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The occurrence of neutralizing anti-FVIII antibodies is a major complication in the
treatment of patients affected by hemophilia A. The immune response to FVIII is a
complex, multi-factorial process that has been extensively studied for the past two
decades. The reasons why only a proportion of hemophilic patients treated with
FVIII concentrates develop a clinically significant immune response is incompletely
understood. The “danger theory” has been proposed as a possible explanation to
interpret the findings of some observational clinical studies highlighting the possible
detrimental impact of inflammatory stimuli at the time of replacement therapy on inhibitor
development. The host immune system is often challenged to react to FVIII under
steady state or inflammatory conditions (e.g., bleeding, infections) although fine tuning
of mechanisms of immune tolerance can control this reactivity and promote long-
term unresponsiveness to the therapeutically administered factor. Recent studies have
provided evidence that multiple interactions involving central and peripheral mechanisms
of tolerance are integrated by the host immune system with the environmental
conditions at the time of FVIII exposure and influence the balance between immunity
and tolerance to FVIII. Here we review evidences showing the involvement of two
key immunoregulatory oxygenase enzymes (IDO1, HO-1) that have been studied in
hemophilia patients and pre-clinical models, showing that the ability of the host immune
system to induce such regulatory proteins under inflammatory conditions can play
important roles in the balance between immunity and tolerance to exogenous FVIII.

Keywords: hemophilia, inhibitor, danger model, FVIII, IDO, HO-1, tolerance

INTRODUCTION

Hemophilia is a recessive X-linked inherited bleeding disorder caused by a deficient or defective
protein needed for blood clotting. Hemophilia A (HA), characterized by Factor VIII (FVIII)
deficiency is more common than hemophilia B (HB) (1), and is more often complicated by
the occurrence of an immune response during treatment with the missing clotting factor (2).
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In particular, in patients affected by severe hemophilia (residual
FVIII activity <1%) that require prophylactic administration
of exogenous FVIII, the occurrence of neutralizing FVIII-
specific IgG antibodies directed toward the infused clotting
factor is frequent. In fact, up to 40% of treated patients will
develop neutralizing antibodies (inhibitors). The development
of inhibitors in hemophilia is a serious complication of factor
replacement therapy. Immune tolerance to FVIII has been
a major concern and interest of hematologists for many
years, because the development of inhibitors significantly
increases morbidity and lowers the quality of life within the
hemophilia population (3). The reason why only a fraction
of HA patients develop such an antibody response to FVIII
has been a matter of debate among researchers. The last two
decades have seen much progress toward the understanding
of the basic science of inhibitor development but it is still not
possible to predict which patients will develop an inhibitor on
an individual basis. Multiple possible risk factors have been
studied and have been categorized in two broad categories:
patient-related (e.g., F8 gene mutation, family history of
inhibitors, HLA haplotype, ethnicity, polymorphisms in
immune genes), and environmental factors (e.g., intensity
and type of treatment, type of FVIII product, age at first
treatment, surgery, bleeding, vaccination) (4). Clinical studies
dealing with patient-related risk factors have often reported
conflicting results, except for the underlying F8 mutation,
and in some instances adequate means of investigating
these factors in the pre-clinical, basic science context were
missing. Overall, decades of effort in investigating the
immune response to FVIII have clearly highlighted the
complexity of the process, which involves central and peripheral
mechanisms of tolerance that are integrated by the host
immune system with the environmental conditions at the
time of FVIII exposure. Among the environmental factors,
the role of the so-called “danger-signals” (e.g., vaccination,
hemarthrosis, surgery) at the time of FVIII infusion in the
development of inhibitors has attracted the interest of the
scientific community, and offered a possible explanation for
the intriguing question of why only a fraction of patients
with severe hemophilia A develop an immune response
to infused FVIII (5). In fact, the danger theory has been
often indicated as a possible explanation for the observed
phenomena and together with the self/non-self theory it has
been used to conceptualize the development of inhibitors
in hemophilia A. However, recently, it has become evident
that mechanisms of peripheral tolerance in post-natal life
are also important in the balance between tolerance and
immunity to FVIII, and in particular the role of two key
immunoregulatory enzymes, HO-1 and IDO1, has been
described. The evidence from these pre-clinical and clinical
studies also point to a possible different theoretical framework
to interpret the data in the light of the combined role of
central tolerance mechanisms during the early stages of T
and B cells development, the danger theory and acquired
mechanisms of peripheral tolerance at work throughout
the adult life. In this review we will summarize the role of
inducible peripheral tolerance mechanisms and the interplay

between them and inflammatory/stress signals present in
the environment.

SELF RECOGNITION, CENTRAL
TOLERANCE AND INHIBITOR
DEVELOPMENT IN HEMOPHILIA A: IS
CENTRAL TOLERANCE ENOUGH?

The immune response to FVIII is believed to develop as a
classic CD4+ T cell-mediated response to an exogenous protein,
where professional antigen presenting cells (APCs) internalize,
process, and present FVIII-derived peptides to antigen-specific
T cells (6). Activated T cells would then provide help to naïve
FVIII-specific B cells that can ultimately differentiate either into
memory B cells or antibody secreting cells that produce anti-
FVIII antibodies (7). The reason why FVIII-reactive T and B
cells exist can be explained by incomplete establishment of
central tolerance, especially in cross-reactive material–negative
(CRM-) patients. In these patients, FVIII-derived peptides could
not be presented to T and B cells during their development
in the primary lymphoid organs and the immune system
of the patients have not been properly educated with FVIII
during its ontogeny. Therefore, reactive cells are more likely
to persist in the circulation. The association between certain
F8 gene mutations and inhibitor development (8) highlights
the importance of central tolerance mechanisms in controlling
FVIII-reactive lymphocytes, suggesting the relevance of the long-
standing idea that the immune system mainly distinguishes
between self and non-self antigens. The self/non-self theory has
been a pillar of immunology for many years and has helped
to explain the development of tolerance or immune responses
toward antigens in several contexts (9). In the case of hemophilia
A, the relationship between the development of anti-FVIII
antibodies and the type of F8 mutation was recognized more
than 20 years ago. Mutations resulting in the absence (or severe
truncation) of FVIII protein are associated with the highest
risk of inhibitor formation, likely due to the prevention of a
patient’s immune system from initiating early central tolerance
to FVIII. Central tolerance refers to the regulatory mechanisms
that occur at the early stages of B and T cell development
in the bone marrow and thymus respectively, that culminates
in the removal of strongly autoreactive B and T lymphocytes
by clonal deletion, anergy, and receptor editing (10). T cells
with low-affinity receptors to self antigens can also undergo a
process of “clonal diversion” that promotes the differentiation of
T regulatory cells. An interesting experimental proof of concept
of central tolerance induction was developed by Madoiwa et al.
(11). They demonstrated that the administration of FVIII into
the thymus using a high-resolution ultrasound system results in
the induction of FVIII-specific unresponsiveness in hemophilia
A mice. The central tolerance process, however, is often imperfect
and the escape of reactive cells into the periphery is still possible.
FVIII reactive T cells can be found in both healthy donors and
hemophilia A patients (12–15). Therefore, the recognition of
self antigens (FVIII, in this case) is possible and can occur in
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healthy individuals. Consistent with these findings, anti-FVIII
IgG antibodies can also be found in the general population as
well as hemophilic patients with and without clinically relevant
inhibitors (16–18). Additionally, only a fraction of patients with
null mutations that most likely cannot undergo the physiological
processes of central tolerance to FVIII will develop inhibitory
antibodies. However, hemophilia A patients with less severe
mutations that can still allow for a partial or complete production
of FVIII antigen are still at risk of developing inhibitors.
Altogether, these findings suggest that central tolerance is a first
barrier against unwanted immune reactions against FVIII, but is
not fool-proof and needs to be complemented with peripheral
means of tolerance acquired during the adult life. Even though
this has not been extensively studied in hemophilia yet, some
evidence has been presented that mechanisms of peripheral
tolerance are indeed associated with a negative inhibitor status
in hemophilia A patients and can be exploited to control the
immune response against exogenous FVIII. The next section of
this review will describe the recent advances on how mechanisms
of peripheral tolerance are involved in the control of the immune
response to FVIII.

THE ROLE OF PERIPHERAL
TOLERANCE MECHANISMS IN
HEMOPHILIA A

Peripheral tolerance develops after T and B cells mature
and enter the peripheral tissues and lymph nodes (19). It is
established by a number of partly overlapping mechanisms
mostly involving control at the level of T cells, especially
CD4+ helper T cells, which orchestrate immune responses
and give B cells the confirmatory signals they need in order
to produce antibodies. The critical pathway to provide the
first T cells with information required to steer the immune
response toward immunity or tolerance is mediated by peripheral
APCs. During the primary immune response to FVIII, dendritic
cells (DCs) are presumed to be the APCs primarily involved.
However, DCs have a key role not only in promoting
antigen-specific immunity, but also in acting as regulators
of immune responses to antigens. Accumulating evidence
indicates that indeed DCs can induce tolerance rather than
immune activation to the antigen they present and a specific
lack of peripheral DCs can lead to autoimmune pathology,
demonstrating a role for DCs in peripheral tolerance (20,
21). The tolerogenic presentation of antigens by DCs can be
promoted by anti-inflammatory enzymes. Most likely, congenital
absence of FVIII prevents onset of central tolerance to FVIII,
thus foisting effective control of FVIII-reactive lymphocytes
on peripheral tolerance mechanisms at work in the post-
natal life.

The potential role of regulators of peripheral tolerance
has been recently explored in hemophilia, with a specific
focus on two immunoregulatory enzymes: heme oxygenase-
1 (HO-1) and indoleamine 2,3 dioxygenase (IDO; IDO-1).
A schematic representation of HO-1 and IDO-1 effects is
presented in Figure 1.

Heme Oxygenase-1, an Enzyme With
Oxidase Activity as Potential Regulator
of Peripheral Tolerance to FVIII
Heme Oxygenase-1 in Immune Regulation
Heme oxygenase-1 (HO-1) is an enzyme that catabolizes the
degradation of heme into ferrous ions, carbon monoxide (CO),
and biliverdin (22). Biliverdin is further enzymatically reduced
to bilirubin which possesses potent anti-inflammatory and anti-
oxidant properties (23). HO-1 can be induced by the presence
of heme as well as various stressors including proinflammatory
cytokines and inflammatory stimuli (24). Thus, HO-1 induction
exerts anti-inflammatory effects and when knocked-down in
mice or deficient in humans, a chronic inflammatory phenotype
is observed (25, 26). A growing body of literature has also
shown that HO-1 is capable of inhibiting a variety of immune
reactions (24). HO-1 upregulation has been shown in vivo
to induce a protective effect against airway inflammation in
allergic asthma and skin allergy models, potentially through the
mechanism of enhancing expansion and suppression functions of
CD4+/CD25+ Treg cells (27–29). In experimental autoimmune
encephalomyelitis (EAE) models, a common animal model for
multiple sclerosis, HO-1 knock-out mice develop severe EAE
symptoms whereas mice with induced HO-1 exhibit reduced EAE
symptoms (30).

Currently, the exact cellular mechanism of HO-1 induced
immunosuppressive effects is still unclear. However, studies
suggest that a large component may be attributed to the
ability of HO-1 and the HO-1 catalyzed end products bilirubin
and CO in inhibiting dendritic cell (DC) function (31–
33). A recent study demonstrated that induction of HO-
1 hinders DC maturation in vitro (31). This resulted in
limited antigen presentation and activation of adaptive T cell
responses as DCs after HO-1 induction exhibited diminished
ability to stimulate proliferation of allogeneic CD4+ T cells
(31). Other studies show that induction of HO-1 inhibited
production of the pro-inflammatory cytokines IL-12, IL-6, TNF-
a and type 1 interferons without inhibiting production of
the anti-inflammatory cytokine IL-10 (32, 33). This cytokine
environment may in turn promote expansion of Treg cells
which has been seen in studies investigating the effect
of HO-1 on allergic asthma (28). Although mechanisms
need to be further elucidated, HO-1 evidently plays a role
in regulating adaptive immune responses toward an anti-
inflammatory phenotype.

HO-1 Induction Confers Tolerance to Exogenous FVIII
in Experimental Hemophilia A Models
Interestingly, Dimitrov et al. demonstrated that HO-1 induction
in FVIII-deficient mice prior to FVIII administration
significantly reduces the anti-FVIII immune response (34).
To induce HO-1 activity, mice were intravenously administered
hemin, an oxidized form of heme. Results showed that out of
the 9 mice that were administered hemin prior to treatment
with FVIII, 8 were protected against inhibitor development
and inhibitor levels only slightly above the lower limits of
detection were found in the ninth mouse. On the other hand,
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FIGURE 1 | Schematic representation of tolerance induction via expression of IDO1 and HO-1 in hemophilia A. FVIII infusion in the presence of danger signal sensed
by APCs, particularly DCs, can result in the expression of IDO1 by DCs. Expression of IDO1 at high levels in turn will influence several immune cells. IDO1 expression
will arrest the proliferation of effector T cells and promote pro-apoptotic signals by depleting the microenvironment of Trp. It will also induce tolerogenic signals and
anergy of naïve T cells by promoting the interaction of B7 ligand on the surface of APCs with CTLA4 receptor, rather than CD28, on the surface of naïve T cells.
Additionally, accumulation of metabolites of kynurenine pathway, most importantly kynurenine and 3-HAA, can activate transcription factor AhR that leads to the
upregulation of Tregs and downregulation of Th17. Moreover, AhR activation by these metabolites regulates the expression of TGF-β1 and IDO1 genes in DCs and
will promote the expression of anti-inflammatory cytokines. In addition, inflammatory response via TLRs on DCs can inhibit the differentiation of FVIII specific memory
B cells to antibody secreting cells through upregulation of IDO1 in the presence of high concentration of exogenous FVIII. On the other hand, presence of high
concentration of heme, as well as inflammatory/stress signals which is caused by repeated episodes of bleeding in hemophilia A patients, can result in the generation
of high levels of carbon monoxide (CO) and biliverdin in the microenvironment caused by increased activity of HO-1. This will decrease the MHC II expression that
displays FVIII-derived peptides to TCR on naïve T cells. Consequently, fewer T cells will be primed and this will result in the reduction of T cell proliferation. As a
consequence, activation of these two immune regulatory enzymes potentiate the induction of peripheral tolerance to FVIII and inhibit anti-FVIII inhibitor formation.
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animals that were given PBS instead of hemin developed
high inhibiter titres after 3 weekly treatments (34). A similar
trend was seen with anti-FVIII IgG levels. The involvement
of HO-1 in the development of tolerance to exogenous FVIII
was confirmed using pharmacological approaches. When the
specific HO-1 inhibitor, SnMP, was co-administered with
hemin prior to FVIII treatment, the protective effect of hemin
alone was abrogated, and mice developed high levels of anti-
FVIII IgG (34). SnMP was shown to not have an effect on
anti-FVIII IgG development when administered alone (34).
Additionally, when FVIII deficient mice were treated with
CORM-3, a CO-releasing compound, or bilirubin instead
of hemin, a diminished anti-FVIII IgG response similar
to that when hemin was administered was observed (34).
This suggests that the tolerogenic effect of HO-1 may be
mainly attributed to the enzymatic pathway end products CO
and bilirubin.

HO-1 May Exert Its Effects Through Modulation of
Immune Cells
The protective effects of HO-1 may be due to modulation
of immune cells that play an important role in FVIII
antigen recognition, immune activation, and immune tolerance.
Splenic macrophages are APCs critical in the primary immune
response to exogenous FVIII and described as a location
for exogenous FVIII accumulation due to antigen recognition
and internalization (35, 36). Administration of hemin was
associated with a significant decrease of major histocompatibility
complex (MHC) class II expression on splenic macrophages
as well as splenic dendritic cells, which play a similar
antigen presenting role (34). Additionally, splenic T cells
from HO-1 induced mice displayed decreased splenic T
cell proliferation after injection with FVIII (34). However,
no significant changes in T-regulatory cells were observed
(34). These results taken together suggest that induction of
HO-1 aids in the development of peripheral tolerance to
exogenous FVIII in experimental hemophilia A, possibly due
to diminishing capacity for antigen presentation and T-cell
proliferation.

Increased HO-1 Expression Is Associated With
Lesser Prevalence of Inhibitor Development in
Humans
This relationship between HO-1 induction and tolerance to
exogenous FVIII also translates clinically to hemophilia A
patients. In humans, HO-1 is encoded by the HMOX1 gene
and regulation of HO-1 expression is predominantly at the
transcriptional level (37). Evidence suggests HO-1 expression is
modulated by polymorphisms in the promoter region of the gene
(37),whereby, the number of GT repeats in the promoter region
of the HMOX1 gene is a determining factor of the capacity at
which HO-1 is transcribed. Long GT repeats are associated with a
diminished ability to express HO-1 in response to stimuli whereas
shorter GT repeats result in greater HO-1 expression (38).
Increased HO-1 induction in individuals with shorter GT repeats
was associated with a lesser prevalence of inhibitor development.
In a case-control study by Repesse et al. with a sample of 99

inhibitor-positive patients and 263 inhibitor-negative hemophilic
patients, the number of GT repeats ranged between 14 and 38
repeats (37). After alleles for HMOX1 were divided into three
subclasses depending on the number of GT repeats, where class
S alleles contained <21 GT repeats, class M alleles contained
21–29 GT repeats, and class L alleles contained =30 GT repeats,
results showed that hemophilic patients with the L/L genotype
had a significantly greater prevalence of inhibitor development as
compared to all other genotypes (37). Additionally, individuals
with at least one L allele (L/L, L/M and L/S) were also significantly
more likely to develop FVIII inhibitors compared to those that
had no L allele (37). Even after controlling for hemophilia-
causing mutations in a multivariable logistic regression, the
authors found that this effect remained significant (37).

The results from these two studies strongly suggest that
the induction of HO-1 exerts protective effects against anti-
FVIII inhibitor formation. Additionally, certain individuals are
genetically predisposed to greater HO-1 expression, thus making
them more prone to inducing peripheral tolerance to FVIII
through a HO-1 related mechanism.

Indoleamine 2,3 Dioxygenase Another
Enzyme With Oxidase Activity as
Potential Regulator of Peripheral
Tolerance to FVIII
IDO1 in Immune Regulation
Reciprocal interactions between metabolic pathways and
immunity coordinate cross-talk between whole-body and
immune cell functions and is involved in a variety of health
and disease states (39). Among these pathways, metabolism of
L-Tryptophan (Trp), one of the nine essential amino acid that
is obtained exclusively from dietary intake in humans, regulates
immune responses at multiple levels (40).

During homeostatic conditions in mammalian cells, 99%
of dietary Trp is metabolized via the kynurenine pathway
(41). Trp metabolism through the kynurenine pathway is
catalyzed by three different enzymes namely, tryptophan
2,3-dioxygenase (TDO2), indoleamine 2,3 dioxygenase 1
(IDO1), and indoleamine 2,3 dioxygenase 2 (IDO2). Both
TDO2 and IDO1 activities are rate limiting for Trp entry
into the hepatic and extrahepatic kynurenine pathway,
leading to Trp depletion and the production of a series
of intercellular messengers molecules collectively known
as kynurenines characterized by immunoregulatory, pro-
apoptotic, and neuroactive properties (42–46). Both effects
have been shown to be involved in the regulation of immune
responses (47). Moreover, the IDO1 enzyme, as part of its
moonlight activity, can also function as an intracellular
signalling molecule whose posttranslational modifications
are involved in the production of TGF-β by dendritic cells
(DCs) (48, 49). All of these features in a combined fashion
participate in the induction of immune regulatory pathways
in various immune cells including T cells (50) and dendritic
cells (48).

It is important to remember that IDO1 is an inducible enzyme
whose expression can be strongly increased in immune cells
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by proinflammatory signals including Toll-like receptors (TLRs)
and proinflammatory cytokines (45, 51–55).

In particular, co-culture of naïve CD4+ T cells with DCs
expressing high level of IDO suppresses the proliferation of
effector T cells and induced the expansion of Foxp3+ regulatory
T cells in vitro (56–58). Several mechanisms have been attributed
to immunosuppressive and immunoregulatory features of IDO1.
IDO1 has very low Km for tryptophan, such that it readily
depletes the microenvironment of tryptophan (59, 60). T cell
proliferation is highly dependent on the presence of tryptophan.
Therefore, IDO1 can alter T cell responses by locally depleting
this essential amino acid and thus blocking the cell cycle in
the interphase stage and arresting the proliferation of CD4+
T cells, which is key in the progression of humoral immune
response (61, 62). There is also evidence for anergy of CD4+
T cells induced by accumulation of tryptophan catabolites as a
result of IDO1 enzymatic activity (62, 63). The accumulation
of downstream catabolites of kynurenine pathway have potent
immunoregulatory effects and can induce the differentiation
of naïve CD4+ T cells toward regulatory T cells (50, 57, 64).
Among these, kynurenine and 3-Hydroxyanthranilic acid (3-
HAA) were shown to induce Foxp3+ regulatory T cells (Tregs)
expansion and inhibit non-Treg cell proliferation in vitro and
in vivo similar to IDO1 (56). Kynurenine can promote similar
effects by acting as activating ligands for transcription factor
Aryl hydrocarbon receptor (AhR) leading to both regulation of
systemic inflammatory response and increased ratio of Tregs
to Th17 cells (49, 65). Moreover, a positive loop has been
reported between Trp metabolism and AhR, as activation of
AhR upregulates the expression of IDO1 in both mature and
immature DCs (65, 66). Interestingly, the target for 3-HAA
activity has recently been reported. 3-HAA was shown to activate
the AhR coactivator, nuclear receptor coactivator 7 (NCOA) thus
increasing the kynurenine induced effects (67).

Altogether these data suggest that IDO1 induction can control
the host immune response and promote tolerance induction
in several different contexts. Accordingly, dysregulation of Trp
metabolism have been reported in various diseases including
tumors, autoimmunity, and neurodegenerative diseases (40).
Specifically, in different in vivo models, IDO1 expression has
shown to have a protective effect on autoimmune encephalitis
and pancreatic islet allograft (64, 68). In addition, IDO1
inhibition resulted in increased mortality and disease severity
in an experimental model of T cell mediated colitis, and
transfusion of IDO overexpressing DCs was associated with
long term allograft survival of recipients in a mouse model of
small bowel transplantation (56, 69). There are also numbers of
studies that have reported the ability of tumor cells in evading
host immune responses by expressing IDO1 (61, 70). All these
evidences have recently stimulated interest in therapeutically
targeting this pathway in various immune related disease
conditions (40).

IDO1 and Allogenic Immune Response to FVIII in
Hemophilia A
In hemophilia A, several immune cells are involved in directing
the immune response toward inhibitor development, and antigen

presentations by APCs and subsequent activation of FVIII-
specific CD4+ T cells appear to play a key role (7, 71, 72).

The reduction of FVIII-specific CD4+ T cell activation, as
well as amplification of regulatory subsets of T cells by IDO1
represents a potential mechanism for tolerance induction and
a possible strategic means to restrain the anti-FVIII immune
response in hemophilia A.

Correlation between IDO1 expression and anti-FVIII
inhibitor development has been assessed in a few studies. In a
study conducted by Liu et al., co-delivery of human FVIII and
IDO1 genes into adult hemophilia A mice resulted in decreased
anti-FVIII inhibitor development (73). In this study, expression
of IDO1 protein significantly reduced anti-FVIII antibody
levels, but did not completely inhibit the anti-FVIII immune
responses. Here, high plasma level of kynurenine correlated
with lower inhibitor level and apoptosis of T cells was observed
in hemophilic mice that received IDO1 gene delivery. The
author concluded that T cell apoptosis and blockade of T cell
proliferation induced by IDO1 contributed to the modulation
of the humoral immune response against FVIII in mice. In the
same study, culture of murine peripheral blood mononuclear
cells in the presence of kynurenine in vitro resulted in apoptosis
of the cells (73).

In another study, high dose administration of TLR9 ligand
(CpG-ODN) inhibited the differentiation of FVIII specific
memory B cells to antibody secreting cells (ASCs) in the presence
of high concentrations of FVIII in hemophilia A mice (74).
Systemic high dose CpG-ODN was associated with increased
expression of IDO by DCs in mouse models (74, 75). The author
proposed that inhibitory effects of high concentrations of CpG-
ODN on FVIII specific memory B cells may have been mediated
by upregulated IDO1 expression by immune cells potentially
involving DCs (74).

The IDO1 involvement in restraining FVIII antibody
responses in hemophilia has been further confirmed by the study
of Matino et al. where both IDO1 expression in hemophilic
patients with or without inhibitor and the impact of IDO1 activity
restraining FVIII alloantibodies in hemophilic mouse (i.e., F8
KO mice) were investigated (76). Specifically, in a cohort of
100 severe hemophilia A patients, the inhibitor-positive status
was associated with dysfunctional activation of IDO1 in human
CD11c+ APCs in response to the “environmental danger signal”
CpG ODN acting as ligand for the Toll-like receptor 9 (TLR9)
(76). In F8 KO mice, the animal model of hemophilia A,
CpG-ODN administration and consequent induction of IDO1
in dendritic cells (DCs) was shown to prevent generation of
anti-FVIII antibodies while promoting FVIII-specific FoxP3+
Tregs, which effects required both IDO1 and AhR in host
immune cells (76).

Overall, all these studies could form a basis for further
progress toward novel strategies involving Trp metabolism
aimed at limiting FVIII alloantibody production and establishing
tolerance to FVIII products. This could apply to patients at
the beginning of prophylaxis to reduce the incidence rate of
inhibitors, or in patients undergoing immune tolerance induction
to increase the success in eradicating inhibitors to therapeutically
administered FVIII protein.
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A NEW INTEGRATION OF IDO1 AND
POTENTIAL HO-1 ACTIVITY IN THE
DANGER MODEL IN HEMOPHILIA A

A possibly unifying theoretical framework for the immune
response to FVIII in HA patients has been sought after and the
“danger theory” has been very well received among researchers
in the field to explain, at least in part, the complex pattern of
inhibitor development in hemophilia (77, 78).

The model, originally proposed by P. Matzinger, opposes the
concept that the immune system’s primary goal is to discriminate
between self and non-self (79). On the contrary, the danger theory
proposes that the primary driving force of the host immune
system is the need to detect and protect against danger. If a
foreign or a self-antigen is not assessed as dangerous, tolerance
should be the outcome. Therefore, according to this model the
immune responses to FVIII could be influenced by the presence
in the microenvironment of danger-signals. The immune system
would discriminate not only on the basis of self vs. non-self but
also by whether or not an antigen is perceived as dangerous.
Theoretically, if FVIII is per se perceived as dangerous or if
APCs somehow recognize tissue stress and injury at the time
of FVIII exposure, they may present antigens to the immune
system in that context. Potentially, this could happen when FVIII
is administered during events such as hemarthrosis, surgery,
trauma, vaccination, or infection. After administration, FVIII
molecules can be captured and internalized by APCs, such as
dendritic cells (DCs), and are processed and presented on the
major histocompatibility (MHC) class II complex to naïve CD4 +
T-cells. This process may occur in the presence of danger signals
in the microenvironment. In fact, several concurrent events such
as surgery or joint bleeds could theoretically result in tissue
damage and the release in the extracellular milieu of damage-
associated molecular patterns (DAMPs) (80). The presence
of certain pathogen-derived molecules (pathogen-associated
molecular patterns; PAMPs) could act in a similar way. Pattern
recognition receptors (PRRs) on DCs surface can recognize and
bind to DAMPs and to PAMPs (81). The binding to PRRs
leads to the upregulation of essential costimulatory molecules
(CD80/CD86) and other adhesion molecules, triggering the
production of immune stimulatory cytokines. Activated T-cells
can in turn activate FVIII-specific naive B-cells, which can
expand and differentiate either into plasma cells, secreting anti-
FVIII antibodies, or FVIII-specific B-memory cells.

In the absence of danger signals, DC maturation is not
triggered by the engagement of pattern recognition receptors
(PRR), co-stimulatory molecules on DCs are not upregulated,
and this would prevent activation, clonal expansion, and
acquisition of effector functions by T cells. The interaction
between an APC not expressing co-stimulatory molecules would
instead result in T-cells becoming anergic and not able to further
stimulate B-cells.

This theoretical premise would support the effort to a)
clearly identify the danger signals occurring during hemophilia
A patients’ treatment and b) avoid such stimuli during
FVIII administration.

However, clear evidence of direct and unequivocal effect
on increasing immunogenicity of FVIII by danger signals is
still missing.

In vitro Studies
In the study by Pfistershammer et al., it was shown that neither
FVIII, thrombin-activated FVIII, nor FVIII-VWF complex
modulates the maturation of human dendritic cells (DCs) or
their ability to stimulate T cells (82). Also, even though it has
been hypothesized that FVIII could be immunogenic in vivo
because of its procoagulant function, robust evidence in this
sense is still lacking and conflicting results have been reported
(83–85). However, human monocyte-derived DCs from healthy
donors treated in combination with FVIII and a danger signal
(LPS) at specific doses synergised in increasing DC activation,
as characterised by increased expression of co-stimulatory
molecules and secretion of pro-inflammatory cytokines (86). The
results though would vary with the type of FVIII (recombinant
vs plasma-derived) and the type and amount of co-applied
danger signal. The authors concluded that also donor-intrinsic
characteristics would play a relevant role.

Joint Bleedings
A potential source of tissue damage and inflammation in
hemophilic patients is recurrent joint bleed. This also requires
treatment with FVIII and could then increase the risk of inhibitor
development. In a hemophilia A mouse model of single knee
puncture-induced haemarthrosis, the possible synergistic effect
of joint bleeding on inhibitor development during FVIII therapy
was investigated (87). The authors could not find an effect of
joint bleeding on immune response to administered FVIII. On
the other side, clinical studies reported conflicting results and
could not show a consistent association between treatment of
joint bleeding episodes and inhibitor development (88–90).

Vaccinations
A possible influence of vaccinations at the time of FVIII
administration has been also hypothesized and generated some
discussion in the community of hemophilia treaters (91). In fact,
in a similar way that the presence of adjuvants may stimulate the
immune system, vaccinations might also act as a danger signal.
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 (92). Surprisingly, the
study found that vaccination did not increase the risk of inhibitor
development and in fact resulted in reduced antibody responses
to FVIII (92).

Clinical observational studies have not reported an increased
risk of inhibitor with vaccinations (89, 90). More recently, a
retrospective analysis evaluating the possible association between
FVIII administration given in close proximity to vaccination
and inhibitor development was conducted (93). A cohort of
375 previously untreated patients with severe haemophilia A
was studied. The analysis was limited to patients receiving
vaccinations between the first and 75th exposure day, when the
risk of inhibitor development is highest. Interestingly, inhibitor
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developed in a similar but slightly lower frequency in patients
receiving vaccinations with FVIII compared to patients receiving
vaccinations without FVIII.

Surgery
Surgery is another potential relevant immunological event in
that it can create substantial tissue damage and be associated
with release of endogenous DAMPs that could promote inhibitor
development. A case-control study published in 2005 could not
demonstrate a significant association between surgery and risk
of inhibitor (89). In contrast, Gouw et al. combined individual
patient data obtained from four recombinant FVIII product PUP
studies performed between 1989 and 2001 (94). Peak treatment
in correspondence of surgical procedures was associated with a
2.4 (CI 1.2–4.8) times increased risk of developing an anti-FVIII
immune response. Similar results were obtained by Eckhardt
et al. in a systematic review including four cohort studies and
three case control studies. The analysis showed that intensive
treatment at the time of surgery increased the risk of inhibitor
development. The odds for inhibitor development in patients
that received intensive treatment at the time of surgery was four
times higher compared to patients that were treated for bleeding
or prophylaxis (95). However, the association between surgery
and inhibitor risk could not be confirmed in the a multicentre
cohort study enrolling 606 previously untreated patients affected
by severe hemophilia A (RODIN study) (96). Similarly, in
a mouse model of hemophilia A, surgery did not increase
inhibitor production (97). In this study, mice that underwent
laparotomy were no more likely to develop anti-FVIII antibodies

compared to those that did not. In addition, surgery did not
result in higher-titre antibodies. However, surgery increased
the production of inflammatory cytokines IL-1 and IL-6 and
caused an upregulation of the expression of the costimulatory
molecule CD80 on APCs.

In summary, some clinical studies have suggested a possible
association of surgery with inhibitor formation, but results are
not consistent and the large heterogeneity amongst included
studies might also explain, at least in part, the differences. No
pre-clinical model was able to prove a definite role for surgery
in inhibitor development in hemophilia A mice so far.

Avoiding Danger Signals During FVIII
Exposure Cannot Prevent Inhibitor
Development
Importantly, a possible consequence of the danger model is that
administration of FVIII in the absence of danger signals, as is
the case with prophylactic treatment, would promote tolerance
to the deficient coagulation protein. In a pilot study, Kurnik
et al. evaluated whether low-dose prophylaxis during the initial
20–50 EDs in combination with avoidance of immunological
dangers signals could promote FVIII tolerance and reduce the
incidence of inhibitors (98). In this prospective study consecutive
patients were enrolled in 2 centers in Germany and an early
prophylaxis regimen seemed to be associated with a significantly
reduced risk of inhibitor development compared to patients
treated with a standard prophylaxis regimen. This finding could
not be replicated in a larger international prospective study (EPIC
study; Early Prophylaxis Immunologic Challenge).

FIGURE 2 | IDO and HO-1 in the immune response to FVIII. The presence of the danger model at the time of FVIII administration has been generally viewed as
invariably increasing the risk for inhibitors development in all hemophilia A patients (A). However, several studies have shown that there is a proportion of patients
that cannot respond to inflammation/danger signals inducing counter-regulatory mechanisms of adaptive tolerance such as IDO and HO-1. The capacity of the host
immune system to upregulate such mechanisms could tip the balance in favor of immunity or tolerance to FVIII (B). Overall, in many severe hemophilia A patients
that cannot produce any FVIII antigen, an altered central tolerance capacity is expected, resulting in an incomplete “barrier” preventing the escape of FVIII-reactive
cells. However, in the FVIII-reactive cells can be controlled in the periphery by adaptive mechanisms of tolerance (C).
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The study had to be terminated prematurely because of
a higher than expected inhibitor incidence that seriously
compromised the likelihood to reach the primary objective (8/19
patients, 42%) (99).

AN INTEGRATED MODEL OF IMMUNE
RESPONSE TO FVIII

Overall, a direct and univocal effect of inflammation/danger on
inhibitor development in hemophilia A has not established yet,
rather several of the aforementioned studies point to a substantial
variability that is likely to be dependent on the host ability to
control this external stimuli and how they are integrated in the
immune response. It’s interesting to note that studies on both
human and mice on IDO-1 and HO-1 indicate in fact that
the response of the host to potential danger signals influences
the outcome and directs the immune system toward tolerance
or immunity. APCs, and in particular DCs, integrate complex
environmental signals and have the capacity of directing the
magnitude and polarity of the immune response. The influence
of IDO-1 and HO-1 on APCs in promoting a tolerogenic
response could represent both an important physiological control
of the host response in this and other contexts, but also a
possible target for a focused therapeutic manoeuvre. These
peripheral mechanisms of tolerance are physiologically activated
under stress conditions and can help regulate the response
in an inflammatory micro-environment and the inability of
the host to upregulate such systems could result in a more
pronounced immune response, especially when reactive B and
T cells are present in a significant amount because of an altered
primary education of the immune system in the thymus and
bone marrow. This could indeed be the case in hemophilia A
patients, particularly for those that have mutations preventing
the production of FVIII antigen (cross-reactive material negative;
CRM-). In these patients, control of the FVIII immune response
is more heavily dependent on the capacity of counteractive
activity of immunoregulatory pathways of peripheral tolerance
such as IDO-1 and HO-1. The results of the published studies

clearly point toward a variability in the induction of such
enzymes and failure to activate such regulatory mechanisms
are associated to inhibitor development in HA patients and
increased inhibitor production in experimental models. Taken
together, results of clinical and pre-clinical studies would suggest
that even though danger signals are often present at the time
of FVIII administration (e.g., hemarthrosis), this does not
always determine the occurrence of an immunogenic response
to FVIII but can also allow the development of tolerance
through the upregulation of systems of adaptive immunity that
actively promote tolerance and control inflammation (Figure 2).
This is in fact the most common outcome of the encounter
between exogenous FVIII and the patient’s immune system
and suggests that FVIII is indeed constantly assessed by the
host immune system and actively tolerated in a substantial
proportion of patients (71). Monitoring the function and capacity
of inducible mechanisms of peripheral tolerance such as IDO-
1 and HO-1 in hemophilic patients receiving replacement
therapy might lead to a better understanding of the process that
result in tolerance or immunity to clotting factor concentrates
and contribute to the generation of focused and strategic
intervention to promote favorable immunological outcomes in
this challenging context.
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