneously. For data analysis FlowJo software (LLC, 

version 10, Ashland, OR) was used. A complete gating strategy for the 3 FACS panels is described 

previously36. 

Retrospective data collection (complete cohort)

For each subject a detailed review of medical records was performed to abstract clinical data 

during one year pre-switch and one year post-switch. The following parameters were collected: 

Patient demographics (age, bodyweight, disease severity, number of EDs, history of inhibitors), 

FVIII treatment details (type, name and dose of FVIII product, treatment regimen and factor 

consumption data) and information regarding efficacy and safety of the product (FVIII half-life 

(T½), annual bleeding rate (ABR), adverse events/intolerance and inhibitor development). 

FVIII activity was measured by the 1-stage activity assay and expressed in IU/dL. Inhibitor titer 

was assessed with the Nijmegen modification of the Bethesda assay and expressed in Bethesda 

Units (BU). FVIII recovery is defined as the difference in pre- and post-infusion level of FVIII. If data 

was available, i.e. in patients with serial blood samples withdrawn after FVIII infusion, a FVIII T½  

was calculated using the web-application WAPPS-Hemo (wapps-hemo.org, version 5.3 (2020-11-

02), 2021 McMaster University, Canada)37. Patient’s blood group was incorporated in this 

calculation. Annual bleeding rate was based on self-reported episodes of bleeding events 

retrieved from patient bleeding diaries, verified and supplemented by review of clinical medical 

records. Factor VIII consumption was based on the total amount of FVIII prescribed in a defined 

time period (at least one year) and was expressed as units/week and units/kg/week.  
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Statistical analysis

Continuous data are expressed as median with interquartile range (IQR). All continuous outcome 

parameters were tested for normality. For analyses of the immunological parameters, which 

included three serial measurements per patient, general linear model (GLM) repeated measures 

or the Friedman test was used as appropriate. For evaluation of differences pre- and post-switch 

in the clinical outcomes the paired-sample T-test was used for normal distributed parameters. 

For non-normal distributed parameters the non-parametric Wilcoxon signed-rank test was used. 

In case of statistically significant results, a post-hoc analysis was performed by the Bonferroni 

correction. Categorical variables were analyzed by the Fisher’s exact test. A p-value < 0.05 was 

considered as statistically significant. Analyses were performed for the complete cohort, as well 

as sub-analysis according to product type (standard half-life (SHL) FVIII versus extended half-life 

(EHL) FVIII) and the type of switch (pdFVIII to rFVIII, rFVIII to rFVIII, pdFVIII to rFVIII-Fc and rFVIII to 

rFVIII-Fc). Both pdFVIII and rFVIII were analyzed as SHL FVIII products, rFVIII-Fc as EHL FVIII product.

For interpretation of the immunological data of the prospective cohort results were related to 

data obtained from our recent study in  inhibitor and non-inhibitor patients, which showed that 

levels of Bregs and CTLA4 were 2-4 times lower in inhibitor patients compared to non-inhibitor 

patients and that these parameters significantly increased during successful immune tolerance 

induction (ITI)36 .

All analyses were performed with IBM SPSS Statistics for Windows, version 25.0.0.2 (Armonk, NY: 

IBM Corp). Graphs were produced with GraphPad Prism, version 8.3.0 for Windows (GraphPad 

Software, La Jolla California USA).

RESULTS

A total of 100 hemophilia A patients, that switched to a different FVIII-product between 2017 and 

2019, were included in this study. A selection of 39 subsequent patients of the complete cohort 

were followed prospectively with blood samples withdrawn before the switch (T = 0) and 6 

months (T =1) and 1 year (T = 2) after the switch. In 1 patient blood was not withdrawn at T = 1; 

data collection was complete for all other patients of the prospective cohort.

Median age of the complete cohort was 39 years (interquartile range (IQR) 22-54 years) and most 

patients had severe hemophilia A (97/100, 100%), table 1. Fifteen patients (15/100, 15.0%) had 

an inhibitor in the past. 

Before the switch 5 different FVIII-products were used, of which one-third (33/100, 33.0%) were 

pdFVIII-products and the remainder (67/100, 67.0%) were rFVIII-products (third generation full-

length rFVIII octocog alfa 61/100,  single-chain B-domain-truncated (BDT) rFVIII lonoctocog 5/100 

and BDT-rFVIII turoctocog alfa 1/100).

The majority of patients (78/100, 78.0%) switched from one SHL FVIII to another SHL rFVIII 

(turoctocog alfa, NovoEight®); 22/100 patients (22.0%) switched from SHL FVIII to rFVIII-Fc 

(efmoroctocog alfa, Elocta®). 
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Immunological changes and inhibitor development after switching FVIII products

Prospective data for immunological analysis before and after the switch to a different FVIII product 

were available in 39 out of 100 hemophilia patients. Baseline characteristics of this subgroup 

were similar to the complete cohort (table 1). Median age was 39 years (IQR 25-54), 94.9% (37/39) 

had severe hemophilia A and 7.7% (3/39) had an inhibitor in the past. Most patients (20/39, 51.3%) 

switched from a SHL rFVIII to another SHL rFVIII (turoctocog alfa), whereas 30.8% (12/39) switched 

from pdFVIII to SHL rFVIII and 17.9% (7/39) from rFVIII to EHL rFVIII-Fc (efmoroctocog alfa). 

None of the patients in the prospective cohort developed and inhibitor. 

Table 1. Baseline characteristics of hemophilia A patients switching FVIII product

Outcome Prospective cohort 
(N = 39)

Complete cohort 
(N = 100)

Age, years 39  (25-54) 39  (22-54)

Hemophilia severity
-   Mild
-   Moderate
-   Severe

0/39 (0.0%)
2/39 (5.1%)
37/39 (94.9%)

0/100 (0.0%)
3/100 (3.0%)
97/100 (97.0%)

Inhibitor in the past 3/39  (7.7%) 15/100  (15.0%)

Any comorbid disorder 34/39 (87.2%) 67/100  (67.0%)

HCV
-   Untreated, stable viral load
-   Successfully treated†

20/39 (51.3%)
5/39 (12.8%)
15/39 (38.5%)

51/100  (51.0%)
7/100  (7.0%)
44/100  (44.0%)

HIV
-   Untreated (CD4 > 400/µL)
-   Successfully treated†

2/39 (5.2%)
1/39  (2.6%)
1/39  (2.6%)

14/100  (14.0%)
1/100  (1.0%)
13/100  (13.0%)

FVIII product type pre-switch
-   pdFVIII
-   rFVIII

12/39 (30.8%)
27/39  (69.2%)

33/100 (33.0%)
67/100  (67.0%)

FVIII product type post-switch
-   rFVIII (turoctocog)
-   rFVIII-Fc (efmoroctocog)

32/39  (82.1%)
7/39 (17.9%)

78/100  (78.0%)
22/100  (22.0%)

Type of switch
-   pdFVIII      rFVIII
-   rFVIII        rFVIII
-   pdFVIII       FVIII-Fc
-   rFVIII       rFVIII-Fc

12/39  (30.8%)
20/39  (51.3%)
0/39  (0.0%)
7/39  (17.9%)

31/100 (31.0%)
47/100  (47.0%)
2/100  (2.0%)
20/100  (20.0%)

Inhibitor development 0/39   (0.0%) 0/100   (1.0%) 

HCV: Hepatitis C Virus infection; HIV: Human Immunodeficiency Virus infection; FVIII: factor VIII; rFVIII: 
recombinant FVIII; pdFVIII: plasma-derived FVIII; rFVIII-Fc: rFVIII-Fc fusion product (extended half-life product); 
na: not applicable.
Categorical variables are shown as cases/total (percentage, %); continuous variables are shown as median 
(interquartile range; IQR).
† Successfully treated is defined as an undetectable viral load and, in case of HIV, a CD4 count > 400 per µL.
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As shown in figure 1 and supplemental table 1 frequency of Bregs, Tregs, expression of PD-L1 

and HLA-DR on monocytes and the expression of PD1 and ICOS on T-cells did not change over 

time. The percentage of MDCS slightly increased (median percentage on T=0, T=1 and T=2 

respectively 0.5%, 0.5% and 0.6%, p = 0.032). The expression of CTLA4 on all CD4+ T-cells as well 

as subdivided to Teffs and Tregs, showed a significant decrease 1 year post-switch compared to 

the pre-switch value (CTLA4 on all CD4+ T-cells pre-switch MFI 457 versus post-switch MFI 436, 

p = 0.018). However, when compared to results observed in inhibitor versus non-inhibitor patients 

the differences were small36.

Next, we analyzed whether dynamics of the immunoregulatory parameters were different 

according to the product type (switch to SHL FVIII versus EHL FVIII) and the type of switch (pdFVIII 

to rFVIII versus rFVIII to rFVIII versus rFVIII to rFVIII-Fc). 

Comparison of patients switching to SHL FVIII (32/39, 82.1%) with patients switching to EHL FVIII 

(7/39, 17.9%) showed no difference in the change over time in frequency of all included immune 

cells and markers (figure 2 / supplemental table 2). 

Similar findings were found in the sub-analysis comparing the three different type of switches. 

Dynamics of immunoregulatory parameters after the switch were not different whether patients 

switched from pdFVIII to rFVIII (N = 12, 30.8%), from rFVIII to another rFVIII (N = 20, 51.3%) or from 

rFVIII to rFVIII-Fc (N = 7, 17.9%), figure 2 / supplemental table 3.

Clinical differences in efficacy and safety after switching FVIII products

Details regarding treatment regimen and FVIII efficacy and safety are shown in table 2 and table 

3. Most patients were on prophylactic FVIII therapy, with no difference pre- and post-switch (96.0% 

and 95.0% respectively, p = 1.00). Treatment regimens and FVIII consumption were similar before 

and after the switch. 

Patients who switched to EHL FVIII were significantly younger and had a lower bodyweight 

compared to patients who switched to SHL FVIII (p = 0.029 and p = 0.037 respectively). Remarkably, 

the baseline FVIII consumption was already higher in patients, switching to EHL FVII, and both 

FVIII consumption as well as the number of weekly injections did not decrease after the switch 

(FVIII consumption pre- and post-switch: 50 IU/kg/week versus 51.6 IU/kg/week, p = 0.121; weekly 

FVIII injections pre- and post-switch: 3.3 versus 3.3, p = 0.101). 

The FVIII T½ could be calculated in 62/100 (62.0%) of patients pre-switch and in 70/100 (70.0%) 

of patients post-switch. Pre-switch the median T½ for all patients, all on SHL FVIII, was 13.1 hours 

(IQR 10.2 – 16.8). This included patients that switched from SHL FVIII to another SHL FVIII (pre-

switch T½ of 14.0 hours (IQR 11.0 -19.6)) and patients switching from SHL FVIII to EHL FVIII (pre-

switch T½ of 10.5 hours (IQR 9.2 -  13.8)). 

Post-switch T½ was 13.4 hours (IQR 10.6 – 17.7) for SHL FVIII and 15.0 hours (12.9 – 18.3) for EHL 

FVIII respectively, showing a significant increase in T½ in patients that switched to EHL FVIII.  

The median ABR remained similar for patients who switched from one SHL FVIII to another SHL 

FVIII (ABR pre- and post-switch respectively 2.0 (IQR 1.0 – 4.0) and 1.0 (IQR 0.0 – 3.0), p = 0.099). 



Chapter 3

46  |

Inhibito
r

Non-in
hibito

r 0 6 12
0

2

4

6

8

10

12

B regs
%

of
CD

19
+

B-
ce

lls

Time (months)

Reference
cohort

Switch
cohort

Inhibito
r

Non-in
hibito

r 0 6 12
0

100

200

300

400

500

600

700

CTLA4 on T-cells

M
FI

Time (months)

Reference
cohort

Switch
cohort

0 6 12
0.0

0.2

0.4

0.6

0.8

1.0

MDSCs

Time (months)

%
of

PB
M

Cs

0 6 12
0

1000

2000

3000

4000

PD-L1 on monocytes

Time (months)

M
FI

0 6 12
0

1000

2000

3000

HLA-DR on monocytes

Time (months)

M
FI

0 6 12
0

2

4

6

8

10

T regs

Time (months)

%
of

CD
4+

T-
ce

lls

0 6 12
0

100

200

300

400

PD1 on T-cells

Time (months)

M
FI

0 6 12
0

50

100

150

200

ICOS on T-cells

Time (months)

M
FI

A.

B.

p = 0.018p < 0.01 p < 0.01

p = 0.032

Figure 1. Immune profile characteristics before and after switching FVIII product
Frequencies of several immunoregulatory cells and markers were determined in 39 hemophilia A patients who 
switched to a different factor VIII (FVIII) product; analyzed with GLM repeated measures.
Panel A: For better interpretation of clinical relevance, results were compared with a previous study in hemophilia 
A patients, in which inhibitor patients were compared with non-inhibitor patients36.
In this study mainly Bregs and CTLA4 were significantly decreased in patients with a current inhibitor.
Panel B: Remaining immuno-regulatory parameters.
Compared to changes observed in inhibitor versus no-inhibitor patients, the observed significant changes in CTLA4 
and MDSCs in the switch-cohort are negligible. 
Bregs: regulatory B-cells; MDSCs: myeloid derived suppressor cells; PBMCs: peripheral blood mononuclear cells; 
MFI: mean fluorescence intensity; Tregs: regulatory T-cells. T-cells represent the CD4+ T-cell fraction.  
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I. Change in immunoregulatory cells and markers over �me in SHL FVIII and  EHL FVIII

II. Change in immunoregulatory cells and markers over �me according to type of FVIII switch

SHL FVIII EHL FVIII

pdFVIII to rFVIII rFVIII to rFVIII-FcrFVIII to rFVIII

Figure 2. No changes in immune profile after switching FVIII according to FVIII product and type of switch
Frequencies of several immunregulatory cells and markers were determined in 39 hemophilia A patients who 
switched to a different factor VIII (FVIII) product, stratified by FVIII product (panel I) and type of switch (panel II); 
analyzed with GLM repeated measures.
SHL: standard half-life; EHL: extended half-life; FVIII: factor VIII; pdFVIII: plasma-derived FVIII; rFVIII: recombinant 
FVIII; rFVIII-Fc: rFVIII-Fc fusion product (extended half-life product); Bregs: regulatory B-cells; MDSCs: myeloid 
derived suppressor cells; PBMCs: peripheral blood mononuclear cells; MFI: mean fluorescence intensity; Tregs: 
regulatory T-cells. T-cells represent the CD4+ T-cell fraction.
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On the other side, patients, switching to EHL FVIII, showed a significant decrease in the median 

ABR (ABR pre- and post-switch 3.0 (IQR 1.0 – 5.5) and 1.0 (IQR 0.0 – 3.0). Frequency of intra-articular 

or severe bleeding were not different pre- and post-switch. 

The incidence of inhibitor development in the year after changing FVIII product was 0/100 (0.0%). 

Adverse events and/or dissatisfaction with the new FVIII product were observed in 14% of patients 

(14/100), including 8/14 patients who switched from pdFVIII to rFVIII, 2/14 who switched from 

rFVIII to another rFVIII and 2/14 who switched from rFVIII to rFVIII-Fc (table 2). Most reported was 

a (subjective) experience of higher bleeding tendency, even though registered ABR did not 

significantly increase in these patients (median ABR pre-switch and post-switch 4.0 and 3.0 

respectively, p = 0.422). Eventually patients’ dissatisfaction resulted in discontinuation of the new 

FVIII product in 8/100 patients. Of note, dissatisfaction and discontinuation occurred significantly 

more frequent in patients who were originally using pdFVIII (dissatisfaction: pdFVIII 30.3% (10/33) 

versus rFVIII 6.0% (4/67), p = 0.002; discontinuation: pdFVIII 18.2% (6/33) versus rFVIII 3.0% (2/67), 

p = 0.005).

Table 2. FVIII efficacy and safety before and after switching FVIII product

Pre-switch Post-switch P

Treatment regimen
-   On demand
-   Prophylaxis

4/100 (4.0%)
96/100 (96%)

5/100  (5.0%)
95/100  (95.0%)

1.000

FVIII prescription
-   Dose (IU) per infusion
-   Frequency/week
-   Dose (IU) / kg / week

1000  (1000-1000)
3 (3.0 – 3.5)
39.6 (30.0 – 51.0)

1000  (1000-1000)
3 (3.0 – 3.5)
40.9 (33.7 – 52.3)

0.092
0.897
0.713

FVIII consumption
-   IU/week
-   IU/kg/week

2722  (1849-3498)
37.6  (24.8 – 50.0)

2838  (1929 – 3669)
35.9  (26.5 – 52.3)

0.470
0.768

Intra-articular bleeding † 101/177  (57.1%) 81/134  (60.4%) 0.563

Inhibitor development 0/100  (0.0%) 0/100 (0.0%) 1.000

Intolerance / adverse events
-   (Subjective) higher bleeding tendency
-   Gastro-intestinal symptoms (no bleeding)
-   Diaphoresis
-   Pruritus

0/100  (0.0%) 14/100  (14.0%)
10/10  (10.0%)

2/100  (2.0%)
1/100  (1.0%)
1/100  (1.0%)

<0.001

2nd switch because of intolerance n.a. 9/100  (9.0%) -

FVIII: factor VIII; IU: international units; n.a.: not applicable. 
Categorical variables are shown as cases/total (percentage, %); continuous variables are shown as median 
(interquartile range; IQR). 
† In case of intra-articular bleeding the number of cases per total number of reported bleeding episodes is 
shown.
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Table 3. Sub-analysis of FVIII efficacy and safety according to type of switch

SHL FVIII  SHL FVIII
(N = 78 / 78.0%)

SHL FVIII  EHL FVIII 
(N = 22 / 22.0%)

P 

Baseline characteristics

Age, years 40.5  (26.0 – 54.0) 25.0  (12.0 – 56.8) 0.027

Weight, kg 82.0 (68.0 – 89.0) 71.0  (50.0 – 83.8) 0.033

Severe hemophilia 75/78 (96.2%) 22/22 (100.0%) 1.000

Inhibitor in the past 9/78 (11.5%) 6/22 (27.3%) 0.091

Clinical outcomes Pre-switch Post-switch P (1) P (2)

FVIII injections/week 0.230

-   SHL  SHL
-   SHL  EHL

3.0  (2.9 – 3.5)
3.3  (3.0 – 3.5)

3.0  (3.0 – 3.5)
3.3  (3.0 – 3.5)

0.094 
0.101 

FVIII consumption (IU/week) 0.107 

-   SHL  SHL
-   SHL  EHL

2561  (1815 – 3355)
3186  (2053 – 4598)

2828  (1855 – 3611)
2872  (1977 – 4048)

0.155 
0.157 

T½ FVIII, hours < 0.001 

-   SHL  SHL
-   SHL  EHL

14.0  (11.0 – 19.6)
10.5  (9.2 – 13.8)

13.4  (10.6 – 17.7)
15.0  (12.9 – 18.3)

0.140 
< 0.001 

ABR 0.006

-   SHL  SHL
-   SHL  EHL

2.0  (1.0 – 4.0)
3.0  (1.0 – 5.5)

1.0  (0.0 – 3.0)
1.0  (0.0 – 3.0)

0.099 
0.002 

ABR = 0 0.417 

-   SHL  SHL
-   SHL  EHL

11/77  (14.3%)
3/21  (14.3%)

19/75 (25.0%)
8/22 (36.4%)

0.073 
0.162 

FVIII: factor VIII; SHL: standard half-life FVIII product; EHL: extended half-life FVIII product (rFVIII-Fc); 
IU: international units; T½: half-life time; ABR: annual bleeding rate. 
Categorical variables are shown as cases/total (percentage, %); continuous variables are shown as median 
(interquartile range; IQR). 
(1)  P value 1 represents the analysis whether the change in outcome pre- and post-switch was significantly 
different between patients switching to SHL FVIII or to EHL FVIII.  
(2) P value 2 represents the analysis whether there was a significant change in outcome pre- and post-switch 
within the two different types of switch (i.e. SHL to SHL and SHL to EHL). 
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DISCUSSION

In this large prospective cohort study, we demonstrate that switching of FVIII product is not 

accompanied by clinical significant changes in immune profiles, nor the development of FVIII 

inhibitors.

This was seen both in the complete analysis as well as in stratification  based on the FVIII product 

type (SHL versus EHL) and type of switch (pdFVIII to rFVIII, rFVIII to rFVIII and rFVIII to rFVIII-Fc).

Our findings are in line with previous reports demonstrating that switching of FVIII product is not 

associated with an increased risk of inhibitor development nor significant changes in the efficacy 

of the FVIII product25–28,38,39. 

This is one of the first studies performing an in-depth immunological analysis in hemophilia 

patients, as they switch to a different FVIII product. We demonstrated that no significant 

differences were found in the frequency of immunoregulatory cells and markers before and after 

the switch. The detected changes in MDSCs and CTLA4 on CD4+ T-cells were very small and 

moreover in an opposite direction, i.e. an increase in regulatory MDSCs and decrease in the 

regulatory marker CTLA4. Especially when comparing these results to the difference observed 

between inhibitor and non-inhibitor patients, we consider the results in the switch cohort not of 

any clinical relevance.   

These findings provide an important support to results from earlier studies, showing that the 

switch to a different FVIII product is not associated with increased immunogenicity and the risk 

of inhibitor formation22–29. Highly debated in this regard is also the role of the FVIII product type, 

i.e. pdFVIII versus rFVIII and rFVIII-Fc. In this study a sub-analysis was performed to evaluate if the 

change in immunoregulatory parameters was different according to the product type and type 

of switch. We found no differences in the dynamics of the immune profile between patients that 

switched from pdFVIII to rFVIII, from rFVIII to rFVIII or from rFVIII to rFVIII-Fc. This is especially 

relevant for the discussion about differences between pdFVIII and rFVIII. For rFVIII-Fc numbers 

were too small to draw proper conclusions. Earlier, pre-clinical and clinical reports demonstrated 

a potential tolerogenic effect of rFVII-Fc17–19,44–46. In a hemophilia A mouse model it was shown 

that, compared to B-domain deleted rFVIII and full length rFVIII,  administration of rFVIII-Fc 

produced significantly lower antibody responses to rFVIII. Administration of the EHL FVIII was 

associated with upregulation of Tregs and tolerogenic cytokines and markers, while pro-

inflammatory cytokines were down-regulated. Both the interaction of rFVIII-Fc with the neonatal 

Fc receptor (FcRn) as with Fcγ receptors, of which some are immunosuppressive, such as FcγRIIb, 

appeared to be involved in this process18. Although these results are promising, the risk of inhibitor 

development with rFVIII-Fc does not seem to be lower compared to SHL FVIII products47. This is 

in line with our data, in which we do not find immunological changes after the switch. More 

pre- and clinical data is needed to establish a potential beneficial tolerogenic role of rFVIII-Fc. 

In the retrospective cohort we observed no differences in FVIII efficacy in patients switching from 

one SHL FVIII to another SHL FVIII, whereas a switch to EHL FVIII was associated with a longer T½  
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and lower ABR. Contrary to some studies, we did not found a decrease in the number of weekly 

injections in patients switching to an EHL product39–42. This is most reasonable explained by 

confounding by indication in our retrospective study. Patients that switched to EHL FVIII tend to 

be younger and were characterized with a lower FVIII T½, a higher FVIII consumption and a higher 

bleeding rate at baseline. Letting the FVIII regimen unchanged in these patients could therefore 

be a consciously decision in order to better prevent bleeding, which also occurred, as shown by 

the decrease in ABR. Regardless the lower injection frequency with EHL FVIII, most reports show 

that the total weekly FVIII consumption remains similar (or even higher), which was also observed 

in this study40,41. 

Despite the fact that the new FVIII product appeared to be non-inferior to the old FVIII product, 

the rate of dissatisfaction and/or discontinuation of the switched product was quite high, 

especially in patients originally using pdFVIII. Notably, a (subjective) higher bleeding tendency 

was mostly reported, whereas this did not relate with a higher ABR as well. We therefore 

hypothesize that, at least part of, the dissatisfaction results from the strong psychological link 

patients develop with their current FVIII product and the non-evidence based reluctance to switch 

to something different43.

Some limitations of our study remain to be addressed.  First of all, this study is limited by its, at 

least partly, retrospective design, which increased the risk of reporting bias, missing data and 

confounding by indication. The latter is especially relevant for patients that switched, for a 

particular reason (mostly because of more bleeding symptoms), to EHL FVIII. Regarding missing 

data, the von Willebrand Factor antigen level was unknown in many patients. It is known that 

this level influences FVIII T½  , but this could not be taken into account in our analysis40.  Another 

limitation is the small number of included patients that switched to rFVIII-Fc in the prospective 

cohort. This hampered our conclusions in the evaluation of immunological differences between 

the FVIII product types and type of switch. Finally, since none of the patients developed an 

inhibitor, we were unable to detect any immunological changes that could associate with inhibitor 

formation. 

A strength of this study is the detailed and extensive collection of clinical data during a relative 

large period of time around the FVIII product switch. Moreover, this study is unique in performing 

an in-depth immunological analysis, which provides extra mechanistic insight to support the 

concept it is safe to switch FVIII products.

In conclusion, we performed a combined immunological and clinical study to analyze the effect 

of FVIII product switching. Switching to a different FVIII product was not associated with an 

increased inhibitor risk, nor with differences in the immune profile or in the efficacy of FVIII. 

Thereby this study contributes to reduce the reluctance to switch to a different FVIII product, 

both in patients and their physicians. 
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Summary box

What is known about this topic?

• Formation of anti-factor VIII (FVIII) antibodies (inhibitors) is one of the most important 
complications in the treatment of hemophilia A patients

• The ongoing debate regarding potential differences in the immunogenicity of FVIII 
products renders many patients and physicians reluctant to switch FVIII products

What does this paper add?

• This study demonstrated that switching FVIII products is not associated with an 
increased risk of inhibitor formation, nor with differences in the frequency of 
immunoregulatory cells and markers. Thereby this study provides extra mechanistic 
insight to support the concept it is safe to switch FVIII products.

• No difference in  the immune profile were observed between patients that switched 
from plasma-derived FVIII to recombinant FVIII (rFVIII), from rFVIII to another rFVIII or 
from rFVIII to the extended half-life product rFVIII-Fc. 
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SUPPLEMENTARY DATA

Supplemental table 1. Immunoregulatory outcomes pre- and post-switch of FVIII product

T = 0 
(pre-switch)

T = 1 
(+6 months)

T = 2 
(+1 year)

P

Bregs
(% of CD19+ B-cells)

4.4  (2.2 – 7.0) 4.4  (2.1 – 6. 3) 3.9  (2.3 – 6.9) 0.817

MDSCs
(% of PBMCs)

0.5  (0.3 – 0.6) 0.5  (0.3 – 0.7) 0.6  (0.3 – 0.7) 0.032*

PD-L1 on monocytes 
(MFI)

2420  (2125 – 2917) 2473  (2114 – 3044) 2544  (2109 – 3024) 0.551

HLA-DR on monocytes 
(MFI)

2190  (1870 – 2607) 2248  (1650 – 2874) 2132  (1724 – 2769) 0.389

Tregs
(% of CD4+ T-cells)

5.9  (4.6 – 7.8) 6.5  (4.9 – 8.1) 6.3  (5.0 – 8.3) 0.070

CTLA4 
(MFI, on CD4+ T-cells)

457  (400 – 530) 452  (406 – 508) 436  (384 – 477) 0.018*

ICOS 
(MFI, on CD4+ T-cells)

104  (77 – 131) 127  (63 – 145) 115  (82 – 148) 0.119

PD1 
(MFI, on CD4+ T-cells)

231  (205 – 304) 247  (221 – 317) 246  (219 – 307) 0.159

Variables are shown as median (interquartile range; IQR). 
Bregs: regulatory B-cells; MDSCs: myeloid derived suppressor cells; PBMC: peripheral blood mononuclear 
cells; Tregs: regulatory T-cells; MFI: mean fluorescence intensity.
* Post-hoc analysis with Bonferroni correction showed the difference was significant between the T=0 and 
T=2 sample, both for MDSCs as well as CTLA4 expression. 
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Supplemental table 2. No changes in immunoregulatory parameters according to type of  FVIII switch (switch 
to SHL FVIII versus switch to EHL FVIII)

Type of switch SHL FVIII SHL FVIII
(N = 32 / 82.1%)

SHL FVIII  EHL FVIII
 (N = 7 / 17.9%)

P

Baseline characteristics1

Age, years 41.0  (29.8 – 54.0) 16.0  (9.0 – 55.0) 0.051
Weight, kg 82.0 (70.0 – 86.0) 73.0 (50.0 – 83.0) 0.338
Severe hemophilia 30 (93.8%) 7 (100.%) 1.000
Inhibitor in the past 1 (3.1%) 2 (28.6%) 0.077

Immunoregulatory parameters2

Bregs (% of B-cells)
-   T = 0
-   T = 1
-   T = 2

4.0  (2.1 – 7.0)
4.4  (2.0 – 6.5)
3.9  (2.3 – 6.8)

5.9   (3.2 – 11.7)
4.6   (3.0 – 6.8)
6.3  (2.0 – 9.5)

0.318

MDSCs (% of PBMCs)
-   T = 0
-   T = 1
-   T = 2

0.5  (0.3 – 0.8)
0.5  (0.3 – 0.6)
0.6  (0.3 – 0.7)

0.5  (0.3 – 0.7)
0.5  (0.3 – 0.7)
0.5  (0.4 – 0.6)

0.181

PD-L1, monocytes (MFI)
-   T = 0
-   T = 1
-   T = 2

2420  (2141 – 2880)
2358  (2082 – 2942)
2544  (2114 – 2763)

2319  (2111 – 3281)
2600  (2330 – 4087)
2852  (1953 – 3862)

0.440

HLA-DR, monocytes (MFI)
-   T = 0
-   T = 1
-   T = 2

2248  (2002 – 2692)
2257  (1730 – 2951)
2168  (1724 – 2898)

1812  (1447 – 2435)
1542  (1441 – 2376)
1728  (1509 – 2213)

0.666

Tregs (% of CD4+ T-cells)
-   T = 0
-   T = 1
-   T = 2

6.0  (5.0 – 7.8)
6.5 (5.0 – 7.8)
6.5 (5.2 – 8.4)

5.3  (4.1 – 6.2)
6.7  (3.8 – 8.4)
5.8  (3.9 – 7.4)

0.703

CLTA4 on CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

444  (398 – 535)
450  (402 – 508)
423  (383 – 481)

484  (443 – 525)
501  (445 – 532)
460  (433 – 484) 

0.791

ICOS, CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

108  (77 – 127)
130  (79 – 167)
115  (86 – 149)

84 (52 – 113)
63  (19 – 129)
87  (18 – 128)

0.374

PD1, CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

226  (204 – 292)
250  (221 – 323)
246  (220 – 298)

259  (196 – 311)
246  (200 – 312)
266  (200 – 317)

0.909

FVIII: factor VIII; SHL: standard half-life; EHL: extended half-life; Bregs: regulatory B-cells; MDSCs: myeloid 
derived suppressor cells; PBMC: peripheral blood mononuclear cells; MFI: mean fluorescence intensity; Tregs: 
regulatory T-cells.
T = 0: before switch; T = 1: 6 months after switch; T =2: 1 year after switch.
Variables are shown as median (interquartile range; IQR) or cases (percentage, %) for continuous and 
categorical variables respectively. 
1 Analysis was performed with Fisher’s exact test and paired sample T-test (normal distribution) or Wilcoxon 
signed-rank test (non-normal distribution) as appropriate. 
2Analysis using GLM repeated measures. 
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Supplemental table 3. No changes in immunoregulatory parameters according to FVIII product types (pdFVIII 
versus rFVIII versus rFVIII-Fc)

Type of switch pdFVIII  rFVIII
(N = 12 / 30.8%)

rFVIII  rFVIII
(N = 20 / 51.3%)

rFVIII  rFVIII-Fc
(N = 7 / 17.9%)

P

Baseline characteristics1

Age, years 49.0  (38.5 – 59.0) 35.5  (22.0 – 53.0) 16.0  (9.0 – 55.0) 0.012
Weight, kg 76.0  (70.0 – 85.5) 83.0  (77.0 – 87.5) 75.6  (61.8 – 87.3) 0.751
Severe hemophilia 11 (91.7%) 19  (95.0%) 7 (100%) 0.729
Inhibitor in the past 1 (8.3%) 0  (0.0%) 2 (28.6%) 0.051

Immunoregulatory parameters2

Bregs (% of B-cells)
-   T = 0
-   T = 1
-   T = 2

3.1  (1.0 – 5.3)
3.6  (0.7 – 6.6)
2.8  (1.2 – 6.1)

4.2  (2.7 – 8.2)
4.5  (2.3 – 6.4)
4.0 (2.9 – 8.5)

5.9  (3.2 – 11.7)
4.6  (3.0 – 6.8)
6.3  (2.0 – 9.5)

0.126

MDSCs (% of PBMCs)
-   T = 0
-   T = 1
-   T = 2

0.5  (0.3 – 0.8)
0.6  (0.3 – 0.6)
0.7  (0.3 – 0.8)

0.5  (0.3 – 0.6)
0.5  (0.3 – 0.7)
0.5  (0.3 – 0.7)

0.3  (0.3 – 0.7)
0.5  (0.3 – 0.7)
0.5  (0.3 – 0.6)

0.434

PD-L1, monocytes (MFI)
-   T = 0
-   T = 1
-   T = 2

2556  (2093 – 2950)
2243  (1774 – 2795)
2557  (2039 – 2982)

2350  (2141 – 2703)
2398  (2115 – 3003)
2492  (2198 – 2763)

2319 (2111– 3281)
2600  (2330 – 4087)
2852  (1953 – 3862)

0.591

HLA-DR, monocytes 
(MFI)
-   T = 0
-   T = 1
-   T = 2

2174  (1941 – 2670)
2248  (1744 – 3026)
2354 (1790 – 2938)

2291  (2002 – 2762)
2303  (1688 – 2947)
2132  (1724 – 2838)

1812  (1447 – 2435)
1542 (1441 – 2376)
1728  (1530 – 2432)

0.674

Tregs (% of CD4+ T-cells)
-   T = 0
-   T = 1
-   T = 2

6.7  (5.0 – 8.2)
7.2  (4.9 – 8.6)
6.6  (5.3 – 8.6)

5.8  (4.5 – 7.6)
6.5  (5.2 – 7.5)
6.3  (5.2 – 8.3)

5.3  (4.1 – 6.2)
6.7  (3.8 – 6.9)
5.8  (3.9 – 7.4)

0.575

CLTA4, CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

398  (386 – 457)
398  (368– 452)
383  (370 - 428)

468  (433 – 550)
476  (429 – 518)
463  (407 – 502) 

484  (443 – 525)
477  (433 – 514)
460  (433 – 484)

0.799

ICOS, CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

121  (95 – 188)
130  (107 – 180)
143  (85 – 196)

93  (70 – 115)
115  (63 – 145)
115  (86 – 133)

84  (52 – 113)
74  (18 – 130)
87  (18 – 128)

0.573

PD1, CD4+ T-cells (MFI)
-   T = 0
-   T = 1
-   T = 2

290  (227 – 339)
300  (224 – 363)
302  (240 – 342)

216  (200 – 246)
237  (217 – 253)
230  (218 – 262)

259  (196 – 311)
277  (194 – 313)
266  (200 – 317)

0.967

FVIII: factor VIII; pdFVIII: plasma-derived FVIII; rFVIII: recombinant FVIII; rFVIII-Fc: rFVIII-Fc fusion product 
(extended half-life product); Bregs: regulatory B-cells; MDSCs: myeloid derived suppressor cells; PBMC: 
peripheral blood mononuclear cells; MFI: mean fluorescence intensity; Tregs: regulatory T-cells.
T = 0: before switch; T = 1: 6 months after switch; T =2: sample 1 year after switch.
Variables are shown as median (interquartile range; IQR) or cases (percentage, %) for continuous and 
categorical variables respectively. 
1 Analysis was performed with Fisher’s exact test and paired sample T-test (normal distribution) or Wilcoxon 
signed-rank test (non-normal distribution) as appropriate. 
2 Analysis using GLM repeated measures.
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ABSTRACT

At first sight the bleeding disorder hemophilia A seems to have little in common with immune 

disorders, but immunology research intersects with other disciplines including hematology.

Nowadays, the most important complication in the treatment of hemophilia A is the development 

of neutralizing antibodies (inhibitors) against exogenous administered factor VIII (FVIII), which 

occurs in approximately 30% of all patients with severe hemophilia A. This antibody response 

renders FVIII replacement therapy ineffective, thereby increasing the risk for uncontrollable 

bleeding and morbidity, decreasing quality of life and increasing healthcare costs. The only proven 

effective therapy to eradicate these inhibitors is immune-based. Using a protocol called ‘immune 

tolerance induction’ (ITI), the repeated and frequent administration of FVIII under non-

inflammatory conditions downregulates the established antibody response and induces immune 

tolerance.

There has been progress in research clarifying the mechanisms that mediate tolerance induction 

using ITI, both from patient studies and from research in cell culture and animal-based models. 

Peripheral tolerance induction to FVIII involves the apoptosis of antigen-specific B-memory cells, 

anergy induction in antigen-specific effector T-cells (Teff ), induction of regulatory T-cells (Treg) 

and the formation of anti-idiotypic antibodies. In this review hemophilia A will be used as an 

example to discuss current concepts of tolerance induction as they are applied in patient care. 

Where possible, we will extrapolate tolerance findings in hemophilia A to related pathways known 

to affect auto-immune disorders or allergy. 

Keywords
Hemophilia A; inhibitors; anti-FVIII antibodies; immune tolerance induction (ITI); working 

mechanism
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INTRODUCTION

Hemophilia A is one of the most common inherited bleeding disorders, affecting 1 in 5000 live 

born boys worldwide1. This X-linked disease is caused by a deficiency of the coagulation protein 

factor VIII (FVIII). Due to this deficiency patients carry a lifelong risk of spontaneous and life-

threatening bleeds and they require frequent intravenous infusions of FVIII in order to prevent 

or treat these bleeding events. 

The disease has a long history, in which treatment options improved tremendously, evolving 

from whole blood transfusion to cryoprecipitate to recombinant FVIII (rFVIII) concentrates, 

including the recently introduced products with an extended half-life. During this evolution many 

problems and challenges had to be overcome, of which the prevention of viral transmission, like 

HIV and HCV, by plasma derived products is one of the most striking examples. Nowadays the 

remaining and challenging complication in the treatment of hemophilia A is the formation of 

neutralizing antibodies against FVIII (‘inhibitors’). Inhibitor development occurs in approximately 

30% of all patients with severe hemophilia A and 5% of all patients with moderate or mild 

hemophilia A2,3. As a consequence of these inhibitors traditional replacement therapy becomes 

ineffective, making it necessary to switch to alternative hemostatic therapies by using bypassing 

agents, which are less efficient and more costly. Thereby inhibitors significantly increase morbidity 

and negatively influence patients’ quality of life4,5. 

Given the significant burden of inhibitors on both patients’ health and health-care costs many 

efforts have been made to prevent or eliminate anti-FVIII antibodies. For so far the only effective 

therapy to eliminate inhibitors is immune tolerance induction (ITI), which is successful in 60-80% 

of all cases6,7. This therapy was first described by Brackmann and Gormsen and the concept of ITI 

is that repeated and long term administration of FVIII leads to down-regulation of the immune 

response8. It is a very invasive and costly therapy (around €60.000 per month) and it often takes 

several years in order to achieve tolerance9. Despite the 40 years of experience with ITI there are 

still many issues unresolved, especially regarding the mechanism of inducing tolerance and the 

optimum ITI regimen, including the dose and type of FVIII. Regarding the latter, there have been 

reports about the potentially beneficial role of Von Willebrand Factor (VWF) and the recently 

introduced recombinant FVIII-Fc fusion protein (rFVIII-Fc) in the induction of tolerance10–16. 

Since hemophilia A is one of the few clinical examples in which an already established 

immunological problem can be successfully down-regulated with ITI, this disease provides a 

valuable model for clarifying the mechanisms of tolerance induction. However, information on 

ITI is scattered and mostly derived from in-vitro studies, animal models or small retrospective 

cohorts, which are almost by definition inconclusive.  We performed a review to summarize all 

available information on the working mechanism of ITI. 

The review will include a discussion of structural aspects of factor FVIII and the pathophysiology 

of inhibitor formation, followed by working mechanisms proven effective for ITI in hemophilia A. 

Finally we will also discuss evidence generated from other auto-immune diseases in which return 

of immune tolerance is desirable as well. 
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Structural aspects of factor VIII

FVIII is predominantly produced by the sinusoidal endothelial cells in the liver and is released in 

the circulation as a highly glycosylated heterodimeric glycoprotein consisting of 2332 amino 

acids, composed of 6 domains: A1, A2 and B form the heavy chain (HC) and A3, C1 and C2 the 

light chain (LC)17.  After it is secreted, FVIII is non-covalently bound to VWF, which stabilizes FVIII 

and concentrates it at the site of action18 (figure 1). This binding occurs between the A3 and C2 

domains of FVIII and the D’D3 domain of VWF and under physiologic conditions approximately 

94% of the FVIII molecules are bound to VWF18. Activated FVIII (FVIIIa) is released from VWF 

following proteolytic cleavage and release of the B-domain. This FVIIIa is able to act as a cofactor 

to factor IXa to form the intrinsic Xase complex generating thrombin, thereby playing an essential 

role in the coagulation cascade. Endogenous FVIII has a half-life of 12-16 hours, after which FVIII 

is eliminated by the liver and probably also by the spleen19,20. Of note, the life-cycle of 

therapeutically administered FVIII resembles that of endogenous FVIII with the exception that 

for FVIII-preparations without VWF, the binding with endogenous VWF occurs in the circulation 

instead of in the liver21. 

A1

A2

A3
B

C1

C2

D’            D3        A1  A2  A3       D4        B   C1  C2  CK

Subunit of VWF

FVIII Light chain

FVIII Heavy chain

FVIII / VWF 
complex

Figure 1. FVIII and VWF complex
Schematic model of von Willebrand Factor (VWF) and factor VIII (FVIII) complex in plasma. One subunit of 
the multimere VWF is shown. The heterodimer FVIII consists of a heavy chain and a light chain, which are non-
covalently bounded to each other (dotted lines between A1-A3 and A2-A3). By its C1 and A3 domains FVIII is also 
non-covalently bounded to the D’/D3 domains of VWF94,140,141.  
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Pathophysiology of inhibitor formation

Definition of inhibitors and effect on FVIII
Approximately one third of all patients with severe hemophilia A develops inhibitors, usually 

within the first 50 exposure days with FVIII3. These anti-FVIII antibodies are poly-clonal, high-

affinity IgG molecules with an overrepresentation of IgG422. Although most FVIII inhibitors have 

multiple epitope specificities, antibodies targeting the A2 and/or C2 domains of FVIII are the most 

frequent23.  

Anti-FVIII antibodies counteract the pro-coagulant function of FVIII in several ways21. First of all 

and most frequently the function of FVIII is neutralized by steric hindrance: binding of inhibitors 

to functional epitopes of FVIII prevents its interaction with some of the partner molecules, thereby 

interfering with FVIII function in the coagulation cascade24. For example, anti-A2 antibodies can 

impede the binding and activation of FX. 

Moreover, some anti-FVIII antibodies have enzymatic activity and can inactivate FVIII by 

hydrolysis25,26. 

Finally, also antibodies directed to ‘non-functional’ epitopes, such as A1 and C1, can limit the 

function of FVIII by lowering its stability and by the formation of immune complexes which 

accelerate the in vivo clearance of FVIII27–29. This type of antibodies is not detected by the Bethesda 

assay, a functional assay that is considered the golden standard test for measuring inhibitor titers. 

One may speculate that these antibodies may contribute to the shortened half-life of infused 

FVIII seen in some patients with an undetectable inhibitor level.

Risk factors of inhibitor formation:  A combination of lack of central tolerance and a 
pro-inflammatory state
The development of FVIII inhibitors is influenced by both genetic and environmental risk factors, 

that include the conformation of FVIII protein itself, its interaction with the immune system and 

the inflammatory and immune condition of the patients at the moment of FVIII administration3,30,31. 

These risk factors are summarized in table 1.

Table 1. Risk factors of inhibitor formation in hemophilia A3,30–35

Genetic / non-modifiable Environment / modifiable

Established
Severity of hemophilia
Factor VIII (FVIII) gene mutation
Family history of inhibitor

Established
Number of exposure days
Intensity of treatment at first exposure

Proposed:
Ethnicity 
Polymorphisms in immune-response genes

Proposed:
Type of FVIII concentrate 
Current infection or inflammatory state
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The genetic or non-modifiable risk factors include the FVIII gene mutation and severity of 

hemophilia, the family history and possibly ethnicity32,34,35. Moreover several polymorphisms in 

immune response genes such as interleukin 10 (IL-10), tumor necrosis factor (TNF) and cytotoxic 

T-lymphocyte associated antigen 4 (CTLA-4) are identified as genetic risk factors33,36.Theoretically 

but not established yet, human leukocyte antigen (HLA) type could be a risk factor in inhibitor 

formation as well, as it is one of the factors determining which peptides are presented to naive 

T helper cells33,34. The environmental and potentially modifiable risk factors consist of treatment 

regimen employed (including prophylactic versus on-demand), intensity of treatment at first 

exposure, type of concentrate used and danger signals at moment of administration, i.e. 

inflammation caused by for example major bleeds or surgery3,31,34,37.

The best predictor for inhibitor development appears to be the FVIII genotype, whereby the risks 

of inhibitors ranges from > 75% in multi-domain deletions trough 20-30% in the intron 22 

inversion mutation to < 10% in missense mutations and small FVIII deletions and insertions32,38. 

The strong relationship between FVIII genotype and inhibitor risk is best explained by the fact 

that hemophilia A patients lack central tolerance to FVIII20,39,40. As consequence to the complete 

absence of autologous FVIII in hemophilia patients, FVIII-specific T- and B-cells can escape the 

selection procedure to eliminate self-reactive cells, and have increased propensity to become 

activated after FVIII administration. However, since healthy subjects and hemophilia patients 

have both demonstrated CD4+ T-cell responses to FVIII and anti-FVIII antibodies, the development 

of inhibitors is not consequential to defects in central tolerance induction29,41,42. Instead, peripheral 

tolerance mechanisms might play an instructive role in pathologic manifestations of FVIII-reactive 

T- and B-cells. These mechanisms include the presentation of self-antigens by dendritic cells (DCs) 

in steady state to result in anergy or deletion of autoreactive clones, the suppressive activity of 

regulatory T-cells (Tregs) and anti-idiotypic antibodies that neutralize potential harmful self-

reactive antibodies. When also these tolerance mechanisms fail at the background of not having 

developed central tolerance to FVIII in congenital hemophilia A, an allo-antibody response to 

FVIII is generated. 

Concerning treatment related factors the evidence is less clear. Especially the role of factor product 

type, i.e. plasma derived FVIII (pdFVIII) versus rFVIII, remains highly debated, whereby some 

hypothesize that VWF, present in pdFVIII-products, serves as a chaperone for FVIII and protects 

against inhibitor formation. Many observational studies, meta-analyses and systematic reviews 

were performed, with overall non-conclusive results43–45. In 2016 the SIPPET study (Survey of 

Inhibitors in Plasma-Product Exposed Toddlers) was published, a randomized controlled trial with 

the aim of comparing the immunogenicity of FVIII product classes (pdFVIII and rFVIII products)37. 

The study, which included 251 previously untreated patients (PUPs) with severe hemophilia, 

showed that treatment with pdFVIII containing VWF resulted in a significantly lower incidence 

of inhibitors than treatment with rFVIII (26.8% versus 44.5%). Although there are some questions 

regarding the quality of the study design and the generalizability of the findings to Europe and 

North-America (as most of the patients were from Egypt, India and Iran) for so far this is the only 
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randomized controlled trial which showed that rFVIII products almost double the risk of inhibitor 

formation compared to pdFVIII. The debate is however still ongoing. More details regarding the 

possible protective role of VWF will be provided later on in this article (see ‘Predictors of ITI 

outcome’). 

All known factors contributing to the formation of inhibitors are summarized below, as proposed 

by van Helden et al (figure 2)46. In this model each patient has an individual threshold for 

developing inhibitors, determined by genetic factors. Subsequent environmental factors, like 

intensity of treatment at first exposure, product type and administration of FVIII in the absence 

or presence of inflammation, determines whether sufficient immune activation occurs to exceed 

the threshold for inhibitor formation. This simplified model provides a better understanding of 

the complexity of the immune response to FVIII and also explains why some patients do and 

other patients do not develop inhibitors. 

 

Immune response to FVIII

Allo-immunization to infused FVIII follows the classical immune response paradigm, which can 

be divided in the primary and secondary response20,47 (figure 3). The primary immune response 

starts with recognition and endocytosis of the infused FVIII by antigen presenting cells (APCs), 

most notably DCs but also macrophages and B-cells. Thereafter FVIII is presented as FVIII peptide/

major histocompatibility complex (MHC) class II complexes to naïve T-cells in the lymph node20. 

Inhibitor
threshold

Determined by:
- FVIII genotype
- Immune response genes 
(IL-10, TNF-alfa, CTLA4

- MHC class II 

Favorable profile

FVIII FVIII + large
innate immune 

stimuli
(eg severe trauma)

FVIII + small 
innate immune 

stimuli
(eg infection)

Unfavorable profile

Figure 2. Model of inhibitor formation
Several genetic factors, i.e. factor VIII (FVIII) genotype, polymorphisms in immune response genes and MHC class 
II type, determine the threshold or the susceptibility of inhibitor development. Additional environmental factors, 
including intensity of treatment and immune system challenges such as infections or surgery, determine if the 
threshold is reached and if inhibitors will develop or not. 
Adapted from Helden et al., Haemophilia46. Reproduced with permission from the publisher.
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In the presence of an activating, pro-inflammatory micro-environment these T-cells become 

activated and differentiate into FVIII-specific CD4+ T-cells. Subsequently, the FVIII-specific T-cells 

provide B-cell help, allowing B-cells to undergo class switching and supporting them to 

differentiate into FVIII-specific memory B-cells and anti-FVIII producing plasma cells. 

There are several requirements for an effective interaction between the APC and the T-cell. This 

includes the functional avidity of the particular T-cell to bind to the MHC-peptide complex, up-

regulation of co-stimulatory signals CD40 and CD80/86 on the APC in the presence of ‘danger’ 

signals and pro-inflammatory cytokines. In absence of costimulatory signals, interaction between 

the APC and the T-cell is aborted and a non-productive immunologic synapse is formed. As a 

consequence T cells become anergic or undergo apoptosis, which results in antigen specific 

tolerance instead of a productive immune response39. The abovementioned factors may be 

important factors in the control of tolerance induction in the approximately 2/3 of all patients 

that do not develop inhibitors to FVIII47,48. 

The secondary response is mediated by FVIII-specific memory B-cells, which act as APCs and 

activate FVIII-specific CD4+ T-cells. In turn, these T-cells help the memory B-cells to differentiate 

into antibody secreting plasma cells23,39,49. At the same time uptake of FVIII by (other) APCs also 

stimulates T-cells, resulting in the activation of new FVIII-specific B-cells and thus the generation 

of additional plasma cells and memory B-cells. Contrary to the primary immune response, which 

involves naive T- and B-cells, the secondary immune response to FVIII is mediated by FVIII-specific 

CD4+ T-cells and memory B-cells. These cells are able to expand response to FVIII much quicker 

and to produce higher affinity antibodies to FVIII and effective recall responses, all features of 

effective B-cell memory responses.

Immune tolerance induction

Mechanism of action
ITI is the most widely used therapy to eradicate inhibitors. The exact mechanisms how repeated 

administration of FVIII re-establishes tolerance remain unresolved, but the general concept of 

this therapy is that recurrent exposure of the immune system to FVIII under non-inflammatory 

conditions leads to a down-modulation of the established anti-FVIII antibody response and results 

in the induction of immune tolerance48,50. 

Since the first description of ITI, many different treatment regimens have been developed, 

encompassing protocols with variations in FVIII dose, product type and use of additional 

immunosuppressive agents. The three most well-known protocols are the Bonn protocol, the Van 

Creveld protocol and the Malmö protocol (table 2), but multiple adaptations of these regimens 

are used.

Clinical information about the immunologic reactions during ITI in patients remains limited; new 

knowledge about the physiology of tolerance induction is obtained indirectly, mainly from murine 

models of hemophilia A. Some differences however exist between human and murine immune 
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responses, such as antibody responses raised against FVIII. Noteworthy herein is the deficiency 

of IgG4 subclass antibodies in mice47. In humans, IgG4 plays an important role in the anti-FVIII 

immune response as it is one of the most prevalent subclasses of all anti-FVIII antibodies and 

persistence of this subclass is associated with failure of ITI23,56. Results from murine models of ITI 

therefore need to be interpreted with caution.

FVIII CD4+
T-cell

Naive 
B-cel

BCR

FVIII
B-mem

BCR FVIII
plasma

cell

Anti-FVIII 
IgM antibodies

FVIII T-cell FVIII FVIII
T-mem

FVIII
B-mem

BCR

FVIII
B-mem

BCR FVIII
plasma

cell

Anti-FVIII 
IgG antibodies

TCR

CD80/CD86

CD28CD40L

CD40

I. Primary immunization II. Secondary immunization

++ ++

CD4+
T cell

I Primary immunizationI. Primary immunization

DC

MHC II / FVIII
complex

Figure 3. Primary and secondary immune response to FVIII20,47

I. Primary immunization: Upon initial exposure to factor VIII (FVIII), the protein is internalized by antigen presenting 
cells (APCs), eg dendritic cells (DCs), and is presented to naive CD4+ T-cells. Together with the presence of an 
activating, pro-inflammatory micro-environment with upregulation of co-stimulatory signals, this results in 
activation of the T-cell. In turn, these activated T-cells activate FVIII-specific naive B-cells, which expand and 
differentiate either into plasma cells, secreting anti-FVIII IgM antibodies (FVIII plasma cell), or FVIII-specific 
B-memory cells (FVIII B-mem).
II. Secondary immunization: During the secondary immune response, FVIII B-mem act as APCs and activate FVIII-
specific T-memory cells (FVIII T-mem). After this interaction and activation FVIII B-mem will further differentiate into 
anti-FVIII IgG secreting plasma cells. 
MHC: Major histocompatibility complex; CD40L: CD40 ligand; TCR: T-cell receptor.
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Key players of the immune response to FVIII, and therefore also the main targets of ITI, are FVIII-

specific CD4+ T-memory cells, FVIII-specific B-memory cells and (long-living) anti-FVIII producing 

plasma cells. Considering the down-regulation of antigen receptors during the terminal 

differentiation of plasma cells, it is unlikely that these cells are affected by antigen-specific 

inhibition or depletion during ITI. Instead it is hypothesized that successful ITI depends on the 

elimination of FVIII-specific B-memory and CD4+ T-memory cells. Extinction of long-living anti-

FVIII producing plasma cells could eventually occur due to the lack of replenishment by B-memory 

cells. Considering a lifespan up to several years of long-living plasma cells the abovementioned 

concept also explains why ITI can take so long to complete57,58.

But what are the mechanisms that result in inhibition or deletion of FVIII-specific B- and T-cells?

Three mechanisms have been described which all contribute in inducing immune tolerance48,50     

(figure 4):

1. Inhibition of B-memory cell differentiation into plasma cells by high FVIII concentrations;

2. Anergy of effector T-cells due to exhaustion / overstimulation and induction of regulatory 

T-cells due to chronic exposition of FVIII in a non-inflammatory state;

3. Development of anti-idiotypic antibodies: i.e. antibodies directed to anti-FVIII antibodies.

Table 2. Summary of the Bonn protocol, the Van Creveld protocol and the Malmö protocol

ITI protocol Regimen Success 
rate

Comments

Bonn 
protocol51,52

(high dose)

Start:
-   FVIII 100-150 IU/kg twice daily
-    aPCC 50 U/kg twice daily (only for patients at 

high risk for bleeding)
When inhibitor < 1 BU/ml: 
-   FVIII 150 IU/kg once daily

87% Very demanding for 
patients
High costs

Van Creveld 
protocol53,54

(low dose)

-    25-50 IU/kg every second day or 3 times/week 87% Less demanding
Cost saving

Malmö 
protocol55

-    Neutralizing continuous infusion of FVIII to 
maintain FVIII plasma levels > 30% for 10-14d

-    Cyclophosphamide: 12–15 mg/kg i.v. (days 1–2); 
2–3 mg/kg orally (days 3–10)

-    Intravenous IgG: 2.5–5 g on day 1; 0.4 g/kg/d on 
days 4–5

-    Protein A adsorption: if the inhibitor titre is >10 
BU/ml prior to start of therapy to reduce titre to 
<10 BU/ml

59-83% Rapid response
Cost saving
Requires hospitalization
Concerns regarding use of 
cyclophosphamide 
No longer use because 
long-term responses were 
not always durable

ITI: Immune Tolerance Induction; FVIII: factor VIII; aPCC: activated prothrombin complex concentrate; BU: 
Bethesda Units.
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Inhibition of B-memory cells
Exposure to high levels of FVIII inhibits the re-activation of FVIII-specific memory B-cells, 

preventing them to differentiate into antibody secreting plasma cells59,60, as was first shown using 

an in vitro and in vivo murine model of hemophilia A59.  In this study CD138-negative splenocytes 

from mice, which were immunized to human (or murine) FVIII, were analyzed. In these experiments, 

low concentrations of FVIII (0.01 µg/ml to 0.1 µg/ml), equivalent to about 10-100% of the 

physiologic plasma concentration of FVIII, stimulated FVIII-specific memory B-cells to differentiate 

into antibody secreting cells. Supraphysiologic levels of FVIII (1, 10 and 20 µg/ml, i.e. 10 to 200 

times the physiologic level of FVIII), however, reduced memory B-cell differentiation and prevented 

Figure 4. Proposed working mechanisms of ITI
Repeated administration of factor VIII (FVIII) in a non-inflammatory state leads to presentation of FVIII without 
costimulatory signals (A) and/or upregulation of inhibitory T-cell molecules (B), such as CTLA-4 or PD1. This in turn 
causes anergy of FVIII-specific effector T-cells (Teffs) and induction of regulatory T-cells (Tregs), indicated by the 
balance shifting towards the Treg site. These Tregs exhibit inhibitory effect on both T- and B-cells. At the same 
moment high doses of FVIII induce apoptosis of FVIII-specific B-memory cells (FVIII B-mem). The elimination of 
these FVIII B-mems reduces antigen presentation and subsequent activation of FVIII T-mem, which further shifts the 
balance from Teff towards Treg. The net result of these events is that (long-living) plasma cells are not replenished, 
which eventually leads to the eradication of inhibitors. Finally also the development of anti-idiotypic anti-FVIII 
antibodies might be involved in this process by neutralizing the effect of anti-FVIII inhibitors. 
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the formations of antibody secreting cells. This inhibition of the B-memory response was 

irreversible and seemed to involve the activation of caspases, which induce apoptosis.  Moreover, 

it was established that the suppressive activity of high concentration of FVIII was the result of a 

direct action on FVIII-specific memory B-cells and was not mediated by T-cells. 

The abovementioned findings were confirmed in experiments testing a range of concentrations 

between 1 pg/ml to 100 µg/ml of FVIII in a comparable hemophilia A mice model60. Here, the optimal 

re-stimulation of B-memory cells was seen at concentrations of 3-10 ng/ml (3-10% of the 

physiological plasma concentration), whereas inhibition started at a level of FVIII of 100-300 ng/ml 

with an almost complete inhibition at 1 µg/ml (corresponding to 1-3 times and 10 times the 

physiological plasma concentration respectively).  Of note, the concentration of FVIII required for 

inhibition was very different between B- and T-cells, namely 100-300 ng/ml and 100 µg/ml, 

respectively. This finding supports the view that inhibition of FVIII-specific B-memory cells is a T-cell 

independent process and therefore the selective inhibition and eradication of these B-memory 

cells might be an early event in the down-modulation of the immune response to FVIII during ITI. 

Although these studies provide important insight into a potential mechanism of tolerance 

induction, it remains unknown whether the process of B-memory cell inhibition occurs in 

hemophilia patients that undergo ITI. Van Helden et al. showed that the percentage of FVIII-

specific B-memory cells in inhibitor patients ranges from 0.05-0.24% of all IgG-producing 

B-memory cells, while FVIII-specific B-memory cells were absent or present at very low levels in 

patients successfully treated with ITI61. Successful ITI may therefore involve the deletion of FVIII-

specific B-memory cells although the mechanism behind the elimination of these cells in humans 

remains unresolved. Noteworthy in this respect is that the lowest FVIII concentration required to 

completely suppress FVIII-specific B-cells (1 µg/ml) in the mouse models is higher than the FVIII 

levels that can be achieved with even the high dose ITI protocol. Moreover, these studies do not 

explain the clinical efficacy of low-dose ITI protocols.

T-cell anergy and induction of regulatory T-cells
Considering their key role in establishing and maintaining the immune response to FVIII, the 

adjustment of FVIII-specific CD4+ T-cell function is an essential requirement for the induction of 

tolerance. 

In general, there are several T-cell-dependent mechanisms involved in peripheral tolerance. The 

most important mechanisms are described below and depicted in figure 562,63:

1. Clonal deletion by Fas-mediated activation-induced cell death. In T-cells repeated activation 

and upregulation of Fas ligand (FasL) results in induction of this pathway of apoptosis. Therefore, 

Fas-mediated death of T-cells appears particularly important for eliminating lymphocytes that 

recurrently encounter persistent antigens, most notably self-antigens. 

2. Anergy, or functional unresponsiveness of the T helper cell clone: anergy can be caused by 

presentation of antigen without appropriate co-stimulation or with upregulation of alternative, 

inhibitory, receptors like CTLA-4 and programmed cell death 1 (PD1);

3. Cytokine-mediated suppression of effector T-cells due to development of regulatory T-cells.
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Figure 5. T-cell dependent mechanisms of peripheral tolerance62,63

I.  A normal T cell response is characterized by activation of T-cells due to the recognition of antigen in the 
presence of costimulatory signals.

II.  Encounter with (auto-)antigen might induce T-cell anergy if costimulatory signals are absent or inhibitory T-cell 
molecules, such as CTLA-4, are upregulated.

III.  Self-reactive T-cells might be eliminated after contact with (auto-)antigen by activation-induced cell death due 
to upregulation of T-cell FasL and interaction with death receptor Fas. 

IV.  Suppression of Teff duo to the effect of Treg and their inhibitory cytokines. 
APC: antigen presenting cell; CTLA-4: cytotoxic T-lymphocyte associated antigen 4; FasL: Fas ligand; Teff: effector 
T-cells; Treg: regulatory T-cells.
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Especially the field of Treg biology has evolved rapidly during the last decades. These Tregs can 

be divided in two broadly distinct subsets, ‘natural’ and ‘adaptive’ Tregs64. The natural Tregs, 

characterized as CD4+CD25+FoxP3+, develop from naive precursors in the thymus and play a 

role in the maintenance of self-tolerance. In contrast, adaptive Treg develop peripherally without 

input from the thymus. Adaptive Tregs can develop in case of antigenic stimulation under very 

specific conditions, including repeated antigen presentation by immature DCs or stromal cells, 

which express low levels of costimulatory molecules and MHC class II65. These adaptive Tregs can 

be subdivided in Tr1 and Th3 cells, which are characterized by production of the 

immunosuppressive cytokines IL-10 and transforming growth factor bèta (TGF-β) respectively. 

The net results are inhibition of T-cell activation and formation of effector T-cells (Teffs), and/or 

suppression of Teff cell functions.   

The chronic exposure of a naive immune system to antigen in the absence of danger-signals leads 

to the induction of Tregs66,67. Thus, the chronic exposure of hemophilia A patients to FVIII under 

non-dangerous conditions, such as during ITI, could also induce FVIII-specific Tregs, which in turn 

are able to suppress FVIII-specific Teff cells. Without the help of these Teffs, FVIII-specific B-cells 

will not differentiate into antibody-producing plasma cells and this will eventually lead to the 

elimination of these B-cells. Nevertheless, the question remains if the above described scenario 

would also operate in a primed immune system, which applies to the situation in inhibitor 

patients48. In this condition the immune response to FVIII is regulated by B- and T-memory cells 

and it might be more challenging to modulate such a pre-existing and optimized inhibitory 

antibody response68.

So what is known about the T-cells, and more specific, the Treg response in hemophilia A patients 

during ITI? As stated before, limited data on phenotypic and functional changes of FVIII-specific 

lymphocytes during ITI is available, mostly from case studies. For example, T-cell responses of a 

patient with mild hemophilia A (missense genotype A2201P) were characterized during one year 

after initial inhibitor development69. The patient developed a high-titer inhibitor (250 BU/ml) that 

decreased over time to 8 BU/ml. CD25-depleted CD4+ T-cells of this patient showed an enhanced 

response to an A2201 peptide 11 and 19 weeks after inhibitor detection. Due to the absence of 

CD4+CD25+ Tregs in these samples, this finding suggests the possible involvement of Tregs in 

down-regulating immune responses. A possible role of Tregs in inducing tolerance to FVIII was 

supported by subsequent studies70. Since FVIII-specific T-cells are routinely present in normal 

individuals in absence of clear pathology, Kamaté et al. studied the possibility that naturally 

occurring Tregs may contribute to the inhibition of the FVIII-specific T-cell response. Therefore 

the proliferative response against FVIII using unmodified, or Treg-depleted peripheral blood 

mononuclear cells (PBMCs) was tested in 13 healthy individuals. Depletion of Tregs resulted in a 

markedly increased FVIII-dependent response. Another study evaluated if eradication of FVIII-

specific T-cells could be a possible mechanisms of action in ITI by studying the CD4+ T-cell 

response to FVIII in five ex-inhibitor patients71. Following repeated stimulation with FVIII-loaded 

autologous DCs, a FVIII-specific T-cell line was detected in one of the five patients, whereas no 
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FVIII-specific T-cells could be isolated from patients without inhibitor or from normal control 

subjects. Although deletion of FVIII-specific T-cells is a likely mechanism to induce tolerance, this 

study merely shows that elimination of these antigen-specific T-cells is not necessary to restore 

tolerance to FVIII. In a study of Hu et al. normal donors and hemophilia A patients with and without 

inhibitor were analyzed for cytokine production by CD4+ T-cell blasts responding to native FVIII72. 

In normal donors, 23 of the 44 subjects had a significant proliferative response to FVIII. The CD4+ 

T-cell blasts of these ‘responders’ produced interferon gamma (IFN-γ) and TGF-β, whereas the 

CD4+ T-cell blasts of the ‘non-responders’ produced only TGF-β. Hemophilia patients without 

inhibitors also produced IFN-γ and TGF-β. In contrast, in patients with inhibitors FVIII exposure 

induced production of IFN-γ and IL-4, but no production of TGF-β. These findings suggest a role 

for Th2 cells (illustrated by the IL-4 production) in inhibitor formation, whereas a regulatory Th3 

response (illustrated by TGF-β) may prevent antibody synthesis.

In conclusion, most of the knowledge about the role of T-cells in inducing (peripheral) tolerance 

remains based on fundamental research. Clinical data about the mechanism of ITI in hemophilia 

is rather limited and is mostly restricted to a cross-sectional comparison of immune profiles 

between healthy controls and patients with and without inhibitors. However, evidence exists to 

support that ITI restores immune tolerance to FVIII in part through modulation of pathogenic 

FVIII-specific CD4+ T-cell responses. 

Anti-idiotypic antibodies
Anti-idiotypic antibodies also associate with ITI-induced reestablishment of tolerance to FVIII in 

hemophilia A patients73.  It is hypothesized that anti-idiotypic antibodies neutralize potentially 

damaging auto-reactive antibodies and  suppress functions of auto-reactive B-cells74. This concept 

is supported by several findings. First of all both anti-FVIII antibodies and their counteracting 

anti-idiotypic antibodies are present in healthy individuals75. Moreover it was shown that 

administration of intravascular immunoglobulin (IVIG) in patients with neutralizing antibodies 

to FVIII can be curative and that this effect was correlated with the presence of anti-idiotypic 

antibodies in pools of immunoglobulins76. Gilles et al. demonstrated in two hemophilia A patients 

that successful ITI was associated with the formation of anti-idiotypic antibodies, which neutralized 

the inhibitory capacity of anti-FVIII antibodies77. Indeed, plasma from patients treated with ITI, 

both successful and unsuccessful, contained an anti-FVIII antibody-neutralization factor, whereby 

this factor was in the IgG fraction and increased during successful ITI78. Anti-idiotypic antibodies 

showed therapeutic potential in a murine hemophilia A model by restoring normal FVIII activity 

in the presence of a monoclonal inhibitor of the FVIII C2 domain79. More recently similar results 

were found in an in-vitro study of anti-idiotypic antibodies directed to human polyclonal anti-FVIII 

antibodies73. Except for their neutralizing capacity of inhibitors, anti-idiotypic antibodies might 

also suppress FVIII-specific B-cells by crosslinking the B-cell receptor (BCR) with the inhibitory 

FcγRIIB (CD32) receptor on these cells80. The FcγRIIb receptor contains an immunoreceptor 

tyrosine-based inhibitory motif (ITIM). In the setting of crosslinking of the BCR and FcγRIIb, ITIM-

mediated signaling can result in the inhibition of B-cells or the induction of apoptosis80.  
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Although the potential role of anti-idiotypic antibodies in inducing tolerance and/or treatment 

of anti-FVIII antibodies seems promising, the evidence regarding these entities remains limited 

and clinical tests are lacking. 

Predictors of ITI outcome
Several different studies and registries monitor success rates of ITI to identify predictors of 

successful outcomes81–88. These factors are summarized in table 3. 

The most consistently recognized predictors of ITI success are related to the strength of the 

immune response: i.e. the peak historical FVIII inhibitor titer (< 200 Bethesda units (BU)/ml), the 

inhibitor titer before start of ITI (< 10 BU/ml) and the peak inhibitor titer during ITI. In addition, 

‘non-null’ FVIII mutations (small insertions/deletions and missense mutations) have been 

associated with a favorable outcome, whereas interruption of ITI seem to decrease the success 

rate83,84. Regarding the domain specificity and IgG profile of anti-FVIII antibodies, van Helden et 

al. reported that antibodies directed against the light chain of FVIII were associated with a 

successful outcome of ITI89, whereas a high proportion of FVIII-specific IgG4 was associated with 

failure ITI treatment56. Although a hemophilic mouse model suggested that stimulation of toll-like 

receptors (TLR) increased the re-stimulation of FVIII-specific B-memory cells, this association 

between infection or inflammation and the outcome of ITI has not been reported in humans. 

Table 3. Main predictors of Immune Tolerance Induction success81–88

Consistently 
recognized

Postulated / further 
data needed  

Unlikely

Patient related Historical peak 
titer ≤ 200 BU/mL 
Inhibitor titer  
< 10 BU/ml at ITI start
Peak titer during
ITI ≤ 200 BU/ml

Low-risk FVIII 
genotype 
Anti-FVIII epitope 
specificity / 
IgG subclass 

Age at ITI start 
Time between inhibitor 
diagnosis and ITI start
Ethnicity

Treatment related / 
environmental factors

FVIII dose*
Type of FVIII product 
Interruptions of ITI
Infections / other 
immunological 
challenges

* Poor risk patients: better prognosis with high-dose regimen; good risk patients: no difference in efficacy 
between high- and low-dose regimen, although high-dose regimen associated with shorter duration to 
success and less bleeding complications.
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Probably the two most discussed issues regarding predictors of ITI are the FVIII dose and product 

type. Concerning the optimal FVIII dose, the International Immune Tolerance Registry (IITR) and 

the North-America Immune Tolerance Registry (NAITR) showed conflicting results81,82. A meta-

analysis of these two registries demonstrated that in good-risk patients, defined as an historical 

peak titer < 200 BU/ml and an pre-ITI titer < 10 BU/ml, FVIII dose did not influence outcome, 

whereas in poor-risk patients, with a historical peak titer > 200 BU/ml and/or pre-ITI titer > 20 BU/

ml, greater chances of successful ITI were seen with a daily FVIII dose ≥ 200 BU/ml90. In order to 

clarify the dose issue, the International ITI study was designed85. This randomized controlled trial 

showed that ITI success rate was similar between patients treated with FVIII doses of three times 

per week 50 IU/kg or daily 200 IU/kg. However, the low dose regimen was associated with a 

significantly longer time to inhibitor eradication and significantly more bleeding complications, 

which was one of the reasons for a premature termination of the study85. 

The answer to which FVIII product to use during ITI is even less clear. Traditionally pdFVIII and 

rFVIII are compared, while since its introduction in ITI, rFVIII-Fc is also included in the discussion.

With regard to pdFVIII versus rFVIII, data suggest that pdFVIII products may be less immunogenic 

and might result in greater success of ITI compared to rFVIII products91–93. The presence of VWF 

in pdFVIII products was proposed as an explanation for these findings. Possible mechanisms of 

the protective role of VWF include epitope masking to reduce immunogenicity and prevention 

of endocytosis by DCs93–95. Other factors that could contribute to the reduced immunogenicity 

of pdFVIII compared to rFVIII include the presence of immunosuppressive molecules, including 

TGF-β, in plasma derived products and the different posttranslational modification of rFVIII due 

to its production in mammalian cells rather than human cells39,96,97. 

Clinical evidence to support these hypotheses is mainly originating from historical retrospective 

cohorts and case series. Kreuz et al. reported a significant decline of ITI success rate from 90% to 

29% after introduction of monoclonal pdFVIII or a rFVIII product in patients treated with the 

otherwise unchanged high-dose Bonn protocol98. Moreover, when these patients who failed ITI 

were switched to pd FVIII, 80% were able to achieve tolerance. Similar findings were reported in 

patients treated in Bonn and Bremen between 1991 and 2001 (success rate 54% versus >80% for 

rFVIII and pdFVIII respectively)99.   However, these uncontrolled retrospective series have some 

major limitations and bear the risk of being influenced by confounding factors, including that 

certain patient characteristics might not have been reported and differences in duration of ITI 

courses: ITI courses with rFVIII were often for shorter duration than ITI courses with pdFVIII. 

In 2014 a pooled meta-analysis of 13 studies and 382 patients found no difference in ITI outcome 

between patients treated with VWF-containing products and patients treated with FVIII products 

without VWF100. However, due to heterogeneity and lack of data of the included studies, a 

multivariable regression analysis adjusting for baseline risk of ITI failure was not feasible and there 

seemed to be a higher proportion of poor risk patients in the study population treated with VWF-

containing FVIII products.  So far, no prospective randomized ITI trial has compared pdFVIII with 

rFVIII for ITI and no evidence conclusively demonstrates the superiority of any FVIII product, 

leaving the issue unresolved.
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Noteworthy here as well is the role of the extended half-life product rFVIII-Fc in the induction of 

tolerance. This fusion protein consists of a single molecule of B-domain deleted FVIII and the Fc 

domain of human IgG1101,102.  The prolonged half-life of rFVIII-Fc mediated through binding to 

the neonatal Fc receptor (FcRn), which protects IgG1 and Fc-fusion proteins from lysosomal 

degradation101,102. Except for prolonging the half-life, fusion of FVIII (or other haptens) to the Fc-

region of IgG may have additional immunomodulatory consequences through preferentially 

inducing Tregs10,11. More recently the tolerogenic capacity of rFVIII-Fc has been confirmed by both 

pre-clinical and clinical studies13–16. A mouse model of hemophilia A demonstrated that, compared 

to B-domain deleted and full length rFVIII, administration of rFVIII-Fc produced significantly lower 

antibody responses to rFVIII. Hereby it was shown that rFVIII-Fc resulted in up-regulation of Tregs 

and tolerogenic cytokines and markers, while pro-inflammatory cytokines were down-regulated. 

Both the interaction of rFVIII-Fc with the FcRn as with Fcγ receptors, of which some are 

immunosuppressive, such as FcγRIIb, appeared to be involved.  Finally, the first case reports of 

successful ITI with rFVIII-Fc have been published15,16. Taken together, these studies about the 

potential tolerogenic effect of rFVIII-Fc are interesting and promising. More clinical data is needed 

to establish the role and possibility of added value of rFVIII-Fc in ITI compared to the standard 

rFVIII products. 

New mechanistic insights in prevention and treatment of inhibitors

Given the invasive, lengthy and expensive character of the current immune tolerance protocols, 

much research effort is ongoing to develop novel strategies to eradicate inhibitors. Already in 

clinical practice, especially in patients who fail ITI, are the (concomitant) use of rituximab and 

other immunomodulatory drugs like IVIG, cyclophosphamide or mycophenolate mofetil (MMF)7. 

However, all these agents have a general immunosuppressive effect instead of inducing antigen-

specific tolerance to factor VIII. This is the focus of several novel strategies, which  are mainly 

directed to the key players of the FVIII immune response and include FVIII-specific B- and T-cell, 

both Treg and Teff,  targeted therapies47,103,104. An enumeration of the extensive range of all new 

experimental approaches falls beyond the scope of this review. However, in table 4 the most 

relevant current developments are summarized. Next we will highlight several key strategies. 

Important to notice here, is that these new strategies mainly showed to be effective in preventing 

inhibitor formation in a naive immune system instead of extinguishing the anti-FVIII response in 

a primed immune system. 

Considering their essential role in the anti-FVIII immune response, many researchers focus on 

T-cells as target to induce tolerance, which includes either inhibition of Teffs or induction of Tregs. 

New experimental approaches to inhibit Teffs include administration of FVIII combined with 

anti-CD3 antibodies, mTOR inhibitors or antibodies that block costimulatory pathways (such as 

inducible T-cell costimulatory (ICOS) and ICOS-L, CD28 and B7 and CD40 and CD40L).  Strategies 

to induce Treg cells include liver-directed gene therapy, orally administered antigen, or the use 

of engineered FVIII-specific human regulatory T-cells47,103. In the latter case, FVIII-specific Tregs 
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were engineered ex vivo by transduction of a T-cell receptor (TCR) isolated from a hemophilia A 

inhibitor patient T-cell clone into Tregs from healthy human donors105. It was shown that these 

Tregs  inhibited the proliferation of FVIII-specific Teffs in vitro. Moreover, in a co-culture with 

splenocytes from FVIII-immunized hemophilia A mice and in the presence of FVIII, the engineered 

Tregs were able to suppress the generation of anti-FVIII antibody producing cells. 

Another interesting effort to induce FVIII tolerance includes the transduction of B-cell blasts to 

express A2 and C2 IgG heavy chain fusion proteins12. These engineered B-cells significantly 

reduced immune responses to FVIII in naïve hemophilia A mice as well as in previously immunized 

hemophilia A mice.  The effect was shown to persist for at least 2 months and, based on further 

experiments, is likely dependent on the recruitment of Tregs. 

In summary, an extensive array of tolerance induction protocols is emerging in pre-clinical studies. 

Such protocols have promise to translational efforts in hemophilia A patients but possibly also 

to patients suffering from autoimmune disorders. What can we learn about immune tolerance 

restoration that is applicable as possible treatment in autoimmune diseases?  

Table 4. Selection of novel strategies for immune tolerance induction in hemophilia A

Target Therapy Mechanism of action Results

T-cells  Anti-CD3

mTOR inhibitors  (rapamycin) 

Blocking co-stimulatory 
pathways with antibodies or 
fusion proteins (anti-ICOS, 
anti-CD40, CTLA4-Ig) 

Engineered FVIII-specific 
Tregs

Prevention of generation of 
activating APC/T-cell 
synapse; increase in Treg:Teff 
ratio

Increase in Treg:Teff ratio

Induction of 
CD4+CD25+FoxP3+ Tregs; 
elimination of Teff in short 
term; suppression of 
memory T-cell in long term. 

Suppression of Teff 
proliferation by antigen-
specific Tregs

Reduction of inhibitor 
incidence and anti-FVIII 
antibody titers in naive 
hemophilia A mice106.

Prevention of inhibitor 
development in naive 
hemophilia A mice107.

Prevention of inhibitor 
formation or reduction of 
inhibitor titers in naive 
hemophilia A mice; effect on 
restimulation of FVIII-specific 
memory B-cells variable; 
duration of effect also 
variable108–111.

Decreased generation of 
anti-FVIII antibody 
producing cells in 
immunized hemophilia A 
mice105.



Chapter 4

80  |

Target Therapy Mechanism of action Results

B-cells Antigenic liposomes with 
CD22 ligand

B-cell blasts expressing A2 
and C2 IgG fusion proteins

B-cell inhibition by binding 
to CD22

Treg recruitment

Lower anti-FVIII IgG titers 
and significant protection 
from bleeding in naive 
hemophilia A mice if 
co-administered with FVIII112.

Dampened immune 
response to FVIII in both 
naive as immunized 
hemophilia A mice12.

Plasma 
cells 

Bortezomib Proteasome inhibitor; 
non-specific eradication of 
plasma cells

Significant delay of inhibitor 
onset if co-administered 
with FVIII and decrease of 
anti-FVIII IgG secreting 
plasma cells in naïve 
hemophilia A mice.
In immunized hemophilia 
mice only marginally effect 
of inhibitor progression and 
no effect on plasma cells113.

Other Antigen expression by 
liver-directed gene therapy 
(viral vector-mediated)

Oral tolerance induction 
using transgenic plant cells 
expressing FVIII antigens 
(heavy chain and C2 domain) 

Flt3L with rapamycin and 
FVIII

Generation of transgene
specific CD4+CD25+FoxP3+ 
Tregs, that inhibit antibody
formation and CD8+ T cell 
responses against the 
transgene
products

Induction of different 
subtypes of Tregs, 
predominantly LAP+ Treg

Flt3L leads to expansion of 
DC subsets with regulatory 
properties, resulting in 
induction of Tregs

Vector-dose dependent 
elimination of pre-existing 
inhibitors in canine and 
murine models of 
hemophilia A (and B)
Correction of coagulation 
(after eradication of 
inhibitor) due to coagulation 
factor expression from gene 
therapy114,115.

Suppression of inhibitor 
formatting in naïve 
hemophilia A mice.
Tolerance induction in 
hemophilia A mice with 
pre-existing inhibitors116,117.

Lower inhibitor titers in a 
naive hemophilia A mice 
model118,119.

APC: antigen presenting cell; Treg: regulatory T-cells, Teff: Effector T-cells; ICOS: Inducible T-cell COstimulator; 
CTLA-4: cytotoxic T-lymphocyte-associated protein 4; Ig: immunoglobulin;  Flt3L: FMS-like receptor tyrosine 
kinase 3 ligand; DC: dendritic cell.

Table 4. Continued
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Experience with immune tolerance induction in other diseases

Immune tolerance induction is not unique for hemophilia, but can apply to other diseases as 

well, most notably to allergy and auto-immune disorders (AID) caused by pathogenic antibodies. 

Two ITI-like treatments will be discussed in detail and compared to experience in ITI for hemophilia: 

allergen-based immunotherapy in allergies and an experimental model of multiple sclerosis (MS).  

Immunotherapy in allergy

Allergen-specific immunotherapy (AIT), which can be applied subcutaneously (SCIT) or 

sublingually (SLIT), serves as an effective treatment to reduce symptoms of allergic asthma and 

rhinitis and venom-induced anaphylaxis120. Here, target antigen is regularly and in increasing 

dosages administered over a period of months to years. Mechanistically, in AIT a shift from 

allergen-specific effector T-cells to a regulatory phenotype appears to drive successful outcome 

in AIT120–124. 

The first phase of AIT is characterized by a rapid desensitization and a fall in degranulation of 

mast cells and basophils121,122,124. 

Subsequently early tolerance is achieved by a decline of IL-4 secreting Th2 cell and an induction 

of IL-10 secreting Treg cells and regulatory B-cells (Breg)120,123. The induced Treg cells and their 

cytokines, mainly IL-10 and TGF-β, subsequently further inhibit Th2-type immune responses and 

contribute to the control of allergies in different ways. Similarly, induction of IL-10–producing 

Breg cells inhibits proinflammatory cytokines and supports Treg cell differentiation.

Finally, memory T- and B-cells are responsible for the last phase of tolerance maintenance. Treg 

cells stimulate the class switching of B-cells towards IgG120,122. IgG4 particularly increases during 

the course of AIT and these antibodies are considered as a classical non-inflammatory isotype122,124.  

First of all IgG4 prevents the release of mediators from mast cells and basophil by competing with 

IgE for allergen binding. Moreover the IgE receptor may be inhibited due to formation of IgE-

allergen-IgG4 complexes, which bind to both the FcγRIIb and FcεRI. Finally IgG4 antibodies are 

able to exchange Fab arms, leading to unique functional bi-specific monovalent antibodies, and 

they do not activate complement. 

Especially these immunoregulatory function of IgG4 in AIT, or in general, is very interesting, since 

in hemophilia A IgG4 is one of the most prevalent subtype of antibodies and high levels of IgG4 

are associated with failure of ITI56. This is contradictory to the physiologic function of IgG4 and 

needs to be further elucidated. 

Immunotherapy in MS

The auto-inflammatory disorder MS is caused by the aberrant recognition of self-peptides of the 

myelin sheath and the attack of the central nervous system (CNS) 125. A well-described animal 

model for MS is experimental autoimmune encephalomyelitis (EAE), in which T-cells express a 

transgenic T-cell receptor specific for the immunodominant epitope of myelin basic protein (MBP).  

In this model immunization with a myelin peptide and an adjuvant triggers EAE, whereas initial 
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administration of the same peptide without adjuvant can successfully prevent EAE126–128. Parallel 

to hemophilia A and allergies, the induction of tolerance in this peptide immunotherapy involves 

anergy of CD4+ T-cells and a switch in serum cytokines from a dominant interferon-c response 

towards IL-10127,129. Interestingly, a recent EAE study showed that also myeloid-derived suppressor 

cells (MDSCs) play a role in the process of tolerance restoration and this is described in other 

autoimmune diseases as well130–132. MDSCs are a heterogeneous group of immature myeloid cells 

with immunoregulatory function, which are extensively studied in the field of cancer for their 

detrimental role in the immune escape of tumors by suppressing antigen-specific T-cell 

responses133. MDSCs inhibit T-cell functions in several ways, which involve both soluble mediators 

as well as cell-surface molecules134. Wegner et al. studied the role of MDSCs in EAE and they 

revealed that a subset of MDSCs, known as polymorphonuclear (PMN)-MDSCs, were involved in 

the generation of tolerance130. These cells showed an upregulation of the expression of 

immunoregulatory markers during peptide immunotherapy and were able to suppress CD4+ 

T-cell proliferation. This study illustrates that MDSCs are not only important in the pathophysiology 

of cancer and tumor immune escape, but might be targeted for restoring tolerance in auto-

immune diseases as well. 

The influence of antigen dose for the success of ITI

The extent to which chronic antigen exposure leads to Teff anergy or Treg induction appears 

dependent on  antigen dose and -affinity126. In the model of EAE it was shown that lower signal 

strength leads to anergy, while higher signal strength triggers induction of IL-10 secreting Tregs126. 

However, any high-dose peptide-specific therapy can cause a damaging immune response due 

to the primary burst of cell activation and cytokine release135. Therefore, allergen specific 

immunotherapy typically starts with lower doses, which gradually build up. In hemophilia A, 

contrary to hemophilia B, anaphylactic or other adverse reactions during ITI are very unusual and 

there is no build-up phase. Considering the abovementioned dose-dependent differences in 

T-cell responses combined with the ongoing debate about the optimal FVIII-dose during ITI, an 

outstanding question remains how exactly FVIII dose might influence the outcome of ITI. 

Other regulatory cells as target for immune tolerance induction

The immunotherapies used in hemophilia A, allergies and MS mainly describe the central role of 

CD4+ Tregs and to a lesser extent also that of Bregs and MDSCs. However, additional regulatory 

immune cells may play a role in achieving tolerance, which include (immature) DCs, regulatory 

macrophages (Mregs), mesenchymal stromal cells and CD8+ T-cells132. Data, although 

predominantly pre-clinical, showing the tolerogenic capacity of each of these cells is growing. A 

description of known mechanisms of tolerance induction by DCs, Mregs, mesenchymal stromal 

cells and CD8+ T-cells falls beyond the scope of this review, but has been described 

elsewhere132,136–139. The contribution of these regulatory cell types in tolerance induction to FVIII 

however remains unknown.
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CONCLUSION

ITI is until now the only effective therapy to eradicate inhibitors in hemophilia A. Although 

knowledge about the mechanisms mediating tolerance induction has expanded significantly, 

much is still to be elucidated. The hypothesized mechanism involved in ITI is that repeated 

administration of FVIII in a non-inflammatory state causes anergy induction of Teffs, induction of 

Tregs, apoptosis of B-cells and possibly also generation of anti-idiotypic antibodies. 

Based on ITI in hemophilia, two important paradigms appear as being essential for the induction 

of tolerance for other allergies and autoimmune diseases/disorders too. First, antigen should be 

presented by tolerogenic rather than immunogenic APCs. And secondly, this should result in the 

induction of regulatory cells. Here, regulatory T-cells and their production of suppressive cytokines, 

like IL-10 and TGF-β, play a central and pivotal role. However, also other regulatory cells are 

increasingly identified, which include MDSCs, (immature) DCs, mesenchymal stromal cells, and 

regulatory macrophages, B- and CD8+ T-cells. 

Further research should clarify the exact role of these cells in the process of tolerance induction. 

Other interesting future research subjects include unraveling the optimal way to direct allergens 

to a tolerogenic APC, including the role of FVIII dose and type in this process, and elucidating 

how to eradicate FVIII-specific long-living plasma cells (which are less susceptible to tolerance 

induction due to downregulated antigen receptors).

Practice points

- The development of neutralizing anti-FVIII antibodies currently is the most challenging 

complication in the treatment of hemophilia A.

- Immune tolerance induction (ITI), consisting of frequent and repeated administration of 

FVIII, is so far the only proven therapy to eradicate inhibitors.

- Mechanisms involved in introduction of tolerance include Teff anergy and Treg induction, 

apoptosis of B-cells, and induction of anti-idiotypic antibodies.

- Other regulatory cells, such as (immature) DCs, Bregs and MDSCs, also seem to be involved, 

although their exact role needs to be further clarified.

Research agenda

- Elucidating the mechanism of optimal tolerogenic antigen (FVIII) presentation, including 

the influence of FVIII dose and product type, but also co-administration of 

immunomodulators such as anti-CD3 and the blockade of costimulatory pathways.

- Defining the role of less known regulatory cells during ITI, such as Bregs, MDSCs or 

mesenchymal stromal cells.

- Research on how to specifically target allergen-specific long-living plasma cells during ITI.
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ABSTRACT 

The main complication of hemophilia A treatment is the development of neutralizing antibodies 

(inhibitors) against factor VIII (FVIII). Immune Tolerance Induction (ITI) is the prescribed treatment 

for inhibitor eradication, although its working mechanism remains unresolved. To clarify this 

mechanism, we compared blood samples of hemophilia A patients with and without inhibitors 

for presence of immunoregulatory cells and markers, including regulatory B-cells (Bregs), 

regulatory T-cells (Tregs), myeloid-derived suppressor cells (MDSCs) and expression of regulatory 

markers on T-cells (PD1, ICOS, CTLA4), by use of flow cytometry.

By cross-sectional analysis inhibitor patients (N=20) were compared to inhibitor-negative (N=28) 

and ex-inhibitor (N=17) patients. In another longitudinal study changes in immunoregulatory 

parameters were evaluated during ITI (N=12) and compared to inhibitor-negative hemophilia A 

patients (N=36). 

The frequency of Bregs, but not of Tregs nor MDSCs, was significantly reduced in inhibitor patients 

(3.2%) compared to inhibitor-negative (5.9%) and ex-inhibitor patients (8.9%), p<0.01. CTLA4 

expression on T-cells was also reduced (Mean Fluorescence Intensity 133 in inhibitor versus 537 

in inhibitor-negative patients, p<0.01). Fittingly, in patients followed during ITI, inhibitor 

eradication associated with increased Bregs, increased Tregs and increased expression of CTLA4 

and PD1 on CD4+ T-cells. 

In conclusion, inhibitor patients express significantly lower frequency of Bregs and regulatory 

T-cell marker expression, which are restored by successful ITI. Our findings suggest that an existing 

anti-FVIII immune response is associated with deficits in peripheral tolerance mechanisms and 

that Bregs and changes in immunoregulatory properties of CD4+ T-cells likely contribute to 

immune tolerance induction in hemophilia A patients with inhibitors.
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INTRODUCTION

The congenital bleeding disorder hemophilia A is caused by a deficit of coagulation factor VIII 

(FVIII), which results in spontaneous and severe bleeding. Prevention and treatment of bleeding 

consists of lifelong administration of FVIII. Although new therapeutic modalities have improved 

patient’s well-being, one major and challenging complication in the treatment of hemophilia A 

remains: the development of anti-FVIII antibodies (inhibitors).  These inhibitors develop in about 

one-third of all patients with severe hemophilia A, mostly during the first 15-20 exposure days 

(EDs)1–4. Anti-FVIII antibodies render FVIII replacement ineffective, and are associated with 

increased risk of uncontrollable bleeding, increased morbidity and reduced quality of life5,6.  

So far the most successful method to eliminate inhibitors is Immune Tolerance Induction (ITI), in 

which long-term administration of high-dose FVIII successfully down-modulates the anti-FVIII 

antibody production in about two-third of patients7–10. The working mechanism of ITI is 

incompletely understood as few studies thus far addressed FVIII-induced immunological changes 

during ITI11–19. 

Regarding inhibitor development, several risk factors are described, of which the F8 gene mutation 

and age and intensity of first treatment are well established2,3,20–23. Polymorphisms in immune 

response genes also appear to contribute to the inhibitor risk, whereas the role of the FVIII product 

type or exposure to ‘danger signals’ during FVIII administration is more debated24–30. 

The strong correlation between F8 gene mutation and the risk of inhibitor development results 

from the lack of central tolerance to FVIII in these patients with complete absence of FVIII. 

Accordingly, FVIII-reactive T-cells and B-cells are not eliminated during development, with the 

inherent risk to become activated after FVIII administration. Not all severe hemophilia patients 

however develop an inhibitor, and also healthy controls and non-inhibitor patients can harbor 

anti-FVIII reactivity31–34. Thus, peripheral tolerance mechanisms appear to play a crucial role in 

counteracting the FVIII-directed immune response32,33,35,36. Subsequently inhibitor formation will 

occur as soon as this peripheral tolerance fails, either due to genetic vulnerability, exogenous 

immune system challenges or a combination of both37. 

Compared to the prevention of inhibitor development, the question of how to restore tolerance 

to FVIII may be even more difficult to solve, given the highly effective antigen-specific B- and 

T-cell memory response in a primed immune system. 

The aim of this study is to improve the knowledge regarding the working mechanism of ITI. To 

this end, we evaluated the role of several immunoregulatory cell types and markers in ITI, which 

are identified as being involved in tolerance mechanisms in other (auto-)immune of inflammatory 

disorders. These include not only Tregs, but also myeloid derived suppressor cells (MDSCs), 

regulatory B-cells (Bregs) and tolerance markers PD1/PD-L1, ICOS and CTLA4. 

The immunoregulatory function of Tregs is well-known and limited evidence suggests also a role 

for Tregs in inhibitor eradication in hemophilia13,34. MDSCs are a heterogeneous group of immature 

myeloid cells with a immunoregulatory function, which are mostly studied in the context of cancer 
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given their role in the tumor immune escape, but also have been described as being involved in 

tolerance induction in auto-immune diseases38–40. 

Bregs comprise a subset of B cells with immuno-suppressive capacity by the production of 

interleukin 10 (IL-10)41. The deficit or dysregulated function of these cells has been identified as 

contributing factor for several autoimmune or inflammatory diseases, such as systemic lupus 

erythematosus (SLE), rheumatoid arthritis (RA) and colitis ulcerosa (CU)42–44. 

By comparison of these immunoregulatory markers between patients with and without inhibitor 

and evaluation of changes during ITI, we aimed to identify potential key players in the restoration 

of immune tolerance to FVIII, with the ultimate goal to improve current ITI protocols for 

hemophilia A. 

METHODS

Study design

This study involves a cross-sectional and longitudinal evaluation of differences and/or changes 

in immune-regulatory cells and markers, i.e. the immune profile, of hemophilia A patients using 

flow cytometry-based assays. For the cross-sectional analysis differences in the immune profile 

between patients without an inhibitor, patients with an inhibitor and patients with an inhibitor 

in the past (ex-inhibitor patients) were evaluated. For the longitudinal analysis changes in immune 

profile during the course of ITI (pre- and post-ITI) were assessed and compared with a control 

cohort.

Study population

The participants of this study are all hemophilia A patients, treated at the Van Creveldkliniek, the 

hemophilia treatment center of the University Medical Center Utrecht (UMC Utrecht). The cross-

sectional cohort consists of 65 patients, of which the majority (N = 37) was included between 

2017 and 2018 (cohort A). Hemophilia patients were included when previously treated with factor 

VIII concentrate (> 50 exposure days (EDs)) and belonging to either one of the following categories: 

1) no inhibitor; 2) active inhibitor (defined as an anti-FVIII titer > 0.3 BU/ml, as used at the UMC 

Utrecht) or 3) inhibitor in the past, successfully treated with ITI (ex-inhibitor patients).  Exclusion 

criteria were the presence of anemia (Hb < 6 mmol/L; < 9.67 g/dL), a diagnosis with other 

hematologic or immunological comorbidities, use of immunosuppressive medication, and having 

active infection at the moment of blood withdrawal. Of note, the cross-sectional cohort was 

complemented with 28 patients (cohort B), who participated in previous studies between 2001 

and 2008 and from whom peripheral blood mononuclear cells (PBMCs, stored in liquid nitrogen) 

were available45,46. 

The longitudinal cohort includes 12 inhibitor patients (cohort C), who underwent ITI and from 

who serial blood samples were stored during ITI (between 2001 and 2013; PBMCs stored in liquid 
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nitrogen). The results of cohort C were compared with a control cohort (cohort D), consisting of 

36 hemophilia patients without inhibitor, who had two blood samples withdrawn with a 6 month 

interval without clinical changes during this period (between 2017-2018). The study was approved 

by the local medical ethics committee and signed informed consent was obtained from all patients. 

Data collection

From all study participants the following data was collected: age at moment of blood withdrawal, 

hemophilia severity, number of EDs, anti-FVIII titer and, if applicable, ITI treatment data (including 

start- and stop-date, FVIII treatment dose and regimen, maximum inhibitor titer, date inhibitor 

eradication). Successful tolerance induction was defined as a negative anti-FVIII antibody titer (≤ 

0.3 BU), a recovery of at least 66% and a FVIII terminal half-life of at least 6 hours10.

PBMC isolation 

Blood was drawn into citrate tubes for inhibitor testing using the Bethesda assay, and heparin 

tubes to isolate PBMCs using Ficoll-Paque PLUS (GE Healthcare) density centrifugation.  Isolated 

PBMCs were re-suspended in RPMI 1640 containing 1% penicillin/streptomycin and 1% 

L-glutamine (all Gibco), 20% heat-inactivated fetal calf serum (FCS, Sigma-Adrich, F7524) and 

10% DMSO (Sigma-Aldrich)) and stored in liquid nitrogen until use.

Flow cytometry analysis of immune profiles

For evaluation of the immune profile three different flow cytometry panels were used: 1) B-cell 

panel for Breg evaluation; 2) Monocyte panel for MDSCs and expression of PD-L1 and HLA-DR on 

monocytes; 3) T-cell panel for Treg evaluation and expression of PD1, CTLA4 and ICOS on T-cells. 

B-cell panel: AF700-anti-CD3 and BV711-antiCD19 (Biolegend); PB-anti-CD20 (Sony biotechnology), 

AF700-anti-CD56, PE-Cy7-anti-CD5 and PE-anti-CD24 (BD Biosciences); BV510-anti-CD1d (BD 

Horizon); APC-anti-CD38 and FITC-anti-CD27 (eBioscience). 

Bregs were defined as CD19+CD24highCD38high cells42–44,47; the frequency of Bregs is expressed as 

the percentage of Bregs from the total number of CD19+ B-cells. Previously, functional experiments 

were performed to establish that IL10+ producing B-cells are enriched in this CD1919CD24highCDhigh 

B-cell fraction. For this purpose, PBMCs from healthy donors and inhibitor patients were stimulated 

with CpG ODN Class B and phorbol myristate acetate (PMA)/ionomycin for measurement of IL-10 

production and differentiation between the total B-cell population and the CD24highCD38high and 

CD24lowCD38low  B-cell subsets (supplemental figure 1). 

Monocyte panel: live/dead staining 7-AAD, PB-anti-CD15, FITC-anti-HLA-DR, PE-Cy7-anti-PD-L1, 

PE-CF594-anti-CD56 and V500-anti-CD3 (BD Biosciences); BV785-anti-CD14 and BV711-anti-CD19 

APC-anti-CD11b (eBioscience); PE-anti-CD33 (Bio-Rad). Monocytes were defined as CD3-CD19-

CD56-(Lin-)CD14+ cells.

MDSCs were defined as Lin-HLA-DRlowCD11b+CD33+; the frequency of MDSCs is expressed as the 

percentage of MDSCs from the total number of PBMCs. HLA-DR and PD-L1 expression on 

monocytes was presented as mean fluorescence intensity (MFI). 
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T-cell panel: AF594-anti-CD3, BV785-anti-CD4, BV711-anti-CD45RO (Biolegend); APC-Cy7-anti-

CD45RA (Sony Biotechnology); BV510-anti-CD27, PE-Cy7-anti-CD25, FITC-anti-CD69, PE-anti-

CTLA4 (BD Biosciences); PerCP-Cy5’5-anti-PD1 (Sony Biotechnology); APC-anti-ICOS (eBioscience). 

Tregs were defined as CD4+CD25+FoxP3+ cells; the frequency of Tregs is expressed as the 

percentage of Tregs from the total number of CD4+ T-cells. Expression of CTLA4, ICOS and PD1 

was presented as MFI.

For surface immunostaining, PMBCs were thawed, washed in PBS/2% FCS/0.1% sodium azide 

and incubated with antibodies (0.5 x 106 cells, 30 minutes, 4°C). After staining, cells were washed 

twice in PBS/2% FCS. Cells of the B-cell and monocyte panel were immediately analyzed. 

Cells from T-cell panel were fixed and permeabilized (Cytofix/Cytoperm; eBioscience; 30 minutes, 

4°C) for intracellular staining. Thereafter cells were washed twice and stained with anti-FoxP3 

antibody (30 minutes, 4°C). Cells were washed twice and resuspended in PBS/2% FCS for analysis. 

FACS acquisition was performed on an LSR Fortessa flow cytometer (BD). Only samples with cell 

viability ≥ 95% were included, and we ensured minimal inter-test variability by measuring in sets 

with an equal distribution between the different groups (no inhibitor/inhibitor/ex-inhibitor); for 

the longitudinal cohort all available serial samples from one patient were measured at once. For 

data analysis FlowJo software (LLC, version 10, Ashland, OR) was used. A complete gating strategy 

for the 3 FACS panels is shown in supplemental figure 2.

Statistical analysis 

Data are expressed as mean with standard deviation (SD) and 95% confidence interval (CI) or 

median with interquartile range (IQR) as appropriate. Kruskal-Wallis test was used to evaluate 

group differences in the cross-sectional cohort.  In case of statistically significant results, a post-

hoc analysis was performed using the Bonferroni correction. A sensitivity analysis was performed 

in which only patients with severe hemophilia A were included.

Data from the longitudinal ITI cohort were compared with the longitudinal control cohort in order 

to differentiate ITI-specific changes from aspecific time-related changes in outcome parameters. 

Here, for each ITI-patient 2 timepoints were selected: pre-ITI, representing the start of ITI, and 

post-ITI, representing the first negative aFVIII titer or the time point at which the lowest aFVIII 

titer was reached (requiring a minimal 3-fold decrease in aFVIII titer). For each outcome parameter 

relative changes pre- and post-ITI were calculated and expressed as ratio. For the control cohort, 

relative changes were calculated using the two samples, withdrawn at a six-month interval. 

Mann-Whitney U test was used to compare ratios of the ITI cohort and control cohort.  A sensitivity 

analysis was performed in which only patients were included with a negative inhibitor titer at 

the post-ITI timepoint. A p-value < 0.05 was considered as statistically significant. All analyses 

were performed with IBM SPSS Statistics for Windows, version 25.0.0.2 (Armonk, NY: IBM Corp). 

Graphs were produced with GraphPad Prism, version 8.3.0 for Windows (GraphPad Software, La 

Jolla California USA). 
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RESULTS

Comparison of immune profile between inhibitor, no inhibitor and ex-inhibitor 
patients  

Patient characteristics
The cross-sectional cohort (cohort A and B) consisted of 65 patients in three groups, of which 28 

(43.1%) without an inhibitor, 20 (30.7%) with a current inhibitor (30.7%) and 17 (26.2%) with an 

inhibitor in the past, i.e. ex-inhibitor patients (table 1). Cohort A represented 37/65 patients 

(56.9%), including 20 no inhibitor patients, 7 inhibitor patients and 10 ex-inhibitor patients. The 

remainder of patients from cohort B (28/65, 43.1%) consisted of 8 no inhibitor patients, 13 inhibitor 

patients and 7 ex-inhibitor patients. 

Median age of the cohort was 32 years (IQR 10-53) and the majority of patients suffered from 

severe hemophilia A (81.5%), with no significant differences between subgroups. Age at inhibitor 

development, the maximum anti-FVIII titer and the frequency of high responders (anti-FVIII > 5 

BU) were comparable between current inhibitor and ex-inhibitor patients. 

In the inhibitor group 12/20 (60.0%) of patients were treated with ITI at any moment during their 

disease course: two received ITI in the past (unsuccessful), six were on ITI at the moment of blood 

withdrawal and four started with ITI after blood withdrawal. The eight inhibitor patients, not 

treated with ITI, were mostly patients with mild hemophilia A (6/8). In the ex-inhibitor group 

14/17 received ITI in the past; in the other three patients the anti-FVIII reactivity resolved 

spontaneously. These three patients all had low-titer inhibitors, two with severe hemophilia A 

(age 1 and 2 years) and one with mild hemophilia A (76 years). The time to a negative inhibitor 

in these patients ranged from 4 to 92 months.

Frequency of immunoregulatory cell types and markers
Using flow cytometry, the frequency of immunoregulatory cell types and markers in PBMCs was 

measured and compared between the three groups (no inhibitor, inhibitor and ex-inhibitor), 

figure 1/figure 2/supplemental table 1. 

The total number of B-cells was not significantly different among the three groups (inhibitor: 

14.2% (IQR 9.6-23.0); non-inhibitor 10.4 (8.1-14.4), ex-inhibitor 10.6 (6.5-15.4), p = 0.06). The 

frequency of regulatory B-cells (Bregs, expressed as percentage of CD19+ B-cells) however was 

significantly lower in inhibitor patients compared to both non-inhibitor patients and ex-inhibitor 

patients (respectively 3.2% (IQR 1.6-6.6) versus 5.9% (IQR 4.1-10.4) and 8.9% (IQR 4.6-15.6), p < 

0.01; figure 1. 

Total T-cell numbers and the frequency of CD4+ T-cells were similar among all groups (p = 0.36 

and p = 0.72 respectively, supplemental table 1). Specifically, the frequency of Tregs was also 

not different. Regarding regulatory markers ICOS and PD1 on CD4+ T-cells and PD-L1 on 

monocytes, similar to Bregs, the lowest expression was observed in inhibitor patients and the 

highest expression in ex-inhibitor patients, although these results did not reach statistical 
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Table 1. Baseline characteristics of cross-sectional cohort (cohort A and B)

No inhibitor
N = 28 (43.1%)

Inhibitor
N = 20 (30.7%)

Ex-inhibitor
N = 17 (26.2%)

P

Age, years 30.9  (11.8-52.8) 43.3  (1.6-62.8) 23.2  (9.0-47.8) 0.95

Hemophilia severity
-   Mild
-   Moderate
-   Severe

 - 2  (7.1%)
 - 1  (3.6%)
 - 25 (89.3%)

- 6  (30.0%)
- 1  (5.0%)
- 13  (65.0%)

- 2  (11.8%)
- 0  (0.0%)
- 15  (88.2%)

0.16

Treatment regimen
-   On demand
-   Prophylaxis

 - 7  (25.0%)
 - 21  (75.0%)

- 17  (85.0%)
- 3 (15.0%)

- 2 (11.8%)
- 15  (88.2%)

< 0.01

FVIII product type
-   pd-FVIII
-   rFVIII
-   Bypassing agent
-   DDAVP
-   rFVIII-Fc

 - 2  (7.1%)
 - 22 (78.6%)
 - 0  (0.0%)
 - 0  (0.0%)
 - 4  (14.3%)

- 1  (5.0%)
- 9  (45.0%)
- 9  (45.0%)
- 1  (5.0%)
- 0  (0.0%)

- 0  (0.0%)
- 14  (82.4%)
- 1  (5.9%)
- 1  (5.9%)
- 1  (5.9%)

< 0.01

Bypassing agent 
-   rFVIIa
-   aPCC
-   DDAVP

 0  (0.0%) 17  (85.0%)
- 12  (60.0%)
- 4  (20.0%)
- 1  (5.0%)

0  (0.0%) < 0.01

Current aFVIII titer, BU 0.0 (0.0-0.0) 7.2  (3.3-18.4) 0.0  (0.0-0.0) < 0.01

Age at inhibitor development, years  - 19.4  (1.4-39.8) 2.4  (1.1-14.5) 0.14

Maximum aFVIII titer, BU  - 26.0  (7.9-236.3) 45.0  (3.7-75.4) 0.62

High responder (aFVIII > 5 BU)  - 16 (80.0%) 10 (62.5%) 0.29

ITI status at blood sampling
-   Before ITI
-   During ITI
-   After ITI
-   Never received ITI

 -
- 12  (60.0%)
- 6 (30.0%)
- 2  (10.0%)

- na
- na
- 14  (82.4%)
- 3  (17.6%)†

< 0.001

ITI success rate  - 8 (66.7%) 14 (100%) 0.04

ITI duration, months  - 11.6  (1.2-36.0) 15.0  (6.2-28.1) 0.62

Categorical variables are presented as cases/total (percentage). Continuous data are presented as median 
(interquartile range). Tested with Fisher’s exact test (categorical variables) or Kruskal-Wallis test (continuous 
variables). 
Pd-FVIII: plasma-derived factor VIII (FVIII); rFVIII: recombinant FVIII; rFVIII-Fc: rFVIII-Fc fusion product (extended 
half-life product); rFVIIa: recombinant activated factor VII; aPCC: activated Prothrombin Complex Concentrate; 
aFVIII: anti-FVIII; BU: Bethesda Units; ITI: immune tolerance induction; na: not applicable.
† Three patients had spontaneous resolution of inhibitor and were not treated with ITI.  
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significance (PD1: p = 0.89, ICOS: p = 0.66, PD-L1: p = 0.14), figure 2 and supplemental table 1. 

Also the expression of CTLA4 on T-cells, both on effector T-cells and regulatory T-cells (Teffs and 

Tregs) was reduced in inhibitor patients compared to the other two groups. The difference 

between inhibitor and no inhibitor patients reached statistical significance (CTLA4 on all CD4+ 

T-cells: MFI 133 (IQR 91-177) versus 537 (IQR 450-625) respectively, p = 0.001). No differences were 

observed in the frequency of MDSCs and the expression of HLA-DR on monocytes (supplemental 

table 1). 

Sub analysis, including data of severe hemophilia A patients only, confirmed these findings, 

showing a significant decrease in frequency of Bregs and CTLA4 in inhibitor patients and 

downward trends in PD1, ICOS and PD-L1 (supplemental table 2).

Changes in immune-regulatory cell types and markers before and after ITI 
In order to further clarify the association between immunoregulatory components and restoration 

of tolerance to FVIII, we evaluated changes in immune profiles during the course of ITI in relation 

to anti-FVIII antibody titers in a longitudinal cohort of 12 ITI patients (cohort C). Results were 

compared with a control cohort of 36 inhibitor-negative hemophilia A patients, cohort D (see 

supplemental table 3 for patient characteristics).

Clinical details of the ITI patients are summarized in table 2. All but one patient (who had 

spontaneous resolution of anti-FVIII antibodies) underwent ITI with a median duration of 1.6 years 

(IQR 0.4-3.0) and a success rate of 83.3% (10/12). Compared to the control cohort, in which the 

frequency of immunoregulatory variables remained stable over time, ITI patients showed an 

increase in the frequency of included immune-regulatory cells and markers post-ITI compared 

to the pre-ITI measurement (figure 3). 

Effective ITI was associated with a significant increase in the ratio of Bregs (1.8 versus 1.0, p = 

0.02), the ratio of Tregs (1.5 versus 1.0, p = 0.02) and several regulatory T-cell markers: CTLA4 on 

Tregs (2.2 versus 1.0, p = 0.03) and PD1 on CD4+ T-cells and Teffs (respectively 1.3 versus 1.0, p =  

0.04 and 1.3 versus 1.0, p = 0.05). Thus, we hereby correlate inhibitor eradication with upregulation 

of several regulatory cells and markers. 

Next, to substantiate these results, we performed a sub-analysis in only ITI patients who showed 

complete inhibitor eradication post-ITI (i.e. anti-FVIII ≤ 0.3 BU), table 3. Analysis in this subgroup 

of eight ITI patients (compared with the same control group) further emphasized our data: the 

Breg ratio and CTLA4 ratio were significantly higher the ITI group (Breg ratio: 2.0 versus 1.0; p = 

0.04; CTLA4 ratio on Tregs: 2.7 versus 1.0, p = 0.01). Increased ratios were also observed for PD-L1 

on monocytes, Tregs and PD1 and ICOS on T-cells, but these data did not reach statistical 

significance (table 3)
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Figure 1. Frequency of immunoregulatory cells in hemophilia A patients
PBMCs of haemophilia A patients were analyzed by flow cytometry for the frequency of Bregs, Tregs and MDSCs.
A, C and D demonstrate the relevant gating strategy to select respectively Bregs (CD19+CD24highCD38high), Tregs 
(CD4+CD25+FoxP3+) and MDSCs (Lin-HLA-DRlowCD11b+CD33+).
B, D and F show the median (+ IQR) frequency of respectively Bregs, Tregs and MDSCs in no inhibitor patients, 
inhibitor patients and ex-inhibitor patients (patients with inhibitors in the past; successfully treated with ITI). 
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Figure 2. Frequency of immunoregulatory markers on CD4+ T-cells and monocytes in hemophilia A patients
PBMCs of hemophilia A patients were analyzed by flow cytometry for the frequency of immunoregulatory markers 
PD1, ICOS and CTLA4 on CD4+ T-cells and PD-L1 and HLA-DR on monocytes, expressed as the median (+ IQR) MFI 
(mean fluorescence intensity). Results are presented for all CD4+ T-cells (T-cells) and separately for effector T-cells 
(Teffs) and regulatory T-cells (Tregs). Within the CD4+ T-cell fraction the majority were Teffs (94.9%, IQR 93.8 – 96.0) 
and the remainder were Tregs (5.1%, IQR 4.0 – 6.2%), with  no significant differences between the three groups (for 
details see supplemental table 1). 
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DISCUSSION

This study aimed to improve the knowledge of ITI in hemophilia, by comparing immune profiles 

between non-inhibitor, inhibitor and ex-inhibitor patients and evaluating changes during the 

course of ITI. We found the lowest frequency of immunoregulatory cells and markers, in particular 

of Bregs and CTLA4 on T-cells, in inhibitor patients, with evidence for reversal during ITI, supporting 

the role of these immunoregulatory components in restoration of tolerance to FVIII. Thus, inhibitor 

status may be associated with a reversible lack of peripheral immune tolerance, which can be 

restored by ITI treatment. 

Bregs play a pivotal role in the maintenance of peripheral tolerance41,48, which to date is mostly 

ascribed to their abundant production of IL-10, a cytokine that inhibits pro-inflammatory cytokines 

and supports the generation and maintenance of Tregs48,49. In healthy persons it was shown that 

Bregs possess immune-regulatory capacity by the inhibition of naive T cell differentiation into T 

Table 2. Clinical characteristics of longitudinal ITI cohort (cohort C)

Subject ID Age when 
inhibitor
(years)

Titer max 
(BU)

Age start ITI 
(years)

Duration ITI 
(years)

Pre-ITI
(T=0)
aFVIII titer

Post-ITI 
(T=1)
aFVIII titer

1 0.1 245.0 0.9 1.6 53.0 0.2

2 0.6 44.1 0.8 0.8 44.1 1.0

3 0.7 207.0 0.8 2.9 18.0 0.0

4 1 1.0 3.40 - - 3.4 0.0

5 1.0 7.7 1.1 3.1 2.5 0.1

6 1.1 67.0 1.1 1.6 43.5 3.2

7 2 1.2 927.0 2.1 > 7 124.0 6.9

8 1.4 45.0 1.7 0.2 113.9 0.1

9 1.5 16.0 1.7 0.4 5.8 0.1

10 2.1 8.3 2.2 0.3 3.2 1.0

11 7.9 144.0 40.9 5.0 7.6 0.4

12 23.6 900.0 31.6 4.4 580.0 2.4

Total
1.1 
(0.7-1.9)

56.0 
(10.2-236.0)

1.1 
(0.8-1.9)

1.6 
(0.4-3.0)

16.4
(4.0-50.8)

0.2 
(0.1-2.1)

Categorical variables are presented as cases/total (percentage). Continuous data are presented as median 
(interquartile range). BU: Bethesda Units; ITI: immune tolerance induction; aFVIII: anti-FVIII. 
1 Low titer antibodies; spontaneous inhibitor eradication. 2 Patient is still receiving ITI at the moment of analysis.
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helper 1 (TH1) and TH17 cells and the conversion of CD4+CD25- cells into Tregs42,50. In immune-

related diseases, ranging from SLE and RA to common variable immunodeficiency (CVID) and 

transplant patients with graft rejection, numerical or functional deficits of these cells are 

described42,44,47,50,51.  Regarding hemophilia A, to date only one publication cross-sectionally 

evaluated regulatory cells in inhibitor formation52. Inhibitor patients had a reduction in Bregs and 

produced less IL-10 after activation compared to both hemophilia A patients without inhibitors 

and healthy controls. Our study confirmed these data and went beyond by inclusion of ex-inhibitor 

patients and the change in number of regulatory cells during ITI treatment. We showed that ex-

inhibitor patients express the highest number of Bregs and that Bregs increase by more than 

100% during ITI. Taken together, the results support a potential role for Bregs in the induction of 

peripheral immune tolerance to FVIII treatment.

Table 3. Relative change in immunoregulatory cells and markers before and after successful ITI compared to 
control hemophilia A patients

ITI patients
N = 8

Control patients
N = 36

P

Ratio Ratio

aFVIII  (BU) 0.02  (0.00-0.04) 1.0  (1.0-1.0) < 0.01*

Bregs  (% of B-cells) 2.0   (0.8-3.2) 1.0  (0.9-1.1) 0.04*

MDSCs (% of PBMCs) 3.1  (0.0-6.3) 1.3  (1.1-1.4) 0.87

PD-L1 on monocytes  (MFI) 1.4  (0.8-2.0) 1.0  (1.0-1.1) 0.19

Tregs  (% of CD4+ T-cells) 1.4  (0.7-2.0) 1.0  (0.9-1.1) 0.24

CTLA4 (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

1.4  (0.6-2.2)
1.4  (0.5-2.2)
2.7  (0.4-5.0)

1.0 (0.9-1.0)
1.0 (1.0-1.0)
1.0 (1.0-1.0)

0.12
0.18
0.01*

PD1 (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

1.3  (0.8-1.7)
1.3  (0.9-1.7)
1.5  (0.9-2.0)

1.0 (1.0-1.1)
1.0 (1.0-1.1)
1.0  (1.0-1.0)

0.52
0.56
0.06

ICOS (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

1.0 (0.6-1.4)
0.9  (0.5-1.3)
1.4  (0.6-2.2)

1.0 (0.9-1.1)
1.0 (0.9-1.1)
1.0 (0.9-1.0)

0.89
0.26
0.51

Sub-analysis including only ITI patients with a negative anti-FVIII titer (aFVIII ≤ 0.3 BU) at the post-ITI timepoint. 
The change in frequency of immunoregulatory cells and markers was compared between ITI patients and 
control hemophilia A patients. For each patient the relative change in frequency of cells/markers was 
calculated (ratio) between start of ITI and the first negative inhibitor (in ITI patients) or with a six month interval 
(in the control group consisting of inhibitor-negative hemophilia A patients). Differences in the ratio (expressed 
as mean + 95% CI) between the two groups (ITI vs. control) were compared using the Mann-Whitney U test.
aFVIII: anti-FVIII; BU: Bethesda Units; ITI: immune tolerance induction; Bregs: regulatory B-cells; MDSCs: myeloid 
derived suppressor cells; PBMC: peripheral blood mononuclear cells; MFI: mean fluorescence intensity; Tregs: 
regulatory T-cells.
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Contrary to Bregs, Treg results were more variable. In the cross-sectional cohort no differences 

were found between inhibitor and non-inhibitor patients, whereas we did observe a significant 

increase of 50% in Tregs during ITI. This is the first study evaluating the frequency of Tregs 

according to inhibitor status and during ITI. Given the well-described suppressive function of 

Tregs is it likely that these cells are involved in downregulation of the immune response to FVIII, 

which is also supported by earlier work of Tregs in tolerance induction to FVIII13,34,53. 

The inhibitory Treg (qualitative) efficacy was not specifically addressed in our study, due to 

limitations in availability of samples. In support for a role of Tregs, inhibitor patients did express 

the lowest levels of regulatory receptors PD1, ICOS and most significantly CTLA4, which also 

increased during ITI.  
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Figure 3. Relative change in immunoregulatory cells and markers before and after ITI 
The relative change in frequency of immunoregulatory cell types and markers was evaluated by flow cytometry 
during inhibitor eradication in 13 ITI patients and compared with 36 control patients (hemophilia A patients with 
no inhibitor).  
The mean (+ SD) ratios of outcome parameters express the relative change in frequency of regulatory immune cells 
and markers during ITI or during a 6-month interval without any relevant clinical changes for the control cohort. 
The ratio as presented was calculated by dividing the cell  frequency post-ITI by the frequency pre-ITI; for the 
control cohort frequencies were calculated by dividing frequency at T = 6 months with the frequency at T = 0. 
A ratio of 1 (dashed line) means that the frequency of the measured parameter was unchanged; a ratio above 1 
means an increase in frequency; a ratio less than 1 means a decrease in frequency. 
aFVIII: anti-FVIII; BU: Bethesda Units; ITI: Immune Tolerance Induction; B regs: regulatory B-cells; MDSCs: myeloid 
derived suppressor cells; PBMCs: Peripheral Blood Mononuclear Cells; T effs: effector  T-cells; T regs: regulatory T-cells.
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The receptor CTLA4 is mainly expressed on activated CD4+ T-cells, but also constitutively on Tregs 

where it inhibits T-cell activation by competing with CD28 for the binding of B7 (CD80/CD86) 

molecules on antigen presenting cells (APCs). As consequence of such restriction of co-stimulatory 

CD28/B7 signals, T-cell responses are downregulated, benefiting T-cell homeostasis and promoting 

peripheral tolerance. 

We found that CTLA4-expression was inversely related to the presence of inhibitors and positively 

correlated with the induction of tolerance, underscoring earlier research in which polymorphisms 

in the CTLA4 gene were associated with the risk of inhibitor development54–57. Moreover, a 

haemophilic mouse model also showed a beneficial role of CTLA4 in immune tolerance 

induction58. In this study injection of CTLA4-immunoglobulin (CTLA4-Ig) prevented the primary 

(inhibitor) antibody response to FVIII. In addition, CTLA4-Ig also prevented or diminished further 

increases in aFVIII titers after FVIII administration in haemophilic mice, which already developed 

an aFVIII antibody response. Thus, CTLA4 appears to play a role in tolerance induction and could 

be a potential target for therapy against inhibitory aFVIII antibodies.

A limitation of our study pertains the restricted number of PBMCs available per patient, which 

allowed our evaluation to regulatory cell numbers and marker expression, but unfortunately 

prevented functional evaluation of Bregs and Tregs or identification of FVIII-specific immune cell 

populations. The latter is particularly challenging given the low frequency of these specific cells 

in peripheral blood. Regarding human Bregs, investigators so far use  markers that include a 

population of Bregs as based on demonstrated ability to produce IL-1041,48. In our study we also 

used these same markers (CD19+CD24highCD38high ) to include Bregs42,44,50. Moreover, we performed 

functional assays to confirm that IL-10 production is enriched in the CD19+CD24highCD38high B-cell 

population, supplemental figure 1. 

While we did obtain reasonable size patient cohorts, a second limitation of this study is the 

heterogeneity with regard to age and severity of hemophilia A of included patients. Although in 

the cross-sectional study age was similar between the three groups and a sub analysis (including 

only patients with severe hemophilia A) was performed, we cannot rule out results being affected 

by patient heterogeneity. Indeed, patients included in our longitudinal ITI cohort were from a 

considerable age range, including young children. For reasons that pertain to  medical-ethical 

considerations, it was not feasible to include age-matched controls for the very young ITI patients. 

We were careful to investigate whether the deficit of age-matched controls impedes interpretation 

of our results. However, we did not find a significant correlation between age and level of Bregs 

neither CTLA4 in the cross-sectional cohort that obviously takes age into consideration (Bregs: 

Pearson relation coefficient -0.21, P = 0.09; CTLA4: Pearson relation coefficient 0.11; P = 0.41). 

Moreover, within the ITI cohort an increase in immunoregulatory cells or markers was not limited 

to the young patients (0-2 years), but was also observed in the adult ITI patients. Thus, despite 

the lack of an age-matched control group, we still consider that our data provide new valuable 

insights into immune tolerance induction in hemophilia A patients.
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Considering heterogeneity, time between last FVIII exposure and blood withdrawal was also 

variable. Especially in inhibitor patients, this ranged from several days or months in most patients 

to a couple of years in 2 patients with persistent (high-titer) antibodies after unsuccessful ITI.  To 

what extend timing of blood draw relative to FVIII infusion affects immune cell subsets and 

markers is not understood, and our project does not fully address this question. The high median 

inhibitor titer in both cohorts (7.2 BU and 18.8 BU in the cross-sectional and ITI cohort respectively) 

however demonstrates that all patients had an active immune response to FVIII at the moment 

of blood withdrawal. Therefore, regardless of the exact timing to last FVIII exposure, we consider 

our data valid  to evaluate differences in immune tolerance mechanisms in inhibitor and non-

inhibitor patients.

A final limitation of this study is the fact that F8 gene mutational status was unknown for most 

patients and this could not be taken into account when interpreting results. 

The novelty of our study is that we carefully addressed the role of various immunoregulatory cells 

and markers in ITI in hemophilia A patients. Obtained results from the cross-sectional cohort were 

confirmed in the longitudinal analysis of ITI patients, which further strengthens the findings of 

this study. 

We found the outcomes most remarkable for Bregs and CTLA4 expression on T-cells. For 

reconsolidation of both these findings, further experimentation is necessary. A possible outcome 

might be that Bregs initiate restoration of tolerance by IL-10 production, leading to upregulation 

of regulatory T-cell markers and thereby blocking the capacity of these T-cells to stimulate B-cell 

production of FVIII-neutralizing antibodies. This study contributes to the mechanistic insight of 

ITI by showing new pivotal targets for tolerance reinstatement. This could include administration 

of IL-10 agents, representing the most important effector cytokine of Bregs, or CTLA4-

immunoglobulin, which already showed to inhibit anti-FVIII responses in a murine hemophilia 

model58.

In conclusion, we showed that the presence of anti-FVIII antibodies is associated with lower 

frequencies of immunoregulatory cells and markers and that these immune-tolerogenic 

components increased during tolerance induction. These results suggest that an existing anti-FVIII 

immune response is associated with deficits in peripheral tolerance mechanisms, which can 

recover during the course of ITI.  

Future research, preferably in a more homogeneous cohort, should validate these findings and 

exploit the identified key immunoregulatory cells and markers towards the development of 

improved ITI protocols.   
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Supplemental figure 1.  Evaluation of IL10+ 
production by CD24highCD38high B-cells
Peripheral blood mononuclear cells (PBMCs) of 2 
healthy controls and 2 hemophilia A patients with 
an inhibitor were evaluated for the presence of 
regulatory B-cells, defined as CD19+CD24highCD38high

 

cells, and their capacity to produce IL10. Objective 
was to determine the optimal gating strategy to 
would result in selection of CD24+CD38+ B-cells, 
with the maximum IL10 production. For this 
purpose PBMCs were incubated for four hours 
in culture medium (containing 10% AB serum) 

read more on next page
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with or without addition of phorbol myristate acetate (PMA)/ionomycin. BD GolgiStopTM was added to allow for 
identification of intracellular cytokine production. After four hours incubation cells were stained according to the 
protocol (surface and intracellular staining) and analyzed by flow cytometry. 
A. Gating strategy to select CD19+ B-cells.
B. IL10 production of CD24highCD38high and CD24lowCD38low B-cells without stimulation (control condition). 
C. IL10 production of CD24highCD38high and CD24lowCD38low B-cells after stimulation with PMA/ionomycin.
D. Overview of IL10 production (N = 4) according to cell type (all B-cells together versus CD24lowCD38low B-cells and 

CD24highCD38high B-cells). The highest IL10 production was observed in the CD24highCD38high B-cell fraction.

Supplemental figure 1.  Continued

Supplemental figure 2. Gating strategy of flow cytometric analysis of peripheral blood monocular cells 
(PBMCs)
Peripheral blood mononuclear cells (PBMCs) of hemophilia A patients were evaluated for their frequency of 
regulatory cells and markers. For this purpose three different FACS panels were used: one for evaluation of 
(regulatory) B-cells (A), one for T-cells (B)  and one for monocytes and myeloid-derived suppressor cells (MDSCS) (C).
A. Gating strategy to select regulatory B-cells, defined as CD19+CD24highCD38high cells.
B. Gating strategy to identify regulatory T-cells (Tregs; CD4+CD25+FoxP3+ cells) and effector T-cells (all CD4+ non-

Tregs cells). Expression of the markers PD1, ICOS and CTLA4 was evaluated on all CD4+ T-cells (depicted in the 
figure) and on Teffs and Tregs separately (not shown, but identical to CD4+ cells).

C. Gating strategy to select monocytes (defined as lineage negative (Lin-: CD19-CD4-CD56-) CD14+ cells) and to 
select MDSCS (defined as Lin-HLA-DRlowCD11b+CD33+ cells).    



Regulatory cells in Immune Tolerance Induction

|  115

5

B. T-cell panel: Regulatory T-cells and immunoregulatory markers on T-cells

C. Monocyte panel: Myeloid derived suppressor cells and PD-L1 and HLA-DR expression on monocytes
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Supplemental table 1. Cross-sectional comparison immunoregulatory cell types and markers (cohort A and B)

No inhibitor
N=28 (43.1%)

Inhibitor
N =20 (30.8%)

Ex-inhibitor
N=17 (26.2%)

P

Bregs  (% of B-cells) 5.9 (4.1-10.4) 3.2 (1.6-6.6) 8.9  (4.6-15.6) <0.01*

MDSCs  (% of PBMCs) 0.5  (0.4-0.9) 0.6  (0.2-1.3) 0.6 (0.4-1.1) 0.76

PD-L1 on monocytes  (MFI) 2242  (1581-3065) 1835  (975-2429) 2393  (1860-2947) 0.14

HLA-DR on monocytes (MFI) 2670  (2264-3358) 2633 (2012-4089) 2390 (2223-3440) 0.90

T-cells (% of lymphocytes) 72.3  (64.8 – 76.8) 67.9  (57.8 – 73.5) 69.7  (65.5 – 79.8) 0.36

CD4+ T-cells (% of T-cells) 58.3  (42.8 – 64.1) 59.3  (52.1 – 61.9) 53.0  (40.6 – 61.7) 0.79

Teffs  (% of CD4+ T-cells) 94.9  (93.8 – 95.9) 94.8  (92.6 – 96.0) 95.6  (93.4 – 96.0) 0.92

Tregs (% of CD4+ T-cells) 5.2 (4.1-6.2) 5.2 (3.8-7.4) 4.4 (4.0-6.1) 0.92

CTLA4  (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

526  (343-621)
526  (306-606)
465  (394-491)

159 (104-466)
140  (101-455)
309  (147-454)

432  (146-531)
435  (118-534)
407  (311-462)

< 0.01**
< 0.01**
0.04**

PD1  (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

209  (166-253)
205  (160-250)
228  (196-270)

194  (176-255)
184  (171-240)
233  (204-312)

224  (150-278)
219  (148-254)
294  (180-257)

0.89
0.92
0.67

ICOS  (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

199  (130-233)
183  (112-205)
457  (396-550)

193  (105-226)
170  (96-190)
418  (324-604)

217  (94-259)
179  (79-226)
505  (409-578)

0.66
0.70
0.58

Data presented as median (interquartile range). Analysis by Kruskal-Wallis test with Bonferroni correction. 
* Significant difference between inhibitor and no inhibitor patients and between inhibitor and ex-inhibitor 
patients.
** Significant difference between inhibitor and no inhibitor patients.
Bregs: regulatory B-cells; MDSCs: myeloid derived suppressor cells; PBMC: peripheral blood mononuclear 
cells; MFI: mean fluorescence intensity; Tregs: regulatory T-cells.
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Supplemental table 2. Sub-analysis of severe hemophilia A patients: 
Cross-sectional comparison immunoregulatory cell types and markers in severe hemophilia A patients 

No inhibitor
N = 25 (47.2%)

Inhibitor
N = 13 (24.5%)

Ex-inhibitor
N = 15 (28.3%)

P

Clinical characteristics

Age, years 30.4  (11.8-52.3) 2.3  (1.5-46.0) 21.9  (9.0-41.5) 0.22

Current aFVIII titer, BU 0.0  (0.0-0.0) 8.1  (4.2-18.9) 0.0  (0.0-0.0) < 0.001

Age at  inhibitor-
development, years

- 2.1  (1.2-20.3) 2.1  (0.9-5.9) 0.47

Maximum aFVIII titer, BU - 144.0  (12.2-362.5) 45.0  (3.4-76.0) 0.10

High responder (aFVIII > 5 
BU)

- 12 (92.3%) 9 (60.0%) 0.17

ITI success rate - 7 (70.0%) 12 (100%) 0.08

ITI duration, months - 25.2  (2.0-40.6) 20.3 (5.1-28.6) 0.84

Immunoregulatory results

Bregs (% of B-cells) 6.4 (4.1-11.3) 3.5 (1.9-8.3) 8.9  (4.6-13.1) 0.05*

MDSCs  (% of PBMCs) 0.6  (0.3-1.1) 0.3  (0.1-1.0) 0.6 (0.4-1.2) 0.13

PD-L1 on monocytes  (MFI) 2528  (1629-3087) 1858  (935-2599) 2405 (2133-3104) 0.17

HLA-DR on monocytes  (MFI) 3052 (2466-3464) 3208 (2063-4584) 2336 (2155-3262) 0.45

Tregs (% of T-cells) 5.2 (42-6.2) 4.8 (3.7-6.2) 4.4 (4.0-6.1) 0.85

CTLA4  (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

537  (450-625)
536  (450-616)
466  (399-491)

133  (91-177)
126  (90-155)
229  (114-446)

432  (128-512)
429  (113-507)
388  (296-446)

<0.01**
<0.01**
0.04**

PD1  (MFI)
-   On T-cells
-   On Teffs
-   On Tregs

198  (165-235)
192  (159-232)
217  (194-261)

190  (164-252)
178  (157-240)
235  (213-383)

224  (136-291)
219  (133-258)
249  (176-279)

0.78
0.74
0.23

ICOS  (MFI)
-   T-cells
-   Teffs
-   Tregs

200  (141-234)
184  (123-210)
467  (400-548)

189  (100-231)
176  (88-209)
391  (304-572)

217  (98-242)
179  (79-221)
505  (405-564)

0.72
0.83
0.34

Sub-analysis of cross-sectional cohort with selection of only severe hemophilia A patients (N = 53).
Categorical variables are presented as cases/total (percentage). Continuous data are presented as median 
(interquartile range). Tested with Fisher’s exact test (categorical variables) or Kruskal-Wallis test (continuous 
variables). 
* Significant difference between inhibitor and no inhibitor patients and between inhibitor and ex-inhibitor 
patients.
** Significant difference between inhibitor and no inhibitor patients.
BU: Bethesda Units; ITI: immune tolerance induction; Bregs: regulatory B-cells; MDSCs: myeloid derived 
suppressor cells; PBMC: peripheral blood mononuclear cells; MFI: mean fluorescence intensity; Tregs: 
regulatory T-cells.
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Supplemental table 3. Patient characteristics of ITI patients and inhibitor-negative control hemophilia A 
patients (cohort C + D)

ITI patients 
(all)

N = 12

ITI patients 
(subgroup with 
aFVIII titer ≤ 0.3 BU) 
N = 8

Control patients

N = 36

P

Age 1.5  (1.1-3.2)  1.4  (1.1-2.2)  40.2  (27.4-55.7) < 0.01

Haemophilia severity
-   Moderate
-   Severe

 -    0  (0.0%)
 -  12  (100.0%)

 -  0  (0.0%)
 -  8  (100%)

 -    2  (5.6%)
 -  34  (94.4%)

0.40

Time between samples 
(months)

 16.3 (6.2-46.8)  24.4  (10.2-64.6)    6.2  (5.9-6.9) < 0.01

Treatment regimen
-   On demand
-   Prophylaxis

 -  10  (84.6%)
 -    2  (15.4%)

 -  6  (75.0%)
 -  2  (25.0%)

 -    5  (13.9%)
 -  31  (85.1%)

< 0.01

Product type
-   rFVIII
-   Bypassing agent
-   rFVIII-Fc

 -  8  (66.7%)
 -  4  (33.3%)
 -  0  (0.0%)

 -  6  (75.0%)
 -  2  (25.0%)
 -  0 (0.0%)

 -  29  (80.6%)
 -    0  (0.0%)
 -    7  (19.4%)

< 0.01

Bypassing agents
-   rFVIIa
-   aPCC

 11  (91.7%)
 -  9  (75.0%)
 -  2  (16.6%)

 7 (87.5%)
 -  6  (75.0%)
 -  1  (12.5%)

     0 (0.0%) < 0.01

Categorical variables are presented as cases/total (percentage). Continuous data are presented as median 
(interquartile range). Tested with Fisher’s exact test (categorical variables) or Kruskal-Wallis test (continuous 
variables). 
ITI: immune tolerance induction; aFVIII: anti-FVIII; BU: Bethesda Units; rFVIII: recombinant factor VIII (FVIII); 
rFVIII-Fc: rFVIII-Fc fusion product (extended half-life product); rFVIIa: recombinant activated factor VII; aPCC: 
activated Prothrombin Complex Concentrate.
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SUMMARY

Rationale

Nowadays the most serious complication in the treatment of haemophilia A and B is the 

development of neutralizing antibodies against factor VIII (FVIII) and factor IX (FIX) respectively, 

so called ‘inhibitors’. These inhibitors diminish or totally block the effectiveness of traditional 

replacement therapy, thereby causing a high morbidity and a negatively impact on patients’ 

quality of life. The therapy used to eradicate these inhibitors is called Immune Tolerance Induction 

(ITI). This therapy comprises of repeated administration of high doses of FVIII or FIX, which 

ultimately leads to elimination of the inhibitor in the majority of patients (about 70%). However, 

the pathophysiology of inhibitor development and the working mechanisms of ITI are still not 

fully elucidated. This is mainly caused by a lack of data of the (immunologic) changes during FVIII 

and FIX replacement therapy, including ITI. Recent retrospective data suggested a possible role 

for B regulatory cells. This study is aimed to create a prospective cohort of previously untreated 

patients (PUPs) with haemophilia A and B in order to collect longitudinal clinical and 

immunological data during factor replacement, which provide information to elucidate the 

intriguing mechanism of natural or, in case of ITI, artificial tolerance induction.

Objective

Primary objective: Improve the knowledge about the immune response during FVIII/FIX 

replacement therapy in patients with haemophilia A and B respectively. This involves both the 

mechanism of: 

1) primary tolerance induction to FVIII/FIX in previously untreated patients (PUPs), 

as well as

2) secondary tolerance induction during ITI in (treated) patients who developed inhibitors.

Specifically, this immune response means the changes over time in the different FVIII- or FIX-

specific immune cell populations, the number and function of regulatory immune cells and 

cytokine production.  

Secondary objective: To set up a biobank to collect blood samples which provide valuable data 

for future research on the development of inhibitors and/or immune tolerance induction in 

patients with haemophilia.

Study design

Observational single centre study (prospective cohort).

Study population:

1) PUPs with severe haemophilia (A or B). 

2) Patients with severe haemophilia (A or B) and inhibitors, who are receiving ITI.
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Main study parameters/endpoints

The primary study endpoint is the (absence or presence of an) antigen-specific immune response 

to FVIII or FIX, i.e. detectable anti-FVIII or anti-FIX antibodies (inhibitors) in respectively haemophilia 

A and B.

This can be subdivided into the following:

1) Development of primary tolerance or intolerance (i.e. development of anti-FVIII or anti-FIX 

antibodies: inhibitors) during the first 50 exposure days to FVIII/IX in PUPs with severe 

haemophilia. 

 Defined as an inhibitor titer > 0.3 Bethesda Units.

2) Induction of secondary tolerance to FVIII or FIX during ITI in severe haemophilia patients with 

inhibitors.

 Defined as an inhibitor titer ≤ 0.3 BU (2 times), recovery ≥ 66% and T½ FVIII ≥6 hours / T½ FIX  ≥ 12 

hours.

In order to evaluate the mechanism of tolerance induction, the following parameters will be 

assessed over time according to the development of primary or secondary tolerance to FVIII/IX:

(A) Number and function of regulatory immune cells, eg regulatory B- and T-cells (B-reg, T-reg) 

and myeloid derived suppressor cells (MDSCs).

(B) Number of FVIII/FIX-reactive effector cells, i.e. different types of B- and T-cells. 

(C) Cytokine levels (concentration), differentiation between pro-inflammatory (TNF, IL-1, IL-2, 

IL-6) and anti-inflammatory cytokines (TGF-beta, IL-4, IL-10).

Nature and extent of the burden and risks associated with participation, benefit and group 

relatedness

For participation of this study extra blood samples will be taken during scheduled outpatient 

clinic visits, as part of the standard treatment of haemophilia. The blood withdrawal will always 

be combined with an already scheduled visit and planned venipuncture, so neither extra visits 

nor interventions are necessary. The only difference due to participation of this study is that the 

volume of blood that will be withdrawn will be larger than usual. The extra withdrawal volume 

of blood will be minimalized as much as possible and will also be bodyweight-adjusted. In this 

way the burden of study participation will be limited. Collection of these valuable data will provide 

necessary information in order to study the mechanism of tolerance induction to the exogenous 

factor concentrate, which might eventually result in an improvement of the treatment of 

haemophilia. 
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INTRODUCTION AND RATIONALE

Haemophilia A and B are serious bleeding disorders characterized by a deficiency of factor VIII 

(FVIII) and factor IX (FIX) respectively. Treatment traditionally consists of administration of the 

deficient coagulation protein. During the past decennia development of safe, low volume, stable 

and even longer acting factor VIII and IX concentrates have significantly improved treatment for 

haemophilia1,2. Nowadays the most problematic and costly complication in the treatment of 

haemophilia is the development of so called ‘inhibitors’, neutralizing antibodies against this 

suppletion therapy. This complication occurs in almost 33% of all patients with severe haemophilia 

A, especially during the first 50 days of exposure (EDs) to FVIIII3–6. In haemophilia B the risk of 

inhibitors is between 5-10%7,8. As a result of these inhibitors, conventional replacement therapy 

becomes ineffective and hence patients’ quality of life is dramatically affected9.   

Given the significant negative impact of inhibitors a lot of attention is paid to the prevention and 

the elimination of these inhibitors. With regard to the latter, the only proven therapy to eradicate 

inhibitors is called Immune Tolerance Induction (ITI). This is a costly and invasive therapy, whereby 

repeated and long-term administration of high dose FVIII or FIX ultimately induces tolerance. ITI 

for haemophilia A takes several years to accomplish and is successful in 60-80% of all cases6. ITI 

for haemophilia B is often complicated by anaphylactic reactions and nephrotic syndrome, and 

is therefore often combined with immunosuppressive treatment10,11. ITI was started as an empiric 

treatment and currently, many different treatment regimens are used, which vary in the used 

dose and type of concentrate and/or co-administration of immunosuppressive drugs9.  

Although the working mechanism of ITI is largely unknown, it is hypothesized that repeated 

administration of FVIII or FIX in a non-inflammatory state causes downregulation of the immune 

response and induction of tolerance12,13. This induction of tolerance might either be the result of 

elimination of factor-specific effector immune cells (anti-FVIII/anti-FIX antibody producing B-cells 

and T effector cells (Teff )), the induction of regulatory immune cells (regulatory B- and T-cells 

(Breg, Treg) and myeloid derived suppressor cells (MDSCs)) or to a combination of all the above.

Figure 1A shows a typical course of the antibody titer during ITI. In the course of (successful) 

tolerance induction several phases can be identified.

After start of ITI most patients show initially an increase in the antibody titer, followed by a steep 

decline whereby the antibody titer is about 50% of the maximum titer (phase 1). Thereafter the 

decline in antibody titer goes more slowly until an antibody titer of around 1 BU (phase 2). The 

last phase (phase 3) is characterized by a long period in which the antibody titer fluctuates around 

the cut-off value, before it finally becomes (and stays) negative. 

We hypothesize that the different phases of ITI are associated with different changes in the 

immunologic response to FVIII or FIX, including the number of FVIII/FIX-specific effector cells and 

the number and function of regulatory cells as described above (and shown in figure 1B).
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Recently, Boulassel et al. showed that the proportion of Bregs was significantly reduced in 

haemophilia A inhibitor patients compared to haemophilia A patients without inhibitors14. 

Preliminary results from our own cross-sectional comparison between current inhibitor patients 

(primary intolerance), non-inhibitor patients (primary tolerance) and ex-inhibitor patients 

(secondary tolerance) showed a similar trend, with the least Bregs in inhibitor patients (5.2%) 

compared to non-inhibitor patients (6.8%) and ex-inhibitor patients (12.7%), (current vs. ex-

inhibitor patients was significant; p = 0.014), see figure 2. These findings from cross-sectional 

comparisons support the hypothesis that (induction of ) tolerance is associated with higher levels 

of regulatory immune cells. However, prospective longitudinal studies describing the distributions 

1 32

An�-FVIII An�body �ter

Time

Cut-off value

An�-FVIII An�body �ter

Time

Regulatory immune cells

An�-FVIII effector cells

Titer 50% of max A

Titer < 1 B

A Titer 50% of maximum inhibitor �ter.
B Titer < 1 BU.

Figure 1A An�body course divided in three periods

Figure 1B. Response of FVIII/FIX effector and regulatory immune cells during ITI

Figure 1. Typical course of antibody titer during ITI
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of regulatory immune cells (Bregs specifically) according to (in)tolerance over time are needed 

to fully understand the immunological mechanisms of primary and secondary (in) tolerance to 

FVIII/FIX in severe haemophilia. 

Since haemophilia is still a rare disease and inhibitors develop in ±33 and 5-10% respectively, it’s 

impossible to perform large trials. As a result very little clinical information is available about the 

phenotypic and functional changes of the different immune cell populations that are involved 

in anti-FVIII/anti-FIX immune responses during factor replacement therapy in general and during 

ITI more specifically. The utility of animal models is also limited as application of the frequent 

infusion schedule used in ITI protocols in mice is technically difficult and unethical. Moreover 

translation of data from animal models to clinical practice in humans is very challenging. 

Therefore the only way to answer some of the questions regarding the mechanism of tolerance 

induction, both natural and artificial in case of ITI, is to collect serial blood samples during (the 

first phases of ) factor replacement therapy and ITI and to set up a biobank. 

This study has two main aims:

Firstly we want to prospectively collect clinical data and blood samples during factor replacement 

therapy in order to evaluate the immunological changes associated with the (lack of ) induction 

of tolerance. This involves both primary tolerance induction (during the first treatment phase 

with FVIII or FIX) and secondary tolerance induction (during ITI in patients who developed 
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Figure 2. Preliminary results from cross-sectional comparison between patients without inhibitors, patients 
with an inhibitor and ex-inhibitor patients (N = 65).
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inhibitors). Secondly we want to use this opportunity to set up a biobank to ensure that these 

valuable and costly data of ITI are stored adequately and can be used for future research, without 

the need to put an extra burden on patients.

As stated before, inhibitors are mainly formed during the first 50 exposures days to FVIII/IX 3–6. In 

order to study the mechanism of tolerance induction it is necessary to include previously 

untreated patient and follow them during the first phase of replacement therapy (until tolerance 

is induced). This starts when patients are between 0-6 years old. Therefore it is inevitably to include 

children in this study. 

By prospectively collecting blood samples during factor replacement therapy, including ITI, and 

evaluating the immunological responses during this therapy, important insight in the mechanism 

of inhibitor development and tolerance induction can be obtained. This insight might eventually 

result in better prevention of inhibitor development and/or improvement of the high demanding 

treatment of inhibitors (both for patients, their relatives and society). Moreover information about 

tolerance induction is not only beneficial for haemophilia, but also applies to many different other 

diseases, especially auto-immune and auto-inflammatory disorders.

OBJECTIVES

Primary Objective

Improve the knowledge about the immune response during FVIII/FIX replacement therapy in 

patients with haemophilia A and B respectively. Specifically, this immune response means the 

changes over time in the different FVIII- or FIX-reactive immune cell populations and number and 

function of regulatory immune cells and cytokines.  

The primary objective can be subdivided into the following sub-objectives:

- Evaluation of the mechanism of primary tolerance induction during the first FVIII/FIX 

replacement therapy in PUPs

- Evaluation of the mechanism of secondary tolerance induction during ITI in patients who 

developed anti-FVIII-/ anti-FIX-antibodies (inhibitors)

Secondary Objective(s)

To set up a biobank to collect blood samples which provide valuable data for future research on 

the development of inhibitors and/or immune tolerance induction in patients with haemophilia.
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STUDY DESIGN

This study will be a prospective single center cohort study at the Van Creveldkliniek of the UMC 

Utrecht. We refer to figure 2 for an overview of the study design.

During the subsequent years all previously untreated patients (PUPs, defined as patients with 

severe haemophilia A or B with < 5 exposure days (EDs) of factor concentrate)  will be included 

in this study. During the first treatment phase blood samples will be taken at certain time points. 

Some of the patients will develop an inhibitor and some will not. The patients, who don’t develop 

an inhibitor, will be followed until 50 EDs. At this moment it can be assumed that patients have 

developed tolerance to the exogenous factor concentrate. The other patients, who develop an 

inhibitor, will start with ITI and will be followed during this treatment until 2 years after 

discontinuing ITI (successful or unsuccessful).

Given the low number of patients with inhibitors, we will also include patients that are currently 

receiving ITI at start of the study.

Hereby ITI is defined as the regular administration of clotting factor concentrate according to the 

local protocol with the aim to induce tolerance.

Successful ITI is defined as a negative inhibitor titer (≤ 0.3 BU (Bethesda Units)), a FVIII/FIX recovery 

of more than 66% and a FVIII or FIX half-life of more than 6 hours and 12 hours respectively, 

according to international guidelines15 

During the first phase of treatment with FVIII/FIX patients will regularly visit the outpatient clinic 

for control and blood withdrawal to measure FVIII/FIX activity and the anti-FVIII/anti-FIX antibody 

titer as part of standard of care. During this scheduled visits some extra blood will be withdrawn 

at regular time points for study purposes (see figure 3). 
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Figure 3.  Overview of patient inclusion and study visits
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STUDY POPULATION

Population (base) 

This study will include patients with severe haemophilia A or B, who are treated at the Van 

Creveldkliniek of the UMC Utrecht. 

The following subgroups can be identified:

I. Previously untreated patients (PUPs) with severe haemophilia (A or B). 

II. Patients with severe haemophilia (A or B) and inhibitors, who are currently receiving ITI.

Inclusion criteria

In order to be eligible to participate in this study, a subject must meet all of the following criteria:

I. Diagnosis of severe haemophilia A OR haemophilia B. 

 AND

II. A) PUP (< 5 EDs) 

 OR

B) Treatment with ITI due to presence of inhibitor, whereby ITI is defined as the administration 

of factor VIII or factor IX concentrate according to the local protocol with the aim of inducing 

tolerance 

 AND

III. Willing and being able to understand the study information and sign the informed consent 

form. In case of minor patients this will be done by a proxy.  

Exclusion criteria

A potential subject who meets any of the following criteria will be excluded from participation 

in this study:

- Documented auto-immune disease

Sample size calculation

This is a single centre explorative, non-interventional study with the aim of including as many 

patients as possible in our centre in order to detect major immunological changes during inhibitor 

development and ITI. Due to the explorative character of this study and the low incidence of 

haemophilia, we do not yet know the size of the immunological difference for most parameters. 

We therefore performed a power calculation based on the recent findings in Bregs, whereby we 

expect an increase of ≥ 1,4 times or decrease of ≤ 0,6 times of the proportion of Bregs. Moreover 

we hypothesize that Bregs remain low in 80% of inhibitor patients (primary intolerance) compared 

to 20% in patients who do not develop an inhibitor (primary tolerance), with a power of 80% and 

a one side p-value of 0.1.
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According to this power calculation a total of 18 patients needs to be included. The aim is to 

include this number of patients in a period of 5 years, based on the incidence of new patients 

with haemophilia in our centre (about 3 per year for haemophilia A, 1 per year for haemophilia 

B), the incidence of inhibitor formation (about 33% for haemophilia A, 10% for haemophilia B) 

and success rate of ITI (66%) and the estimation that about 90% of all patients consents to 

participate in this study. Based on the abovementioned incidence rates this will ensure that 

approximately 4-5 patients with ITI will be included, which will provide a representative picture 

of immunological changes during ITI. After 5 years results will be evaluated to determine effect 

size and based on this it can be decided to include more centres. 

The distribution over the different subgroups is showed below. Hereby we emphasize that this 

is just an estimation based on the incidence rates and that the final distribution will depend on 

the clinical course of the included patients.

METHODS

Study parameters/endpoints

Main study parameter/endpoint
The main study endpoint is the (absence or presence of an) antigen-specific immune response 

to FVIII or FIX, i.e. detectable anti-FVIII or anti-FIX antibodies (inhibitors) in respectively haemophilia 

A and B.

This can be subdivided into the following:

1) The development anti-FVIII or anti-FIX antibodies (inhibitors) during the first treatment episode 

in PUPs. 

 Defined as an inhibitor titer > 0.3 BU.

2) The eradication of anti-FVIII or anti-FIX antibodies / induction of tolerance to FVIII or FIX during 

ITI.

  Defined as an inhibitor titer ≤ 0.3 BU (2 times), recovery ≥ 66% and T½ FVIII ≥6 hours / T½ FIX  ≥ 12 

hours.

Group Hemophilia A Hemophilia B

I. PUPs:
 a. No inhibitor formation
 b. Inhibitor formation

13-15
9-10
4-5

3-5
4-5
1 (?)

II. Patients currently receiving ITI 2
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Abovementioned endpoints will be related to the (change in) immune profile and FVIII- or FIX 

reactivity in order to evaluate the mechanism of (primary and secondary) tolerance induction. 

Specifically, we will measure the following parameters:

1. Using modified Bethesda assay:

 - FVIII/FIX inhibitor titer

   Read-out of the presence or absence of an anti-FVIII / anti-FIX immune response

2. Using flow cytometry:

 - Pro-inflammatory/immunogenic determinants:

   Frequency of FVIII/FIX-reactive B-cells and CD4+ T-cells (Teff )

 - Anti-inflammatory/regulatory determinants:

   Frequency of regulatory B cells (Bregs) and regulatory T-cells (Tregs)

   Teff/Treg ratio

   Frequency of myeloid derived suppressor cells (MDSCs)

3. Using Luminex:

 -  Cytokine levels (concentration), differentiation between pro-inflammatory (TNF, IL-1, IL-2, 

IL-6) and anti-inflammatory cytokines (TGF-beta, IL-4, IL-10)

 

Interpretation primary endpoint and relation to tolerance induction:

We hypothesize that the antigen-specific immune response to FVIII or FIX will change over time 

during replacement therapy. Inhibitor development will be associated with a shift towards a 

pro-inflammatory/immunogenic phenotype that, congruent with earlier retrospective and cross-

sectional data, includes a decrease of Bregs. On the other side, tolerance (either primary without 

prior inhibitor formation or secondary during ITI) will be associated with an anti-inflammatory/

tolerogenic phenotype including normal or even increased levels of Bregs. 

The Bethesda assay will represent the golden standard for inhibitor detection. This assay will be 

linked to changes in the frequency or amount of the different pro- and anti-inflammatory cell 

types and cytokines.  The change in these parameters will be expressed graphically (change over 

time and related to anti-FVIII/anti-FIX titer) and in ratio’s (both for comparison of different patient 

groups as for intra-individual analyses). Given the exploratory design of this study, it is unknown 

what change in frequency or amount will be associated with the induction of tolerance. However, 

based on the findings from Bregs in haemophilia A patients as well as earlier research in other 

immune regulated diseases, like SLE, colitis ulcerosa and CVID, and  healthy individuals, definitions 

for pro- and anti-inflammatory profiles can be hypothesized. Based on this research and based 

on normal percentages of anti-regulatory cells (1-5% for Bregs (of all B-cells), 5% for Tregs (of all 

T-cells), 1-3% for MDSCs (of all PBMCs)) we will consider a change in the ratio of ≤ 0,6 or ≥ 1,4 as 

clinically relevant16–23. 
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Secondary study parameters/endpoints
The secondary study parameters are aimed at providing a detailed characterization of the antigen-

specific cells and their function related to FVIII or FIX.

Specifically, we will measure:

1. Using cell culture-based functional assays:

 -  T-cell activation assay: Activation/regulatory status of CD4+ T-cells after stimulation with 

FVIII or FIX (expressed as percentage of cells that are positive for the following markers: CD69, 

PD1, ICOS, CTLA4)

 -  Treg suppressor assay: Suppressive function of regulatory T-cells, as measured with a Treg 

suppressor assay, expressed as percentage of inhibition

2. Using ELISA:

 - Amount and (iso)type of FVIII/FIX-specific antibody

   In case of haemophilia A: reactivity to FVIII heavy chain vs. light chain

Other study parameters
Demographic and clinical information:

- Age, gender

- Haemophilia diagnosis (type A/B, severity)

- FVIII/FIX mutation (if known)

- Comorbidities

- Family history of inhibitors/ITI

- Bleeding events

- Infection(s)

- Infections are documented in case of a period of fever (temperature ≥ 38.5°C) during ≥ 3 days 

in the week before blood withdrawal

Medication use:

- Haemophilia treatment: Clotting factor concentrate (type, dose, frequency)

- (Other) medication use: NSAIDs, immunosuppressive drugs

Information about ITI course (if applicable):

- Exposure days (EDs) FVIII/IX at moment of inhibitor development

-  ITI regimen: dose, frequency and type of FVIII/FIX concentrate, additional immunosuppressive 

drugs, any changes during the course of ITI

- Complications during ITI: interruption of ITI, surgery, bleeding events, infection(s)

- Use of bypassing agents

- ITI outcome (successful/unsuccessful)

- Duration of ITI and reason for discontinuation (if applicable)
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Laboratory/pharmacologic data:

- FVIII/FIX activity

- T½ FVIII/FIX

Study procedures

Included subjects will be followed from the initial treatment phase (< 5 EDs) until 50 EDs (in case 

of no inhibitor development) or until 2 years after discontinuing ITI (in case of inhibitor 

development and ITI treatment). Patients who are already receiving ITI at start of the study will 

also be followed until 2 years after discontinuing ITI. 

Figure 4. Sample handling and storage
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During the first phase of treatment with factor concentrate and also during ITI, patients visit the 

Van Creveldkiniek frequently as part of standard of care. During these visits also a venipuncture 

is performed to measure FVIII- or FIX-activity and the inhibitor titer. At regular intervals during 

this period some extra blood will be withdrawn for study purposes. These withdrawals will always 

be combined with an already scheduled outpatient clinic visit and venipuncture.

For the number of venipunctures we refer to the flowchart (figure 3 ) in this protocol. In figure 4 

the further proceedings of the blood samples is summarized. 

Table 1 summarizes all data collection and study procedures that subjects undergo. In figure 3 

the further proceedings of the blood samples is summarized.

The amount of blood that is withdrawn for study purposes depends on the bodyweight of the 

subject:

- < 15 kg: 8 ml (2x Natrium-heparin 4 ml)

- 15-25 kg: 18 ml (2x Natrium-heparin 9 ml) 

- ≥ 25 kg: 27 ml (3x Natrium-heparin 9 ml)

The abovementioned volumes are based on existing guidelines that specify a paediatric blood 

sample volume limit of 1-5% of total blood volume (TBV) over 24 hours and up to 10% of TBV 

over 8 weeks as volume limits that are consistent with physiological “minimal risk”24,25. Based on 

a blood volume of 75-80 ml/kg and a frequency of 1 sample every 1-3 months the above 

mentioned volumes that will be withdrawn for study purposes are below the limit of “minimal 

risk”. 

Withdrawal of individual subjects

Subjects can leave the study at any time for any reason if they wish to do so without any 

consequences. The investigator can decide to withdraw a subject from the study for urgent 

medical reasons.

STATISTICAL ANALYSIS

Analyses will be performed with SPSS software for windows (SPSS Inc., Chicago, IL, USA).

The main study endpoint is the completion of 50 exposure days without development of an 

inhibitor or the eradication of an inhibitor using ITI or 2 years follow-up with ITI. During this time 

period data on the immune profile at different time points will be gathered.

As mentioned before, the primary study endpoint is divided in two different parts:  

1) The development of anti-FVIII or anti-FIX antibodies during the first treatment episode in PUPs, 

and 2) the eradication of anti-FVIII or anti-FIX antibodies / induction of tolerance to FVIII or FIX 

during ITI.
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Regarding the first part, the development of anti-FVIII/anti-FIX antibodies, data is collected at 4 

time points (T = 0-5 EDs, T = 5-10 EDs, T = 15-20 EDs and T = 50 EDs).

At these time points we will calculate intra-individually the absolute and relative (in percentage) 

change in the number of FVIII/FIX reactive B- and T-cells, the number of regulatory cells (Bregs, 

MDSCs, Tregs) and the concentration of pro- and anti-inflammatory cytokines, considering a 

change in the ratio of ≤ 0,6 or ≥ 1,4 as clinically relevant. 

Continuous data are expressed as median with interquartile range (IQR). All continuous outcome 

parameters were tested for normality. 

Patients who develop inhibitor and patient wo do not develop inhibitor are compared in two 

different ways:

- Evaluation of change in immunologic parameters over time (4 serial measurements per 

patient) by general linear model (GLM) repeated measures or the Friedman test was used as 

appropriate. 

- Evaluation of the level of each parameter (mean of the four serial measurements per patient) 

by using the Mann-Whitney U test.

A p-value < 0.05 was considered as statistically significant.

Regarding the second part, the eradication of anti-FVIII or anti-FIX antibodies, data is also collected 

at regularly time points. Therefore the same analyses as mentioned above will be performed with 

comparison of patients with successful ITI (inhibitor eradication) and patients with unsuccessful 

ITI. 
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ABSTRACT

Hemophilia A is a serious hereditary bleeding disorder, which is characterized by a deficiency of 

factor VIII (FVIII). The disease has a long history, including some important developments in the 

treatment that changed hemophilia from a deadly disease into a treatable condition. Since many 

years the administration of FVIII is the cornerstone of treatment, at the time of bleeding, or to 

prevent bleeds (prophylaxis). However, this treatment has some serious drawbacks, such as the 

need for frequent intravenous injections and the risk of deve loping antibodies against FVIII (also 

known as ‘inhibitors’), which occurs in approximately 30% of all patients with severe hemophilia 

A. In contrast to the past decades, in which the treatment options hardly changed, therapeutic 

options  have recently increased exponentially. Today the availability of so called new ‘designer 

drugs’ has widely expanded the current arsenal of products for the treatment of hemophilia A. 

These novel therapeutics have an alternative mechanism of action compared to the traditional 

administration of FVIII and avoid the burden of intravenous injections and inhibitor development. 

Anti-TFPI (tissue factor pathway inhibitor) and antitrombine RNAi (RNA inter ference) both restore 

the balance between bleeding and thrombosis and the bispecific antibody ACE910 mimics the 

function of FVIII. Important advantages of these drugs are their longer half-life, the sub cutaneous 

route of administration  and their efficacy in the presence of inhibitors. This article provides an 

overview of the working mechanism and current evidence of these new ‘designer drugs’.

Keywords
Hemophilia A, anti-TFPI, antitrombine RNAi, bispecific antibody, ACE910.
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INTRODUCTION

The first descriptions of the hereditary bleeding disease hemophilia A probably date back to the 

2nd century AD, when the Talmud stated that a mother’s 3rd son would not need to be circumcised 

if both of his brothers had died of bleeding from the procedure1. At that time is was already 

recognized that the mother was responsible for transmitting the then deadly disease to her sons. 

The bleeding disorder was eventually given the name ‘hemophilia’ in the early 19th century. In 

1937 Patek and Taylor discovered that the disease is caused by a deficiency of the so-called ‘anti-

haemophilic globulin’, nowadays known as factor VIII (FVIII)1. 

At the beginning of the 20th century, the treatment of hemophilia consisted of the administration 

of fresh blood, later being replaced by plasma. Despite the advantage that plasma could be frozen, 

the low FVIII concentration still rendered it a very inefficient therapy. A major breakthrough in 

treatment occurred in 1965 when Dr. Judith Graham Pool described how cryoprecipitation could 

produce a FVIII-rich preparation from plasma2. Unfortunately, this success was soon overshadowed 

by the discovery that administration of the cryoprecipitate also resulted in the transmission of 

life-threatening viruses and a large proportion of patients with hemophilia became infected with 

hepatitis C and HIV. In the years that followed, efforts were particularly aimed at improving the 

safety of FVIII concentrate. Thanks to extensive screening of donors, viral inactivation and the 

introduction of recombinant FVIII concentrate (rFVIII), viral transmission now belongs to the past. 

In the last decades, efforts have been mainly focused on further optimizing rFVIII as well as the 

development of FVIII independent therapeutics for hemophilia A. The last development in rFVIII-

concentrates involves the production of rFVIII with a prolonged half-life, for example by PEGylation 

or fusion of the Fc-domain of immunoglobulin3. 

Thanks to these significant improvements in treatment options, hemophilia can no longer be 

considered an untreatable, fatal disease. The therapeutic or prophylactic administration of FVIII 

concentrate is the cornerstone of the treatment. However, this therapy is associated with a number 

of important drawbacks, including the need for frequent intravenous injections and the risk of 

the formation of neutralizing antibodies to FVIII (inhibitors), which occurs in approximately 30% 

of patients with severe haemophilia A4,5. In addition, an increased risk of inhibitor formation with 

of the use of rFVIII compared to plasma-derived FVIII (pd-FVIII) has been reported6. The 

development of inhibitors is the main complication of the treatment, and requires a switch to 

alternative drugs such as recombinant factor VIIa (rFVIIa) and activated prothrombin complex 

concentrate (APCC). These treatment options are more expensive, less efficient and require 

frequent intravenous injections due to their short half-life. 

Therefore there is a high need for new treatment options, which are not only more patient-friendly, 

but also offer an effective treatment in patients with inhibitors against FVIII.  In the last few years, 

this need seems to have been met with the development of a number of new ‘designer drugs’. 

These include agents that restore the balance between bleeding and thrombosis, such as anti-

Tissue Factor Pathway Inhibitor (anti-TFPI) antibody, RNA interference (RNAi) therapy targeting  

antithrombin, and the bispecific antibody ACE910, that mimics the function of FVIII. All these 
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agents can be administered subcutaneously, are characterized by a long half-life and, due to their 

different structure and target, also seem to offer a solution for patients with inhibitors. This article 

will provide an overview of the mechanism of action and current status of these three new drugs 

(figure 1 and table 1).

Restoring the balance between bleeding and thrombosis

The coagulation cascade and the fibrinolytic system are responsible for the delicate balance 

between the control of bleeding and prevention of thrombosis. The interaction between 

procoagulant and anticoagulant factors ultimately regulates the formation of thrombin, the 

pivotal enzyme of the clotting cascade that initiates the formation of fibrin from fibrinogen.

In patients with hemophilia A, this balance is disturbed by the lack of FVIII, resulting in an increased 

bleeding tendency. Instead of replacement of the deficient clotting factor, the balance may also 

be restored by inhibition of the natural anticoagulant factors (figure 2). Several studies support 

this hypothesis. Both in mouse models as well as in patients with hemophilia A, it has been shown 

that co-inheritance of an antithrombin mutation and hemophilia results in a reduction of bleeding 

symptoms7–9. These findings provide the rationale for the development of monoclonal anti-TFPI 

antibodies and antithrombin RNAi, agents that respectively inhibit the anticoagulant factors TFPI 

and downregulate levels of antithrombin (figure 1).

Figure 1. Overview of the coagulation cascade including targets of the new designerdrugs ACE910, anti-TFPI 
and antithrombin RNAi
APS: activated protein C; TF: tissue factor; TFPI: tissue factor pathway inhibitor; RNAi: RNA interference; TAFI: 
thrombin activatable fibrinolysis inhibitor.
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Anti-TFPI (BAY 1093884 and Concizumab)

The coagulation cascade is initiated by binding of factor VII (FVII) to tissue factor (TF) with 

subsequent activation of FX by the TF/FVIIa complex. This process is tightly regulated by direct 

negative feedback of TFPI, which acts as a dual inhibitor of both the activated TF/FVIIa complex 

and factor Xa(FXa).

In humans, there are two major subtypes of TFPI, TFPIα and TFPIβ10,11.  Endothelial cells express 

both subtypes, while platelets only produce TFPIα. The protein is composed of multiple Kunitz-

type serine protease inhibitor domains. Both TFPIα and TFPIβ contain the domains Kunitz 1 (K1) 

and Kunitz 2 (K2), which are responsible for inhibition of activated FVIIa and FXa respectively. 

TFPIα also consists of a third Kunitz domain (K3), which is the binding site for protein S. Protein 

S in turn serves as a coenzyme to improve the interaction between TFPI and the cell surface and 

to enhance the inhibitory effect of TFPI on FXa.

Figure 2. Rebalancing bleeding and thrombosis in patients with hemophilia A
Patients with hemophilia A suffer from an increased bleeding risk due to the deficit of factor VIII (FVIII). Traditional 
therapy consists of replacement of FVIII to restore the balance between bleeding and thrombosis. 
Another effective approach for rebalancing bleeding and thrombosis, is to inhibit anticoagulant factors. 
Adapted from Wilyard C., Thrombosis: Balancing act. Nature. 2014 Nov 27;515(7528):S168-9 17.
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Inhibition of the anticoagulant TFPI removes the negative feedback on the coagulation cascade 

and thus results in an increased production of FXa11,12. In this way TFPI-suppression can 

compensate for the reduced  intrinsic production of FXa due to the deficiency of FVIII or FIX in 

patients with hemophilia. This theory of the hemostatic action of anti-TFPI antibodies in 

hemophilia was first described in 1991 by Nordfang et al.13. A couple of years later, it was 

demonstrated that subcutaneous injection of polyclonal anti-TFPI antibodies in rabbits with 

hemophilia A resulted in a significant reduction in bleeding time14.  Subsequently several other 

in vitro and in vivo (animal) studies confirmed that anti-TFPI antibodies improved hemostasis in 

hemophilia11. This has led to the development of many different types of TFPI antagonists, 

including polysaccharides, peptides, aptamers and monoclonal antibodies2. Of all these drugs, 

the aptamer BAX499 and the monoclonal antibodies BAY 1093884 and mAB2021 (Concizumab) 

have reached the stage of clinical trials in humans.

The aptamer BAX499 (previously known as ARC19499) is a PEG-conjugated oligonucleotide that 

specifically binds to the K1 and K3 domains of TFPI15. Contrary to previous pre-clinical studies, 

that demonstrated the hemostatic effect of the aptamer, the phase 1 study had to be interrupted 

prematurely due to an increased bleeding rate in treated patients12,16. This paradoxical finding is 

possibly explained by a significant increase in the plasma TFPI concentration as a result of the 

release from endothelial cells and a decreased clearance due to binding of TFPI to the aptamer17.

BAY 1093884 is a fully human monoclonal antibody directed against the K1 and K2 domains of 

TFPI18. In vitro this antibody demonstrated to restore thrombin generation under hemophilic 

conditions, resulting in the formation of a stable clot19.  Subsequently the hemostatic effect of 

BAY 1093884 has been confirmed in vivo in mouse and rabbit models20,21. Currently a phase I study 

is conducted to evaluate safety, tolerability and pharmacokinetics in patients with hemophilia A 

and B, both with and without inhibitors22.  

The humanized monoclonal antibody concizumab (mAB2021) is in the most advanced stage of 

development and the results of the first phase I study has been published recently. The antibody 

is directed against the K2 domain of TFPI and can be administered subcutaneously23. The results 

of the first phase I study of concizumab, including 28 healthy subjects and 24 patients with 

hemophilia A and B, has recently been published24. This study demonstrated that concizumab 

can be safely administered intravenously or subcutaneously. The mean half-life after intravenous 

injection ranged from 31.1 to 74.2 hours. No serious adverse events occurred and no antibodies 

to concizumab were formed. Moreover this study showed a dose-dependent decrease in the free 

TFPI plasma concentration and a dose-dependent pro-coagulant effect, as measured with 

increased levels of the surrogate markers D-dimer and prothrombin.

Treatment with monoclonal anti-TFPI antibodies offers a number of advantages, including the 

previously mentioned subcutaneous administration, the long half-life and the applicability in 

patients with FVIII inhibitors. Moreover, this ‘procoagulant’ drug not only provides an effective 

treatment for hemophilia, but also for other clotting disorders. 

In addition to these advantages, there are also a number of caveats. To what extent can this non-
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specific procoagulant match the effectiveness of targeted supplementation of factor VIII? 

Furthermore, there is no suitable laboratory parameter to monitor the dosage and effectiveness 

of concizumab. Finally, although no thromboembolic complications occurred in the small phase 

I study, the risk is theoretically increased by the (long-term) elimination of the regulatory function 

of TFPI in the so delicately tuned coagulation cascade.

To conclude, the results of the phase I study of concizumab are promising, but further research 

by phase II and III studies it necessary to show whether anti-TFPI is indeed sufficiently safe and 

effective in the treatment of patients with hemophilia.

Antitrombin RNAi (ALN-AT3, fitusiran)

Antithrombin serves as an important anticoagulant factor by being responsible for the inhibition 

of thrombin (factor IIa) and FXa and to a lesser extent also factor VIIa, IXa, XIa and XIIa. Sehgal et 

al. recently developed a drug that inhibits the hepatic production of antithrombin (AT) by means 

of RNA interference (RNAi)25. RNAi leads to the breakdown of a specific RNA product and is 

originally a cellular defense mechanism against viruses. This mechanism can also be applied 

therapeutically by using specific small interfering RNAs (siRNA), that are responsible for post-

transcriptional gene silencing of a particular target protein.

The siRNAs directed against antithrombin are conjugated to N-acetylgalactosamine (GalNac)25. 

GalNac is a ligand for the asialoglycoprotein receptor (ASGPR) on hepatocytes, thereby mediating 

selective hepatic uptake. This product, ALN-AT3 or fitusiran, can be administered subcutaneously 

and has a long-lasting effect.

Studies in healthy mice and mice with hemophilia A showed a dose-dependent and durable 

decrease in the serum AT concentration25. In addition, administration of ALN-AT3 resulted in a 

dose-dependent decrease in APTT and improved thrombin formation. Similar results were found 

in non-human primates (cynomolgus monkeys). Weekly administration of 0.125, 0.25 and 0.5 

mg/kg resulted in a 50%, 65% and 90% reduction in AT, respectively, reaching a steady-state after 

approximately 2-3 weeks. At a dose of 1.5 mg/kg, there was almost complete suppression of AT, 

with recovery to baseline 126 days after drug withdrawal. In monkeys, in which hemophilia was 

induced by administration of anti-FVIII antibodies, the thrombin formation observed was similar  

to healthy monkeys. This result supports the hypothesis that ALN-AT3 is also effective in the 

presence of inhibitors. Finally, no deleterious effects of ALN-AT3 were observed in toxicity studies 

in mice with hemophilia A. However, in healthy mice high doses of ALN-AT3 (10 to 30 mg/kg) 

resulted in thrombosis, disseminated intravascular coagulation and a higher mortality.

A phase I study is currently being conducted with ALN-AT3 in patients with hemophilia A and B, 

both with and without inhibitors26. In an interim analysis, including 96 patients, no thromboembolic 

complications or other serious adverse events were observed (figure 3)27. With a monthly 

subcutaneous injection of 80 mg (N = 16, cumulative follow-up more than 1100 days), a reduction 

in AT of > 75% was seen, accompanied by a median calculated number of bleeding per year 

(‘annual bleeding rate’, ABR ) of 0. In addition, 53% of patients were completely bleed-free and 

82% of patients had no spontaneous bleeds.
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In conclusion, antithrombin RNAi appears to be a promising drug. Both animal studies as well as 

a phase I study in hemophilia patients, with and without inhibitors, showed that it is a safe and 

effective agent to improve haemostasis. Thanks to the long-lasting effect of antithrombin RNAi 

it can be administered by a monthly subcutaneous injection, which makes it particularly suitable 

for prophylactic use. The applicability in the acute treatment of bleeding is probably more limited, 

as a steady-state is only reached after 2-3 weeks. The other advantages and disadvantages of 

antithrombin RNAi are similar to those of anti-TFPI antibodies. Also for antithrombin RNAi, further 

research is required to evaluate whether the above-mentioned favorable results can be confirmed 

in a larger patient cohort.

Figure 3. Thrombin generation by ALN-AT3 (fiturisan) induced antithrombin (AT) lowering
Interim results of a phase I study of ALN-AT3 (fiturisan), a small interfering RNA (siRNA) directed against antithrombin. 
Healthy volunteers and patients with hemophilia A were treated with ALN-AT3 to reduce antithrombin levels. 
In hemophilia A patients, reduction of antithrombin by more than 75% resulted in a relative increase in mean 
thrombin generation of 289% compared to the baseline group (AT decrease < 25%), p < 0.001.
Adapted from Pasi et al., World Federation of Hemophilia (WFH) Congress 2016 27. 
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ACE910 (Emicuzimab) 

The function of the coenzyme FVIII is to enhance the interaction between factor IX (FIX) and 

FX. By connecting these two factors in the correct spatial position, FVIII accelerates the 

activation of FX around 20.000 times16. Since the distance between the FVIII binding sites for 

FIX and FX is equal to the distance between the two arms of an IgG molecule, a bispecific IgG 

antibody could mimic the function of FVIII. This hypothesis and the screening of approximately 

40.000 antibodies eventually resulted in the development of ACE910 (emicizumab)28. ACE910 

is a recombinant, humanized, bispecific antibody with affinity for both FIX and FX, which 

enables it to replace FVIII (figure 4).

Important advantageous features of ACE910 are the high biological activity after subcutaneous 

administration, the long half-life of approximately 30 days and the completely different 

antigenicity to FVIII, rendering ACE910 still active in the presence of inhibitors29.  

Several in vitro experiments using plasma from inhibitor and non-inhibitor patients with 

hemophilia A showed that ACE910 improved coagulation29. This effect has been confirmed by in 

vivo experiments that demonstrated that subcutaneous administration of ACE910 in non-human 

primates with acquired hemophilia A was effective for both the prevention as well as the treatment 

of bleeding30,31. 

Figure 4. Mechanism of action of the bispecific antibody ACE910 
Mechanism of action of factor VIII (FVIII) and the bispecific antibody ACE910.
a.  Activated FVIII (FVIIIa), consisting of the domains A1, A2, A3, C1, and C2, acts as a coenzyme for FIXa. FVIIIa 

enhances the interaction between FIXa and FX, which significantly accelerates the activation of FX.
b.  Similar to FVIII, the bispecific antibody ACE910 also binds to FIXa and FX, thereby mimicking the function of 

FVIIIa.
HC: heavy chain; LC: light chain.
Source: Kitazawa et al., Nature Medicine 201229.
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Currently, also phase I/II studies have been performed to evaluate the safety, pharmacokinetics, 

pharmacodynamics and effectiveness of ACE910 in humans. Uchida et al. showed that a 

subcutaneous injection of up to 1 mg/kg was well tolerated and did not result in serious side 

effects32. Moreover there were no racial differences in response to ACE910 between the 64 healthy 

Japanese and Caucasians studied. In this study cohort, antibodies against ACE910 were detected 

in 2 persons. In 1 person this antibody was already present before administration of ACE910 and 

it did not result in altered pharmacokinetics or pharmacodynamics. The 2nd person developed 

the antibody during the study and this antibody appeared to be functional, given the 

demonstrated shorter half-life and reduced APTT correction and thrombin formation.

Shima et al. studied ACE910 in 18 Japanese (inhibitor and non-inhibitor) patients with hemophilia 

A, aged 12-58 years33. Weekly subcutaneous administration of 0.3, 1 or 3 mg/kg for 12 weeks 

resulted in a dose-dependent increase in the plasma concentration of ACE910 with a normalization 

of APTT and improved thrombin formation in all cohorts. Reported adverse events were mild and 

notably no thromboembolic complications were reported. The median calculated number of 

bleedings per year (ABR) decreased from 32.5 to 2.0, 18.3 to 1.2 and 15.2 to 0.0 at a dose of 0.3, 1 

and 3 mg/kg, respectively. Over two-third of the patients had no bleeding at all during the 12-

week observation period. Importantly, no differences in effectiveness were seen between patients 

with and without inhibitors. Finally, no antibodies against ACE910 were detected in any of the 

patients.

Taken together, the FIX/FX bispecific antibody ACE910 appears to be a highly effective drug for 

the replacement of FVIII. Due to its weekly subcutaneous administration and demonstrated 

efficacy irrespective of the presence of inhibitors, ACE910 represents a revolutionary solution to 

the challenges linked to the current treatment of hemophilia A. The main potential drawbacks 

are the risk of thromboembolic complications and the development of antibodies to ACE910. 

Especially because of the long half-life of this non-substitution form of therapy, in which activation 

of FX continues to take place in an uncontrolled manner, the occurrence of thrombosis is an 

important issue. Although this complication did not occur in the above mentioned studies, it was 

reported as adverse event in the currently ongoing phase III study34–36. Two patients experienced 

a thromboembolic complication and two patients developed thrombotic microangiopathy (TMA). 

All these patients had a breakthrough bleed during treatment with ACE910 and therefore were 

additionally treated with so-called bypassing agents, such as rFVIIa and APCC. No anticoagulant 

treatment was required for the thromboembolic complications and the TMA fully recovered in 

both cases. Despite the favorable outcome, these reports indicate that breakthrough bleeding 

may occur with the use of ACE910 and that caution should be taken when combining this drug 

with bypassing agents due to the uncontrolled clotting that can occur. The final publication of 

the phase III study has to be awaited.
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CONCLUSION

The traditional treatment of hemophilia A, which is based on replacement of the deficient FVIII, 

has a number of important disadvantages. These include the need for burdensome intravenous 

injections and the risk of the development of antibodies against FVIII. In recent years, a number 

of new ‘designer drugs’ have been developed that seem to offer a solution to this problem and 

thus represent an important breakthrough in the treatment of hemophilia A. These so-called 

promising designer drugs, monoclonal anti-TFPI antibodies, antithrombin RNAi and the bispecific 

antibody ACE910, can all be administered subcutaneously, have a long half-life and are also 

effective in the presence of inhibitors. Results of the phase III studies have to be awaited, but it 

is expected that introduction of these drugs in clinical practice will significantly improve the 

quality of life of patients with hemophilia A.

Key points 

-  The current treatment of hemophilia A has a number of important disadvantages, such 

as the need for frequent intravenous injections and the risk of developing antibodies 

against factor VIII (FVIII)

-  Recently, three promising ‘designer drugs’ have been developed, that could represent 

an important breakthrough in the treatment of hemophilia A: 

 •  Anti-TFPI (Concizumab): Monoclonal anti-TFPI antibody inhibiting the anticoagulant 

Tissue Factor Pathway Inhibitor (TFPI) and thus restores the disturbed balance between 

bleeding and thrombosis.

 •  Antithrombin RNAi (ALN-AT3, Fitusiran): Antithrombin RNAi inhibits the production of 

the anticoagulant antithrombin and is also aimed at restoring the balance between 

bleeding and thrombosis.

 •  ACE910 (Emicizumab) is a humanized bispecific antibody that mimics the cofactor 

function of FVIII by binding to both factor IX and factor X. 

-  These ‘designer drugs’ provide some essential advantages above traditional FVIII 

replacement therapy:  

 •  Thanks to the subcutaneous mode of administration and the long half-life, they present 

a more patient-friendly alternative to the intravenous injections of FVIII.

 •  They offer also an effective treatment for patients with antibodies to FVIII since their 

mode of action is independent of FVIII. 
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ABSTRACT

Acquired hemophilia A (AHA) is a severe auto-immune bleeding disorder. Treatment of AHA is 

burdensome and optimal management is still unresolved.  Therefore a retrospective nationwide 

multi-center cohort study (1992-2018) was performed to evaluate clinical presentation and 

treatment efficacy and safety of AHA in the Netherlands. Multivariate logistic and Cox regression 

analysis was used to study independent associations between patient characteristics and clinical 

outcome.

143 patients (median age 73 years; 52.4% male) were included with a median follow-up of 16.8 

months (IQR 3.6-41.5). First-line immunosuppressive treatment was mostly steroid monotherapy 

(67.6%), steroids/cyclophosphamide (11.9%) and steroids/rituximab (11.9%), with success rates 

of 35.2%, 80.0% and 66.7% respectively, p<0.05. 

Eventually 75% of patients achieved complete remission (CR). A high anti-FVIII antibody titer, 

severe bleeding and steroid monotherapy were associated with lower CR rates.

Infections, the most important adverse event, occurred significantly more often with steroid 

combination therapy compared to steroids alone (38.7% versus 10.6%; p=0.001). 

Overall mortality was 38.2%, mostly due to infections (19.2%) compared to 7.7% fatal bleeds. 

Advanced age, underlying malignancy and ICU admission were predictors for mortality.

This study showed that AHA is characterized by significant disease- and treatment-related 

morbidity and mortality. A high anti-FVIII titer, severe bleeding and steroid monotherapy were 

associated with a lower CR rate. The efficacy of steroid combination therapies however, was 

overshadowed by higher infection rates and infections represented the most important cause of 

death. The challenging and delicate balance between treatment effectivity and safety requires 

ongoing monitoring of AHA and further identification of prognostic markers.

Key words
Acquired haemophilia, AHA, acquired coagulation disorders, anti-FVIII, inhibitor
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INTRODUCTION

Acquired haemophilia A (AHA) is a clinically challenging bleeding disorder, which is caused by 

the presence of antibodies against factor VIII (FVIII). These antibodies to FVIII partially or completely 

neutralize its coagulant function or cause an accelerated clearance1. The resulting lack of FVIII 

activity causes spontaneous and sometimes life-threatening bleeding. 

AHA affects mainly elderly patients and in about 50% an underlying cause can be identified, 

predominantly including malignancies or auto-immune disorders2–6. 

The estimated incidence of AHA is approximately 1.5 case per million persons/year4. The rarity of 

the disease often results in a significant delay in diagnosis and start of appropriate treatment, 

further increasing morbidity and mortality. Treatment of AHA requires a dual approach, which 

includes both the control of bleeding with hemostatic agents as well as inhibitor eradication with 

immunosuppressive drugs. During the past decennia, mortality due to bleeding dramatically 

decreased from about 22% in the early 80’s to 3-4% reported in more recent studies, which is 

attributed to earlier diagnosis, the introduction of bypassing agents, and prompt inhibitor 

eradication2,3,5,7.  However, this apparent success is overshadowed by the high rate of treatment-

related side effects, including infections and sepsis, which nowadays seem to be a major 

contributor to the morbidity and mortality in AHA patients. The challenge is to balance the 

minimization of bleeding risk by rapid inhibitor eradication with the risk of treatment-related 

side effects, especially in an elderly and frail population.

This delicate balance urges the need for identification of prognostic patient characteristics to 

help tailor the intensity of immunosuppressive therapy. In the GTH-AH 01/2010 study of Tiede et 

al. a FVIII concentration <1 IU/dL, a poor performance status and the presence of anti-FVIII IgA 

antibodies were associated with lower complete remission (CR) rates and overall survival5,8. 

However, to our knowledge, no protocols use these potential predictors as criteria to guide 

therapy.

Due to the challenge of performing randomized controlled trials in rare diseases like AHA, 

observational studies provide the main source of clinical data. 

A retrospective analysis of Dutch patients diagnosed with AHA from 1992 to 2018, based on the 

Dutch national haemophilia complication registry, was performed to evaluate clinical presentation 

as well as efficacy and safety of treatment in AHA. 

METHODS

Study population

In this multicenter retrospective cohort study the Dutch national haemophilia complication 

registry (KWARK database) was used to identify patients diagnosed with AHA between January 

1992 and December 2018. 
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The KWARK database was founded by the Dutch Society of Haemophilia Physicians, representing 

all Dutch Haemophilia Treatment Centers (HTCs). In the Netherlands care of (acquired) haemophilia 

patients is centered to these HTCs. Currently, there are six centers. For each participating center 

approval of the local medical ethics committee was obtained before data collection was started. 

Definitions and data collection

All patients with a clinical diagnosis of AHA were included in this study. AHA was defined as an 

acquired bleeding tendency with a plasma FVIII activity below 50 IU/dL and detection of anti-FVIII 

antibodies. Patients with other coagulation inhibitors or patients with congenital haemophilia A 

were excluded. There was no age restriction.

Paper and electronic patient files were reviewed to collect detailed information regarding 

demographic data, comorbidities, clinical presentation, plasma FVIII and anti-FVIII (aFVIII) titers 

at presentation and follow-up, bleeding episodes and haemostatic treatment, immunosuppressive 

regimen, response to treatment, adverse events, relapse and outcome at final follow-up. Data 

collection was performed in 2018; patients were followed until death or last follow-up. FVIII activity 

and aFVIII titers were measured in the local laboratories and were reported in IU/dL and Bethesda 

Units (BU) respectively. Regarding the measurement of aFVIII titer, the dilution closest to a 50% 

inhibition of FVIII in normal plasma is selected to estimate the inhibitor titer9. Since the introduction 

in 1995 all laboratories use the Nijmegen modification of the Bethesda assay. In two patients, 

included before 1995, the original Bethesda assay was used. All laboratories take part of an 

external quality assessment program of the European Concerted Action on Thrombosis (ECAT) 

Foundation10,11. 

A treatment line was defined as any (immunosuppressive) treatment modality. A treatment 

episode represented the treatment lines required for achieving complete remission (CR). 

Treatment course is defined as all treatment episodes together (in case of relapsing disease). 

CR was defined as a FVIII activity of ≥ 70 IU/dL and a negative inhibitor titer (according to the 

cut-off of the local laboratories)2. A relapse was defined as recurrence of AHA after CR. Hereby 

relapses during withdrawal of immunosuppressive therapy (IST) and relapses after cessation of 

IST were recorded separately.  

Severe bleeding was classified according to the ISTH criteria as 1) fatal bleeding, and/or 2) bleeding 

in a critical area or organ, such as intracranial, intraspinal, intraocular, retroperitoneal, intra-

articular, pericardial, or intramuscular with compartment syndrome, and/or 3) bleeding causing 

a fall in hemoglobin level of 2.0 g/dL (1.24 mmol/L) or more or leading to transfusion of two or 

more units of whole blood or red cells12. Other bleeds were classified as non-severe. The following 

treatments were classified as haemostatic therapy: bypassing agents (recombinant activated 

factor VII (rFVIIa) or activated prothrombin complex concentrate (aPCC)), FVIII concentrates 

(human (hFVIII) or recombinant porcine (pFVIII)), prothrombin complex concentrate (PCC), fresh 

frozen plasma (FFP) and 1-desamino-8-D-arginine-vasopressin (DDAVP). Administration of 

antifibrinolytic drugs, red blood cell (RBC) and/or platelet transfusion, surgery, compression, 
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topical hemostatic therapy, immunoabsorption and plasmapheresis were all classified as ancillary 

therapy.

Resolution of bleeding was based on the clinician’s judgement. A bleeding relapse was defined 

as any bleeding event at the same site within a month after resolution of the first episode and/

or cessation of hemostatic therapy.

An adverse event was defined as any untoward medical occurrence in a patient using 

immunosuppressive (IST) and/or hemostatic therapy. The following adverse events were recorded: 

(ischemic or hemorrhagic) stroke, cardiac events, thromboembolic complications (venous 

thromboembolism), infections, steroid related adverse events (including diabetes mellitus) and 

steroid induced psychiatric events) and other adverse events, which could not be classified in 

the previous categories. 

Data collection was performed by two authors (S.S. and W.D.). In case of uncertainties consensus 

was reached through mutual consultation.

Statistical analysis

Continuous data were reported as median and interquartile range (IQR). Differences between 

continuous variables and comparisons of frequencies were analyzed using the Mann-Whitney U 

test (or Kruskal-Wallis test if > 2 groups) and Fisher’s exact test respectively. 

The effectivity of hemostatic agents was compared by using multivariate logistic regression 

analysis with age, sex, FVIII activity, anti FVIII titer and type of hemostatic agent included in the 

model. Logistic regression analysis was also performed to assess predictors for CR after first-line 

therapy, relapse, adverse events and overall mortality. Mortality in the subgroup of patients with 

stable CR that stopped IST was followed until 1 year after cessation of IST to avoid confounding 

by indication.

The following variables were included in the analysis for CR and relapse: age, sex, underlying 

condition, malignancy, comorbidity, FVIII activity and aFVIII titer at presentation, bleeding severity 

(severe or non-severe) and therapy regimen (four categories: steroid monotherapy, steroids/

cyclophosphamide (S/C), steroids/rituximab (S/R) and other regimens). For analysis of mortality 

admission to the intensive care unit (ICU) at diagnosis was additionally added.  

Variables included in the model of adverse events were age, gender, underlying condition, 

malignancy, presence of comorbid disorder and therapy regimen. The heterogeneity in treatment 

course limited the assessment of its effect on adverse events. Therefore a subanalysis was 

performed for predictors of infections during first-line IST. Age, FVIII activity and the inhibitor titer 

were evaluated as both continuous and categorical parameter in order to obtain the best 

predictive model. 

Univariate and multivariate Cox regression analysis were performed to assess which characteristics 

were associated with the time to achieve CR and the time to death. The same variables as stated 

above were included in these models. Patients who died before reaching CR were set to indefinite, 

as they could no longer achieve CR5.
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Patients with unknown remission or survival state at final follow-up were censored from the 

analysis. A p-value of less than 0.05 was considered statistically significant. Analyses were 

performed using IBM SPSS statistics (version 25.0). 

RESULTS

Clinical presentation

In the period from January 1992 to December 2018 a total of 143 AHA patients (75 male, 52.4%) 

were reported. Median follow-up time was 16.8 months (IQR 3.6-41.5) (table 1). The median age 

was 73 years (IQR 60-79), for women this was significantly lower due to occurrence of post-partum 

AHA (68 versus 76 years, p = 0.01); supplement 1. 

All patients presented with bleeding, which was severe in 87/136 patients (64.0%) and resulted 

in an admission to the ICU in 16/136 (11.8%). Hemostatic therapy was started in 161/218 of the 

recorded bleeding episodes (73.9%). The bypassing agents rFVIIa and aPCC were most frequently 

used, showing an overall efficacy of respectively 80.9% (56/68) and 93.4% (58/61), which was not 

significantly different when correcting for age, FVIII level, aFVIII titer and bleeding severity (p = 

0.11), see supplement 2 / supplement 3 for details regarding hemostatic treatment and outcome. 

The median patient delay, i.e. the time from first symptoms until diagnosis, was 22 days (IQR 8-77).  

Median diagnostic delay, defined as time to confirm the diagnosis of AHA after first medical 

evaluation, was 2 days (IQR 0-10). 

At diagnosis of AHA, most patients had comorbidity (125/143, 87.4%). An underlying disease for 

AHA was identified in 36.9% of all patients, mostly malignancies, immune-related disorders and 

pregnancy-related AHA (table 1). 

Immunosuppressive therapy (IST) and outcome

IST was started in 139/143 (97.2%) patients. Details regarding outcome of the first-line regimen 

and at final follow-up were available in respectively 132/139 (95.0%) and 136/139 (97.8%) patients, 

table 2 / supplement 4.

Treatment was usually started at the day of diagnosis (median 0 days (IQR 0-3)).  As first-line 

therapy, several different treatment regimens were applied. Steroid monotherapy was most 

frequently used (94/139, 67.6%), followed by combination therapy of steroids with 

cyclophosphamide or rituximab (both in 17/139 patients, 11.9%). Treatment details regarding 

dose and route of administration were similar among the cohort, with prednisone administered 

in a dose of 1 mg/kg/day, cyclophosphamide 1-2 mg/kg/day and rituximab in 4 weekly gifts with 

a dose of 375 mg/m2 according to the national guidelines13. 

Overall 60/132 patients (45.5%) achieved complete remission (CR) after first-line therapy, whereas 

46.3% of all patients needed ≥ 2 therapy lines and 8.3% died before achieving CR during first-line. 

In nearly all cases (55/61, 90.2%) second-line IST consisted of a combination of steroids and 

another immunosuppressive agent, most frequently cyclophosphamide or rituximab (54.1% and 
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821.3% respectively). Regardless of the number of therapy lines, 105/132 (79.5%) achieved CR after 

the first treatment episode with a median time to CR of 10.7 weeks (IQR 6.4 – 22.1). 

A relapse during prednisone withdrawal occurred in 18/117 (15.4%) and another 23/92 patients 

(25.0%) experienced at least one relapse after cessation of IST. The median time to relapse after 

stop of IST was 14.7 weeks (IQR 2.9 – 66.6). At the moment of data capture 102/136 patients 

(75.0%) were in CR, of which 19/102 (18.6%) were still using immunosuppressive drugs. 

Details regarding outcome according to underlying condition is shown in supplement 5.

Six women with post-partum AHA were included in this cohort study. Immunosuppressive therapy 

was started in 5/6 (83.3%). Almost all patients (4/5, 80%) were treated with steroid monotherapy, 

with a success rate of 75% (3/4). One patient was treated with rituximab monotherapy, which 

was changed to steroids/cyclophosphamide because of an allergic reaction. Ultimately CR was 

achieved in all 6 post-partum AHA cases: 1 patient spontaneously, 3 after first-line therapy with 

steroids alone and 2 after third-line therapy. 

Table 1. Demographics and clinical presentation 

Cases/total (%) or median (IQR)

Male 75/143 (52.4%)

Age (years) 73  (60-79)

Follow-up time (months) 16.8  (3.6 – 41.5)

Clinical presentation
-   FVIII activity, IU/dL
-   aFVIII titer, BU
-   Hb, g/dL

Bleeding symptoms*
-   Mild bleeding
-   Severe bleeding

ICU admission at diagnosis †

2.0 (0.0 – 6.0)
20.5  (7.7 – 58.8)
9.2  (7.7 – 11.3)

49/136 (36.0%)
87/136 (64.0%)

16/136  (11.8%)

Time until diagnosis (days)
-   From first symptoms until diagnosis
-   From 1st medical evaluation until diagnosis

 - 22  (8 – 77)
 - 2  (0 – 10) 

Identifiable cause
-   None 
-   Malignancy
   •  Solid
   •  Hematologic
-   Immune-related
-   Post-partum
-   Infection-related
-   Drug-induced

82/130 (63.1%)
24/130 (18.5%)
 - 15/130 (11.5%)
 - 9/130 (6.9%)
13/130 (10.0%)
6/130 (4.6%)
3/130 (2.3%)
2/130 (1.5%)

* Based on ISTH criteria. FVIII: Factor VIII; aFVIII: anti FVIII antibody; BU: Bethesda Units;
ICU: Intensive Care Unit. † In all cases reason for ICU admission was bleeding related. 
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Adverse events and mortality

A total of 212 treatment related adverse events (AEs) were recorded in 92/136 patients (67.7%), 

supplement 6.  In 95.7% of patients (88/92) AEs were related to IST, in 3.3% (3/92) to hemostatic 

therapy and one patient (1.1%) experienced AEs related to both IST and hemostatic therapy. 

Two patients (2/136, 1.5%) suffered from cardiac events while using aPCC: angina pectoris in one 

patient, myocardial infarction in the other. Another patient (1/136, 0.7%) showed clinical 

deterioration of an ischemic stroke after rFVIIa, which was administered because he also presented 

with major bleeding. A venous thromboembolism occurred in 2/136 patients (1.5%), including 

one patient treated with rFVIIa (0.7%).

From all IST-related AEs, steroid induced AEs occurred most often (71/136, 52.2%), especially 

induction or deterioration of diabetes mellitus (44/136, 32.4%).  

A total of 81 infections was seen in 49/136 patients (36.0%); most patients experienced 

uncomplicated infections (35/49, 71.4%) but sepsis was seen in 14/49 (28.6%). Airway/pulmonary 

(43.6%) and urogenital (26.9%) infections were most frequently observed. The presence of 

neutropenia, occurring in 15/136 (11.0%), was significantly associated with the risk of infection 

(p = 0.001). 

In the multivariate model including age, sex, underlying condition, malignancy, comorbidity and 

first-line IST regimen only age appeared to be independently associated with the risk of adverse 

events, showing a significant higher risk of AEs in patients ≥ 50 years with no significant difference 

between age categories 50-75 years and ≥ 75 years (age 50-75 years: OR 4.00 (95% confidence 

interval (CI) 1.32-12.14); age ≥ 75 years: OR 3.13 (CI 1.09-8.98), supplement 7. 

A sub analysis evaluating risk factors for infections during first-line IST showed that any 

immunosuppressive regimen other than steroid monotherapy was independently associated 

with higher infection rates (steroids/cyclophosphamide (S/C) OR 5.33 (CI 1.53-18.56),  steroids/

rituximab (S/R) OR 5.92 (CI: 1.67-20.97), other regimens: OR 3.80 (CI 0.82-17.70); p = 0.011).

Overall mortality at end of follow-up was 38.2% (52/136)), including 29 patients (55.8%) with 

active AHA, 21 patients (40.4%) in CR and2 patients (3.8%) with an unknown outcome at the time 

of death. Infections (10/52, 19.2%) and malignancies (7/52, 13.5%) represented the most important 

causes of death, whereas 4/52 patients (7.7%) died because of fatal bleeding, table 2. IST 

contributed to death in 15.4% (8/52), which was based on both the use of immunosuppression 

and a cause of death related to an infection.

Comparison of immunosuppressive regimens

Effectivity and safety of the first-line therapy regimens was evaluated. Baseline characteristics (sex, 

age, FVIII activity, aFVIII titer, bleeding severity, underlying disorders and comorbidity) were similar 

among the different regimens (supplement 8). Outcome of steroid monotherapy was compared 

to steroids with cyclophosphamide (S/C), steroids with rituximab (S/R), any other steroid based 

regimen (S/O) and treatment of the underlying disorder (figure 1  / supplement 9). CR rates were 

significantly lower with steroid monotherapy (35.2%) compared to every steroid combination 
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Table 2. Immunosuppressive therapy (IST) and outcome

Cases/total (%) or median (IQR)

1st line IST 
-   Steroids
-   Steroids/ cyclophosphamide
-   Steroids/ rituximab
-   Other steroid combination therapy †
-   IVIG
-   Rituximab
-   Treatment underlying disease

 - 94/139   (67.6%)
 - 17/139   (11.9%)
 - 17/139   (11.9%)
 - 6/139    (4.3%)
 - 1/139     (0.7%)
 - 1/139       (0.7%)
 - 3/139       (2.1%)

Complete remission (CR) after first-line IST 60/132   (45.5%)

Overall CR after first disease period 105/132 (79.5%)

No. of treatment lines to reach 1st CR ‡ 
-   1 treatment line
-   2 treatment lines
-   3 treatment lines
-   4 treatment lines
-   5 treatment lines

 - 71/132   (53.8%)
 - 41/132  (31.1%)
 - 18/132 (13.6%)
 - 1/132    (0.8%)
 - 1/132   (0.8%)

Relapse during steroid withdrawal 18/117  (15.4%)

≥ 1 Relapse after 1st CR and stop IST 23/92  (25.0%)

CR at data capture
-   On IST
-   Off IST

102/136  (75.0%)
 - 19 /136  (14.0%)
 - 83/136  (61.0%)

Time to achieve 1st CR , weeks                10.7  (6.4 – 22.1)

Time to (any) subsequent CR after relapse, weeks 3.4  (1.5 – 10.0)

Total duration of treatment, weeks 24.4  (11.6 – 44.0)

Adverse events (any) 92/136 (67.6%)

Mortality at data capture 52/136  (38.2%)

Mortality cause
-   Infection *
-   Malignancy 
-   Cardiac
-   Fatal bleeding
-   Respiratory insufficiency
-   Other
-   Unknown

 - 10/52   (19.2%)
 - 7/52  (13.5%)
 - 5/52  (9.6%)
 - 4/52  (7.7%)
 - 1/52  (1.9%)
 - 7/52  (13.4%)
 - 18/52  (34.6%)

Differences in the nominator are the result of missing data or, in case of relapse rate, result from the fact that 
not every patient achieved complete remission and/or IST was not withdrawn/stopped in all cases.  
† Steroids/mycophenolate motefil 3/136 (2.1%), steroids/cyclophosphamide/rituximab 2/136 (1.4%), steroids/
azathioprine 1/136 (0.7%)
‡ A treatment line is defined as a certain immunosuppressive regimen (i.e. steroid monotherapy or steroids/
cyclophosphamide); any change in this regimen (i.e. change in and/or addition of an immunosuppressive 
agent) is considered as a subsequent therapy line. 
*  8/10 patients on IST, 2/10 patients off IST. 
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therapy (varying from 67.7% to 83.3%), p < 0.05. In the univariate analysis, time to achieve CR and 

therapy duration (among patients with CR) were similar among the treatment groups.

Although the overall adverse event rate was similar, steroid combination therapies (S/C and S/R) 

and treatment of the underlying disorder were associated with a significantly higher infection 

rate than steroid monotherapy (respectively 37.5%, 40.0% and 66.7% versus 10.6%, p < 0.05). 

Similarly, death due to infection occurred more frequently in S/C and S/R compared to steroids 

alone, whereas bleeding related mortality was higher in the steroid monotherapy group 

(supplement 9). These differences were however not statistically significant. Also overall mortality 

during first-line treatment was also not significantly different among the treatment groups. 

Predictors of outcome

Logistic regression analysis was performed to identify predictors for CR, relapse and mortality 

(supplement 7). Cox regression analysis was used to analyze time to achieve CR and survival 

time. 

Complete remission (CR) after first-line therapy: Multivariate logistic regression analysis 

showed that a high aFVIII titer (aFVIII > 20 BU OR 0.33; 95% CI 0.14-0.78; p = 0.012), severe bleeding 

(OR 0.31; 95% CI 0.13-0.75; p = 0.010) and steroid monotherapy (any other regimen OR 2.10- 8.06 

Figure 1. Outcome of first-line immunosuppressive therapy 
CR: complete remission. Mortality and infection-related mortality represent mortality rates during first-line 
treatment period. * P-value < 0.05 (Fisher exact test). NS: not significant. 
The three most frequent used first-line immunosuppressive regimens are compared. Data of outcome in other 
steroid-based regimens and treatment of the underlying conditions is not shown.
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(range); p = 0.007) were all independently associated with failure to achieve CR. In the univariate 

analysis a FVIII level < 2 IU/dL and female sex were also associated with a lower CR rate, but this 

difference disappeared after correction for other factors in the multivariate analysis.

With regard to the time to achieve CR the same parameters were independently correlated to a 

worse outcome (aFVIII > 20 BU: HR 0.38; CI 0.21-0.70; p = 0.003, severe bleeding: HR 0.38; CI 0.21-

0.70; p = 0.002, and steroid monotherapy: HR (any other regimen) 1.99-2.59 (range); p = 0.028, 

figure 2. 

When using inhibitor titer at presentation (≤ 20 BU) and mild bleeding as clinical markers to tailor 

therapy, 61.5% of this cohort would achieve CR with steroids alone compared to 7.4% in patients 

with aFVIII > 20 BU and severe bleeding (p = 0.002). 

Relapse: Using the same model as used for prediction of CR, none of the included parameters 

appeared to be an independent predictor for the risk of relapse (data not shown). 

Mortality: Age (age ≥ 75 years: OR 4.40; CI 1.77-10.94; p = 0.001), the presence of a malignancy 

(OR 9.74; CI 3.12-30.43; p < 0.001) and ICU admission at diagnosis (OR 8.44; CI 1.89-37.75; p = 

0.005) were independent predictors for mortality. The reason for ICU admission was severe 

bleeding in all cases. Evaluation of survival time showed that the same parameters were 

significantly associated with a worse outcome (age ≥ 75 years: HR 2.71, CI 1.39-5.26, p = 0.003; 

malignancy: HR 3.62, CI 1.88-6.97, p < 0.001; ICU admission: HR 3.61, CI 1.64-7.97, p = 0.001).

DISCUSSION

In this study we describe the clinical presentation and outcome of a large cohort of patients with 

AHA treated in the Netherlands during the last 27 years. The results of this study emphasize that 

AHA is a serious disorder, which affects mostly elderly and frail patients and is characterized by 

severe bleeding symptoms and a protracted, burdensome treatment. Inhibitor eradication by 

immunosuppressive therapy, although successful in most of the cases, is associated with a high 

rate of adverse events and secondary infections represent the most important cause of death. 

Compared to previous publications, the present study confirms that AHA mostly affects elderly 

patients given a median age over 70 years2–5.  An underlying disorder was identified in almost 

37% of all patients, most frequently malignancies and auto-immune disorders, which is in line 

with other large registries2–5.

In this study the majority of patients presented with severe bleeding and more than two-third 

required hemostatic therapy. Similar to the EACH2, rVIIa and aPCC were associated with a success 

rate over 80% and a low risk of adverse events14.

Compared to the favorable risk-benefit ratio of bypassing agents, the immunosuppressive 

treatment in AHA is more troublesome. The CR rate after first-line therapy in this cohort was 

around 50%. An important finding in our study was the striking difference of CR rates between 

first-line steroid monotherapy and steroid combination therapy: 35.2% versus 73.3% (CR rate of 

S/C and S/R combined). This difference in success rate was also shown in the EACH215.
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Figure 2. Time to complete remission 
by inhibitor titer, bleeding severity 
and first-line immunosuppressive 
therapy
Time to complete remission by (A) 
inhibitor titer, (B) bleeding severity 
and (C) first-line immunosuppressive 
therapy. Time to complete remission 
(CR) in weeks. BU, Bethesda units. 
Cox regression analysis; variables 
included in the model: age, sex, 
underlying condition, malignancy, 
comorbidity, FVIII activity and aFVIII 
titer at presentation, bleeding severity 
(severe or non-severe) and first-line 
therapy regimen (four categories: 
steroid monotherapy, steroids/
cyclophosphamide (S/C), steroids/
rituximab (S/R) and other regimens). 
An aFVIII titer >20 BU (P = 0.003), 
severe bleeding (P = 0.002) and 
steroid monotherapy (P = 0.028) were 
all inversely correlated with the time 
to achieve CR.
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Regarding predictors for CR after first-line therapy a high aFVIII titer, severe bleeding and steroid 

monotherapy were all independently associated with lower CR rates and a longer time to achieve 

CR. 

The relationship between aFVIII titer and inhibitor eradication was described by the EACH2 and 

GTH-AH 01/2020 study as well5,15. In line with these studies, the median aFVIII titer (≤ or > 20 BU 

in our cohort) was used as cut-off. Of note, this study showed that aFVIII titer and bleeding severity 

were independently correlated with outcome. Up to now, this is the first time bleeding severity 

is identified as prognostic marker for achieving complete remission, but many studies did not 

include this parameter in the multivariate analysis. 

As stated above, this study demonstrated the superior efficacy of steroid/cyclophosphamide 

combination therapy compared to steroid monotherapy, which is in line with the EACH2 and 

CARE registries15,16. We additionally showed that steroids combined with rituximab results in 

significantly higher remission rates as well. 

In line with many AHA registries, this study emphasizes the high rate of adverse events, especially 

infections5,15,17. This is however the first study evaluating risk-factors for treatment-related adverse 

events, which provides valuable information to guide therapy. In our analysis only age appeared 

to be significantly correlated with the overall adverse events rate. Since many patients received 

more than one type of IST, it was difficult to assess the influence of a certain immunosuppressive 

regimen. Therefore a sub analysis was performed to detect predictors for infections during first-

line treatment. This multivariate analysis showed that steroid combination therapy (both S/C and 

S/R) is the main risk factor. Further research is warranted to clarify both patient- and treatment-

related predictors for adverse events in AHA.

The overall mortality rate of AHA patients in this cohort is high. Strikingly not bleeding, but 

infections represent the most important cause of death and in about 1 in 7 patients death was 

associated with the use of immunosuppressive drugs. The high rate of infection-related mortality 

is emphasized by several other reports as well3–5,18–20. It should however be addressed that  

bleeding-related mortality could be underestimated as a result of selection bias, as  patients 

presenting with major bleeding may die before being diagnosed with AHA. 

Predictors for a poor survival in this cohort were increasing age, the presence of a malignancy 

and ICU admission at diagnosis. No correlation between FVIII, aFVIII or the immunosuppressive 

regimen and survival was found. These results are comparable with most of the AHA cohort 

studies3,15,16,20. In the GTH-AH 01/2020 study some additional potential negative predictors for 

survival were described, which include a FVIII activity < 1 IU/dL, a poor WHO-performance status 

and the presence of aFVIII IgA5,8.  In this cohort many patients died of an AHA unrelated cause or 

were already in CR, which could explain the lack of identified ‘AHA- specific’ markers and the 

identification of general markers of a poor survival instead. 

Several limitations of this study need to be addressed. Most important is the retrospective design 

with consequently the risk of information bias and confounding by indication.  Secondly, a small 

part (< 25%) of patients was also included in the EACH2. Finally, we cannot exclude selection bias, 
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since the number of included patients is lower than expected based on the incidence of AHA. 

Except for patients who died because of bleeding before being diagnosed with AHA, this selection 

bias could result in an overestimation of disease severity, as patients with only mild symptoms 

may be treated at non-academic hospitals and are not registered in the KWARK database.  It is 

noteworthy that the number of AHA registrations was especially low during the first years of the 

founding of the KWARK database. Patient identification was more complete during the last 

decennium of the cohort, as 100/143 (69.9%) of all included patients were identified between 

2010 and 2018, corresponding to an average of more than 10 patients per year. 

Besides these limitations, detailed data was collected from a relatively large cohort of patients 

with a long follow-up duration. The reported demographic and disease characteristics are 

consistent with previous registries, confirming that this study describes a representative cohort 

of AHA patients and therefore provides valuable information to increase the knowledge of this 

severe bleeding disorder. 

The most important challenge nowadays seems to be finding the optimal balance between 

treatment efficacy and toxicity. Therefore an initial attempt was made to detect prognostic 

markers for both successful outcome as well as adverse events. 

This study demonstrated that both inhibitor titer and bleeding severity are independent 

prognostic markers for CR, that the superiority of steroid combination regimens comes with the 

drawback of higher infection rates and that increasing age is the main risk factor for adverse 

events. A combination of a low aFVIII titer (≤ 20 BU) with mild bleeding characterizes a population 

with a good prognosis, that could benefit from the less toxic steroid monotherapy. In other 

patients steroids combined with cyclophosphamide or rituximab remains the preferred treatment 

strategy because of the significant higher CR rates. Crucial in this group is the prevention of 

infections, either by antibiotic prophylaxis or anti-neutropenic measures (if applicable). 

Unfortunately the application of antibiotic prophylaxis was not systematically recorded in this 

cohort.

Abovementioned strategy to use prognostic markers as guidance to tailor IST is in line with 

recently published recommendations of the diagnosis and treatment of AHA21.  Mostly based on 

the results of the GTH-AH 01/2010 study, the authors of this article suggest that patients with 

FVIII ≥ 1 IU/dL and an inhibitor titer ≤ 20 BU should receive first-line treatment with steroids alone, 

whereas patients with FVIII < 1 IU/dL and an inhibitor titer > 20 BU should receive combination 

therapy5,21.  

Ongoing registry data collection and/or a meta-analysis of the current evidence are warranted 

for further clarification of predictive markers, ideally resulting in the stratification of patients 

regarding both prognosis of AHA and the risk of adverse events, which is essential to optimally 

tailor immunosuppressive therapy. Furthermore the role of prophylactic antibiotics and other 

measures to prevent infections is an interesting, but largely unexplored area in AHA. 
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CONCLUSION

This study describes the experience with AHA in the Netherlands during the last 25 years. It shows 

that AHA is a severe bleeding disorder, which is associated with significant morbidity and 

mortality, not only bleeding-, but especially also treatment-related. A high aFVIII titer, severe 

bleeding and steroid monotherapy were independently associated with a lower remission rates. 

On the other side the superior efficacy of steroid combination regimens, i.e. steroids/

cyclophosphamide and steroids/rituximab, is partly overshadowed by increased infection rates. 

Moreover infections represent the most important cause of death. Prompt inhibitor eradication 

by immunosuppressive therapy to reduce the bleeding risk, while at the same time minimalizing 

the risk of adverse events is a balancing act in the typically old and frail AHA patient. Ongoing 

research and further clarification of prognostic markers is essential to find the optimal balance. 
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SUPPLEMENTARY DATA

Supplement 1. Age distribution in AHA (N = 143)

Supplement 2. Bleeding site in AHA
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Supplement 3. Bleeding treatment and outcome 

Mild bleeding * Severe bleeding *

Number 86/223  (38.6%) 137/223  (61.4%)

Hemostatic therapy 54/83  (65.1%) 107/135 (79.3%)

Regimen Frequency Success ‡ Frequency Success ‡

rFVIIa 19 /54 (35.2%) 94.7% 50 /107  (46.7%) 75.5%

aPCC 27 /54  (50.0%) 100% 35 /107 (32.7%) 88.2%

hFVIII 5   /54  (9.3%) 80.0% 8   /107 (7.5%) 50.0%

pFVIII 0   /54   (0.0%) - 4   /107 (3.7%) 75.0%

DDAVP 1   /54   (1.9%) 100% 2   /107 (1.9%) 50.0%

FFP and/or PCC 2   /54   (3.7%) 100% 8   /107  (7.5%) 62.5%

Ancillary therapy † 29/82  (35.4%) 110/133 (82.7%)

RBCs 11 /82  (13.4%) 96 /133  (72.2%)

Platelets 1   /82  (1.2%) 6   /133 (4.5%)

Anti-fibrinolytics 14 /82  (17.1%) 41 /133  (30.8%)

Surgery 4   /82  (4.9%) 25 /133  (18.8%)

Local compression 0   /82  (0.0%) 4   /133  (3.0%)

* Based on ISTH criteria. Categorical variables are presented as cases/total (%). A total number of 223 bleeding 
episodes (with information about treatment and outcome) was recorded in 125 patients.
rFVIIa: recombinant activated factor VII; aPCC: activated Prothrombin Complex Concentrate; hFVIII: human 
factor VIII; pFVIII: porcine factor VIII; FFP: Fresh Frozen Plasma; PCC: Prothrombin Complex Concentrate.  
† Topical hemostatic therapy, immune-absorption and plasmapheresis were not used as ancillary therapy in 
all of the recorded bleeding episodes.
‡ Multivariate logistic regression analysis was performed to evaluate efficacy of hemostatic therapy. After 
correction for age, FVIII level, aFVIII titer and bleeding severity, aPCC and rFVIIa showed no difference in 
outcome (p = 0.11). When comparing these bypassing agents with other hemostatic agents, the use of aPCC 
or rFVIIa was associated with a significant higher success rate (OR 3.69; 95% CI 1.24-11.01, p = 0.019).
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Supplement 4. Disease course and outcome of immunosuppressive therapy in AHA
CR: complete remission; IST: immunosuppressive therapy.
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Supplement 5. Outcome of AHA per underlying condition 

Idiopathic Malignancy Immune 
related

Post-
partum

Infection 
related 

Drug-
induced

P

N 82/130 
(63.1%)

24/130 
(18.5%)

13/130 
(10.0%)

6/130 
(4.6%)

3/130 
(2.3%)

2/130 
(1.5%)

-

Steroids 
monotherapy

54/82 
(65.9%)

16/24 
(66.7%)

8/13 
(61.5%)

4/6 
(66.7%)

1/2 
(50.0%)

1/2 
(50%)

0.41

CR after 
first-line IST*

37/81 
(45.7%)

10/22 
(45.5%)

5/13 
(38.5%)

3/5 
(60.0%)

2/2 
(100%)

1/1 
(100%)

0.52

CR at data
capture

66/82 
(80.5%)

12/22 
(54.5%)

11/13 
(84.6%)

6/6 
(100%)

2/3 
(66.7%)

2/2 
(100%)

0.08

Time to CR after
1st line; weeks

9.1 
(6.3-16.8)

6.9 
(4.1-17.3)

14.9 
(5.5-43.0)

14.9 
(-)

4.4 
(-)

- <0.01

Relapse during 
prednisone 
withdrawal

8/74 
(10.8%)

2/18
 (11.1%)

4/12 
(33.3%)

2/6 
(33.3%)

0/2 
(0.0%)

1/1 
(50.0%)

0.14

Relapse after
stop IST

14/61 
(22.9%)

4/12 
(25.0%)

3/10 
(30.0%)

0/4
 (0.0%)

1/1 
(50.0%)

1/1 
(50.0%)

<0.01

Adverse events 55/81 
(67.9%)

16/22 
(72.7%)

8/12 
(66.7%)

3/6 
(50.0%)

2/3
 (66.7%)

2/0 
(50.0%)

0.84

Mortality 26/77 
(33.8%)

21/24 
(87.5%)

5/13 
(38.5%)

0/6 
(0.0%)

1/3 
(33.3%)

0/1 
(0.0%)

<0.01

Mortality cause
-   Malignancy
-   Infection
-   Bleeding

-   2 (7.7%)
-   5 (19.2%)
-   2 (7.7%)

-   5 (23.8%)
-   2 (9.5%)
-   0 (0.0%)

-   1 (20.0%)
-   1 (20.0%)
-   0 (0.0%)

- -   0 (0.0%)
-   1 (100%)
-   0 (0.0%)

-
0.78

CR: Complete remission. IST: immunosuppressive therapy.
Differences in the nominator are the result of missing data or, in case of relapse rate, result from the fact that 
not every patient achieved complete remission and/or IST was not withdrawn/stopped in all cases.  
* A treatment line is defined as a certain immunosuppressive regimen (i.e. steroid monotherapy or steroids/
cyclophosphamide); any change in this regimen (i.e. change in and/or addition of an immunosuppressive 
agent) is considered as a subsequent therapy line. 



Acquired hemophilia A in the Netherlands

|  177

8

Supplement 6. Adverse events
DM: diabetes mellitus; VTE: venous thromboembolism. AE: adverse events.



Chapter 8

178  |

Supplement 7. Predictors of outcome in AHA by multivariate analysis

I) Complete remission after 1st line IST 1

OR 95% CI P 
aFVIII titer > 20 BU 0.33 0.14-0.78 0.012
Severe bleeding † 0.31 0.13-0.75 0.010
Treatment regimen
-   Steroids
-   Steroids/cyclophosphamide
-   Steroids/rituximab
-   Other 

- reference
- 8.06
- 4.32
- 2.10 

- 1.99-32.76
- 1.24-15.07
- 0.57-7.70

0.007

II) Time to complete remission in weeks2

HR 95% CI P 
aFVIII titer > 20 BU 0.39 0.21-0.72 0.003
Severe bleeding 0.38 0.21-0.70 0.002
Treatment regimen
-   Steroids
-   Steroids/cyclophosphamide
-   Steroids/rituximab
-   Other 

- reference
- 1.99
- 2.52
- 2.59

- 0.98-4.03
- 1.18-5.36
- 1.05-6.43

0.028

III) Adverse events1

OR 95% CI P 
Age
-   0-50 years
-   50-75 years
-   ≥ 75 years

- reference
- 4.00
- 3.13

- 1.32-12.14
- 1.09-8.98

0.040

IV) Infection during first-line regimen1

OR 95% CI P 

Treatment regimen
-   Steroids
-   Steroids/cyclophosphamide
-   Steroids/rituximab
-   Other 

- reference
- 5.33  

- 5.92
- 3.80 

- 1.53-18.56
- 1.67-20.97
- 0.82-17.70

0.011

V) Mortality at final follow-up1

OR 95% CI P 
Age ≥ 75 years 4.40 1.77-10.94 0.001
Malignancy 9.74 3.12-30.43 < 0.001
ICU admission at diagnosis ‡ 8.44 1.89-37.75 0.005
VI)  Time to death2

HR 95% CI P 
Age ≥ 75 years 2.71 1.39-5.26 0.003
Malignancy 3.62 1.88-6.97 < 0.001
ICU admission at diagnosis ‡ 3.61 1.64-7.97 0.001

IST: immunosuppressive therapy; BU: Bethesda Unit; CR: Complete remission; S/C: steroids + cyclophosphamide; 
S/R: steroids + rituximab; other: any other regimen; ICU: intensive care unit. 
1 Logistic regression analysis (forward LR). 2 Cox regression analysis (forward LR). Included variables in all 
models: sex, age, underlying disorder yes/no, malignancy yes/no, first-line treatment regimen. Additionally 
included in model I and II: FVIII, aFVIII, bleeding severity. Additionally included in model V and VI: FVIII, aFVIII, 
bleeding severity, ICU admission. † Reference is non severe bleeding. ‡ In all cases reason for ICU admission 
was bleeding related.
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The development of inhibitors remains an important and challenging complication in the 

treatment of hemophilia A. This thesis is aimed at exploring issues regarding the pathophysiology 

of inhibitor formation and the working mechanism of Immune Tolerance Induction (ITI). 

First, I evaluated two opposed risk factors of inhibitor development, i.e. the role of danger signals 

(such as surgery, massive bleeds of infection) during FVIII administration and the role of FVIII 

product switching (chapter 2 and 3 respectively). Next, I provide an overview of the (hypothesized) 

working mechanisms of ITI, which is followed by our cohort-based study in which we clarified 

immune mechanisms that underlie immune tolerance reinstatement (chapter 4, 5 and 6).  In 

chapter 7 I review some promising newly developed therapies that offer an effective treatment 

for hemophilia A patients, irrespective of the presence of inhibitors. Finally, I discuss the clinical 

presentation, treatment and outcome of acquired hemophilia A, which is a severe auto-immune 

bleeding disorder caused by (auto-) antibodies to FVIII that develop in previous healthy, i.e. non-

hemophilia, patients (chapter 8).

The pathophysiology of inhibitor development is a complex process that involves both genetic 

and environmental factors and is caused by a balance shift of FVIII-specific peripheral immune 

tolerance to towards immune activation. The F8 gene mutation and severity of hemophilia A are 

well-known to significantly impact the risk of inhibitor development, whereas the contribution 

of other, mostly environmental factors, is less well understood. As proposed by others, genetic 

factors set the individual threshold for inhibitor formation1. Subsequent environmental factors, 

including intensity of treatment at first exposure, FVIII product type and administration of FVIII 

in the absence or presence of inflammation, determine whether this immune activation exceeds 

the threshold for inhibitor formation. Although this model simplifies the complexity of the 

immune response to FVIII, it provides an explanation why only a fraction of all hemophilia A 

patients develops an inhibitor. Highly intriguing in this model is the impact of danger signals in 

the break of tolerance, which is discussed in chapter 2. 

According to the ‘danger theory’, when applied to hemophilia A, insults such as a joint bleed can 

result in tissue damage and subsequent release of damage-associated molecular patterns 

(DAMPs). These DAMPs can bind to pattern recognition receptors (PRRs) on dendritic cells (DCs), 

which results in the upregulations of costimulatory molecules (CD80/CD86) and adhesion 

molecules, and the release of immune stimulatory cytokines. Together with the presentation of 

FVIII, these  costimulatory pathways provide the necessary signal to fully activate naïve CD4+ 

T-cells, enabling them to stimulate antibody-producing B-cells, ultimately resulting in the 

production of anti-FVIII antibodies2. Results from in vitro studies support the ‘danger theory’ by 

showing that FVIII plus danger signals (for example LPS) synergistically increase DC activation 

and subsequent CD4+ T-cell responses. While of interest, these data are from only few studies, 

and from healthy control cultured cell settings. Data from in vivo studies exploring the role of 

surgery, (joint) bleeds, vaccinations and infections show mixed results. Of note, dissecting the 

contribution of a single factor, like surgery, is challenging, as these events are accompanied by 

peak treatment, which by itself is also a risk factor for inhibitor development.
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Taken together, although the ‘danger model’ provides a plausible theoretical background how 

danger signals could contribute to inhibitor development, the data to support this hypothesis in 

hemophilia A are limited and not conclusive.  

One of the most debated issues in the etiology of inhibitor development is the role of the FVIII 

product type and potential differences in the immunogenicity of pd-FVIII and rFVIII products. 

Closely related to this topic is the effect  of FVIII product switching, since many patients and 

physicians feel reluctant to switch because of the fear for inhibitor formation. For this reason the 

I-SWITCH study was performed, which was aimed to evaluate the safety and efficacy of FVIII 

product switching, including the inhibitor risk and changes in the immune profile. Chapter 3 

presents the results from this combined retrospective and prospective cohort study of patients 

with moderate or severe FVIII deficiency (N = 100), who switched to a different FVIII product.  In 

a subset of these patients the ‘immune profile’, before and after the switch was measured in order 

to explore potential differences in the immunogenicity of FVIII products or product switching 

itself.  

After switching, no patients developed an inhibitor. FVIII usage remained similar, whereas ABR 

significantly decreased from 2 to 1 (p=0.002). The latter was the result of the introduction of 

rFVIII-Fc, which was also associated with a longer T½. No remarkable changes in the frequency 

of the included immunoregulatory parameters were observed after the switch. Moreover no 

differences in the dynamics of the immune profile were found between the different FVIII 

products. 

To sum up, this study showed that switching to a different FVIII product was not associated with 

an increased inhibitor risk, nor with differences in the immune profile or the efficacy of FVIII. 

In chapter 4 to 6 of this thesis the focus shifts from the pathophysiology of inhibitor development 

to the eradication of inhibitors. Until know the only effective therapy to eliminate inhibitors is 

Immune Tolerance Induction (ITI), in which repeated and long-term administration of FVIII results 

in downregulation of the antibody response in 60-80% of all cases3,4. In chapter 4 the current 

concepts of ITI are summarized, including evidence generated from other immune-related disease 

in which restoration  of immune tolerance is desirable as well. 

It should be emphasized that clinical information regarding immunologic reactions during ITI in 

hemophilia A patients is scarce and much of the current hypotheses and knowledge is obtained 

indirectly, mainly from in vitro or pre-clinical studies and murine models of hemophilia. Given the 

differences between human and murine immune responses, these results should be interpreted 

with caution. 

Key players of the immune response to FVIII, and therefore also the main targets of ITI, are FVIII-

specific CD4+ T-cells, FVIII-specific B-memory cells and anti-FVIII producing (long-living) plasma 

cells. Given the downregulation of antigen receptor expression on plasma cells, successful ITI 

probably depends on the elimination of FVIII-specific B-memory and CD4+ T-memory cells. 
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It is hypothesized that repeated administration of FVIII in a non-inflammatory state leads to 

presentation of FVIII without costimulatory signals and/or upregulation of inhibitory T-cell 

molecules, such as cytotoxic T-lymphocyte associated antigen 4 (CTLA4) and programmed cell 

death protein 1 (PD1). This in turn causes anergy of FVIII-specific effector T-cells (Teffs) and 

induction of regulatory T-cells (Tregs). These Tregs exhibit inhibitory effect on both T- and B-cells. 

At the same moment high doses of FVIII induce apoptosis of FVIII-specific B-memory cells (FVIII 

B-mem). The elimination of these FVIII B-mems reduces antigen presentation and subsequent 

activation of FVIII T-memory cells, which further shifts the balance from Teff towards Treg. The 

net result of these events is that (long-living) plasma cells are not replenished, which eventually 

leads to the eradication of inhibitors. The latter also explains why ITI can take many years to 

complete. Finally also the development of anti-idiotypic anti-FVIII antibodies might be involved 

in this process by neutralizing the effect of anti-FVIII inhibitors.

Based on ITI in hemophilia, but also on other allergies and auto-immune diseases, two important 

paradigms appear as being essential for the induction of tolerance. First, antigen should be 

presented by tolerogenic rather than immunogenic antigen presenting cells (APCs). Secondly, 

this should result in the induction of regulatory cells. Here, Tregs and their production of 

suppressive cytokines, play a pivotal role, but also other regulatory cells are increasingly identified, 

including myeloid derived suppressor cells (MDSCs), (immature) DCs, mesenchymal stromal cells 

and regulatory B-cells (Bregs). Interesting future research subjects include unraveling the optimal 

way to direct allergens to a tolerogenic APC as well as clarifying the exact role of these regulatory 

cells in tolerance reinstatement.

The latter is described in chapter 5. This chapter presents the results of the HIP-study (Hemophilia 

Immune tolerance induction Project), which was aimed at clarifying the mechanism of ITI by 

evaluating the role of a set of immunoregulatory cells and markers, which are known to be involved 

in tolerance mechanisms in other immune-related diseases and malignancies. This included the 

frequency of Bregs, Tregs, MDSCs and expression of activation or regulatory markers on monocytes 

(HLA-DR and PD-L1) and on CD4+ T-cells (CTLA4, ICOS, PD1), as measured by flow cytometry.   

In a cross-sectional analysis comparing inhibitor patients (N=20) with inhibitor-negative (N=28) 

and ex-inhibitor patients (N=17), we showed that the frequency of Bregs, but not of Tregs nor 

MDSCs, was significantly reduced in inhibitor patients (3.2%) compared to the other two groups, 

p < 0.01. CTLA4 expression on T-cells was also reduced in the inhibitor group. Accordingly, in a 

longitudinal study analyzing patients followed during ITI, inhibitor eradication was associated 

with an increase in the frequency of Bregs and Tregs and enhanced expression of CTLA4 and PD1. 

In conclusion, inhibitor patients express significantly lower frequencies of Bregs and regulatory 

T-cell markers, which are restored by successful ITI. Our findings suggest that an existing anti-FVIII 

immune response is associated with deficits in peripheral tolerance mechanisms and that Bregs 

and changes in immunoregulatory properties of CD4+ T-cells likely contribute to immune 

tolerance induction in hemophilia A patients with inhibitors.  
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This study contributes to the mechanistic insight of ITI by showing new pivotal targets for 

tolerance reinstatement. Future research should validate these findings and exploit the identified 

key immunoregulatory cells and markers to promote the development of improved ITI protocols.   

A proposal for this further research is presented in chapter 6, which includes the protocol of the 

PROFIT-study (‘Prospective study OF Immune Tolerance induction in haemophilia’). The PROFIT 

is a prospective cohort study of previously untreated patients (PUPs) with hemophilia A and B, 

which was aimed to create a biobank and to collect longitudinal clinical and immunological data 

during factor replacement therapy and ITI, in case of patients who develop inhibitors. Thereby 

this study could provide essential information regarding the mechanism of both natural, or 

primary, tolerance induction in non-inhibitor patients, as well as artificial, or secondary, tolerance 

induction in inhibitor patients. At the moment of writing this theses the PROFIT is still ongoing 

and results have to follow. 

Next to ITI, what other options do we have to treat hemophilia patients with anti-FVIII antibodies? 

In chapter 7 I present some recently developed agents that provide an effective therapy for 

inhibitor patients. These so called ‘designer drugs’ include anti-TFPI (tissue factor protein inhibitor), 

RNA interference (RNAi) to antithrombin and the bispecific antibody ACE910. Anti-TFPI 

(concizumab) and antithrombin RNAi (fitusiran) respectively inhibit the anticoagulant factors 

TFPI and antithrombin, thereby restoring the disturbed balance between bleeding and thrombosis 

in hemophilia A. The bispecific antibody ACE910, or emicizumab, mimics the cofactor function 

of FVIII by binding to both FIXa and FX.  All these non-factor replacement therapies (NFTs) have 

in common that they can be administered subcutaneously, exert a long half-life and are also 

effective in the presence of inhibitors, either by having a different target or by having a different 

spatial structure than FVIII. In this way, they provide some important advantages above the 

traditional FVIII replacement therapy. The main potential drawback of these NFTs is the risk of 

thromboembolic complications. Especially the long half-life and the non-replacement form of 

these therapies could result in an uncontrolled activation of the (normally so delicately regulated) 

coagulation cascade. Currently, emicizumab is already approved for use in hemophilia A patients 

(both with and without inhibitors), while concizumab and fitusiran are both in the late stages of 

development. 

Anti-FVIII antibodies not only occur in patients with congenital hemophilia A. Also persons without 

a history of hemophilia, can develop anti-FVIII antibodies against their endogenous FVIII, which 

causes acquired hemophilia A (AHA), a rare auto-immune bleeding disorder. Treatment is 

burdensome and optimal management is still not fully defined. Chapter 8 describes the results 

of a retrospective nationwide multi-center cohort study (1992-2018), which was performed in 

order to evaluate clinical presentation and treatment efficacy and safety of AHA in the Netherlands. 

A total of 143 patients (median age 73 years) was included with a median follow-up of 16.8 months 
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(IQR 3.6-41.5 months). First-line immunosuppressive treatment was mostly steroid monotherapy 

(67.6%), steroids/cyclophosphamide (11.9%) and steroids/rituximab (11.9%), with success rates 

of 35.2%, 80.0% and 66.7% respectively, P < 0.05. Eventually 75% of patients achieved complete 

remission (CR). Infections, the most important adverse event, occurred significantly more often 

with steroid combination therapy compared to steroids alone (38.7% vs 10.6%; P=0.001).

Overall mortality was 38.2%, mostly due to infections (19.2%) compared to 7.7% fatal bleeds. 

The results of this study emphasize that AHA is a serious bleeding disorder, which affects mostly 

elderly and frail patients. It is associated with significant morbidity and mortality, not only 

bleeding-, but especially also treatment-related. A high anti-FVIII titer, severe bleeding and steroid 

monotherapy were associated with a lower CR rate. The efficacy of steroid combination therapies 

however, was overshadowed by higher infection rates and infections represented the most 

important cause of death. Therefore the delicate balance between treatment efficacy and safety 

is one of the most important challenges in the management of the typically old and frail AHA 

patient. Ongoing registry data collection and/or a meta-analysis of the current evidence are 

warranted for further clarification of predictive markers, which is essential to optimally tailor 

immunosuppressive therapy.

In summary, this thesis describes different aspects of the mechanisms involved in anti-FVIII 

antibodies, or inhibitors, in both congenital and acquired hemophilia A. It mostly emphasizes the 

complexity of our immune system and the sophisticated interplay of all factors involved in 

controlling the delicate balance between attacking ‘non-self’ and tolerating ‘self’. Obviously 

discovery of a single key regulator of tolerance is an utopia. Instead, the challenge is to identify 

factors involved in tolerance reinstatement, that are modifiable, and to find ways to make the 

process of tolerance induction antigen-specific given the infectious complications associated 

with a non-specific general immunosuppressive approach, as in acquired hemophilia.
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This thesis describes various aspects of inhibitor formation and eradication by Immune Tolerance 

Induction (ITI) in patients with hemophilia A, focusing on the (patho)physiologic mechanisms 

behind this process of immunization and tolerance induction to FVIII. 

Inhibitor formation, i.e. development of neutralizing anti-FVIII antibodies, is widely recognized 

as the major challenge in hemophilia care. Knowledge of the complex interplay between genetic 

and environmental factors involved in the process of inhibitor formation have expanded over 

the last years. Yet much of the risk factors and exact mechanism of the anti-FVIII immune response 

remains uncovered. We do know that FVIII can interact with the immune system, as is evidenced 

by the presence of non-neutralizing anti-FVIII antibodies in a subset of healthy persons or non-

inhibitor hemophilia A patients. The way FVIII is being processed and presented, the current 

micro-environment and inflammatory state, and, maybe most importantly, (peripheral) tolerance 

mechanisms appear to determine its immunologic faith, i.e. whether a pathological anti-FVIII 

immune response develops or not. Regarding reinstatement of immune tolerance to FVIII 

analogous mechanisms seem to be involved. Previous studies showed that long-term 

administration of FVIII (in a non-inflammatory state) finally results in downregulation of the anti-

FVIII immune response. Mechanisms involved in this process include the depletion of FVIII-specific 

memory B- and T-cells, induction of regulatory T-cells and the development of anti-idiotypic 

antibodies.  In chapter 5 we showed that inhibitor patients express lower frequencies of 

immunoregulatory cells and markers, in particular of Bregs and CTLA4 on CD4+ T-cells, with 

evidence for reversal during ITI. These findings support the hypothesis that an existing anti-FVIII 

immune response is associated with deficits of peripheral immune tolerance, which can be 

restored by ITI. 

In this discussion I would mainly focus on the results of the abovementioned ITI study, i.e. chapter 

5, thereby addressing 3 main topics: 

- What do the results of the presented research mean for hemophilia A patients? How could 

the findings contribute to (better) prevention of inhibitor formation and improvement of ITI 

protocols?

- How relevant are these findings in an era with rapid evolving treatment options? Are anti-FVIII 

antibodies still a problem when more options for non-replacement therapy and gene therapy 

become available?

- What is the best approach to perform mechanistic studies on side-effects of treatment in the 

setting of a rare condition, such as hemophilia A?
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Optimization of Immune Tolerance Induction (ITI)

The optimal tolerance induction should be antigen (FVIII) specific, in order to avoid the potential 

adverse effects of general immunosuppression, especially in young children with a developing 

immune system. Given the significant impact of inhibitors both on patients’ health and on health 

care costs, innovative strategies aimed at improving ITI protocols are widely pursued. These new 

potential therapeutic interventions are the result from the rapidly expanding knowledge 

regarding the fundamental immunology of inhibitors. Innovative therapies include for example 

(prophylactic) induction of tolerance based on transplacental delivery of FVIII domains fused to 

Fc or on oral delivery of leafs of transgenic plants expressing choleratoxin B-FIX/FVIII fusion 

proteins in chloroplasts1. Other options are co-administration of FVIII with immunomodulatory 

drugs, such as mTOR inhibitor rapamycin, gene therapy and the production of engineered FVIII-

specific Tregs, including chimeric antigen receptor (CAR) Tregs1–5.

Most of these inventive approaches aim at shifting the balance from an effector T-cell to a Treg 

response. Although promising, all of these new therapies are currently still in the pre-clinical 

phase and many (practical) issues have to be resolved before clinical application in hemophilia 

A patients. 

The research described in this thesis involves the role of several immunoregulatory cells and 

markers in the process of tolerance induction. We observed that inhibitor status was associated 

with deficits in peripheral tolerance mechanisms, most notably a decrease in Bregs and CTLA4 

expression on CD4+ T-cells. In the next section I will discuss how these findings could result in 

improvement of ITI. 

Firstly, it is important to validate our results in a larger cohort of hemophilia patients. Preferentially, 

previously untreated patients (PUPs) should be followed prospectively with periodical blood 

collection to allow for evaluation of possible changes in immune profile during therapy, and to 

discriminate between patients who do and who do not develop inhibitors as well as to evaluate 

what occurs during inhibitor eradication. Furthermore, in order to explore potential therapeutic 

applications, more in-depth experimentation is essential, including analysis of gene expression 

of immunoregulatory genes, for example by RNA-sequencing, measurement of pro- and anti-

inflammatory cytokines and functional in-vitro research for proof of principle studies. The latter 

includes cell culture experiments to test whether Bregs in inhibitor patients are not only 

quantitatively, but also qualitatively impaired by measuring interleukin 10 (IL-10) production. 

Another interesting approach is to create an ITI model by stimulation of peripheral blood 

mononuclear cells (PBMCs) with FVIII and subsequently comparing inflammatory responses in 

the presence or absence of regulatory factors, such as IL-10 or CTLA4-agonists. It is as noteworthy 

however that these experiments are technically challenging to perform and require a large 

amount of PBMCs, which is an important limiting factor in rare diseases such a hemophilia A. 

Also, the young age of patients who develop inhibitors precludes collection of large numbers of 

immune cells.  
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Assuming that these experiments confirm our previous findings, new pivotal targets for tolerance 

reinstatement are for example administration of CTLA4-agonists or IL-10, the latter representing 

the most important anti-inflammatory cytokine produced by Bregs. Co-administration of these 

agents with FVIII could promote  induction of tolerance to FVIII (figure 1). 

CTLA4 is a T-cell receptor that belongs to the CD28 superfamily and that binds to CD80 (B7-1) 

and CD86 (B7-2) on antigen presenting cells (APCs). Expression of CTLA4 is induced after T-cell 

activation and binding to this receptor results in down-regulation of T-cell responses6–8. 

Therapeutic targeting of this ‘immune checkpoint’ is well known in the area of cancer 

immunotherapy, in which blockage of CTLA4 removes the break on the immune system and 

consequently stimulates the anti-tumor response. In ITI, but also in other auto-immune disorders, 

the same pathway can be targeted to opposite effect, i.e. to hamper the over-reactive immune 

response. Fusion proteins including the extracellular domain of CTLA4 and a modified Fc portion 

of human immunoglobulin (CTLA4-Ig) have already been developed and are successfully applied 

in several auto-immune disorders, such as rheumatoid arthritis9. A murine model of hemophilia 

A demonstrated that injection of murine CTLA4-Ig, co-administered with FVIII, completely blocked 

the primary response to FVIII10. Moreover this agent prevented or diminished further increases 

in the anti-FVIII level in hemophilic mice with low anti-FVIII antibody titers10. Taken together, based 

on the detected role of CTLA4 in inhibitor formation and the results from pre-clinical and clinical 

studies, targeting CTLA4 towards preventing or eradication of inhibitors seems promising.  

Based on the findings of our studies, the anti-inflammatory cytokine IL-10 could be another 

potential therapeutic target. IL-10 is the signature cytokine of B-regs and given the association 

we found between the increase in Bregs and the eradication of inhibitors, we hypothesize that 

IL-10 could play a pivotal role in tolerance reinstatement. This is supported by the results of a 

study of Boulassel et al, which demonstrated that inhibitor patients not only showed a severe 

reduction in levels of Bregs, but that these cells also produced less IL-10 compared to healthy 

controls or non-inhibitor patients11. Other studies also reported associations with IL-10 gene 

polymorphisms and the risk of inhibitor formation12–14. Remarkably, most polymorphisms detected 

in inhibitor patients were related to intermediate or high IL-10 synthesis, whereas in inhibitor-

negative patients polymorphisms correlated to high and low IL-10 production were found15,16. 

These results are somewhat conflicting and also contradictory to our findings, which make it 

difficult to interpret. It mostly emphasize that cytokine-regulating therapy in immunological 

imbalance is a challenging field due to the pleiotropic functions and the intricate interactions of 

the cytokine network. The same holds true for IL-10, which exerts multiple, pleiotropic functions. 

The cytokine has a strong suppressive effect on Th1 lymphocytes, antigen presenting cells and 

the production of inflammatory mediators17–19. Moreover, research revealed the relationship 

between IL-10 induced antigen-specific Tregs and antigen-specific immune tolerance, showing 

that this regulation by Tregs was (at least partly) IL-10 mediated, as anti-IL-10 treatment reverted 

the suppressive effect of Treg clones20. On the other site, IL-10 can also stimulate Th2 cells, mast 

cells and B-cell maturation and antibody production18. 
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Figure 1. Optimizing Immune Tolerance Induction with CTLA4-Ig and IL-10
A potential mechanism of action of CTLA4-Ig and IL-10 in tolerance induction to factor VIII (FVIII)6-8.
I.  The extracellular domain of CTLA4 fused to the Fc-portion of immunoglobulin (CTLA4-Ig) binds to CD80/86 

molecules on antigen presenting cells (APCs), such as dendritic cells (DCs). CTLA4 acts as a competitive 
inhibitor of CD28 due to its higher affinity for their shared ligands. This prevents binding of CD28 to CD80/86, 
thereby eliminating the essential co-stimulatory signal which is required for T-cell activation. Moreover CTLA4 
downregulates the expression of CD80/86 molecules and upregulates the production of IDO in DCs. The 
immunomodulatory enzyme IDO is known to suppress T- and NK-cells and to generate regulatory T-cells (Tregs) 
and myeloid-derived suppressor cells. 

II.  The anti-inflammatory cytokine IL-10 exerts multiple functions, which include inhibiting of Th1 lymphocytes and 
APCs, suppression of the production of inflammatory mediators and induction of (antigen-specific) Tregs and 
immune tolerance.   

Taken together, co-administration of FVIII with either CTLA4-Ig or IL-10 will shift the balance from a T helper cell 
(T H) to a Treg response. Subsequently, this suppresses FVIII-specific B-memory cells (B mem) and prevents the 
generation of anti-FVIII producing plasma cells, ultimately resulting in tolerance to FVIII. 
CTLA4: cytotoxic T-lymphocyte associated protein 4; IL-10: interleukin 10; IDO: indoleamine 2,3-dioxygenase.
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Reports of the therapeutic application of IL-10 in hemophilia A are very scarce. However, early 

results from a mice study demonstrated that addition of IL-10 DNA to FVIII nanoparticles resulted 

in a reduced antibody response, supporting that IL-10 could have an immunomodulatory effect21. 

IL-10 is also studied as candidate for therapy in other immune diseases. IL-10 deficient animals, 

including humans, are known to develop inflammatory bowel disease22. Accordingly, clinical trials 

with subcutaneous injections of recombinant IL-10 were initiated in several auto-immune or –

inflammatory diseases. Both significant decreases in pro-inflammatory cytokines, such as TNF-α, 

IL1β, IL-12 and IL-17, as well as a reduction of symptoms were observed in Crohn’s disease and 

psoriasis23–27. Although promising initially, several of these reports are outdated and pivotal trials 

failed to show statistically significant disease modification. It is noteworthy that variable IL-10 

concentrations due to the short half-life of recombinant IL-10 may have substantially limited its 

therapeutic potential22. 

Remarkably, during the last 5 years, excitement about the anti-inflammatory properties of IL-10 

seems overshadowed by its potential anti-tumor effect, as ignited by the introduction of 

pegilodecakin. This is a pegylated recombinant human IL-10 molecule with a prolonged half-life, 

which allows for more consistent exposure. Pegilodecakin was evaluated in both preclinical and 

clinical (phase 1/1b) settings for the treatment of advanced solid tumors. Either alone or combined 

with chemotherapy or anti-PD1-antibodies, pegilodecakin showed to have immunologic and 

clinical anti-tumor effectivity, without occurrence of the common auto-immune complications 

associated with checkpoint inhibitors28,29. This anti-tumor effect is attributed to the IL-10 mediated 

activation and proliferation of tumor antigen-specific CD8+ T cells22,30,31.  

What do these recent findings mean for the potential therapeutic application of IL-10 agonists 

in inhibitor prevention or eradication in hemophilia? It should be noted that the anti-FVIII immune 

response is mainly mediated by CD4+ T-cells, B-cells and anti-FVIII producing plasma cells, and 

not by CD8+ T-cells. Moreover, pegilodecakin also showed to have anti-inflammatory effects, as 

demonstrated by the absence of auto-immune complications. However, the mixed effects of this 

pegylated IL-10 with enhancement of CD8+ T-cells could still hamper its application in ITI.   

Taken together, based on the demonstrated association of Bregs and ITI, with IL-10 as being their 

most important effector cytokine, and the predominant anti-inflammatory effect of this mediator, 

IL-10 agonists could be a promising option for improvement of ITI protocols. However, results in 

other immune-related disorders are not convincing and IL-10 agonist have shown to bear also 

(CD8+ T-cell mediated) immunostimulatory effects in cancer patients. As stated before, the 

pleiotropic effects of IL-10 and its complex interplay with other immune regulators make it 

challenging to predict the ultimate effect of this agent on the induction of tolerance to FVIII. Only 

in vivo experiments with animal models or trials with hemophilia patients could answer  this 

question.    
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Do we still need ITI? 

Even though the abovementioned options could provide new pivotal targets to improve ITI 

protocols, it would take several years to implement these strategies into clinical practice. That 

raises the important question if we are not caught up by time given the rapidly changing 

treatment landscape in hemophilia A. Therapeutic options expanded significantly the past decade 

and the treatment paradigm is shifting towards use of novel therapies that increase thrombin 

generation without replacing the deficient FVIII. Most importantly is the introduction of the FVIII-

mimicking bispecific antibody emicizumab, that provides effective hemostasis to patients even 

in the presence of high-responding inhibitors32,33. Another innovative approach includes FVIII 

gene therapy. Recently it was demonstrated that adeno-associated virus (AAV)-mediated gene 

therapy resulted in sustained, clinically relevant benefit in hemophilia A patients34. Moreover, 

some investigators claim that persistent expression of FVIII in the liver will promote tolerance 

due to the tolerogenic environment of the liver. Some investigators claim that persistent 

expression of FVIII or FIX in the liver will promote tolerance due to the tolerogenic environment 

of the liver35. 

A final interesting development is the introduction of drugs that target specific pro- or anti-

coagulant pathways by shifting hemostasis to a more pro-coagulant phenotype, such as the 

anti-Tissue Factor Pathway Inhibitor (TFPI) monoclonal antibody concizumab and small interfering 

RNA (siRNA) therapy targeting antithrombin (fitusiran)36–39. Since these non-factor replacement 

therapies (NFTs) do not target FVIII, they provide an attractive therapeutic option for inhibitor 

patients. Do we therefore still need to bother about the development of anti-FVIII antibodies? 

And is it necessary to eradicate these inhibitors by, the costly and demanding, ITI? Properly 

answering these questions requires a closer look to the new developments. 

The three NFTs, i.e. emicizumab, concizumab and fitusiran, are all administered subcutaneously 

once-weekly to once-monthly, which reduces the burden of frequent intravenous factor infusions 

and possibly enhances compliance to prophylactic treatment. While concizumab and fitusiran 

are both in the late stages of development, emicizumab is already approved for use in hemophilia 

A patients, both with and without inhibitors40,41. Emicizumab mimics the co-factor function of 

FVIII by binding to both factor IXa and factor X, subsequently allowing factor IXa to activate FX42. 

Phase 3 studies showed that this bispecific antibody resulted in a remarkable reduction in 

bleeding rates irrespective of the presence of inhibitors and with a much higher efficacy that 

traditional bypassing agents32,33,43,44. 

Despites these success, there are several reasons why inhibitor eradication is still a desirable goal.  

First and most importantly, use of emicizumab will not prevent 100% of bleeds and it is less 

effective than FVIII in supporting major surgery or controlling serious traumatic bleeds40,45. 

Induction of tolerance to FVIII would enable the preferential use of FVIII in these cases 

(breakthrough bleeds, surgery and trauma) and would avoid the use of costly bypassing products, 

that are less effective and lack laboratory monitoring methods. Moreover concurrent use of the 

long-acting emicizumab and high doses of activated prothrombin complex concentrate (aPCC) 
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was associated with thrombotic complications such as venous thromboembolism and thrombotic 

microangiopathy (TMA)32. Although these thrombotic events are not reported with the combined 

use of rFVIIa and emicizumab, inhibitor patients with a poor hemostatic response to rFVIIa still 

require rescue therapy with aPCC, subsequently putting them at risk of thrombosis. Hence, the 

most effective and safest approach for patients on emicizumab, who require hemostatic treatment 

for treating bleed or managing traumas and/or surgery, is FVIII replacement therapy, which is 

only an option in the absence of an inhibitor.

Another argument favoring inhibitor eradication is to offer patients the possibility of receiving 

gene therapy in future, as patients with active inhibitor are currently precluded from participating 

in gene therapy clinical trials. Finally, although occurring with a frequency of < 1.0%, patients can 

develop neutralizing antibodies to emicizumab46. 

Taken together, NFTs provide an important extension to the current haemophilia treatment 

options, but the imperative to eradicate inhibitors does not change. The ability to utilize FVIII 

assures physiologic hemostasis for treatment of breakthrough bleeds or interventions, enables 

adequate monitoring and bears a lower risk of thrombotic complications. For these reasons most 

clinicians agree that maintaining or restoring tolerance to FVIII in non-inhibitor and inhibitor 

patients respectively, remains a high priority41. 

With this in mind, the advent of emicizumab and other future NFTs brings up some other 

intriguing questions. The lower bleeding risk in emicizumab-treated patients will result in less or 

later exposure to FVIII replacement therapy. How does this later exposure to FVIII influences the 

risk of inhibitor development? This risk could be increased due to FVIII exposure to a more mature 

immune system or because it is only administered at times of bleeds or trauma/surgery, when 

the presence of danger signals result in a pro-inflammatory state. On the other site, the risk could 

be lower as a result from fewer peak treatment moments. 

Secondly, should emicizumab be administered concurrent with ITI to prevent bleeds? Currently 

little is known regarding the outcomes of an ITI regimen combined with emicizumab. Some 

published data about the use of emicizumab during ITI showed that the bleed protection provided 

by emicizumab obviates the need for high-dose ITI regimens47. Moreover one could argue that 

ITI will be more successful as a result of fewer breakthrough bleeds, that are inevitably associated 

with inflammation or interruptions of the ITI regimen. 

Finally, how are patients optimally managed after successful inhibitor eradication after ITI and 

concomitant emicizumab? Must they continue treatment using some regular exposure to FVIII 

to maintain tolerance? 

How to optimize research in rare diseases such as hemophilia A?

All these questions stated above, underscore the need for ongoing research and (international) 

registries in hemophilia A, in order to optimize its treatment. Performing studies of sufficient 

quality and power is however challenging in rare conditions such as hemophilia. Moreover many 

important milestones, as in start of treatment and (in some cases) development of inhibitors and 
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start of ITI, occur at a very young age. For both practical as medical-ethical reasons this limits the 

possibilities to collect (large volume) blood samples and/or perform clinical trials. Given these 

limitations international collaboration is crucial. In this regard the power of registries, such as 

used for the AHA study presented in  this thesis, should not be underestimated. Luckily in case 

of hemophilia A such registries already exist, including the European Haemophilia Safety 

Surveillance (EUHASS) and the Pediatric Network on haemophilia management (PedNet registry). 

The EUHASS aims to monitors the safety of hemophilia treatment by creating a prospective 

adverse event reporting system for Europe48. The PedNet registry is an European database 

containing broader observational data of children with hemophilia A and B, including information 

on diagnosis, clinical symptoms and hemophilia treatment, side effects and long term outcome49. 

Ideally, these registries should not be confined to continental boarders, but should include 

information of hemophilia patients worldwide. Moreover, for better understanding of the genetic 

and/or immunological mechanisms underlying inhibitor formation and tolerance as well as the 

influence of new (non-replacement) therapies such as emicizumab, a biobank should be created 

for collection of periodically withdrawn blood samples. The PROFIT study, described in this thesis, 

is aimed to create a biobank for all patients with hemophilia A and B treated at the Van 

Creveldkliniek, one of the six hemophilia treatment centers of the Netherlands.  However, in order 

to obtain clinical relevant and significant results, this single center study should be extended to 

a national or, preferentially, even an international multicenter collaboration. Of course it should 

be noted that the set-up of these multicenter studies is complicated and challenging. Either way, 

efforts for international research initiatives in hemophilia could be improved. Especially in 

perspective of the fast evolving treatment landscape, this is currently more necessary then ever 

in order to answer the questions raised by the newly introduced therapies.  

At a higher level, hemophilia A is a relevant disorder to a wider medical audience, as it is one of 

few diseases in which true tolerance to an antigen can be induced. Studies aimed at elucidating 

mechanisms of tolerance induction are therefore highly applicable to other, mostly autoimmune, 

diseases where establishing immune tolerance is also warranted.
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De ontwikkeling van antistoffen tegen factor VIII (FVIII), zogenoemde remmers, is nog steeds één 

van de belangrijkste en meest uitdagende complicaties in de behandeling van hemofilie A. Dit 

proefschrift is bedoeld om zowel de pathofysiologie van remmerontwikkeling als ook het 

werkingsmechanisme van de behandeling hiervan, genoemd Immuun Tolerantie Inductie (ITI), 

te onderzoeken. 

Ten eerste worden twee mogelijke risicofactoren voor remmer ontwikkeling geëvalueerd, namelijk 

de rol van zogenoemde ‘danger’ signalen (zoals chirurgie, massale bloedingen of infecties) tijdens 

toediening van FVIII als ook de rol van het switchen van FVIII-product (respectievelijk hoofdstuk 

2 en 3). Vervolgens geef ik een overzicht van de (veronderstelde) werkingsmechanismen van ITI 

(hoofdstuk 4). Dit wordt gevolgd door onze uitgevoerde cohortstudie waarin mechanismen 

worden onderzocht, die ten grondslag liggen aan tolerantie inductie (hoofdstuk 5 en 6).  Hoofdstuk 

7 bevat een overzicht van enkele veelbelovende nieuwe therapeutische ontwikkelingen, die ook 

bij de aanwezigheid van remmers een effectieve behandeling voor hemophilia A bieden. Tot slot 

bespreek ik de klinische presentatie, behandeling en prognose van verworven hemofilie A, een 

ernstige auto-immuun bloedingsziekte die veroorzaakt wordt door de vorming van (auto-)

antistoffen tegen FVIII bij patiënten die voorheen niet bekend waren met hemofilie (hoofdstuk 8). 

De pathofysiologie van remmer ontwikkeling is een complex proces waarbij zowel genetische 

factoren als omgevingsfactoren betrokken zijn en waarbij uiteindelijk de balans omslaat van 

FVIII-specifieke (perifere) immuun tolerantie naar immuun activatie. 

Van zowel de F8 gen mutatie als van de ernst van de hemofilie A is welbekend dat ze een 

significante invloed hebben op het risico op remmervorming, terwijl de invloed van veel andere, 

meestal omgevings-, factoren minder goed begrepen is.  Zoals eerder beschreven, bepalen 

genetische factoren de individuele drempelwaarde, oftewel gevoeligheid, voor het ontwikkelen 

van remmers1. Daaropvolgende omgevingsfactoren, zoals intensiteit van behandeling tijdens de 

eerste toediening, het FVIII-product type als ook de toediening van FVIII in de aan- of afwezigheid 

van inflammatie, bepalen of deze immuun activatie de drempel voor remmervorming overschrijdt 

of niet.  Hoewel dit model een vereenvoudigde weergave is van de complexiteit van de 

immuunrespons tegen FVIII, biedt het wel een verklaring waarom slechts een fractie van alle 

hemofilie A patiënten een remmer ontwikkelt. Zeer intrigerend in dit model is de invloed van 

zogenoemde ‘danger’ signalen in het doorbreken van tolerantie, wat wordt bediscussieerd in 

hoofdstuk 2.  Volgens deze ‘danger theory’ en toegepast in de context van hemofilie A, kunnen 

bepaalde gebeurtenissen, zoals een gewrichtsbloeding, leiden tot weefselbeschadiging en 

daaropvolgend het vrijkomen van schade-geassocieerde signaalstoffen, in het Engels ‘danger 

associated molecular patterns’ (DAMP’s) genoemd2. Deze DAMPs binden zich op specifieke 

receptoren (PRRs) op dendritische cellen (DCs), wat resulteert in de upregulatie van co-stimulatoire 
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moleculen (CD80/CD86) en adhesiemoleculen, en de afgifte van pro-inflammatoire cytokinen. 

Deze co-stimulatoire signalen zijn, naast de presentatie van FVIII, noodzakelijk voor het voor het 

activeren van naïeve CD4+ T-cellen, die op hun beurt antistof-producerende B-cellen stimuleren, 

wat uiteindelijk resulteert in de productie van anti-FVIII specifieke antistoffen2. De ‘danger theory’ 

wordt ondersteund door resultaten van in vitro studies waarbij wordt aangetoond dat FVIII in 

combinatie met ‘danger’ signalen (bijvoorbeeld LPS) een synergetisch effect hebben op de 

activering van DCs en daaropvolgende stimulatie van CD4+ T-cel responsen. Alhoewel interessant, 

zijn deze data afkomstig van slechts een klein aantal in vitro onderzoeken, die bovendien enkel 

zijn uitgevoerd bij gezonde controles. In vivo onderzoeken naar de rol van ‘danger’ signalen zoals 

chirurgie, (gewrichts)bloedingen, vaccinaties en infecties bij de ontwikkeling van remmers laten 

wisselende resultaten zien. Hierbij dient vermeld te worden dat het ontleden van de bijdrage 

van een enkele factor, zoals chirurgie, zeer uitdagend is, aangezien dergelijke gebeurtenissen 

gepaard gaan met een intensieve FVIII behandeling, wat op zichzelf al een risicofactor is voor 

remmerontwikkeling. 

Samengevat vormt de ‘danger theory’ een plausibele theoretische verklaring hoe inflammatie en 

daarbij behorende ‘danger’ signalen kunnen bijdragen aan de ontwikkeling van remmers. De 

data om deze hypothese bij hemofilie A te ondersteunen zijn echter beperkt en niet conclusief. 

Eén van de meest besproken kwesties in de etiologie van de ontwikkeling van remmers is de rol 

van het FVIII-product type en mogelijke verschillen in de immunogeniciteit van plasma-verkregen 

FVIII (pd-FVIII) en recombinant FVIII (rFVIII). Nauw verwant aan deze discussie is het effect van het 

wisselen naar een ander FVIII-product. Veel patiënten en artsen zijn immers terughoudend om 

te switchen van product vanwege de angst voor de vorming van remmers. Ter evaluatie van de 

veiligheid en effectiviteit van het switchen van FVIII-product is daarom de I-SWITCH studie 

uitgevoerd, waarbij onder andere het risico op remmervorming en de verandering in het 

immuunprofiel werden onderzocht. Immuunprofiel is hierbij gedefinieerd als een set van 

immunoregulatoire cellen en markers. De resultaten van deze gecombineerde retrospectieve en 

prospectieve cohortstudie worden gepresenteerd in hoofdstuk 3. In totaal zijn 100 patiënten 

geïncludeerd, die allen zijn overgeschakeld op een ander FVIII-product. Bij een subgroep van 

deze patiënten werd het immuunprofiel voor en na de switch geëvalueerd om mogelijke 

verschillen in de immunogeniciteit van FVIII-producten of de productwisseling zelf te 

onderzoeken. 

Na het switchen van FVIII-product ontwikkelde geen enkele patiënt een remmer. De consumptie 

van FVIII bleef gelijk, terwijl het jaarlijkse bloedingsgetal (annual bleeding rate, ABR) significant 

afnam van 2 naar 1 (p=0,002). Dit laatste werd toegeschreven van de introductie van rFVIII-Fc, 

een FVIII-product met een langere halfwaardetijd (T½). Er werden na de switch geen significante 

veranderingen in de frequentie van de geïncludeerde immunoregulatoire parameters 

waargenomen. Bovendien was er geen verschil in de dynamiek van het immuunprofiel tussen 

de verschillende FVIII-producten. 
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Concluderend laat deze studie zien dat het overschakelen naar een ander FVIII-product niet 

geassocieerd is met een verhoogd risico op remmerontwikkeling, noch met veranderingen in 

het immuunprofiel of de werkzaamheid van FVIII.

In hoofdstuk 4 tot en met 6 van dit proefschrift verschuift de focus van de pathofysiologie van 

remmer ontwikkeling  naar het mechanisme van de eradicatie hiervan. Immuun Tolerantie 

Inductie (ITI) is tot nu toe de enige effectieve therapie om remmers te elimineren, waarbij 

herhaalde en langdurige toediening van FVIII in 60-80% van alle gevallen leidt tot downregulatie 

van de anti-FVIII antistof respons3,4. 

In hoofdstuk 4 worden de huidige concepten van ITI samengevat, inclusief kennis over het herstel 

van immuuntolerantie gebaseerd op studies van andere immuun-gerelateerde ziekten. Er dient 

benadrukt te worden dat de klinische informatie over immunologische veranderingen tijdens ITI 

bij hemofilie A patiënten schaars is en dat veel van de huidige inzichten indirect zijn verkregen, 

voornamelijk middels in vitro of preklinische studies en muizenmodellen van hemofilie. Gezien 

de verschillen in de immuunrespons bij mensen en muizen, moeten deze resultaten met de 

nodige voorzichtigheid worden geïnterpreteerd.

De belangrijkste spelers in de immuunrespons tegen FVIII, en dus ook de belangrijkste 

aangrijpingspunten van ITI, zijn FVIII-specifieke CD4+ T-geheugencellen en B-geheugencellen 

en anti-FVIII-producerende (langlevende) plasmacellen. Aangezien plasmacellen zelf geen 

antigeenreceptoren op het celmembraan tot expressie brengen (en dus geen FVIII kunnen 

binden), lijkt succesvolle ITI afhankelijk te zijn van de eliminatie van de FVIII-specifieke B- en 

T-geheugencellen.

Er wordt verondersteld dat herhaalde toediening van FVIII in een non-inflammatoire context leidt 

tot presentatie van FVIII zonder co-stimulatoire signalen en/of upregulatie van inhiberende T-cel 

moleculen, zoals cytotoxic T-lymphocyte-associated protein 4 (CTLA4) en programmed cell death 

protein 1 (PD1). Dit veroorzaakt op zijn beurt anergie van FVIII-specifieke effector-T-cellen (Teffs) 

en inductie van regulatoire T-cellen (Tregs). Deze Tregs hebben een remmend effect op zowel 

T- als B-lymfocyten. Tegelijkertijd induceert een hoge dosis FVIII apoptose van FVIII-specifieke 

B-geheugencellen (FVIII B-mem). Door de eliminatie van deze FVIII B-mems is er ook minder 

FVIII-antigeenpresentatie, waardoor FVIII T-geheugencellen niet geactiveerd worden en de balans 

verder verschuift van een Teff- naar Treg-respons. Het netto resultaat van deze cascade is dat 

(langlevende) plasmacellen niet meer worden aangemaakt en er uiteindelijk dus ook geen anti-

FVIII antistof productie meer plaatsvindt. De lange levensduur van plasmacellen verklaart daarom 

ook waarom ITI vele jaren in beslag kan nemen. 

Ten slotte zou ook de ontwikkeling van anti-idiotypische anti-FVIII antistoffen (antistoffen gericht 

tegen de anti-FVIII antistoffen) een rol kunnen spelen bij ITI, waarbij deze anti-idiotypische 

antistoffen het effect van remmers neutraliseren.
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Gebaseerd op de kennis van ITI bij hemofilie, maar ook die van allergieën en auto-immuunziekten, 

zijn er twee belangrijke paradigma’s die essentieel zijn voor de inductie van tolerantie. Ten eerste 

moet antigeen worden gepresenteerd door tolerogene in plaats van immunogene antigeen-

presenterende cellen (APCs). Ten tweede zou dit moeten resulteren in de inductie van regulatoire 

cellen. Hierbij spelen Tregs en hun productie van anti-inflammatoire cytokines een cruciale rol. 

Daarnaast worden in toenemende mate ook andere regulatoire cellen geïdentificeerd, waaronder 

myeloid-derived suppressor cells (MDSCs), (onrijpe) DCs, mesenchymale stromale cellen en 

regulatoire B-cellen (Bregs). Hoe worden antigenen op een tolerogene manier gepresenteerd en 

hoe is dit te beïnvloeden? En wat is de exacte rol van deze recent geïdentificeerde regulatoire 

cellen bij het herstel van tolerantie? Dit zijn allen interessante en essentiële onderwerpen voor 

verder onderzoek naar het werkingsmechanisme van tolerantie inductie.

De laatstgenoemde vraag komt aan bod in hoofdstuk 5, waarin de resultaten van de HIP-studie 

(Hemophilia Immune tolerance induction Project) worden besproken. Deze studie had als doel 

om het mechanisme van ITI te verhelderen middels evaluatie van expressie van diverse 

immunoregulatoire cellen en markers, waarvan bekend is dat ze betrokken zijn bij tolerantie 

mechanisme bij andere immuun-gerelateerde ziekten en maligniteiten. De geïncludeerde 

immunoregulatoire parameters zijn Bregs, Tregs, MDSCs en de expressie van activatie- en 

regulatoire markers op monocyten (HLA-DR en PD-L1) en op CD4+ T-cellen (CTLA4, ICOS en PD1), 

allen gemeten in perifere mononucleaire bloedellen (PBMCs) middels flowcytometrie.

In een cross-sectionele analyse werden hemofilie A patiënten met een remmer (N = 20) vergeleken 

met remmer-negatieve (N=28) en ex-remmer patiënten (N=17). Hierbij werd aangetoond dat de 

frequentie van Bregs significant verminderd was bij remmer-patiënten (3.2%) in vergelijking met 

de andere twee groepen (p < 0.01), terwijl de frequentie van Tregs en MDSCs niet verschilde 

tussen de groepen. CTLA4-expressie op T-cellen was tevens verminderd in de remmergroep. 

In een longitudinale studie van remmer-patiënten, die tijdens ITI werden gevolgd, werden 

vergelijkbare resultaten gevonden, waarbij eliminatie van remmers was geassocieerd met een 

toename in de frequentie van Bregs en Tregs en een verhoogde expressie van CTLA4 en PD1. 

Concluderend brengen remmer-patiënten significant lagere frequenties van Bregs en regulerende 

T-celmarkers tot expressie, die worden hersteld door succesvolle ITI. Onze bevindingen suggereren 

dat een bestaande anti-FVIII-immuunrespons geassocieerd is met defecten in perifere 

tolerantiemechanismen en dat Bregs en veranderingen in immunoregulatoire eigenschappen 

van CD4+ T-cellen waarschijnlijk bijdragen aan het induceren van immuuntolerantie bij hemofilie 

A patiënten met remmers.

Deze studie vergroot het mechanistisch inzicht in ITI en toont potentiële nieuwe 

aangrijpingspunten voor het herstel van tolerantie. Toekomstig onderzoek dient zich te richten 

op het valideren van deze bevindingen als ook het nader exploreren van de geïdentificeerde 

immunoregulatoire cellen en markers voor de ontwikkeling van efficiëntere ITI-protocollen.
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Een voorstel voor dergelijk vervolgonderzoek wordt gepresenteerd in hoofdstuk 6, waarin het 

protocol van de PROFIT-studie (‘Prospective study OF Immune Tolerance induction in haemophilia’) 

is opgenomen. De PROFIT is een prospectieve cohortstudie van nog onbehandelde patiënten 

met hemofilie A en B (previously untreated patients, PUP’s), met als doel een biobank op te zetten 

en longitudinale klinische en immunologische gegevens te verzamelen tijdens FVIII-suppletie 

therapie en ITI, indien patiënten een remmer ontwikkelen.  Op deze manier kan de studie 

essentiële informatie leveren over de mechanismen die verantwoordelijk zijn voor zowel 

natuurlijke (primaire) tolerantie-inductie bij niet-remmer patiënten als ook kunstmatige 

(secundaire) tolerantie-inductie bij remmer-patiënten. Bij schrijven van dit proefschrift is de 

PROFIT studie nog lopende en de resultaten zullen derhalve nog volgen. 

Zijn er behalve ITI nog andere opties om hemofilie patiënten met anti-FVIII antistoffen te 

behandelen? In hoofdstuk 7 presenteer ik enkele recent ontwikkelde middelen, die ook in 

aanwezigheid van remmers een effectieve behandeling vormen. Onder deze zogenoemde 

‘designer drugs’ behoren anti-TFPI (tissue factor protein inhibitor), RNA-inferferentie (RNAi) voor 

antitrombine en de bispecifieke antistof ACE910. 

De balans tussen bloeding en hemostase/trombose wordt in het lichaam nauwgezet gereguleerd 

door meerdere pro- en anticoagulante factoren. Hemofilie A wordt gekenmerkt door een 

verhoogde bloedingsneiging ten gevolg van een tekort aan de stolfactor, of procoagulans, FVIII. 

Deze verstoorde balans tussen bloeding en trombose kan hersteld worden door andere 

anticoagulante (antistollings) factoren te remmen. De werking van anti-TFPI (concizumab) en 

antitrombine RNAi (fitusiran) berusten op dit principe, aangezien zij respectievelijk de 

anticoagulante factoren TFPI en antitrombine remmen. 

De bispecifieke antistof ACE910 (emicizumab) bootst de cofactor-functie van FVIII na door binding 

aan zowel FIXa als FX. 

Al deze nieuwe middelen hebben gemeen dat ze subcutaan kunnen worden toegediend, een 

lange halfwaardetijd hebben en dat ze ook effectief zijn in de aanwezigheid van remmers, hetzij 

doordat ze een ander aangrijpingspunt hebben danwel door een andere ruimtelijke structuur 

dan FVIII.  Op deze manier bieden ze enkele belangrijke voordelen boven de traditionele FVIII-

suppletie therapie. 

Het belangrijkste potentiële nadeel van deze ‘designer drugs’ is het risico op trombo-embolische 

complicaties. Met name de lange halfwaardetijd als ook de non-suppletie vorm van deze 

therapieën zouden kunnen leiden tot een ongecontroleerde activatie van de (normaal zo delicaat 

gereguleerde) stollingscascade. Momenteel is emicizumab reeds goedgekeurd als behandeling 

van hemofilie A patiënten (zowel met als zonder remmer), terwijl concizumab en fitusiran zich 

in de late fase van ontwikkeling bevinden.

Anti-FVIII antistoffen komen niet alleen voor bij patiënten met aangeboren hemofilie A. Ook 

personen zonder een voorgeschiedenis van hemofilie kunnen anti-FVIII antistoffen ontwikkelen 

tegen hun endogene FVIII. In dat geval spreekt men van verworven hemofilie A (AHA), een 



Appendices

212  |

zeldzame maar ernstige auto-immuunziekte. De behandeling van deze ziekte is belastend en de 

optimale behandelstrategie is nog steeds niet opgehelderd.  Hoofdstuk 8 beschrijft de resultaten 

van een retrospectieve nationale multicenter cohortstudie (1992-2018), die werd uitgevoerd om 

de klinische presentatie en de effectiviteit en veiligheid van de behandeling van AHA in Nederland 

te evalueren. In totaal werden 143 patiënten (mediane leeftijd 73 jaar) geïncludeerd met een 

mediane follow-up van 16.8 maanden (IQR 3.6-41.5 maanden). De eerstelijns immunosuppressieve 

behandeling bestond voornamelijk uit monotherapie met steroïden (67.6%), steroïden/

cyclofosfamide (11,9%) en steroïden/rituximab (11.9%), met een effectiviteit van respectievelijk 

35.2%, 80.0% en 66.7%, P < 0.05. Uiteindelijk bereikte 75% van de patiënten een complete remissie 

(CR). Infecties, de belangrijkste bijwerking, kwamen significant vaker voor bij combinatietherapie 

met steroïden in vergelijking met steroïd monotherapie (38.7% versus 10.6%; P=0.001). De 

mortaliteit bedroeg 38.2%, voornamelijk als gevolg van infecties (19.2%) vergeleken met 7.7% 

fatale bloedingen. 

De resultaten van deze studie benadrukken dat AHA een ernstige bloedingsstoornis is, die vooral 

oudere en kwetsbare patiënten treft. AHA gaat gepaard met significante morbiditeit en mortaliteit, 

niet alleen ten gevolge van bloedingen, maar ook als gevolg van de behandeling. Een hoge anti-

FVIII-titer, ernstige bloedingen en steroïd monotherapie waren allen geassocieerd met een lagere 

kans op CR.  De hogere effectiviteit van steroïd combinatietherapie werd echter overschaduwd 

door tevens een hoger risico op infecties, waarbij infecties de belangrijkste doodsoorzaak 

vormden. Dit delicate evenwicht tussen enerzijds de werkzaamheid en anderzijds de veiligheid 

van therapie is daarom één van de belangrijkste uitdagingen bij de behandeling van de typisch 

oudere en kwetsbare AHA-patiënt. Er is grote behoefte aan de identificatie van prognostische 

factoren middels verdere verzameling van data uit AHA registers en/of het uitvoeren van een 

meta-analyse van het huidige bewijs. Op deze manier kan de immunosuppressieve behandeling 

zo optimaal mogelijk getitreerd worden.

Samenvattend worden in dit proefschrift diverse aspecten besproken van de mechanismen 

betrokken bij de vorming en eliminatie van anti-FVIII antistoffen, of remmers, bij zowel congenitale 

als verworven hemofilie A. Het benadrukt de complexiteit van ons immuunsysteem en het 

ingenieuze samenspel van alle factoren die betrokken zijn bij het beheersen van de delicate 

balans tussen het tolereren van lichaamseigen en het bestrijden van lichaamsvreemd. Het is 

duidelijk dat de regulatie van immuuntolerantie niet terug te voeren is op één enkele sleutelspeler. 

In plaats daarvan is het essentieel om te identificeren welk van de factoren, betrokken bij herstel 

van tolerantie, ook te modificeren zijn en derhalve een therapeutisch target vormen. Tevens is 

het van essentieel belang om het proces van tolerantie inductie antigeen-specifiek te maken, 

zodat infectieuze complicaties als gevolg van een niet-specifieke immunosuppressieve 

benadering, zoveel mogelijk worden voorkomen. 
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van mijn promotietraject. Er zijn ook zeker momenten geweest dat ik dacht dat ik dit punt 
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