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Several lines of evidence indicate that the immune response to Factor VIII (FVIII) in patients with
hemophilia A is T cell-dependent. This review highlights the link between the epitope specificity of
FVIII-specific T cells and their potential roles in different categories of patients. FVIII-specific T cells able
to recognize wild-type (i.e. therapeutic) FVIII but not the mutated self FVIII of hemophilia patients have
been identified in patients with mild/moderate hemophilia carrying some point mutations. Such T cells
likely contribute to the higher frequency of neutralizing anti-FVIII antibodies (inhibitors) development in
these patients. In contrast, as yet no T cells have been identified that can differentiate between FVIII
molecules with non-hemophilia-causing single amino acid variants encoded by non-synonymous
single-nucleotide polymorphisms in the F8 gene. Other mechanisms are therefore still to be identified
that will explain the clinically noted differences in the incidence of inhibitor development between
patients of different races who are known to have differences at these sites. Beside information about
the mechanism of inhibitor development, the analysis of FVIII-specific T cells has provided tools to
develop novel diagnostic and therapeutic approaches, such as the generation of FVIII-specific regulatory
T cells that may be useful in preventing or suppressing the immune response to FVIIL
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1. Introduction

Patients with severe hemophilia A (FVIII activity less than 1%)
who are treated by the administration of recombinant or plasma-
derived FVIII concentrates develop FVIII inhibitory antibodies in
about 20-40% of cases [1]. Several lines of evidence indicate that
the immune response to FVIII is T cell-dependent. First, the obser-
vation that a large proportion of anti-FVIII antibodies belong to the
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IgG4 subclass [2] pinpoints a role for T cells in the development of
the humoral response to FVIII since isotype switching is T cell-
dependent. Second, hypermutations are consistently detected in
the genes coding for the variable part of anti-FVIII antibodies
obtained either by immortalization of peripheral blood lympho-
cytes of patients with inhibitor [3] or by phage display technology
[4]. This indicates that B cells producing anti-FVIII antibodies
undergo affinity maturation processes, which also require specific
T cell help [5]. Lastly, in patients with an established humoral
response to FVIII, HIV infection leads to the disappearance of FVIII
inhibitor when T cell counts decline, demonstrating the require-
ment for T cells in this process [6]. The objective of this review is
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to highlight the epitope specificity and the potential role of FVIII-
specific T cells that have been identified in patients with hemophi-
lia A and inhibitor.

2. FVIII-specific T cells in control subjects and in patients with
hemophilia A and inhibitor

FVIII-specific T cells were first identified in the peripheral blood
of hemophilia A patients with inhibitor using T cell proliferation
assays with native FVIII [7]. The antigenic determinants (epitopes)
recognized by such T cells were studied using synthetic peptides
covering the entire FVIII molecule [8]. Epitopes were mapped in
all domains of the FVIII molecule.

Surprisingly, T cells proliferating in response to FVIII peptides
have also been identified in hemophilia A patients without inhibi-
tor as well as in healthy individuals. In these reports only minor
differences were identified between FVIII-specific T cells from
healthy individuals and those from hemophilia A patients with or
without inhibitor [8-11]. This lack of clear-cut difference at the T
cell level has raised questions about the role of FVIII-specific T cells
in the response to FVIIL It may be the case that FVIII-specific T cells
are unnecessary for the development of an immune response to
FVIII, although this seems unlikely given that in patients with an
established humoral response to FVIII, HIV infection leads to the
disappearance of FVIII inhibitor when T cell counts decline [6].
Alternatively, qualitative differences in the phenotype of FVIII-
specific T cells, such as the profile of interleukin production, may
sustain tolerance or the induction of an immune response to FVIII
[12,13].

Interestingly, in addition to FVIII-specific T cells, antibodies to
EVIII have also been isolated from control subjects and from hemo-
philia A patients without clinically-relevant inhibitor [14-16]. The
paradoxical presence of anti-FVIII antibodies in subjects with nor-
mal FVIII levels has only recently been explained by the observa-
tion that the affinity of these antibodies is much lower than that
of inhibitory antibodies [17].

3. FVIlI-specific T cells in patients with mild/moderate
hemophilia A and inhibitor

In contrast to patients with severe hemophilia A, the develop-
ment of inhibitor is rare in mild/moderate hemophilia A patients
(FVIII: 1-40%) [18]. Nevertheless, mild/moderate patients carrying
certain mutations present an incidence of inhibitor formation com-
parable to that of patients with severe hemophilia A. Such muta-
tions have been located in the amino-terminal part of the C2
domain of FVIII, the carboxy-terminal part of the C1 domain, and
the amino-terminal region of the A2 domain [19].

Analysis of polyclonal and monoclonal anti-FVIII antibodies
derived from patients with mild/moderate hemophilia A and inhi-
bitor demonstrated that certain antibodies exclusively recognized
epitope(s) present on wild-type FVIII but not on mutated counter-
parts carrying the Arg593Cys or Arg2150His substitutions [20-23].
The B lymphocytes of such patients were therefore able to make
the distinction between self (mutated) and exogenous (normal)
FVIII. These observations raised the question of whether FVIII-
specific T cells from patients with mutated FVIII could also recog-
nize epitopes on normal exogenous FVIII that were absent on the
patients’ own mutated FVIII. Two techniques were exploited to
answer this question.

The first approach allowed the expansion and characterization
of T cells present in the blood irrespective of their epitope speci-
ficity. Using this method, the T cell response to FVIII was studied
in a mild hemophilia A patient carrying an Arg2150His substitution
in the C1 domain who presented with a high-titer inhibitor toward

normal but not self-FVIIL. T cell lines from this patient were
expanded and cloned by stimulation with FVIII presented by autol-
ogous FVIII-specific B cell lines. These FVIII-specific T cells recog-
nized a peptide encompassing residue Arg2150 of FVIII, the
residue mutated in the patient’s FVIII gene, and did not recognize
recombinant FVIII carrying the substitution Arg2150His. This
demonstrated that the C1 domain of wild-type FVIII contains T cell
epitopes that are absent in FVIII carrying the mutation Arg2150His
[24]. This mutation likely alters the ability of T cells to recognize
the mutated FVIII peptide associated with MHC molecules, since
immunopurified MHC class II molecules were found to bind to
the mutated peptide nearly as effectively as the native peptide.

In a separate approach, FVIII-specific T cells from patients with
mutated FVIII were amplified using peptides derived from normal
FVIII that corresponded to the region where the mutation was
located in the patients’ own FVIII gene. This technique can also
be used in tetramer guided epitope mapping, where the specific
T cells involved can be identified after labeling with a tetramer
of MHC class Il molecules loaded with the relevant peptide. How-
ever, although this technique has proven very efficient at identify-
ing T cells of a predefined specificity, it cannot provide information
about T cells that recognize epitopes in other regions. Using this
approach, the T cell response of a subject with mild hemophilia
A with the missense genotype was characterized for 1 year follow-
ing his initial inhibitor response [25]. His T cells were stimulated
and expanded with pools of peptides covering the C2 domain.

With this method, a T cell epitope sequence containing the 2201
residue was identified. Interestingly, peptides containing the
native FVIII Ala2201 were recognized by the patient’s CD4 T cells
collected up to 1year after inhibitor development, whereas the
mutated Pro2201 peptide was recognized only around the time
of the initial peak response. These results were confirmed by the
isolation of T cell clones that both proliferated in response to pep-
tides containing Ala2201 and recognized the Ala2201 peptide
bound to MHC-class II tetramers. Unexpectedly, no T cell clones
recognized the hemophilic (Pro2201) peptides. These results sug-
gest that the epitope specificity of the FVIII-specific T cells evolved
over time in this patient, leading to a loss of recognition of the self-
epitope. However, the relevance of T cell recognition of the self-
peptide in vivo remains unclear because binding of the mutated
peptide to the patient’s MHC class II molecules was about 20-
fold weaker than the binding of the wild-type peptide [25].

T cell clones recognizing FVIII peptides involving residue 2201
have also been derived by tetramer guided epitope mapping from
another patient with the FVIII-Ala2201Pro genotype and a non-
clinically-significant inhibitor response. Several clones recognized
peptides containing the Ala2201 residue. In contrast to the above
case, these clones were also activated by peptides containing
Pro2201 [26], however the concentration of mutated peptide
required to activate the T cells was between 30- and more than
100-fold higher than that of the native peptide, again raising the
question of whether such T cells can actually be activated by the
autologous mutated FVIII molecule in vivo [26].

FVIII-specific T cell clones recognizing peptides involving
another hemophilic missense site, Arg593Cys, have also been iden-
tified in two unrelated subjects with mild hemophilia A [27]. Unex-
pectedly, peptides containing both the wild-type Arg593 residue
and the hemophilic Cys593 residue elicited similar levels of prolif-
eration of the T cell clones. These observations do not fit with the
concept that presentation of wild-type FVIII epitopes rather than
the mutated patient FVIII increases inhibitor risk by activating T
cells that do not recognize self-FVIII. However, in tetramer guided
epitope mapping, CD4+ T cells from patients were stained by tetra-
mers loaded with wild-type and not mutated peptides, suggesting
a lower-avidity interaction of T cells with the tetramers and thus
possibly with antigen-presenting cells [27].
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Collectively, these observations demonstrate that the mutated
FVIII that is present in some patients with mild/moderate hemo-
philia A can be distinguished from normal FVIII by the immune
system not only at the B cell level but also at the T cell level, and
may predispose patients to inhibitor formation.

4. FVIII polymorphisms and FVIII-specific T cells

Three non-synonymous single-nucleotide polymorphisms
(ns-SNP) encoding amino acid sequence variations that do not
cause hemophilia have been detected with an increased incidence
in African American hemophilia A patients compared to
Caucasian patients; these effects were associated with an
increased incidence of inhibitor in patients treated with FVIII
concentrates [28]. Since the recombinant FVIII products that are
currently available only express one or none of these ns-SNPs
and since plasma-derived FVIII concentrates are purified from
multiple donors, it has been hypothesized that the immune sys-
tem may recognize the differences between ns-SNPs present on
self-FVIII versus exogenous FVIII by mechanisms similar to these
reported in patients with mild/moderate hemophilia A [28]. Such
a phenomenon could explain the increased inhibitor incidence
that has been reported in African American hemophilia A patients
[29,30].  Unexpectedly, the association between these
non-hemophilic ns-SNPs and inhibitor development has also been
observed in patients with severe hemophilia A who carry an
inversion of intron 22 in their FVIII gene [28]. However, this find-
ing appeared counterintuitive because patients with an inversion
of intron 22 would not be expected to produce FVIII protein due
to the nature of this alteration. A potential explanation to this
paradox is provided by the observation that individuals with
the intron 22 inversion have normal levels of FVIII mRNA and
intracellular FVIII protein in some cell types, such as B lym-
phoblastoid cells and liver cells [31]. This FVIII production may
be sufficient to allow central or peripheral tolerance to self-FVIII
in patients with an inversion of intron 22, thereby allowing the
immune system to recognize the difference between self-FVIII
and FVIII concentrates with ns-SNP(s) different to those of the
self-FVIIL

In contrast to these observations, other recent studies have not
found any statistical association between F8 polymorphisms and
inhibitor incidence [32-34]. One such study sought to determine
whether African American patients with hemophilia A and inhibi-
tor have FVIII-specific T cells that are able to distinguish between
normal FVIII concentrates and FVIII peptides carrying alternative
ns-SNPs [34]. In this study, CD4+ T cells from subjects who had
been treated with FVIII products carrying other ns-SNPs than
those potentially expressed by the patients were analyzed using
peptide-loaded MHC class II tetramers in an attempt to identify
T cell responses to sequences encoded by the different ns-SNPs.
None of the experiments using tetramers loaded with FVIII pep-
tides containing alternative ns-SNPs produced unambiguous,
tetramer-high staining. This indicates that the FVIII products cur-
rently available do not provoke T cell responses as a result of
exposure to potential neo-epitopes encoded by ns-SNPs in an
appreciable fraction of African American hemophilia A patients.
Thus, these experiments do not support the paradigm that T cell
responses to FVIII regions encoded by non-hemophilic ns-SNPs
may contribute to the higher incidence of inhibitor reported in
African American patients with hemophilia A [34]. In future
studies it will be interesting to determine the epitopes recognized
by FVIll-specific T cells in African American patients using
techniques that do not require any preliminary assumptions
about the epitopes that are recognized by these patients’
T cells.

5. FVIII-specific T cells and immune tolerance induction (ITI)

The prolonged administration of FVIII frequently results in the
disappearance of inhibitor antibodies (immune tolerance induc-
tion, ITI) [35]. However, although ITI has been used for suppressing
inhibitor production for more than 30 years, only limited informa-
tion is available regarding its mode of action. In animal models the
administration of high doses of an antigen commonly results in the
elimination of the associated antigen-specific T cells, a phe-
nomenon called deletion [36,37]. To determine whether such a
mechanism restores tolerance to FVIII following ITI, FVIII-specific
T cells from successfully desensitized patients were studied.
FVIII-specific T oligoclonal cell lines were expanded from the blood
of one of five successfully desensitized patients following repeated
stimulation with autologous dendritic cells loaded with FVIII [38].
These observations demonstrated that successful ITI can occur in
these patients without the deletion of FVIII-specific T cells.

6. Perspectives

The treatment of patients with inhibitor will benefit from fur-
ther studies on FVIII-specific T cells in more than one perspective.
The analysis of such T cells during ITI will undoubtedly help to
understand the mechanism of action of this treatment and allow
us to identify biomarkers of success or failure, as well as providing
a rationale for optimizing ITI protocols. In addition, the character-
ization of FVIII-specific T cells could also allow the development of
patient-specific novel therapies to prevent or suppress inhibitor
development. Recently, regulatory T cells were transfected with
genes encoding FVIII-specific T cell receptors. This allowed the gen-
eration of FVIII-specific regulatory T cells that may be useful in pre-
venting or suppressing the immune response to FVIII, as has been
recently demonstrated in animal experiments [39]. In the future,
this strategy could be exploited to regulate the immune response
to FVIII by autologous FVIII-specific regulatory T cells.
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