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Abstract Patients with hemophilia A are deficient in
coagulation Factor VIII. This bleeding disorder can be
treated with Factor VIII replacement therapy, but close to a
third of patients will be immunized to the treatment and
begin to form inhibitory antibodies known as “inhibitors”.
These inhibitors will render the treatment ineffective and
represent the most severe complication in the treatment of
hemophilia A. In this review, we highlight factors involved
in inhibitor development and emphasize research being done
to modulate the immune response to this life-saving therapy.
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Introduction

Hemophilia A is a bleeding disorder defined by a functional
deficiency in clotting Factor VIII (FVIII), a large glycoprotein
with multiple domains in the order NH2-A1-A2-B-A3-C1-C2-
COOH. The corresponding gene spans 180 kb and constitutes
0.1% of the X chromosome [1]. It is primarily synthesized in
the liver and circulates as a heterodimer in a complex with the
much larger protein, von Willebrand factor (vWF), which
protects it from degradation and endocytosis, and concentrates
it at the site of action [1–3]. In its active form, FVIII functions
as a regulatory co-factor that anchors activated factor IX and
factor X, a serine protease, to platelet phospholipids forming

the “Xase” complex and increasing the rate of FX activation
nearly 200,000-fold [4]. FVIII plays an essential role in the
intrinsic clotting pathway, but only a low concentration
(0.2 µg/ml plasma) is needed to ensure proper function.
When the plasma concentration of FVIII is insufficient,
bleeding episodes will occur that are characterized by
increased duration rather than increased intensity [1, 2].

The severity of hemophilia A varies depending on the
nature of the mutation to FVIII and activity of any
endogenous protein that may have formed. About two thirds
of patients are designated as severely affected because they
have less than 1% functional FVIII. Those with moderate
disease have activity levels between 1% and 5%, whereas
mild disease is defined as 5–50% of normal FVIII function.
Each of these reflects a spectrum of mutations that lead to a
loss of part or all of the FVIII protein. The FVIII gene itself
is prone to mutation. Indeed, about 30% of the one in 5,000
males affected have no family history.

Hemophilia A leads to a clinically heterogeneous set of
bleeding problems, or diatheses, following surgery or
trauma. Trauma, in particular, occurs early in life with
bleeding into the muscle and joints (primarily the knees,
elbows, ankles, shoulders, and hips). In a vicious cycle,
trauma will precipitate joint problems that are followed by
inflammation and synovitis. This leads to more bleeding
into the joints, ultimately resulting in disability or even
death from excess blood loss. To treat bleeding episodes,
physicians use recombinant or plasma-derived FVIII.
Depending on the severity of the disease and mutation
involved, patients can develop a deleterious response to the
treatment. Thus, their immune system identifies this protein
as foreign and mounts a humoral response to epitopes in
FVIII. A subset of these antibodies block the functional
regions and are termed “inhibitors.” These inhibitory
antibodies are typically measured in a Bethesda assay
[1, 5]. The factors that govern inhibitor formation and its
modulation are the focus of this review.
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Inhibitor development is currently the most significant
complication in the treatment of hemophilia. Although
antibodies can bind various parts of the FVIII protein,
inhibitors are primarily directed towards the A2, A3, and
C2 domains where they function through steric hindrance
preventing association with Factor IX and Factor X to form
the Xase complex, binding of FVIII to vWF, and the
binding of FVIII with phospholipid membranes [5].
Additional inhibitory antibodies may bind neo-epitopes
formed when FVIII and vWF are bound and prevent normal
dissociation of the complex, or they may inhibit proteolytic
cleavage by thrombin. Moreover, the epitopes recognized
may change over time and titers may decline over time
without any change in treatment [6]. It has also been shown
that anti-FVIII antibodies may possess enzymatic activity to
hydrolyze FVIII [7, 8], and it has been proposed that
immunoglobulins may accelerate the clearance of FVIII
from circulation [9]. Understanding the factors that govern
the formation of inhibitors and how they can be controlled
is fundamental to providing adequate care to those affected.

As mentioned, treatment can have the unintended
consequence of immunizing the patient to the cure. This
may be unexpected considering the treatment is adminis-
tered intravenously (i.v.), a route that is more tolerogenic
than intramuscular or intraperitoneal delivery, and in the
absence of any obvious adjuvant to produce “danger
signals” [10]. Still, up to a third of all patients will respond
with inhibitory antibodies. Risk factors that contribute to a
patient’s response to this life-saving treatment have been
excellently reviewed in the past [11] and have been updated
in detail for this issue (Ghosh K and Shetty S). In this
review, we will highlight a few of the factors involved in
inhibitor development and emphasize research being done
to modulate the immune response.

Type of mutation in the FVIII gene can affect
immunogenicity

The human FVIII gene is located at the end of the long arm
of the X chromosome, spans 186 kb in length, and consists
of 26 exons ranging in size from 69 to 3,106 bp [12]. Since
the FVIII gene was cloned in 1984 [12–14], a large number
of disease-causing mutations within this gene have been
identified. A database of mutations in the factor VIII gene
(HAMSTeRS) has been published in 1996 and regularly
updated [15].

The type of genetic mutation in the FVIII gene clearly
has a major influence on inhibitor formation [15–17].
Generally, mutations that result in absence or severe
truncation of the FVIII protein are associated with the
highest incidence of inhibitor formation [18–25]. These
types of mutations include intron 22 inversion, intron 1

inversion, large deletions, and nonsense mutations [22].
Interestingly, even a single point mutation can result in
inhibitor formation against the wild type of FVIII protein.

One reason for the high incidence of inhibitor formation
in patients with mutations that resulted in the absence or
severe truncation of FVIII is that these patients have failed
to achieve either central or peripheral self-tolerance. The
primary mechanism of central self-tolerance is mediated
through the deletion of auto-reactive T cells. During their
maturation in the thymus, immature T lymphocytes with
high affinity to self-antigens are negatively selected through
apoptosis. If self-reactive cells survive and enter the
circulation, tolerance would need to be maintained in the
periphery through the induction of anergy from the lack of
co-stimulation or by regulatory T cells. In hemophilia A
patients, the absence of peptides derived from endogenous
FVIII protein prevents the deletion of antigen-specific T
cells. Therefore, the infused FVIII would be perceived as a
foreign protein, and the adaptive immune response could be
triggered. The incidence of inhibitor formation would be
predicted to be lower in those patients whose FVIII gene
mutation still permits certain amount of FVIII antigen to be
existed in the circulation. This appears to be the case (see
below).

The presence of FVIII protein or even peptides derived
from a mutant FVIII gene should mitigate inhibitor
formation. One example is the relatively low incidence of
inhibitor formation (0–16%) in patients with small deletion/
insertion mutation [25, 26]. This type of mutation often
leads to a frame shift and a subsequent stop codon, which
would suggest an inhibitor incidence in the same range as
nonsense mutations. However, a study conducted by Young
et al. [27] revealed that, in one patient with a frameshift
mutation in exon 14 (delT from A8TA2 at codon 1441,
resulting in A10), the reading frame was apparently
restored in 5% of the mRNA. The result was a moderate
amount of functional, in-frame (A8 and A11) FVIII mRNA.
This phenomenon was later confirmed by Oldenburg et al.
[28], who demonstrated that FVIII antigen was detectable,
using a highly sensitive ELISA protocol, in two of four
patients with deletion or insertion mutations which caused a
frame shift in exon 14, but none of the five patients with
other nonsense or inversion mutation had detectable FVIII
antigen.

Mis-sense mutations represent the major mutation type
in mild/moderate hemophilia A and are usually associated
with the presence of endogenous but functionally altered
protein. Patients in this category have a lower risk for the
formation of inhibitors (5%) [25]. Although functionally
altered, endogenous FVIII would be sufficient to induce
partial immune tolerance. However, there are exceptions.
Studies by Hay [29] demonstrated that, within this group,
there might be few high-risk FVIII genotypes clustered in
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“hot spots” within the A2 and C2 domains, especially the
Arg593-Cys and the Trp2229-Cys mutations, respectively. Up
to 40% of the patients with point mutations located in the
above sites developed inhibitors. An alternative mechanism
may underlie inhibitor development in these patients. One
possible explanation is that a stable conformational change
might be introduced by mutation in those sites, which
renders the mutant antigenically distinct from wild-type
FVIII [29].

Hereditary risk factors: role of HLA and SNPs

Considering the important role of MHC I and MHC II in
antigen presentation, polymorphisms in these genes have
long been suspected to play a role in the inhibitor formation
in hemophilia A patients [30, 31]. However, strong
evidence for this has not yet been found. The HLA class I
alleles A3, B7, and C7 and the class II alleles DQA0102,
DQB0602, and DR1501 were found more often in
hemophilia A patients with inhibitors[32, 33]. But the
correlation was weak, and such a trend was not seen again
in the more recent Malmö International Brother Study
(MIBS) [34], in which sibling hemophilia A patients were
enrolled in the cohort.

Interestingly, a strong link between TNF-α gene polymor-
phism and the inhibitor formation in hemophilia A siblings
was found in the MIBS study [34]. Among the 164
hemophilia A siblings studied, homozygosity of −308 A
allele was identified in 22 individuals (13.4%), 16 of which
developed inhibitors (72.7%). This single nucleotide poly-
morphism (SNP) in the promoter region of the TNF-α is
associated with increased production and secretion of TNF-α
in patients with inflammatory bowel diseases and myasthenia
gravis [35, 36]. It is also noteworthy that the TNF-α gene
locates within the class III of MHC. Whether this TNF-α
SNP is an independent risk factor for inhibitor formation
may require further investigation with larger cohorts.

Recently, IL10G, an allele with 134 bp in one of the CA
repeat microsatellites located in the promoter region of the
IL10 gene, has been shown to be a risk factor for inhibitor
formation in hemophilia A patients. IL-10 is an important
immunoregulatory cytokine, and the IL10G allele has been
reported to associate with high antibody production in
autoimmune diseases, like Wegener’s granulomatosis and
myasthenia gravis [37, 38]. The MIBS study [39] demon-
strated a strong correlation between the IL10G allele and
inhibitor formation in siblings with hemophilia A. This
allele was identified in 44 of 164 (26.8%) patients with
hemophilia A, and 32 of them (72.7%) developed inhib-
itors. However, the exact mechanism by which this IL-10
polymorphism increases the risk of inhibitor formation
remains to be elucidated.

Environmental risk factors

The discordance of the monozygotic twins in inhibitor
formation reported in the MIBS study [40] suggested that,
in addition to the decisive role of genetic predisposition,
environmental risk factors also have a major role to play.
Some of the environmental risk factors appear to be the age
of first exposure, the mode of administration, ongoing
infection, and probably vaccination.

Studies have indicated the age of first exposure to FVIII to
be a risk factor for inhibitor formation [41–42]. However, in
these studies, the type of FVIII mutation was not controlled,
and the need for earlier treatment might reflect a more severe
disease phenotype or importantly more intensive therapy for
major bleeds. Indeed, in the study by Santagostino et al. [43],
when the genetic factors were adjusted, such association was
not seen in a cohort of 108 hemophilia A children who
received FVIII treatment. Interestingly, in a subgroup of 25
cases, patients who started early prophylaxis had a lower
inhibitor risk than those treated on demand. Therefore, there
is a need to further explore if the age of first exposure has a
true impact on inhibitor formation.

The mode of administration, e.g., a bolus injection vs.
continuous infusion, could be another risk factor, with
continuous infusion appearing more likely to lead to
inhibitor formation in many hemophilia A patients [44–
47]. However, the circumstances, which lead to the choice
of administration method, also have implications for
interpretation of risk. Therefore further, large sample size
studies which control for intensity of treatment and bleeds
are needed to delineate the risk of continuous infusion.

Whether ongoing infection or vaccination during the
FVIII replacement therapy is a risk factor for inhibitor
formation is still a largely open question. Such situations
might be able to provide a “danger signal” to the patient’s
immune system and favor an effective immune response to
FVIII, as in a mechanism proposed by Reipert et al. [48].

From an immunologic point of view, early intervention
with prophylaxis should be more tolerogenic. However,
humans are quite immunologically competent for most
antigens even before birth, so other risk factors cited above
must play a role. It is likely prophylaxis done under
controlled conditions may be highly preferable to favor
tolerance and avoid inhibitor formation.

Nature of the product used in therapy

The type of anti-hemophilic product used (recombinant or
plasma-derived) has triggered a debate in this field since the
introduction of recombinant FVIII product. Experts dis-
agree over whether or not new recombinant products create
neo-antigens or lack protective chaperones, like vWF, and
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may be more immunogenic [49, 50]. Now that viral
inactivation techniques have virtually eliminated the threat
for transmission of HIV or HCV, plasma-derived concen-
trates are safe and effective. However, the recombinant
alternatives may offer a cheaper and readily available
substitute. Key to the debate is the role of vWF, which is
present in plasma-derived preparations but absent from the
recombinant form. As mentioned, vWF serves to stabilize
and concentrate FVIII at the site of action; it also covers
regions of the proteins where inhibitors can bind. However,
recombinant FVIII protein should theoretically bind with
high affinity to endogenous, circulating vWF. Thus, it is not
immediately clear that this should make a significant
difference.

To address these questions in a clinical setting, research-
ers have performed a number of retrospective and prospec-
tive studies, though there is still a need for randomized
control trials large enough to withstand the rigors of
evidence-based medicine [51]. In 2006, Goudemand et al.
[52] published an analysis comparing responses to plasma-
derived (pdFVIII), or recombinant FVIII (rFVIII) in 148
PUPs who were treated in 24 French hemophilic centers.
They found that treatment with recombinant FVIII carries a
2.5- to 3-fold higher risk for the development of inhibitors.
Additionally, non-whites were 3.5 to 6.7 times as likely to
form inhibitors, and with a positive family history, patients
are approximately 6-fold as likely to form inhibitors when
treated with recombinant products. The authors suggest that
a likely reason for a decreased response to pdFVIII is co-
precipitation of immunomodulatory molecules like TGFβ
and protective molecules like vWF, both of which are likely
to help prevent initiation of inhibitors. However, this study
does not conclusively end the debate on this topic and
future studies may yield different data because the three
recombinant products used are no longer on the market as
“improved” products are continually becoming available.

The researchers in the CANAL cohort study [42]
performed a similar trial, but reached different conclusions.
They compared various FVIII treatments in 316 patients
with severe hemophilia A born between 1990 and 2000.
Overall, they found no significant difference in inhibitor
formation between patients treated with recombinant or
plasma-derived products and patients that changed products
during treatment. Additionally, even though patients treated
with a B Domain Deleted rFVIII were 40% more likely to
form inhibitors when compared to those treated with full-
length FVIII (RR, 1.4; CI 0.8–2.6), that difference was still
not statistically significant. The authors note the discrepan-
cy between their data and Goudemand’s published a year
earlier. They suggest that the plasma-derived FVIII used in
the earlier study was less immunogenic, and some of the 23
different plasma-derived products used in the more recent
study may be more immunogenic.

Calvez et al. [53] have recently tried to unify these
discrepancies by re-examining the data from four different
retrospective studies comparing plasma-derived and recom-
binant FVIII [42, 52, 54, 55]. However, because the data
were analyzed differently between groups, it is not possible
to calculate a total risk between all the patients involved.
Despite that obstacle, they are able to present the data from
all the studies in a figure, which clearly indicates that,
although not significant, there is an obvious trend indicat-
ing that recombinant products are more immunogenic.

It is important to consider that while retrospective
analysis may provide evidence for one hypothesis over
another, we may be unintentionally comparing apples and
oranges [56]. Not all conclusions are based on the same end
points (e.g., short-term vs. long-term titers), not all plasma-
derived products have the same purity, not all recombinant
products go through identical manufacturing steps, and the
studies cannot be truly matched for patient risk factors.
Additionally, in a hypothetical experiment in which 15 of
60 participants form inhibitors, some may publish a 25%
incidence, but it should be noted that the 95% confidence
interval ranges from 14.7% to 37.9% [56]. An official
recommendation was published in 1999, stating that
previously treated patients (PTPs) with >150 exposure days
are considered tolerant to plasma-derived FVIII and are
superior to PUPs to study inhibitor formation [6]. PUPs
may respond to either plasma-derived or recombinant FVIII
if they are not tolerant, while PTPs will only respond to
neo-antigens if they are present on the newer products. This
is important to consider when developing future trials.

Obviously, a less immunogenic FVIII product would also
be desirable. In this context, two approaches are worth
describing. Dasgupta et al. [57] recently reported that uptake
of FVIII by dendritic cells depends in part on recognition of
mannose residues. Indeed, demannosylated FVIII was not
able to stimulate a human T cell clone in vitro [57]. This
suggests that a functional demannosylated FVIII might be a
less immunogenic product. Another approach would be to
mutate FVIII residues that are required to anchor into MHC
II grooves. This process is called “de-immunization” and has
been utilized with a number of biotherapeutics, including
monoclonal antibodies that were immunogenic [58]. Such a
product, if it still maintained clotting activity, should theoret-
ically be totally non-immunogenic. However, both of these
approaches would lead to a non-tolerogenic product because
they could not be presented to the immune system (see below).

Other factors affecting inhibitor formation: aggregation
and clotting as “danger” signals

In addition to previously mentioned risk factors, immuno-
genicity may be altered due to aggregate formation from
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prolonged contact with plastic infusion devices. Aggrega-
tion is common with recombinant proteins and the exact
nature will likely vary between expression systems and
methods for preservation and storage. However, aggrega-
tion could account for a “danger” signal necessary to
activate B lymphocytes. In one classic case, a change in
product packaging led to significant inhibitor formation due
to leachates (see ref. [58]). To study the effects of
aggregation in the murine model for hemophilia A, Purohit
et al. heated rFVIII to 80°C for 2 min and injected mice
subcutaneously. The authors surprisingly found that heat-
aggregated FVIII elicited a weaker immune response than
the native protein [59]. It is necessary to note that the way
they have induced aggregation may not entirely mimic
aggregates in therapeutic concentrates, and the route of
administration was not physiologic. Indeed, they also may
have induced antibodies to neo-epitopes that do not have
inhibitory properties. The study would have been enhanced by
exploring the function of the protein used in the experiments.

It is well known that heating diminishes FVIII clotting
activity. In our hands, heat treatment to 56°C for 30 min
will totally inactivate FVIII as measured in a chromogenic
assay, and causes significant unfolding of the protein and
loss of several B cell epitopes. When heated FVIII was
compared to native FVIII, we found that the latter was far
more immunogenic (Skupsky et al. in preparation). This led
us to suggest that clotting may provide one of the “danger”
signals in the immunogenicity of FVIII (see Fig. 1). This
provides a testable link between function and immunoge-
nicity. The formation of a clot is not an inert event to the
immune system. Platelets are aggregated and activated,

releasing chemokines and CD40 ligand, a potent co-
stimulator of the immune system. This may act locally to
promote stimulatory signals to the immune system, provid-
ing evidence once again that ‘location’ is most important in
many endeavors!

With the exception of the clotting/danger hypothesis, efforts
to establish that FVIII has intrinsic immunogenicity to activate
the innate immune system have generally failed. Pfisters-
hammer et al. [60] were unable to demonstrate the so-called
danger signals for human monocyte-derived dendritic cells
(DCs). These workers queried whether FVIII alone or
complexed with von Willebrand factor (vWF) or even
thrombin-activated FVIII would upregulate co-stimulatory
molecules (such as CD80, CD86, or CD40) or MHC class
II. They also did not find that FVIII could stimulate the
expression of pro-inflammatory cytokines by DCs nor
enhance the stimulatory ability of allogeneic DCs in a mixed
lymphocyte culture system [60]. We also tested whether FVIII
would provide any innate signals that would mimic Toll-like
receptor signaling in the immune system. We examined
whether FVIII stimulated murine B cells in vitro to enlarge,
proliferate, or increase expression of class II and CD80/CD86
with negative results (I. Carey et al., unpublished). No
obvious changes were observed in the spleens of mice
injected i.v. with FVIII, although neither were full kinetics
followed nor the local milieu of the splenic follicles examined.
Recently, we found that when FVIII was co-administered with
purified ovalbumin (OVA), the anti-OVA response was
enhanced (Skupsky et al. in preparation). Perhaps, the
presence of FVIII’s intrinsic immunogenicity was able to
provide some “danger” signals for the OVA-reactive cells to

Fig. 1 Clotting and danger: an
immunologic view. The process
of clotting, in which FVIII is a
major co-factor, ultimately leads
to thrombin cleavage, fibrin
clots, and both platelet adhesion
and activation. The latter results
in the release of chemokines and
potent immune co-stimulatory
molecules like CD40L. These
both recruit and activate anti-
gen-presenting dendritic cells
and lymphocytes to stimulate
help for antibody formation
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be primed. The nature of these signals remains to be
determined. It is noteworthy that we and others have found
that human FVIII is immunogenic even in hemostatically
normal mice and in rhesus macaques [61, 62]. Thus, even in
hosts that should be at least partially tolerant to FVIII, this
protein has significant immunogenicity. The inherent immu-
nogenicity of FVIII is an important obstacle to overcome in
designing therapies to modulate inhibitor formation.

Methods for prevention and immune modulation
of inhibitor formation

FVIII not only functions at the site of vascular insult but
also interacts with the vast network of lymphoid tissue
throughout the body to engender humoral and cellular
responses. Lacroix-Desmazes et al. [9] proposed that the
immune response to FVIII is initiated in two locations.
After i.v. injection, FVIII is carried to the spleen as are most
blood-borne pathogens. It will also be loaded on APCs and
carried to the draining lymph node from the site of injury
(e.g., joints suffering from chronic inflammation) where co-
stimulation may be derived from chronic inflammation [9].
The net result, depending on the factors cited above, is that
an immune response to FVIII ensues with the formation of
inhibitory antibodies that block the clotting activity of
FVIII (and obviate the very therapy they need). Thus, an
important goal is to reverse or preferably prevent inhibitor
formation in patients receiving FVIII therapy.

Clearly, patients would prefer a cure to improved treat-
ments for hemophilia. Although gene therapy is still several
years from becoming a clinical reality, hemophilia may one
day be treated by correction or replacement of the defective
gene. Recent progress in this field has been reviewed
extensively [63]. Hemophilia is an attractive disease for gene
therapy because the therapeutic window is so wide; raising
levels to between 3% and 10% is an acceptable endpoint.
Additionally, the gene can be manipulated to improve
stability [64] and it can be engineered to improve secretion
[65]. There are a number of options for a target tissue, which
can secrete FVIII including stem cells, platelets, and long-
lived differentiated cells, including muscle and cells in the
liver. Phase 1 clinical trials to introduce a functional FVIII or
FIX gene have been attempted by i.v. infusion of a retroviral
vector [66], by ex vivo transfection of plasmid DNA to
autologous fibroblasts [67], by AAV-mediated gene transfer
to skeletal muscle [68], and by AAV-mediated gene transfer
to the liver [69]. All of these studies initially produced
promising results, but ultimately failed to express therapeutic
protein for a long period of time, often because of the
immune response to the vector or the FVIII per se.

Tissue transplantation may provide another route to cure
hemophilia A. A recent report [70] describes transplantation

of liver sinusoidal endothelial cells from a healthy donor
mouse to a hemophilic FVIII knockout recipient. Injection
of 2×106 cells (10% of the endothelial compartments)
through the portal vein led to engraftment of approximately
2×105 cells, which raised FVIII to therapeutic levels at
least 60 days post-transplant. Liver transplantation has
previously been reported effective in hemophiliacs who
qualify for surgery [71, 72], but surgery is always
dangerous in patients with bleeding disorders and liver cell
transplantation offers a less invasive alternative. Further-
more, one donor could treat several recipients, or this cell
type could be used with the gene therapy in an autologous
transplant. However, transplantation of allogeneic tissue
would require immunosuppression and there still would be
allo-recognition of the secreted FVIII, the major obstacle!

We suggest that attempts to induce tolerance to FVIII
domains should be a primary goal of hemophilia A therapy
in order to prevent the immune response to FVIII delivered
either as a gene therapy expressed protein or a biother-
apeutic. Thus, to use a baseball analogy, the goal should be
to hit a few singles and a double (tolerance to FVIII
domains) to score a run, rather than swing for the fences
and try to hit a home run with gene therapy expression (and
engender an immune response that puts you “out at home”).

A number of methods have been described that can lead
to avoidance or modulation of the immune response to
FVIII, and even tolerance in experimental animals with
ongoing inhibitor formation. The former approach involves
synthesis of recombinant FVIII with substitution of func-
tional non-human FVIII, such as porcine FVIII (pFVIII),
based on the observation that inhibitors often do not cross-
react with pFVIII [73]. Thus, full-length plasma-derived
pFVIII has been used to treat patients, including those with
acquired hemophilia that are no longer responsive to the
standard of care. Indeed, prior to the 1990s, when there was
a practical concern for the transmission of HIV or hepatitis
virus through blood-derived products, pFVIII was preferred
because of its excellent safety record [74, 75]. Currently,
the use of porcine-derived FVIII is focused on the use of
A2-domain substituted FVIII especially in patients with
anti-A2 inhibitors [73]. However, some patients may
eventually produce antibodies that cross-react with these
products.

Typically, when a patient presents with a significant
inhibitor titer, high dose immune tolerance induction (ITI)
is initiated. ITI was first reported in 1977 [76] and is
currently the most accepted way to treat patients with
inhibitors [77]. Most treatments involved high dose
infusions (50–200 IU/kg) until Bethesda titers have been
reduced or antibodies have entirely disappeared. Because
not all patients are responsive to ITI, other adjunct
treatments have been examined. Rituximab, an investiga-
tional chimeric antibody specific for human CD20 on B
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cells, has been effective in difficult to treat patients [78] and
may reduce the time and cost in treatable patients.
Rituximab effectively removes most B cells from circula-
tion, but fails to affect long-lived plasma cells that are
CD20negative. Nonetheless, as an adjunct therapy, anti-CD20
treatment may have long-term benefits.

An alternative method to modulate immune responses to
FVIII is to block co-stimulation either with anti-CD40L
(CD154) or CTLA4-Ig. In the former case, significant
ablation of germinal center formation after FVIII injection
occurred, with the consequent elimination of anti-FVIII
antibody production after FVIII [79]. However, this did not
lead to tolerance induction. Because anti-CD154 can react
with platelets, leading to thrombotic events, this approach is
currently not recommended.

More promising is the use of CTLA4-Ig [80]. CTLA-4 is
a surface protein on activated T cells and regulatory cells
and it has higher affinity for B7 molecules than does CD28.
Since CD28/B7 interactions are necessary for B cell
activation and antibody production, blockade from CTLA-
4 binding to B7 will inhibit co-stimulation and reduce both
B and T cell activation. In the mouse model for hemophilia
A, the immune response following i.v. delivery of FVIII is
absent in mice that also lack B7.2. Furthermore, the
recombinant CTLA4-Ig fusion protein will block this

interaction in normal mice and prevent both primary and
secondary anti-FVIII responses [81].

Recently, Miao and colleagues [82] used a combination
of immunosuppressive or immunomodulatory therapies to
prevent inhibitor formation after naked DNA (encoding
FVIII) transfer. These included cyclosporine A (CSA),
rapamycin (RAP), mycophenylate mofetil (MMF), a com-
bination of CSA and MMF, a combination of RAP and
MMF, anti-CD154, recombinant murine CTLA4-Ig, and
combination of anti-CD154 and CTLA4-Ig. Although some
drugs led to suppression of immune responses in many
animals, this effect was short lived. Interestingly, they
found that the most effective was the combination of anti-
CD154 and CTLA4-Ig, which prevented inhibitor forma-
tion and led to long-term tolerance. Most recently, this
group found that short-term therapy with a monoclonal
antibody to block another co-stimulatory pathway, i.e.,
ICOS/ICOSL, led to tolerance to human FVIII in hemo-
philia A mice treated with a hFVIII plasmid, thus allowing
high-level FVIII functional activity for months, a very
promising result with important implications for both gene
therapy and tolerance induction [83].

Gene therapy to induce tolerance to FVIII is another
important approach [84]. The focus of our lab has been to
take advantage of the tolerogenic properties of IgG and B

Fig. 2 Gene therapy for toler-
ance to FVIII in immunized
hemophilia mice. B cells are
activated and then transduced
with a retroviral vectors encod-
ing C2 fused to an IgG heavy
chain and A2 fused to an IgG
heavy chain. Recipients of these
transduced B cells are rendered
tolerant to further challenge with
FVIII in terms of T cell prolif-
eration, antibody formation to
these domains and to whole
FVIII, and importantly, inhibitor
formation (inset). This has been
successful in both naïve and in
immunized recipients. Data
modified from Lei and Scott
[84]
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cell presentation to create a platform for gene therapy for
tolerance in many autoimmune diseases and hemophilia A.
Success has been achieved with 12 different antigens in
different mouse strains and in rats. For pre-clinical testing
in hemophilia, we decided to target the C2 and A2 domains
since most inhibitory antibodies are directed at epitopes in
these important functional regions of FVIII. Therefore, we
inserted the coding regions for residues S2173-Y2332 of
the human FVIII C2 domain and S373-R740 of the FVIII
A2 domain onto a mouse IgG heavy chain backbone,
respectively, to create a retroviral vector [84]. B cells
transduced with these vectors were injected into hemophilic
mice. We then demonstrated that specific tolerance to each
domain was induced by this protocol. Moreover, a
combination of A2-IgG and C2-IgG expressing B cells
induced tolerance to the full-length FVIII molecule, a result
which supports the dominance of these domains in the
immune response to FVIII, and that multiple constructs can
be used for more complete tolerance coverage. Treatment
was successful in primed mice and lasted over 100 days.
Importantly, this therapy reduced inhibitor titers in naïve
and in primed hemophilia A mice [84] (see Fig. 2).

This B cell-delivered gene therapy protocol for tolerance
required MHC class II and B7 expression on the transduced
B cells [85, 86], and was dependent on transfer to the
endosomes and processing in a gamma interferon inducible
lysosomal thiol reductase-dependent fashion [87]. More-
over, tolerance induction was dependent on CD25+
regulatory cells [84]. We are currently exploring the role
of these regulatory T cells in this system using a fully
backcrossed hemophilic mouse with a FoxP3–GFP fusion
(Skupsky, to be published). Because tolerogenic B cells
interact with regulatory T cells, which may go on to
mediate tolerance, one could imagine a system where
tolerogenic B cells are reintroduced to patients long enough
to upregulate these antigen-specific T-regs and then deleted
using an incorporated suicide gene. Such a system could
affect long-term tolerance while avoiding the fear of
insertional mutagenesis that is currently associated with
other types of gene therapy. Proof of principle, that this
technique will potentially be useful in patients, was
recently obtained in our lab using a T cell clone (provided
by Drs. Kate Pratt and Ruth Ettinger, Puget Sound Blood
Center, Seattle). We transduced HLA-matched B cells
with a C2-Ig construct and cultured the hemophilic T cell
clone with these B cells. Such cells were no longer able to
produce interferon gamma when subsequently challenged,
whereas cell exposed to non-transduced B cells could
(Scott et al., in preparation). The mechanisms involved
need to be fully explored, but these data support the
notion that gene therapy for tolerance may be applicable
in the not-too-distant future for the treatment of hemo-
philia A inhibitors.

Conclusion

Overall, there are multiple mechanisms linking inhibitor
formation and the immunogenicity of FVIII. As we try to
decipher underlying mechanisms of immunogenicity, we
should be focused on novel products and approaches to
modulate the immune response to FVIII in hemophilia A
patients.

References

1. Hoyer LW (1994) Hemophilia A. N Engl J Med 330:38–47
2. Lenting PJ, van Mourik JA, Mertens K (1998) The life cycle of

coagulation factor VIII in view of its structure and function. Blood
92:3983–3996

3. Dasgupta S, Repesse Y, Bayry J, Navarrete AM, Wootla B,
Delignat S, Irinopoulou T, Kamate C, Saint-Remy JM, Jacquemin
M, Lenting PJ, Borel-Derlon A, Kaveri SV, Lacroix-Desmazes S
(2007) VWF protects FVIII from endocytosis by dendritic cells and
subsequent presentation to immune effectors. Blood 109:610–612

4. Spiegel PC Jr., Jacquemin M, Saint-Remy JM, Stoddard BL, Pratt
KP (2001) Structure of a factor VIII C2 domain-immunoglobulin
G4kappa Fab complex: identification of an inhibitory antibody
epitope on the surface of factor VIII. Blood 98:13–19

5. Astermark J (2006) Basic aspects of inhibitors to factors VIII and
IX and the influence of non-genetic risk factors. Haemophilia 12
(Suppl 6):8–13 discussion 13–14

6. White GC, DiMichele D, Mertens K, Negrier C, Peake IR, Prowse
C, Schwaab R, Yoshioka A, Ingerslev J (1999) Utilization of
previously treated patients (PTPs), noninfected patients (NIPs),
and previously untreated patients (PUPs) in the evaluation of new
factor VIII and factor IX concentrates. Recommendation of the
Scientific Subcommittee on Factor VIII and Factor IX of the
Scientific and Standardization Committee of the International
Society on Thrombosis and Haemostasis. Thromb Haemost
81:462

7. Lacroix-Desmazes S, Bayry J, Misra N, Horn MP, Villard S,
Pashov A, Stieltjes N, d'Oiron R, Saint-Remy JM, Hoebeke J,
Kazatchkine MD, Reinbolt J, Mohanty D, Kaveri SV (2002) The
prevalence of proteolytic antibodies against factor VIII in
hemophilia A. N Engl J Med 346:662–667

8. Lacroix-Desmazes S, Moreau A, Sooryanarayana, Bonnemain C,
Stieltjes N, Pashov A, Sultan Y, Hoebeke J, Kazatchkine MD,
Kaveri SV (1999) Catalytic activity of antibodies against factor
VIII in patients with hemophilia A. Nat Med 5:1044–1047

9. Lacroix-Desmazes S, Navarrete AM, Andre S, Bayry J, Kaveri
SV, Dasgupta S (2008) Dynamics of factor VIII interactions
determine its immunological fate in hemophilia A. Blood 112
(2):240–249

10. Matzinger P (2002) The danger model: a renewed sense of self.
Science 296:301–305

11. Dasgupta S, Navarrete AM, Delignat S, Wootla B, Andre S,
Nagaraja V, Lacroix-Desmazes S, Kaveri SV (2007) Immune
response against therapeutic factor VIII in hemophilia A patients—
a survey of probable risk factors. Immunol Lett 110:23–28

12. Gitschier J, Wood WI, Goralka TM, Wion KL, Chen EY, Eaton
DH, Vehar GA, Capon DJ, Lawn RM (1984) Characterization of
the human factor VIII gene. Nature 312:326–330

13. Wood WI, Capon DJ, Simonsen CC, Eaton DL, Gitschier J, Keyt
B, Seeburg PH, Smith DH, Hollingshead P, Wion KL et al (1984)
Expression of active human factor VIII from recombinant DNA
clones. Nature 312:330–337

Clinic Rev Allerg Immunol (2009) 37:114–124 121121



14. Toole JJ, Knopf JL, Wozney JM, Sultzman LA, Buecker JL,
Pittman DD, Kaufman RJ, Brown E, Shoemaker C, Orr EC et al
(1984) Molecular cloning of a cDNA encoding human antihae-
mophilic factor. Nature 312:342–347

15. Wacey AI, Kemball-Cook G, Kazazian HH, Antonarakis SE,
Schwaab R, Lindley P, Tuddenham EG (1996) The haemophilia A
mutation search test and resource site, home page of the factor VIII
mutation database: HAMSTeRS. Nucleic Acids Res 24:100–102

16. Antonarakis SE, Rossiter JP, Young M, Horst J, de Moerloose P,
Sommer SS, Ketterling RP, Kazazian HH Jr, Negrier C,
Vinciguerra C, Gitschier J, Goossens M, Girodon E, Ghanem N,
Plassa F, Lavergne JM, Vidaud M, Costa JM, Laurian Y, Lin SW,
Lin SR, Shen MC, Lillicrap D, Taylor SA, Windsor S, Valleix SV,
Nafa K, Sultan Y, Delpech M, Vnencak-Jones CL, Phillips JA
3rd, Ljung RC, Koumbarelis E, Gialeraki A, Mandalaki T, Jenkins
PV, Collins PW, Pasi KJ, Goodeve A, Peake I, Preston FE,
Schwartz M, Scheibel E, Ingerslev J, Cooper DN, Millar DS,
Kakkar VV, Giannelli F, Naylor JA, Tizzano EF, Baiget M,
Domenech M, Altisent C, Tusell J, Beneyto M, Lorenzo JI,
Gaucher C, Mazurier C, Peerlinck K, Matthijs G, Cassiman JJ,
Vermylen J, Mori PG, Acquila M, Caprino D, Inaba H (1995)
Factor VIII gene inversions in severe hemophilia A: results of an
international consortium study. Blood 86:2206–2212

17. Bagnall RD, Waseem N, Green PM, Giannelli F (2002) Recurrent
inversion breaking intron 1 of the factor VIII gene is a frequent
cause of severe hemophilia A. Blood 99:168–174

18. Fakharzadeh SS, Kazazian HH Jr. (2000) Correlation between
factor VIII genotype and inhibitor development in hemophilia A.
Semin Thromb Hemost 26:167–171

19. Oldenburg J, Schroder J, Brackmann HH, Muller-Reible C,
Schwaab R, Tuddenham E (2004) Environmental and genetic
factors influencing inhibitor development. Semin Hematol 41:82–
88

20. Liu ML, Nakaya S, Thompson AR (2002) Non-inversion factor
VIII mutations in 80 hemophilia A families including 24 with
alloimmune responses. Thromb Haemost 87:273–276

21. Schwaab R, Brackmann HH, Meyer C, Seehafer J, Kirchgesser M,
Haack A, Olek K, Tuddenham EG, Oldenburg J (1995)
Haemophilia A: mutation type determines risk of inhibitor
formation. Thromb Haemost 74:1402–1406

22. Astermark J (2006) Why do inhibitors develop? Principles of and
factors influencing the risk for inhibitor development in haemo-
philia. Haemophilia 12(Suppl 3):52–60

23. Figueiredo MS, Bernardi F, Zago MA (1992) A novel deletion of
FVIII gene associated with variable levels of FVIII inhibitor. Eur J
Haematol 48:152–154

24. Goodeve AC, Williams I, Bray GL, Peake IR (2000) Relationship
between factor VIII mutation type and inhibitor development in a
cohort of previously untreated patients treated with recombinant
factor VIII (Recombinate). Recombinate PUP Study Group.
Thromb Haemost 83:844–848

25. Oldenburg J, Pavlova A (2006) Genetic risk factors for inhibitors
to factors VIII and IX. Haemophilia 12(Suppl 6):15–22

26. Goodeve A (2003) The incidence of inhibitor development
according to specific mutations—and treatment. Blood Coagul
Fibrinolysis 14(Suppl 1):S17–21

27. Young M, Inaba H, Hoyer LW, Higuchi M, Kazazian HH Jr.,
Antonarakis SE (1997) Partial correction of a severe molecular
defect in hemophilia A, because of errors during expression of the
factor VIII gene. Am J Hum Genet 60:565–573

28. Oldenburg J, Schroder J, Schmitt C, Brackmann HH, Schwaab R
(1998) Small deletion/insertion mutations within poly-A runs of
the factor VIII gene mitigate the severe haemophilia A phenotype.
Thromb Haemost 79:452–453

29. Hay CR (1998) Factor VIII inhibitors in mild and moderate-
severity haemophilia A. Haemophilia 4:558–563

30. Nunez-Roldan A, Arnaiz-Villena A, Nunez-Ollero G (1979)
Genetic control by the HLA region of the immune response to
factor VIII in hemophilic patients. C R Seances Acad Sci D
288:1719–1720

31. Lippert LE, Fisher LM, Schook LB (1990) Relationship of major
histocompatibility complex class II genes to inhibitor antibody
formation in hemophilia A. Thromb Haemost 64:564–568

32. Hay CR, Ollier W, Pepper L, Cumming A, Keeney S, Goodeve
AC, Colvin BT, Hill FG, Preston FE, Peake IR (1997) HLA class
II profile: a weak determinant of factor VIII inhibitor development
in severe haemophilia A. UKHCDO Inhibitor Working Party.
Thromb Haemost 77:234–237

33. Oldenburg J, Picard JK, Schwaab R, Brackmann HH, Tuddenham
EG, Simpson E (1997) HLA genotype of patients with severe
haemophilia A due to intron 22 inversion with and without
inhibitors of factor VIII. Thromb Haemost 77:238–242

34. Astermark J, Oldenburg J, Carlson J, Pavlova A, Kavakli K,
Berntorp E, Lefvert AK (2006) Polymorphisms in the TNFA gene
and the risk of inhibitor development in patients with hemophilia
A. Blood 108:3739–3745

35. Bouma G, Crusius JB, Oudkerk Pool M, Kolkman JJ, von
Blomberg BM, Kostense PJ, Giphart MJ, Schreuder GM,
Meuwissen SG, Pena AS (1996) Secretion of tumour necrosis
factor alpha and lymphotoxin alpha in relation to polymorphisms
in the TNF genes and HLA-DR alleles. Relevance for inflamma-
tory bowel disease. Scand J Immunol 43:456–463

36. Wilson AG, de Vries N, Pociot F, di Giovine FS, van der Putte
LB, Duff GW (1993) An allelic polymorphism within the human
tumor necrosis factor alpha promoter region is strongly associated
with HLA A1, B8, and DR3 alleles. J Exp Med 177:557–560

37. Zhou Y, Giscombe R, Huang D, Lefvert AK (2002) Novel genetic
association of Wegener’s granulomatosis with the interleukin 10
gene. J Rheumatol 29:317–320

38. Huang DR, Zhou YH, Xia SQ, Liu L, Pirskanen R, Lefvert AK
(1999) Markers in the promoter region of interleukin-10 (IL-10)
gene in myasthenia gravis: implications of diverse effects of IL-10
in the pathogenesis of the disease. J Neuroimmunol 94:82–87

39. Astermark J, Oldenburg J, Pavlova A, Berntorp E, Lefvert AK
(2006) Polymorphisms in the IL10 but not in the IL1beta and IL4
genes are associated with inhibitor development in patients with
hemophilia A. Blood 107:3167–3172

40. Astermark J, Berntorp E, White GC, Kroner BL (2001) The
Malmo International Brother Study (MIBS): further support for
genetic predisposition to inhibitor development in hemophilia
patients. Haemophilia 7:267–272

41. Lorenzo JI, Lopez A, Altisent C, Aznar JA (2001) Incidence of
factor VIII inhibitors in severe haemophilia: the importance of
patient age. Br J Haematol 113:600–603

42. Gouw SC, van der Bom JG, Auerswald G, Ettinghausen CE,
Tedgard U, van den Berg HM (2007) Recombinant versus plasma-
derived factor VIII products and the development of inhibitors in
previously untreated patients with severe hemophilia A: the
CANAL cohort study. Blood 109:4693–4697

43. Santagostino E, Mancuso ME, Rocino A, Mancuso G, Mazzuc-
coni MG, Tagliaferri A, Messina M, Mannucci PM (2005)
Environmental risk factors for inhibitor development in children
with haemophilia A: a case–control study. Br J Haematol
130:422–427

44. Sharathkumar A, Lillicrap D, Blanchette VS, Kern M, Leggo J,
Stain AM, Brooker L, Carcao MD (2003) Intensive exposure to
factor VIII is a risk factor for inhibitor development in mild
hemophilia A. J Thromb Haemost 1:1228–1236

45. von Auer C, Oldenburg J, von Depka M, Escuriola-Ettinghausen
C, Kurnik K, Lenk H, Scharrer I (2005) Inhibitor development in
patients with hemophilia A after continuous infusion of FVIII
concentrates. Ann N Y Acad Sci 1051:498–505

122 Clinic Rev Allerg Immunol (2009) 37:114–124



46. van den Berg HM, Roosendaal G, Voorberg J, Mauser-Bunscho-
ten EP (1999) Inhibitor development in a multitransfused patient
with severe haemophilia A. Thromb Haemost 82:151–152

47. Koestenberger M, Raith W, Muntean W (2000) High titre
inhibitor after continuous factor VIII administration for surgery
in a young infant. Haemophilia 6:120

48. Reipert BM, van Helden PM, Schwarz HP, Hausl C (2007)
Mechanisms of action of immune tolerance induction against
factor VIII in patients with congenital haemophilia A and factor
VIII inhibitors. Br J Haematol 136:12–25

49. Aledort LM (2004) Is the incidence and prevalence of inhibitors
greater with recombinant products? Yes. J Thromb Haemost
2:861–862

50. Lusher JM (2004) Is the incidence and prevalence of inhibitors
greater with recombinant products? No. J Thromb Haemost
2:863–865

51. Mannucci PM (2006) Need for randomized trials in hemophilia. J
Thromb Haemost 4:501–502

52. Goudemand J, Rothschild C, Demiguel V, Vinciguerrat C,
Lambert T, Chambost H, Borel-Derlon A, Claeyssens S, Laurian
Y, Calvez T (2006) Influence of the type of factor VIII concentrate
on the incidence of factor VIII inhibitors in previously untreated
patients with severe hemophilia A. Blood 107:46–51

53. Calvez T, Laurian Y, Goudemand J (2008) Inhibitor incidence
with recombinant vs. plasma-derived FVIII in previously untreat-
ed patients with severe hemophilia A: homogeneous results from
four published observational studies. J Thromb Haemost 6:390–
392

54. Ettingshausen CE, Kreuz W (2006) Recombinant vs. plasma-
derived products, especially those with intact VWF, regarding
inhibitor development. Haemophilia 12(Suppl 6):102–106

55. Chalmers EA, Brown SA, Keeling D, Liesner R, Richards M,
Stirling D, Thomas A, Vidler V, Williams MD, Young D (2007)
Early factor VIII exposure and subsequent inhibitor development
in children with severe haemophilia A. Haemophilia 13:149–155

56. Scharrer I, Ehrlich HJ (2004) Reported inhibitor incidence in
FVIII PUP studies: comparing apples with oranges. Haemophilia
10:197–198

57. Dasgupta S, Navarrete AM, Bayry J, Delignat S, Wootla B, Andre
S, Christophe O, Nascimbeni M, Jacquemin M, Martinez-Pomares
L, Geijtenbeek TB, Moris A, Saint-Remy JM, Kazatchkine MD,
Kaveri SV, Lacroix-Desmazes S (2007) A role for exposed
mannosylations in presentation of human therapeutic self-proteins
to CD4+ T lymphocytes. Proc Natl Acad Sci U S A 104:8965–8970

58. De Groot AS, Scott DW (2007) Immunogenicity of protein
therapeutics. Trends Immunol 28:482–490

59. Purohit VS, Middaugh CR, Balasubramanian SV (2006) Influence
of aggregation on immunogenicity of recombinant human Factor
VIII in hemophilia A mice. J Pharm Sci 95:358–371

60. Pfistershammer K, Stockl J, Siekmann J, Turecek PL, Schwarz
HP, Reipert BM (2006) Recombinant factor VIII and factor VIII-
von Willebrand factor complex do not present danger signals for
human dendritic cells. Thromb Haemost 96:309–316

61. Lozier JN, ZP (2005) Mapping of genes that control the antibody
response to human FVIII in mice. Blood (ASH Annual Meeting
Abstracts) 106:Abstract 1888

62. Skupsky J, Lozier JN, Donahue R, Metzger M, Azimzadeh A,
Pierson R, Scott D (2007) Immunogenicity of human factor VIII
in rhesus and cynomolgus monkeys. Blood (ASH Annual Meeting
Abstracts) 110:3148

63. High KA (2007) Update on progress and hurdles in novel genetic
therapies for hemophilia. Hematology Am Soc Hematol Educ
Program 2007:466–472

64. Purohit VS, Ramani K, Sarkar R, Kazazian HH Jr., Balasubra-
manian SV (2005) Lower inhibitor development in hemophilia A

mice following administration of recombinant factor VIII-O-
phospho-L-serine complex. J Biol Chem 280:17593–17600

65. Miao HZ, Sirachainan N, Palmer L, Kucab P, Cunningham MA,
Kaufman RJ, Pipe SW (2004) Bioengineering of coagulation
factor VIII for improved secretion. Blood 103:3412–3419

66. Powell JS, Ragni MV, White GC 2nd, Lusher JM, Hillman-
Wiseman C, Moon TE, Cole V, Ramanathan-Girish S, Roehl H,
Sajjadi N, Jolly DJ, Hurst D (2003) Phase 1 trial of FVIII gene
transfer for severe hemophilia A using a retroviral construct
administered by peripheral intravenous infusion. Blood 102:2038–
2045

67. Roth DA, Tawa NE Jr., O’Brien JM, Treco DA, Selden RF (2001)
Nonviral transfer of the gene encoding coagulation factor VIII in
patients with severe hemophilia A. N Engl J Med 344:1735–1742

68. Manno CS, Chew AJ, Hutchison S, Larson PJ, Herzog RW,
Arruda VR, Tai SJ, Ragni MV, Thompson A, Ozelo M, Couto LB,
Leonard DG, Johnson FA, McClelland A, Scallan C, Skarsgard E,
Flake AW, Kay MA, High KA, Glader B (2003) AAV-mediated
factor IX gene transfer to skeletal muscle in patients with severe
hemophilia B. Blood 101:2963–2972

69. Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M, Rasko JJ,
Ozelo MC, Hoots K, Blatt P, Konkle B, Dake M, Kaye R, Razavi
M, Zajko A, Zehnder J, Rustagi PK, Nakai H, Chew A, Leonard
D, Wright JF, Lessard RR, Sommer JM, Tigges M, Sabatino D,
Luk A, Jiang H, Mingozzi F, Couto L, Ertl HC, High KA, Kay
MA (2006) Successful transduction of liver in hemophilia by
AAV-Factor IX and limitations imposed by the host immune
response. Nat Med 12:342–347

70. Follenzi A, Benten D, Novikoff P, Faulkner L, Raut S, Gupta S
(2008) Transplanted endothelial cells repopulate the liver endo-
thelium and correct the phenotype of hemophilia A mice. J Clin
Invest 118:935–945

71. Bontempo FA, Lewis JH, Gorenc TJ, Spero JA, Ragni MV, Scott
JP, Starzl TE (1987) Liver transplantation in hemophilia A. Blood
69:1721–1724

72. Lewis JH, Bontempo FA, Spero JA, Ragni MV, Starzl TE (1985)
Liver transplantation in a hemophiliac. N Engl J Med 312:1189–
1190

73. Barrow RT, Healey JF, Gailani D, Scandella D, Lollar P (2000)
Reduction of the antigenicity of factor VIII toward complex
inhibitory antibody plasmas using multiply-substituted hybrid
human/porcine factor VIII molecules. Blood 95:564–568

74. Brettler DB, Forsberg AD, Levine PH, Aledort LM, Hilgartner
MW, Kasper CK, Lusher JM, McMillan C, Roberts H (1989) The
use of porcine factor VIII concentrate (Hyate:C) in the treatment
of patients with inhibitor antibodies to factor VIII. A multicenter
US experience. Arch Intern Med 149:1381–1385

75. Morrison AE, Ludlam CA, Kessler C (1993) Use of porcine factor
VIII in the treatment of patients with acquired hemophilia. Blood
81:1513–1520

76. Brackmann HH, Gormsen J (1977) Massive factor-VIII infusion
in haemophiliac with factor-VIII inhibitor, high responder. Lancet
2:933

77. Brackmann HH, Oldenburg J, Schwaab R (1996) Immune
tolerance for the treatment of factor VIII inhibitors—twenty
years’ ‘Bonn protocol’. Vox Sang 70(Suppl 1):30–35

78. Carcao M, St Louis J, Poon MC, Grunebaum E, Lacroix S, Stain
AM, Blanchette VS, Rivard GE (2006) Rituximab for congenital
haemophiliacs with inhibitors: a Canadian experience. Haemo-
philia 12:7–18

79. Qian J, Burkly LC, Smith EP, Ferrant JL, Hoyer LW, Scott DW,
Haudenschild CC (2000) Role of CD154 in the secondary
immune response: the reduction of pre-existing splenic germinal
centers and anti-factor VIII inhibitor titer. Eur J Immunol
30:2548–2554

Clinic Rev Allerg Immunol (2009) 37:114–124 123123



80. Qian J, Collins M, Sharpe AH, Hoyer LW (2000) Prevention and
treatment of factor VIII inhibitors in murine hemophilia A. Blood
95:1324–1329

81. Rossi G, Sarkar J, Scandella D (2001) Long-term induction of
immune tolerance after blockade of CD40–CD40L interaction in a
mouse model of hemophilia A. Blood 97:2750–2757

82. Miao CH, Ye P, Thompson AR, Rawlings DJ, Ochs HD (2006)
Immunomodulation of transgene responses following naked DNA
transfer of human factor VIII into hemophilia A mice. Blood
108:19–27

83. Peng B, Ye P, Blazar BR, Freeman GJ, Rawlings DJ, Ochs HD,
Miao CH (2008) Transient blockade of the inducible costimulator
pathway generates long-term tolerance for factor VIII following
nonviral gene transfer into hemophilia A mice. Blood 112
(5):1662–1672

84. Lei TC, Scott DW (2005) Induction of tolerance to factor VIII
inhibitors by gene therapywith immunodominant A2 and C2 domains
presented by B cells as Ig fusion proteins. Blood 105:4865–4870

85. El-Amine M, Melo M, Kang Y, Nguyen H, Qian J, Scott DW
(2000) Mechanisms of tolerance induction by a gene-transferred
peptide–IgG fusion protein expressed in B lineage cells. J
Immunol 165:5631–5636

86. Litzinger MT, Su Y, Lei TC, Soukhareva N, Scott DW (2005)
Mechanisms of gene therapy for tolerance: B7 signaling is
required for peptide–IgG gene-transferred tolerance induction. J
Immunol 175:780–787

87. Su Y, Carey G, Marić M, Scott DW (2008) B cells induce
tolerance by presenting endogenous peptide–IgG on MHC class II
molecules via an IFN-inducible lysosomal thiol reductase-depen-
dent pathway. J Immunol 181:1153–1160

124 Clinic Rev Allerg Immunol (2009) 37:114–124


	Factor VIII Inhibitors: Risk Factors and Methods for Prevention and Immune Modulation
	Abstract
	Introduction
	Type of mutation in the FVIII gene can affect immunogenicity
	Hereditary risk factors: role of HLA and SNPs
	Environmental risk factors
	Nature of the product used in therapy
	Other factors affecting inhibitor formation: aggregation and clotting as “danger” signals
	Methods for prevention and immune modulation of inhibitor formation
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


