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herapeutic factor VIII is highly immunogenic. Despite intensive
research in the last decades, the reasons why 5-30% of patients
with hemophilia A (of all severities) develop inhibitory anti-factor
VIII antibodies (inhibitors) following replacement therapy remain an
enigma. Under physiological conditions, endogenous factor VIII is recognized by the immune system. Likewise, numerous observations indicate
that, in hemophilia A patients without inhibitors, exogenous therapeutic
factor VIII is immunologically assessed and tolerated. A large part of the
research on the immunogenicity of therapeutic factor VIII is attempting
to identify the ‘danger signals’ that act as adjuvants to the deleterious
anti-factor VIII immune responses. However, several of the inflammatory
assaults concomitant to factor VIII administration initially hypothesized
as potential sources of danger signals (e.g., bleeding, infection, and vaccination) have been disproved to be such signals. Conversely, recent evidence suggests that cells from inhibitor-negative patients are able to activate anti-inflammatory and tolerogenic mechanisms required to suppress
deleterious immune responses, while cells from inhibitor-positive
patients are not. Based on the available observations, we propose a model
in which all hemophilia A patients develop anti-factor VIII immune
responses during replacement therapy irrespective of associated danger
signals. We further postulate that the onset of clinically relevant factor
VIII inhibitors results from an inability to develop counteractive tolerogenic responses to exogenous factor VIII rather than from an exacerbated
activation of the immune system at the time of factor VIII administration.
A better understanding of the pathogenesis of neutralizing anti-factor VIII
antibodies will have repercussions on the clinical management of patients
and highlight new strategies to achieve active immune tolerance to therapeutic factor VIII.
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Introduction
Hemophilia A is a rare X-linked hemorrhagic disorder that results from insufficient levels of pro-coagulant factor VIII (FVIII). Patients with hemophilia A constitute a heterogeneous group of individuals. Three severities of hemophilia A are distinguished depending on the levels of circulating endogenous FVIII. They reflect
the diversity in the mutations in the gene encoding for FVIII: patients with a severe
form of the disease have undetectable FVIII activity in plasma, while patients with
mild and moderate hemophilia A have more than 1% of the normal levels of FVIII
activity. Patients with severe hemophilia A are further differentiated according to
the presence or absence of a non-functional FVIII protein (FVIII:Ag). For instance,
among patients with severe hemophilia A, those with the V634M missense mutahaematologica | 2019; 104(2)
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tion have normal levels of FVIII:Ag, although the protein
is non-functional,1 while patients with large
deletion/intron inversions have no circulating protein.2
Due to such differences in protein expression, patients are
also heterogeneous as far as the education of their
immune system against endogenous FVIII is concerned.
To date, the prevention or treatment of bleeds in hemophilia A patients relies on the intravenous administration
of therapeutic FVIII. Therapeutic FVIII is purified from
pools of plasma from healthy blood donors or originates
from recombinant technology. While differences exist
between plasma-derived and recombinant FVIII products,
as well as among recombinant products, in terms of structure, glycosylation pattern,3 ability to bind von Willebrand
factor (VWF),4 the endogenous chaperone for FVIII, all the
available products share the property of inducing neutralizing immunoglobulin G (IgG), termed ‘FVIII inhibitors’,
in a substantial number of patients. The occurrence of
FVIII inhibitors following replacement therapy is a serious
clinical problem that complicates patients’ management
and reduces their quality of life, as well as being a major
society issue owing to the high costs associated with the
treatment of bleeding when FVIII cannot be used.5 Several
factors have been identified as increasing the risk of a
patient developing FVIII inhibitors, in particular genetic
risk factors such as a family history of inhibitor development,6 the type of gene abnormality causing the hemophilia A and the ensuing severity of the disease,7,8 HLA-DR
haplotypes9,10 and polymorphisms in a restricted set of
immune genes.11-14 Nevertheless, it is, to date, impossible
to predict with certainty whether a given patient will
develop FVIII inhibitors.
Over the last 20 years, a large body of the research dedicated to deciphering the immunogenicity of FVIII has
been based on the ‘danger theory’ proposed by Polly
Matzinger almost 25 years ago.15 Researchers have
attempted to elucidate the nature of the danger signals
that are adjuvants of the immune response to exogenous
FVIII in 5-30% of patients with hemophilia A (including
all severities of the disease) following replacement therapy. Here, we review the evidence on the presence of danger signals associated with FVIII administration to question the notion that developing an immune response to
FVIII requires danger signals. Furthermore, we challenge
the idea that developing an immune response to FVIII is
unequivocally pathogenic and propose that the development of FVIII inhibitors in a substantial number of
patients results from the inability of the immune system
to mount a counteractive tolerogenic response.

signals concomitant with antigen uptake to mature appropriately, activate naïve T cells and induce the immune
response. In the context of the anti-FVIII immune
response, severe/recurrent bleeds, trauma, surgery, infection or vaccination have been proposed as potential
sources of danger signals that may trigger the immune
system.22 In recent years, experimental investigations performed in FVIII-deficient mice, a model of severe hemophilia A, and clinical observations in hemophilia A
patients have challenged most of these hypotheses, as discussed below.

Factor VIII dose matters
The dose of administered FVIII is one of the few parameters that has shown consistent association with the
development of an anti-FVIII immune response. Seminal
work in FVIII-deficient mice clearly demonstrated that
increasing the dose of intravenously injected FVIII results
in a proportional increase in the intensity of the immune
response.23 The experimental data were confirmed by the
RODIN study in which the intensity of FVIII treatment
and mean dose of administered FVIII correlated with the
incidence of inhibitor development in patients with severe
hemophilia.24 Conversely, the reduction in the amount of
FVIII internalized by antigen-presenting cells and, consequently, presented to CD4+ T cells has been hypothesized
as a mechanism by which von Willebrand factor may play
an immuno-protective role towards therapeutic FVIII.25
On the other hand, the daily administration of high-dose
FVIII to inhibitor-positive patients undergoing immune
tolerance induction protocols results in the eradication of
FVIII inhibitors in two-thirds of the cases. This suggests
that the antigen dose may not be as important in determining immunogenicity.
An enticing recent concept proposes that the immunogenicity of a protein depends on its discontinuous presence in the organism. This ‘discontinuity theory’ first proposed by Pradeu et al. states that “the key to the induction
of an immune response is antigenic difference in a timedependent context”. It is hypothesized that the intermittent appearance of a foreign antigen triggers strong and
long-lasting immune responses, whereas the persistence
of the same foreign antigen over time or its progressive
introduction over a long period leads to tolerance.26 This
theory is particularly suitable in the case of therapeutic
FVIII, a molecule with a short half-life (<15 hours) that is
administered either on-demand or every 2 to 3 days in
patients under prophylactic treatment, and thus intermittently appears and disappears from the circulation along
cycles of intravenous injections.

Danger signals as adjuvants of the anti-factor VIII
immune response in patients with hemophilia A

Factor VIII is not an alarmin

The immune response to therapeutic FVIII is believed to
be a classical immune response against an exogenous antigen, wherein some of the intravenously administered
FVIII transiently accumulates in secondary lymphoid
organs, as observed in spleens of FVIII-deficient mice,16,17 is
internalized by antigen-presenting cells18,19 and presented
to naïve FVIII-specific CD4+ T cells. Upon activation,
FVIII-specific T cells proliferate and provide help to naïve
FVIII-specific B cells that differentiate into memory B cells
or plasmocytes secreting inhibitory anti-FVIII IgG.
According to the “infectious non-self model” introduced
by C Janeway20 and later the “danger theory” coined by P
Matzinger,21 antigen-presenting cells need to sense danger

Danger signals are provided by endogenous (damageassociated molecular patterns, DAMP) or exogenous
(pathogen-associated molecular patterns, PAMP) triggers,
collectively referred to as ‘alarmins’, that, upon binding to
pattern-recognition receptors, lead to the maturation of
antigen-presenting cells which is crucial for the activation
of naïve T cells. Early studies on FVIII immunogenicity
investigated the possibility that FVIII directly induces the
maturation of antigen-presenting cells. While the first
domain of hemagglutinin (HA1) was found to induce significantly higher levels of anti-HA1 IgG in intravenously
injected mice when fused to the FVIII light chain,27 coincubation of full-length FVIII with Toll-like receptor 2-
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transfected cells or with immature human dendritic cells
failed to trigger Toll-like receptor signaling28 or to induce
dendritic cell maturation.29
The engagement of FVIII in the coagulation cascade
induces a burst of thrombin production that leads to the
generation of fibrin and to the consolidation of the platelet
clot. Thrombin not only cleaves fibrinogen into fibrin but
also cleaves proteinase-associated receptors, which in turn
induce the release of pro-inflammatory cytokines and
chemokines.30 Initial experiments elegantly suggested that
FVIII-mediated thrombin-dependent activation of proteinase-associated receptors provides adjuvant signals for
an anti-ovalbumin immune response in FVIII-deficient
mice.31 However, later work using non-active FVIII with
the V634M mutation in FVIII-deficient mice or normal
FVIII in wild-type mice with impaired coagulation ruled
out the possibility of FVIII being not only the target but
also the trigger of the anti-FVIII immune response.1,32
The inability of FVIII to activate the immune system
directly suggests that FVIII is not involved in the generation of danger signals required to mount efficient primary
immune responses.

Factor VIII inhibitor development: a case for inflammatory
assaults?
Major bleeds, surgery, infections or vaccination at the
time of FVIII administration have been proposed as potential inflammatory assaults that could predispose hemophilia A patients to develop allo-antibodies to exogenous
FVIII.22 Counter-intuitively, experiments in FVIII-deficient
mice recently demonstrated that exposure to the liveattenuated measles-mumps-rubella vaccine at the time of
FVIII administration has no influence on the incidence or
intensity of immune responses to therapeutic FVIII.33 The
experimental data were confirmed by retrospective clinical observations from the PEDNET registry showing that
pediatric vaccination given in close proximity to the
administration of FVIII is not associated with an increased
risk of FVIII inhibitor development.34 Interestingly, influenza vaccination concurrent to FVIII treatment significantly
reduced the incidence of anti-FVIII immune responses in
mice.33
Chronic inflammation associated with recurrent bleeding35 as well as acute hemarthrosis following knee injury36
in FVIII-deficient mice failed to increase the immune
response to exogenous FVIII. In fact, the induction of
heme-oxygenase 1 (HO-1), a stress-inducible enzyme
with potent anti-inflammatory activity, following injection of heme,35 hemolyzed blood or following knee puncture-associated hemolysis (unpublished data), was shown
to reduce the immune response to therapeutic FVIII.
Interestingly, these observations find resonance in hemophilia A patients. Indeed, a clinical trial was initiated in
which the exposure of previously untreated patients to
immunological danger signals was avoided during treatment with FVIII:37,38 the first treatment with FVIII was
avoided if the patient was bleeding or had an infection;
surgery was avoided during the first 20 days of exposure
to FVIII; vaccinations were not given on the same day as
FVIII treatment; and bleeds were treated as early as possible to shorten the time of potential tissue damage. Such a
drastic protocol led to an inhibitor incidence of 40% provoking the early termination of the EPIC study
(ClinicalTrials.gov Identifier: NCT01376700).
Taken together, the large majority of the investigations
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performed over the last 10 years failed to identify candidate danger signals the control of which would unequivocally reduce the immunogenicity of therapeutic FVIII,
reflecting the possibility that danger signals may not be as
important as first thought for the initiation of the antiFVIII immune response. Alternatively, the background
level of activation of the innate/adaptive immune system
may be sufficient to allow activation of naïve FVIII-specific T cells without the need for overt danger signals, provided that a sufficient amount of FVIII is internalized,
processed by antigen-presenting cells and presented to T
cells. In line with this, we recently observed that the physiological baseline activation of complement C3 (i.e., spontaneous complement C3 tick-over)39,40 increases endocytosis of FVIII by immature dendritic cells without inducing
their maturation. The mere in vivo elimination of C3
allowed a drastic reduction of the immunogenicity of therapeutic FVIII in FVIII-deficient mice.41

Self-recognition: the original sin of the immune system
The recognition of self, and in particular FVIII, is part of
normal immune homeostasis.42 It is clear today that both
B and T lymphocytes undergo positive and negative selection processes, in the bone marrow and thymus, respectively, wherein highly autoreactive lymphocytes are eliminated and poorly autoreactive ones are retained. In the
case of T lymphocytes, thymic T cells with intermediate
affinities for self-antigens may differentiate into natural
regulatory T cells that suppress autoreactive T-cell
responses.43 Regulatory T cells may also develop in the
periphery upon encounter of antigens under non-inflammatory conditions.44 Self-recognition may thus be considered as the original sin of the adaptive immune system:
the functionality of the emerging lymphocytes and of
their antigen-specific receptors is in essence based on the
recognition of self-proteins, which lays the ground for the
selection of potential harmful autoreactivity. In this context, physiological immune homeostasis relies on recognition of self, balanced by a tight control of the autoreactive
lymphocytes. This is particularly true for the recognition
of FVIII under physiological conditions (Figure 1).

Recognition of endogenous factor VIII by T cells under physiological conditions
The existence of FVIII-reactive T cells in healthy subjects was first suggested by the seminal work of the group
led by B Conti-Fine. In vitro assays revealed proliferation of
CD4+ T cells in the presence of the FVIII protein and overlapping peptides spanning the different domains of FVIII
in more than 50% of healthy donors.45,46 Recently, preexisting FVIII-specific CD4+ T cells in healthy individuals
were quantified accurately following cycles of stimulation
of CD4+ T cells by FVIII-loaded mature autologous monocyte-derived dendritic cells.47 The frequency of preexisting
FVIII-specific T cells was evaluated to be about 2 cells per
million CD4+ T cells.47 This value is in the same range as
that of CD4+ T cells specific for foreign proteins such as
ovalbumin or keyhole limpet hemocyanin, i.e., 1.3 and 20
CD4+ T cells per million, respectively.48 In marked contrast, it is up to one log higher than that of preexisting T
cells specific for immunogenic therapeutic proteins such
as adalimumab, rituximab, infliximab and erythropoietin
(0.1 to 1 cell/million CD4+ T cells),48,49 and two logs greater
than that of preexisting T cells specific for the nonimmunogenic
humanized
therapeutic
antibody
haematologica | 2019; 104(2)

Immune response to FVIII in hemophilia patients

trastuzumab (0.1 cell/million CD4+ T cells).50 Taken
together, these findings suggest inefficient negative selection of FVIII-reactive T cells in the thymus, despite the
reported expression of FVIII mRNA in medullary thymic
epithelial cells from healthy individuals.51
An additional, striking finding is that half of the detected FVIII-specific CD4+ T cells have a memory phenotype,47
suggesting that immune responses to endogenous FVIII
are ongoing under physiological conditions and are regulated to avoid deleterious autoreactivity. Indeed, the
detection of regulatory T cells concomitant to that of
FVIII-reactive T cells had been suggested in two independent studies, though the specificity of the regulatory T cells
for FVIII was not demonstrated. Hu et al. reported
increased ratios of transforming growth factor-beta-producing T helper 3 regulatory cells over interferon-gammaproducing T helper 1 cells or interleukin-4-producing T
helper 2 cells among CD4+ T cells from heathy donors, as
compared to CD4+ T cells from patients with FVIII
inhibitors.45 In parallel, Kamate et al. observed that elimi-

nation of natural CD4+CD25+ regulatory T cells from
peripheral blood cells of healthy individuals increases the
otherwise poorly detectable FVIII-induced activation of
CD4+ T cells in vitro.52

Recognition of endogenous factor VIII by immunoglobulins under
physiological conditions
The presence of natural anti-FVIII IgG in the blood of
healthy donors was described for the first time by the
group of MD Kazatchkine.53 In their seminal work, IgGdependent FVIII neutralization was detected in the plasma
of 17% of the donors. Subsequently, Reipert’s group confirmed the presence of anti-FVIII antibodies in about 19%
of healthy individuals, characterized by a highest prevalence of IgG1, IgG3 and IgA subclasses with low apparent
binding equilibrium affinities for FVIII in the nanomolar
range.54,55 Interestingly, and reminiscent of the situation in
the T-cell compartment of the immune system, the recognition of endogenous FVIII by immunoglobulins is subject
to regulation by anti-idiotypic antibodies in normal plas-

Figure 1. Immune recognition of factor VIII in health and disease. Healthy donors. At the humoral level, tolerance to factor VIII (FVIII) under physiological conditions
relies on an equilibrium between the recognition of FVIII by naturally occurring potentially inhibitory anti-FVIII antibodies and their control by blocking anti-idiotypic
antibodies. Blocking anti-idiotypic antibodies may also regulate B-cell clones that secrete FVIII-specific autoantibodies. At the T-cell level, natural FVIII-reactive T cells
may be down-regulated by natural regulatory T cells (Tregs; i.e., CD4+CD25+FoxP3+ Tregs) and/or by induced transforming growth factor-beta-secreting Tregs. In rare
cases, and in particular in aging individuals, tolerance may fail and a neutralizing immune response to endogenous FVIII may develop - a condition referred to as
acquired hemophilia. Patients with congenital hemophilia A. Based on the available evidence, we propose that a similar equilibrium between FVIII-reactive and FVIIIprotective immune elements guarantees tolerance to therapeutic FVIII in inhibitor-negative patients, either upon spontaneous induction of immune tolerance at the
time of initiation of FVIII treatment (i.e., in 70-80% of patients with the severe form of the disease), or after a drastic boost of the immune system in patients undergoing successful immune tolerance induction (ITI) (i.e., in about 70% of inhibitor-positive patients with severe hemophilia A undergoing ITI). As is the case in healthy
individuals, immune tolerance to FVIII may be lost upon aging.71 Of note, 10% of the patients (30% of the inhibitor-positive patients with severe hemophilia A in whom
ITI fails) are not able to develop immune tolerance to FVIII, even after intensive desensitization protocols. Inh+: inhibitor-positive; Inh-: inhibitor-negative; ITI: immune
tolerance induction; anti-Id IgG: anti-idiotypic immunoglobulin G; aFVIII T cell: factor VIII-reactive T cell.
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ma.56,57 Thus, IgG purified from the plasma of healthy individuals bind to murine monoclonal anti-FVIII IgG,56 and
inhibit the binding of mouse monoclonal and human
polyclonal anti-FVIII IgG to FVIII.58 Therapeutic preparations of pooled normal IgG, intravenous immunoglobulins, contain both anti-FVIII IgG with inhibitory potential
toward FVIII59 and anti-idiotypic antibodies capable of
blocking disease-associated anti-FVIII antibodies.60 This
suggests that ‘natural’ protective anti-idiotypic antibodies
are produced spontaneously in healthy individuals and
exert a tight control on potentially inhibitory ‘natural’
anti-FVIII IgG.
In conclusion, endogenous FVIII is not merely ignored
by the immune system under physiological conditions.
On the contrary, the homeostasis of FVIII recognition by
the healthy immune system relies on an equilibrium
between FVIII-specific T and B cells and FVIII-binding
antibodies, and a counteractive tolerogenic response
mediated by regulatory T cells and blocking anti-idiotypic
antibodies (Figure 1).

Recognition of exogenous therapeutic factor VIII
in patients with hemophilia A
FVIII inhibitors develop in 5 to 30% of patients depending on the severity of hemophilia A. The abnormality in
the F8 gene responsible for the disease is the strongest predictor of alloimunization against therapeutic FVIII. In particular, patients with severe hemophilia A, and among
them patients lacking circulating FVIII:Ag, have the highest incidence of FVIII inhibitor development.7 Conversely,
patients with missense mutations have the lowest risk of
developing FVIII inhibitors. This correlation illustrates the
importance of the degree of education, either centrally in
the thymus or at the periphery, of the immune system of
the patients towards endogenous FVIII: the more the
endogenously produced FVIII resembles the exogenously
administered therapeutic FVIII, the lower the risk of developing a neutralizing immune response.
The situation is not, however, so simple. For instance,
some missense mutations responsible for mild/moderate
hemophilia A are associated with rates of inhibitor development as elevated as those seen in FVIII:Ag-negative
patients wih severe hemophilia A.61 This highlights the
existence of confounding parameters such as the impaired
secretion of some forms of mutated FVIII consecutive to
their retention in the endoplasmic reticulum,62 thus leading to poor antigen presentation resulting in absence of
tolerance induction. Alternatively, missense mutations
may create T-cell epitopes in the mutated endogenous
FVIII which differ from those of therapeutic FVIII.63-67 In
the latter case, the education of the immune system does
not “fit” with the exogenously administered FVIII and regulatory elements cannot be engaged in an adequate manner. More relevant to this review is the possibility that
active tolerance to FVIII in treated patients may be implicated irrespective of the severity of the disease and irrespective of the presence of the endogenous (mutated)
FVIII protein. This hypothesis is supported by several lines
of evidence.

Immunological assessment of therapeutic factor VIII in patients
with hemophilia A
About half of all FVIII inhibitors that form have a low
inhibitory titer, are clinically insignificant and usually disappear spontaneously.68 This is illustrated by the recent
240

SIPPET study in which 27% of the included patients with
severe hemophilia A developed transient FVIII inhibitors
in the initial months following first exposure to therapeutic FVIII.69 Immune recognition of FVIII in patients with
severe hemophilia A is thus not necessarily pathogenic
and can be controlled. In agreement, the presence of nonneutralizing anti-FVIII IgG has been described in inhibitornegative patients as well as in patients after successful
immune tolerance induction therapy.54 While the risk of
inhibitor development in patients with severe hemophilia
A is highest during the first 20 cumulated exposure days
(i.e., within the first 3-4 years of life),70 an increased incidence of FVIII inhibitors at an older age has been
reported.71 Incidentally, with age, tolerance mechanisms
weaken and there is an increased risk of developing
autoimmune manifestations.72 This observation pleads in
favor of the existence of active tolerance to therapeutic
FVIII in inhibitor-negative patients, which can be lost with
age. Importantly, immune tolerance induction therapy
successfully eradicates FVIII inhibitors in 60-70% of
inhibitor-positive patients. Although the induction of
active tolerance to FVIII during immune tolerance induction therapy has, to our knowledge, never been demonstrated formally, the disappearance of detectable
inhibitors and restoration of normal FVIII pharmacokinetics are associated in some patients with the persistence of
FVIII-specific T cells,73 anti-FVIII IgG with neutralizing
potential and concomitant induction of blocking anti-idiotypic antibodies.74 Lastly, the possible involvement of
CD4+CD25+ regulatory T cells during an ongoing inhibitory anti-FVIII immune response was suggested in a patient
with hemophilia A.64 Thus, tolerance to therapeutic FVIII
does not merely rely on the elimination of FVIII-specific
immune cells/antibodies. Collectively, these findings suggest the existence of an interplay between allogenic FVIIIspecific immune cells/molecules and regulatory elements
of the immune system, which is reminiscent of the homeostatic immune assessment of endogenous FVIII that prevails under physiological conditions (illustrated in Figure 1
for patients with severe hemophilia A).

Exacerbated immune response or failed tolerance?
We observed a few years ago that a GT repeat polymorphism in the promoter of the gene encoding the antiinflammatory enzyme heme-oxygenase-1 (HO-1) is associated with inhibitor development in patients with severe
hemophilia A.75 Thus, in a retrospective cohort of 300
patients, those who developed FVIII inhibitors had a significantly increased prevalence of longer GT stretches in the
hmox1 gene promoter, known to impair the capacity of the
cells to turn on expression of the gene.75 Conversely,
patients with shorter GT repeats had a lower incidence of
FVIII inhibitors. More recently, Matino et al. elegantly
demonstrated that dendritic cells from patients who have
developed FVIII inhibitors are less prone to express
indoleamine 2,3-dioxygenase 1 (IDO1), following in vitro
stimulation by CpG.76 IDO1 is a key regulatory enzyme
involved in the degradation of tryptophan which supports
regulatory T-cell functions and peripheral tolerance in adult
life. Taken together with the observation that polymorphisms in promoters of the pro/anti-inflammatory genes
encoding tumor necrosis factor-alpha, interleukin-10 and
cytotoxic T-lymphocyte antigen-4 are associated with FVIII
inhibitor development,11-14 these findings suggest that the
capacity of patients to induce the expression of the endogehaematologica | 2019; 104(2)
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nous anti-inflammatory machinery and/or regulatory pathways plays a key role in the ability of their immune system
to control the response to the administered therapeutic
FVIII. In order to test our hypothesis, a re-evaluation of
existing cohorts of patients with hemophilia A would help
to investigate whether patients who have developed a neutralizing anti-FVIII immune response have a generally more
potent capacity to mount immune responses after vaccination, or are more resistant to common viral or bacterial
infections, than inhibitor-negative patients.

Reconsidering the immune response to therapeutic
factor VIII
In the last 15 years, attempts to elucidate the reason(s)
for which 5-30% of patients with hemophilia A develop
an immune response to therapeutic FVIII, while 70-95%
of them do not, and to decipher the nature of the danger

signals that are adjuvants to the inhibitory anti-FVIII
immune response have remained largely inconclusive.
Observations over the years demonstrate that endogenous
FVIII is not ignored by the immune system under physiological conditions but is immunologically assessed, leading to its homeostatic recognition based on counteracting
reactive and tolerogenic adaptive immune effectors. Nonneutralizing FVIII-reactive antibodies are found in virtually all patients with hemophilia A; clinically irrelevant
inhibitory antibodies are transiently detected in a substantial number of patients after their first exposures to therapeutic FVIII; and FVIII inhibitors may arise at an age when
immune regulatory mechanisms are compromised (Figure
1). Furthermore, the development of FVIII inhibitors is
associated with a hampered ability of the organism to
activate HO-1 or IDO1-dependent anti-inflammatory/
tolerogenic mechanisms.

Figure 2. Immune response to factor VIII in patients with severe hemophilia A. (A) Classically, deciphering the immunogenicity of therapeutic factor VIII (FVIII) in
patients with severe hemophilia A is addressed by investigating the reasons for which 20-30% of the patients develop an immune response to exogenous FVIII, while
the remaining patients do not (adapted from Gouw et al.).24 (B) We propose that the immune system of all patients treated with FVIII reacts to the clotting factor. In
70-80% of the cases, this immunological assessment of therapeutic FVIII results in the establishment of active immune tolerance that relies on an equilibrium
between FVIII-specific immune effector and regulatory elements. However, for reasons that are yet to be deciphered, the remaining patients fail to turn on appropriate
anti-inflammatory/tolerogenic mechanisms. Anti-FVIII IgG: anti-factor VIII immunoglobulin G; aFVIII T cell: factor VIII-reactive T cell; Treg: regulatory T cell; anti-Id IgG:
anti-idiotypic immunoglobulin G.

haematologica | 2019; 104(2)

241

A. Varthaman et al.

Collectively, the accumulated evidence favors the
hypothesis that all hemophilia A patients treated with
FVIII develop an immune response to therapeutic FVIII:
mounting an immune response to exogenous FVIII is part
of the normal recognition and assessment of an innocuous antigen. In this context, the immunological assessment of therapeutic FVIII does not require the presence of
overt danger signals. The maturation of antigen-presenting cells leading to the activation of naïve T cells specific
for therapeutic FVIII is triggered in a bystander manner by
a dynamic immune system confronted with an everchanging environment. Furthermore, we propose that the
onset of neutralizing antibodies to FVIII in a substantial
number of patients results from these patients’ inability
to develop a counteractive antigen-specific tolerogenic
response, rather than from an exacerbated activation of
the immune system at the time of FVIII administration.
Consequently, instead of investigating why 5-30% of the
patients develop an inhibitory response to FVIII, the scientific challenge is to understand why 5-30% of the
patients fail to develop active immune tolerance to FVIII
(depicted in Figure 2 for patients with the severe form of
the disease). Such a change of perspective will have repercussions on the clinical management of patients. For
instance, in inhibitor-positive patients the use of
immunosuppressive drugs that favor the onset of T-cellmediated tolerance77,78 should be privileged over that of
drugs that simply shut off adaptive immunity. It will also
foster the development of strategies to achieve FVIII-specific immuno-tolerance. Of importance, prophylaxis with
emicizumab, a recently marketed FVIII-bypassing agent,
in previously untreated patients79 or in inhibitor-positive
patients80 allows correction of coagulation while avoiding
stimulation of the immune system with FVIII. It thus
inherently prevents the immunological (re-)assessment of
therapeutic FVIII and establishment of active tolerance.
Consequences on the incidence of inhibitor development
when the patients must receive therapeutic FVIII in the
future will have to be monitored.
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Conclusions
Studies in the past 15 years have focused on deciphering
the signals that lead to the development of a pathogenic
anti-FVIII immune response in 5-30% of patients with
hemophilia A, as compared to the therapeutic FVIII being
‘ignored’ in the remaining patients receiving therapy. To
our knowledge, there is no evidence supporting the
hypothesis that therapeutic FVIII is ignored by the
immune system in previously treated inhibitor-negative
patients. Based on the available experimental findings and
clinical observations, we propose that therapeutic FVIII is
not ignored but is assessed by the immune system of all
the patients exposed to this treatment. In most patients,
immune FVIII assessment is accompanied by the induction of antigen-specific counteractive tolerance mechanisms, which ensure that neutralizing anti-FVIII responses
are not incited. In a subset of patients, however, the inability to develop such tolerance leads to the onset of clinically relevant levels of neutralizing anti-FVIII antibodies. A
better understanding of the counteractive tolerogenic
response in play and of the genetic/environmental factors
that prevent its induction in inhibitor-positive patients
will have repercussions on the clinical management of
patients and highlight new strategies to achieve active
immune tolerance towards therapeutic FVIII.
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