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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 contribu-
tors 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 mole-
cules on antigen-presenting cells (APCs), that can facilitate the alloimmunization to FVIIl and thereby inhibitor
formation. Here, the authors 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: Danger signals might contribute to inhibitor development; however, the evidence is
scarce and not conclusive. Future studies, like multinational registries, are warranted but challenging.
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environmental risk factors. Theoretically, an interesting environ-
mental risk factor is the presence of ‘danger signals’, like surgery
or infections, during FVIIl administration. According to the ‘dan-
ger theory’ these immune system alert signals result in the
upregulation of costimulatory molecules on antigen-presenting
cells (APCs), enabling them to fully activate naive CD4 T-cells,
which provide help to antibody-producing B-cells and ultimately
lead to the production of anti-FVIII antibodies [10]. 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 alloimmunization
to FVIII and theoretical concepts of the danger theory are
described. Thereafter, data from preclinical and clinical studies
are summarized to discuss to what extent the danger theory
applies to inhibitor development in hemophilia A.

1. 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 worldwide [1]. Due to the
lack of FVIII, patients suffer from prolonged and serious, some-
times life-threatening bleeding, and require frequent FVIII replace-
ment therapy in order to prevent or treat these bleeding events.
Nowadays the most significant complication of hemophilia treat-
ment is the development of neutralizing antibodies against FVIII
[2]. These so-called ‘inhibitors’ occur in approximately 30% of all
patients with severe hemophilia A [3,4]. 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 life [5,6].
Eradication of the anti-FVIll antibodies is possible by
Immune Tolerance Induction (ITl), whereby repeated and long-
term administration of FVIIl ultimately results in
a downregulation of the neutralizing antibody production in
about 70% of all cases [7-9]. However, Tl is an invasive and
costly therapy. Much effort focuses on the prevention of inhi-

2. Pathophysiology of inhibitor development

2.1. Immune response to FVIII

bitor development. Therefore, understanding the pathophy-
siology of inhibitor development is needed.

The intriguing question why some patients do develop inhi-
bitors and others do not, is still unresolved. Both genetic and
environmental factors appear to be involved. While the correla-
tive relationship between the severity of the F8 gene mutation
and inhibitor risk is well established, this is less clear for most

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
the presentation of FVIII peptides in complex with molecules of
the major histocompatibility complex (MHC) by antigen present-
ing cells (APCs) to T-cells, and the subsequent activation of FVIII-
specific B-cells, ultimately resulting in the production of anti-FVIII
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Article highlights

o Inhibitor development is a complex and multifactorial process, invol-
ving both genetic and environmental factors.

¢ Danger signals might contribute to inhibitor development; however,
the evidence is scarce and not conclusive.

o Future studies elucidating the role of danger signals, like multina-
tional registries, are warranted, but challenging.

antibodies (Figure 1) [11-15]. 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 endo-
cytosis 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
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Figure 1. Immune response to FVIIl based on the danger theory.

this process [16-18]. After internalization, FVIII is processed
into peptides and presented on the MHC class Il molecules
to naive CD4 T-cells in secondary lymphoid organs [19,20]. In
addition to FVIll-derived peptide/MHC complex presentation,
co-stimulatory signals are necessary to fully activate naive
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 mole-
cular 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 naive FVIlI-specific T-cells consequently differenti-
ate into effector helper CD4 + T-cells, which in turn activate
FVIlI-specific B-cells, allowing them to undergo class switching
and differentiate into FVIIl-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?

Il. Danger signals
e.g. joint bleed
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1. 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
naive 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 T-cells become anergic and are not able to stimulate B-cells.Il. FVIIl 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 Il complex, these signals activate naive CD4 + T-cells. In turn, these activated T-cells activate FVIlI-specific naive B-cells,
which expand and differentiate either into plasma cells, secreting anti-FVIII antibodies (FVIII plasma cell), or FVIll-specific B-memory cells (FVIII B-mem). FVIIl-specific T-memory (T mem) cells

are also formed.CD40L: CD40 ligand; TCR: T-cell receptor. BCR: B-cell receptor.



2.2. 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 FVIIl administration (Figure 2) [4,21-23].

These risk factors can be divided into 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 administra-
tion [4,22-26].

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 muta-
tions or small F8 deletions and insertions [27-30].

The strong relationship between F8 genotype and the risk of
inhibitor development is best explained by the lack of central
immune tolerance to FVIIl in the hemophilia A patients with null
mutations, such as large deletions [11,31]. Due to the complete
absence of autologous FVIIl in these patients, FVIIl-reactive T-and
B-cells are not eliminated in their ontogeny in the thymus or bone
marrow and could become activated after FVIIl administration.
However, the fact that not all patients with severe hemophilia
A develop inhibitors, implies that also peripheral immune toler-
ance mechanisms play a role in preventing pathologic manifesta-
tions of FVlll-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 alloantibody response to FVIII treatment [12,15]. 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
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Figure 2. Risk factors of inhibitor formation in hemophilia A [3,4,22,24,26-
29,34-37,73,76,78,79,94-100].
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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signals and the release of pro-inflammatory cytokines. Absence
of these costimulatory signals results in a non-productive immu-
nologic 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 envir-
onmental factors, including the FVIIl product type as potential
risk factor. Until recently, studies regarding this issue showed
contradictory and/or inconclusive results [34-36]. 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 study [24]. Proposed explanations for this finding
include the presence of Von Willebrand Factor (VWF) in pd-FVIIl,
reducing FVIIl immunogenicity by epitope masking and preven-
tion of endocytosis by DCs. Secondly, the different posttransla-
tional modifications of rFVIII due to its production in mammalian
cells rather than human cells might influence its immunogenicity
[38-42]. This issue however remains highly debated, which is
beyond the scope of this review.

Taken together, there are many factors involved in the deli-
cate 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 development [43].
Subsequent environmental factors, such as intensity of treat-
ment 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 of 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’, fol-
lowed by evidence from both pre-clinical and clinical studies of
this theory in inhibitor development in hemophilia A.

3. 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 danger [10,44]. 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 life [45,46]. 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 activated [47]. 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
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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 receptors [48,49]. These
receptors are able to recognize and bind to conserve molecular
constituents, also known as PAMPs [48,49]. 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 unanswered [50]. 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
an 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’?

In order to answer these questions, Matzinger conceived the
danger model, which challenged the central paradigm in immunol-
ogy 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-self [10,44]. 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 exogen-
ous (PAMPs) as well as endogenous sources. The endogenous
‘alarmins’ are mostly associated with host cells in distress and
necrotic cell death [51]. 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 hydropho-
bic portions on their respective molecules, which enable them to
bind to the same PRRs and therefore to induce comparable inflam-
matory responses [56]. Importantly these endogenous and exogen-
ous 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 FVlll 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 trig-
gers such as infections and vaccinations that occur around the time of
treatment with FVIIl on one side, whereas trauma, surgery and severe
bleeds are considered as the most important endogenous danger
signals [57,58]. All these events are associated with necrotic cell
damage, resulting in a local micro-environment now harboring dan-
ger signals. Subsequently, this environment could now support the
generation of immune reactivity, setting the stage to produce neu-
tralizing antibodies to the administered FVIII (Figure 1). Importantly,
with the same reasoning it is proposed that administration of FVIIl in
the absence of danger signals, as is the case with prophylactic treat-
ment, would promote tolerance to the deficient coagulation protein.

To conclude, theoretically spoken the presence of danger
signals during FVIIl 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.

4. 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 mod-
els can provide this complex immunologic environment, but
here it is important to realize that human FVII infused in
knockout mice or rats, is a xenoprotein with a homology of
only 51% compared to rat FVIII [59]. Novel transgenic mouse
models with human MHC Il expression are generated to study
inhibitor development and tolerance [60,61].

4.1. 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 FVIIl or LPS alone [62]. The intensity of this response is depen-
dent 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 neces-
sary to establish adaptive immune responses, including inhibitor
production. The synergistic DC activation results in an increased
proliferation of CD4+ memory T-cells [63]. Co-stimulation via CD86
and adequate antigen presentation on MHC class Il 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 well [64,65]. In a study of
Pfistershammer et al. it was shown that neither FVIII, thrombin-
activated FVIII, nor FVIII-FVWF complex modulates the maturation
of human dendritic cells (DCs) or their ability to stimulate T cells
[66]. Therefore, the authors concluded that neither of these pro-
teins act as a danger signal to human DCs [66]. The possibility that
FVIII itself acts not directly as danger signal, but indirectly by the
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 immunogenic
[67]. Moreover, warfarin and the direct thrombin inhibitor, hirudin,
significantly reduced B- and T-cell response to FVIII [67]. However,
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Table 1. Summary of preclinical and clinical observations related to the danger theory.

Supporting danger

Observation Reference 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

« FVIll-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

« FVIIl and LPS synergistically increase DC activation and subsequently result in increased CD4+ memory T-cell [62,63] Yes
proliferation.

In vivo effects of danger signals on inhibitor formation

« Inhibitor formation is not increased by laparotomy in hemophilia A mice. [70] No

« Synergistic LPS and FVIII administration breaks FVIII tolerance in hemophilia A mice [70] Yes

« Joint bleeding does not increase the inhibitor response in hemophilia A mice. [71] No

« Joint bleeding increases the inhibitor response in hemophilia A rats, possibly by generating a proinflammatory response.  [59,72] Yes

« Concomitant FVIII exposure and vaccination in hemophilic mice does not increase the risk of inhibitor formation [73] No

Clinical

Surgery

« Clinical observation of inhibitor formation in mild hemophilia patients after continuous infusion of FVIIl for surgery and  [74-76] Yes
bleeding.

« Peak treatment for surgery is related to an increased inhibitor risk in PUPs with severe hemophilia. [4,22,77,78] Yes

« In case—control studies, intensive treatment for surgery or bleeding is not associated with an increased inhibitor risk in  [79,80] No
PUPs.

« 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 [76,78] No
hemophilia.

« Peak treatment for bleeding is not unequivocal related to an increased inhibitor risk in cohort studies of PUPs with severe [4,22,80,81] Conflictory results
hemophilia.

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. [4,77,84] 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.

two other hemophilia A mice studies did not support the hypoth-
esis that thrombin generation or coagulation-associated processes
modulate the anti-FVIIl antibody response [68,69]. 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 FVIIl 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.

4.2. 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.

4.2.1. 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 the devel-
opment 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
confirmed [70]. 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 huma-
nization of MHC Il molecules. All mice without a humanized
MHC 1l developed high-titer antibodies and there was no
difference in the antibody titer, whereas in the mice with
a humanized MHC Il 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.

4.2.2. 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 is
investigated in two animal studies with contradictory results. In
a murine study, the danger theory was not confirmed [71]. A joint
bleed was induced by needle puncture, and factor VI replace-
ment therapy was once weekly was started either 1 or 14 days
after injury. There was no increase in the anti-FVIIl antibody pro-
duction 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 FVIIl-specific antibody response.
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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 replace-
ment at the time of a joint bleed potentiates inhibitor devel-
opment, and this is possibly due to the systemic inflammatory
response induced by the bleed [72]. In human, similar such
controlled studies are yet to be reported.

4.2.3. 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 A [73]. Surprisingly, this study suggested
a protective effect of i.m. vaccination to inhibitor develop-
ment, but not by i.v. vaccination. It was hypothesized that
the reduced anti-FVIIl 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.

5. Clinical observations

Clinical studies investigating the impact of a single factor in
inhibitor formation are challenging as many factors affect out-
come and hemophilia is a rare disease. Data mainly come from
large retrospective cohort studies or small case-control stu-
dies (Table 1).

5.1. 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 the time of surgery [74].
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 intracra-
nial 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 therapy [76].
Interestingly, in the latter study intensive FVIII replacement
therapy for bleeding was not associated with inhibitor devel-
opment, whereas the inhibitor risk in peri-operatively treated
patients was severely increased, especially in patients with the
Arg593Cys mutation.

In previously untreated patients (PUPs) with severe hemo-
philia, peak treatment at the 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 treat-
ment moments and 2.7 for surgical procedures [77]. 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, respectively, [22]. 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 treat-
ment episode most significantly increased the risk of develop-
ing 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 sig-
nificant [4]. Also in a more recent study in 825 PUPs, surgery as
the reason for first exposure was associated with a 2.4 odds
ratio for inhibitor development, whereas a bleed was not [78].

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 inhibitors compared with 48
non-inhibitor patients [79]. 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 15 patients
(nine controls and six cases) receiving intensive treatment for
5 days [80].

For previously treated patients (PTPs, after at least 50
exposure days), different prospective and retrospective cohort
studies demonstrate that intensive therapy at the time of
surgery, also when given as continuous infusion, does not
increase inhibitor risk [57].

5.2. (Joint) bleeds

Studies regarding haemarthrosis as a risk factor for inhibitor
development are conflicting. Peak treatment at the time of
a bleed was associated with an increased inhibitor risk in both
PUP cohorts mentioned in the previous paragraph [4,22]. This
was most prominent when treatment was given on at least
3-5 consecutive days immediately at the first treatment epi-
sode. 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 development [81]. Maclean et al. found a 4.1 time
increased the risk of inhibitor development in patients treated
for life-threatening bleeds (11 patients and 3 controls) [80].
In contrast, in the study by Santagostino et al. the risk
was not increased by treatment at the time of bleeds in
PUPs and minimally treated patients [79], neither was
a bleed as a reason for first exposure in a large PUP cohort
[78]. 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 inten-
sive FVIIl concentrate administration for a bleeding episode
and none developed an inhibitor. Compared to 41 patients
receiving intensive treatment for surgery which was asso-
ciated with an increased inhibitor risk (see above), there was



no difference in the number of exposure days (EDs) preced-
ing the intensive treatment period nor in the number of EDs
during intensive treatment nor the total dose of FVIII con-
centrate administered [76]. Thus, studies on the impact of
joint bleeds on inhibitor development failed to demonstrate
a clear association.

5.3. 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
Santagostino [79]. 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 devel-
opment (OR: 1.8, Cl: 0.5-6.5) [80]. Also, McMillan et al. did not
find a relationship between inhibitor development and ill-
nesses occurring within the preceding year [82].

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 proxi-
mity to FVIII exposure are associated with inhibitor develop-
ment [83].

5.4. Prophylaxis

The aim of early prophylactic treatment is to prevent major
bleeds. By administrating FVIIl in the absence of danger sig-
nals, immune tolerance might be induced. As such, early
prophylaxis could play a protective role in inhibitor develop-
ment. 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 finding [80]. In the pro-
spective 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 geno-
types [4].

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 inhibitors
[84]. In this study, an early prophylaxis regimen was associated
with a significant lower risk of inhibitor development com-
pared to patients treated with a standard prophylaxis regimen.
In order to verify the protective effect of early prophylaxis and
minimization of immunological danger signals, the prospec-
tive EPIC (Early Prophylaxis Immunologic Challenge) study was
designed [85]. 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 admin-
istration is still not fully elucidated.
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6. 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 accom-
panied 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 prac-
tice 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 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 tol-
erogenic reactions determines if a patients will develop clini-
cally significant inhibitors or not [86].

Clinical data from cohort studies and case-control studies
show that surgery at first FVIIl 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 vaccina-
tions 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.

7. Expert opinion

Inhibitor development is the biggest challenge in hemophi-
lia 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 pro-
cess, 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 stu-
dies 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 hemo-
philia is rapidly changing. It will remain challenging to dis-
tinguish 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.

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 FVIIl or
approaches inhibiting natural anticoagulants such as tissue
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factor pathway inhibitor (TFPI) and antithrombin [87-89]. 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 inhi-
bitor development, especially with regard to the danger theory,
include administration of FVIIl 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 preven-
tion of inhibitor formation in naive hemophilia A mice, although
the duration of this effect appears limited [90-93]. Translation of
these strategies from preclinical studies to the clinical practice of
hemophilia A might improve future patient care.
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