Journal of Thrombosis and Haemostasis, 2: 1082–1095

REVIEW ARTICLE

Pathogenic antibodies to coagulation factors. Part one: Factor
VIII and Factor IX
P. LOLLAR
Winship Cancer Institute, Emory University, Atlanta, GA, USA

To cite this article: Lollar P. Pathogenic antibodies to coagulation factors. Part one: Factor VIII and factor IX. J Thromb Haemost 2004; 2; 1082–95.

Introduction
Pathogenic antibodies targeting coagulation factors usually are
clinically signiﬁcant because they inhibit function. ÔCirculating
anticoagulantsÕ were recognized as early as 1906 ([1], cited in
[2]). They interfere with the coagulation of normal blood as
well as that of the patient, which is the basis of the classical
mixing study. Circulating anticoagulants inhibiting factor
(F)VIII and factor (F)IX were identiﬁed in the early 1940s
and 1950s, nearly as soon as these factors were discovered and
differentiated from one another [2], and subsequently were
shown to be antibodies [3]. Another circulating anticoagulant
was identiﬁed in this era that did not appear speciﬁc for a single
coagulation factor and frequently was associated with systemic
lupus erythematosus. Although some of these patients had
abnormal bleeding, a paradoxical association of the lupus
anticoagulant with thrombosis was subsequently discovered
[4].
Both the hemostatic and adaptive immune systems developed rapidly during early vertebrate evolution and then
produced no major changes in their principle features over
the next 450 million years. Fibrinogen, factor XIII, the vitamin
K-dependent proenzymes and their procofactors, factor (F)V
and FVIII, are present in ﬁsh, which were the ﬁrst vertebrates
[5,6]. The adaptive immune system, characterized by antigenspeciﬁc lymphocyte receptors, major histocompatibility class
(MHC) molecules, and antibody production, is present in
jawed, but not jawless, ﬁshes, indicating that it evolved during
the 50 million years between the divergence of these two
vertebrate classes [7].
The hemostatic challenge to the early vertebrates was to
plug hemorrhagic leaks while maintaining overall patency of
the vascular system. This includes allowing effector cells of
the immune system to cross the endothelial barrier. The
immunological challenge was to kill invading microorganisms
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and neutralize their toxic products using a defense system
that did not produce self-inﬂicted injury. Vertebrate immune
systems possess elaborate mechanisms to tolerate self-molecules and cells. It is interesting to consider hemostasis from
the point of view of the immune system. A major hemostatic
event is associated with deposition of products derived from
ﬁbrinogen and other coagulation factors at potentially
immunizing levels. Speciﬁc and non-speciﬁc proteolytic fragmentation exposes possible neoepitopes, often in the setting
of an associated inﬂammatory process with its attendant
adjuvant effects. Thus, it seems surprising that autoantibody
formation is not a common sequela to hemorrhage. In fact,
autoantibodies to coagulation factors are rare: the incidence
of clinically signiﬁcant autoantibodies to FVIII, which is the
most commonly targeted coagulation factor in autoimmunity,
is only 0.2–1 per million people per year [8] and the incidence
of autoantibodies to the other coagulation factors is considerably lower. Although tolerance to the coagulation proteins
has not been studied, experimental models using complement
component C5 as a model plasma protein have been
developed and may be relevant to the development of
inhibitors [9, 10]. Conversely, the recent emergence of methods to study the immunogenicity of FVIII and FIX that are
described in this review may contribute to the general
understanding of immunological tolerance.
Inhibitory antibodies to coagulation factors occur more
commonly as an immune response to non-self protein, e.g.
during factor replacement therapy for hemophilia A or B or
during the use of bovine thrombin products in surgery. Here
one may wonder why the incidence is not higher. For example,
most patients with hemophilia A and apparent null mutations
do not develop a detectable immune response after repeated
exposure to FVIII. However, the usual peaceful coexistence of
the coagulation and immune systems provides little consolation
to the practicing hematologist in a tertiary care center, who sees
inhibitor patients often enough. Patients with autoantibodies to
FVIII or other coagulation factors often present with severe
bleeding that is difﬁcult and expensive to control. The
development of inhibitory antibodies in hemophilia A and B
frequently transforms these disorders from treatable to refractory and now is considered the most signiﬁcant complication of
treatment.
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In part I of this review, immune mechanisms of antibody
formation will be described and pathogenic antibodies to FVIII
and FIX will be discussed in this context. In part II, pathogenic
antibodies to other circulating components of the hemostatic
system, including prothrombin, thrombin, FV, and von
Willebrand factor (VWF) will be reviewed. The lupus anticoagulant antibodies associated with thrombosis, fetal loss and
other morbid complications that make up a clinical constellation known as the antiphospholipid syndrome have been
recently reviewed in this journal [11]. They typically interfere
with phospholipid assembly in coagulation assays, but occasionally are associated with bleeding due to inhibition of
speciﬁc coagulation factors, especially prothrombin. They will
be discussed only in this latter context.
Antibody formation
An operative paradigm in immunology is that the vertebrate
immune system evolved to discriminate infectious non-self
from non-infectious self [12]. This included the development of
a speciﬁc, adaptive response to infection, which produced two
problems. One is how to prevent death from an invading
organism during the time it takes for the adaptive response to
develop. The second results from the mechanism used to
produce the vast repertoire of the adaptive immune system.
There are two arms in this system: cell-mediated immunity,
which utilizes MHC class I-dependent cytotoxic CD8+ T cells
as the effector arm to eliminate intracellular pathogens, and
antibody-mediated (humoral) immunity, which primarily deals
with extracellular pathogens and toxins. Because this repertoire
intrinsically cannot distinguish self from non-self antigens, the
problem of potential autoimmunity arises.
Both of these problems are addressed by the innate immune
system, which is mediated partly by dendritic cells (DCs),
macrophages, natural killer (NK) cells, natural killer T (NKT)
cells, and neutrophils bearing Toll-like and other receptors for
generic microbial products (e.g. lipopolysaccharide, mannans,
glycans and CpG DNA motifs). Ligation of these receptors
leads to a variety of effector mechanisms to kill invading
microorganisms or to hold the infection at bay until the
adaptive response can develop. It also has been proposed that
the prevention of autoimmunity depends on the innate system.
For example, it is usually difﬁcult to raise antibodies to a nonself protein in the absence of adjuvants that contain microbial
products. This has been termed the ÔimmunologistÕs dirty little
secret’ [13]. In addition to the antigen, antigen-independent
products of infection and cellular damage of the host help
promote the immune response. These include the microbial
products involved in innate immunity and host proteins, such
as heat shock proteins [13,14]. In the absence of such a ÔdangerÕ
signal, there is no immune response to non-self antigens or to
self-antigens, and autoimmunity is avoided.
The B-cell-mediated antibody response to so-called thymusdependent antigens, which include soluble proteins like most of
the coagulation proteins, requires MHC class II-dependent
CD4+ T-cell help. This occurs in secondary lymphoid organs,
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primarily the spleen and lymph nodes in the case of blood-born
and extravascular antigens, respectively. Naive T cells are
activated to proliferate and differentiate into T helper cells (Th
cells) when their T-cell receptors (TCRs) recognize antigen on
the surface of MHC class II molecules of antigen-presenting
cells (APCs). DCs are considered the only effective APCs early
in the immune response. DCs are a phenotypically diverse
group of cells that reside in immature form in all peripheral
tissues, including the spleen [15]. Immature DCs undergo a
constitutive macropinocytosis that allows uptake of up to half
their cell volume in extracellular ﬂuid per hour, providing an
efﬁcient mechanism for non-speciﬁc internalization of antigen.
Additionally, DCs can internalize some antigens by endocytosis using Fc receptors or mannose receptors. The antigen is
proteolytically degraded to peptides for presentation on MHC
class II molecules. Immature DCs are activated through
engagement of Toll-like receptors, by inﬂammatory cytokines
such as interleukin (IL)-1 and tumor necrosis factor-a or by
interaction with activated T cells. The resulting mature DCs
migrate to secondary lymphoid organs, where they reside as
interdigitating DCs and encounter naive T cells in extrafollicular areas.
DC activation leads to translocation of peptide–MHC class
II complexes to the cell surface for presentation to the TCR on
Th cells (Fig. 1). CD4 on Th cells is a coreceptor in this
complex and binds to invariant residues on the MHC class II
molecule. The length of peptides bound to MHC II molecules
typically is 13–17 residues. MHC-restricted T-cell responses
exhibit a high level of cross-reactivity, which occurs at two
levels [16]. First, many T cells within the host repertoire are
capable of responding to any given MHC II-associated peptide.
Second, any given T cell can bind many MHC II-associated
peptides. This allows the immune system to respond to any
possible foreign peptide without requiring an unacceptably
large number of naive T cells. However, it also creates the
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Fig. 1. Costimulation and T-cell help. Antigen-presenting cells (APCs)
[dendritic cells (DCs), B cells or macrophages] present antigenic peptidecomplexed MHC class II molecules to the T-cell receptor (TCR) on naive
T cells (signal 1). Antigen is taken up by pinocytosis or endocytosis in DCs
and by phagocytosis in macrophages. In contrast, B-cell uptake is mediated by membrane immunoglobulin and is antigen-speciﬁc. Engagement
of the TCR leads to expression of CD40L on T cells, which upregulates
CD80 (B7-1) and CD86 (B7-2) expression on the APC. Binding of B7
molecules to CD28 on T cells (signal 2) leads to activation, proliferation
and diﬀerentiation of naive T cells into Th cells.
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potential for cross-reactivity to self-molecules and autoimmunity. The mechanisms that prevent autoimmunity due to T-cell
cross-reactivity are a matter of speculation.
By itself, TCR engagement by peptide–MHC II complexes is
not sufﬁcient for activation of naive T cells. In addition, a
Ôsecond signalÕ involving costimulatory molecules on T cells and
APCs is required (Fig. 1). The costimulatory molecules include
CD40, CD80 (B7-1), and CD86 (B7-2) on APCs and CD40L,
CD28 and CTLA-4 on T cells. DC maturation leads to
upregulation of CD40, CD80 (B7-1), and CD86 (B7-2).
Engagement of the TCR leads to expression of CD40L on
the T cell, which binds CD40 and further drives the expression
of B7, CD40 and MHC class II molecules [17]. Binding of B7
molecules to CD28 leads to T-cell activation and differentiation
into Th cells. B7 molecules also bind to CTLA-4 on T cells. The
role of CTLA-4 has been controversial with both upregulatory
and downregulatory functions being identiﬁed in different
experimental systems. In addition to the activation of T cells by
DCs, costimulation also results in the activation of DCs by T
cells through a CD40L–CD40 mediated pathway [18].
B cells develop in the bone marrow and move to the
secondary lymphoid organs. These naive, mature B cells bear
IgM or IgD membrane immunoglobulin as part of the B cell
receptor (BCR) complex. Naive B cells die in the periphery
within a few days unless they ﬁnd antigen using the BCR. B
cells encounter antigen-speciﬁc T cells in extrafollicular areas of
secondary lymphoid organs and a B cell–T cell–DC triad
forms. During the primary humoral response, recognition of
antigen by the BCR leads to a signaling pathway that turns the
B cell into an APC (Fig. 1). The B-cell epitope recognized by
membrane immunoglobulin is the native antigen and is the
region that will ultimately be recognized by the mature
antibody. The BCR–antigen complex is internalized, proteolytically degraded and the antigenic peptides are presented on
the surface of MHC class II molecules.
Some B cells immediately differentiate into antibody-secreting plasma cells (ASCs), which provide early defense against
infection. The remaining majority of the activated B cells
migrate to primary follicles, where they proliferate and produce
germinal centers (GCs), forming secondary follicles. Somatic
hypermutation and afﬁnity maturation occur in the GC, where
BCRs are continuously exposed to antigen. High-afﬁnity B-cell
mutants capture antigen, process it and present it to GC T cells.
Low-afﬁnity mutants are deleted. As the immune response
progresses, B cells become increasingly potent APCs because of
the development of high-afﬁnity BCRs that capture antigen
[19]. The Ag-speciﬁc T cells that interact with high-afﬁnity
mutants upregulate CD40L and secrete IL-4. This results in the
expansion and isotype switching of high-afﬁnity mutants,
which either differentiate into memory B cells or ASCs.
Memory B cells and a subpopulation of ASCs stay resident in
the secondary lymphoid organs. Other ASCs migrate to the
bone marrow where they can remain for years and provide
long-lasting immunity. During the secondary humoral response memory B cells are activated in extrafollicular areas,
producing plasma cells and more GC founder cells.

Helper T cells have been classiﬁed as Th1 and Th2 cells
following the original observation that CD4+ T-cell clones
could be distinguished into two distinct sets based on cytokine
secretion patterns [20]. Th1 cells are characterized by secretion
of interferon (IFN)-c and IL-2, whereas Th2 cells secrete IL-4
and IL-5. IFN-c activates macrophages and stimulates B-cell
production of complement-ﬁxing IgG antibodies (IgG1 and
IgG3 in humans, IgG2a and IgG3 in mice). The principal
function of Th1 cells is to elicit phagocyte-mediated defense
against infection. IL-4 induces immunoglobulin class switching
to IgE and IL-5 is the principal eosinophil-activating cytokine.
Thus, Th2-mediated immune responses occur in allergy and in
helminthic infections. Th2 cells provide B-cell help and
stimulate production of high levels of IgM and non-complement-ﬁxing IgG subclasses (IgG4 in humans, IgG1 in mice). In
the murine system, IgG1 also can be supported by Th1 cells.
The Th1/Th2 paradigm has evolved to include other cytokines
that are not secreted by CD4+ T cells, but that promote the
development of Th cells. Thus, IL-12 and IL-13 have been
assigned to the Th1 and Th2 group of cytokines, respectively.
IL-10 was originally assigned to the Th2 group. However, it has
several functions, which makes it difﬁcult to classify IL-10producing cells.
In some naturally occurring infections and in model
experimental systems, there is an increasing polarization
toward the Th1 or Th2 phenotype as the immune response
progresses. For example, in tuberculoid leprosy there is strong
delayed hypersensitivity, a weak antibody response and a
Th1-like phenotype. In contrast, lepromatous leprosy is characterized by a strong antibody response, weak delayed hypersensitivity and a Th2-like phenotype [21]. Polarization involves
inhibition of Th1 responses by the Th2 cytokines IL-4, IL-5
and IL-10 and inhibition of Th2 responses by Th1 cytokines,
most notably IFN-c. However, extremely polarized Th1/Th2
responses are the exception to the rule in naturally occurring
infections [22]. Additionally, Th1-type and Th2-type cells can
coexist in immune animals, which is not explained by a model
in which Th1 and Th2 cells mutually downregulate each other.
The binding energy of antigen–antibody complexes is
dominated by amino acid side chain–side chain interactions.
Typically, 20–25 amino acid side chains of both the antigen and
antibody are in contact [23]. The antigenic determinant (B-cell
epitope) corresponds to a footprint that the antibody produces.
However, usually only a few of the antigen–antibody side chain
interactions underneath the footprint contribute signiﬁcantly to
the binding energy [24]. Studies using model antigens have led
to the conclusion that the entire surface of a protein is
potentially a target for antibodies [25]. This is based on the
ﬁnding that murine monoclonal antibodies covering essentially
the entire surface topography can be produced to small model
protein antigens such as ovalbumin and myoglobin, at least
after immunization with large doses of antigen in strong
adjuvants. However, the antibody response in nature is
generally directed against a limited number of immunodominant epitopes. For example, the immune response to the
76-kDa inﬂuenza A hemagglutinin heterodimer is directed
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against four immunodominant B-cell epitopes that cover only a
fraction of the protein surface [26]. Analysis of the polyclonal
response to single B-cell epitopes reveals considerable heterogeneity when the component monoclonal antibodies are
studied. An exhaustive analysis of the number of antihemagglutinin murine B-cell hybridomas produced in response to
infection with inﬂuenza A strain produced an estimate of 1500
different antibodies in the repertoire directed against the four
immunodominant epitopes [27]. Thus, an immunodominant
epitope could be viewed as an area underneath an antibody
footprint, or set of overlapping footprints, in which there is
considerable variation at the clonal level in the atomic contacts
that determine the strength of the interaction.
The response of T cells and APCs, including B cells, to the
same antigen is called linked recognition. However, protein
epitopes recognized by the TCR generally do not contain
sequences that are part of the B-cell epitope. The B-cell epitope
of some antigens is protected from proteolytic degradation and
MHC class II presentation by being bound to the BCR, leading
to a bias against T–B-cell epitope overlap [28]. However, there
are examples in which B- and T-cell epitopes do overlap [29].
Additionally, in some cases antibody binding to antigen can
enhance the presentation of one T-cell determinant while
simultaneously suppressing the presentation of a different
T-cell determinant within the same antibody footprint [30].
MHC class I or II-restricted T-cell epitopes that develop in
response to immunization with model proteins such as
cytochrome c, lysozyme, and insulin or microbial proteins,
such as inﬂuenza hemagglutinin, staphylococcal nuclease and
malarial CS protein, tend to be limited to one or a few
dominant sites [31]. In fact, immunodominance of T-cell
epitopes is more generally recognized than immunodominance
of B-cell epitopes. Antigen processing plays an important role
in the development of T-cell epitopes, but it is not possible to
predict T-cell epitopes based on sequence or structure of the
native protein.
The study of immunogenicity is intimately related to that of
tolerance. Tolerance is a physiological state in which the
immune system does not react destructively either against selfcomponents or against non-self antigens to which it is exposed.
For developing T cells with high afﬁnity for self-antigens,
tolerance takes place in the thymus. Induction of tolerance in
the thymus is referred to as ÔcentralÕ, as distinguished from the
peripheral tolerance that may develop among already mature T
cells when they encounter antigen with medium afﬁnity in the
peripheral tissues. B cells can also be rendered tolerant in a
process that also occurs outside the thymus.
Central T-cell tolerance is accomplished by clonal deletion of
autoreactive T cells. Deletion, anergy, receptor downregulation, and ignorance have been shown to be responsible for Tand B-cell peripheral tolerance, depending on the particular
model system studied. Increasing evidence has accumulated
that regulatory CD4+ T cells play a role in peripheral T-cell
tolerance [32]. A revised version of the Bretscher–Cohn theory
of immunogenicity and tolerance proposed in 1970 has been
proposed based on the costimulation model and ÔdangerÕ
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theory of immunogenicity described above [33,34]. In this
model, antigen-speciﬁc signaling through the BCR or the TCR
and a non-speciﬁc second signal are required for B-cell and
T-cell activation, respectively. In the absence of both signals, a
state of tolerance develops due to cell anergy.
FVIII inhibitors
Clinical features

FVIII inhibitors are the most common pathogenic antibodies
directed against the blood coagulation factors. They develop in
approximately 30% of patients with severe and moderately
severe hemophilia A in response to infusions of FVIII [35].
Patients who develop inhibitors usually do so within the ﬁrst
year of treatment [36]. The mechanisms underlying the state of
apparent immune tolerance in the remaining non-inhibitor
patients are unknown. The greatest risk of inhibitor development is associated with nonsense mutations, large deletions and
intrachromsomal recombinations (inversions) in the FVIII
gene that are predicted to cause a complete lack of endogenous
FVIII. It is not possible to predict who will develop an inhibitor
within these high-risk groups. Because these patients are treated
more frequently due to increased bleeding and associated
inﬂammation and tissue damage, inhibitor development may
occur in conjunction with danger signals presented to the
immune system. The risk of inhibitor development in patients
with mild hemophilia A increases with the amount of exposure
to FVIII [37].
The antibodies that arise in hemophilia A patients are
usually called alloantibodies. However, in most cases they are
technically isoantibodies, which are deﬁned as antibodies that
react with antigens of another member of the same species. In
contrast, alloantibodies are deﬁned as antibodies to polymorphic determinants present on proteins from another member of
the same species. This distinction is commonly made with
respect to antiplatelet antibodies [38]. True alloantibodies have
rarely been described in patients with hemophilia A and are due
to missense mutations that produce circulating, dysfunctional
forms of so-called cross-reactive material positive (CRM+)
FVIII [39,40]. When infused with normal FVIII, these patients
can make alloantibodies that react with normal FVIII but not
self-FVIII.
FVIII inhibitors that occur as autoantibodies in nonhemophiliacs produce a condition sometimes called acquired
hemophilia A. As noted above, it is the most common autoimmune bleeding disorder involving the coagulation system.
For unknown reasons, acquired hemophilia A patients are
more likely to have a more severe bleeding diathesis than
hemophilia A inhibitor patients [41]. Additionally, in contrast to patients with hemophilia A, hemarthrosis in these
patients is rare. Approximately 50% of acquired hemophilia
A patients have underlying conditions, including autoimmune
disorders, malignancy, and pregnancy [8]. The remaining,
idiopathic cases most commonly occur in elderly patients of
either sex.
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FVIII inhibitors also have been identiﬁed in approximately
20% of normal healthy donors [42]. These inhibitors inhibit
FVIII activity in pooled normal plasma, but not autologous
plasma, indicating that they are not autoantibodies, but rather
alloantibodies directed against an unidentiﬁed polymorphism.
Anti-FVIII IgG has also been identiﬁed in all normal plasmas
tested by afﬁnity chromatography on immobilized FVIII [43].
The increased sensitivity of the method is due to its ability to
resolve anti-FVIII antibodies from anti-anti-FVIII idiotypic
antibodies that are also present. Idiotypic regulation has been
proposed as a mechanism for controlling autoantibody activity
in vivo [44].
Diagnosis

In patients with hemophilia A, clinically signiﬁcant FVIII
inhibitors usually present as a lack of response to replacement
therapy. Recovery and half-life studies, performed by measuring FVIII levels after infusion of FVIII, are the most critical
aspect of the diagnostic evaluation. Acquired hemophilia A
patients usually present with spontaneous bleeding, which is
often severe. In either case, the activated partial thromboplastin
time (APTT) of normal plasma is prolonged by the addition of
patient plasma in a mixing study. This provides the basis for the
Bethesda assay, which is the most common quantitative assay
for FVIII inhibitors. The Bethesda titer is deﬁned as the
dilution of patient plasma that produces 50% inhibition of the
FVIII activity in normal plasma [45]. Inhibitors are classiﬁed
informally as low titer or high titer when the Bethesda titers are
< 5 or > 5–10, respectively. Inhibitors frequently inhibit FVIII
in the APTT-based assay over minutes to hours. Therefore,
dilutions of patient plasma are preincubated with normal
plasma for 2 h at 37 C in the Bethesda assay. Variation in the
assay is increased by poor control of the pH and/or possible
loss of FVIII due to adsorption to the vessel wall during the 2-h
incubation. This is particularly a problem in deciding whether a
low-titer FVIII inhibitor is present. The assay has been
modiﬁed by the addition of 0.1 M imidazole pH 7.4, and by
diluting test plasma into FVIII-deﬁcient plasma during the
preincubation phase [46]. In a large multicenter study, this
ÔNijmegenÕ modiﬁcation of the Bethesda assay was shown to
decrease spuriously positive assay results [47].
Properties of FVIII inhibitors

FVIII inhibitors almost always consist of a polyclonal IgG
population. IgG4 is usually a major component of the antibody
population [48–51], even though IgG4 accounts for only 5% of
the total IgG in normal plasma. However, IgG1 and IgG2, but
not IgG3, subclasses also are usually present in populations of
anti-FVIII antibodies. There is no correlation between antiFVIII IgG subclasses and whether the patient has congenital or
acquired hemophilia A. These ﬁndings suggest that FVIII
inhibitors are associated with a mixed Th1/Th2 response in
both patient populations. IgG4 antibodies do not ﬁx complement, which has been cited as a reason that immunopathology

due to antigen–antibody complex is not observed in FVIII
inhibitor patients. However, it is more likely that FVIII simply
is not present in sufﬁcient quantity to mediate tissue damage
when complexed to antibody. This also would account for the
lack of immune complex-mediated effects due to IgG1, which
does ﬁx complement.
FVIII inhibitors are classiﬁed based on the kinetics and
extent of inactivation of FVIII [52]. Type I inhibitors follow
second-order kinetics and inactivate FVIII completely, which
would be expected for a simple bimolecular antigen–antibody
reaction. Type II inhibitors inactivate FVIII incompletely and
display more complex kinetics of inhibition. Hemophilia A
inhibitor patients and acquired hemophilia A patients tend to
have type I and type II inhibitors, respectively [53]. However,
the borderline between type I and type II inhibitors is not
always clear and the distinction is not useful clinically.
Epitopes recognized by FVIII inhibitors

FVIII is an approximately 300-kDa glycoprotein that circulates
bound non-covalently to VWF. In the absence of an interaction
with VWF (e.g. in severe von Willebrand disease or in some
naturally occurring VWF missense mutations), FVIII is cleared
rapidly, resulting in low circulating levels. VWF is a multimeric
protein that is multivalent for FVIII. It has an average
molecular mass of several million Daltons and a hydrodynamic
radius in the submicron range [54]. Thus, the FVIII–VWF
complex may look something like a microorganism to the
immune system and present a danger signal under certain
circumstances. Additionally, BCR cross-linking by a multivalent antigen can produce receptor clustering and an increase in
immunogenicity [55], which also suggests that the immunogenicity of FVIII may depend on being bound to VWF.
FVIII contains a sequence of domains designated A1-A2-Bap-A3-C1-C2 (Fig. 2), where ap is an acidic 41-residue
activation peptide. During biosynthesis, FVIII is cleaved
intracellularly at several sites in the B domain. This produces
a series of heterodimers that contain a common light chain
consisting of the ap-A3-C1-C2 domains. During the activation
of FVIII by thrombin, cleavages occur between the A1 and A2
domains, the A2 and B domains, and the ap and A3 domains.
The B-domain fragments and the acidic 41-residue ap peptide
are released, producing an A1/A2/A3-C1-C2 activated FVIII
heterotrimer [56].
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Fig. 2. B-cell epitopes in factor VIII, factor V and factor IX.
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Western blotting analysis and antibody neutralization studies of large series of FVIII inhibitor patients have shown that
inhibitory activity is usually restricted to the A2 domain and
the FVIII light chain (ap-A3-C1-C2 polypeptide) in both
hereditary and acquired hemophilia A [57–59]. The epitope
speciﬁcity can ﬂuctuate with time in individual patients [60].
The C2 domain contains the dominant epitope within the light
chain [59,61]. Homolog scanning mutagenesis using hybrid
human/non-human FVIII molecules has mapped anti-A2
antibodies to a segment bounded by Arg484–Ile508 and antiC2 antibodies to the NH2-terminal half of the C2 domain
(Fig. 2) [62,63]. Interestingly, inhibitory antibodies to FV,
which is homologous to FVIII (Fig. 2), also map to the
N-terminal half of the C2 domain [64]. Inhibitory activity
directed against the ap-A3-C1 region of FVIII has been identiﬁed in some patients by the observation that the FVIII light
chain neutralizes more antibody than the isolated C2 domain
[58,65]. Inhibitor IgGs have been identiﬁed that are neutralized
by a synthetic peptide corresponding to A3 domain residues
Lys1804–Val1819 [65,66], which contains the FIXa binding site
[67] and A3 domain residues His2009–Val2018, which contains
an activated protein C binding site [65]. Additionally, experiments using hybrid FVIII molecules have identiﬁed the ap
segment as an antigenic site in some patients [68].
The unusual inhibitory alloantibodies that have been
described in CRM+ patients occurred in association with an
Arg593Cys mutation in the A2 domain outside the immunodominant Arg484–Ile508 epitope [39] and an Arg2150His
substitution in the C1 domain [40]. The epitopes recognized by
antibodies from these patients are at the site of the mutation
because they do not recognize self FVIII, which presumably
only differs from wild-type FVIII at the mutation site.
Conceivably, other CRM+ patients develop alloantibodies
that escape detection because they are not inhibitory.
Despite the different immunological settings in which they
arise, antibodies in hereditary and acquired hemophilia A
inhibitor plasmas are both primarily directed to the A2 and C2
domains. This suggests that intrinsic structural features in the
FVIII molecule are an important determinant driving the
immune response. Consistent with this, the inhibitory antibody
response to human FVIII in hemophilia A mice can be reduced
by mutagenesis of the A2 epitope [69]. However, although the
A2 and C2 epitopes are immunodominant in both populations,
antibody neutralization experiments have shown that the
distribution of antibodies differs signiﬁcantly [58]. Most
hemophilia A inhibitor plasmas recognize both the A2 and
C2 domains. In contrast, most autoantibody plasmas recognize
either the A2 or C2 domain, but not both, with the C2 domain
being more frequently targeted. Epitope spreading between
domains does not appear to be a property of FVIII inhibitors
because anti-C2 antibodies can occur in the absence of anti-A2
antibodies and vice versa.
An X-ray structure of the human FVIII C2 domain has been
solved, revealing a putative hydrophobic three-prong phospholipid membrane-binding site consisting of Met2199/
Phe2200, Val2223, and Leu2251/Leu2252 [70]. Additionally,
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Fig. 3. Structure of the BO2C11 Fab–factor C2 complex. X-ray coordinates were obtained from Protein Data Bank accession number 1IQD [72].

several basic residues contribute to a ring of positively charged
residues that may contribute to electrostatic interaction of
FVIII with negatively charged phosphatidylserine. Mutagenesis of several of these residues using conservative replacements
with non-human amino acids indicates that C2 inhibitors
frequently target the Met2199/Phe2200 and Leu2251/Leu2252
b-hairpins [71]. The X-ray structure of an Fab fragment of a
human hemophilia A inhibitor patient-derived monoclonal
IgG4j anti-C2 antibody, BO2C11, in complex with the FVIII
C2 domain, has been solved [72]. The antibody-combining site
was in contact with the Met2199/Phe2200 and Leu2251/
Leu2252 loops (Fig. 3). Site-directed mutagenesis studies have
indicated that, although the antibody footprints on the A2 and
C2 domains may be similar from patient to patient, the
antibodies vary with respect to the individual amino acids that
they recognize [71,73].
Phage display technology has been used to characterize
human anti-FVIII antibodies from inhibitor patients [74–77].
In this method, a patient-derived, subclass-speciﬁc immunoglobulin heavy-chain gene repertoire obtained from peripheral
blood mononuclear cells is combined with a non-speciﬁc lightchain gene repertoire and displayed as single-chain variable
domain antibody fragments (scFv) on ﬁlamentous phage.
Phages are selected by binding to antigen or antigenic
fragments. An underlying assumption in this method is that
most of the binding energy for antigen–antibody interactions is
derived from the heavy chain. Several IgG4-speciﬁc, hypermutated clones have been identiﬁed and the corresponding scFv
molecules have been characterized. Three anti-C2 domain
scFvs have been isolated that have different epitope and VH
germline speciﬁcities. None of the scFvs inhibited FVIII
function but one overlapped with an inhibitory epitope. These
results indicate that the immune response to the FVIII C2
domain is complex. However, an alternative possibility is that
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at least some of the scFvs are derived from inhibitory
antibodies, but have low afﬁnity due to the non-native
immunoglobulin light chain. Five anti-A3 domain scFvs
recognized an epitope that included residues Gln1778–
Asp1840. Only two of the ﬁve scFvs inhibited FVIII activity,
which also may be due to low binding afﬁnity. Two anti-A2
domain scFvs have been isolated. One was directed against the
Arg484–Ile508 epitope and had inhibitory activity against
FVIII. The second recognized an epitope that included residues
Asp712–Ala736 and was non-inhibitory.
Mechanism of action of FVIII inhibitors

The only biological function of FVIII is to become proteolytically activated and participate as a cofactor for FIXa during
intrinsic pathway factor (F)X activation on phospholipid
membranes. Theoretically, antibodies could inhibit FVIII
procoagulant function in several ways, including blocking the
binding of FVIIIa to FIXa, FX or phospholipid, or by
interfering with the proteolytic activation of FVIII. Additionally, antibodies that interfere with binding to VWF could
displace FVIII from VWF in vivo and increase the clearance of
FVIII. These antibodies would not affect the procoagulant
activity of FVIII in vitro in the Bethesda assay unless they also
interfered with intrinsic pathway FX activation or the activation of FVIII.
Many, if not all, anti-C2 antibodies inhibit the binding of
FVIII to phospholipid [78], which was the basis for the
hypothesis that anti-C2 antibodies bind the proposed phospholipid-binding site of FVIII. However, VWF also binds the
C2 domain [79,80] and VWF competes for the binding of factor
to phospholipid [81,82]. In most cases, type II inhibitors behave
like type I inhibitors when they are tested against FVIII in the
absence of VWF, indicating that inhibition by the type II
antibodies is blocked due to competition for binding by VWF
[83]. Thus, VWF could interfere with the binding of anti-C2
antibodies, producing a type II antibody pattern. This is
consistent with the observation that polyclonal patient antibodies that recognize only the C2 domain are much more
common in autoantibody patients [58], in which most type II
antibodies are found [52,83]. Alternatively, the difference
between type I and type II inhibitors may be a function of
binding afﬁnity for FVIII.
The analysis of FVIII inhibitors has been confounded by the
polyclonal nature of the antibodies. The BO2C11 antibody
described above is one of only two human monoclonal antiFVIII antibodies that have been isolated [84]. It is a highafﬁnity antibody that was isolated by immortalization of the
peripheral blood memory cell pool from a hemophilia A
patient with a high-titer inhibitor. BO2C11 inhibits the binding
of FVIII to phosphatidylserine and VWF. However, contrary
to expectations, it is a type I inhibitor. Thus, type II inhibitors
may represent another population of inhibitors with different
epitope speciﬁcity from BO2C11, yet still inhibit the binding of
FVIII to the C2 domain and to VWF. The other human
monoclonal anti-FVIII antibody was cloned from the patient

with the C1 domain Arg2150His missense mutation described
above [85]. Polyclonal IgG from the patient competed with the
monoclonal antibody for binding to FVIII, indicating that the
immune response was directed entirely to a C1 epitope that
included Arg2150. Surprisingly, the monoclonal antibody was
a type II inhibitor and blocked the binding of FVIII to VWF,
implying a possible interaction of VWF with the FVIII C1
domain. Three unusual acquired hemophilia A patients with
type II inhibitors have been identiﬁed with normal levels of
FVIII antigen but decreased FVIII activity [65]. Analysis of the
autoantibodies in these patients revealed that they formed
immune complexes with FVIII that were protected from
degradation by activated protein C. The autoantibodies
inhibited the binding of FVIII to VWF. This indicates that
the normal antigen levels are due to displacement of FVIII
from VWF to immune complexes, which are protected from
proteolysis by activated protein C and subsequent rapid
clearance. The epitopes recognized by the autoantibodies were
mapped using synthetic peptides to the previously recognized
Lys1804–Val1819 FIXa binding site and also to the His2009–
Val2018 activated protein C binding site. The properties of
anti-FVIII light-chain antibodies remain poorly understood
with respect to their relative pathophysiological effects as
anticoagulants compared with their inhibition of VWF
binding.
Outbreaks of C2-speciﬁc inhibitors have been described in
previously treated hemophilia A patients with no history of
inhibitor development receiving speciﬁc lots of plasmaderived FVIII [86,87]. The C2-speciﬁcity is remarkable
because it is unusual in the hemophilia A population. The
results suggest that exposure to denatured forms of FVIII
may produce an immunogenic neoepitope or that antigens
other than FVIII may have provided a Ôsecond signalÕ for the
immune response.
Anti-A2 inhibitors inhibit intrinsic FXase noncompetitively
[88]. Noncompetitive inhibitors do not prevent binding of
substrate (FX) to enzyme (FIXa/FVIIIa/phospholipid), but the
resulting complex is inactive. Anti-A2 inhibitors do not block
the binding of FVIIIa to ﬂuorescent dye-labeled FIXa, but
prevent a secondary change that occurs when FX binds the
dye-labeled FIXa–FVIIIa complex. Studies with prothrombinase, which is homologous to the intrinsic FX activation
complex, indicate that substrate binding to an enzyme exosite
determines substrate afﬁnity. This is followed by an intramolecular binding step that docks the scissile bond region of the
substrate to the active site of the enzyme [89]. Anti-A2
inhibitors may bind FVIIIa and block the intramolecular
binding event without disrupting the initial encounter of FX
with the enzymatic complex.
Lacroix-Desmazes et al. have described antibodies in polyclonal IgG preparations from hemophilia A inhibitor patients
that catalyze the proteolytic degradation of FVIII [90].
Multiple, unidentiﬁed cleavage sites in the FVIII molecule
appear to be involved. They have proposed that proteolysis of
FVIII may increase clearance in vivo. The clinical signiﬁcance
of catalytic anti-FVIII antibodies is unknown.
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Non-inhibitory anti-FVIII antibodies

Anti-FVIII antibodies can be measured by ELISA, which does
not discriminate between inhibitory and non-inhibitory antibodies. Hemophilia A patients with a positive ELISA but
undetectable inhibitor levels by Bethesda assay have rarely
been identiﬁed, indicating the presence of non-inhibitory
antibodies [91]. It has been proposed that antibodies in this
subset of hemophilia A patients could interfere with the
binding of FVIII to VWF and decrease the circulatory lifetime
of FVIII. However, in another study, only four of 26
hemophilia A patients with no detectable inhibitor by Bethesda
assay showed a non-inhibitory antibody by ELISA [92]. In
three of these patients the ELISA assay was only weakly
positive. Overall, the results indicate that a signiﬁcant antibody
response to FVIII usually includes a clinically signiﬁcant
inhibitor response. Whether there is a signiﬁcant subpopulation
of non-inhibitory antibodies in FVIII inhibitor plasmas is not
known.
T-cell help in FVIII inhibitor development

As discussed above, antibody response to most soluble proteins
requires T-cell help in which antigen-speciﬁc peptides are
presented on the surface of MHC class II molecules to the
TCR. MHC loci are highly polymorphic, which is a major
factor in the nature of the antigen that is presented. However,
inhibitor formation in patients with hemophilia A is inﬂuenced
only weakly by MHC loci [93]. Several observations suggest
that T-cell help is required for the production of anti-FVIII
antibodies in congenital and acquired hemophilia A. Highafﬁnity antibodies, which characterize FVIII inhibitors, require
afﬁnity maturation, which is a T-cell-dependent process.
Additionally, the identiﬁcation of IgG4 antibodies as an
important subclass for production of anti-FVIII antibodies
indicates the presence of Th2-cell help.
T-cell help clearly has been identiﬁed in the murine FVIII
inhibitor model (vide infra). However, it has been difﬁcult to
demonstrate unequivocally FVIII-speciﬁc T-cell responses in
human hemophilia A. The analysis of FVIII inhibitors is
limited by the inaccessibility of lymphoid tissue. Peripheral
blood T-cell proliferation in response to in vitro stimulation
with FVIII has been observed in some hemophilia A inhibitor
patients [94]. However, major differences were not observed
between hemophilia A patients with or without inhibitors,
acquired hemophilia A patients and in normal controls in
T-cell proliferation assays using FVIII-speciﬁc synthetic
peptides [95]. Peripheral blood T-cell proliferation in response
to synthetic peptides spanning the entire sequence of full-length
human FVIII was also measured in this study. The peptides
were divided into pools based on their corresponding FVIII
domains (A1, A2, A3, B, C1, and C2). T-cell proliferation
occurred in response to native FVIII and equally well to pools
from all domains. Subsequently, T-cell proliferation in
response to 16 overlapping 20-residue peptides spanning the
human C2 domain was studied in patients with congenital or
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acquired hemophilia A and in normal controls [96]. Signiﬁcant
responses were obtained in all patient groups. Several peptides
were recognized in all groups, except hemophilia A patients
with inhibitors, in whom there was a more limited response.
Thus, CD4+ recognition of FVIII appears to be complex with
a surprisingly robust response in the normal population. The
more restricted response in hemophilia A inhibitor patients
compared with hemophilia A patients without inhibitors or
normal subjects, which seems counterintuitive, possibly results
in the inability of inhibitor patients to activate a regulatory
CD4+ T cell that suppresses the immune response to FVIII
[96].
FVIII-speciﬁc T-cell clones were produced from the patient
with the Arg2150 His missense mutation described above
whose inhibitor recognizes Arg2150 [97]. These clones proliferated in response to antigen presentation by FVIII-speciﬁc B
cells of a peptide corresponding to the normal FVIII sequence
that spans Arg2150. However, they did not respond to a
peptide representing the corresponding mutant sequence. Thus,
Arg2150 also is part of a T-cell epitope. As discussed above,
examples of overlapping B- and T-cell epitopes exist, such as
this case, but are not necessarily the rule. This case may be
exceptional because the single amino acid difference between
mutant and wild-type FVIII may have driven the selection of
overlapping B- and T-cell epitopes.
Treatment

Treatment of bleeding episodes for patients with acquired
hemophilia A or congenital hemophilia A with inhibitors
depends on the inhibitor titer. Low-titer inhibitors can be
overwhelmed with FVIII. FVIII bypassing agents [prothrombin complex concentrates, activated prothrombin complex
concentrates, or recombinant factor (F)VIIa] or porcine FVIII
concentrates can be used to treat patients with high-titer
inhibitors [8,98]. Recombinant FVIIa (NovoSevenTM) is
effective in controlling most bleeding episodes [99–101]. There
have been no reports of inhibitory antibodies developing to the
product. Prospective trials have not been performed to
compare these agents, although a trial comparing FEIBA
VHTM, an activated prothrombin complex concentrate, with
NovoSeven, is under way (the FENOC study). The availability
of porcine FVIII is limited because of problems associated with
its manufacture. Immunosuppressive agents, intravenous gammaglobulin and plasmapheresis have been used in acquired
hemophilia in conjunction with FVIII bypassing agents and
porcine FVIII [100]. Immune tolerance induction protocols are
discussed below.
The immunogenicity of FVIII in hemophilia A mice

Hemophilia A mice provide an important model system for
studying the immunogenicity of FVIII. There are two strains of
FVIII knockout mice [102], which were produced by targeted
disruption of the FVIII gene at exons 16 and 17, respectively,
both of which encode A3 domain sequences. E16 and E17 mice
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have a bleeding diathesis and undetectable functional FVIII.
They secrete detectable FVIII antigen because the gene 5¢ to the
encoded A3 domain is intact [103]. Thus, both strains may be
partially tolerant to murine FVIII. Consistent with this, human
FVIII is more immunogenic than murine FVIII in E16 mice
[104]. In contrast to the E16 and E17 mice, the genetics of
human hemophilia A is very heterogeneous. As a model, E16
and E17 mice correspond to a subset of CRM+ patients that
have nonsense mutations in the FVIII light chain.
Qian et al. developed an immunogenicity model using E16
and E17 hemophilia A mice in a C57BL/6 (H2b) background
[105]. The mice are infused intravenously with human FVIII in
the absence of adjuvants at a frequency and dosage on a body
weight basis (10 lg kg)1, approximately 80 U kg)1) that
mimics treatment of human hemophilia A. Under these or
similar conditions, the mice develop detectable FVIII inhibitors
after two or three doses that increase from 10 and 1000 Bethesda units (BU) mL)1 with further injections [105–107].
Measurement of anti-FVIII antibodies by ELISA indicates
that 1 BU of anti-FVIII activity corresponds to approximately
1 lg of anti-FVIII antibody [105], similar to inhibitors that
develop in humans. The relative contribution of inhibitory
antibodies to the total antibody population is not known.
Normal C57BL/6 mice also make antibodies to human FVIII,
but the response is slower than in hemophilia A mice [105,107].
This indicates that endogenous murine FVIII partially tolerizes
normal mice to human FVIII.
The delivery of the immunogen in human and murine
hemophilia A differs considerably from most model systems
used by immunologists in which antigens typically are given in
adjuvants at a dose of about 5000 lg kg)1. The strong immune
response at 100-fold lower doses of FVIII in the absence of
adjuvants is striking. Hemophilia A mice do not have
spontaneous bleeding and are healthy when handled with care.
Speciﬁcally, they do not have chronic inﬂammatory joint
disease, or other evidence of ÔdangerÕ signals that would act as
natural adjuvants. As noted above, the immunogenicity of
FVIII conceivably depends on the carrier effect of VWF. On
the other hand, anti-C2 antibodies, presumably including
membrane immunoglobulin in the cognate BCR, compete with
VWF for binding to FVIII. This makes it difﬁcult to see how
the immunodominant anti-C2 response is initiated unless
FVIII and VWF dissociate in the spleen and other secondary
lymphoid organs. Furthermore, results by Reipert et al. in the
hemophilia A mouse model may have relevance to the possible
role of VWF in the immunogenicity of FVIII [107]. Anti-FVIII
antibody levels are comparable when FVIII is delivered
intravenously or subcutaneously. FVIII is not absorbed into
the circulation when given subcutaneously and VWF is
conﬁned to the intravascular space. Thus, FVIII is probably
delivered to draining lymph nodes in an unbound state,
suggesting that the immunogenicity of FVIII is independent of
VWF.
The production of antihuman FVIII antibodies in hemophilia A mice is T-cell-dependent, as shown by a T-cell
proliferative response to exposure to FVIII in vitro [105]. The

T-cell response is detectable in most mice before anti-FVIII
antibodies are measurable. IgG1, IgG2a and IgG2b anti-FVIII
antibodies are produced, which is consistent with a combined
Th1 and Th2 response [106,108–110]. FVIII-speciﬁc CD4+
IFN-c-positive and CD4+ IL-2-positive T cells have been
identiﬁed by ﬂow cytometry, consistent with a strong Th1
response [108]. FVIII-speciﬁc CD4+ IL-10-positive T cells also
are present. As discussed above, the role of IL-10 in Th1 and
Th2 responses is complex and incompletely understood.
CD4+ IL-4-positive Th2 cells have not been deﬁnitively
identiﬁed, but IL-4 is secreted in spleen cells from immunized
hemophilia A mice in response to FVIII [106], which, however,
may not be due to CD4+ cells.
The proliferation of CD4+ T cells prepared from spleens of
immunized mice in this model in response to intact FVIII and
synthetic peptides spanning the entire sequence of full-length
human FVIII was measured [110]. The peptides were divided
into pools based on the corresponding FVIII domains (A1, A2,
A3, B, C1, and C2). T-cell proliferation occurred in response to
native FVIII and equally well to pools from all domains,
similar to the results obtained using human peripheral blood T
cells described above [95]. Thus, speciﬁc immunodominant
T-cell epitopes have not been identiﬁed. This may be due to the
large size of the molecule and the presence of numerous
immunodominant epitopes.
FVIII-speciﬁc ASCs can be identiﬁed in the spleen after two
doses of FVIII and in the bone marrow after three doses by
ELISPOT analysis [111]. The number of ASCs decreases in the
spleen over a period of 5 months but persists unchanged in the
bone marrow. Memory B cells have been isolated from spleens
of immunized mice, which differentiate into ASCs upon
exposure to FVIII in vitro and in adoptive transfer experiments
in vivo [112]. The differentiation of memory B cells into ASCs is
T-cell-dependent. However, in mice presensitized with ovalbumin, ovalbumin-speciﬁc T cells can provide T-cell help and
FVIII-speciﬁc T cells are not necessary. In this setting,
ovalbumin behaves as a third-party antigen that activates T
cells to stimulate memory B cells in a phenomenon called
bystander help [113].
The role of the costimulatory molecules in hemophilia A
mice immunized with FVIII has been addressed in several
studies. These were motivated partly by observations in other
experimental systems that exposure of T cells to antigens in the
absence of costimulation can render them anergic due to lack of
signal 2. B7-1–/– and B7-2–/– mice were crossed with hemophilia
A mice and evaluated in the immunogenicity model [114].
Hemophilia A/B7-2–/– mice did not develop anti-FVIII antibodies, but the A/B7-1–/– mice produced high-titer antibodies.
The differential response of hemophilia A/B7-2–/– and hemophilia A/B7-1–/– was not predicted from previous studies on the
function of B7-1 and B7-2 molecules. CTLA4-Ig, which blocks
B7/CD28 and CTLA4/CD28 interactions, blocked the antiFVIII antibody response when given concomitantly with FVIII
[114]. However, further injections of FVIII to these mice in the
absence of CTLA4-Ig resulted in the production of anti-FVIII
antibodies. The effect of CTLA4-Ig is potentially complex
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because it can block both an upregulatory response (B7-CD28)
and a downregulatory response (B7-CTLA4).
Anti-CD40L antibody prevents a primary immune response
when given concomitantly with FVIII over a series of injections
[106,108,115]. Additionally, anti-CD40L antibody given to
hemophilia A mice after they have been immunized with FVIII
decreases anti-FVIII antibody titers, FVIII-speciﬁc T-cell
proliferation and proliferating germinal centers in the spleen
[115]. However, additional repeated exposure to FVIII in the
absence of anti-CD40L in both settings results in a high-titer
anti-FVIII response. The levels of FVIII-speciﬁc CD4+ IFNc-positive and CD4+ IL-2-positive T cells are decreased in
CD40L-treated mice, but increase with additional immunizations of FVIII in the absence of anti-CD40L [108]. The
interruption of the B7-1/CD28, B7-2/CD28, and CD40/
CD40L pathways blocks differentiation of memory B cells
into ASCs, but interruption of the ICOS/ICOS ligand pathway
is not inhibitory [112]. In this system, interference with the B7/
CD28 pathways blocks restimulation of memory T cells. In
contrast, work in other systems has suggested that B7/CD28
interactions are necessary for activation of naive T cells but not
for memory T-cell responses [116]. Costimulatory interactions
may depend on the nature and concentration of the antigen.
The studies by Hausl et al. were done using physiological
concentrations of FVIII, whereas studies in other systems have
used higher concentrations of antigen. Interruption of the B7-1/
CD28, B7-2/CD28, and CD40/CD40L pathways does not
decrease the production of antibodies by mature ASCs. This
suggests that blocking costimulation pathways in existing
FVIII inhibitor patients could possibly blunt the anamnestic
response to additional infusion of FVIII, but would not reduce
the inhibitor levels due to existing ASCs [112].
FIX inhibitors
The incidence of hemophilia B is approximately one-ﬁfth that
of hemophilia A. Hemophilia B patients are more likely than
hemophilia A patients to have missense mutations and
dysfunctional circulating FIX. These patients are designated
CRM+ based on detectable FIX antigen and are less likely to
develop FIX inhibitors than CRM– hemophilia B patients
[117]. This is presumably due to the development of immune
tolerance to the self-FIX polypeptide that extends to the wildtype protein used in replacement therapy. The incidence of
inhibitor development in hemophilia B patients is less than in
hemophilia A patients and is approximately 1–3% [118].
However, the lower incidence cannot be completely accounted
for by the higher fraction of CRM+ hemophilia B patients.
Additionally, the development of autoantibodies to FIX is
much less common than to FVIII [119]. This indicates that
FVIII generally may be more immunogenic than FIX.
Hemophilia A and hemophilia B are indistinguishable
clinically in the absence of speciﬁc clotting factor assays,
which is consistent with the fact that the only known biological functions of FVIII and FIX are to participate in the
intrinsic pathway FX activation complex. Likewise, the clinical
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presentation, diagnostic evaluation and management strategies
of FIX and FVIII inhibitor patients are similar. However, in
contrast to hemophilia A patients, hemophilia B inhibitor
patients are at signiﬁcant risk of developing anaphylactoid
reactions or frank anaphylaxis in response to FIX replacement
therapy [120]. This usually occurs at the time the inhibitor ﬁrst
appears, at a median age of 1.3 years and a median of 11
exposure days to product. Additionally, some of these patients
develop the nephrotic syndrome.
As in FVIII inhibitor patients, inhibitor titers are characterized using the Bethesda assay, modiﬁed by using FIX-deﬁcient
plasma. The Bethesda assay is predictive of poor response to
replacement therapy in hemophilia B, indicating that noninhibitory antigen–antibody complexes that promote rapid
clearance do not occur. FIX inhibitors from several patients
have been characterized [121]. They are polyclonal IgG
antibodies, predominantly in the IgG1 and IgG4 subclasses.
FIX epitopes recognized by the IgG preparations were
localized using chimeric human FIX/FX molecules. FIX contains a Gla-EGF1-EGF2-AP-SP domain structure (Fig. 2),
where Gla, EGF, AP and SP refer to c-carboxyglutamic acid,
epidermal growth factor-like, activation peptide, and serine
protease domains. Most of the IgG preparations recognized
both the Gla and SP domains, but none recognized the EGF or
AP domains. The anti-FIX antibodies inhibited the FIXa/
FVIIIa intrinsic FX activation complex. The antibodies from
most of the patients that were studied inhibited the binding of
FIX to phospholipid, which could account for the inhibitory
activity. However, the antibodies blocked the binding of FIX
to the FVIII light chain in a phospholipid-independent assay,
indicating that more than one inhibitory mechanism may be
involved.
In patients with high-titer FIX inhibitors that cannot be
overwhelmed by infusion of FIX, bleeding episodes can be
treated with prothrombin complex concentrates, activated
prothrombin complex concentrates, or recombinant FVIIa
[118,122]. Immune tolerance induction protocols are discussed
below. Because of the risk of anaphylaxis associated with the
formation of a FIX inhibitor, it is recommended that the ﬁrst
10–20 infusions of FIX be given in a treatment center equipped
for the treatment of shock. In the absence of controlled clinical
trials, treatment is based on the clinical situation, physician
preference, product availability and cost.
Hemophilia B mice have been created by targeted disruption
of the FIX gene in the promoter region, which results in no
detectable FIX expression [123]. T-cell responses in hemophilia
B mice in C57BL/6 (H2b) or BALB/c (H2d) backgrounds after
immunization with 3000 lg kg)1 human FIX subcutaneously
in complete Freund’s adjuvant have been studied [124]. CD4+
T cells from the mice in both strain backgrounds proliferated in
response to human FIX. In both strains of mice, single
dominant T-cell epitopes were identiﬁed using proliferation
assays in response to synthetic peptides. The peptides were
different, which was expected because H2b and H2d MHC class
II molecules have different peptide-binding speciﬁcities. Surprisingly, CD4+ T cells from normal C57BL/6 mice also
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recognized the immunodominant peptide recognized by hemophilia B C57BL/6 mice. This indicates that normal C57BL/6
mice have autoreactive T cells that do not produce an immune
response to murine FIX.
Immune tolerance induction in hemophilia inhibitor
patients
In 1974, Brackmann and coworkers attempted to overwhelm
an inhibitor in a hemophilia A patient with large doses of FVIII
and made the serendipitous observation that the inhibitor titer
declined [125]. This led to the development of the Bonn
protocol, which was followed by several other protocols to
eliminate FVIII and FIX inhibitors [126,127]. The number of
hemophilia B patients that have been studied is small because
of the low incidence of inhibitor development in this group.
The mechanism underlying inhibitor elimination is unknown,
but the process is commonly called immune tolerance induction
(ITI). The most rigorous deﬁnition of a successful outcome is a
return to normal pharmacokinetic recovery and half-life of
infused product. If the pharmacokinetics are normal, inhibitors
are not detected in the Bethesda assay or other in-vitro
measurements of inhibitor formation. However, abnormal
pharmacokinetics can persist after the inhibitor titer has
disappeared.
All protocols have in common the use of the speciﬁc
coagulation factor, but there is considerable variation in the
dose, dose frequency and whether modulators such as immunosuppressives, intravenous immune globulin (IVIG) or
extracorporeal inhibitor adsorption are used. ITI is clearly
antigen-speciﬁc because it has been achieved using highly
puriﬁed FVIII or FIX. Whether intermediate purity FVIII
concentrates, which contain VWF, are superior to highly
puriﬁed plasma-derived or recombinant FVIII is controversial
[126].
Success rates for ITI in hemophilia A inhibitor patients in the
range of 60–80% have been reported in retrospective analyses.
However, the optimal dosing regimen in terms of treatment
outcome and cost has not been determined and will require a
prospective trial. The current Bonn protocol utilizes the most
FVIII, 300 U kg)1 day)1, which is usually given for several
months. An average of approximately 2 million units of FVIII
are used per patient in the Bonn protocols. FVIII use is as low
as 20% of this amount in other protocols. Relapse following
successful ITI is rare. The reported success rate in hemophilia B
is only 30% and the treatment is associated with a high
incidence of allergic reactions and the nephrotic syndrome.
Inhibitor development in gene therapy for hemophilia
A and B
The threat of inhibitor development is a major concern in gene
therapy of hemophilia A and hemophilia B. Inhibitors to FVIII
and FIX have been observed in both murine and canine models
of hemophilia, which was recently reviewed in this journal
[128]. In animal models, the risk appears to depend on several

factors, including the vector, expression levels of FVIII or FIX
and site of transgene expression. The apparent development of
immune tolerance has been noted in some studies. Chao and
Walsh observed that a high-titer inhibitor that developed in
normal C57BL/6 mice disappeared spontaneously and
abruptly after several months [129]. Apparent immune tolerance to human FIX was produced in normal CD-1, C3H,
BALB/c and C57BL/6 mice by adeno-associated viral hepatic
gene transfer as judged by sustained expression of human FIX
[130]. Tolerance was adoptively transferred by CD4+ cells
from C57BL/mice, indicating that regulatory T cells mediated
the process. Gene transfer was less successful in hemophilia B
mice in a CD-1 or C3H background using the murine FIX
transgene. However, sustained expression of FIX was obtained
in all four BALB/c hemophilia B mice using a liver-speciﬁc
promoter. These mice did not develop inhibitors when
challenged with a single-dose of murine FIX subcutaneously
in complete Freund’s adjuvant, suggesting that immune
tolerance had been induced.
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